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Preface to “Epigenetic Mechanisms in Health and Disease” 

The number of publications on epigenetic topics is exploding! Indeed, also this special issue of 

OBM Genetics contains the largest number of contributions of all special issues OBM Genetics is 

currently hosting. Epigenetics is here to stay. The field of epigenetic research is extremely broad, 

ranging from health and disease, environmental influences, development, disease prognosis, 

behaviour, molecular mechanisms, genomic imprinting, reproduction, diagnostics, aging and so 

forth. To better study the epigenome, we need tools that are evolving. This special issue reflects 

this broad range of topics. 

The authors of this issue on epigenetic mechanisms in health and disease can be proud of their 

achievement. Although OBM Genetics is a relatively new scientific journal, it has shown that it can 

host a substantial number of scientific contributions of well-known scientist in the field of 

epigenetics. Not only is this promising for the journal but it is also for the scientists who can 

quickly publish open access after a thorough peer review. I was impressed with the quality and 

speed of the reviewers. If the journal can maintain this quality, we might be looking at a new 

platform to share our findings and ideas on epigenetic topics and maybe able to find each other 

more easily. There is a great need for high quality and approachable journals in this field of 

epigenetics with its numerous science projects and expanding number of diagnostic tests. Both 

authors and reviewers have made me confident that there is a need and willingness to make this 

journal a platform for epigenetics. Let’s hope for the best! 

Marcel Mannens 

Special Issue Editor 
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Abstract 

Understanding the pathophysiology of disease can be an essential step to determining 

where and how to intervene for preventive or corrective health. Intrauterine growth 

restriction (IUGR) has been defined in livestock species as impaired gestational development 

of a fetus or its parts [1]. This broad category of ailments described by low fetal weight is 

accompanied by susceptibility to adult onset of chronic disease through fetal programming 

of numerous organ systems and their functions. This concern affects humans and animals 

alike, representing a large sum of healthcare costs worldwide, and a substantial loss in 

animal agricultural yields. A gestating fetus requires an immense increase in nutrient 

delivery toward the end of pregnancy, which is achieved primarily through exponential 

increases in placental vascularization and uterine blood flow. An evaluation of the currently 

known mechanisms behind placental compromise can identify why some treatment 

interventions have successfully prevented IUGR, and identify new areas for experimentation. 

Of the many experimental models for IUGR, maternal nutrient restriction is a well-studied 

and minimally invasive tool with real-world application to famine and grazing livestock. 

Nutrient restriction in the sheep model has demonstrated that compromised fetal 

http://creativecommons.org/licenses/by/4.0/
mailto:camilasandovaltorres@tamu.edu
mailto:clambo@tamu.edu
mailto:csatterfield@tamu.edu
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development can be improved through treatment with sildenafil citrate, and that reduced 

populations of amino acid transporters can be supported by increasing maternal circulating 

concentrations of specific amino acids. In addition, a number of prenatal treatments such as 

amino acid, selenium supplementation, and realimentation have been successful at or have 

the potential to prevent the IUGR phenotype or the metabolic alterations leading to higher 

risk of disease. While the thrifty phenotype has long been a cause for health issues 

worldwide, available research from the nutritionally restricted pregnant ewe offers hope for 

identifying treatment interventions to redirect or reverse concerning developmental 

trajectories. 

Keywords  

IUGR; nutrient restriction; sheep; placental insufficiency; epigenetics; thrifty phenotype 

 

1. Introduction 

While our genetic codes have long been considered the primary marker for what attributes we 

are born with, a recent flurry of research has uncovered the concept of fetal programming. 

Historically, the ‘nature vs nurture’ theory considered our DNA in comparison to life events 

occurring after birth as the determinants of what we became. Fetal programming, however, 

involves modifications made to the DNA structure in-utero through epigenetic modifications, 

which results in permanent alterations in the expression of genes in response to our environment. 

A wide variety of adverse uterine environments have been studied; from fetal alcohol syndrome, 

to nutritional extremes, hypoxia, hyperthermia, and exposure to environmental toxins. Under 

adverse conditions, the gestating female and the fetus will attempt to prepare for the harsh 

environment she is experiencing. Unfortunately, these adaptations can be problematic if there is 

an environmental mismatch, and the conditions the infant was prepared for do not occur. 

Offspring that experience this mismatch will be at even greater risk for long term health 

implications such as increased risk for mortality, diabetes, obesity, cardiovascular disease, and 

metabolic syndrome [2]. 

The first epidemiological studies to recognize this phenomenon were described by Dr. David 

Barker following his evaluations of adults that were carried during periods of famine. He proposed 

the thrifty phenotype hypothesis, which states that intrauterine growth restriction (IUGR), and low 

birth weights impart a higher incidence of non-insulin dependent diabetes, hypertension, and 

coronary heart disease in adults [3–5]. Nutritional restriction remains relevant today as famine 

continues to be a worldwide problem, with an estimated 815 million undernourished people 

around the world [6]. As we look forward, the agricultural demands to feed a rapidly growing 

population on fewer natural resources is an eminent problem to be addressed. Failure to 

adequately do so will only exacerbate the world hunger problem. The research necessary to 

elucidate the gross and molecular responses to nutrient restriction during pregnancy has been 

carried out in a variety of animal species, as well as retrospectively in humans. Of these, the sheep 

model has proven to be of incredible value to both the agricultural and human health industries. 

The hemochorial human placenta is most similar to the rodent model, but rodent gestation is 
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substantially shorter, and young are born precocial, which limits the ability to introduce and 

monitor insults for developmental studies, particularly insults occurring in late gestation (figure 1). 

The sheep has long been an established model for investigations related to fetal development and 

physiology due to their comparable level of organ development at birth, similar size at birth, non-

litter bearing status, capacity for surgical manipulation, and blood sampling capabilities. The 

pregnant sheep also serves as a valuable model for itself and other ruminants for meat and milk 

production throughout the world. 

 

Figure 1 Timeline of organogenesis based on percent of gestation in the human, sheep 

and mouse. Development windows represent a time when organs are most susceptible 

to insult, albeit they can be compromised outside of these windows. The sheep 

timeline is a closer approximation for the human timeline than the mouse, which is 

born precocial, and is 40% through gestation when the neural tube (NT) forms. Hearts 

in the figure represent detectable presence of a heartbeat. 1° Myo refers to the period 

of primary myogenesis of skeletal muscle, Emb is the phase of embryonic lung 

development, compared to pseudoglandular lung (Pseudo.) and canalicular lungs 

(Canal.) [7–19]. 

Sheep nutrient restriction models (NR; 70% - moderate; 50% - severe, 30-40% - extreme) have 

been implemented to study the impacts of famine on fetuses. Offspring from restricted ewes are 

likely to be at higher risk for postnatal diseases, and experience IUGR, which, in livestock, is 
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broadly defined as impaired growth of the fetus or its organs [20, 21]. Small fetal size is not itself 

pathological, yet the growth restriction is inextricably linked to the additional negative sequela. 

Research in sheep has shown that IUGR results from impaired placental development, which 

restricts subsequent fetal development. By determining the mechanisms through which placental 

development or fetal nutrient delivery has been compromised, studies [22, 23] have indicated that 

treatment with pharmaceuticals or feed supplements may be able to protect the placenta and/or 

fetus by preventing the response to the insult from occurring. Therapies that can prevent the 

lifelong impacts of IUGR, or otherwise steer fetal programming toward a healthier offspring are 

valuable to identify. This review will focus on identifying the physiology causing fetal programming 

following low nutrient intake in gestating ewes, as well as the subsequent phenotypic responses 

seen in the offspring, and interventions that have shown potential for mitigating the programming 

concerns (Table 1). 

Table 1 Summary of selected studies which demonstrate opportunities for 

physiological interventions to halt the trajectory toward a thrifty phenotype in the 

nutrient restricted sheep model. 

Item Tissue Treatment Gestational 
Day 

Effect Reference 

P
la

ce
n

ta
 

Placenta 

70% NR 0 to term 
-20% lower maternal caruncular capillary area 
density [24] 

Realiment 90 to 130 -Did not improve capillary area density or IUGR 

30-40% NR 28 to 108 
-Decreased uterine blood flow – doppler 
-IUGR, hypoglycemic 

[25] 

30-40% NR 120 to 143 
-Uterine bloodflow reduced 30% 
-IUGR, hypoglycemic 
-Placental mass unchanged 

[26] 

50% NR 
28 to 78 
28 to 135 

-Reduced AA & polyamines in fetal blood & 
placental fluids 
-Greater reduction in AA & polyamines  [27] 

Realiment 78 to 135 -AA concentration increased to control levels 

50% NR 28 to 115 -Decreased fetal weight 

[22] 
Viagra 28 to 115 

-Increased fetal weight 
-Increased polyamines & total AA in placental 
fluids 

50% NR 28 to term 
-Decreased birthweight 23% 
-Reduced concentration of 20 amino acids [23] 

IV Arginine 60 to term -Increased birthweight 21% 

G
lu

co
se

/I
n

su
lin

 
M

et
ab

o
lis

m
 

Skeletal 
Muscle 

50% NR 28 to 78 
-Increased proportion of type II myofibers 
-Low GLUT4 content 

[28] 

50% NR 85 to 115 -Decreased muscle mass [29] 

50% NR 28 to 78 
-Decreased phosphorylated mTOR and 
ribosomal protein S6 

[30] 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804058 
 

Page 5/349 

Pancreas 

50% NR 28 to 78 
-Increased insulin secretion  
-Low insulin sensitivity 

[31] 

50% NR 110 to term 
-Insulin resistance 
-Glucose intolerance 

[32] 

50% NR 35 to 125 -Decreased pancreas weight 
[33] 

IV Arginine 100 to 125 -Increased pancreas weight by 32% 

60% NR 50 to term -Decreased insulin secretion 
[34] 

Selenium  0 to term -Increased insulin secretion 

70% NR 26 to term -Decreased pancreas weight [35] 

Liver  

50% NR 28 to 78 -Increased relative fetal liver weight [36] 

50% NR 0 to 95 

-Decreased liver weight in aged offspring 
-Upregulation of the apoptotic factor Bax 
-Downregulation of GH, Prolactin, and IGFII 
receptors 

[37] 

50% NR 
Realiment 
Obesogenic 

30 to 80 
80 to term 
Wean to 1yr 

-Increased hepatic triglyceride content 
-Increased PPARƴ and PGC1α mRNA 

[38] 

50% NR 
Realiment  
 

31 to 100 
100 to term 
 

-Increased PEPCK mRNA & protein in aged male 
offspring 
-Hypomethylation of glucocorticoid receptor in 
aged male 
-Upregulated glucocorticoid receptor mRNA in 
aged male  
-Low hepatic weight in aged male offspring 

[39]  
Exp. 2 

50% NR 
Realiment 

0 to 30 
30 to term 

-Increased PEPCK mRNA & protein in aged male 
offspring  
-Upregulated glucocorticoid receptor mRNA in 
aged male 

[39]  
Exp. 1 

C
ar

d
io

va
sc

u
la

r/
H

yp
er

te
n

si
o

n
 

Heart 

70% NR 26 to term -Decreased heart weight [35] 

50% NR 28 to 78 -Increased ventricular thickness [36] 

50% NR 115 to term 

-Increased hypertrophic signalling (CAMKII, 
IGF2, IGF2R) 
-Ventricle interstitial fibrosis and collagen 
deposition 
-Hypertension 

[40] 

Blood 
Vessels 

50% NR 50 to 130 
-Decreased vasodilation capacity in coronary 
arteries 

[41] 

 
Kidney 

50% NR 28 to 78 
-Decreased glomeruli number 
-Increased mRNA expression of ACE and AT2 
-Hypertension 

[42] 

Protein 
restriction 

0 to 65 
-Impaired renal microvasculature development 
-Impaired fetal ornithine cycle, decreased 
polyamine synthesis 

[43] 
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Protein 
restriction 

0 to 65 
-Impaired nephrogenic potential 
-Upregulated apoptosis, downregulated 
angiogenesis 

[44] 

O
b

es
it

y 

White 
adipose 
(WAT) 

50% NR 28 to 78 
-Increased WAT tissue weight (adult peri-renal 
& pelvic depots) 

[45] 

Appetite 
Control 

70% NR 6 to 130 
-Decreased leptin and increased neuropeptide Y 
expression [46] 

Realiment 90 to 130 -Normalized leptin mRNA expression 

Brown 
adipose 
(BAT) 

50% NR 35 to 125 -Decreased BAT weight (peri-renal depot) 
[33] 

IV arginine 100 to 125 -Increased BAT weight by 48% 

* Shaded boxes indicate attempted programming counter-treatments. 

2. Why Epigenetics? 

2.1 Preparing the Offspring for An Anticipated Environment 

It has been suggested that when the maternal organism is under adverse environmental 

conditions, the dam will perceive these environmental signals and respond through cues, and the 

fetus will respond accordingly to be better adapted for the anticipated postnatal habitat [47]. The 

ability to adapt during early life development is an important biologically conserved phenomenon, 

termed developmental plasticity. Developmental plasticity allows for fine-tuned regulation of 

critical physiological set points in response to the specific environment that the fetus is developing 

in, through non-genomic mechanisms. When the anticipated environment matches the conditions 

that the offspring faces during postnatal life, the adaptation will favor survival of those individuals. 

However, a mismatch will produce offspring that are adapted for the wrong environment. This can 

lead to increased morbidity and mortality [48]. Maternal nutrient restriction can be an example of 

a ‘mismatch’ if the offspring is exposed to nutritional excess after birth [38]. In these instances, the 

anticipation for an adverse postnatal environment will induce a fetal adaptation for survival in 

nutrient scarcity, which will also make it more likely to develop diseases under normal or excess 

nutritional levels. This has been described by Barker and Hales as the thrifty phenotype hypothesis, 

which suggests that the fetus will adapt to maternal malnutrition by programming a phenotype 

that is prepared to “save” and “store” nutrients rather than immediately using them [3]. 

Nevertheless, under postnatal nutritional excess, the offspring will be more prone to develop 

diseases as a consequence of a prenatal stimuli; this is an example of “developmental origins of 

health and disease” (DOHaD), which refers to environmental conditions in early life that will 

increase the risk for disease in postnatal life [49].  

2.2 Molecular Pathways for Programming: Epigenetics 

When malnourished during pregnancy, the dam will mobilize her own reserves in an attempt to 

promote offspring survival, and she will lose weight as the nutritional demand to support fetal 

growth becomes greater. This response may not successfully compensate for the lack of nutrients, 

and placental development could be affected by maternal undernutrition, thus limiting nutrient 
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delivery to the fetus [50]. In order to adapt to this adverse environment and survive, the fetal 

response to nutrient scarcity in utero needs to be rapid and mediated by a mechanism that can 

translate the ambient signals into effects in-line with the rapid pace. Modifications of the DNA 

sequence would be stable, but slow. Through epigenetics, however, gene expression can be 

modulated to induce phenotypic effects, without editing DNA sequence [51]. Epigenetics can be 

understood as biochemical modifications to the non-genomic structure of the chromosomal 

material that control the expression of genes by affecting their promotor region, but do not alter 

the genetic code. This leads to the existence of a common genotype in all the cells of an organism, 

but infinite possible combinations of epigenomes. The two primary epigenetic modifications 

described in literature to date are DNA methylation and histone modifications [52].  

DNA methylation. In mammals, the addition of methyl groups to cytosine residues in CpG 

islands within the DNA is the most characterized epigenetic modification [53]. CpG islands are 

regions in the genome that are enriched in cytosine and guanine, and are often located in the 

promotor regions of genes, which are in control of gene transcription. Methylation in these 

regions will lead to transcriptional inhibition and further downregulation of gene expression [54]. 

In the context of maternal undernutrition, methylation processes are particularly susceptible 

because the availability of methyl groups is controlled by nutritional factors. Among them, the 

amino acids glycine, methionine, serine, and histidine play a role by regulating one-carbon 

metabolism, which determines the availability of S-adenosyl-methionine, a major methyl donor in 

the organism (Figure 2). Histidine and methionine are classified as essential amino acids, which 

means that the mammalian organism cannot synthesize it, thus it has to be obtained exclusively 

from the diet. Glycine, and serine are classified as non-essential amino acids, which means that 

the organism can synthesize them. Nevertheless, the concept of conditionally essential amino acid 

states that even when an amino acid can be synthesized in the organism, this might not be enough 

under highly demanding physiological situations, such as pregnancy, and may become even more 

critical when the dam is malnourished during pregnancy [55]. Other nutrients such as vitamin b12 

and folate play essential roles in the control of one-carbon metabolism as well, which will be 

limiting in NR conditions and can have an effect on methyl donor availability [56]. This has been 

validated using a sheep model of dams fed low vitamin B12, folate, and methionine from 8 weeks 

prior to 6 days following conception, which altered DNA methylation and led to insulin resistance, 

hypertension, increased body fat, and decreased lean mass in 12 month-old male offspring [57]. 

Histone modifications. Histone modifications include acetylation, methylation, phosphorylation, 

ubiquitination, sumoylation, carbonylation, and poly(ADP-ribosyl)ation [53]. In general, these 

modifications will influence how tightly packaged the histone-DNA is; the tighter, the more likely it 

is to restrict translation [58]. As with DNA methylation, histone methylation also depends on 

nutritional factors that regulate the availability of methyl groups in the organism through one 

carbon metabolism (Figure 2). Methylation of histones can either induce or repress gene 

expression depending on the location of the modification [59]. It is not yet known how 

environmental stimuli induce histone modifications other than methylation [53]. 
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Figure 2 Role of nutrients in regulation of one-carbon-unit metabolism. Amino acids 

glycine, serine, and methionine; and vitamins (B2, B6, B12, and Folic Acid) are involved in 

the provision of methyl groups, which are required for methylation to either DNA or 

histones. Methionine acts as precursor of S-adenosylmethionine, which is a major 

methyl group donor in the organism. Conversion of S-adenosylmethionine to S-

adenosylhomocysteine releases a methyl group, which is used as substrate in DNA, 

and histone methylation. Gly (glycine); Ser (serine); Met (methionine); SAM (S-

adenosylmethionine); SAH (S-adenosylhomocysteine); DMG (dimethylglycine); HYC 

(homocysteine); THFA (tetrahydrofolate) 

The majority of research studying epigenetic modifications in response to maternal nutrient 

restriction has focused on DNA methylations [53]. It has been suggested that different epigenetic 

modifications are acting together [60] to control gene expression, induce a specific phenotype in 

the offspring, and lead to a biological effect that could be evident either at birth or later in 

postnatal life. 

3. Physiologic and Phenotypic Effects of Maternal Undernutrition 

3.1 Effects on Placental Development 

The trajectory and competence of placental growth, development, and vascularization is 

essential to subsequent successful fetal development and health. In the first half of pregnancy the 

placenta undergoes proliferative growth, while placental vasculature continues to undergo 

significant development in the 2nd half of gestation, in order to support the exponential fetal 

growth phase [24]. The ovine placenta is cotyledonary in shape and has 60-120 discrete regions of 
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intensive maternal (caruncle) and fetal (cotyledon) epithelial cell interdigitation, termed 

placentomes, to provide sufficient surface area for efficient nutrient, gas, and waste exchange. 

Placentomes are highly vascularized regions of the placenta with over 84% of maternal uterine 

blood flow and 94% of fetal blood flow traveling through these structures [61]. From gestational 

day (GD) 90 – 130, capillary area density increases approximately 2-fold in fetal cotyledons, and 

1.5-fold in maternal caruncles [24, 62]. Gestational day 90 represents a high phase of placental 

growth and the start of exponential vascular development within the cotyledon, while GD130 is 

considered a time of maximal placental vascularization, blood flow and nutrient transport [24]. 

The majority of impairments in fetal growth begin with compromised development of the 

placenta, its vascularization, or nutrient transport systems.  

Restricted development of the placenta directly impacts the development of the fetus. Uterine 

blood flow and placental vasculature seem to be the most susceptible to insult, and make the 

largest impact, especially during late gestation. In a moderate NR study on adolescent ewes, 

placental gross morphology, cellular proliferation & mass did not change in the NR group, but a 

20% reduction was seen in maternal caruncular capillary area density, which was greater than the 

observed percent reduction in fetal weights. In a subgroup where realimentation was attempted 

after GD90, the capillary density and fetal weight reduction did not improve [24]. In extremely NR 

ewes, placental masses were unchanged, while uterine blood flow was reduced by 30%, fetal 

weights were reduced, and fetuses were hypoglycemic [25, 26]. While placental mass can be 

reduced in NR models, these studies indicate that the reduction in vasculature is the more 

important factor in restricting nutrient delivery. The failure of realimentation to correct vascular 

deficiency implies that the developmental trajectory was established prior to the correction at 

GD90. Additionally, Lang et al. mechanically restricted uterine blood flow, and showed a greater 

compromise to the fetus with a greater restriction in blood flow [63]. The reduction of placental 

vascular development through NR diets is a predictable and important change that greatly impacts 

subsequent fetal development and health. With consideration for this pathophysiology, treatment 

with sildenafil citrate (Viagra) was considered as a potent vasodilator. Administration of Viagra 

from GD28 to GD115 in NR sheep increased fetal weight, preventing the IUGR condition in the 

restricted group. These effects were seen with an increase in polyamines and total amino acids in 

amniotic and allantoic fluids [22], which may have been caused by enhanced delivery due to 

increased uterine blood flow. This discovery was the first direct evidence that sildenafil citrate 

could be used as therapy to enhance nutrient delivery to fetuses and prevent IUGR. Human trials 

with Viagra, however, have been halted after a failure to see comparable improvements in 

placental blood flow, and a potentially coincidental occurrence of lung morbidity and infant 

mortality in one study group [64].  

Amino acids, which are essential protein building blocks for a growing fetus, and may act as 

regulators of placental and fetal growth [65] must be actively transported across fetal membranes. 

The described increase in capillary area density & surface area for exchange in a healthy fetus is 

not sufficient to account for the vast increase in amino acid demand during exponential fetal 

growth. The density and type of transporters and circulating maternal concentrations of amino 

acids increase to meet the demands [65, 66]. Kwon et al. [27] showed that circulating total amino 

acids & polyamines were reduced in NR ewes by day 78 and remained low on day 135 in maternal 

& fetal plasma and fetal fluids. Realimentation in a separate group starting on day 78 was able to 

correct the reductions. Supplementation of single amino acids is likely to increase fetal levels, but 
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amino acid cocktails will have mixed results due to transporter competition [65, 66]. Intravenous 

administration of arginine alone to NR dams from GD60 to term successfully enhanced birth 

weight by 21%, potentially protecting the fetuses from IUGR [23]. Not only is arginine a valuable 

amino acid, it supports angiogenesis and may have contributed to fetal growth through increased 

fetal delivery of arginine, as well as increased delivery of nutrients in general due to the vascular 

support, through its metabolite, nitric oxide. 

3.2 Effects on Fetal Metabolism and Postnatal Disease 

Offspring born to nutrient restricted females are under a higher risk of disease; primarily 

hypertension, obesity, diabetes, insulin resistance, heart disease, and metabolic syndrome in 

adulthood [20]. Under maternal NR conditions, organs in the fetus will have different susceptibility 

to damage caused by prioritization of the nutrient supply towards more vital organs, such as the 

brain and heart; while “non-vital” organs, such as skeletal muscle, and the pancreas are more 

likely to experience impaired development because of lower nutrient priority [67]. The type and 

severity of stimuli, as well as the stage of gestation are important to consider in relation to fetal 

programming potential. A “window of sensitivity” describes when different organs will be more or 

less susceptible to programming depending on the stage of organogenesis or development when 

the insult occurred. Therefore, an identical insult (i.e. nutritional restriction) may lead to different 

postnatal phenotypes depending upon the period of gestation that the insult was applied. Indeed, 

apparent conflicting results observed in scientific studies of fetal programming are often due to 

differences in timing and/or duration of the insult.  

Effects on Glucose/Insulin Metabolism. It is traditionally accepted that maternal NR induces 

IUGR, and this condition usually leads to decreased muscle mass [29, 68]. Skeletal muscle 

represents 40% of total body mass [69], and accounts for 80% of insulin-mediated glucose disposal 

in the organism, so that an alteration in muscle mass or metabolism will impact whole-body 

glucose metabolism [67]. There are multiple pathways through which NR can decrease fetal 

muscle mass, the most studied of which is mTOR signaling pathway, which acts as an activator of 

protein translation and deposition. The mTOR signaling pathway is stimulated by insulin, glucose, 

IGF-1, and amino acids such as leucine, arginine, and glutamine [70], and is downregulated as a 

consequence of maternal undernutrition [71]. As an example, Zhu et al. [30] found no differences 

in total mTOR protein, but a decrease in phosphorylated mTOR in fetal skeletal muscle from ewes 

restricted between GD 28 to 78. A phosphorylated form of ribosomal protein S6, a downstream 

target of mTOR, was also decreased. Downregulation on mTOR signalling was indicative of lower 

protein translation in fetal skeletal muscle in response to maternal nutrient restriction.  

Myofiber composition is also relevant for muscle metabolism and whole-body insulin 

sensitivity. Type I myofibers are primarily oxidative, and more sensitive to insulin than type II, 

which are primarily glycolytic [72]. Data from sheep models of severe maternal NR in early 

pregnancy showed increased proportion of type II myofibers, and lower content of glucose 

transporter 4 (GLUT4), the major insulin-stimulated glucose transporter in skeletal muscle, in 8 

month-old lambs [28]. 

Maternal NR has also been shown to affect development of the pancreas and insulin secretion 

in the offspring. A severe NR throughout pregnancy resulted in decreased fetal pancreas weights 

in sheep [35]. Severe NR during early pregnancy has been related to increased insulin secretion 
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but lower insulin sensitivity in adult offspring [31]. Glucose intolerance and insulin resistance were 

identified in young offspring using a sheep model of NR in late pregnancy, but not when the 

restriction occurred in early pregnancy. Decreased GLUT4 expression in adipose tissue was found 

as a primary cause of glucose metabolism dysregulation in those animals [32]. In addition to 

increasing fetal weights as discussed previously, IV arginine administration from GD100 to GD125 

increased pancreatic weights by 32% in a severe NR model [33]. It is anticipated that this will have 

a beneficial impact on amelioration of postnatal glucose metabolism dysregulation, induced as a 

consequence of maternal NR. Additional research has demonstrated that selenium 

supplementation throughout pregnancy increases insulin release in 107 day-old lambs born to 

60% NR dams [34]. This intervention could more favorably program glucose metabolism in aged 

offspring, yet this remains to be demonstrated. 

The liver is also involved in glucose metabolism as it responds to hypoglycemia by 

gluconeogenesis. Severe undernutrition from GD 28 to 78 led to increased hepatic weight per unit 

of fetal weight at 78 days of gestational age [36]. By contrast, Hyatt et al. [37] found 

disproportionately smaller livers and upregulation in hepatic apoptotic factors. Liver was also 

found to be affected in 1 year-old offspring fed an obesogenic diet, after a prenatal severe NR 

from GD30 to 80. Particularly, hepatic triglyceride content and mRNA expression of peroxisome 

proliferator-activated receptor ƴ (PPARƴ) & PGC1α (a coactivator of PPARƴ) were increased [38]. 

Hepatic PEPCK gene and protein expression was increased in 6 year-old offspring fed 100% of 

their nutritional requirements after a prenatal severe NR from GD 28 to 78 [31]. PEPCK is a rate-

limiting enzyme in gluconeogenesis, therefore its upregulation may be an indicator of nutritional 

programming towards upregulated endogenous glucose production. Chadio et al. [39] also found 

increased mRNA and protein expression of PEPCK in 10-month-old males born to ewes under 

severe NR either from GD0 to GD30, or GD31 to GD100. This study also showed hypomethylation 

in liver glucocorticoid receptor (GR) gene promoter in aged male offspring of NR ewes between 

GD31 and GD100, while a tendency was found in males born to NR sheep from GD0 to GD30. 

Upregulated GR mRNA expression was found in both restricted groups. GR is a transcription factor 

known to activate the PEPCK gene [73] and may explain the previously described increase in 

PEPCK mRNA. 

Effects on Cardiovascular Development and Hypertension. The initial epidemiological 

correlation between maternal undernutrition and increased risk for cardiovascular disease in 

offspring was established by epidemiologist Dr. David Barker [74]. Using the sheep model, several 

studies have attempted to explain the underlying causes of this predisposition. Decreased fetal 

heart weight has been demonstrated in response to maternal NR throughout pregnancy [35]. 

Increased ventricular wall thickness, or cardiac hypertrophy has been observed at GD78 in 

offspring from dams restricted from early to mid-gestation [36]. This effect was later associated 

with increased expression of cardiac insulin-like growth factor receptors [75]. Similarly, an 

upregulation in hypertrophic signalling mediated CAMKII activation by increased expression of 

IGF2 and IGF2R was observed in sheep fetuses from dams undernourished in late gestation. 

Interstitial fibrosis and increased collagen deposition in the right ventricle and increased arterial 

blood pressure by GD145 were also seen [40]. In addition to cardiac abnormalities, which 

predispose to cardiovascular sequela in adults, altered development of vasculature have been 

associated as a contributor to cardiovascular disease and hypertension. As an example, it has been 

shown that coronary arteries of sheep fetuses from NR dams during late pregnancy are less prone 
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to vasodilate because of impairment in the endothelium-derived hyperpolarizing factor-like 

pathway [41].  

Effects on Renal Tissue and Clearance. Impairment of kidney development plays a role in the 

onset of hypertension following gestational restriction. This has been associated with decreased 

nephron and glomeruli development [76]. As an example, severe NR from GD 28 to 78 induced 

increased mean arterial pressure, a decreased glomeruli number and an increased expression of 

angiotensin converting enzyme and angiotensin II receptors in the offspring by 9 months of age 

[42]. Dunford et al. [43] found that a maternal protein restricted but isocaloric diet impairs the 

ornithine cycle in the sheep fetus, decreasing the ability to synthesize polyamines. This was 

suggested as an underlying cause of impaired renal microvasculature development, mostly in the 

nephrogenic areas, leading to low nephron endowment. This is supported by results of Lloyd et al. 

[44] who demonstrated that maternal protein and energy malnutrition leads to impaired 

nephrogenic potential associated with upregulated apoptosis and downregulated angiogenesis.  

Effects on Brown Adipose Tissue Development and Obesity. There is a higher risk of developing 

obesity in offspring from NR dams [4]. Severe NR during early to mid-pregnancy in sheep led to 

increased white adipose tissue deposition in peri-renal and pelvic depots in 4 month old offspring 

[45]. Programmed hyperphagia will contribute to the onset of obesity by providing excess 

nutrients to the organism. One signalling molecule that controls satiety in mammals is leptin. 

Moderate NR throughout gestation decreased mRNA expression of leptin and increased orexigenic 

factor neuropeptide Y in sheep fetuses by GD130. Importantly, maternal realimentation in late 

gestation was successful in increasing leptin mRNA expression to control levels [46] which 

suggests that restoration of appropriate nutritional levels can at least partly serve as a possible 

intervention to mitigate hyperphagia in postnatal life. 

Brown adipose tissue (BAT) is essential in non-shivering thermogenesis, which plays a 

fundamental role in neonatal survival. Heat is released as a result of fatty acids and glucose 

oxidation, because of expression of uncoupling protein 1 (UCP-1) in BAT mitochondria, which 

uncouples the electron transport chain with ATP synthesis, and energy is dissipated as heat 

instead [77]. In addition to its role in neonatal survival, BAT plays a central role in energy balance 

and glucose metabolism, because of its capacity to burn fatty acids and glucose [78]. Studies in 

humans have demonstrated the presence of functional BAT in adults [79, 80], which was 

previously considered to be metabolically inactive; this has redirected attention to this tissue as a 

potential target to prevent obesity and enhance metabolic profiles [81]. Evidence to support this 

comes from the finding that obese adult humans have lower BAT activity, measured as cold-

induced thermogenesis, than lean individuals [82]. In addition, stimulation of BAT activity is 

negatively correlated with body fat mass in adult humans [83]. 

Following a severe NR treatment from GD35 to GD125 in the sheep, fetal BAT weight 

decreased. Intravenous IV arginine supplementation from GD100 to GD125 increased BAT weight 

by 48% [33]. Results have also demonstrated a beneficial effect from arginine on BAT of sheep 

offspring from obese dams, reinforcing the potential therapeutic effects of arginine in the control 

of programmed obesity [84]. A study using brown adipocyte precursors isolated from fetal lambs 

demonstrated that arginine enhances BAT growth, inducing protein synthesis and cell growth 

mediated by upregulation of the mTOR signalling pathway [85]. 

Collectively these results indicate that arginine supplementation is a promising intervention 

strategy to mitigate the risk of postnatal obesity in IUGR fetuses. Further research will determine if 
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results will remain in aged offspring. A recent discovery that sternal fat in adult sheep conserves 

UCP-1 expression and heat production capacity supports the use of the sheep model to study BATs 

role in preventing obesity in aged offspring [86]. This makes the sheep a suitable model to 

evaluate prenatal interventions to prevent postnatal obesity by interventions that program BAT 

growth and metabolism. 

 

Figure 3 Experimental opportunities in epigenetics. Through recognition of 

environmental impacts on epigenetic and subsequent phenotypic outputs, 

experimental conditions can force the ‘thrifty phenotype hypothesis’ (maroon arrows), 

in order to study the physiological cascade which connects the two (open arrows). 

Subsequently, intervention opportunities to redirect offspring from negative 

phenotypes can be identified along the pathway (examples in blue arrows). 

4. Discussion 

Gestational insults, specifically restriction of nutrients during gestation, can impact fetal 

development through impaired placental growth and subsequently impaired fetal development. 

The uterine environment imparts adaptive programming to the epigenome of the fetus, which 

modulates expression of the inherited genetic code (figure 3). These modifications are meant to 

prepare the fetus for a harsh environment, and can be beneficial if those conditions are observed. 

If there is a mismatch between the anticipated environment and the true environment, these 
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programmed adaptations can prove harmful. With better awareness for the physiological cascade 

that induces these modifications, it may not only be possible to intervene during a known insult to 

protect the fetus from future anticipated disease susceptibility, but also to use these programming 

designs to support fetuses compromised by an array of other challenges, which may share similar 

pathways to those discovered. Unlike genetic information, epigenetic events are dynamic in their 

response to endogenous and exogenous signals, meaning they have the potential to be redirected 

[87]. This plasticity allows us to consider the redirection of the programmed hallmarks that 

maternal undernutrition induces in offspring, which can lead to the IUGR phenotype, and 

metabolic disorders. 

5. Conclusions 

For the past decades, scientists studying epigenetics and fetal programming have focused 

mostly on describing how stimuli in early life impact development, and how mismatches with the 

postnatal environment increase the risk for disease (DoHAD paradigm). There has been great 

progress in this field, however, we still do not fully understand precisely how different diseases are 

programmed. Nevertheless, there is a need to take the next step and direct scientific efforts 

towards answering a different question: Can we prevent disease by proscriptively programming 

for health during prenatal life? Increasing knowledge from this scope could change our view of 

medicine, from primarily postnatal and curative to prenatal and preventive. 
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Abstract 

Telomeres are TTAGGG repeats located at the end of chromosomes that maintain DNA 

stability. Telomere length (TL) has been widely implicated as a marker of biological age, and 

is associated with several human diseases, including depression, cardiovascular disease and 

cancer. Twin studies and cohort studies estimate heritability of TL between 78-82%. 

Moreover, several genomic loci which influence TL have been identified. Despite the success 

of genetic studies in furthering our understanding of telomere biology, identified variants 

account for only a small proportion of the estimated heritability. Over the last decade, 

epigenetic regulation of mammalian telomeres has become apparent. These epigenetic 

mechanisms, which act to regulate gene expression via modifications to DNA, histone 

proteins and chromatin, change with age and in response to specific environmental and 

psychosocial factors —providing a mechanism for the interaction between genotype and the 

environment. The present review examines the evidence for genetic and epigenetic 

regulation of TL and discusses their role in human disease, before outlining some of the 
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methodological limitations of these studies. Finally, the review defines what the ‘epigenetic 

clock’ is and evaluates its relationship with TL. 

Keywords  

Telomere; genetics; GWAS; epigenetics; DNA methylation; epigenetic clock 

 

1. Introduction 

Telomeres are ribonucleoprotein complexes that protect the ends of eukaryotic chromosomes 

[1] and they play a critical role in maintaining genomic stability [2]. Telomere length (TL) and 

sequence varies between species, but in humans the average length is 5-15kb and is made up of 

TTAGGG repeats [3]. The main function of telomeres is ‘capping’ the chromosomes, preventing 

them from damage [4]. Double stranded DNA makes up the majority of telomeres and a single-

stranded DNA overhang forms the t-loop (telomeric-loop) which is supported by a network of 

proteins called shelterin [3]. Shelterin plays a role in protection from enzymatic digestion, TL 

regulation and controlling signalling cascades [5]. These properties enable telomeres to protect 

chromosome ends from degradation, DNA damage and fusion. DNA replication is proficient at 

copying coding DNA but the eukaryotic DNA replication machinery is unable to copy the end of 

telomeres that have a single-stranded structure [6], resulting in telomere shortening. This gradual 

loss of repeats reduces the renewal capacity of cells and ultimately causes the onset of cellular 

senescence [6]. If cells continue to divide the telomeres fuse, causing genomic instability that can 

lead to a number of diseases including cancer. TL has been widely implicated as a marker of 

biological age [7], and is influenced by inflammation and cellular stress [8]. Furthermore, shorter 

telomeres are robustly associated with several human diseases, including depression [9], 

cardiovascular disease [10] and cancer [11]. This review examines the evidence for genetic and 

epigenetic regulation of TL and discusses the role in human disease, before outlining some of the 

methodological limitations of these studies. Finally, the review defines what the ‘epigenetic clock’ 

is and evaluates its relationship with TL. 

1.1 Telomere Shortening 

TL is maintained by the action of telomerase, a ribonucleoprotein which contains the RNA 

template TERC and a reverse transcriptase TERT, in some cell types, notably stem and germ cells 

[12]. However, in most somatic tissues telomeres shorten with each cell division, a process 

believed to be accelerated by oxidative stress and inflammation [13, 14]. In somatic cells 

telomeres become shortened by 100-200bp with each cell division, due to the lack of TL 

maintenance normally carried out by telomerase [15]. Telomerase activity in most somatic cells 

diminishes after birth resulting in gradual telomere shortening [16]. Since a critical TL is needed to 

prevent activation of DNA damage pathways, the shortening of telomeres eventually leads to cell 

cycle arrest, a hallmark of cellular senescence, considered to promote ageing [16]. 

1.2 Telomeres Roles in Human Disease 
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Inter-individual variation in mean TL has been associated with cancer and several age-

associated diseases and TL has emerged as a promising biomarker for biological age [7]. Early 

evidence of the role of telomeres in disease emerged from studies of telomeropathies, which 

develop when telomere erosion occurs prematurely as a consequence of mutations in genes 

coding for factors involved in telomere maintenance and repair. Human telomeropathies include 

Hoyeraal-Hreidarsson syndrome (HHS), dyskeratosis congenita (DC) and aplastic anemia [17]. 

Although these diseases show a wide and complex range of clinical symptoms, all of them are 

characterized by presenting with critically short telomeres. TL is also associated with a several 

cancers and mutations in telomere-associated genes, such as TERT, OBFC1 and TERC, are 

associated with an increased risk of multiple cancers [18]. It has even been suggested that short 

leucocyte TL (LTL) increases the risk of all cancers and cancer fatalities [19]. Moreover, illnesses 

such as depression and diseases with an inflammatory etiology have been associated with 

telomere shortening [20-22]. Together with mouse models of telomerase deficiency, these 

observations provided important biological insight illustrating that short telomeres are a major 

mechanistic cause of the disease phenotypes [23]. Moreover, multiple model systems (e.g., ciliates, 

yeast, plants, and mouse) have been instrumental in studying the molecular underpinnings of 

telomere regulation and their role in disease and have been extensively reviewed elsewhere [2, 24, 

25]. Although a causal relationship between telomerase deficiency and human disease has been 

established, the cause and effect relationship between variation in TL and human disease is less 

well understood. Deciphering the role of genetic and epigenetic regulation of TL in humans will 

further facilitate our understanding of telomere biology and help elucidate biological pathways 

that are influenced by changes in TL and advance our understanding of the biology of ageing and 

age-associated diseases. 

1.3 Genetic Regulation of Telomere Length 

Since the 1990s, it has been established that mean TL shortens with age at a rate of roughly 

31bp per year [26] but variation is frequently observed between individuals of the same age, 

implying that something other than age can also effect TL [26]. Twin studies and cohort studies 

were used to investigate the mean heritability of TL which was shown to range between 78-82% 

[27, 28]. This high heritability has led to several investigations to identify genomic loci which illicit 

an effect on TL. 

Genome-wide association studies of telomere length. The first locus to be associated with TL 

was TERC, one of the components of telomerase. The first genome-wide association studies 

(GWAS) to identify the association between TL and genetic variation at the TERC locus was 

conducted in 2917 European individuals with replication in 9492 individuals, whereby a SNP 

(rs12696304) located 1.5kb downstream from the TERC locus was significantly associated (P=3.72 

x 10-14) with shorter mean LTL [29]. Another GWAS study identified a SNP (rs10936599) within a 

haplotype block that encompassed the TERC locus and was significantly associated (P=3.92 x 10-5) 

with longer TL [30], in contrast to the previous identified TERC-associated SNP [29]. This may be 

due to neither SNP being located in TERCs coding region and instead they effect TERC expression 

through one of the other genes at the 3q26 locus, with one SNP preventing its expression and the 

other increasing its function [29]. Jones et al also identified that the SNP resulted in a heightened 

risk of developing colorectal cancer, providing evidence that TL does indeed serve a role in the 
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development of some diseases [30]. A third GWAS study confirmed that genetic variation at the 

TERC locus is associated with mean LTL and was conducted in 3,417 participants with replication 

through de-novo genotyping [31]. They also identified a SNP (rs4387287) in the OBFC1 (STN1) 

gene, that is significantly associated (P=3.9 x 10-9) with mean LTL [31]. The protein encoded by 

OBFC1 stimulates DNA polymerase-alpha-primase, the enzyme that initiates DNA replication [32] 

and appears to function in a telomere-associated complex with C17ORF68 and TEN1 [33]. 

TERT or telomerase reverse transcriptase codes for the catalytic subunit of telomerase and 

forms the telomerase enzyme with TERC [34] (See Figure 1). A study identified two independent 

SNPs (rs2736108 P=5.8 x 10-7. rs7705526 P=2.3 x 10-14), located in the TERT promoter and TERT 

intron 2 respectively, that are both significantly associated with longer TL [35]. The SNP 

(rs7705526) located in TERT intron 2 was also significantly associated (P=1.3 x 10-15) with a higher 

risk of low malignant potential ovarian cancer [35]. Multiple different studies have attempted to 

replicate this finding, and whilst some have been successful Shen et al found no genome-wide 

significant associations between TERT and TL [36]. It is possible that this is due to the small sample 

size of the study (n=742). Despite the power of these approaches to identify genetic variation 

associated with TL, these initial studies were moderately powered to identify genetic variants 

associated with TL and more recent genetic studies have employed large-scale meta-analyses to 

identify robust genetic loci associated with TL. 

Meta-analyses investigating genetic loci associated with TL. The first large-scale TL GWAS meta-

analysis to be conducted included 9190 participants from six GWASs (European Population) with 

replication in 2226 participants from four studies [37]. This study confirmed the association 

between TL and genetic variation at the previously identified OBFC1 and TERC loci (OBFC1, 

rs9419958 P=9.1 × 10−11. TERC, rs1317082 P=1.1 × 10−8) [37]. The meta-analysis also identified 

novel genetic loci associated with TL, CTC1 (rs3027234 P=3.6 x 10-8) and ZNF676 (rs412658 P=3.3 

x 10-8) [37]. The OBFC1 and CTC1 loci together make up 2/3 of the human heterotrimer complex 

named CST (for Cdc13-Stn1-Ten1) suggesting that it may play an important role in maintaining 

telomeres [37]. In 2013, the largest GWAS meta-analysis of LTL was performed with a cohort of 

37,684 individuals and replication in 10,739 individuals. The study identified 7 robust genetic loci-

that were significantly associated with mean LTL (P < 5 x 10-8) [18]. The previously identified TERC, 

TERT, OBFC1 loci and the novel NAF1 and RTEL1 loci [18], have a known role in the maintenances 

of telomeres (See Figure 1). NAF1 encodes a protein required for H/ACA box snoRNA assembly and 

therefore is required for the assembly of TERC as it belongs to that RNA family [38]. RTEL1 

encodes a DNA helicase with roles in telomere maintenance and DNA repair [39]. In addition, the 

large-scale meta-analysis identified LTL-associated genetic variants associated with ZNF208 - a 

gene that codes for a member of the Zinc finger protein family and thus plays an important role in 

DNA binding mediated gene regulation (see Figure 1). The final LTL-associated genetic variant 

(rs11125529) is associated with both ACYP2 and TSPYL6 genes. ACYP2 has also been reported to 

play an important role in pyruvate metabolism [40]. The biological function of TSPYL6 is not known, 

but TSPYL2, another member of TSPY-like/SET/nucleosome assembly protein-1 superfamily, plays 

a role in chromatin remodelling and suppression of tumour growth [40]. Interestingly, the authors 

show that alleles associated with shorter TL are also associated with an increased risk of coronary 

heart disease, again supporting the idea that TL plays a role in disease [18]. More recent larger 

GWAS studies of TL have further built on the findings by Codd and colleagues, and successfully 

identified two additional robust genetic variants (DCAF4 [41] and PXK [42]) associated with TL. 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804055 
 

Page 24/349 

DCAF4 is shown to interact with DDB1 and CUL4 and is consequently suggested to possibly play a 

role in UVR- induced DNA damage and transcription coupled repair pathways [41]. PXK is a serine/ 

threonine kinase that regulates electrical excitability and it therefore seems unlikely that it would 

be involved in the regulation of TL. A comprehensive list of genetic variants associated with LTL is 

summarised in Table 1 and illustrated in Figure 1. 

 

Figure 1 Molecular pathways involved in telomere Length. Several genes that are 

known to code for enzymes that play an important role in the regulation of telomere 

length exhibit genetic (e.g. CTC1, OBFC1, TERT, TERC, ZNF208, ZNF676) and epigenetic 

(e.g. MAD1) alterations. CST complex: cellular multiprotein complex. 
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Table 1 Genes associated with telomere length. 

TL Associated 

Gene 

Role/ function Associated 

Loci 

Associated 

Ethnicities 

SNPs Health Conditions Related to 

Genetic Changes 

References  

(PMID) 

TERC  Template for synthesis of G-rich strand telomere 

repeat 

 RNA component of the telomerase enzyme 

Chr3q26.2 European 

Han Chinese 

rs10936599 

rs12696304 

rs1317082 

rs16847897 

 Dyskeratosis congenita 

 Idiopathic pulmonary fibrosis 

 Aplastic anemia 

 Colorectal cancer 

23535734 

20139977 

20421499 

21708826 

23001564 

23900074 

21304559 

OBFC1 

 

 Component of the telomere binding CST complex also 

containing CTC1, and TEN1 

 OBFC1 is a subunit of an alpha accessory factor (AAF) 

that stimulates the activity of DNA polymerase-alpha-

primase the enzyme that initiates DNA replication 

 Human homologue of yeast STN1 

Chr10q24.33 European rs9420907 

rs4387287 

rs9419958 

rs2487999 

 

 

 23535734 

20421499 

23001564 

23900074 

 

 

TERT 

 

 The protein component of telomerase with 

reverse transcriptase activity 

 

 

Chr5p15.33 European 

Han Chinese 

 

rs2736100 

rs7705526 

rs7726159 

rs2853669 

rs2736108 

 Dyskeratosis congenita 

 Breast and ovarian cancer 

 Idiopathic pulmonary fibrosis 

 Cholangiocarcinoma 

23535734 

23535731 

23900074 

24465473 

 

NAF1 

 

 Box H/ACA snoRNA assembly (RNA family that 

TERC belongs to) therefore required for 

accumulation of telomerase 

 snoRNA guided rRNA pseudourine synthesis 

Chr4q32.2 European rs7675998  23535734 

 

RTEL1 

 

 DNA helicase with a role in the stability, protection and 

elongation of telomerase 

 Interacts with proteins in the Shelterin complex known 

to protect telomeres during DNA replication 

Chr20q13.3 

 

European rs755017  Dyskeratosis congenital 

 Hoyerall-Hreidarsson syndrome 

23535734 
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Details of the genes function, loci, associated ethnicity, SNPs and health conditions related to genetic changes in the gene are included. Genes 

identified in studies with less than 500 participants and no replication were excluded. All information in the table is from gene ontology, genetics 

home reference and NCBI websites. 

ACYP2  ACYP2 – muscle specific acylphosphate, 

hydrolyses the phosphoenzyme intermediate of 

membrane pumps 

 TSPYL6 – within intron 3 of ACYP2 

Chr2p16.2 European rs11125529 

 

 23535734 

23900074 

 

ZNF208 

 

 Bind DNA and through this binding regulate gene 

transcription 

Chr19p12 European rs8105767  23535734 

CTC1  Component of the CST complex 

 Forms a heterodimer with the CST complex 

subunit OBFC1 to form the enzyme alpha 

accessory factor that regulates DNA replication 

Chr17p13.1 European rs3027234  Dyskeratosis congenital 

 Coats plus syndrome 

 Cerebroretinal microangiopathy 

with calcifications and cysts 

23001564 

 

ZNF676  Bind DNA and through this binding regulate gene 

transcription 

Chr19p12 European rs412658  23001564 

PXK  May be involved in synaptic transmission and the 

ligand-induced internalization and degradation 

of epidermal growth factors 

Chr3p14.4 

 

European rs6772228 

 

 Rheumatoid arthritis 

 Systemic lupus erythematosus 

23900074 

 

DCAF4  WD repeat-containing protein that interacts with the 

Cul4-Ddb1 E3 ligase macromolecular complex 

Chr14q24.2 European rs2535913 

 

 25624462 

 

CSNK2A2  Catalytic subunit of the protein kinase enzyme, 

casein kinase 2 (CK2) 

 CK2 is a serine/threonine protein kinase that 

phosphorylates acidic proteins such as casein 

 Involved in cell cycle control, apoptosis and 

circadian rhythms 

Chr16q21 South Asian rs74019828  Alzheimer’s disease 24795349 

KRT80 

 

 Type II epithelial keratin responsible for the 

structural integrity of epithelial cells 

Chr12q13.13 Han Chinese rs17653722  24465473 
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Interestingly, genetic risk score analysis showed that inheritance of multiple alleles associated 

with shorter LTL is associated with an increased risk of coronary artery disease, providing 

preliminary evidence that telomere shortening might play a causal role in this condition [18]. 

Genome-wide associations in other ethnic groups. Many studies examining genetic variation 

associated with TL have been conducted in European/Caucasian cohorts, and more recent studies 

have attempted to replicate these findings in different populations. The TERC locus has also been 

shown to be associated with TL in a Chinese Han [43] population and the TERT locus has been 

shown to be associated with TL in both Chinese Han [44] and Korean populations [45]. Several 

novel TL-associated genetic variants have been identified in non-european populations (see Table 

1 for more details) highlighting the importance of conducting such studies in different populations 

to identify novel genetic loci and provide new insights into the mechanisms involved in 

maintaining telomeres. This is evident in a meta-analysis conducted in a Punjabi Sikh cohort that 

identified an intronic variant (rs74019828) in CSNK2A2, a novel gene, was associated with TL 

(P=4.5 x 10-8) [46]. To date, few studies have been conducted in African populations and those 

that have been conducted are simply comparisons to European studies [47]. In order to better 

understand the mechanisms by which TL is controlled future studies conducted in African 

populations would be beneficial, particularly as research suggests that African Americans and sub-

Saharan Africans have longer LTL than Europeans and the cause of this difference is unknown [47, 

48] . 

Parent-to-offspring transmission of telomeres. As discussed above TL is a heritable trait with 

two potential sources of heritability: inherited genetic variation (e.g. SNPs affecting telomere 

maintenance (see Table 1)) and variability in the lengths of telomeres in gametes that produce 

offspring zygotes [49]. The latter, is described as “direct” transmission of telomeres [50]. Evidence 

supports a role for parental TL on offspring TL and suggests that sperm TL increases with age in 

humans, and as a result offspring of older fathers inherit longer telomeres [51]. However, 

telomeres undergo a “reprogramming” event during early embryogenesis and it remains unclear 

to what extent reprogramming alters the impact of germ cell TL on offspring TL [50]. Recent 

observations provide evidence that TL in parental germ cells impacts TL in offspring cells and 

contributes to LTL heritability despite telomere “reprogramming” during embryogenesis [49]. 

However, larger studies are required to provide a robust estimation of LTL heritability by ‘direct’ 

transmission.  

1.4 Epigenetic Regulation of Telomere Length  

Despite the success of genetic studies in furthering our understanding of telomere biology, 

identified variants only account for only a small proportion of the estimated heritability. Over the 

last decade, epigenetic regulation of mammalian telomeres has become apparent [52-54]. 

Epigenetics can be defined as the mechanisms that initiate and maintain heritable patterns of 

gene expression without altering the sequence of the genome. There are several layers of 

epigenetic complexity including histone modifications, chromatin remodelling, micro-RNAs and 

DNA methylation. The latter being the most thoroughly studied to date [55]. The epigenome is 

potentially malleable – changing with age and in response to a plethora of environmental and 

psychosocial factors [56], thus providing a mechanism mediating the interaction between genetic 

susceptibility and environmental risk exposures [57]. Given that environmental factors (such as 
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smoking, stress and obesity) have been shown to both influence a person’s epigenome [58-60] 

and accelerate the rate of telomere shortening [61, 62] it is plausible that together these changes 

could influence the expression of subtelomeric genes. 

The most widely studied epigenetic modification is DNA methylation, which refers to the 

covalent addition of a methyl group to the carbon at position 5 of the cytosine ring, by a family of 

DNA methyltransferase (DNMT) enzymes, resulting in 5-methylcytosine [63]. In mammalian DNA, 

5-methylcytosine is found in ∼4% of genomic DNA, primarily at cytosine–guanine dinucleotides 

[64]. These CpG sites are non-randomly dispersed throughout the genome, concentrated in hot 

spots or CpG-rich regions known as CpG islands. Approximately half of all human genes are 

estimated to contain a 5′ or promoter CpG island [65, 66]. In contrast, mammalian telomeres 

consist solely of TTAGGG repeats and they lack CpG sites [2]. However, the subtelomeric region 

(segment of DNA adjacent to telomeric repeats) has been shown to be heavily methylated in both 

mice and human studies [67, 68].The use of knockout mice models found that DNA 

methyltransferases (DNMTs) [67] and other epigenetic enzymes (e.g. histone methyltransferases 

(HMTs)[54]) were essential for TL regulation , highlighting a crucial role for epigenetic mechanisms 

in TL homeostasis in mammals. 

Global and genome-wide DNA methylation studies and their association with telomere length. 

A study by Wong et al [69], examined the association between global DNA methylation and TL in a 

longitudinal study. As a proxy for global DNA methylation the study examined DNA methylation at 

LINE-1 and Alu elements using bisulfite pyrosequencing – a method shown to accurately reflect 

global DNA methylation levels [70]. The study found an association between both LINE-1 (P < 0.01) 

and Alu methylation (P = 0.02) and TL, after controlling for confounders such as age, smoking and 

cellular heterogeneity. In addition, the rate of telomeric change was shown to be correlated with 

the quantity of LINE-1 methylation [69]. Although the sample size was limited, this exploratory 

study suggests global DNA hypomethylation may be related to decreased TL in peripheral blood 

leukocytes. A recent larger study using an ELISA-based method to determine global 5mC content 

also showed that decreased global DNA methylation was associated with shortened TL in 

adolescents [71]. Taken together these studies provide the impetus for future studies, involving 

larger cohorts, to focus on gene-specific DNA methylation signatures potentially related to TL. 

Such studies are likely to further our understanding of the role telomeres play in the etiology of 

chronic diseases [69]. 

Buxton et al [12], performed the first genome-wide DNA methylation association study of TL in 

a small cohort (n = 24), using the Illumina 450k Beadchip (450k) array. The study identified 65 gene 

promoters that were enriched for CpG sites where methylation levels were associated with TL [12]. 

Interestingly, TL-associated epigenetics changes were enriched for subtelomeric and imprinted 

genomic regions [12]. Several of the 65 loci enriched for CpG sites at which DNA methylation levels 

are associated with TL have potential roles in human telomere biology, such as the MAD1L1 gene, 

a potent regulator of TERT (See Figure 1) [12]. These results point towards a bi-directional 

relationship between epigenetics and telomere shortening. Whereby as telomeres shorten, the 

methylation levels of many subtelomeric-associated genes change. This potentially results in 

transcriptional changes to these genes and therefore DNA methylation changes at telomere-

associated genes, which may further contribute to dysregulation of TL in humans. The latter is 

further supported by studies in cancer, which have shown that the epigenetic plasticity of the 

TERT gene promoter is an important regulator of telomerase activity [72, 73]. Moreover, inhibiting 
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the expression of the TERT gene through epigenetic mechanisms can lead to telomeric shortening. 

Both DNA hypermethylation and histone modifications of the hTERT promoter have been 

associated with TERT expression and TL shortening [73]. A major limitation of this study is the 

small sample size used. In 2016, Marioni and colleagues, performed a large-scale meta-analysis of 

epigenome-wide association studies (EWAS) of TL [74] in old-age cohorts (n = 2194). Marioni and 

colleagues did not identify any robust DNA methylation changes associated with TL. Of note, the 

cohorts used in the Marioni study were from participants > 70 years of age and it would be 

interesting to repeat such analysis in younger cohorts, whose epigenome and telomere biology 

will be less influenced by age-related diseases. 

Telomere position effect. Telomere shortening can also alter the expression of nearby genes, a 

phenomenon known as the telomere position effect (TPE) [75]. TPE involves the spreading of 

telomeric heterochromatin resulting in transcriptional silencing of nearby genes [76]. To date, 

most studies of TPE are limited to model organisms (e.g Yeast), where telomeres have been shown 

to loop over longer distances and repress genes up to 20 kb from the telomere end [77, 78]. In 

human studies, chromosome looping has been shown to enable telomeres to access distant 

genetic loci (up to 10 mb away) in their respective chromosomes and affect their silencing. 

Interestingly, the same loci become separated when telomeres are shortened [76]. This process is 

called telomere position effect over long distances (TPE-OLD) and research suggests that this 

phenomenon produces extensive changes in gene regulation before telomere shortening induces 

DNA damage signals [76]. Further investigation of epigenetic mechanisms (e.g. chromatin 

modifications and DNA modifications) involved in TPE-OLD is vital to further our understanding of 

this phenomena and its role in diseases of ageing. 

Telomere regulation by non-coding RNAs. TERRA (telomere repeat-containing RNA) is an long 

non-coding RNA lncRNA transcribed from the telomeric sequence [79] and have been 

hypothesized to regulate telomere replication and is possibly involved in silencing effects observed 

in TPE-OLD. The transcription of TERRA molecules is thought to be driven by DNA methylation of 

CpG island promoters found on subtelomeres [80]. Once transcribed TERRA molecules bind to 

telomerase and regulates its activity [81]. This ‘TERRA-silencing’ is suspected as a potential 

mechanism of telomere maintenance in human tumours through the promotion-of Alternative 

Lengthening of Telomeres (ALT) rather than extension by telomerase [82]. However, TERRA 

molecules are also implicated in cancer cells that are negative to telomerase indicating they may 

also act via an alternative mechanism, possibly via a DNA-damage-response (DDR) pathway [83]. 

Further exploration of TERRA as an epigenetic method of controlling TL is needed due to our 

current limited understanding of their mechanisms. 

1.5 The Epigenetic Clock and Its Association with TL 

Another hypothesized proxy of biological age is the epigenetic clock (or DNA methylation age 

(DNAm age)) [84]. The epigenetic clock measures the cumulative effect of an epigenetic 

maintenance system [84] by measuring DNA methylation levels at 353 CpG sites and is highly 

correlated with chronological age [84]. The difference between the predicted DNA methylation 

age and the chronological age is termed “Epigenetic age acceleration” [85]. This acceleration is 

correlated with several ageing related phenotypes including frailty, cancer, cardiovascular disease 

and Parkinson’s disease [85-87]. Interestingly, TL and the epigenetic clock are independently 
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associated with chronological age [88, 89]. A recent meta-analysis showed that among several 

estimates of epigenetic age acceleration, one measure, i.e., extrinsic epigenetic age acceleration 

(EEAA), was superior in predicting all-cause mortality [90]. EEAA is defined as the weighted 

average of DNAm age and imputed proportions of naïve CD8+ T cells, memory CD8+ T cells and 

plasmablasts [91]. Interestingly, LTL and EEAA are negatively correlated and that this correlation 

reflects the ageing of the immune system, namely the age-dependent change of the proportions 

of naive CD8+ T cells and memory CD8+ T cells [92]. This study suggests that DNAm Age is a proxy 

for immune ageing and that telomere shortening partially reflects this immune ageing. The 

authors suggest that as the immune system is largely developed during early life [93], studies 

should focus on LTL and epigenetic age in children to gain further mechanistic insights [92]. In the 

future, it may be interesting to combine both the epigenetic age and TL as a biomarker panel for 

biological ageing, and prediction of diseases of ageing. 

1.6 Genetic and Epigenetic Regulation of Telomere Length: Study Design Issues 

Technological caveats. Three common techniques employed in the genetic and epigenetic 

variation studies described above are real-time quantitative PCR (qPCR), southern blotting (SB) 

and single TL analysis (STELA). qPCR is the most commonly adopted method due to its ease of use 

and high throughput capabilities. It does have limitations as it is unable to directly measure TL in 

base pairs, instead, TL is measured as the ratio of telomeric product/single copy gene product (T/S) 

[94]. However, the changes seen in TL are normally small, meaning that precision in TL 

measurements may be important to obtain reproducible results [95]. Hence, SB and STELA are 

used due to their high precision [96]. Adoption of STELA is limited as the assays have only been 

developed for a small number of chromosome ends due to the lack of current knowledge on 

subtelomeric regions [97]. A study was consequently conducted to investigate the reproducibility 

of these three techniques and concluded that the variation in results between techniques was 

minimal with qPCR and SB having very similar reproducibility [98]. This indicates that the choice of 

technique has little effect on results; however, it is also important to consider how the techniques 

vary in methodology. For example, qPCR requires a smaller amount of DNA than the alternative 

techniques, allowing more samples to be compared, making it the better choice for large 

epidemiological studies [95]. 

Controlling for cellular heterogeneity. Both the epigenome and TL are confounded by cellular 

heterogeneity and current studies assessing average TL are often performed in bulk cells and do 

not account for the heterogeneity of TL among individual cells [99]. A major concern in epigenetic 

epidemiology or telomere studies is that any apparent disease-associated differences may simply 

reflect differences in cellular composition [100]. For whole blood, routine cell counts or the use of 

algorithms that can infer cellular composition from epigenomic data [101] can be applied to 

control for this variation statistically in studies examining DNA methylation changes associated 

with TL. Recently, a simple and robust method of Single Cell Amplification of Telomere Repeats by 

PCR (SCATR-PCR) has been developed [99] that can compare relative TL in individual cells based on 

a real-time PCR technique. SCATR-PCR coupled with advances in single cell epigenomic technology 

will allow future studies to directly examine epigenetic changes and TL at the single cell level. 

Causality. Currently it remains unclear whether the epigenetic changes of telomere-associated 

genes cause or are a consequence of telomere shortening. None of the studies outlined in this 
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review have attempted to examine the causal pathways between epigenetics changes and TL, 

either statistically or experimentally. Longitudinal studies (measuring both epigenetic variation 

and TL at multiple time points throughout the life course) and Mendelian randomization (MR) 

approaches are required to fully understand the temporal sequence of events. Longitudinal 

studies are expensive and thus MR approaches are increasingly proving to be a promising 

approach. MR theorises that if a trait is causally related to a phenotype, genetic variant(s) 

controlling activity of that trait (e.g. DNA methylation) should also be associated with the outcome 

(TL) [102]. Using genetic variants as proxy for exposure overcomes confounding because genetic 

variants are inherited at random during meiosis, so they are unrelated to potential confounders 

(measured or unmeasured). Therefore, following the principles of MR may represent a valid 

method for revealing the role of environmentally induced epigenetic changes as modifiers/risk 

factors of telomere shortening. Future studies examining epigenetic alterations and TL should be 

undertaken by applying these novel approaches to investigate the direction of effect. For instance, 

the 2-step epigenetic MR approach, which is an extension of MR assumptions, allows researchers 

to investigate the causal role of DNA methylation in the association between an environmental 

exposure and TL. 

Additional considerations. As mentioned previously TL decreases at roughly 31bp per year [26] 

and TL is longer in women than in men [103]. It is consequently important when investigating TL 

that the findings are adjusted for both age and sex which is done in most of the studies reported 

above. Some also adjusted for confounding factors specific to their study including BMI and 

smoking, further increasing the power of these studies. 

1.7 Future Perspectives 

A multi-omics approach is required to disentangle the molecular basis underlying telomere 

biology and its association with disease. Genome-wide investigations have demonstrated that the 

genetic predisposition to TL and its association with disease is highly polygenic. By integrating 

polygenic risk scores for TL and DNA methylation profiling together would allow the research 

community to gain a broader and deeper understanding of the pathways primarily involved in 

telomere biology and their potential co-ordinated interaction. Future studies should also examine 

the transcriptional consequences of the observed telomere-associated DNA methylation changes. 

System biology methods, such as weighted correlation network analysis (WGCNA), could be 

applied to identify telomere-associated gene pathways and networks that could be further 

targeted as biomarkers or therapeutic targets for diseases of ageing. 
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Abstract:  

Epigenetic dysregulation is present in both myeloid and lymphoid disorders, with important 

differences reported between myelodysplastic syndromes (MDS)/acute myeloid leukemia 
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differences are reported in MDS/AML with gene fusions (e.g. TET1/LCX) and somatic 

mutations in epigenetic regulators (e.g. DNMT3A, TET2, IDH1/2), while differences in CLL are 

predominantly quantitative (e.g. DNMT3A, TET2). Indeed, and as supported by studies in 

animal models, a defective DNA methylation/demethylation process represents a 

competitive advantage to the myeloid lineage and an early event in MDS/AML, while in the 

case of CLL, epigenetic events appear later and are associated with disease progression. 

Finally, in both MDS/AML and CLL, the focal or global DNA methylation/demethylation 

process is altered and contributes to disease progression and activity. In conclusion, a better 

understanding of the epigenetic regulators involved in myeloid/lymphoid differentiation, 

their localization and the co-recruitment of other proteins at specific DNA target sites, could 

offer us the possibility to modulate hematopoiesis, and control disease initiation and/or 

progression. 

Keywords  

DNA methylation; DNA hydroxymethylation; MDS; AML; CLL; TETs; DNMTs 

 

1. Introduction 

Myelodysplastic syndromes (MDS) comprise a diverse group of clonal and malignant myeloid 

disorders characterized by ineffective hematopoiesis, peripheral cytopenias, and an increased risk 

of progression to acute myeloid leukemia (AML), either gradually or rapidly [1]. AML is the most 

frequently occurring acute leukemia in adults, with malignant transformation occurring in 

primitive hematopoietic stem and progenitor cells, leading to increased proliferation and impaired 

differentiation [2, 3]. A wide heterogeneity of genetic mutations has been identified in both MDS 

and AML, the most frequent involving epigenetic processes, including the control of DNA 

methylation, RNA splicing, histone modifications, transcription factor function, DNA repair, and 

kinase signaling. 

Another hematologic pathology presenting important epigenetic modifications, is chronic 

lymphocytic leukemia (CLL), which is the most common type of leukemia, with a median age at 

diagnosis ranging from 67 to 72 years [4, 5]. CLL is characterized by the clonal proliferation and 

accumulation of mature, long-lived CD5+ B cells in peripheral blood, bone marrow, lymph nodes 

and secondary lymphoid organs [6]. Several hypotheses have been formulated regarding the cell 

of origin for CLL B cells. Initially, based on the subdivision of CLL patients into two main subgroups 

according to their immunoglobulin heavy chain variable region (IGHV) mutational status, it was 

suspected that CLL cells were derived either from naïve B cells, in the case of the IGHV unmutated 

(UM) CLL B cells, or from memory B cells, in the case of mutated (M) CLL B cells. Subsequently, this 

dichotomy lost support with the development of gene expression microarray analysis, which is 

considered to be the gold standard technique for classifying the different lymphoid malignancies 

based on their cell of origin. Indeed, according to Klein et al. and validated since, transcriptome 

analysis revealed only a small number of differences between IGHV-UM and IGHV-M CLL B cells, 

supporting the possibility that both subsets are related to memory B cells [7]. A recent study has 

confirmed these findings by integrating DNA methylation data and comparing normal B cell 
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subsets to malignant B cells from 268 patients with CLL. This analysis showed that CLLs are derived 

largely from a continuum of memory B cell maturation states ranging from low- to high-maturity 

[8] In addition, such analysis verified the observation that the CLL methylation status resembles 

the that of memory B cells, accounting for 70%–100% of the programming for high-maturity 

memory B cells. However, the debate is not closed regarding the origin of CLL cells, and there is 

mounting evidence supporting the occurrence of the primary oncogenic event not at the memory 

B cell stage, but earlier in the HSC counterpart, and that the leukemogenic transformation is a 

step-wise process involving the accumulation of oncogenic events during B cell differentiation to 

the memory B cell stage [9]. In MDS/AML, somatic mutations are presented in epigenetic 

regulators. In contrast, in CLL, epigenetic modifications are not qualitative, but mainly quantitative 

and affect the expression of epigenetic sensitive genes, such as CD5 and CD20, with differences 

reported during CLL disease progression [10-12]. Such a dichotomy may explain the absence of the 

simultaneous occurrence of CLL and MDS/AML, except in CLL patients receiving chemotherapeutic 

and mutagenic agents. 

Accordingly, the aim of this review is to discuss the parallels between MDS/AML and CLL, 

diseases that represent two different mechanisms by which the epigenetic landscape is modified: 

by somatic mutations (qualitative) in MDS/AML, and at the expression level (quantitative) in CLL. 

Concerning MDS/AML, epigenetic dysregulation is an early event, conferring a competitive 

advantage on the myeloid lineage and leading to self-renewal. On the other hand, in CLL, there is a 

step-wise process in which methylation dysregulation represents a secondary event and 

contributes to disease progression. 

2. DNA Methylation and Demethylation 

DNA methylation occurs predominantly at position 5 of the cytosine and represents the most 

studied epigenetic marker. Research on this cytosine methylation in cancer began in the 1970s 

when analysis of tumors revealed significant aberrations in 5-methylcytosine (5-mCyt). 

Furthermore, in 2009, rapid breakthroughs came with the characterization of an active DNA 

demethylation enzymatic process that starts with the conversion of 5-mCyt to 5-hydroxy(h)mCyt 

(Figure 1) [13, 14]. 

Currently, due to important advances in DNA methylation analysis technologies, whole-genome 

scale methylation maps are available for several human cell types and show that the methylation 

is mainly restricted to cytosine-phospho-guanosine (CpG) sites. The human genome contains 

approximately 29 million CpG sites, 60% to 80% of which are generally methylated and with 

important differences among cell types [15]. Compartment-specific analysis of the methylome 

showed that DNA methylation has an important role in maintaining the latent transcriptional 

repression of pericentromeric repeats and transposable repetitive elements [16-19]. This is 

essential for genomic stability and normal mitosis, by controlling chromosome alignment, 

segregation and integrity. The human genome is globally methylated with the exception of a small 

fraction (1%–2%) of the total genome which possesses CpG rich spots, referred to as CpG islands. 

These regions are predominantly located in transcriptionally active gene areas and are usually 

close to the first exon of a gene. The asymmetric distribution of DNA methylation between cell 

types has been shown to have functional implications in the epigenetic guidance of development, 

cellular differentiation and more recently, in nuclear organization; however, our understanding of 
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this distribution and its effects is still incomplete [20-23]. Approximately 70% of gene promoters 

overlap with CpG islands and it is generally accepted that the state of CpG methylation in these 

DNA regions, regulates gene expression through modification of chromatin structure and 

accessibility to the transcription machinery [24, 25]. The methylation process is catalyzed by the 

DNA methyltransferase (DNMT) enzymes, including DNMT1, DNMT3A, and DNMT3B, with the help 

of accessory proteins, such as DNMT3L and UHRF1.  

 

Figure 1 Pathways of cytosine methylation and demethylation mediated by DNA 

methyltransferase (DNMT) and ten-eleven translocation (TET) proteins. 

(Note: In MDS/AML, the main DNA methylation/demethylation regulators are DNMT1 

(overexpressed), DNMT3A and TET2, presenting loss of function due to mutations, and 

IDH1/2 that repress TET2 through α-KG inhibition when mutated. In CLL, DNMT3A and 

TET2 expression is altered during disease progression. Cyt: cytosine; 5-mCyt: 5-

methylcytosine; 5-hmCyt: 5-hydroxymethylcytosine; α-KG: α-ketoglutarate; 2-HG: 2-

hydroxy-glutarate; IDH1/2: isocitrate dehydrogenase. MDS: myelodysplastic syndrome; 

AML: acute myeloid leukemia; CLL: chronic lymphocytic leukemia.) 

DNMTs catalyze the transfer of a methyl group from the methyl donor S-adenosyl-L-methionine 

(SAM), to position 5 of cytosine residues in DNA [26]. SAM, in turn, is consumed by increased 

activation of the polyamine synthesis and recycling pathways [27]. The first DNMT to be purified 

was shown to have a preferential affinity for hemi-methylated DNA substrates, and therefore is 

considered responsible for maintaining the methylation pattern during DNA replication [28]. The 

gene encoding this enzyme was subsequently cloned and sequenced by the same group and 

named DNMT1 [29]. 

The observation that DNA methylation is not completely lost after DNMT1 inactivation 

suggested that cells must contain a de novo methylation activity. Later, Li and colleagues identified 

and cloned two novel methyltransferases [30]. These genes are expressed as two proteins, 
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DNMT3A and DNMT3B, with similar structure and domain organization. These enzymes do not 

differentiate between hemi-methylated and unmethylated CpG sites and are responsible for de 

novo DNA methylation, in association with DNMT3L, which has a regulatory function and no 

methylation capacity per se [31]. 

Regarding the active DNA demethylation process, 5-hmCyt was identified shortly after the 

discovery of 5-mCyt [32]. After this discovery, no remarkable research was published on the 

subject, until the ten-eleven translocation (TET)1 protein was discovered and shown to be capable 

of erasing methylation marks via oxidation to 5-hmCyt [14]. By definition, active DNA 

demethylation refers to the enzymatic process by which 5-mCyt and demethylation intermediates 

are replaced by an unmodified cytosine in a replication-independent manner [33]. In contrast, the 

failure to maintain DNA methylation marks across cell divisions, resulting in the dilution of 5-mCyt 

during replication, is referred to as passive DNA demethylation. TET1 belongs to a family of 

enzymes which also includes TET2 and TET3 and catalyze the successive transformation of 5-mCyt 

to 5-hmCyt, 5-formylcytosine (5-fCyt) and 5-carboxylcytosine (5-CaCyt) in a Fe(II)- and 2-

oxoglutarate-dependent manner [34, 35]. 

Methylation genome mapping provided important insights into the role of 5-mCyt. Similarly, 

genome mapping of the demethylation process intermediates, and in particular 5-hmCyt, have 

been shown to be associated with important epigenetic regulatory functions. Indeed, 5-hmCyt 

content is highly variable in normal human tissues and higher levels of 5-hmCyt content are found 

in areas of transcriptional control, including promoters, transcription factor binding sites and gene 

bodies [36]. However, as highlighted in a recently published study, the relationship between 5-

hmCyt peaks and gene transcription is complex, which raises important questions and challenges 

based on some of the data provided so far by DNA methylome analysis using microarrays or the 

reduced representation bisulfite sequencing (RRBS) techniques [37]. In this study, Zhang et al. 

demonstrated that the 5-mCyt distribution is only poorly correlated with gene expression, 

whereas the 5-hmCyt displays a “bi-modal” pattern in HSC with a high 5-hmCyt distribution in the 

promoter and gene body associated with highly expressed genes, while high 5-hmCyt levels in the 

transcription start sites (TSS) reveal lower relative gene expression [37]. The positive association 

between high 5-hmCyt content in the gene bodies with gene expression in embryonic HSC was 

also demonstrated in a study by Huang et al. which, additionally, demonstrated a correlation with 

TET2 activity [38]. 

Another interesting observation concerning the mechanisms by which the fragile balance 

between methylation and hydroxymethylation is adjusted is that DNMT3A and TET1 function in a 

complementary and competitive manner, as demonstrated by Gu et al [39]. This study showed 

that normal epigenetic landscapes and gene expression are maintained by TET1, which limits DNA 

methylation partially by protecting the cytosine target from DNMT3A and establishing boundaries 

for DNA methylation. 

Methylation and demethylation enzymes have also been shown to contribute to the 

adjustment of the epigenetic landscape and transcriptional regulation in an enzyme-independent 

manner, by simply recruiting other enzymes and co-factors. For example, there is a direct 

interaction of TET2 and TET3 with O‐GlcNAc transferase (OGT) [40]. TET2/3–OGT co‐localizes on 

chromatin at active promoters enriched for H3K4me3 and reduction of either TET2/3 or OGT 

activity results in a direct decrease in H3K4me3 and concomitantly decreased transcription. 

Independent of its catalytic activity, TET1 also has a role in transcriptional repression through its 
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interaction with the SIN3A complex [41]. These interactions complicate the interpretation of the 

link between the localization on the genome of methylation/hydroxymethylation enzymes, 

methylated/ hydroxymethylated CpGs and transcriptional regulation. 

3. Knowledge Gained from Mouse Models: The Link between DNA Methylation, Myeloid or the 

Lymphoid Lineage Commitment, Self-Renewal and Differentiation 

The hematopoietic system and its hierarchical cascade of differentiation provides 

comprehensive information on the DNA methylation/demethylation process during differentiation 

(Figure 2). Indeed, important DNA methylation/demethylation maps have been shown to reflect 

cell types and differentiation stages [42]. 

 

Figure 2 The link between DNA methylation, myeloid or the lymphoid lineage 

commitment, self-renewal and differentiation – knowledge gained from mouse models. 

(Note: Lymphoid/myeloid differentiation in the bone marrow compartment is tightly 

regulated at the epigenetic level, with an observed increase in DNA methylation levels 

following lymphoid commitment, predominating at myeloid transcription factor 

binding sites, and a decrease as myeloid differentiation progresses. 

DNMT1 inhibition in hematopoietic progenitors skews progenitors toward the myeloid 

state, causing enhanced cell cycling of myeloid progenitor cells and reduced lymphoid 

differentiation potential. Homozygous DNMT3A and DNMT3B deficiency at the 

hematopoietic stem cell (HSC) stage of differentiation generates global DNA 

demethylation associated with HSC multipotency, self-renewal gene upregulation and 

downregulation of differentiation factors, which results in a severe block in 
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myeloid/lymphoid differentiation and enhanced HSC self-renewal. Heterozygous 

Dnmt3a null (Dnmt3a+/–) mice develop myeloid skewing over time and myeloid 

malignancies after a long latent period. 

TET1-deficient mice develop a lymphoproliferative disease at an advanced age 

(approximately 2 years), with a mature germinal center B cell phenotype. TET2-

deficient mice present an altered cell differentiation with skewing toward 

monocytic/granulocytic lineages observed and development of chronic 

myelomonocytic leukemia (CMML), myelodysplastic syndrome (MDS) and acute 

myeloid leukemia (AML). The B cell-specific TET2-knockout, on the other hand, leads to 

abnormalities in the B1 cell subset and a development of B cell malignancies. The 

combined loss of TET1/TET2 in HSC generates the development of lethal B cell 

neoplasms whereas the dual loss of TET2/TET3 results in aggressive myeloid leukemia, 

with an almost complete loss of 5-hmCyt. 

IDH1-R132H knock-in mice shared similar phenotypes with the Tet2-knockout mice, 

including global 5-hmCyt reduction, altered DNA methylation, impaired hematopoietic 

differentiation, myeloid skewing and the development of myeloid disorders. IDH2-

R140Q transgenic mice showed normal HSC numbers and lineage differentiation, but 

exhibited increased extramedullary hematopoiesis and, when combined with 

HoxA9/Meis1 or FLT3 mutations in hematopoietic cells, produced acute myeloid 

leukemia.) 

Lymphoid/myeloid differentiation in the bone marrow compartment is tightly regulated at the 

epigenetic level, with an observed increase in DNA methylation levels following lymphoid 

commitment, and a decrease as myeloid differentiation progresses [43]. DNA methylation 

mapping at the CpG level in the primitive hematopoietic compartment has revealed a progressive 

and specific methylation accumulation during lymphoid differentiation that predominates at 

myeloid transcription factor binding sites [42]. This suggests that DNA methylation is important for 

cell fate determination and the balanced commitment to the myeloid or the lymphoid lineages. 

Multiple transgenic mouse models have been established to study the role of epigenetics in the 

hematopoietic lymphoid/myeloid differentiation process. The fact that DNA methylation profiling 

of murine hematopoietic progenitors involves more global methylation enrichment during early 

lymphopoiesis than during myelopoiesis could explain why DNMT1 inhibition skews progenitors 

toward the myeloid state [43]. In other words, these data suggest that DNMT1 differentially 

controls the myeloid and lymphoid lineages, causing enhanced cell cycling of myeloid progenitor 

cells and reduced lymphoid differentiation potential [43].  

Next, to determine whether constitutive methylation is continuously required throughout 

lymphoid differentiation, DNMT1 was also inhibited in lymphoid progenitors. In contrast to the 

previous mouse model, normal numbers and undisturbed homeostasis of B lymphoid cells were 

detected. Therefore, once the B cell program is established, a lower sustained constitutive DNA 

methylation is sufficient to maintain B cell identity and maturation [43]. 

Although it has been clearly shown that lymphoid commitment of the HSC is protected by 

DNMT1 and involves a global increase in DNA methylation, the roles of DNMT3A and DNMT3B at 

this early stage of B cell differentiation are less clear. DNMT3A-null HSCs exhibit global DNA 

demethylation but show both increased and decreased DNA methylation at different loci [44]. 
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These modifications are associated with upregulation of HSC multipotency and self-renewal genes 

as well as downregulation of differentiation factors. Serial transplantation of DNMT3A-null HSC 

progressively impairs HSC differentiation [44]. Conditional loss of DNMT3B in HSC, another de 

novo methyltransferase, results in minimal phenotypic effects; however, combined loss of 

DNMT3B and DNMT3A results in a more severe block in myeloid/lymphoid differentiation and an 

enhanced HSC self-renewal similar to that observed in DNMT3A-null HSCs [45] Together, these 

data suggest a crucial role of de novo methyltransferases, particularly DNMT3A, in determining 

HSC differentiation and self-renewal, their expression being required to allow HSC to differentiate 

into the myeloid/lymphoid lineage. 

Hematopoiesis was also evaluated in mice heterozygous for a constitutive Dnmt3a null 

mutation. With no other manipulations, Dnmt3a+/– mice developed myeloid skewing over time 

and their HSCs exhibited a long-term competitive transplantation advantage. Furthermore, 

Dnmt3a+/– mice also spontaneously developed transplantable myeloid malignancies after a long 

latent period [46]. 

Interestingly, in a different mouse model bearing a defective DNMT3a gene under control of 

the immunoglobulin heavy chain enhancer (Eμ-DNMT3a-/-), DNMT3A inactivation occurred in 

both embryonic and adult stem and progenitor hematopoietic cells. Moreover, mice did not 

develop a myeloid disease but, in contrast, a lymphoproliferative disease resembling CLL or a 

peripheral T cell lymphoma phenotype [47]. 

DNA hydroxymethylation enzymes also play important roles in HSC differentiation. In 

transgenic TET1 knockout mice, HSC analysis showed global loss of 5-hmCyt with greater losses in 

5-hmCyt occurring in gene bodies (exons and introns), important gains in 5-mCyt at promoters, 

and increased self-renewal potential [48]. TET1-deficient mice further developed a 

lymphoproliferative disease at an advanced age (approximately 2 years), with a mature germinal 

center (GC) B cell phenotype [48]. In Tet2-deficient mice, an altered cell differentiation skewed 

toward monocytic/granulocytic lineages was observed and Tet2-knockout mice develop chronic 

myelomonocytic leukemia (CMML), MDS and AML with increased proliferation of the HSC 

compartment [49]. It is important to note that the B cell-specific Tet2-knockout (CD19-TET2-/-), on 

the other hand, leads to abnormalities in the B1 cell subset and a development of B cell 

malignancies showing similarities to human CLL, including CD5 expression and sensitivity to 

ibrutinib-mediated B cell receptor (BCR) signaling inhibition [50]. Interestingly, the combined loss 

of Tet1/Tet2 in HSC is associated with the development of lethal B cell neoplasms, while the dual 

loss of Tet2/Tet3 results in aggressive myeloid leukemia with an almost complete loss of 5-hmCyt 

[51, 52]. 

Heterozygous mutations in the catalytic arginine residues of isocitrate dehydrogenases 1 and 2 

(IDH1 and IDH2) are common in MDS and LAM and the mutant enzymes acquire a neomorphic 

activity by converting the TET substrate α-ketoglutarate (α-KG) to D-2-hydroxyglutarate (2-HG). 

The IDH1-R132H knock-in mice shared similar phenotypes with the Tet2 knockout mice, including 

global 5-hmCyt reduction, altered DNA methylation, impaired hematopoietic differentiation, 

myeloid skewing and the development of myeloid disorders [53].The IDH2-R140Q transgenic mice 

showed normal HSC numbers and lineage differentiation, but exhibited increased extramedullary 

hematopoiesis and, when combined with HoxA9/Meis1 or FLT3 mutations in hematopoietic cells, 

produced acute leukemia [54]. 
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4. Alterations within Epigenetic Regulators in MDS/AML and CLL 

4.1. DNMT1  

DNMT1 is significantly overexpressed in AML [55, 56]. However, mutations of DNMT1 are rarely 

observed in contrast to the frequent appearance of DNMT3A mutations in AML and MDS [57, 58] 

(Table 1). DNMT1 forms complexes with important transcription factors with established roles in 

AML, highlighting a possible pathoepigenetic interconnection in the disease biology. For example, 

recent studies suggest that DNMT1 transcription is modulated by the Sp1 transcription factor [59]. 

The regulatory functions of Sp1 are mediated through its physical interaction with other 

transcription factors, such as those of the NF-κB family that are constitutively activated in AML [59, 

60]. Such interactions were shown to lead to increased DNMT1 expression and consequently, gene 

silencing both in vivo and in vitro [59]. RUNX1, which is mutated in 20% of AML and MDS cases, is 

a weak transcription activator although, its transcriptional potential is enhanced by acting in 

synergy with lineage specific transcription factors. DNMT1 inhibition in RUNX1 AML restores 

terminal differentiation through the switch of the RUNX1-Pu.1 coactivator/corepressor activity 

complex via the interaction of Pu.1 with DNMT1 [61]. Minimally decreased expression of Pu.1 in 

mice may induce a pre-leukemic state with dysplastic features and initiate AML [62]. 

An important feature of AML is the existence of characteristic fusion genes, which might confer 

a worse (mixed lineage leukemia (MLL)-TET1/LCX fusions) or better (PML-RARα) prognosis. The 

PML-RARα onco-fusion induces hypermethylation by recruiting DNMT1 and DNMT3A in target 

promoters, such as RARb2, and is also required for the normal localization of DNMT1, which is 

otherwise dispersed in the nucleus [63]. Similarly, through its physical association with DNMT1, 

the AML-ETO fusion binds and hypermethylates AML target gene promoters [64]. DNMT1 is 

indirectly regulated via the miR-29b-Sp1 complex, which binds physically to the DNMT1 promoter 

to positively regulate its expression. Hence, there is a miR-29b-Sp1-DNMT1 axis in AML that is 

deregulated beginning with the underexpression of miR-29b. Forced miR-29b expression leads to 

restored expression of DNMT1 and its target genes p15 and ESR1, inducing partial differentiation 

of blast cells [65, 66]. 

However, the role of the miR-29 family in epigenetic regulation is much more complex, because 

not only DNMT3A, DNMT3B, but also TET1 and thymine DNA glycosidase (TDG) are direct targets 

of miR-29. Furthermore, miR-29 overexpression has been shown to upregulate the global DNA 

methylation level in some cancer cells and downregulate DNA methylation in others [67, 68]. 

In comparisons of DNMT1 expression in CLL with normal CD19+ B cells and memory B cells, no 

differences were observed [12, 69]. In addition, we have previously published data demonstrating 

an absence of significant differences between the IGHV-UM and IGHV-M CLLs and stable 

expression of DNMT1 during disease progression, which further supports a minor role for DNMT1 

in disease progression [12]. 
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Table 1 Epigenetic regulators in myelodisplastic syndromes (MDS), acute myeloid leukemia (AML) and chronic lymphocytic leukemia (CLL). 

Functions Genes MDS 
(mutation 
frequency %) 

Effect of mutations 
on transcription 
(gain/loss of 
function) 

AML 
(mutation 
frequency %) 

Effect of mutations on 
transcription 
(gain/loss of function) 

CLL (mutation 
frequency %) 

Effect of mutations 
on transcription 
(gain/loss of 
function) 

DNA 
methylati
on 

DNMT1 4.7 [70] NR Rare [58]  NR NR NR 

DNMT3A 7.9 [71] activation (loss of 
function) 

22.1 [72]  activation (loss of 
function) 

NR NR 

DNA 
hydroxy
methylati
on 

TET1 NR NR rare [73] NR 2.8 [74]  NR 

TET2 18.3 [75]  NR (loss of 
function) 

12 [73] ND (loss of function) 2.3 [74] NR 

TET3 NR NR rare [73] NR 3.2 [74] NR 

IDH1 2.8 [70]  NR (gain of 
function) 

8.9 [76] NR (gain of function) 2.3 [74]  NR 

IDH2 0.9 [70]  NR (gain of 
function) 

10.4 [77] NR (gain of function) 0.9 [74]  NR 

DNMT, DNA methyltransferase; TET, ten-eleven translocation; IDH, isocytrate dehydrogenase; NR, not reported. 
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4.2. DNMT3A 

DNMT3A can be mutated in both MDS and AML. DNMT3A mutations, which occur in less than 10% 

of MDS cases and 12%–35% of AML, are most commonly heterozygous. DNMT3A R882(C/H) 

represents the most frequent mutation and is associated with poorer survival [65, 78, 79]. DNMT3A 

R882H mutants show both decreased methyltransferase activity and dominant negative functions as 

its overexpression results in hypomethylation [80, 81]. Therefore, a partial, rather than complete 

inactivation of DNMT3A is likely more relevant in the pathogenesis of AML/MDS. Although they occur 

less frequently in MDS, DNMT3A mutations may represent a risk factor for progression to AML [82]. 

Furthermore, several studies have provided evidence that DNMT3A mutations represent early events 

in leukemogenesis, and may also be present in T lymphocytes derived from AML patients. This 

observation shows that DNMT3A mutations are harbored within founding clones that retain the 

capacity to give rise to both myeloid and lymphoid lineages [83-85]; DNMT3A mutations are also 

thought to occur early in MDS [78]. 

However, acquired DNMT3A mutations are highly prevalent in age-associated clonal 

hematopoiesis in normal individuals with low or no biological impact and an, as yet, undefined 

oncogenic risk [86]. This suggests that mutations in epigenetic modifiers, such as DNMT3A, are 

permissive for leukemogenesis but not sufficient to initiate transformation alone. 

The effect of DNMT3A mutations on DNA methylation in AML is controversial, possibly due to the 

different technical platforms used by various investigators. By using liquid chromatography tandem 

mass spectrometry or ELISA-based DNA methylation measurements to identify global changes in 5-

mCyt, no statistical difference was detected in bulk 5-mCyt [72, 87]. However, by using HM-450K 

BeadChip arrays and separating DNMT3A wild-type, DNMT3A R882-mutant, and DNMT3A non-R882-

mutant AMLs, the R882 mutant AMLs were found to have lower mean methylation values than were 

detected in both the non-R882 and DNMT3A wild-type patients [81]. Hypomethylation is rather more 

focal than global and mainly localized in CpG islands and shores. 

In CLL, several studies, including our own recently published report, have shown DNMT3A 

downregulation during disease progression, compared to normal CD19+ B cells or memory B cells [12, 

69, 88]. Indeed, DNMT3A transcript levels decrease in CLL patients who progress from the indolent 

Binet A stage to the more aggressive Binet B/C stages [12]. On the other hand, in patients with stable 

disease (Binet A) for more than 5 years, there was no significant difference in the DNMT3A levels 

between the two time points [12]. Thus, it is unsurprising that low DNMT3A levels are associated with 

negative prognostic impact cytogenetic anomalies, such as 17p deletion, trisomy 12 or a complex 

karyotype and with a shorter treatment-free survival (TFS) [12, 89]. Our group also evaluated the 

association of DNMT3A downregulation in the progressive CLL disease group with changes in 5-mCyt 

levels by using the base resolution sequencing technique, RRBS, which revealed a significant decrease 

in DNA 5-mCyt in all regions of the genome (unpublished data). These findings support the view that 

loss in DNMT3A activity represents a driver for MDS/AML progression, and a risk factor for disease 

activity in CLL as reported previously in the DNMT3a+/- and Eμ-DNMT3a-/- mice, respectively. 

4.3. TET1 
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TET1 was first identified as a fusion partner, TET1/LCX, of the MLL gene in AML carrying 

t(10,11)(q22;q23). Furthermore, TET1 represents a direct target of MLL-fusion proteins, such as 

HOXA9, MEIS1, and PBX3, and is significantly upregulated in MLL-rearranged leukemia, leading to a 

global increase in 5-hmCyt levels [90]. In normal cytogenetic AML, TET1 overexpression is associated 

with poor survival [91]. 

In CLL, somatic mutations in the TET1 gene represent rare events (2.8%) and CLL B cells have 

similar transcriptional levels of TET1 to those observed in control memory B cells [12, 74]. However, 

low levels of TET1 are associated with shorter TFS [12]. 

4.4. TET2 

TET2 is mutated in approximately 12%–20% of AMLs, 23%–35% of MDS and 50% of CMML [92, 93]. 

These loss-of-function mutations are diverse and impair TET2 activity [93, 94]. In primary MDS and 

AML patients harboring TET2 mutations, significantly reduced global 5-hmCyt levels have been 

revealed [87, 95]. 

However, TET2 mutations, like those present in DNMT3A, are frequent in age-associated clonal 

hematopoiesis in normal individuals with low or no biological impact, which shows these mutations 

are not sufficient to initiate leukemogenesis alone [86]. 

In CLL, only 3.2% of patients present somatic mutations in TET2. In the early stage of the disease 

TET2 transcript levels in CLL are similar to those of control memory B cells, while important variations 

in TET2 levels are reported between CLL patients [12, 73]. In these two reports, a reduction in TET2 is 

associated with a lower median TFS, supporting an unexpected role for TET2 as an oncogenic 

repressor. 

4.5. Isocitrate Dehydrogenase-1 (IDH1) and -2 (IDH2) 

The isocitrate dehydrogenase-1 (IDH1) and -2 (IDH2) genes encode NADP+ dependent enzymes 

that convert isocitrate to -KT in the Krebs cycle. IDH1 functions in the cytoplasm whereas IDH2 is 

localized to the mitochondria. Mutations in the genes encoding IDH1 and IDH2 tend not to occur 

together in the same clone and have been described in 15%–30% of AMLs [96]. Mutations result in a 

new enzymatic function resulting in the aberrantly accelerated conversion of -KG to 2-HG [97]. The 

accumulation of the metabolite 2-HG has been shown to be responsible for the inhibition of TET2 

function, thus ultimately inhibiting hydroxymethylation of DNA. Mutations in IDH1/2 and TET2 

mutations are mutually exclusive in AML and, as expected, patients show similar DNA methylation 

profiles [98]. While the prognostic impact of IDH mutations in AML is controversial and remains 

unclear, clinical trials using inhibitors that are relatively specific for IDH1 and IDH2 are ongoing [99-

101]. 

In CLL, IDH1/2 mutations are extremely rare (0.9%) and decreased expression of IDH2 in addition 

to IDH1 overexpression were revealed in CLL B cells compared to the levels detected in normal CD19+ 

B cells [74]. 

5. Conclusions 
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Advances in gene expression profiling and the development of new and improved high-throughput 

techniques for exploring methylation and hydroxymethylation of DNA have provided a more accurate 

and detailed understanding of the genetic and epigenetic basis for the development of hematopoietic 

diseases. Since their discovery, many important advances have also been made in our mechanistic 

understanding of the enzymes implicated in DNA methylation and demethylation processes. 

However, although these enzymatic processes have been thoroughly characterized and high-

resolution co-crystal structures of human DNMTs and TETs and their substrates have provided 

structural insights into their activities, several fundamental aspects of these processes and their 

implications in hematologic myeloid and lymphoid malignancies remain to be fully elucidated. First, 

concurrent recruitment of auxiliary factors by DNMT and TET proteins to genomic target sites is far 

from clear at the moment. Although several interactions have been demonstrated, studying these 

interactions in association with specific oncogenes or tumor suppressor genes implicated in 

hematologic malignancies could provide important information concerning their roles in these 

pathologies. 

Second, the mechanisms that govern recruitment and localization of DNMTs and TETs to DNA are 

not fully understood. Addressing these questions will be an important part of future investigations. 

We chose to discuss epigenetic modifications from two perspectives – the myeloid lineage 

pathologies, MDS/AML, in which epigenetic regulators are dysregulated because they present somatic 

mutations, and the lymphoid lineage pathology, CLL, in which epigenetic regulators are rarely 

mutated, but are highly dysregulated (Figure 3). With regard to MDS/AML, epigenetic dysregulation is 

an early event in the development of HSC. In CLL, on the other hand, there is a step-wise process of 

leukemogenesis and disease progression, and epigenetic regulators and methylation have an 

important dynamic correlation with disease progression and prognosis. 

Irrespective of the underlying molecular events, DNMT3A and TET2 in particular are dysregulated 

in MDS/AML and CLL, leading to altered DNA methylation and hydroxymethylation pattern. Advances 

in gene expression profiling and the development of new and improved high-throughput techniques 

for exploring methylation and hydroxymethylation of DNA have provided a more accurate and 

detailed understanding of the genetic and epigenetic basis for the development of hematopoietic 

diseases. Since their discovery, many important advances have also been made in our mechanistic 

understanding of the enzymes implicated in DNA methylation and demethylation processes. 

However, although these enzymatic processes have been thoroughly characterized and high-

resolution co-crystal structures of human DNMTs and TETs and their substrates have provided 

structural insights into their activities, several fundamental aspects of these processes and their 

implications in hematologic myeloid and lymphoid malignancies remain to be fully elucidated. First, 

concurrent recruitment of auxiliary factors by DNMT and TET proteins to genomic target sites is far 

from clear at the moment. Although several interactions have been demonstrated, studying these 

interactions in association with specific oncogenes or tumor suppressor genes implicated in 

hematologic malignancies could provide important information concerning their roles in these 

pathologies. 

Second, the mechanisms that govern recruitment and localization of DNMTs and TETs to DNA are 

not fully understood. Addressing these questions will be an important part of future investigations. 
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We chose to discuss epigenetic modifications from two perspectives – the myeloid lineage 

pathologies, MDS/AML, in which epigenetic regulators are dysregulated because they present somatic 

mutations, and the lymphoid lineage pathology, CLL, in which epigenetic regulators are rarely 

mutated, but are highly dysregulated (Figure 3). With regard to MDS/AML, epigenetic dysregulation is 

an early event in the development of HSC. In CLL, on the other hand, there is a step-wise process of 

leukemogenesis and disease progression, and epigenetic regulators and methylation have an 

important dynamic correlation with disease progression and prognosis. 

Irrespective of the underlying molecular events, DNMT3A and TET2 in particular are dysregulated 

in MDS/AML and CLL, leading to altered DNA methylation and hydroxymethylation patterns that 

confer a competitive advantage to the myeloid or lymphoid lineage and an imbalance between self-

renewal and differentiation. A better understanding of their localization and their co-recruitment of 

other proteins at specific DNA target sites could provide us with the possibility to modulate 

hematopoiesis, restore the initial balance, and control disease progressions that confer a competitive 

advantage to the myeloid or lymphoid lineage and an imbalance between self-renewal and 

differentiation. A better understanding of their localization and their co-recruitment of other proteins 

at specific DNA target sites could provide us with the possibility to modulate hematopoiesis, restore 

the initial balance, and control disease progression. 

 

Figure 3 Epigenetic dysregulation in myelodysplastic syndrome (MDS)/acute myeloid 

leukemia (AML) and in chronic lymphocytic leukemia (CLL).  

(Note: In MDS and AML, epigenetic dysregulation is an early event caused by somatic 

mutations in hematopoietic stem cells, which generate a loss of function at the protein 

level and a poor prognosis. In CLL, epigenetic regulators are rarely mutated, but highly 

dysregulated, with their expression diminishing in association with disease progression.) 
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Abstract:  

DNA methylation is an epigenetic change that is not only important in normal cell development, 

but also plays a significant role in human health and disease. Therefore, studies of DNA 

methylation have been actively pursued to clarify the precise role of this modification in disease 

etiology and its potential as a biomarker of disease. One key issue in analyzing DNA methylation 

data is the detection of significant differences in methylation levels between diseased 

individuals and healthy controls. In recent years, molecular technology has been developed to 

produce bisulfite sequencing (BS-Seq) data, which provide single-base resolution. For such data, 

methylation counts at a single site follow a binomial distribution, the probability of which 

reflects the methylation level at this site. Traditional hypothesis-testing methods, such as 

Fisher’s exact (FE) test, have been applied to detect differentially methylated cytosines (DMCs). 

Although the FE test is widely used, its “fixed margin” assumption has been called into question 

in such applications. Furthermore, biological variability between samples within a group cannot 

be accounted for in the FE test. Statistical tests that do not rely on such an assumption exist, 

including the computationally efficient Storer–Kim (SK) test. However, whether such methods 

http://creativecommons.org/licenses/by/4.0/
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outperform the FE test for detecting DMCs is unknown, with or without the presence of within-

group variation. In this study, we compared the performance of several traditional hypothesis-

testing methods fromboth statistical and biological perspectives based on simulated and real 

data as well as theoretical analyses. Our results show that the unconditional SK test consistently 

outperforms the conditional FE test for the detection of DMCs. This advantage is especially 

noteworthy in studies with limited sequencing depth. 

Keywords  

DNA methylation; Fisher’s exact test; Storer-Kim test; biological variability; binomial model 

 

1. Introduction 

DNA methylation is key to the normal development of cells [1-3] and may control phenotypes that 

are heritable across generations [4]. Biological studies have indicated the existence of a close 

relationship between CpG (5'C-phosphate-G3') methylation and regulation of gene expression [5, 6]. 

However, aberrant DNA methylation patterns, especially those that are acquired later in life and in 

gene promoters, may be adversely linked to human health and disease; therefore, DNA methylation 

has become a central research topic in the field of epigenetics over the past decade [7, 8]. In 

particular, it has been shown that promoter hypermethylation can lead to deregulation of the 

transcription of cancer suppressor genes [7, 8]. Studies have also shown that increased methylation of 

CpG islands is correlated with the functioning of molecular pathways that play a central role in 

common diseases, such as colorectal cancer [9]. More recent epigenetic studies have also shown that 

disease-associated variants can influence DNA methylation levels in transcription regions [10]. An 

abundance of biological evidence points firmly to the role of DNA methylation in the development of 

human diseases, and its potential as biomarkers of such conditions. 

The recent development of various bisulfite sequencing (BS-seq) technologies has led to the 

production of single-base resolution data for measuring DNA methylation [1]. These techniques 

involve the conversion of unmethylated cytosines to detect methylation at each base pair; the result 

is typically represented as a pair of counts comprising the total reads and methylated reads at each 

site [11]. A number of algorithms have been proposed to handle various aspects of preprocessing that 

allow organization of the data into a typical contingency table (Table 1). In particular, several 

approaches have been proposed for alignment, an important step in data preprocessing. This is 

especially challenging for standard alignment tools due to bias created by reads with unmethylated 

cytosines. Algorithms proposed to deal with this specific issue include BSMAP [12], GSNAP [13], 

Bismark [14], and BRAT [15]. In recent years, visualization tools have also been developed to aid the 

understanding of genome-wide methylation data and interpretation of analysis results; these include 

MethGo [16] and ViewBS [17]. Various new statistical methods that have been developed specifically 

for analyzing BS-seq data have been comprehensively reviewed [18] and a comparative study of some 
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of these methods has also been reported [19]. Despite these efforts, a number of statistical 

challenges remain when analyzing and drawing inferences from DNA methylation data [20]. 

Methylation counts at a single site (which may include CHG and CHH in addition to CpG, where H 

represents A, T, or C) can be modeled as a random variable from a binomial distribution with the 

methylation probability (p) and the number of total reads (n) as the success probability and the 

number of trials, respectively. The probability of this binomial distribution reflects the methylation 

level at the site. The ratio of methylated and total reads at a specific site can be used as a (maximum-

likelihood) estimate of the methylation probability [20]. Under the binomial model, hypothesis-testing 

can be conducted at each site, leading to the potential detection of differentially methylated 

cytosines (DMCs). This problem can be framed statistically by testing whether the methylation 

probabilities from two binomial populations differ significantly. Despite the fact that detecting an 

entire differentially methylated region (DMR) is frequently of greater interest [21], testing for DMCs is 

usually carried out instead (or at least as the first step). We note that site-by-site detection methods, 

which form the subject of this study, do not take spatial dependency into consideration. 

It is known that epigenomes are known to vary among individuals, even within the same 

population[4]. These differences give rise to the potential issue of biological variation even among 

samples within a group (i.e. all samples under a specific condition, such as all healthy individuals or all 

having a particular disease). Regions on chromosomes that are inherently more variable across 

different samples will lead to higher false positive rates when statistical tests that ignore such 

variability are applied [22-24]. When there are only a few biological replicates, the potential loss of 

power is also a concern with single-site analysis methods because spatial correlations are ignored [22, 

23, 25, 26]. 

Despite the problems discussed here, site-wise analysis and methods that do not take biological 

variation (even when there are replicates) into consideration continue to be used for DNA 

methylation analysis. This is because such analysis can be carried out by simple, traditional, and well-

known methods that biological scientists can “confidently” rely on, such as Fisher’s exact (FE) test. On 

the other hand, in the rush to develop new statistical methodology that takes between-sample 

variability into account, the suitability of the FE test for analyzing BS-seq data has not been 

investigated by computational and data scientists. 

To fill this void, we have evaluated the FE test, along with several other single-site testing methods, 

to ascertain their appropriateness and compare their performance, with or without availability of 

replicates. The FE test has recently been recommended without critique as the de facto method for 

analyzing non-replicated BS-seq data [27]; this highlights the importance of our current study, which 

will provide biological scientists with a much-needed guide for selecting the appropriate method for 

analyzing their DNA methylation data when biological replicates are not available. Even when 

biological replicates are available but a simple test is required, this study will further our 

understanding of the operational characteristics of these traditional hypothesis-testing methods, 

especially regarding the existence of inflated type I error and/or reduced power. 

1.1. Fixed Margins Assumption in Fisher’s Exact Test 
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The FE test is one of the most frequently used methods for single-site analysis to detect DMCs. This 

method relies on the assumption of fixed margins of a contingency table (Table 1); hence, it is usually 

referred to as a conditional test. It has been argued that a conditional test is better applied under an 

appropriate sampling scheme [28, 29]; however, if the sampling scheme is violated, then tests 

without the erroneous conditions would perform better in terms of power while preserving nominal 

type I errors [30-32]. 

Data generated from BS-seq studies are not conditioned on fixed margins, as one does not know, 

beforehand, the sum of methylated reads in the two conditions. Therefore, the assumption of fixed 

margins in the contingency table is violated and it is therefore doubtful that the margins of the 

contingency table are ancillary statistics (i.e. do not contain information about methylation intensities) 

as required by the FE test and other conditional tests [32, 33]. To carefully evaluate this issue, in this 

study we evaluated the properties of the FE test, together with several other tests, for their 

appropriateness for analyzing BS-seq data. 

Table 1 A typical 2 ×2 contingency table. 

 Sample under condition 1 Sample under condition 2 Row Sum 

Methylated 

reads 

r1 r2 r1 + r2 

Unmethylated 

reads 

f1 f2 f1 + f2 

Column Sum n1 = f1 + r1 n2 = f2 + r2 n = n1 + n2 

For Fisher’s exact test, the row sums (margins r1 + r2 and f1 + f2) as well as the column sums 

(margins n1 = f1 + r1 and n2 = f2 + r2) are assumed to be fixed; the test is carried out conditioned 

on these margins. 

2. Methods of Comparison 

In this study, we evaluated three testing methods. The first, the FE test, was chosen because of its 

convenience and popularity, despite its conditional nature as discussed earlier [1]. The second is also 

a frequently used traditional test, the chi-squared (CS) test. This test is typically used in a large-sample 

situation, but there is also a small-sample Monte Carlo version although it can be computationally 

expensive and can be sensitive to the choice of running parameters [34]. We chose to include the CS 

test in this investigation because it can be viewed as a computationally efficient large-sample 

approximation of the conditional FE test; thus, we included it as a “reference” without invoking the 

computationally expensive Monte Carlo version. The third, and final method, the Storer–Kim (SK) test, 

is an approximate unconditional test for comparing two binomial probabilities [35]. This approximate 

version of an exact unconditional test [36] was proposed to alleviate the concern regarding the 

computational cost of the exact test. In addition to the three tests that we compared for the 

detection of DMCs, we also used Welch’s t-test to address the issue of biological variation, although 

we note that this test has its own drawback in that it does not take the total reads into account, a 
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disadvantage that has been criticized by others [18]. Here, we describe each of these methods briefly. 

To be specific, we tested the hypothesis: 

𝐻0: p1 = 𝑝2 versus 𝐻𝑎: p1 ≠ 𝑝2, 

where p1 and p2 denote the methylation levels (i.e. binomial probabilities) under two conditions (or 

two populations). 

2.1. Fisher’s Exact Test 

The FE test [37] is a classical test for the difference between two binomial probabilities based on 

data that can be organized into a contingency table like the one used to analyze DNA methylation 

data (Table 1). When some counts in the contingency table are small, the FE test is a popular choice 

instead of its large-sample counterpart, the CS test. Using the notation in Table 1, its P-value for 

testing 𝐻0 versus 𝐻𝑎 is calculated according to the following formula: 

pFE = ∑
(
n1
x
) (

n2
r1 + r2 − x)

(
n

r1 + r2
)

⋅ 𝐈 {(
n1
x
) (

n2
r1 + r2 − x) ≤ (

n1
r1
) (
n2
r2
)} ,

min(n1,r1+r2)

x=max(0,r1+r2−n2)

 

where x is an indexing variable, and I is the usual indicator function taking the value of 1 (or 0) 

depending on whether the condition in the curly brackets is satisfied (or not). Note that this test 

assumes that both the row sums and the column sums (Table 1) are fixed, which is essentially a test 

based on the hypergeometric sampling scheme. 

2.2. Chi-Squared Test 

The CS test [38] is a large-sample approximation of the FE test. Again, using the notation in Table 1, 

the test statistic is calculated according to the following formula: 

χ2 =
(|r1f2 − r2f1| − 0.5n)2n

(f1 + r1)(f2 + r2)(r1 + r2)(f1 + f2)
, 

which is assumed to follow a 𝜒1
2 distribution under the null hypothesis 𝐻0. The P-value can then be 

determined by computing the tail probability of the 𝜒1
2 distribution. 

2.3. Storer-Kim Test 

In contrast to conditional tests, such as the FE test, here, we consider unconditional tests, which 

have been shown to have better control of type I error as well as higher power if the sample scheme 

does not warrant the appropriateness of the assumption of a conditional test [31-33, 39]. To address 

the issue of computational intensity of an exact unconditional test [36], we consider the SK test [35], 

which is an approximate unconditional test. Its P-value is calculated according to the following 

formula: 

pSK =∑∑g1(x) ⋅ g2(y)

n2

y=0

⋅

n1

x=0

𝐈 {|
x

n1
−

y

n2
| ≥ |

r1
n1

−
r2
n2
|}, 
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where x and y are indexing variables, I is the indicator function as defined earlier, and g1 and g2 are 

the probability functions of the binomial distributions Binom(n1, �̂�) and Binom(n2, �̂�), respectively, 

where �̂� =
r1+r2

n1+n2
. 

2.4. Welch’s t-Test 

Welch’s t (WT)-test is a two-sample mean test without assuming the variances of the two 

populations being equal. Its test statistic is calculated according to the following formula: 

𝑇𝑊𝑇 =
X1̅̅̅̅ −X2̅̅̅̅

√
S1
2

N1
+
S2
2

N2

, 

where N1 and N2, respectively, are the sizes of the samples from the two populations (conditions) 

under investigation, and X1̅̅ ̅ =
1

N1
⋅ ∑ xk

N1
k=1  and S1

2 =
1

N1−1
⋅ ∑ (xk − X1̅̅ ̅)

2N1
k=1  are the mean and 

variance of the sample {x1, ⋯ , xN1
} from the first population. Note that the representation in Table 1 

only depicts data for a single sample, whereas in the current setting, we have biological replicates and 

thus, our data should be represented by N1 tables, where xi = ri/ni, i=1, 2, ⋯, N1, using the notation 

shown in Table 1. We define X2̅̅ ̅ and S2
2 similarly. The P-value of the test statistic is obtained from a t-

distribution with an appropriately calculated degree of freedom [40]. This test was adopted as a 

reference test in our second simulation study where there is between-sample variability, as it takes 

such variability into account rather than pooling data from samples within a group and is known to be 

robust. 

3. Simulation and Theoretical Studies 

 Extensive studies were carried out to comprehensively compare and contrast the methods. 

Specifically, two empirical studies and one theoretical study were conducted. The first study was 

carried out using simulated data based on the characteristics of a whole genome bisulfite sequencing 

(WGBS) dataset [1]. This study was designed to evaluate the performance of the FE, CS, and SK tests 

for detecting DMCs. The second study utilized data simulated from a model that assumes spatial 

correlation and between-sample variability [41]. The goal of this investigation was to gauge the 

performance of the methods in non-ideal, but more realistic situations with patient samples. The last 

study was theoretical, in which the rejection regions from the three methods were calculated and 

compared for a variety of methylation probabilities and total number of reads. 

3.1. Study 1: Detection of DMCs under Idealized Conditions 

This simulation study was based on the results from our analysis of a WGBS dataset [1] in which 

the methylation levels of two cell lines (H1 and IMR90) were compared; details of the analyses and 

results of this dataset are given in Section 4. In this simulation, we treated the sites that were 

detected as DMCs by all methods as “true DMCs” and the rest as “null sites”. Note that this method is 

not recommended for the designation of DMCs in any real data analysis; rather, this choice was made 

to facilitate a fair and objective comparison in our in-silico study using sites that can be detected using 
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all three methods. As such, our simulation scheme may be regarded as generating an independent 

dataset for “validation” of the overlapping sites. We randomly selected 10% of the “true DMCs” and 

10% of the “null sites” for inclusion in the simulation. In the case of a true DMC, we used the 

estimated p1̂ (proportion of methylated reads in the H1 cell line) and p2̂(proportion of methylated 

reads in the IMR90 cell line) as the true binomial probabilities. Together with their respective total 

reads n1 and n2, we simulated realizations (the r values shown in Table 1) from the two binomial 

distributions; these were the methylated reads. Note that the total reads reflect the sequencing 

depth of the experiment and were taken directly from the real data study; these values varied from 

site to site (the histograms of the read counts for all sites from the H1 and IMR90 cell lines are shown 

in Supplementary Figure S8). For a “null site’, p1̂ and p2̂ were both set as the pooled estimate so that 

p1̂ =p2̂. The rest of the procedure for the simulation was the same as that used for a “true DMC” 

site. 

We applied the FE, CS and SK tests to each simulated binomial dataset. Since the “ground truths” 

were known, we were able to compute the power and type I error based on the testing results for 

each method. We defined power as the proportion of rejections among all true DMCs and the type I 

error rate as the proportion of rejections among all null sites. The results, presented in Figure 1, show 

that the type I error rates for all three tests were well below the nominal level of 0.05: all three tests 

were conservative, with the CS test being the most extreme. In terms of power, the SK test achieved 

the highest, followed by the FE test, which outperforms the CS test. Although the differences in the 

power were small, the number of additional DMCs detected were nonetheless substantial given the 

large number of sites considered (in the order of millions). 
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Figure 1 Comparison of type I error rates (left side) and power (right side) among the 

Storer–Kim (SK), Fisher’s exact (FE) and chi-squared (CS) tests using data simulated based 

on the characteristics of a whole genome bisulfite sequencing study [1]. Note that these 

two figures are not drawn to the same scale. 

3.2. Study 2: Detection of DMCs in the Presence of Spatial Correlation and Between-Sample 

Variability 

As discussed earlier, the first set of simulations were carried out under idealized conditions, in 

which methylated reads follow independent binomial distributions across sites and there was no 

between-sample variability (i.e. as if only one sample was available under each condition). In this 

second study, we simulated data from a more realistic model, in which spatial correlation and 

between-sample variation were assumed. Specifically, our simulation was modeled using a WGBS 

colon cancer dataset of six samples (3 cancer and 3 normal) that are available in the bsseqData 

Bioconductor package. For convenience, since the colon dataset is already linked to BSmooth [42], we 

used it to detect DMRs on chromosome 21 and treated all sites therein as DMCs and those outside of 

the DMRs as null sites. Together with the total read counts from the real data, we simulated 100 

datasets under each of four variability scenarios following the data simulation procedure described in 

BCurve [41]. 

The results for type I error are presented in Figure 2, from which we found that the three tests 

investigated above all had inflated type I error, especially as the between-sample variability increased 

from scenario 1 (S1) to scenario 4 (S4). These results were as expected, because these tests do not 

allow for between-sample variability, the presence of which may be treated as “signals”. On the other 

hand, Welch’s t-test, being able to account for between-sample variability, was the closest to the 

nominal level of 0.05, regardless of the level of variability. 
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Figure 2 Boxplots of type I error rates for each of the four comparison methods over 100 

simulated datasets modeled on a colon cancer dataset. The four scenarios considered, S1, 

S2, S3, S4, are arranged in increasing order of between-sample variability. 

In terms of power, the results (Figure 3) of Welch’s t-test were as expected: as variability increased, 

the power for detecting DMCs decreased. It was, however, noted that the power was low, which was 

partially attributed to the ignorance of information contained in the spatial correlation. This general 

behavior was also observed for the other three tests, although the decrease in power was less drastic 

than that of the t-test. The SK test remained the most powerful, although its type I error was also the 

highest of all four scenarios among the three main comparison methods. Finally, the powers of these 

three methods were all higher than those of the t-test, but once again it was noted that all three had 

much larger type I error than the latter test. In summary, this investigation and the results show that 

the t-test is more appropriate for analyzing BS-seq data when there is a considerable amount of 

between-sample variability; however, it has low power, and is not applicable in a more general setting 

where covariate information is available, as we elaborate in the Discussion section. 
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Figure 3 Boxplots of power for each of the four comparison methods over 100 simulated 

datasets modeled on a colon cancer dataset. The four scenarios considered, S1, S2, S3, S4, 

are arranged in increasing order of between-sample variability. 

3.3. Study 3: Theoretical Investigation of the Methods for Detecting DMCs 

In the first two studies, we carried out simulations to evaluate and compare the FE, CS and SK tests 

for detecting DMCs. The results all showed that the SK test had the highest power while still being 

able to control the type I error. However, whether the superiority of the SK test is due to a particular 

simulation or whether it is more inherent in testing for DMCs remained open to debate. To answer 

this question, we carried out a theoretical analysis in our third study. 

We considered two settings. In the first, the methylation probabilities, p1 and p2, were assumed to 

be fixed, and we were interested in investigating the power when we varied the total reads n1 and n2, 

reflecting the sequencing depth. The number of methylated reads, r1 and r2, were then inferred from 

each pair of (n1, n2). In the second setting, we fixed the total number of reads, n1 and n2, but varied 

the methylation probabilities, p1 and p2. In this case, the number of methylated reads, r1 and r2 were 

also derived for each pair of (p1, p2). Our aim was to understand how the interplay between 

sequencing depth and differential healthy control/disease individual methylation profiles influences 

the detection of DMCs. 

For each of these settings described previously, we constructed the rejection region for each of the 

three tests. Note that a larger rejection region is indicative of a more powerful method when the 

nominal type I error rates are kept the same. In the first setting, in which the methylation 

probabilities p1 and p2 were fixed at 0.2 and 0.4, respectively, the results (Figure 4) showed that the 
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SK test has the largest rejection region. Furthermore, the SK test was found to provide a more 

accurate method of identifying DMCs using data with a relatively small number of total reads (n1, n2) 

compared with the other two methods. The CS test was shown to provide the poorest performance. 

This observation held true for several other settings of p1 and p2 values (Supplementary Figures S1-

S3). In the second setting, in which the total reads, n1 and n2, were both fixed at 25, the results 

(Figure 5) showed that the rejection region of the SK test was once again the largest, while the CS test 

remains the poorest performing method, most likely due to its inadequacy in small-sample scenarios. 

These results were also applicable to several other settings of the n1 and n2 values (Supplementary 

Figures S4-S6). 

 

Figure 4 Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded 

in black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The 

results are for a pair of p’s fixed at p1 = 0.4 and p2 = 0.2. For each method, the rejection 

region is the combination of (n1, n2) (in the range of 1-100) for which the DMC is declared. 

Note that the jagged line in (b) is due to the discrete nature of the FE test. 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804053 
 

Page 71/349 

 

Figure 5 Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded 

in black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The 

results are for a scenario in which the total number of reads is 25 in both samples. For 

each method, the rejection region is the combination of (p1, p2) (in the range of 0-1) for 

which the DMC is declared. Note that the jagged line in (b) is due to the discrete nature of 

the FE test. 

In summary, our analysis shows that the SK test has the greatest ability to detect DMCs for data 

with low sequencing depth. Stated differently, compared to the other two methods, the SK test will 

have a greater power of detecting DMCs, for a study with a fixed sequencing depth, even with small 

differences in the methylation levels. In general, for a fixed sequencing depth, the larger the 

difference between the methylation levels, the greater the ability of all methods for detecting the 

difference, as expected. Similarly, for a fixed difference, the deeper the sequencing depth, the greater 

the power with which the difference will be detected, again for all methods. 

4. Analysis of a Real Dataset 

To corroborate our findings from the in-silico studies showing that the SK test is superior to the 

other tests, we applied all three tests, FE, CS and SK, to data from a WGBS experiment [1]. Methylated 

and total read counts for two cell lines, the H1 human embryonic stem cell line and the IMR90 fetal 

lung fibroblast cell line, were recorded in this dataset, providing an opportunity to identify DMCs 

between these two cell lines, a problem addressed in the original study [1]. We analyzed all 
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methylcytosines sequenced in the H1 and IMR90 cells. We used false discovery rates (FDRs; threshold 

set at 0.05) instead of nominal P-values for decision-making in the adjustments for multiple testing. 

First, we examined the region in chromosome 1 (spanning from base pairs 201,674,600 to 

204,403,600) highlighted in the original study [1]. The Venn diagram presented in Figure 6a shows 

that the SK test detects the most DMCs, including all those implicated by the CS test and all but three 

detected by the FE test. On the other hand, 549 DMCs that were missed by the CS test were detected 

by the FE and SK tests together; a further 593 DMCs that were missed by the FE and CS tests were 

detected by the SK test. These results are clearly consistent with those of our simulation and 

theoretical studies, in which SK was seen to be the most powerful test, followed by FE, with well-

controlled type I error rates. Further evidence showing that the additional DMCs detected by SK are 

biologically relevant is provided by their location within the NFASC gene, which is known to regulate 

human neurological activities [43]. 

The results throughout the entire genome (Figure 6b) painted a similar picture: the SK test detects 

the most DMCs, while all those detected by the CS test were also identified by either the SK or FE 

tests; furthermore, more than 99.7% of those detected by the FE test are also included in the set of 

DMCs implicated by the SK test. Results are summarized at the chromosome level in Supplementary 

Figure S7 showing that the observations for the particular region on chromosome 1 holds true for 

each of the 24 chromosomes. In particular, the number of additional DMCs detected by the SK test 

can be substantial, accounting for more than 10% of all DMCs detected in most of the chromosomes. 

 

Figure 6 Venn diagrams of the numbers of DMCs detected by the three methods: (a) 

selected region of chromosome 1; (b) whole genome. Note that a site is declared to be a 

DMC if FDR  0.05. 

5. Discussion 

The FE test is still frequently used and recommended for analyzing BS-seq data to detect 

differentially methylated cytosines, an important topic in understanding biological and molecular 
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mechanisms of diseases. In this study, we aimed to investigate whether an unconditional test for 

detecting DMCs is more appropriate than a conditional test, such as the FE test, due to the concern 

that the assumptions necessary for applying the FE test may be violated for BS-seq data. We were 

further intrigued by how spatial correlation and between-sample variability inherent in patient 

samples would affect the performance of the methods. 

Our extensive simulation and theoretical analyses indicate that the unconditional SK test is indeed 

more powerful for detecting DMCs than the conditional FE test, echoing mounting evidence reported 

in general settings [44, 45]. This conclusion has also been corroborated by the application of these 

tests to a BS-seq dataset. In particular, the SK test has a greater ability for detecting differential 

methylation with limited sequencing depth or smaller differences. It is interesting to note that in our 

real data analysis, we considered methylation in the context of CHG and CHH, in addition to CpG. 

Although not within the scope of the current study, it would be of considerable interest to the wider 

scientific community to investigate whether the SK test also outperforms the other two methods in 

investigating DNA methylation in plants, where it is known that methylation levels in the context of 

CHH are much lower than those in the context of CpG. We plan to undertake this task in a future 

study. 

As expected, when variability exists between samples within a condition, the three methods 

explored inevitably suffer from inflated type I error. The power of these methods also decreases 

slightly as between-sample variability increases. The t-test, on the other hand, controls type I error 

well, although it generally has low power and the power loss with increasing variability is much more 

drastic compared to that of the other methods. Therefore, even though the t-test is appropriate for 

analyzing BS-seq data in the presence of between-sample variability, its low power precludes it from 

being a method of choice. Instead, if spatial correlation and between-sample variability do exist, it is 

likely that recently proposed methods based on advanced models rather than the classical ones 

reviewed here would be more appropriate [41, 42, 46-48]. In particular, when covariate information is 

available and needs to be incorporated to avoid confounding, then none of the methods discussed 

here are amenable to that situation. As such, recent state-of-the-art methods [2, 48] are needed to 

deal with this issue appropriately. 

Although not within the scope of the current study, which focuses on classical statistical methods, 

we nevertheless also considered a dataset analyzed in a model-based method (MOABS) [49] and 

compared the results from the three classical methods discussed here with those from MOABS as a 

further illustration. The data consist of two replicates of cases and two replicates of controls from a 

study of mouse methylomes and are contained in the MOABS package. As shown in Supplementary 

Figure S9, the results demonstrate that the SK test is more powerful than the FE and CS tests, which is 

consistent with all the other results presented here. On the other hand, an almost equal number of 

unique DMCs were identified by the SK test and MOABS, which once again demonstrates the 

relevance of the SK test even when more advanced methodologies are available, especially in 

situations where there is likely to be limited between-sample variability. Of course, a general 

conclusion is not warranted on the basis of a single analysis; therefore; further work is required to 

quantify the relative merits of these two sets of methods. 
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If site-by-site analysis of BS-seq data is desired when there is a single sample or when there is 

minimal between-sample variability, then the SK test is recommended as assumptions that are 

inconsistent with the data generation process are not necessary. Although it is indeed 

computationally more expensive compared to the FE and CS tests, the SK test it is still 

computationally feasible. Source code for the KS test. The Storer–Kim method was implemented in 

the WRS2 R-package, which is freely available on CRAN: https://cran.r-

project.org/web/packages/WRS2/. 
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1. Figure S1: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a pair of p’s fixed at p1 = 0.6 and p2 = 0.4. For each method, the rejection region is the 

combination of (n1, n2) (in the range of 1-100) for which the DMC is declared. Note that the jagged 

line in (b) is due to the discrete nature of the FE test. 

2. Figure S2: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a pair of p’s fixed at p1 = 0.75 and p2 = 0.25. For each method, the rejection region is the 

combination of (n1, n2) (in the range of 1-100) for which the DMC is declared. Note that the jagged 

line in (b) is due to the discrete nature of the FE test. 

3. Figure S3: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a pair of p’s fixed at p1 = 0.8 and p2 = 0.6. For each method, the rejection region is the 

combinations of (n1, n2) (in the range of 1-100) for which DMC is declared. Note that the jagged line 

in (b) is due to the discrete nature of the FE test. 

4. Figure S4: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a scenario in which the total number of reads is 50 in both samples. For each method, the 

rejection region is the combination of (p1, p2) (in the range of 0-1) for which the DMC is declared. 

Note that the jagged line in (b) is due to the discrete nature of the FE test. 

5. Figure S5: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a scenario in which the total numbers of reads are 40 and 10 in the two samples. For each method, 

the rejection region is the combination of (p1, p2) (in the range of 0-1) for which the DMC is declared. 

Note that the jagged line in (b) is due to the discrete nature of the FE test. 

https://cran.r-project.org/web/packages/WRS2/
https://cran.r-project.org/web/packages/WRS2/
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6. Figure S6: Heatmaps of P-values and rejection regions (those with P-values ≤ 0.05; shaded in 

black): (a) Storer–Kim (SK); (b) Fisher’s exact (FE); and (c) and chi-squared (CS) tests. The results are 

for a scenario in which the total numbers of reads are 80 and 20 in the two samples. For each method, 

the rejection region is the combination of (p1, p2) (in the range of 0-1) for which the DMC is declared. 

Note that the jagged line in (b) is due to the discrete nature of the FE test. 

7. Figure S7: Venn diagrams of numbers of DMCs detected by three methods chromosome-by-

chromosome. Note that a site is designated a DMC if the chromosome-wise FDR  0.05. 

8. Figure S8: Histogram of the read counts for chromosomes 1–22, X, and Y from the H1 (top) and 

I90 (bottom) cell lines. 

9. Figure S9: Venn diagram of the numbers of DMCs detected by three classical methods, FE, CS, SK, 

and a newer method, MOABS. For the classical methods, a site is designated a DMC if FDR  0.05. For 

MOABS, a site is designated a DMC if its credible methylation difference (CDIF) is greater than 0.2, a 

threshold suggested in the software. 
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treatment of infectious diseases. An understanding of epigenetics now contributes 

significantly to the diagnosis and treatment of complex clinical disorders: epigenetics of the 

hosts can also explain the diversity in their responses to some infectious diseases due to 

microbes that escape the immunological system of the host. The new generation therapy 

with epigenetic drugs is here proposed as a useful tool in the fight against infective diseases. 
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1. Introduction 

Infectious diseases are one of the most important causes of morbidity and mortality around the 

world and have a substantial impact on the health of communities. These diseases are caused by 

pathogenic microorganisms, such as bacteria, viruses, parasites and fungi. 

Given the high occurrence of infections, numerous studies have been conducted on pathogenic 

organisms and their capacity to develop drug resistance. The antibiotics that are currently 

available are generally considered to be safe and well-tolerated. These drugs have several targets, 

including the bacterial cell wall, cell membrane, essential enzymes, and protein synthesis 

inhibitors. However, in addition to the issues of toxicity and side-effects of antimicrobial drugs, 

antimicrobial resistance is an increasingly serious concern in the treatment of infectious diseases. 

Recently, however, a light can be glimpsed at the end of the tunnel in the form of epigenetics 

(επίγεννετικός – “over the genetics”, or rather the DNA code), a topic that has been commonly 

overlooked in the field of microbiology and has now become a significant focus of research in this 

area. 

Epigenetics is the study of all inheritable changes that lead to variations in gene expression 

without altering the DNA sequence. In 1942 The term “epigenetics” was coined by Conrad Hal 

Waddington in 1942 to define “the branch of biology that studies the causal interactions between 

genes and their products and puts in place the phenotype”. 

The Human Genome Project has provided new opportunities to develop better diagnostic tools 

and target genes [1]. An understanding of epigenetics now contributes significantly to the 

diagnosis and treatment of complex clinical disorders. 

2. Infection and Inflammation 

The non-specific and innate defense mechanisms responsible for immunity and inflammation 

are triggered by chemical, physical and biological agents (viruses, bacteria, parasites). 

Inflammation is characterized by a series of events, made possible by the release of endogenous 

substances. The pivotal events of an inflammatory response are vasodilatation and increased 

vascular permeability combined with leukocyte infiltration in the damaged area. This defense 

mechanism, therefore, is a protective response that is mounted to eliminate the etiological agent 

and also to initiate the processes responsible for the repair and replacement of the damaged 

tissue (cellular and/or tissue repair) and is subdivided into acute inflammation and chronic 

inflammation. 

Acute inflammation is a vascular and cellular reaction to tissue damage characterized by an 

immediate response to an injurious stimulus, while chronic inflammation is a long-lasting process 

involving active inflammation, tissue destruction and repair mechanisms. Chronic inflammation 

follows acute inflammation, which in turn leads to a series of responses of the infected organism. 

Infection can be considered as one of the causes of acute inflammation that is, in turn, related to 

an infectious disease. Infection is a pathological reaction that occurs after multiplication of 

invading pathogenic microorganisms, such as bacteria, viruses, fungi and parasites. The 
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pathological reaction may induce the onset of acute inflammation, which can progress to chronic 

inflammation if it is not completely resolved. 

3. Epigenetics and Infections 

Epigenetic processes arise from the need to respond to different internal and external stimuli, 

including infections. DNA is an interactive molecule and the epigenetics of the hosts can explain 

the diversity in their responses to some infectious diseases. 

Internal stimuli have a moderate influence on the epigenetics of the various cells of an 

organism both during the differentiation phase and during embryogenesis and development. The 

British biologist Conrad Hal Waddington showed that the epigenetics of an organism is influenced 

by the interaction between various genes and the environment and that, in turn, this interaction 

can influence the survival and path to which a cell commits during the differentiation phase. The 

“epigenetic landscape” is a concept that represents embryonic development and was proposed by 

Conrad Hal Waddington to illustrate the various paths of development that a cell could follow 

from an undifferentiated to a completely differentiated tissue. This differentiation takes into 

account both the inductive (external stimuli) and genetic (internal stimuli) effects [2]. 

In the last decade, there has been an abundance of scientific studies on the epigenetic 

mechanisms by which microbes can escape the immunological system of the host. These 

mechanisms alter cellular functions to allow the pathogen to colonize, proliferate and permeate 

the host. Infection of a host with a pathogenic micro-organism stimulates the onset of a series of 

inflammatory responses aimed at eliminating both the molecules and toxins synthesized by the 

pathogenic organism, and the pathogenic organism itself [3]. Each pathogen, whether it is a virus, 

a bacterium, a fungus or a parasite, has developed an effective mechanism to evade the immune 

responses of the host. Infections activate genes involved in stress responses and inflammation. In 

broad terms, the different strategies can be divided into direct actions on DNA transcription (gene 

expression) and indirect actions as the chronic production of inflammatory cytokines and their 

consequences [4]. At the same time, however, there are various changes at the level of those 

genes able to activate and/or inhibit the various signal transduction pathways (programmed 

death-apoptosis, survival and motility) that may or may not favour the survival of the infecting 

pathogen [3]. Pathogenic microorganisms have, therefore, undergone a sort of evolution, an 

adaptation, which enables survival through the creation of an environment that allows their 

growth and replication. These pathogenic mechanisms include: 

- Modifications of the transcription factors that are able to deregulate both the kinetics and 

the expression levels of the genes involved; 

- Modifications that collaborate with various epigenetic changes; 

- Modifications that facilitate epigenetic changes [5]. 

Pathogenic microorganisms regulate and act on the various epigenetic events, leading to 

alterations in chromatin and the normal signal transduction pathways. Thus, these organisms are 

considered to have the potential to reshape the epigenome. 

When an infection occurs, there is a high probability of epigenetic reprogramming in the host 

cell. These modifications of the proteome and the transcriptome are mediated by molecules 
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synthesized by the pathogen or by the RNA of the pathogen itself [6]. In response to infection, two 

sequential responses are activated by the host. The first is immediate and generic, whereas the 

second is specific, but requires time to develop. In order to counteract host defenses adequately, 

some pathogens have developed systems that can influence host gene expression within a few 

minutes. Short-term changes are those that cease to exist when the infection and therefore, the 

pathogen, is eradicated, whereas the long-term changes can be inherited by the progeny of 

infected individuals and are therefore, a major concern [7]. Epigenetic modifications lead to 

various alterations as chromatin compaction, modification of gene expression, DNA ex-novo 

methylations, histone alterations, silencing of various physiological pathways of signal 

transduction. 

They can be divided into various classes: 

- Methylation of adenosine and cytosine residues by DNMTs (methylation that is not limited 

to symmetrical sites, such as in plants and in the fungus Neurospora crassa); in mammals, 

methylation is almost exclusively in the under-represented CpG dinucleotides, and most 

CpGs are methylated [1]. 

- Methylation of cytosines of CpG island leading to transcriptional silencing. This occurs on 

non-methylated genes that recruit protein complexes to alter the expression of genes 

involved in the condensation of chromatin and in silencing or recall of transcription factors 

that bind DNA to deregulate gene expression [8, 9]. Hypermethylation of CpG regions 

causes loss of function, whereas hypomethylation of the repeated sequences is the main 

mechanism of genomic instability. Except in some special cases, the methylation of CpG 

sites in the promoter of any gene induces silencing, thus inhibiting its expression, while 

hypomethylation events induce an increased expression of oncogenes, leading to greater 

genomic instability. 

Recent studies have challenged the hypothesis, proposed in the 1970s, that gene silencing is 

mediated by changes in DNA methylation. This has been possible thanks to improvements in 

genome mapping, since DNA methylation at different sites that promote transcription, with or 

without CpG islands, regulatory elements and/or repeated sequences, can cause effects that differ 

from those that would normally be expected. Studies are still ongoing, but it is clear that the 

effects of DNA methylation can differ according to the various genomic contexts [10]. These 

modifications mediate the onset of a series of positive and negative feedback responses that 

regulate the homeostasis of the organism and, in extreme cases, can also lead to the onset of 

neoplasia. Methylation events and the changes derived from these modifications have been 

studied during differentiation and reprogramming of various mouse embryonic stem cells. This 

model facilitates investigation of such methylation events and dynamic changes in individual cells 

[11]. 

Chromosomal rearrangements that place heterochromatin next to euchromatin commonly lead 

to heterochromatin unfolding, and so induce silencing of nearby genes via the following 

mechanisms: 

- Post-translational histone modifications, such as acetylation, methylation and/or 

phosphorylation, ADP ribosylation, ubiquitination (one in combination with the other), modify the 

histone tails to increase accessibility to the underlying DNA. These modifications are dynamic and 

occur in response to cell cycle progression and external stimuli, such as infections; 
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- RNA molecules, which have great plasticity and structural characteristics that provide 

catalytic properties as well as transport and storage of data. These molecules can direct DNA 

methylation, post-translational modifications of histones and binding of chromatin remodeling 

complexes [7];  

- Small non-coding RNAs (also known as interfering RNAs), which mediate DNA silencing, 

post-transcriptional regulation and genome maintenance by binding to mRNAs and either 

promoting their degradation or suppressing transcription via a negative feedback mechanism; 

some of these miRNAs are implicated as tumor suppressors or oncogenes [12]. 

In the context of infection, such alterations are exploited by pathogenic microorganisms to 

modulate the various nuclear and cytoplasmic processes acting on DNA, histones, and secreted 

and non-secreted effector proteins. Using these effector proteins, the various pathogenic 

microorganisms can act on an immense variety of target molecules including DNA, MAPK, guest 

chromatin, histones, STATs, tumor suppressors, nuclear factor kappa-light-chain-enhancers of 

activated B cells (NF-B), and protein complexes. Many studies have focused on these 

mechanisms and a summary of the pathogens and their influence on host epigenetics is shown in 

Table 1. 

Mechanism Pathogenic microorganisms Target 

 

Interaction with 

DNA 

Anaplasma 

phagocytophilum 

Bacteria 

DNA 
Theileria annulata Parasite 

HCV Virus 

 

Binding on nuclear 

proteins 

Toxoplasma gondii Parasitic Protist Deubiquitinating enzime HAUSP 

and phosphatase PP2A 

EBV Virus Polycomb, mSin3A, NCoR, istone 

deacetilase 

Shigella flexneri Bacteria Tumor suppressor proteinRb 

Anaplasma 

phagocytophilum 

Bacteria SHP-1 

Listeria monocytogenes Bacteria BAHD 1 

Chromatin 

alteration 

Mycobacterium 

tuberculosis 

Bacteria SWI / SNF e C / EBPβ 

Toxoplasma gondii Parasitic Protist NFKB, cJun, CREB 

Varicella zoster virus Virus ASF1 

 

 

 

 

 

 

 

 

Bacillus antraci Bacteria Inhibition ofH3 phosphorylation, 

inactivation of MAPK 

Bacteroides vulgatus Bacteria H3, activation of inflammatory 

signaling cascade 

Epstein-Barr Virus Up regulation of 

methyltransferase DNA on 

Plasminogen activator promoter 

HBV Virus Up regulation of 
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Phosphorylation methyltransferase DNA on 

Plasminogen activator promoter 

Helicobacter pylori Bacteria H3, in monocytes 

Listeria monocytogenes Bacteria H3S10P/H3K14AC/H4K8AC and 

IL8 promoter, activation of MAPK 

Moraxella catarrhalis Bacteria H3, activation of inflammatory 

signaling cascade 

Toxoplasma gondii Parasitic Protist H3, sequester and deactivate 

several transcription factors 

 

 

 

Acetilation 

Bacillus antracis Bacteria Inhibition of H3 acetilation, 

inactivation of MAPK, 

downregulation of IL8 and KC 

genes 

Bacteroides vulgatus Bacteria H3, activation of inflammatory 

signaling cascade. Reclutation of 

HDAC on proinflammatory genes 

promoters 

Helicobacter pylori Bacteria H4 in epithelial cells 

Legionella pneumophila Bacteria H3, activation of IL-8 

Listeria monocytogenes Bacteria H3S10P/H3K14AC/H4K8AC and 

IL8 promoter, activation of MAPK 

Moraxella catarrhalis Bacteria H3, activation of inflammatory 

signaling cascade 

 

Metilation 

Chlamydophila 

pneumoniae 

Bacteria HC1/HC2 

Chlamydophila 

trachomatis 

Bacteria H2B/H3/H4 

Paramecium bursaria Protista H3K27 

 

Deacetylation  

Aeromonas hydrophila Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Anaplasma 

phapocytophilum 

Bacteria H3, host defense genes 

Bacteroides vulgatus Bacteria H3, activation of 

antiinflammatory TGF β1 

pathway 

Clostridium Perfiringens Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Ehrlichia chaffeensis Bacteria H3 

Helicobacter pylori Bacteria H3K23 in epitelial cells; influence 
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cell cycle, downregulation of 

hsp70 and upregulation of cJun 

Listeria monocytogenes Bacteria H3/H4, downregulation of CXCL2, 

MKP2 and IFIT3; formation of 

pores on plasmatic membrane 

and activation of a sensor for 

intracellular K+ 

Streptococcus Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

 

Dephosphorylation 

Aeromonas hydrophila Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Clostridium Perfiringens Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Helicobacter pylori Bacteria H3S10/H3T3 in epitelial cells 

Listeria monocytogenes Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Shigella flexneri Bacteria H3S10, downregulation of MAPK 

Streptococcus Bacteria H3/H4, formation of pores on 

plasmatic membrane and 

activation of a sensor for 

intracellular K+ 

Table 1 Pathogens and their influence on host epigenetics [3-5]. Changes in gene 

expression  may vary depending on the life cycle stage of pathogen: ex. the slow-

growing bradyzoite forms of Toxoplasma gondii, an obligate intracellular, parasitic 

alveolate that causes the disease toxoplasmosis, lead the dysregulation of few host 

genes, while his fast-growing form, the tachyzoite, go to alter the gene expression of 

several host genes. Plasmodium spp, agent of malaria, invade and replicate in liver 

cells where induce dysregulation of more than 1000 genes, some of which have 

different quantity of mRNA already after 30 minutes from infection; in a first phase an 

up-regulation of stress response genes and receptor-binding proteins genes it was 

observed, while later is detectable an alteration of genes of host’s metabolism. This 

sequential program it was observed also in other organisms as Toxoplasma gondii, 

M.leprae and Cytomegalovirus. 

4. DNA Methylation and Gene Silencing 
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DNA methylation alters gene expression, the transcriptome, and the proteome. The methylome, 

which is widely influenced by sex and differs among individuals, is characterized by a series of pre-

defined modification during embryogenesis. These modifications are then transferred to the 

daughter cells during mitosis. Mycobacterium tuberculosis causes hypermethylation of CpG islands 

in the HLA-DQB1 gene and the hypomethylation of the HLA-F gene. The HLA-DQB1 gene encodes a 

class II HLA protein that plays a crucial role in the immune system and the reduced expression due 

to hypermethylation alters the antigen presentation process [12]. Some viruses mediate gene 

silencing by over-expressing methyltransferases that inhibit the transcription of key genes, such as 

the urokinase-type plasminogen activator in hepatocytes during hepatitis B infection. Methylation 

of histones by pathogen methyltransferases, such as nuclear effector E (NUE) secreted by 

Chlamydia trachomatis, are directed to the host nuclei. Other pathogens, such as Legionella 

pneumophila, affect methylation of histones. Dephosphorylation of histones is catalyzed by 

phosphatases secreted by pathogens and directed to the host nuclei (e.g., Streptococcus 

pyogenes). Pathogens, such as Listeria monocytogenes, secrete nuclear-targeted proteins that 

reverse the formation of heterochromatic regions, leading to over-expression of pro-survival and 

proliferation genes. Cytomegalovirus (CMV), and other pathogens produce proteins that affect the 

centromere during mitosis, interfering with correct chromatid pairing and subsequent segregation, 

leading to aberrant division. Another mechanism by which pathogens interfere with host gene 

expression is histone repositioning. This mechanism has been observed in bacteria (Helicobacter 

pylori) and viruses (Varicella zoster). Epigenetic modifications can be mediated by pathogens via 

several mechanisms: modulation of host nuclear signalling pathways, proteolysis of key proteins 

involved in host cytoplasmic signalling, secretion of proteins that target the host DNA or nuclear 

proteins, and sequestration or deactivation of host transcription factors. Virally-encoded 

transcription factors, are important proteins that direct gene expression from the host DNA. For 

example, the NS5A protein of the hepatitis C virus is crucial for viral replication, has been 

identified as a multifunctional protein that regulates host gene expression. Following cleavage of 

the C-terminus in cytoplasm, NS5A translocates to the nucleus and targets promoters of host 

genes to regulate genes expression. Other pathogens, such as Toxoplasma gondii, and Chlamydia 

spp., deregulate gene expression by deactivating transcription factors or sequestrating them from 

their transcription sites. The most interesting peculiarity of an epigenetic modification is that it can 

take place in response to external environmental stimuli, such as lifestyle (including nutrition) and 

health status. These epigenetic modifications are stable, but potentially reversible and can be 

transmitted to subsequent generations [13]. They can occur at different stages of life and not only 

at the embryonic stage (i.e., at the time when the cells start to differentiate), but also when the 

organism is already developed, leading to congenital disorders or predisposing people to 

pathological states, such as tumours and neurodegenerative disorders [1]. The epigenetic 

aetiology of some human diseases, the possibility of being influenced by external stimuli, and the 

“plasticity” of epigenetics, are all factors that have encouraged the development of a new 

therapeutic option described as “epigenetic therapy” [14, 15]. This approach is based mainly on 

the use of drugs that directly modulate epigenetic states by using specific molecules that restore 

normal conditions. Some of these drugs are central to ongoing clinical trials and there are high 

expectations, especially for haematological malignancies and soft tissue tumours. However, 

results obtained in the field of oncology indicate that other human disorders, including some 

neurodegenerative and cardiovascular diseases, may be suitable for this type of therapy [16]. 
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5. Action of Microorganisms on the Host Epigenome 

5.1. Bacteria and Viruses 

Pathogenic microorganisms, such as bacteria and viruses, induce multiple epigenomic 

alterations, which positively or negatively influence the transcription of genes. Many studies are 

underway to identify the mechanisms of action that exploit this principle. Legionella pneumophilia, 

H. pylori and L. monocytogenes, are examples of bacteria capable of altering the epigenome of the 

host cell by means of histone post-translational modifications [17-19]. H3S10 dephosphorylation 

and decreased H3K23ac acetylation are observed following contact of H. pylori with gastric 

cells[18]. H3S10 dephosphorylation is associated increased IL-6 transcription, while H3K23 

deacetylation is presumed to be involved in downregulation of IL-8 transcription [20]. 

Legionella pneumophila mediates trimethylation of H3K14 and a reduction in H3K14 acetylation, 

leading to an alteration of the levels of cytokines, such as TNFα and IL-6, and pattern-recognition 

receptors [19]. After translocation of a class 3 histone deacetylase (HDAC) to the nucleus, L. 

monocytogenes induces deacetylation of H3K18, which causes a decrease in the expression of 

genes involved in DNA binding and a decrease in the immune response to the pathogen [21]. 

Furthermore, this bacterium secretes a toxin that forms pores (listeriolysin O), which cause the 

H3S10 dephosphorylation and decreased acetylation levels of histone H4 [17]. Mycobacteria 

inhibit the changes in histones induced by INF-. Epigenetic changes are also found following 

infections by viruses, such as human adenovirus [22], influenza A [23] and HIV [24]. CMV 

replication in primary fibroblasts involves various alterations in histones at the post-translational 

modification (PTM) level, including H3K79 dimethylation, H3K27 methylation, H3K36 

dimethylation and decreased H4K16 acetylation [25]. 

5.2. Parasites 

Parasites hijack host cell signaling pathways to orchestrate stable and sustainable changes in 

host genome activity in the absence of changes in DNA sequence. Parasites are seen as pathogens 

capable of diverting the various intracellular mechanisms of the host, to induce the occurrence of 

various changes both in the chromatin status and gene expression [26]. Intracellular pathogens 

can mimic altered environmental states from inside the cell and can mediate extensive alterations 

in the regulation of the host transcriptome [27-29]  that induce stress and inflammatory responses. 

To achieve this, the pathogen acts through the “epigenerator” [26], the link between 

environmental triggers and intracellular signaling pathways that include parasite-encoded effector 

molecules and initiation of host cell signaling cascades that lead to nuclear readouts of the 

parasite signals [30]. 

Many studies have shown that parasitic infection involves extensive changes in gene expression 

profiles and that the parasite-induced signaling pathways can lead to stable changes in the 

chromatin structure and in the epigenetic mechanisms underlying cellular phenotypes [28-30]. For 

this reason, parasites can be called epigenerators that lead to innumerable changes in both the 

transcriptome of the host and also at the level of the subsequent responses [27-29]. Toxoplasma 

gondii is an example of this type of parasite, which has undergone evolutionary processes 

resulting in the development of a series of strategies to influence the host cell to promote the 

growth, persistence and transmission of the parasite. In fact, this parasite is able to induce 
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epigenetic changes that clearly influence the behavior of parasitic host cells [31]. Intracellular 

parasites manipulate host gene expression directly by leaving epigenetic signs on the host 

epigenome [30]. Both Theileria and Toxoplasma exploit a direct chromatin initiator strategy to 

guide the proliferation of host cells [30]. However, there is another intriguing possibility that the 

intracellular parasite secretes proteins that are capable of translocating to the host nucleus, 

binding to the DNA and perhaps, even initiating gene regulation programs [30]. 

5.3. Fungi 

Methylation is very poor or totally absent in several model eukaryotes, such as Saccharomyces 

cerevisiae, Schizosaccharomyces pombe, Caenorhabditis elegans and Drosophila melanogaster, 

while in plants most cytosines are methylated. In mammals and Neurospora, methylation is 

moderate [32]. Neurospora is a common model organism used in biology since DNA methylation is 

dispensable. For this reason, Neurospora was chosen as a model to study the control of DNA 

methylation in eukaryotes [33]. In vegetative cells, several regions are subject to methylation [32] 

and a molecular mechanism is in place to protect endogenous genes from aberrant silencing by 

the DNA methylation machinery. In S. pombe, boundary elements prevent the spreading of 

heterochromatin into neighboring euchromatin [34]. It is well-known that transposons inactivate 

the genes in which they are to be inserted and impact neighbouring genes. In eukaryotes, 

transposable elements are critically controlled by DNA methylation [32, 35-37]. Loss of DNA 

methylation reactivates transposons in Neurospora, indicating that methylation is a checkpoint in 

the control of proliferation of transposons, in conjunction with repeat-induced point (RIP) 

mutations, which are products of the genome defense system in fungi [32]. Various pathogenic 

fungi and plant models, such as Magnaporthe grisea and Neurospora crassa have been used to 

investigate the effects of DNA methylation in their development. This reprogramming obtained by 

DNA methylation events is global and occurs both at the transposon level and at the level of non-

transposable elements. The effects of these methylation events are multiple, inducing both 

transcriptional silencing of the transposable elements, and fungal development that result, above 

all, in more specific and effective defense of the genome. Further studies on fungal species are 

required to fully clarify these processes [32-37]. 

6. Molecular Pathological Epidemiology 

Epigenetic modifications are a hallmark of complex multifactorial diseases, including neoplastic 

and non-neoplastic disorders (cardiovascular disease, hypertension, diabetes mellitus, 

autoimmune diseases and some infectious diseases) and epigenetics itself acts as an interface 

between environmental and exogenous factors in addition to cellular and pathological processes 

[38]. Every disease, regardless of the cause, is associated with some type of dysfunction of a 

specific type of cells or multiple types of cells (in an organ or multi-organ system). Therefore, the 

optimal approach to understanding the mechanisms underlying these disease processes is to 

analyze the molecular changes in the specific cell types that are affected [38, 39]. 

Neoplastic diseases are characterized by uncontrolled cell proliferation, which can provide 

abundant amounts of diseased cells for epigenetic analysis. However, a tumour consists of many 

different cell types (transformed neoplastic cells and various non-transformed cells, such as 

fibroblasts, endothelial cells, smooth muscle cells and inflammatory cells) and the cells are 
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heterogeneous even within a single tumour [40]. To examine the complex relationships between 

etiological factors, molecular alterations and disease evolution, the disciplines of molecular 

pathology and epidemiology have recently been integrated to generate the interdisciplinary field 

of molecular pathological epidemiology (MPE) [41, 42]. Conventional epidemiology is the study of 

the frequency with which diseases occur and the conditions that favour or hinder their 

development in population cohorts. This conventional approach assumes that patients with similar 

symptoms or manifestations of disease represent a homogeneous group (i.e. a single pathological 

entity) and share similar etiologies [43]. MPE, on the other hand, is based on the “unique disease 

principle” and “the disease continuum theory”. The first states that patients with the same 

pathology share some similarities, but each individual has a unique pathological process guided by 

a complex interaction between molecular alterations in cells and the surrounding 

microenvironment. At the same time, “the disease continuum theory” states that patients with 

different diseases may have overlapping etiologies and pathogenesis [38, 43, 44]. Through MPE, a 

disease is divided into two or more subgroups, established on the basis of molecular pathological 

characteristics. This subdivision process allows more specific and accurate detection of the 

relationship between exposure and risk of a single subgroup of patients, with the same pathology. 

However, approach not only provides estimates of risk, incidence, recurrence or progression, but 

also insights into different pathogenic pathways [38]. In addition, for individuals classified in a 

specific sub-group of a given disease, appropriate preventive measures can be implemented (such 

as avoiding identified risk factors), or early diagnosis can be attempted. Over the past decade, 

many germline genetic variants associated with numerous multifactorial diseases have been 

identified in genome-wide association studies (GWAS) [45]. The main shortcomings of existing 

GWAS include insufficient consideration of the heterogeneity of the disease, and the relative lack 

of functional follow-up analysis of the risk variants [46-48]. MPE represents a logical evolution of 

GWAS, known as the GWAS-MPE approach. Although the association of germline genetic variants 

with disease is receiving increasing attention, this is limited by the fundamental problem that 

every cell within an individual has a unique epigenome that varies over time [38]. Nevertheless, 

the GWAS-MPE approach has some advantages, such as providing a possible causal link between 

the risk variant and the molecular signatures in the diseased cells as well as a more accurate and 

refined risk estimate for each molecular subtype, which will eventually lead to the identification of 

new variant-subtype relationships that could be obscured in conventional GWAS because this 

approach addresses only the overall risk of disease. Thus, in contrast to traditional epidemiological 

research that includes GWAS, MPE is based on the unique disease principle; that is, every 

pathological process derives from univocal profiles of exposures, epigenomes, transcripts, 

proteomes, metabolites, microbes and interactions in relation to the macro-environment and the 

tissue micro-environment [38]. Recently, MPE has emerged as an evolving transdisciplinary 

science that integrates molecular pathology and epidemiology in an attempt to decipher the 

disease at the molecular, cellular, organ, individual and population levels. Epigenetic research is 

promising strategy for drug development because epigenetic mechanisms play a fundamental role 

in regulating cell growth, differentiation and behavior, and epigenetic changes are potential 

targets that can be modified for therapy and chemo-prevention. 

6.1. “Epigenetic Drugs” 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804048 
 

Page 90/349 

In recent years, several agents have been discovered that alter DNA methylation or induce 

histones modification. For example, nucleoside analogs, intercalating agents and drugs with 

demethylating action. Once incorporated into the DNA, these agents interact with methyl-

transferases and inhibit cytosine methylation. However, the use of nucleoside analogs is limited 

due to their toxicity. In addition, some of these agents are non-specific inhibitors and inhibit DNA 

methylation throughout the genome, causing possible activation of genes that are not otherwise 

expressed in specific tissues [49]. There are five types of nucleoside analogs: 5-azacitidine, 5-aza-2-

deoxycytidine or decitabine, 5-fluro-2-deoxycycidin and zebularine [50]. Azacytidine blocks the 

growth of tumor cells by inhibiting the synthesis of DNA and RNA. Furthermore, its incorporation 

into the newly synthesized DNA inactivates DNA methyltransferase and leads to DNA 

hypomethylation, which can restore normal expression of genes that play a critical role in cell 

differentiation. 5-Aza-2-deoxycytidine or decitabine inhibits the activity of DNA methyltransferase, 

leading to hypomethylation and subsequent gene activation through remodeling of “open” 

chromatin. Genes are reactivated synergistically when demethylation is combined with histone 

hyperacetylation. Furthermore, low doses of azacytidine and decitabine cause demethylation due 

to inactivation of DNA methyltransferase-1 (DNMT-1) [51]. 5-Fluoro-2-deoxycytidine is a 

fluorinated pyrimidine analog antimetabolite with potential antineoplastic activity. As a pro-drug, 

5-fluoro-2-deoxycytidine is converted from intracellular deaminase to cytotoxic 5-fluorouracil (5-

FU), which is subsequently metabolized into active metabolites comprising 5-fluoro-2-

deoxyuridine monophosphate (FdUMP) and 5-fluorouridine triphosphate (FUTP). Zebularin is a 

nucleoside analog of cytidine. It reactivates the gene that is silenced and inhibits DNA methylation 

and is less toxic than other DNMT inhibitors in particular breast cancer cell lines [50]. Although 

rare, epigenetic drugs also include non-nucleoside analogs that inhibit DNA methylation. These 

agents do not incorporate into DNA, but link directly to the catalytic region of DNMT. Finally, 

another class of epigenetic drugs is represented by the inhibitors of histone deacetylation. Since 

HDACs remove acetyl groups from histones, their overall effect is to leave exposed and potentially 

vulnerable regions of DNA. On the other hand, these drugs inhibit the enzyme HDAC, thus 

preventing deacetylation of histones and protecting the DNA. HDACs are widely used to treat HIV 

and many clinical trials have been conducted to date. A study carried out by San Raffaele of Milan 

highlighted the role of the enzyme HDAC4 in the epigenetic regulation of gene expression. 

Suppression of this enzyme leads to a surprising reactivation of viral sequences that are 

extraneous to the genome[52]. Although the currently available antiviral therapy is very efficient 

in blocking an activated virus, it is not as effective against the latent or extinguished virus. One 

possible solution would be to use HDAC4 inhibitors concurrently with classic antiviral therapy, thus 

allowing the reactivation of the virus (latent or extinct) and its eradication. In humans, there are 

18 different types of HDACs, which are divided into four classes based on their homology with 

yeast HDACs. All have proved useful in resolving inflammation, but also involve changes in the 

antibacterial capacity of macrophages [53]. Recent studies have elucidated the molecular 

mechanism by which primary response genes can be induced in a stimulus-dependent manner, 

despite their constitutive assembly into a chromatin structure resembling that found at active 

genes. Although low levels of precursor transcripts are constitutively produced at these genes, NF-

κB, and possibly other inducible factors, are needed to enhance the efficiency of transcription, 

elongation and pre-mRNA processing, in addition to enhancing the frequency of transcriptional 

initiation [54, 55]. These inducible factors promote acetylation of histones H4K5, K8, and K12. The 
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acetyl lysines are then recognized by the bromodomain-containing adaptor protein Brd4, which 

recruits P-TEFb to promotes elongation and pre-mRNA processing through its ability to 

phosphorylate the C-terminal domain of RNA polymerase II [55]. A bromodomain consists of 

approximately 110 amino acids and recognizes acetylated lysine residues, such as those on N-

terminal histone tails. Bromodomains, or “readers” of lysine acetylation, are responsible for 

transduction of the signal transported by acetylated lysine residues and production of various 

normal or abnormal phenotypes. Proteins containing bromodomains have a wide variety of 

functions, ranging from histone acetyltransferase activity to chromatin remodeling, transcriptional 

mediation, and co-activation. A well-known example of bromodomain-containing proteins is the 

BET (bromodomain and extra-terminal domain) family, members of which include BRD2, BRD3, 

BRD4 and BRDT [56]. Bromodomain inhibitors act at the low density promoters of CpG islands and 

allow modulation of some of the most powerful lipopolysaccharide (LPS) responses leading to the 

induction of IL-6, IL-12 and NO, which could have advantages in downregulation of systemic 

inflammation [57]. 

CRISPR (clustered regularly intersected short palindromic repeats) is the name of a family of 

DNA segments containing short repeated sequences (of phage or plasmidic origin) from viruses 

that have previously attacked the bacterium. These sequences were previously known as short 

regularly spaced repeats (SRSRs). These short repetitions are exploited by the bacterium to 

recognize and destroy the genome from viruses similar to those of the original CRISPR and 

therefore, represent a form of acquired immunity of prokaryotes. CRISPR is one of the basic 

elements of the CRISPR/Cas system, which is also involved in the acquired immunity of 

prokaryotes. A simplified version of this system, CRISPR/Cas9, has been modified to provide a very 

powerful and precise genetic editing tool that is much easier, and at the same time cheaper, than 

pre-existing technologies. Thanks to the CRISPR/Cas9 system, it has been possible to permanently 

modify the genes of multiple organisms. The CRISPR/Cas system is also gradually supplanting more 

obsolete methods to study the genetic causes and the course of diseases, such as various types of 

cancer (in cellular and animal models), as well as the efficacy of drugs. The greatest probabilities of 

success are expected for the treatment of diseases of the immune system. In fact, the immune 

cells can be isolated, modified in vitro and reintroduced in the patient once they have been 

“corrected”. This strategy has already been used successfully to generate HIV-resistant T 

lymphocytes in vitro [58, 59]. This pioneering development paves the way for a reversible 

modification of the epigenome and therefore, a specific approach to modifying cellular function by 

influencing gene expression without altering the underlying DNA. This could lead to the targeted 

resolution of inflammatory processes or the manipulation of individual epigenomes to reduce 

susceptibility to disease or prevent the relapse of malignant tumours [53]. In conclusion, the 

development of HDAC inhibitors, bromodomain inhibitors and CRISPR technology offers powerful 

tools with the potential to modulate the PTM of histones that regulates gene transcription for the 

management of infectious diseases. Finally, the same pathogens can express enzymes that modify 

histone PTM and regulate gene transcription; therefore, modulation of histone PTM could offer a 

range of therapeutic options in the future. 

6.2. Immunity 
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Epigenetic mechanisms regulate the expression of genes and are essential for correct 

translation of the information contained in DNA into proteins. Alterations in these mechanisms 

may lead to the onset of various diseases because the immune system does not work as it should. 

This is demonstrated in a study published in Frontiers in Immunology by Anne Corcoran et al. from 

the Babraham Institute in Cambridge, UK. The object of the study was the production of 

antibodies, proteins that allow the body to fight infections, by the immune system. Each antibody 

is synthesized in a process known as V(D)J recombination from different elementary units 

produced by a limited number of gene groups. This incredibly complex system allows the 

production of thousands of different antibodies from a handful of genes. 

Epigenetic markers, which play a crucial role in the process of V(D)J recombination, regulate the 

expression of genes, basically via the methylation process by which methyl groups are added to 

DNA. One of the great mysteries of this process is that some genes are much more commonly 

used than others for the synthesis of antigens. Corcoran and colleagues focused their investigations 

on a single region of the mouse genome that, as in humans, contains approximately 140 genes 

that encode the basic units of antibodies. Precisely for this reason, the authors are convinced that 

the study of mice can provide useful information on the same genetic and epigenetic mechanisms 

in humans. Researchers discovered that the genes encoding the most common antibodies are 

marked by a specific methylation of the histones that coat the DNA. 

It has been proposed that this methylation of histones contributes to weakening of the immune 

system under particular conditions throughout life or in old age, favouring infections or other 

diseases, such as leukaemia. Some of the crucial factors that allow the activation and inactivation 

of the genes necessary for antibody synthesis have been identified, which provides fundamental 

information required to understand the protective mechanisms of the immune system, and what 

goes wrong when the system is weakened. In the last instance, this information could be useful for 

the development of new diagnostic tests for recurrent infections as well as novel therapies that 

stimulate the response to these infections, as well as the onset of other pathologies [60]. Since the 

beginning of 2000, it was believed that only three pathologies were unquestionably linked to 

epigenetics: Rett syndrome, Fragile X syndrome and ICF centromere instability syndrome. It is now 

believed that many pathologies with multifactorial etiopathogenesis such as tumors, 

neurodegenerative syndromes, and psychiatric disorders, could be induced by epigenetic 

alterations [51]. 

6.3. Epigenetic Therapy in Other Diseases 

Neoplasms. Cancer is a multistep process in which genetic and epigenetic errors accumulate 

and transform a normal cell into an invasive or metastatic tumor cell [1]. The alteration of DNA 

methylation patterns changes the expression of genes associated with cancer. There are three 

ways in which DNA methylation leads to neoplastic development: hypomethylation of proto-

oncogenes that are activated in oncogenes, hypermethylation of oncosuppressor genes with 

consequent loss of function, and direct mutagenesis [49]. Helicobacter pylori infection cause the 

chronic inflammation and, after 5–10 weeks, hypermethylation of several genes in the gastric 

mucosa leading to silencing of tumor suppressor genes that trigger cancer [13]. The potential 

reversibility of DNA methylation patterns suggests that epigenetic therapy may be practicable for 

cancer treatment; in fact, one of the specific goals of therapy is to restore normal DNA 
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methylation patterns and prevent cells from acquiring further DNA methylation, which could lead 

to silencing of genes crucial for normal cell function[61]. The connection between DNA 

methylation and histone modifications makes it possible to use a combination therapy consisting 

of DNMT and HDAC inhibitors. Furthermore, as previously mentioned, high doses of DNMT 

inhibitors are cytotoxic, although lower doses can be administered when they are combined with 

HDAC inhibitors. A different approach is to use epigenetic therapy first on tumor cells and then 

traditional chemotherapy, radiotherapy or interferon [50]. Treatment of tumor cells with 

demethylating agents can reactivate a group of genes, such as p16, MLH1 and retinoblastoma (RB), 

which are often crucial in the control of cell proliferation, differentiation, apoptosis and other key 

homeostatic mechanisms [61]. There are discordant opinions among those who prescribe these 

drugs. Some believe that they can lead to unintended consequences or side-effects [62], while 

others are more positive based on the findings of microarray studies indicating the target genes in 

malignant cells are targeted preferentially by this treatment [63, 64]. In cancer cells, changes in 

acetylation and histone lysine methylation have been observed, suggesting that the general 

pattern regulating the genome is disturbed [65].  Histone modification patterns are not the same 

in the various types of cancer or in the various stages of progression, so epigenetic models could 

be useful in differentiating different types of tumor. Studies have shown that lysine deacetylation, 

rather than increased histone methylation, is the first step in gene silencing. Furthermore, HDACs, 

which are responsible for removing acetyl groups from histones, have become the main goal of 

therapy. However, lysine acetylation can also reduce DNA repair, thus accelerating the molecular 

events that lead to cancer development [61]. Myelodysplastic syndromes (SMD) are a 

heterogeneous group of rare haematological diseases characterized by a deficit in the production 

of normal blood cells (erythrocytes, leukocytes and platelets) and an increased percentage of bone 

marrow blasts, associated with the risk of progression to acute myeloid leukaemia. A study by 

Thathia et al. suggests that epigenetic inactivation of the TWIST2 gene in acute lymphoblastic 

leukaemia has a dual role in disease progression. Initially, in fact, it favours cell growth and alters 

its survival properties that subsequently increase resistance to chemotherapy [66]. In the patients 

with SMD and LMA, the nucleoside analogue azacytidine and others have been very widely used 

with excellent results. Epigenetic therapy could also be useful for chemo-preventive approaches, 

especially for those diagnosed with aberrant epigenetic changes but who have not yet acquired 

neoplastic lesions[61]. 

Diabetic retinopathy. The World Health Organization estimates that there are 422 million 

people with diabetes worldwide. Diabetic retinopathy is a consequence of diabetes and is the 

leading cause of blindness in patients who have had the condition for at least 20 years. If not 

controlled, diabetes leads to the development of alterations of blood vessels to create 

microaneurysms and transudation of the liquid part of the blood near the retinal center, which in 

turn, can lead to macular edema. At the onset, symptoms are reversible, but if not treated early, 

the condition is incurable. Diabetic retinopathy is a multifactorial disease and a number of 

metabolic abnormalities have been associated with its development. Numerous studies 

demonstrate the role of epigenetics in the development of diabetic retinopathy and the 

correlation between histone changes and onset of the pathology. In vivo and in vitro models have 

shown that HDAC activities are increased and histone acetyltransferase (HAT) activity is decreased, 

both in the retina and in its capillary cells, and overall histone acetylation is decreased. Moreover, 

during the course of pathology, the mitochondria of the retinal cells become dysfunctional due to 
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alterations in the enzyme superoxide dismutase manganese-dependent (MnSOD) caused by 

epigenetic modification on the SOD2 gene, leading to increased levels of superoxide radicals. All 

this evidence indicates the potential of therapeutic modalities aimed at regulation of the histone 

methylation status in preventing the inhibition of MnSOD and protecting against mitochondrial 

damage. Diabetes also increases some of the major reactive miRNAs of NF-B. Thus, these 

diabetes-induced alterations in miRNAs are implicated as biomarkers of the early stages of disease 

progression [14]. However, the role of epigenetic modifications in diabetic retinopathy is an 

emerging area and still under investigation. A better understanding of epigenetic regulators would 

facilitate identification of new targets to combat this pathology. Kowluru et al. showed that 

curcumin improves post-retinal metabolic abnormalities thought to be important in the 

development of diabetic retinopathy [67], as it modulates a number of histone and miRNA 

modifying enzymes. This finding indicates that natural compounds may have potential benefits in 

inhibiting the development of retinopathy in diabetic patients throughout their ability to modulate 

both metabolic alterations and epigenetic modifications. [14] 

Neuropsychiatric disorders. Epigenetic alterations also affect many syndromes that alter the 

physio-neurological development associated with gene and chromosomal mutations. Studies have 

shown that there is a correlation between histone methyltransferases and numerous human 

congenital diseases associated with defects in the development of the nervous and cardiac 

systems. Abnormal DNA methylation is associated with numerous other human diseases, such as 

psychiatric and immune system disorders[49]. 

Autism and autism spectrum disorders (ASD) are complex neurological disorders characterized 

by dysfunctions in social interactions, in communications, in restricted interests and in repetitive 

stereotyped behaviors [68]. Several reports have associated schizophrenia and mood disorders 

with DNA rearrangements that include DNMT genes [1]. Autism has been related to the region of 

chromosome 15, which is also responsible for Prader–Willi syndrome and Angelman’s syndrome. 

The results of autopsy of brain tissue of patients with autism revealed a deficit in the expression of 

MECP2 that seems to confirm a reduced expression of several relevant genes. These results 

suggest that MECP2 deficiency plays a role in the organization of chromosomes in the developing 

brain in autism, Rett syndrome and many other neurodevelopmental disorders [69].  Epigenetic 

drugs, such as the DNA methyltransferase inhibitors azacytidine and decitabine, have mainly been 

studied as anti-cancer drugs. However, they also show other properties; in fact, low doses of these 

drugs could be useful in ASD therapy. HDAC inhibitors could be used as neuroprotective drugs. It is 

noteworthy that no pre-clinical or clinical trials have yet been conducted to evaluate the use of 

epigenetic drugs for the treatment of ASD [68]. 

Muscular dystrophy. Muscular dystrophy is a genetic disease, often hereditary, that leads to 

loss of motor capacity and weakening of muscles. It is a progressive disease that worsens over 

time and is triggered by one or more gene mutations. There are several types of dystrophy, but 

the Duchenne form is the most common and well-characterized. In Duchenne muscular dystrophy, 

the absence of dystrophin in the muscles give rise to a compensatory response controlled by 

epigenetic mechanisms that can also influence therapeutic treatments. This response can lead to 

the creation of muscular or fibrotic tissue, different from the normal contractile form. In healthy 

individuals, dystrophin regulates the activity of HDAC, whereas in patients with Huntington’s 

disease, HDACs are deregulated and the muscles are repaired with fibrotic scars and fat deposition 
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instead of contractile tissue. DNMT inhibitors that act as an epigenetic factor to reintegrate 

dystrophin have been shown to block the disease in the early stages of development. 

7. Conclusions 

The epigenetic profile varies between cells of the same organism and is reversible, dynamic and 

inheritable. Epigenetic alterations are, therefore, modifications that do not alter the nucleotide 

sequence but instead, regulate the structure of the chromatin and the gene expression associated 

with the events deriving from the various genetic factors. Studies on the transcriptome, the 

proteome and methylome could explain, both the checkpoints of gene regulation (upstream) and 

the biological response mechanisms (downstream) that are modified epigenetically [3]. The 

important processes in the regulation of gene expression and therefore, in the regulation of 

cellular activity, may undergo a reorganization imposed by the various epigenetic changes derived 

from the inflammatory response to infection by a pathogenic agent (bacterium and/or virus) [12]. 

Drugs capable of modulating DNA expression could activate or inactivate genes with functions that 

are closely linked to the pathogenesis of a specific disease. “Epigenetic” therapy aims to modulate 

the activity of genes mainly involved in the pathogenetic mechanism of the disease itself 

(methylation or deacetylation) or of myelo-lymphoproliferative diseases. The potential of these 

new forms of treatment are considerable, with the possibility of application both in the field of 

oncology and in disease with an autoimmune etiopathogenesis. It is evident that we are only just 

beginning to understand the substantial contributions of epigenetics to human diseases, and the 

full impact remains to be discovered. Understanding the mechanisms of epigenetic represents an 

interesting challenge for the scientific community that will lead to a clearer understanding of the 

development of human disease as well as highlighting new therapeutic concepts. Since epigenetic 

changes are modifiable but reversible events, the new frontiers of pharmacology can be used to 

design drugs that can transiently modify epigenetics in order to reduce access and proliferation of 

the pathogen. 
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Abstract:  

Prostate cancer is the most common cancer among men in the world. Androgen receptor 

(AR), acting as a nuclear receptor, facilitates ligand-dependent transcriptional activation in 

the nucleus. Androgen deprivation therapy (ADT) is used for the treatment of advanced 

prostate cancer because androgen and AR signaling drive prostate tumor growth and anti-

apoptotic function. Resistance to ADT in most tumors develops quickly; thus, AR continues 

to be active in relapsed tumors called castration-resistant prostate cancer (CRPC). Therefore, 

it is important to investigate the transcriptional mechanisms of AR and its downstream 

signaling. Recent studies have shown the central role of chromatin structure and histone 

modifications in AR-mediated gene regulation. Furthermore, AR functions through 

interaction with several tissue-specific transcription factors including forkhead box protein 

A1 (FOXA1). Interestingly, non-coding RNAs, mainly classified as long non-coding RNAs 

(lncRNAs) and micro RNAs (miRNAs), modulate epigenetic status to promote AR function 

directly or indirectly and have central roles in prostate cancer progression. This review 

focuses on the involvement of AR in epigenetic regulation of the development and 

progression of prostate cancer. 
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1. Introduction 

Prostate cancer is one of the major causes of cancer morbidity and mortality in men worldwide. 

Androgens promote proliferation of epithelial or cancer prostate cells [1, 2]. Currently, early 

screening for prostate cancer is based on digital rectal examination and an analysis of the level of 

serum prostate-specific antigen, a protein expressed as a representative androgen-regulated gene 

[3]. When screening tests indicate a suspected cancer, the actual diagnosis of prostate cancer can 

be made with an ultrasound and biopsy [3]. Since androgen signals are necessary for the 

progression of both localized and metastatic prostate cancer, androgen deprivation therapy (ADT), 

which blocks androgen binding to androgen receptor (AR) or reduces the serum androgen level, is 

a successful initial strategy for treating prostate cancer at advanced stages [4]. However, relapse 

and the progression to castration-resistant prostate cancer (CRPC) or hormone-refractory prostate 

cancer are observed in most of these cancers [1, 2].  

Androgens (male sex hormones) exert their functions by binding to the AR, which is a member 

of the nuclear receptor superfamily [5]. The two most abundant androgens, testosterone and 

dihydrotestosterone (DHT), bind to AR and activate transcription of its target gene in the nucleus 

[1]. The androgen hormone is responsible for various human physiological phenomena throughout 

the body [6]; For example, as a male sex hormone, testosterone is required for the establishment 

of adult sexual function to induce the differentiation of the male reproductive system [6]. In 

addition, androgens have various anabolic functions in several tissues, such as bone and muscle 

[6]. The enzyme 5α-reductase is responsible for the conversion of testosterone to 

dihydrotestosterone (DHT) in cells [5]. DHT binds to AR with an even higher affinity for activation 

than testosterone [7]. Notably, AR has an important role in the initiation, development, and 

subsequent progression of prostate cancer [1, 2]. This review focuses on the molecular function of 

AR in epigenetic processes, mainly histone modifications and non-coding RNAs, in prostate cancer 

pathogenesis and progression, and addresses further modalities of treatments that target 

epigenetic phenomena in prostate cancer. 

2. Functions of AR in Prostate Cancer: Aberrant AR Activation in Advanced Prostate Cancer 

AR functions as a ligand-dependent transcription factor [1, 5, 8]. In the absence of ligand, AR 

forms a complex with molecular chaperones and co-chaperones from the heat-shock protein 

family, mainly in the cytoplasm (Figure 1). Upon androgen treatment, a conformational change of 

the complex occurs to facilitate nuclear translocation of AR. Homodimers of AR bind to genomic 

regions in the nucleus that contain the specific sequence motif, androgen responsive element 

(ARE) [8, 9], to modify the epigenetic conditions surrounding the AR-binding regions that function 

to activate gene expression [8-10]. In general, nuclear receptors possess several domains: N-

terminal domain (NTD), DNA-binding domain, and ligand-binding domain (LBD) [11-13]. Moreover, 
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the transcriptional activation function 1 (AF1) domain in the NTD is responsible for transcriptional 

activation with or without ligand binding [13, 14]. The activation function 2 (AF2) domain located 

in the LBD is involved in the interaction between AR and co-regulators containing the LXXLL motif 

[12]. Interestingly, point mutations mapped to the LBD have been found and are involved with 

resistance to hormone treatment in prostate cancer [15, 16]. In this case, the interplay between 

these domains exerts AR transcription and epigenetic functions. 

Suppressing circulating testosterone to castration levels for the treatment of advanced prostate 

cancer does not decrease androgens sufficiently from the prostate tumor microenvironment [2, 3, 

17]; therefore, AR remains active in CRPC tumors, and residual androgen levels remain within the 

range capable of activating AR [1, 2, 17, 18]. Persistent AR activation provides a compelling 

rationale for developing more effective strategies to inhibit AR signals [18-23]. A new type of drug, 

called abiraterone acetate, which targets androgen synthesis and is a potent inhibitor of CYP17, 

blocks testosterone production from cholesterol [19]. Enzalutamide (MDV3100) is a newly 

developed endocrine treatment agent with anti-tumor activity [20], and it significantly prolonged 

the survival of men with metastatic CRPC after chemotherapy [21]. Mechanistically, it is an AR 

blocker that inhibits AR nuclear translocation, DNA binding, and interaction with co-activators. 

Although these new drugs show impressive results, a majority of CRPC cases eventually develop 

resistance to the drugs [22]. Another new AR blocker, apalutamide (ARN-509), is under 

development for the treatment of CRPC. A recent clinical trial showed that apalutamide treatment 

improved the metastasis-free survival frequency and inhibited symptomatic progression of disease 

[23], although it produced a higher than usual rate of side effects, such as fractures. Overall, these 

new anti-androgen drugs could be promising for the treatment of CRPC. 

Overexpression of AR by hypersensitivity to androgen hormones, intratumoral steroidogenesis, 

gene amplification, point mutations, or production of AR variants (AR-Vs) are assumed to be the 

primary causes for enhanced AR signals [17, 18, 24, 25]. The mRNA of AR is alternatively spliced to 

produce AR-Vs and most AR-Vs are missing the LBD. However, the retained NTD drives 

transcription without androgen [26-28]. Interestingly, AR-Vs preferentially bind to distinct genomic 

regions of full-length AR [26]. Global analysis of AR-V binding sites revealed that the AR-V target 

genes are upregulated in CRPC specimens [27]. The expression of AR-V7 is most frequently 

observed AR-V in CRPC tissues [27], and increased AR expression enhances the reactivity of 

prostate cancer cells to low androgen concentrations (castrate level) and promotes AR-targeting 

drug resistance [28]. To overcome this problem, new drugs have been developed that target AR 

NTD, such as EPI (ralaniten acetate). EPI effectively inhibits AR activity that is enhanced by 

overexpressed co-activators, AR mutation, and AR-V7 [29], although a recent clinical trial of EPI-

506 was discontinued due to side effects [30]. Thus, more effective and safer inhibition of AR and 

AR-V activity may improve the clinical management of CRPC. 

3. The Roles of Collaborative Transcription Factors for AR-Meditated Epigenetic Regulation 

The functional genomic regions that AR binds to are dependent on chromatin accessibility as 

well as genome sequence [1, 5, 8, 10]. Generally, the ChIP-sequence (ChIP-seq) method, which 

uses high-throughput powerful sequencers, has been utilized to determine endogenous 

transcription-factor binding sites in cells [31]. By investigating the functions of androgen-regulated 

genes located near AR binding sites (ARBSs), new prostate cancer associated factors have been 
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identified [32-39]. Interestingly, AR ChIP-seq showed that more ARBSs were present in androgen-

dependent prostate cancer cells that overexpress AR compared to parental cells, even when only 

treated low level androgen [40], suggesting that the higher expression of AR sensitizes the 

receptor recruitment to the genome.  

Moreover, analysis of enriched motifs surrounding the ARBSs has identified transcription 

partners that interact with AR; these including the following: forkhead box protein A1 (FOXA1) [10, 

41], FOXP1 [39], ETS-related gene (ERG), GATA binding protein 2 (GATA2) [41], octamer-Binding 

Protein 1 (Oct1) [41, 42], and runt Related Transcription Factor 1 (RUNX1) [43]. All of these 

function as important factors in the AR-driven transcriptional program. Among these factors, a 

chromatin-opening transcription factor called FOXA1 directly occupies the chromatin to loosen the 

nucleosomal complex in the region and increase accessibility for other epigenetic factors [41]. 

FOXA1 protein has been shown to physically associate with the AR protein and activate the AR-

mediated transcription of prostate cancer associated genes [10]. In addition, ChIP-seq analysis 

used to identify ARBSs in CRPC tissues revealed that most of them are not present in cell lines [44]. 

In this study, transcription factor motifs such as E2F, Myc, and STAT were significantly enriched in 

these CRPC-specific ARBSs. Many adjacent genes, in vivo, were members of a restricted set of AR-

regulated genes. The differing AR signals between cell lines and human tissues could be explained 

by genetic or epigenetic alterations of AR-associated factors (such as FOXA1 mutation or 

retinoblastoma protein [RB] inactivation), or by integration of paracrine [cytokine] signaling events 

in cancer tissues that impact other transcription factors to regulate AR activity [44]. Another study 

showed the colocalization of FOXA1 and homeobox B13 (HOXB13) at a set of ARBSs in prostate 

tumor tissues [45]. Taken together, these studies suggest that AR collaborating factors 

reprogrammed the chromatin state to recruit AR and its associated epigenetic factors and 

promoted prostate tumor progression. 

4. Classification of Epigenetic Regulations 

A highly ordered structure, called chromatin, consists of histones and other proteins wrapped 

around DNA [46]. A histone octamers (two pairs each of H2A, H2B, H3, and H4) and DNA form a 

unit called a nucleosome. Two major patterns of epigenetic changes, DNA methylation and histone 

modifications, have also been analyzed in prostate cancer cells [8]. DNA methylation, a 

representative epigenetic marker, is formed by the addition of a methyl group to the 5’ position of 

cytosine (5-mC) within the genome. DNA is methylated in a spatial and temporal context 

throughout the genome, particularly in enhancer/promoter regions [47], and DNA 

methyltransferases (DNMTs) are responsible for this process [47]. For histone modification, amino 

acids of N-terminal histone tails (mainly lysine, arginine, serine, and threonine residues) serve as 

substrates to be modified with post-translational acetylation, phosphorylation, methylation, 

ubiquitination, sumoylation, and deamination changes [48]. The interaction of nucleosomes with 

transcription factors or other proteins involved in transcription is affected by histone modification 

patterns in epigenetic biological events. For example, the histone H3 is one of the major histones 

and is highly modified epigenetically. The representative epigenetic patterns of histone H3 tails 

include methylation of lysine on position 9 (H3K9) and H3K27, which indicates condensed 

chromatin and silenced loci. In contrast, the methylation (me) of H3K4 and H3K36 is associated 

with activated chromatin structures. Similarly, acetylation (ac) of lysine residues of H3 is also 
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correlated with activated promoter or enhancer regions [8, 9, 11]. Thus, multiple histone 

modification patterns determine the activity of the genomic regions associated with histones. In 

prostate cancer, deregulated AR interaction with its coregulators in the nucleus is frequently 

observed [11, 15]; these interactions with coregulators and histone-modifying enzymes provoke 

AR-dependent epigenetic regulation [8, 11]. AR enhancers are characterized by the presence of 

H3K4me1, H3K27ac, and H2A.Zac, which activate AR-enhancer function of RNA transcription [49]. 

Notably, histone modification patterns of AR binding regions are important for transcription of the 

AR-regulated genes involved in cancer progression [1, 5]. 

The acetylation of histone proteins opens up the nucleosome packing within chromatin and 

increases the accessibility of chromatin remodeling factors to DNA, resulting in enhanced 

transcriptional activity [8, 10, 48, 50]. The bromodomain proteins (BRDs) have the ability to 

recognize acetylated lysine residues [50]. This activity allows BRDs to play a critical role in histone-

acetylation-mediated regulatory mechanisms for transcription in the chromatin. In addition, BRDs 

have been found to interact with AR via the bromodomain and are responsible for AR signaling. 

Aberrant expression of BRDs has been shown in prostate cancer tissues [51] and deregulation of 

AR and BRDs mediate global chromatin accessibility modulation for regulating the transcriptional 

profile. Such BRDs include the ATPase Family AAA Domain Containing 2 (ATAD2), BRD2, and 

Tripartite motif-containing 24 (TRIM24), all of which interact with AR and are highly expressed in 

CRPC [51, 52]. Other studies revealed that the gene encoding an E3 ubiquitin ligase, known as 

substrate binding adaptor speckle-type POZ protein (SPOP), is the gene most mutated in many 

prostate cancer tissues; mutated SPOP enhances the expression level of BRD4 protein through the 

loss of binding to, and inducing the ubiquitination of BRD4 for, degradation [53]. Thus, expression 

and regulatory mechanisms of these BRD-containing proteins possess the potential for use as 

therapeutic targets in prostate cancer. 

5. Protein-Protein Interaction Associated With Epigenetic Modifications 

AR enhances promoter activity by direct or indirect interaction with many coregulators, such as 

steroid receptor co-activators (SRCs) and other histone-modifying enzymes [9]. H3K4 methylations 

(mono-, di- or tri-methylation) result in activation of the promoter and enhancer regions [10]. 

Several studies indicate that SET1/MLL histone methyltransferase is a key enzyme that induces 

histone H3K4 methylation in AR signaling [54-56]. Menin protein was shown to associate with the 

N-terminus of MLL and promote MLL-target gene expression [54]. In CRPC tumors, menin is highly 

expressed and involved in tumor growth by directly binding to AR for the recruitment of the MLL 

complex. Interestingly, small molecule inhibitors to reduce the menin-MLL interaction could 

potentially provide efficacious CRPC treatment. MLL complex activity is positively regulated to 

promote androgen-mediated gene induction. After androgen treatment, protein kinase C-related 

kinase 1 (PRK1) increased the threonine 11 phosphorylation (H3T11P) levels of H3 that is located 

near AR binding regions [55]. WD repeat-containing protein 5 (WDR5), a subunit of the SET1/MLL 

complex, is recruited to and interacts with H3T11P, and then it enhances the association of the 

MLL complex with AR for H3K4 tri-methylation (H3K4me3) activity [56]. Thus, WDR5 is an 

important epigenetic integrator.  

In another study, PRK1-mediated phosphorylation was shown to be responsible for androgen-

mediated reduction of H3K9 methylation, a histone marker of transcriptional silencing, by jumonji 
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C domain-containing protein (JMJD2C) in cooperation with lysine-specific demethylase 1 (LSD1) 

[55, 57]. However, LSD1 can also demethylate both mono- and di-methylated H3K4 in other 

studies [58]. In prostate cancer cells, protein kinase C beta 1 (PKCβ1) promotes histone H3T6 

phosphorylation in an androgen-dependent manner by interacting with AR [59]. Notably, this 

phosphorylation event is a critical histone modification for specifically preventing demethylases 

from acting on H3K4 in ARBSs (Figure 1). Taken together, histone methylation through LSD1 and 

the MLL complex has an important role in AR-mediated transcriptional regulation. 

 

Figure 1 Epigenetic program in AR-binding regions. Androgen receptor (AR) 

translocates into the nucleus after androgen treatment. By collaborating with FOXA1, 

AR is recruited to specific loci known as androgen responsive elements (AREs). Then AR 

activates its target genes by modifying the epigenetic status around the AR-binding 

regions. As cofactors of AR, several histone-modifying enzymes are recruited to AR-

binding sites. (1) PKCβ1-mediated histone (H3T6) phosphorylation directs LSD1 for 

H3K9 demethylation by cooperating with JMJD2C without affecting H3K4 methylation. 

(2) H3T11 phosphorylation accelerates both WDR5-mediated MLL recruitments and 

JMJD2C-mediated demethylation activity. MLL complex interacts with AR through 

menin and promotes histone H3K4 methylation to enhance AR-dependent gene 

expression. (3) For histone acetylation or deacetylation, the SRC family and CTBP1/2 

are AR-interacting cofactors. (4) In CRPC, EZH2 functions as a coactivator that 

enhances AR-transcriptional activity, independent of its histone-methylation activity. 

(5) BRD proteins interact with histone-acetylated lysine and AR for recruitment of RNA 

pol II.  
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C-terminal binding protein 2 (CTBP2) is an androgen-responsive cofactor of AR [60]. CTBP2 

repressed the transcription of tumor-suppressor genes and AR corepressors in prostate cancer 

cells. For example, nuclear receptor corepressor (NCOR) and receptor-interacting protein 140 

(RIP140) are representative AR corepressors. CTBP2 is recruited to the AR-associated promoter or 

enhancer regions of these genes. Knockdown of CTBP2 increases the interaction of AR with these 

corepressors, which then decreases histone acetylation levels of ARBSs [60]. In addition, 

comprehensive gene-expression analyses indicate a positive role of CTBP2 in androgen-mediated 

gene regulation. Thus, targeting CTBP2 might be an effective treatment for CRPC by modulating 

epigenetic pathways associated with AR signaling. 

6. Epigenetic and Post-Translational Regulatory Mechanisms for AR Overexpression and 

Activation 

Several studies have shown that histone modification near the AR gene locus increased AR 

expression in CRPC [61, 62]. Recruitment of AR and its associated cofactors such as LSD1 to the 

enhancer region situated in an intron of the AR gene represses the transcription of AR itself, by 

decreasing histone H3K4 methylation levels. This negative feedback mechanism controls AR 

expression in an androgen-dependent manner. Therefore, after long-term reduction of androgens 

to castration levels, AR expression is enhanced in prostate cancer cells. Interestingly, low 

concentrations of androgens can promote AR-mediated gene induction without repressing AR 

itself in CRPC cells [61]. Another study reported the importance of the AR enhancer, which is 

located 650 kb upstream from the AR transcriptional start site for AR overexpression in CRPC 

tissues [62]. Sequencing analysis revealed that multiple transacting factors, including HOXB13 and 

FOXA1, bind to this enhancer in prostate cancer tissues. Moreover, this enhancer region is 

amplified and epigenetically activated (histone H3K27 acetylation) in CRPC tissues, suggesting that 

this noncoding region functions as an oncogenic driver and becomes activated during the selective 

pressure exerted by androgen deprivation therapy [62]. Thus, epigenetic regulation of far-

upstream and intragenic enhancers of the AR gene is an important mechanism for promoting the 

overexpression of AR. 

Moreover, posttranslational modifications of AR lead to the enhancement of AR activity 

through regulation of protein stability, cellular localization, and structure during prostate cancer 

progression. Acetylation of AR is induced by androgen and cytokine treatments through 

acetylenes, such as p300 and p300/CREB binding protein (CBP)-associated factor (PCAF), and Tip60 

[63-65]. Lysine residues (K630, K632, and K633) within the KLKK motif of the hinge region are 

targeted for acetylation. According to studies using mutants of AR, these acetylations have a role 

in the enhancement of the interaction with co-activators and genomic bindings. In addition, 

acetylated AR showed nuclear localization even in the absence of androgen, suggesting this 

modification is important for the cellular localization of AR [66]. In addition, dysregulation of AR 

phosphorylation has been implicated in CRPC development and well characterized in previous 

publications [67-71]. Ser81 was described as a representative phosphorylation site, and 

phosphorylation activity was increased by androgen treatment [67-70]. Protein kinase C (PKC), 

CDK1, CDK5, and CDK9 have been reported to be responsible for phosphorylated Ser81. This 

modification, occurring in the nucleus, enhances AR protein stability, chromatin binding, and 

promotes transcriptional activation [67-69]. In androgen-independent prostate cancer cells, 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804047 
 

Page 108/349 

increased levels of phosphorylated ser-81, along with AR stabilization has been observed [70]. 

Phosphorylation of Tyr534 has also been identified in AR. This phosphorylation is required for 

translocation to the nucleus and transcriptional response at low levels of androgen treatment. 

Tyr534 phosphorylation is also increased in CRPC samples [71]. Other modifications of AR include 

regulation of methylation [72], ubiquitination [73], deubiquitinating [74] and sumoylation [75, 76]; 

these modifications are important for increasing AR-protein stability and transcriptional activity 

[77]. These modifications and the enzymes responsible for the modification of the receptor are 

critical candidates for a novel therapeutic strategy.  

7. Development of Drugs Targeting Epigenetic Pathways in Prostate Cancer 

Recently, BET bromodomain protein inhibitors have been shown to be a novel approach for 

epigenetically treating CRPC [78-80]. In these reports, a representative BET bromodomain 

inhibitor, JQ1, promoted apoptosis, and inhibited AR-target-gene expression in prostate cancer 

cells [79, 80]. JQ1 weakened the BRD4-AR bond, resulting in RNA polymerase II detaching from the 

AR binding regions [79]. BET inhibitors have strong in vivo efficacy in both CRPC xenograft and 

patient-derived models [79]. Clinical trials in prostate cancer patients are ongoing for several BET 

inhibitors. Thus, these results indicate that modulation of AR epigenetic function through BET 

proteins could be useful in treating prostate cancer. 

Global analysis of polycomb repressive complex 2 (PRC2) determined that it represses by 

epigenetic function the expression of tumor-suppressive genes in prostate cancer [31, 81]. A PRC2 

component, enhancer of zeste 2 (EZH2), trimethylates histone H3 lysine 27 (H3K27) to suppress 

gene expression and is overexpressed in metastatic CRPC tissues [82]. In addition, another report 

suggested that EZH2 functions as a co-activator to activate transcription factors such as AR in CRPC 

[81]. Co-activator function requires phosphorylation of EZH2 and a methyltransferase domain is 

involved in the process [81]. Recently, selective EZH2 inhibitors such as GSK126 have been 

identified, which have anti-proliferative activity in prostate cancer cells [83]. Embryonic ectoderm 

development (EED) is another main component of the PRC2 complex; its inhibitor, MAK683, has 

recently entered a clinical trial (Phase I) that includes prostate cancer patients [84]. Thus, these 

studies raise the possibility that inhibitors of PRC2 could effectively treat CRPC. 

Because LSD1 controls androgen-dependent prostate cancer cell proliferation by regulating AR 

activity through histone modifications as described above, several reports have focused on drugs 

targeting LSD1 [85, 86]. By in vitro screening using protein-structure similarity research, Namoline, 

a γ-pyrone, was identified as a reversible, selective, and novel LSD1 inhibitor [85]. In this report, 

Namoline treatment reduced H3K9me2 levels, a histone marker for LSD1 activity, in LNCaP cells. A 

blockade of LSD1 by Namoline silenced expression of genes regulated by AR and then severely 

abrogated androgen-dependent cell growth [85]. In addition, another study reveals that LSD1 

facilitates the survival of prostate cancer cells, including in CRPC, independently of both its 

demethylase function and of AR [86]. LSD1 promotes prostate cancer gene expression in 

collaboration with other transcription factors, such as ZNF217, independently of AR [86]. The 

small-molecule LSD1 inhibitor, SP-2509, blocks important demethylase-independent functions and 

suppresses CRPC cell viability, suggesting the potential benefit of LSD1 inhibition in this disease 

[86]. Thus, demethylation-dependent and -independent pathways of LSD1 could have important 

roles in prostate cancer progression. 
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Histone deacetylase (HDAC) inhibitors have been shown to suppress AR activity in a recent 

report [87]. Mechanistically, decreased AR activity is caused by miRNA-mediated suppression 

(post-transcriptional regulation). Among miRNAs induced by HDAC inhibitor treatment, miR-320 

was identified to be closely involved in modifying AR expression. Interestingly, low expression of 

miR-320 was significantly associated with poor prognosis of prostate cancer patients. Treatment 

with an miR-320a mimic decreased AR protein expression and suppressed tumor growth [88]. 

Thus, the miRNA-mediated epigenetic pathway may have potential as a developing therapy 

against CRPC. 

Another major AR co-activator, CREB-binding protein (CBP)/p300, is also an important histone 

acetyltransferase to enhance AR transcriptional activity [89-91]. CBP/p300 is shown to have an 

oncogenic function and is upregulated in tumor compared to benign tissues [89]. However, 

currently available inhibitors targeting the histone acetyltransferase domain within CBP/p300 (e.g., 

natural products, bi-substrate analogues, and the small molecule C6466) lack selectivity and 

potency. Recently, two papers reported the development of a new CBP/p300 selective inhibitor 

[90, 91], which inhibited proliferation of several cancer cells, including AR-positive prostate cancer 

[90, 91]. Both inhibitors decreased AR signaling in both androgen-dependent prostate cancer and 

CRPC and inhibited tumor growth in a patient-derived, castration-resistant xenograft model. Thus, 

these reports showed that selective and potent small molecule inhibitors targeting the catalytic 

activity of histone acetyltransferases could be effective drugs for treating CRPC. 

8. The Role of Non-Coding RNAs in the Biology of Prostate Cancer and AR Signals 

DNA sequence techniques, which have rapidly developed, have shown that more than 90% of 

the human genome is transcribed actively, but only a small portion (~ 2%) of these transcripts is 

translated into proteins [92]. Most of the transcripts expressed in the nucleus are non-coding 

RNAs (ncRNAs), which were initially considered “dark matter.” NcRNAs are mainly categorized into 

two types, short and long. Short, non-coding RNAs are up to 200 nucleotides in length and include 

transfer RNA, microRNA (miRNA), snoRNA, and enhancer-templated non-coding RNAs (eRNAs) 

[93]. By post-transcriptionally modulating their target mRNA or protein expression, miRNAs 

actively function in cancer progression. LncRNAs compose the majority of the expressed ncRNAs in 

the human genome and are longer than 200 nucleotides [94].  

In general, miRNAs associate with the 3’ untranslated region (UTR) of the target mRNAs to 

repress their translation. Several studies have analyzed miRNA expression patterns in prostate 

cancer tissues and observed that specific miRNAs were up- or down-regulated during the disease 

progression [95-97]. Global analysis of miRNAs in prostate cancer cells revealed that miR-21, miR-

29a/b, miR-32, miR-125b, miR-141, miR-148a, and miR-200a were AR-regulated miRNAs, and all 

have clinical relevance in prostate cancer [95-99]. Many experimental results have demonstrated 

that these AR-regulated miRNAs promote prostate tumor growth by regulating cell cycle, 

apoptosis, and microenvironment [92]. 

Furthermore, some miRNAs regulate AR-mediated epigenetic function by targeting AR or AR-

associated factors. For instance, androgen-inducible miR-141 correlates with the development of 

prostate cancer [94, 98] and the orphan receptor small heterodimer partner (SHP) represses AR-

mediated transcription, functioning as a corepressor [100]. Interestingly, miR-141 binds to the 3’ 

UTR of SHP mRNA and inhibits the SHP mRNA expression, leading to the enhancement of AR 
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transcriptional activity. In another study, repression of 12 miRNAs expression levels (miR-1, miR-

133a, miR-133b, miR-135a, miR-143-3p, miR-145-3p, miR-205, miR-221-3p, miR-221-5p, miR-222-

3p, miR-24-1-5p, and miR-31) was demonstrated in metastatic prostate cancer tissues [101]. 

Notably, these miRNAs target AR and members of the steroid-receptor co-activator family (SRC 

family). This study showed that miR-135a is transcriptionally induced by androgen treatment and 

that AR was recruited to the miR-135a locus [101]. Therefore, androgen-deprivation therapy 

enhances AR expression by silencing this miRNA in prostate cancer. Moreover, miR-205 is 

dysregulated in prostate cancer compared to benign tissues. Clinical studies revealed that the miR-

205 expression level in cancer is inversely correlated with AR and the prognosis of patients, 

suggesting that AR is a direct target of this miRNA [102]. In addition, the miR-205 expression level 

in CRPC tissues was lower than what was found in patients who had not been treated with anti-

androgen therapy [103]. Thus, it is possible that reduction of these miRNAs’ expression will be a 

key event for CRPC development and progression.  

Interestingly, a recent study has shown that several miRNAs, such as the miR-29 family and 

miR-22, are highly regulated by androgen in anti-AR therapy-refractory prostate cancer [104]. In 

prostate cancer tissues, the expression level of miR-29a/b was found to be inversely correlated 

with that of ten-eleven translocation 2 (TET2). The TET family of proteins catalyze the production 

of 5-hydroxymethylcytosine (5-hmC) from 5-mC. Notably, 5-hmC functions as a stable epigenetic 

marker as well as an intermediate product of a demethylation process [105]. Mechanistically, TET2 

repression by miRNAs inhibits 5-hmC modifications; this inhibition then promotes FOXA1-binding 

enhancer activity (Figure 2). FOXA1 is responsible for the induction of prostate cancer-related 

gene expression. Interestingly, a representative 5-hmC-regulated gene was mTOR, a mammalian 

target of rapamycin. These experimental and clinical results are consistent with other reports of 

miR-29 family [106, 107]. Exome sequencing of the genomes derived from CRPC samples 

demonstrated somatic mutations within the TET2 exon [108]; TET2 could also directly regulate AR 

signaling by binding to AR [109]. Taken together, these reports suggest that androgen-regulated 

miRNAs modulate the 5-hmC epigenetic conditions by TET2 regulation in prostate cancer, 

particularly in a subset of metastatic disease. 

Global analysis of RNA production in prostate cancer cells revealed that androgen treatment 

induced eRNA expression in ARBSs (Figure 2). eRNA contributes to nucleosome remodeling and 

induces the interaction between enhancer and promoter by forming a loop to promote gene 

activation [110]. Recruitment of AR was widely observed in these enhancer/promoter regions 

occupied with eRNAs [111]. Interestingly, silencing eRNAs inhibits androgen-dependent gene 

induction through enhancer-activity regulation [111]. DNA-nicking activity of topoisomerase I 

(TOP1) was shown to induce eRNA expression, which activates enhancers [112]; furthermore, 

kinetic recruitment of DNA-damage-repair machinery to the ARBSs modulates nucleosome 

remodeling [112]. Thus, these studies highlight the importance of eRNA production in AR-

mediated nucleosome remodeling and epigenetic regulation. 

9. LncRNA: Epigenetic Regulators in AR-Binding Enhancer Regions 

The structure and biogenesis of lncRNAs are similar to those of mRNAs in that lncRNAs are 

polyadenylated and can function in either the nuclear or the cytoplasmic compartments [113]. In 

addition, lncRNAs can be folded into secondary and tertiary structures to exert their functions. 
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Growing evidence has shown that lncRNAs are involved in many human diseases, such as cancer 

[113, 114], and reports recently showed that AR epigenetic function could be directly regulated by 

lncRNA [115-118]. Steroid receptor RNA activator (SRA) was shown to modulate, through 

interaction, the transcriptional activity of nuclear receptors including AR, estrogen receptor (ER), 

progesterone receptor (PR), glucocorticoid receptor (GR), and thyroid hormone receptor (TR) 

[115], providing the first evidence that lncRNA is associated with nuclear receptor function. 

Mechanistically, SRA interacts with steroid receptor co-activator (SRC-1), a representative co-

activator for nuclear receptors and six stem-loop motifs found in the sequence of SRA are 

responsible for the activation of co-activators. Notably, SRA-expression levels were shown to be 

elevated in many tumor tissues, including prostate cancer, compared to normal tissues [115, 116].  

Two prostate-cancer-related lncRNAs, prostate cancer gene expression marker 1 (PCGEM1) and 

prostate cancer noncoding RNA 1 (PRNCR1), were shown to cooperatively function in AR gene 

regulation [118]. PCGEM1 was identified as an androgen-regulated lncRNA that is specifically 

found in prostate cancer tissues [119], and is highly expressed in prostate tumors and involved in 

the cellular anti-apoptotic activity by repressing the expression of p53 and p21 [120]. PRNCR1 

locates to the vicinity of single nucleotide polymorphisms (SNPs) associated with prostate cancer 

susceptibility [121]. Importantly, both PCGEM1 and PRNCR1 interact with AR to promote AR 

activation [118]. In addition, PCGEM1 interacts with pygopus homolog 2 and PRNCR1 with DOT1-

like histone H3 methyltransferase to modulate the AR protein post-translationally. These two 

enzymatic events then induce chromatin remodeling and the AR-occupied loop formation 

between enhancer and promoter (Figure 2). Suppressor of cytokine signaling 2-antisense 

transcript 1, another lncRNA associated with AR, was reported to be involved in AR activation. It 

promotes the recruitment of coregulators, like CTBP2, to ARBSs for epigenetic control [122]. Thus, 

these lncRNAs affect AR-mediated transcriptional activation by modulating epigenetic and 

chromatin structure. 
  



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804047 
 

Page 112/349 

 

Figure 2 The role of non-coding RNA in AR-mediated epigenetic regulation. The 

functions of enhancer RNA (eRNA) expressed in AR-occupied enhancers or other AR-

interacting lncRNAs from distant regions. These lncRNAs promote loop formation for 

promoter/enhancer interaction, including AR-binding sites and activate transcription. 

As for miRNAs, TET2 repression by androgen-regulated miRNAs inhibits 5-hmC 

modifications in FOXA1-associated enhancer regions. Removal of 5-hmC modification 

from DNA enhances the transcription regulated by FOXA1 and AR. Thus, 5-hmC 

functions as an epigenetic mark for repressing global FOXA1-mediated enhancers. 

HOX antisense Intergenic RNA (HOTAIR) is transcribed in the antisense region of the HOXC gene 

cluster [123, 124]. By associating with the polycomb repressive complex 2 (PRC2), HOTAIR acts as 

a transcriptional regulator. Moreover, HOTAIR also interacts with the LSD1/CoREST/REST complex. 

This association couples PRC2 and LSD1 to enhance histone H3K27 methylation and K4 

demethylation levels for gene repression [117]. Thus, interaction of HOTAIR with chromatin-

remodeling factors increased the formation heterochromatin at specific regions important for 

gene regulation. Moreover, high expression of HOTAIR is significantly associated with a poor 

prognosis of breast and prostate cancer patients [123, 125]. This result is consistent with the 

positive regulation of AR by HOTAIR [125]. HOTAIR is repressed by androgen treatment and 

overexpressed by androgen deprivation. Interestingly, HOTAIR binds with AR and together they 

inhibit the function of MDM2, an E3-ubiquitin ligase, preventing the degradation of the AR protein. 

This interaction between HOTAIR and AR blocks ubiquitin-mediated degradation by MDM2 and 

therefore stabilizes AR protein levels to enhance AR downstream signals for promoting CRPC [125]. 
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Taken together, the results of this study highlight the role of lncRNA for post-translational 

regulation of AR to enhance AR signaling. 

Recent sequencing studies have demonstrated active transcription from both sense and 

antisense strands in the human genome [92, 114, 126]. More than 1,000 pairs of sense-antisense 

transcripts were found, suggesting that bidirectional gene regulation takes place widely 

throughout the entire genome [114]. Comprehensive analysis of androgen-regulated transcripts 

by cap analysis of gene expression found a novel androgen-responsive antisense RNA, CTBP1-AS 

[126]. C-terminal binding protein 1 (CTBP1) is a negative regulator of AR signals by ligand-

dependent interaction with AR. Direct binding of AR to the promoter of CTBP1-AS induced its 

transcription. To regulate the expression of its target gene, CTBP1-AS physically interacts with PTB-

associated splicing factor (PSF), which is a DNA/RNA binding protein [126-128]. Because PSF 

functions as a transcriptional regulator by binding to DNA and associating with histone deacetylase 

(HDAC) complexes, CTBP1-AS-bound PSF transcriptionally represses its target genes, including 

CTBP1 [126]. Moreover, CTBP1-AS induces cell cycle progression by transcriptionally repressing 

specific cell cycle inhibitors such as p53 and SMAD3 in prostate cancer cells [99]. Thus, androgen-

induced CTBP1-AS mediates the AR epigenetic regulation of gene expression and promotes 

prostate-cancer associated signals. These results highlight the new role of antisense RNAs and 

RNA-binding proteins in cancer progression and target these pathways as potentially useful 

therapeutic strategies against CRPC.  

Interestingly, another report has shown that PSF enhances the stability of another CRPC-related 

lncRNA, second chromosome locus associated with prostate 1 (SChLAP1) [129], and the mRNAs of 

AR-target signals, by direct interactions [127]. SChLAP1 is overexpressed in prostate cancers and is 

a predictor of metastasis and mortality [129]. It was demonstrated that SChLAP1 interacts with 

chromatin complex SWI/SNF and inhibits the function of SNF5, an important component of this 

complex [129]; this suggests that SChLAP1 inhibits tumor-suppressive functions of the SWI/SNF 

complex; this leads to gene-expression modulation. More importantly, pathway analysis showed 

that PSF primarily targets spliceosome genes in CRPC cells to enhance their expressions [127]. 

Interestingly, in addition to PSF, the wide range of spliceosome genes are overexpressed in 

metastatic prostate cancer tissues, suggesting the importance of splicing factors in the disease 

progression. PSF also binds to AR mRNA, facilitating splicing of AR to enable the production of AR-

V7 in CRPC cells [127]. Heterogeneous nuclear ribonucleoprotein L (HNRNPL) was also identified to 

be required for prostate cancer growth by a CRISPR/Cas9 knockout screen. HNRNPL regulates the 

alternative splicing of a set of RNAs, which includes the AR transcript [130]. Thus, the RNA-binding 

proteins play an important role in modulating lncRNA function, as well as in regulating prostate-

cancer-associated gene expression such as AR, for driving prostate cancer progression. 

10. Conclusion 

AR signaling drives the majority of prostate cancer and CRPC tumor development. Resistance to 

hormone therapy can be acquired through multiple mechanisms for AR activation. AR coregulators 

and collaborating the transcription factors are essential for AR to exert its epigenetic and 

transcriptional activity. The role of non-coding RNAs, such as lncRNAs and miRNAs, has been 

shown to be critical in AR-mediated epigenetic machinery. Although AR-targeting drugs have been 

developed, they cannot eliminate CRPC due to the adaptive evolution of the disease during the 
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treatment; therefore, drugs targeting epigenetic factors involved in AR signaling are promising 

therapies for treating prostate cancer and CRPC. 
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Abstract:  

Background: Histone modifications, including acetylation and H3 lysine 4 (K4) methylation, 

are thought to be associated with transcriptional activation during differentiation.  

Methods: mRNA and histone modifications around the sucrase-isomaltase (SI) gene in Caco-

2 cells (a small intestine cell line) during differentiation were determined by qRT-PCR and 

chromatin immunoprecipitation, respectively. 

Results: Mono-, di-, and tri-methylation of histone H3K4 on the SI gene correlated with the 

induction of SI gene expression, RNA polymerase II binding, and acetylation of histones H3 

and H4 close to the transcription initiation site during differentiation in Caco-2 cells. 

Monomethylation was prominent in the promoter–enhancer region, while dimethylation 

was observed from the promoter–enhancer region throughout the gene body region. 

Trimethylation was detected from the transcription initiation site throughout the gene body 

region. 
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Conclusions: Histone H3K4 methylation was associated with SI gene induction during 

differentiation in Caco-2 cells. Moreover, the mono-, di-, and tri-methylation of histone 

H3K4 at different regions of the SI gene may play different roles in SI gene induction. 

Keywords  

Histone H3K4 methylation; sucrase-isomaltase (SI); differentiation; Caco-2 

 

1. Introduction 

Intestinal absorptive cells rapidly differentiate from the crypt to the villus. During 

differentiation, the cells express many genes related to digestion and absorption. It has been 

reported that the expression of sucrase-isomaltase (SI), which is an α-glucosidase that digests 

starch hydrolysates and sucrose to glucose and/or fructose [1], is induced during differentiation 

from the crypt to the villus [2]. Additionally, many studies have demonstrated that SI expression is 

induced in the human intestine cell line Caco-2 during differentiation into enterocyte-like cells 

after contact inhibition [3].  

It has been shown in Caco-2 cells that expression of the SI gene is induced by transcription 

factors such as caudal-related homeobox transcription factor 2 (CDX2), hepatocyte nuclear factor 

1 (HNF1), and GATA4/5 [4-7], which bind to cis-regulatory elements located in the SI promoter 

region [8]. Indeed, we have recently shown that HNF1 and CDX2 bind to the promoter region of 

the SI gene, and that this binding correlates with the induction of the SI gene during 

differentiation from crypt to villus in rats and also upon feeding mice a high-starch diet [9, 10]. 

Furthermore, recent studies suggest that acute gene expression changes, which occur frequently 

during differentiation, are accompanied by histone modifications such as acetylation, methylation, 

and phosphorylation [11, 12]. Particularly, acetylation of histone H3 lysines (K) 9 and 14 and of 

histone H4 at K5, K8, K12, and K16 as well as methylation of histone H3K4 are related to 

transactivation [13-15]. Mono-, di-, or tri-methylation of histone H3K4 is associated with the initial 

transcription activation, because di- or tri-methylation of histone H3K4 induces histone acetylation 

[16, 17]. Histone acetylation connects bromodomain-containing proteins. Subsequently, these proteins 

recruit transcription complexes to the promoter–enhancer region as well as transcription 

elongation complexes to the gene body region [18-20]. Several studies have found that histone 

H3K4 trimethylation induces the recruitment of transcription initiation and transcription 

elongation complexes to target genes by binding proteins containing plant homeodomains (PHD), 

chromodomains, Tudor domains, or WD40 repeat domains [21, 22]. In addition, histone H3K4 

methylation induces histone H3K9/14 acetylation [23]. Recently, we have demonstrated in rats 

and mice that acetylated histones H3 and H4 on the SI gene are correlated with jejunal SI gene 

induction during the differentiation of intestinal absorptive cells in various settings, i.e., from the 

crypt to the villus, during postnatal development, and by a high-starch diet or fructose solution [9, 

10, 24]. However, it is not known whether induction of the human SI gene during the 

differentiation of Caco-2 cells is regulated by histone acetylation. Furthermore, it has not been 

examined whether induction of the SI gene is associated with methylation of histone H3K4 in 

intestinal cell lines or in the jejunum in vivo. 
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In this study, we examined whether the induction of SI mRNA expression during contact 

inhibition-mediated differentiation of the intestinal cell line Caco-2 is associated with SI gene 

methylation of histone H3K4 or acetylation of histone H3 at K9/14 and of H4 at K5/8/12/16. 

2. Materials and Methods 

2.1. Cell Culture 

Caco-2 cells, which were purchased from the American Type Culture Collection (Rockville, MD, 

USA), were seeded in 10-cm collagen-coated culture plates (Iwaki, Tokyo, Japan) at a density of 

0.6×104 cells/cm2 with Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf 

serum at 37°C in a humidified atmosphere of 5% CO2. Details of the medium have been described 

previously [25]. Day 0, which was 5 days after plating, was regarded as the day of 100% confluence. 

2.2. RNA Analysis 

The total RNA extraction and reverse transcription methods were described previously [25]. 

cDNAs were amplified by qPCR using a Light Cycler System (Roche Diagnostics, Basel, Switzerland) 

and SYBR Green I (Takara, Shiga, Japan). The cycle threshold (CT) values of tested genes detected 

by qRT-PCR such as SI; Solute carrier family 2 member 5 (SLC2A5), which is a facilitated 

glucose/fructose transporter; alkaline phosphatase, intestinal (ALPI); villin 1 (VIL1); and β-actin 

(ACTB) were converted into signal intensities by the delta-delta method [26]. The formula used 

was [2(CT ACTB – CT tested gene)]. The primer sequences for the qRT-PCR are described in Table 1. 

2.3. Chromatin Immunoprecipitation (ChIP) Assay 

The ChIP method has been described previously [25]. This assay used 1 μg of anti-RNA 

polymerase II antibody (Pol II) (Covance, MD, USA), anti-acetyl-Histone H3K9/14 antibody (Merck 

Millipore, Urlington, MA, USA), anti-acetyl-Histone H4K5/8/12/16 antibody (Merck Millipore), 

anti-monomethyl-Histone H3K4 antibody (Merck Millipore), anti-dimethyl-Histone H3K4 antibody 

(Merck Millipore), anti-trimethyl-Histone H3K4 antibody (Merck Millipore), or normal rabbit IgG. 

The CT values of the ChIP signals detected by qPCR were converted to the percentage of the ChIP 

signal of the input DNA, which was calculated by the delta-delta method [26], using the formula 

100×[2(CT IP input – CT sample)]. The primer sequences for the ChIP assays are listed in Table 1. 
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Table 1 The primer sequences for real-time PCR. 

Target mRNA Sequence 

SI 5´-ATTTATACGGCCATCAAACATTCT-3´ 

 5´-TGGAGTAGGCTGGATAAAAATCTC-3´ 

SLC2A5 5’-TGATCTTCCCGTTCATCCA-3’ 

 5’-GTCTCCGGGACAATCAAGAA-3’ 

ALPI 5´-TGTCTTCTCCTTTGGTGGCTA-3´ 

 5´-ATGGACGTGTAGGCTTTGCT-3´ 

VIL 5´-AGCTTATCAAGCCGTCATCCT-3´ 

 5´-CGTCCCTTGAAGATGGACATA-3´ 

ACTB 5´-CATGAAGTGTGACGTGGACAT-3´ 

 5´-TGATCTCCTTCTGCATCCTGT-3´  

Region around SI gene  

-10000 5´-CATGAGGTCAGGAGTTTGACA-3´ 

 5´-ACCACCGCCTAGCTACTTTTT-3´ 

-3200 5´-CACAGCGCTAATGCAGAGATA-3´ 

 5´-CAGAGCCTTCTTCCATTCCTT-3´ 

-1700 5´-GATTCTTTCCAGCTTTCCAC-3´ 

 5´-GGAACATGTAAAGGAGGACT-3´ 

-400 5´-CCCTGTATCTTGTCTTCGATCT-3´ 

 5´-AAATTACTGATCTGGGCACCTC-3´ 

1 5´-CTGGTGAGGGTGCAATAAAAC-3´ 

 5´-GACTTGGATAAGGCTGCCAAA-3´ 

1100 5´-GTAAGGACTCACCATGGCATT-3´ 

 5´-TTGCCTTCATACCTGCTGTTC-3´ 

3000 5´-CCTTCACACACTTGCAAAGGA-3´ 

 5´-TTCTCTACCTGCCTTTCTCA-3´ 

12000 5´-AGTATGTGGTGTGGTGGATATG-3´ 

 5´-GGGGATTATCCTGAAAGCAGT-3´ 

99800 5´-TAACCAACAACTCTGGGCAGT-3´ 

 5´-GGGTGGAGAAAGAAATTGACC-3´ 

over5000 5´-TCTGCTTTATGCCCCTCACT-3´ 

 5´-GTTATTGGCGGCCTATCCTT-3´ 

over10000 5´-GGTCAGACTGGCATGTGATTT-3´ 

 5´-CTTGGGGGAAAGGTGAGAATA-3´ 

2.4. Statistical Analysis 

Results are expressed as mean ± standard of the error (SEM). Statistical significance was 

determined by the Kruskal–Wallis multiple range test and the post hoc Dunn’s test. 
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3. Results 

3.1. SI Gene Expression after Confluence in Caco-2 Cells 

First, we investigated whether acetylation of histone H3K9/14 and of histone H4K5/8/12/16, as 

well as methylation of histone H3K4 induces SI gene transcription and RNA Pol II binding to the SI 

gene during differentiation in Caco-2 cells. As shown in Figure 1, the SI mRNA level was very low at 

100% confluence (day 0). However, it increased with time as it was upregulated 14689- and 

75029-fold at days 5 and 10, respectively, compared with day 0. Furthermore, other intestinal 

differentiation markers showed higher expression on days 5 and 10 than on day 0, including 

SLC2A5, which is a fructose transporter, ALPI, which is related to digestion of phosphate 

compounds, and VIL1, which is involved in villus construction. 

1.  

2. Figure 1 Intestinal gene expression in Caco-2 cells during differentiation. 

Samples were collected on days 0, 5, and 10 after confluency for qRT-PCR. Results of 

qRT-PCR were normalized to ACTB mRNA. Values with different superscript letters 

differ significantly (P < 0.05). 

3.2. Association of Pol II, Acetylation of Histone H3K9/14 and of Histone H4K5/8/12/16, and 

Methylation of Histone H3K4 with SI Gene Induction during Caco-2 Differentiation 

We performed ChIP assays using antibodies for acetylated histone H3K9/14, acetylated histone 

H4K5/8/12/16, Pol II, and mono/di/trimethylated histone H3K4 to examine whether these histone 

modifications correlate with the induction of SI mRNA and with Pol II binding to the SI gene during 

differentiation in Caco-2 cells. The primer positions for the ChIP assays are described in Figure 2A 

and Figure 3A. The ChIP signals of normal rabbit IgG were under 0.04% per input. The signals for 

acetylation of histone H3K9/14 at 1100 bp was notably enhanced during differentiation (Figure 

2B). The signals of acetylated histone H4K5/8/12/16 were pronouncedly enhanced after 

confluence between days 0 and 10, particularly in the promoter–enhancer region (–1700 bp to –
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400 bp) and at 1 bp to 1100 bp (Figure 2C). The bindings of Pol II were markedly enhanced after 

confluence, particularly in regions close to the transcription initiation site; significant induction 

was observed between days 0 and 10 between –400 bp and 1 bp (Figure 2D). 

Regarding the methylation of histone H3K4, the signals of monomethylated histone H3K4 were 

considerably enhanced after confluence, particularly in the promoter–enhancer region (–1700 bp 

and –400 bp); significant induction was observed between days 0 and 10 at –1700 bp, –400 bp, 

1100 bp, and 3000 bp (Figure 3B). The signals of dimethylated histone H3K4 were significantly 

higher on day 10 than on day 0 at the promoter–enhancer region and throughout the gene body 

region (from –3200 bp to 3000 bp; Figure 3C). Finally, the signals of trimethylated histone H3K4 

were markedly enhanced after confluence, particularly in regions close to the transcription 

initiation site (–400 bp and 1 bp), but also in the rest of the gene body region (1100 bp and 3000 

bp), peaking at 1100 bp (Figure 3D).  

 

3. Figure 2 Acetylated histone H3K9/14, acetylated histone H4K5/8/12/16, and 

binding of Pol II to the SI gene in Caco-2 cells during differentiation. (A) Positions of 
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primers on the SI gene. (B–D) Chromatin immunoprecipitation (ChIP) assays for 

acetylated histone H3K9/14 (B), acetylated histone H4K5/8/12/16 (C), and Pol II (D). 

The samples were collected for ChIP assays on days 0, 5, and 10 after confluence. ChIP 

signals were detected by qPCR and were normalized to the input signals. The abscissae 

denote the region on the SI gene relative to the transcription initiation site. Values with 

different superscript letters differ significantly (P < 0.05). 

4.  

5. Figure 3 Binding of methylated histone H3K4 to the SI gene in Caco-2 cells 

during differentiation. (A) Positions of primers on the SI gene. (B–D) Chromatin 

immunoprecipitation (ChIP) assays for monomethylated histone H3K4 (B), 

dimethylated histone H3K4 (C), and trimethylated histone H3K4 (D). The samples were 

collected for ChIP assays on days 0, 5, and 10 after confluence. ChIP signals were 

detected by qPCR and were normalized to the input signals. The abscissae denote the 

region on the SI gene relative to the transcription initiation site. Values with different 

superscript letters differ significantly (P < 0.05). 

4. Discussion 

In this study, we showed that SI gene expression was upregulated during differentiation 

induced by contact inhibition in Caco-2 cells. It has been reported that the SI protein level was not 

detected before confluence and increased exponentially after confluence in Caco-2 cells [27]. This 

report is consistent with the SI mRNA levels in Caco-2 cells observed in the current study. Here, we 
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demonstrated that acetylation of histone H3K9/14 within the gene body region and of histone 

H4K5/8/12/16 in the promoter–enhancer region as well as Pol II binding to the region close to the 

transcription initiation site of the SI gene were all progressively increased by differentiation. 

Because the hyperacetylation of histone H3 correlates with the euchromatin region in the genome 

[12, 14, 28], our results in this current study suggest that histone acetylation is concerned with SI 

gene expression during the differentiation of Caco-2 cells and that this acetylation is associated 

with the induction of the gene in humans. Furthermore, we showed that histone H3 was highly 

acetylated in the gene body region, although histone H4 was highly acetylated in the promoter–

enhancer region. Our previous studies on histone acetylation of the SI gene during postnatal 

development of rats or while feeding mice a high-starch or fructose diet showed similar results [10, 

24, 29]. Histone acetylation in the gene body region enhances the transcription elongation by 

recruiting transcription elongation complexes, whereas histone acetylation in the promoter–

enhancer region enhances transcription initiation by recruiting mRNA transcription initiation 

complexes [18-20]. Therefore, it is very likely that acetylation of histone H3 and H4 is involved in 

the regulation of the transcription elongation reaction and of the transcription initiation reaction, 

respectively. 

In this study, we found that trimethylation of histone H3K4 was induced during differentiation 

in the region close to the transcription initiation site and the gene body region of the SI gene. 

Previous studies have demonstrated that histone H3K4 was highly trimethylated in the region 

close to and just after the transcription initiation site, which has a role in recruiting Pol II and 

enhancing transcription elongation [30, 31]. Our results are in accordance with these studies, 

because Pol II binding and histone H3K4 trimethylation were induced during differentiation, and 

correlated with SI gene induction. Furthermore, we revealed that dimethylation from the 

promoter–enhancer region throughout the gene body region and monomethylation in the 

promoter–enhancer region were increased during differentiation. It has been reported that both 

di- and tri-methylation are found predominately on active loci, although trimethylation occurs 

concomitantly with active transcription, while dimethylation can be found on poised, inactive 

genes [23, 32]. It should be noted that we detected high levels of dimethylation in the promoter–

enhancer and gene body regions of the SI gene, even on day 0 when SI expression was not 

observed, whereas trimethylation was closely associated with the induction of the SI gene. The 

promoter–enhancer region is important for the initiation of chromatin remodeling because CpG 

islands are located in the promoter region, and many transcription factors and transcription 

complexes are recruited to the promoter–enhancer region for the initiation of transcription. We 

hypothesized that mono- and di-methylation of histone H3K4 may function in chromatin 

remodeling when preparing to change from heterochromatin to euchromatin as well as in 

recruiting complexes that are required prior to the initial stages of mRNA transcription and 

elongation. 

It should be noted that the mRNA level of the SI gene was pronouncedly higher at day 5 after 

confluence than at day 0, although the differences of histone modifications and Pol II binding 

around the SI gene between days 0 and 5 were smaller. The difference may be due to the 

sensitivity of the ChIP assay. Another possibility is that induction of the SI gene was regulated by other 

factors including transcriptional factors; transcription of SI mRNA in Caco-2 cells is reportedly induced by 

several transcription factors such as CDX2, HNF1, and GATA4/5 in the SI promoter region [4-7]. It should 
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be examined in further studies whether bindings of transcription factors around the SI gene are 

induced during differentiation of the Caco-2 cells. 

In conclusion, we found that histone H3K4 methylation was associated with SI gene induction, 

Pol II binding, and histone acetylation on the SI gene during differentiation of the human 

enterocyte-like cell line, Caco-2. We demonstrated for the first time that the modification of 

histone H3K4 from the promoter–enhancer region to the gene body region of an intestinal gene 

gradually shifted from mono- to tri-methylation. 
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Abstract:  

Whole genome profiling of differential DNA methylation between diseased and normal 

samples has significant implications in research to understand the role of epigenetic 

regulations of cells. In recent years, the development of bisulfite sequencing (BS-seq)-based 

molecular technology has enabled the measurement of DNA methylation at a nucleotide 

resolution throughout the genome. Given the availability of this new type of DNA 

methylation data, certain features challenge traditional analytical methods such as the 

Fisher exact test, and a number of new statistical methods have recently been proposed for 

analyzing them. However, the relative performances of many of these methods are still not 

fully understood, despite a couple of recent review papers. In order to arm researchers with 

knowledge so that they can select the best-suited method and software for analyzing their 

data, we selected and evaluated four methods that are able to account for between-sample 
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variability, which is a prominent feature of DNA methylation data. The commonality and 

differences of these methods in terms of several important characteristics, including 

modeling, data filtering, statistical testing, and covariate handling were reviewed. Simulation 

studies as well as applications to two datasets were carried out to compare and contrast the 

methods. To be as unbiased as possible, our simulation modeling took into account 

characteristics of real data but did not use any of the specific models in these four methods. 

Keywords  

DNA methylation profiling; beta-binomial distribution; WGBS; RRBS 

 

1. Introduction 

DNA methylation plays a critical role in controlling gene expression and is also related to many 

aspects of cell processes, such as embryonic development, genomic imprinting, X-chromosomal 

inactivation, and preservation of chromosome stability [1]. While DNA methylation is vital for 

normal cell development, aberrant DNA methylation may also occur [2]. Such aberrant events, 

especially those that occur in the promoter region, may cause unexpected gene silencing, which is 

believed to be related to cancer [3]. It has been shown that methylation levels of neighboring CpG 

(or CG) sites may be spatially correlated [4], and it is further recognized that some particular genes 

in cancer cells have a higher probability of being hypermethylated, while there are others that 

tend to be hypomethylated [5]. As such, through studying DNA differential methylation, we can 

better understand how variation in DNA methylation is related to diseases such as various types of 

cancer. 

In recent years, the role of DNA methylation in biological processes has been studied in greater 

extend. Evidence has suggested that DNA methylation may impact the global structure of the 

genome in the nucleus instead of directly affecting gene expression [6, 7], providing a new 

perspective. Researchers have also shown that DNA methylation may be associated with gene 

activation, splicing [8], nucleosome positioning, and cellular plasticity [9]. The role of DNA 

methylation in biological and molecular processes remains a highly pursued research topic and is 

far from being fully understood.  

A number of molecular methods for measuring genome-wide DNA methylation have been 

developed and can be divided into two main categories: microarrays and sequencing. Such 

methods may be further classified by the different molecular techniques that they use, including 

methylation-specific enzyme digestion (ED), affinity enrichment (AE), chemical treatment with 

bisulfite (BS), or a combination of these [10]. In particular, BS was a major breakthrough in 

measuring DNA methylation, which uses sodium bisulfite to convert unmethylated cytosine to 

uracil while leaving the methylated ones unchanged [11]. Coupling BS with microarray or 

sequencing enables genome-wide profiling of DNA methylation.  

Different approaches have advantages and disadvantages in terms of coverage and cost. 

Methods based on whole genome sequencing have the highest coverage but are costly. 

Specifically, whole-genome bisulfite sequencing (WGBS) is the current gold standard, but is very 

expensive as BS conversion and sequencing are performed on the entire genome. On the other 
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hand, reduced representation bisulfite sequencing (RRBS) considers only a subset of the CG sites 

in the genome, therefore, it is more economical, although still costly. However, its coverage is 

greatly reduced compared to WGBS, although still much greater coverage than its microarray 

counterpart. Together, WGBS and RRBS are referred to as BS-seq, and they constitute the state-of-

the-art BS-based sequencing platforms. In addition, single molecule real-time BS (SMRT-BS) is an 

alternative that also has the multiplex feature for studies analyzing long read sequences [12]. 

Due to their cost, sample sizes from BS-seq experiments are typically very small (e.g. three 

cases versus three control samples), necessitating the use of analytical methods that are different 

from those for epigenome-wide association studies (EWAS), which primarily make use of 

microarray data. Despite the cost, BS-seq methods have gained a great deal of attention and 

interest in recent years, and they are the methods of choice when whole-genome profiling of DNA 

methylation is necessary. Therefore, statistical methods specifically designed for analyzing BS-seq 

data are indispensable.  

In response to this need, a number of statistical methods have been developed in recent years 

specifically for analyzing BS-seq data, with the goal of identifying differentially methylated loci or 

differentially methylated cytosines (DMCs) and differentially methylated regions (DMRs). Such 

methods include BiSeq [13], DSS [14], MethylSig [15], RADMeth [16], BSmooth [17], BCurve [18], 

and others as described in a number of recent review papers [10, 19-23], which will be discussed 

further in Section 5. 

In this paper we focus on evaluating four methods (BiSeq, DSS, MethylSig, and RADMeth) to 

compare and contrast their performance on both DMC and DMR detection. The commonality of 

these methods is that they all rely on the use of both binomial and beta distributions for 

describing the observed data: the use of the binomial distribution is natural as the methylated 

reads among all reads at a CG site follow such a distribution, whereas the beta distribution is used 

to capture between-sample variability of the methylation levels within a group. This latter feature 

sets them apart from traditional statistical methods such as the Fisher exact test, which cannot 

naturally account for between-sample variability, although they can be more efficient for data 

without biological replications or with little variability. On the other hand, although these four 

methods share the commonality of accounting for variability between biological replicates, each 

method is unique in parameter estimation, data fusion (among neighboring CG sites), and 

covariate incorporation. These methods will be loosely referred to as “beta-binomial” based 

hereafter. 

The reason that these four methods are chosen in this paper is that they are all “beta-binomial” 

based in the sense described in the previous paragraph. Such a type of approach appears to be the 

method of choice in many current studies, yet, their appropriateness and relative performance are 

still not fully understood. Although several recent review papers all described (at least some of) 

these methods [10, 19-23], they mainly focused on features of the methods; any comparisons are 

largely descriptive rather than actual performance comparisons via simulation studies or real data 

analysis, with one exception. The exception is a very recent paper [21] that did compare among 

several methods, including the four that are the focus of the current paper. However, the 

simulation model, which used the negative-binomial distribution to generate the coverage and 

then used the binomial distribution for the methylated reads given the coverage may be too 

simplistic, leading to no appreciable benefits for beta-binomial based methods compared to the 

simple Fisher’s exact test or logistic regression analysis. Comparisons between some of these four 
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methods have also been carried out elsewhere [16, 20, 22], though it is difficult to aggregate 

results of such evaluations since different comparisons were based on different sets of methods 

and simulation models with varying evaluation criteria. Most detrimentally, the said evaluations 

largely used data simulated from models that were the same as the analysis models for new 

methods being proposed; thus, the results may be biased toward the proposed new methods in 

the papers. To avoid such a pitfall, in this study we provided an objective evaluation of the four 

methods based on simulated and real data from both the WGBS and RRBS platforms. In particular, 

to be as unbiased as possible, our simulations take into account characteristics of real data, 

various levels of between-sample variation, and they do not use the specific models proposed in 

any of these four methods. 

2. Materials and Methods 

In the following, we describe each of the methods that will be compared in this paper, noting 

their common as well as unique features, including distribution, filtering, testing, covariate 

handling, “smoothing”, and “window-based” characterization. Although many of the features are 

self-explanatory and will be described in each individual method, a couple of the features deserve 

explanation here. In particular, by “smoothing”, we refer to whether information from nearby CpG 

sites is borrowed to improve the accuracy of data or parameter estimates. On the other hand, 

although all methods have some features that may be described as “window-based”, they differ in 

the details on how windows are defined and how information within a window is utilized. These 

features will be described in each of the methods where appropriate, with easy-to-read 

summaries provided in Supplementary Table S1. 

2.1. BiSeq 

BiSeq is an approach that enables detection of DMCs and DMRs through a two-stage procedure 

[13]. To execute this procedure, CpG clusters are obtained first: the algorithm scans the genome 

to divide it into regions such that within each region the neighboring CpG sites are less than 100 

base pairs (bp) apart; a region is retained as a CpG cluster if it contains at least 20 CpG sites. 

Secondly, analyses are performed using methylation data within each CpG cluster via a smoothing 

function on the means of the binomial distributions through kernel smoothing.. For a given CpG 

site in a CpG cluster, the corresponding weighted local likelihood for its methylation level is 

maximized. The resulting methylation level, which is between 0 and 1, is taken as the methylation 

level at that position. This method then assumes that the smoothed methylation level follows a 

beta distribution and fits a beta regression with the group (disease or control) and other 

predictors (covariates) as explanatory variables.  

A Wald test is conducted to test the group effect at each CG site. Based on the p-values from 

the Wald tests for all the sites within a CpG cluster, a two-stage procedure is conducted to 

ascertain whether the CpG cluster is a DMR (first stage) and if necessary, to find the DMCs within 

the cluster afterwards (second stage). Thus, one may view BiSeq as a window-based approach. 

Specifically, the first stage aims to detect “non-null” clusters by controlling the cluster-wise false 

discovery rate (FDR); the weighted Benjamini–Hochberg procedure at level q [24] is applied to the 

site-wise p-values to evaluate whether a cluster-wise FDR is below the set threshold q. During the 

second stage, a procedure is applied to control location-wise FDR at level q*. For each CpG site in 
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“non-null” clusters (i.e. CpG clusters that pass the FDR threshold q in stage 1), its p-value is 

estimated, conditional on the fact that it belongs to a non-null cluster. The sites that are below the 

site-wise FDR threshold q* are then declared as DMCs. Adjacent DMCs with the same 

directionality (all hypomethylated or hypermethylated) are then linked to obtain DMRs.  

2.2. DSS 

A lognormal-beta-binomial empirical Bayes model is proposed in DSS [14]. First, the 

methylation reads of a sample at each site are assumed to follow a binomial distribution. To 

capture the biological variation among replicates, the mean methylated proportions across the 

samples at each CpG site are assumed to follow a beta distribution. The dispersion parameter of 

this beta distribution captures the variation of methylation proportions across samples (i.e, 

biological variation) relative to the group mean. In the DSS package, the dispersion parameters of 

the two conditions may be assumed to be the same or different. Although this beta-binomial 

model does not account for any other covariates, a more recent update called DSS-general does 

take covariates into consideration through regression modeling [25].  

An empirical Bayes approach is taken, and in particular, a log-normal prior is assumed for the 

between-sample dispersion parameter. This log-normal prior selection does not appear to lead to 

sensitivity based on the simulation study using other prior distributions [14]. To completely specify 

the prior, the following empirical procedure is used to find the mean and variance of the log-

normal distribution. First, the method of moments (MOM) is used to estimate the dispersion 

parameter at each CG site assuming the beta-binomial distribution for the observed methylation 

data. Then, the mean and variance of the logarithms of the MOMs across all CG sites are 

computed and used as the mean and variance of the log-normal prior. This may be considered as a 

window-based procedure for specifying the priors where the “window” is the entire genome. The 

conditional posterior distribution of the dispersion parameter at each site (given the mean 

estimate) is then maximized, leading to an empirical Bayesian estimator that takes the dispersions 

of other sites throughout the genome into consideration. This “shrunken” method gives a stable 

estimation of the variance.  

A Wald test is then performed to find DMCs. For technical reasons, DSS filters out a locus when 

the coverage in all replicates in one condition is zero. To find DMRs after the identification of 

DMCs, DSS sets the following criteria:  a DMR needs to exceed a minimum length (default is 50 

base pairs in the package), the number of CG sites should be greater than a user-specified number 

(default is 3), and the percentage of DMCs among the CG sites in the region must meet a minimum 

threshold (default is 50% in the package). 

2.3. MethylSig 

MethylSig also relies on the beta-binomial distribution for modeling the observed data [15]. It 

assumes that the number of methylated reads at a CpG site follows a binomial distribution, where 

the number of trials is the number of reads covering that site. The success probability is further 

assumed to follow a beta distribution.  Then, the marginal distribution of the methylated reads is a 

beta-binomial with mean μ and dispersion parameter θ, where μ is interpreted as the underlying 

methylation level at the CG site for a group of samples. Like the original DSS, this beta-binomial 

model does not account for covariates. Also, MethylSig filters out sites in which the number of 
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samples with non-zero coverage in either group is smaller than a pre-specified threshold (default 

is 3). 

It is known that there are no closed-form maximum likelihood estimates (MLEs) of the 

parameters; therefore, an approximation method was implemented [15]. Specifically, MethylSig 

first uses the observed group mean of methylated proportions as the estimate of μ and finds the 

MLE of θ assuming μ is known. Employing a smoothing approach, information from neighboring 

sites within a pre-defined window may also be incorporated. Once an estimate of θ is obtained, it 

is plugged back into the likelihood function to obtain an MLE for μ.  

A likelihood ratio test is then performed using the estimates of μ and θ.  Site-wise test statistics 

and their corresponding p-values and q-values (FDR) are obtained. A site is labelled as a DMC if the 

following two criteria are satisfied: its q-value is less than a threshold (default is set to be 0.05) 

and the absolute difference in the methylation rate between the two groups is more than a 

second threshold (default is 25%;MethylSig R package). Finally, a window-based approachfor 

finding DMRs is also implemented [15]. 

2.4. RADMeth 

RADMeth is a method primarily designed for analyzing WGBS data [16]. Like other methods 

already discussed, RADMeth also uses the beta-binomial distribution to model the methylated 

reads across samples at each CpG site. However, it differs from MethylSig and the original DSS in 

that the mean methylation level is assumed to be related to covariates, leading to a beta-binomial 

regression. Therefore, RADMeth can be used to test if a site is differentially methylated with 

respect to a specific test factor, adjusting for all the other factors. For example, if the test factor is 

the group label of a sample (i.e. case versus control) while there is also a categorical covariate, 

then the application of RADMeth will lead to the identification of differential methylation after 

adjusting for the level of the covariate (as in one of our applications presented in Section 4). Note 

that, in the current implementation of RADMeth, only categorical covariates can be considered. 

As discussed above, there are no closed-form solutions for the MLEs of a beta-binomial model; 

this is also the case for a beta-binomial regression formulation. Therefore, in the implementation 

of the RADMeth package, the MLEs of the model parameters are obtained approximately using an 

existing numerical approach [26]. First, the log-likelihood function (equation (6) in [26]) is 

rewritten approximately as the logarithm of a linear function of the parameters of interest; the 

first derivatives are then obtained and set to be 0, as shown in equation (7) of [26]. These 

equations are then solved using the Newton-Raphson method. 

After the estimates are obtained, a likelihood ratio test (LRT) is performed to compare the full 

model with all factors and the reduced model without a particular factor. Invoking a window-

based approach, the reported adjusted p-value for a CpG site in RADMeth takes into account 

signal correlations between p-values from neighboring sites and its own p-value from the LRT. A 

CpG site is labelled as a DMC if the FDR is smaller than a given threshold (default is 0.01). We note 

that RADMeth does not perform tests on sites with zero coverage in all the samples in either the 

case or the control group. Also, RADMeth does not perform tests on sites that are either 

completely methylated or unmethylated across all samples. To obtain DMRs based on the 

declared DMCs, RADMeth simply joins neighboring DMCs. 

3. Simulation Study  
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To evaluate the four beta-binomial based methods thoroughly, we carried out an extensive 

simulation study wherein both WGBS and RRBS data were simulated to mimic real experimental 

data and scenarios. The WGBS simulated data were generated by mimicking the characteristics on 

chromosome 21 from a WGBS study on colon cancer [27]. Specifically, the WGBS experimental 

data were available on both normal and cancerous colon tissues for three patients with colon 

cancer. On the other hand, the RRBS simulated data were inspired by an RRBS study of acute 

promyelocytic leukemia [28]. Although the experimental data consist of samples of various types, 

we only used three randomly chosen samples from one cancer type and three control samples of 

the same cell type for comparison purposes in the simulated data so that these numbers match 

those of the WGBS simulation. To further facilitate comparisons, we considered data on 

chromosome 1, as the total number of CpG sites on this chromosome for RRBS (114,249) is similar 

to that on chromosome 21 for WGBS (129,740).  

3.1. Simulation Procedure 

We used the procedure described in BCurve [18] to simulate both WGBS and RRBS data; no 

distinction between these two types of data were made, although their unique characteristics 

based on their respective real data including read coverages, methylation level, and difference in 

the distances of neighboring CpG sites, were incorporated in the simulation. Briefly, BCurve 

assumes that mean methylation levels over a region of CpG sites lie on a smooth curve, thus 

taking spatial correlation into consideration. It also allows for variability in methylation levels 

among samples within each group by including a random effect term in the model. Specifically, we 

first used BSmooth [17] to fit the experimental data; the set of identified DMRs were then treated 

as “true” DMRs in the simulation study, and all sites within the DMRs were considered as DMCs, 

which is a characteristic of BSmooth results. The probabilities of methylation for both groups were 

also estimated by BSmooth, which were treated as the separate group averages in the simulation 

for a DMC CpG site. To simulate data for a non-DMC CpG site, the two averages were further 

averaged to arrive at a common probability of methylation. On the other hand, since there may be 

between-sample variability within each group, and in particular, the variability may be larger in 

the diseased group than in the control group, we instructed BCurve to allow for individual 

methylation levels by adding a perturbation to the probit of the respective group mean for each 

sample through generating a random number from N(0, 𝜎𝐺), where 𝜎𝐺 is group dependent. We 
considered four specific combinations of the variabilities (𝜎𝐺1 , 𝜎𝐺2) for the two groups: Scenario 1 = 

(0,0); Scenario 2 = (0.3, 0.1); Scenario 3 = (0.7, 0.1); and Scenario 4 = (1, 0.1). Based on the 

methylation probability as described above (for each sample) and the number of reads at each 

CpG site from the real data, the number of methylated reads was then simulated from a binomial 

distribution.   

3.2. Results From Analyzing the WGBS Simulated Data 

The results presented in this section are based on a total of 100 replicates for each of the four 

variability scenarios. Since the four software packages have different filtering steps, the remaining 

numbers of CpG sites that survived the initial screening and were analyzed for differential 

methylation were different. In particular, BiSeq filtered out a vast majority of the sites, with less 

than 2.5% of the CpG sites remaining for differential analysis. On the other hand, DSS and 
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MethylSig were able to analyze all sites, while RADMeth filtered out less than 2.5% of the sites for 

all four variability scenarios (Supplementary Figure S1). 

We divided the CpG sites into four sets: R1, R2, R3, and R4 (Supplementary Figure S1) 

depending on the characteristics of the sites, as described as follows. The sites that were analyzed 

by DSS, MethylSig, and RADMeth (all of the methods except BiSeq which filtered out these sites) 

are grouped into set R1. On average (with 100 replicates), more than 95% of the sites fall into this 

category for all four scenarios (with small standard deviations indicating consistency from 

replicate to replicate; Supplementary Figure S1). The results for each of the three methods are 

presented as receiver operation characteristic (ROC) curves (Supplementary Figures S2-S4). 

Irrespective of the methods, one can see that all methods produced consistent results from 

replicate to replicate: all 100 R1 ROC curves are closely clustered together in all plots. As expected, 

the performance degrades somewhat as the between-sample variability gets larger (from 

scenarios 1 to 4, in that order). Comparing among the three methods, one can see that based on 

the mean ROC curves, RADMeth performed  the best (by having the largest area under the curve 

[AUC]) in all four scenarios of between-sample variability, whereas DSS and MethylSig performed 

similar to each other (with DSS slightly edging out MethylSig) and closely follow RADMeth (Figure 

1, left column).  

Of the remaining CpG sites (less than 5%), about 2% were analyzed by all four methods (set R2 

in Supplementary Figure S1). For this set (R2), we can see that there is considerable variability 

from replicate to replicate for all methods, especially RADMeth and BiSeq in scenarios 3 and 4 

where there is larger between-sample variability (Supplementary Figures S2-S5; the 100 R2 ROC 

curves are scattered over a wide band). Comparing across all four methods, the relative 

performance of the three methods (DSS, MethylSig, and RADMeth) for analyzing the R1 sites 

remains the same for R2. BiSeq performed well for this selective small set of CpG sites and on 

average is better than DSS or MethylSig across all scenarios (Figure 1, right column). Further, one 

can easily see that RADMeth performed better in R2 than in R1 on average, indicating that CpG 

sites that are not filtered out by any of the methods are perhaps a bit easier to analyse. 
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Figure 1 Comparison of mean ROC curves (averaging over 100 replicates) depicting the 

performance of four comparison methods for simulated WGBS data. The left column 

shows the results for CpG sites that were analyzed by DSS, MethylSig, and RADMeth 

(set R1). Note that BiSeq is not included in the comparison since it was not able to 

analyze these sites. The right column shows the results for CpG sites that were 

analyzed by all four comparison methods (set R2). The four rows show the results for 

the four scenarios of between-sample variability (dispersion) considered: Row 1 
(Scenario 1) – (𝜎𝐺1 , 𝜎𝐺2) = (0, 0); Row 2  (Scenario2) – (𝜎𝐺1 , 𝜎𝐺2) = (0.3, 0.1); Row 3 

(Scenario 3) – (𝜎𝐺1 , 𝜎𝐺2) = (0.7, 0.1); Row 4 (Scenario 4) – (𝜎𝐺1 , 𝜎𝐺2) = (1, 0.1). 
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Since there are almost no true DMCs among the CpG sites in the small sets of R3 (sites analyzed 

by all methods but RADMeth) and R4 (sites analyzed only by DSS and MethylSig; Supplementary 

Figure S1), no performance evaluation was carried out. These sites usually have low coverages or 

low methylated reads and were filtered out by RADMeth. However, since BiSeq was only able to 

analyze sites in R2 and R3 (covering only about 2.5% of all CpGs), we present its combined results 

for R2 and R3, which are similar to those for R2 only (Supplementary Figure S5).  

Due to the different empirical false positive rates based on the default nominal error rates set 

by the different methods (Supplementary Table S2), a straightforward comparison of their power 

based on default settings would not be meaningful. Instead, to gain a better understanding of the 

relative performance of the four methods in identifying true DMCs in real data analysis, we fixed 

the false positive rate at 0.05 and compared the power among the methods for analyzing sites in 

R1 (for three methods) and R2 (all four methods). The results, shown in Table 1 (with the power 

being the average and the SE being the standard error of the average over 100 simulated datasets), 

corroborate those seen in Figure 1. That is, RADMeth had the highest power in R1 under all four 

scenarios, with comparable SEs among the methods. DSS slightly outperformed MethylSig, 

although the differences are not substantial. Note that BiSeq was not able to analyze any of the 

sites in R1. In R2, RADMeth remained the most powerful, although its standard errors are larger in 

scenarios 3 and 4 where there is a larger between-sample variability. BiSeq comes in second, but 

with larger variability in all four scenarios. DSS continues to outperform MethylSig in all four 

scenarios, with larger margins compared to those in R1. In all the methods, the SEs are larger in R2 

compared to those in R1, indicating greater variability from replicate to replicate for analyzing the 

CpG sites in R2, as also exhibited in Supplementary Figures S2-S5. Finally, RADMeth had 

significantly higher power for detecting DMCs in R2 than in R1 under all four scenarios. 

Additionally, the powers of DSS and MethylSig in R2 are comparable to, and only slightly larger 

than those in R1, and in only one instance the power is smaller for MethylSig in scenario 1. The 

coverages for sites in R2 are similar to those in R1 but with larger variability, which possibly 

contributed to the different performances for different methods. 

Table 1 Comparison of the average power and standard error (SE) among four 

methods when the false positive rate (FPR) is controlled to be 0.05 based on 100 

simulated WGBS datasets. 

WGBS R1 R2 

Scenario Package Power SE Power SE 

1 

BiSeq NAa NA 0.909 0.0220 

DSS 0.625 0.0006 0.644 0.0049 

MethylSig 0.562 0.0006 0.545 0.0050 

RADMeth 0.802 0.0006 0.991 0.0029 

2 

BiSeq NA NA 0.767 0.0587 

DSS 0.549 0.0006 0.596 0.0059 

MethylSig 0.479 0.0006 0.490 0.0060 

RADMeth 0.717 0.0007 0.980 0.0040 

3 BiSeq NA NA 0.624 0.0119 
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DSS 0.399 0.0005 0.461 0.0056 

MethylSig 0.309 0.0005 0.362 0.0050 

RADMeth 0.474 0.0009 0.886 0.0111 

4 

BiSeq NA NA 0.447 0.0118 

DSS 0.320 0.0005 0.377 0.0054 

MethylSig 0.225 0.0005 0.276 0.0052 

RADMeth 0.322 0.0009 0.697 0.0157 

Set R1 contains CpG sites for which BiSeq was not able to analyze, and thus no results are available. 

3.3. Results From Analyzing RRBS Simulated Data 

Since some of the methods (e.g, RADMeth [16]) were proposed for analyzing WGBS data while 

the others (e.g, BiSeq [13]) are more suitable for RRBS data, we carried out a similar study using 

simulated RRBS data to further evaluate the methods under a different platform. The analysis 

results presented below are also based on a total of 100 replicates for each of the four variability 

scenarios described in Section 3.1. 

As with the data simulated under WGBS, the four software packages filtered out different sets 

of CpG sites. Since BiSeq was designed for RRBS data, it was able to retain a much larger 

proportion of the data for analysis. As such, for each of the four between-sample variability 

scenarios, about 55% of all the CpG sites were analyzed by all four methods. Nevertheless, more 

than 40% of the CpG sites were still filtered out by BiSeq, whereas each of the other three 

methods filtered out less than 5% of the sites in all four scenarios (Supplementary Figure S6).  

Roughly 55% of the CpG sites were analyzed by all four methods (region R2 in Supplementary 

Figure S6) and the results are presented as ROC curves (Supplementary Figures S7-S10). Contrary 

to the results for WGBS where there was large between-replicate variability, one can see that all 

methods produced consistent results from replicate to replicate. For all four methods, the 

performance degrades somewhat and has slightly larger between-replicate variability as the 

between-sample variability gets larger (from scenarios 1 to 4), which is consistent with the WGBS 

results. For the CpG sites in R1 that were analyzed only by three methods (MethylSig, RADMeth, 

and DSS), the results are consistent from replicate to replicate, which is also consistent with the 

WGBS results (Supplementary Figures S7-S9).  

Comparing among the three methods for analyzing the CpG sites in R1, one can see that based 

on the mean ROC curves, RADMeth has the largest AUCs in all scenarios of dispersion, whereas 

DSS and MethylSig are more similar to each other, with DSS slightly edging out MethylSig (Figure 2, 

left column). The relative performances for analyzing CpG sites in R2 among these three methods 

follow the same order, although DSS is appreciably better than MethylSig in the two scenarios (3 

and 4) with larger variability (Figure 2, right column). These results are almost a mirror image of 

those from the WGBS study; therefore, regardless of the data generation platform (WGBS or 

RRBS), there is a consistent ordering of the performance of the methods. Not surprisingly, BiSeq 

rivals RADMeth as the best performer (with notably almost identical ROCs) in R2 for the first two 

scenarios, as it was specifically designed for analyzing RRBS data. However, as the dispersion 

increases, the performance of BiSeq degrades quickly (Figure 2, last two rows of right column). 

Once again, the BiSeq result for the combined set of R2 and R3 is similar to that for R2 only 

(Supplementary Figure S10). 
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In summary, we observe that for all methods, the power for detecting DMCs is higher for the 

CpG sites in R2 than in R1, indicating that those in R2 (sites not filtered out by any of the methods) 

have better characteristics than those in R1 (sites filtered out by BiSeq) for RRBS data (Table 2, 

Figures 2 and S7-9). In particular, for DSS and MethylSig, the margin of improvement from R1 to 

R2 is much more for RRBS than for WGBS (comparing Tables 1 and 2).  This is possibly due to 

another contributing factor, different read coverages, as those for sites in R2 are considerably 

larger than those in R1. Although BiSeq was designed for analyzing RRBS data and was able to 

retain more than 50% of the CpG sites for differential analysis, its power is only comparable to DSS 

with larger dispersion of underlying methylation probabilities between samples, especially given 

its large SEs (Table 2). As a final comment, we note that the results from the RRBS simulated data 

are a bit better than those from WGBS. This is most likely due to the different profiles of the 

different real datasets our simulation studies are based on. Indeed, the mean or median distances 

between neighboring sites that are within “clusters” (neighboring sites more than 200 bp apart 

are treated as in different clusters) are much smaller in RRBS than in WGBS, leading to greater 

information sharing from RRBS data due to spatial correlation. 

Table 2 Comparison of average power and standard error (SE) among four methods 

when the false positive rate (FPR) is controlled to be 0.05 based on 100 simulated RRBS 

datasets.  

RRBS R1 R2 

Scenario Package Power SE Power SE 

1 

BiSeq NAa NA 0.977 0.0003 

DSS 0.693 0.0006 0.861 0.0008 

MethylSig 0.641 0.0006 0.820 0.0008 

RADMeth 0.838 0.0008 0.977 0.0009 

2 

BiSeq NA NA 0.971 0.0003 

DSS 0.593 0.0005 0.805 0.0008 

MethylSig 0.535 0.0005 0.753 0.0007 

RADMeth 0.794 0.0007 0.979 0.0009 

3 

BiSeq NA NA 0.785 0.002 

DSS 0.392 0.0003 0.644 0.0006 

MethylSig 0.328 0.0003 0.494 0.0004 

RADMeth 0.611 0.0006 0.973 0.0009 

4 

BiSeq NA NA 0.530 0.002 

DSS 0.299 0.0003 0.527 0.0005 

MethylSig 0.235 0.0002 0.341 0.0003 

RADMeth 0.470 0.0004 0.934 0.0009 

Set R1 contains CpG sites for which BiSeq was not able to analyze, and thus no results are available. 
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Figure 2 Comparison of mean ROC curves (averaging over 100 replicates) depicting the 

performance of four comparison methods for simulated RRBS data. The left column 

shows the results for CpG sites that were analyzed by DSS, MethylSig, and RADMeth 

(set R1). Note that BiSeq is not included in the comparison since it was not able to 

analyze these sites. The right column shows the results for CpG sites that were 

analyzed by all four comparison methods (set R2). The four rows show the results for 

the four scenarios of between-sample variability (dispersion) considered: Row 1 

(Scenario 1) – (𝜎𝐺1 , 𝜎𝐺2) = (0, 0); Row 2  (Scenario2) – (𝜎𝐺1 , 𝜎𝐺2) = (0.3, 0.1); Row 3 

(Scenario 3) – (𝜎𝐺1 , 𝜎𝐺2) = (0.7, 0.1); Row 4 (Scenario 4) – (𝜎𝐺1 , 𝜎𝐺2) = (1, 0.1). 
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4. Analyses of Two Real Data Sets 

We further evaluated the four methods by applying them to two real data sets, one generated 

using WGBS and one based on RRBS. The understanding of pros and cons and relative 

performances of the methods gained through this extensive simulation study enables us to 

interpret the results from the real data analyses, even though there are no gold standards in these 

situations. 

4.1. Analysis of RRBS Data From AML Patients 

Data description. Our first dataset was from an acute myeloid leukemia (AML) study [29], in 

which four samples belonging to the AML1/ETO fusion subgroup were available. We compared the 

RRBS methylation profiles of these AML samples to those of four normal CD34+ bone marrow cells 

[15]; our goal in this data analysis was to identify differential methylation between the AML 

samples and the normal samples. A total of 4,642,304 CpG sites throughout the genome were 

considered; their distribution over the chromosomes is provided in Supplementary Table S3. 

Results. The four packages with their respective default settings were used to analyze the data; 

using default settings is typically practiced in real data analyses and thus followed in our study to 

make the settings as close to real data analyses as possible. The numbers of DMCs detected were 

2854, 49955, 51783, and 167545, for BiSeq, DSS, MethylSig, and RADMeth, respectively. These 

values vary a great deal from method to method, with BiSeq detecting the least number of DMCs; 

this is not surprising given what we have observed in the simulation study. The fact that DSS and 

MethylSig identify relatively similar numbers of DMCs (relative to the other two methods) while 

RADMeth detected the most is also consistent with our observation from the simulation study; 

therefore, the power of DSS and MethylSig are similar while RADMeth is considerably more 

powerful in all scenarios of sample overdispersion. The Venn diagram detailing the distributions of 

the detected DMCs is given in Supplementary Figure S11, including the overlapping regions among 

subsets of these four methods. In all, only 133 DMCs were detected by all four methods, mainly 

due to the small number of DMCs detected by BiSeq. In contrast, the other three methods 

identified more than 10,000 common DMCs. Moreover, RADMeth and DSS detected over 30,000 

common DMCs, representing over 60% of the DMCs detected by DSS, which is notably a very large 

overlap.  

Since nearby CpG sites are correlated and a DMR is the unit that is more closely tied to 

biological conditions [17], we also consider the number of DMRs detected by each of the methods 

as described in Section 2, which are 252, 2,254, 38,618, and 29,723, for BiSeq, DSS, MethylSig, and 

RADMeth, respectively. Note that although there are more DMCs detected by RADMeth compared 

to MethylSig, the converse is true for DMRs, reflected in the fact that the DMR regions in 

RADMeth can be much larger than those of the MethylSig, and contains many more DMCs 

(Supplementary Tables S4 and S5). In fact, all DMR regions detected by MethylSig are 25 bp long 

by design (this default value was used for this study, but it can be changed by the user) [15]. 

Therefore, although the size of DMRs can have biological significance, it is difficult to draw 

inference if the size is determined by the procedure itself. Next, we investigated the pairwise 

overlapping DMRs called by each pair of the four methods (Supplementary Table S6). Specifically, 

for the DMRs called by a package, we discerned how many of them overlap with DMRs called by 

another package. For example, only 7.9% of the BiSeq DMRs overlap with DMRs detected by DSS 
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(first row of Supplementary Table S6). Here, a DMR detected by BiSeq is said to be overlapped 

with DMRs detected by DSS if the intersection of the particular BiSeq DMR and any of the DSS 

DMRs is nonempty. Hence, the concept of overlapping is not symmetrical; rather, it depends on 

the “base” DMRs. From Supplemental Table S5, one can see that the DMRs detected by BiSeq 

have smaller overlaps with those detected by the other three methods. On the other hand, 93.6% 

and 96.1% of the DMRs detected by DSS overlap with the DMRs detected by MethylSig and 

RADMeth, respectively, showing that MethylSig and RADMeth detected DMRs that are nearly 

supersets of DSS. Finally, although MethylSig and RADMeth also have significant overlaps, there 

are also large proportions of DMRs detected only by each of the two methods individually.  

To further evaluate the performances of the methods and their packages and to compare and 

contrast them in terms of the biological relevance of the DMRs identified, we carried out a 

pathway analysis. First, we mapped DMRs into genes using Annovar [30], which resulted in 320, 

1955, 10207, and 7047 genes for BiSeq, DSS, MethylSig, and RADMeth, respectively, although the 

number of genes implicated by all four methods is only 114 (Figure 3). Additionally, between DSS 

and RADMeth, 1927 common genes were detected, representing over 98% of the genes 

implicated by DSS. MethylSig and RADMeth also have a large number of common genes (6229), 

representing over 88% of the genes in RADMeth. Thus, at the gene level, there is a great deal of 

consistency among the methods, excluding BiSeq. Finally, among the 55 genes that have been 

implicated to be associated with AML based on the KEGG database [31], 6, 35, and 24 of them are 

within the set of genes inferred by DSS, MethylSig and RADMeth, respectively. Note that none of 

the 55 AML-associated genes were detected by BiSeq. Additionally of note, mapping using 

Annovar obtains genes that contain DMRs either in the gene body or within 1000 bases upstream 

or downstream of genes. Therefore, our analysis has included genes with DMRs in its regulatory 

region. 

 

Figure 3 Venn Diagram of DMRs inferred from the four comparison methods when 

they were applied to analyze the AML RRBS data. 

Pathway analysis was then conducted to further evaluate the relevance of the genes (using 

ReactomePA [32]). All genes mapped by Annovar were used in the analysis without filtering. A 
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number of pathways were found to be significantly enriched with genes implicated by the 

methods (Figure 4). In particular, “developmental biology” is the common pathway among all 

methods, which appears to be biologically relevant for this particular study: AML is caused by 

cancer stem cells, where “developmental biology” plays an important role in terms of cell 

differentiation. Further, “axon guidance” is another common pathway detected by three of the 

methods (DSS, MethylSig, and RADMeth); this is also biologically relevant because this particular 

pathway is important for switching between cancer stem cells and non-cancer stem cells [33]. 

However, we note that despite the great concordance in the gene-level analysis, there are 

considerable discrepancies at the DMR level as we discussed above and show in Supplementary 

Table S6. Additional pathway analysis by considering subsets of genes inferred from at least two 

methods were also conducted (Supplementary Figure S12). We further conducted pathway 

analysis of the four sets of genes based on the KEGG database in an attempt to identify diseased 

pathways rather than simply considering canonical pathways. Among the 10 pathways labeled by 

KEGG to be important for the development of AML, MethylSig and RADMeth identified two:  

“Pathway in cancer” and “PI3K-Akt Signaling pathway”, while DSS only identified the latter. Note 

that BiSeq did not identify any since, as commented earlier, none of the 55 AML-associated genes 

in the KEGG database were detected by BiSeq. 

 

Figure 4 Pathways that are enriched with genes identified from the comparison 

methods when applied to the AML RRBS data. 

4.2. Analysis of WGBS Mouse Brain Data 

Data description. We considered the mouse brain WGBS data [34], with the goal of identifying 

differential methylation between neuronal and non-neuronal cells from the frontal cortex of the 

mouse. In the experiment, two groups (neurons versus non-neurons) of three mice each were 

considered. For each mouse, its age was also known, which was used as a covariate in the 

RADMeth analysis (3 levels). A total of 21,342,779 CpG sites were considered; their distribution 

over the chromosomes is provided in Supplementary Table S7. Being a WGBS dataset, the number 

of CpGs in this study is several times of that of the RRBS data analyzed in the previous section. 

Results. We performed similar analyses as those in Section 4.1 to dissect the performance of 

the comparison methods. Again, the default settings of the packages were used. Like the AML data, 

the numbers of DMCs detected vary a great deal from method to method (Supplementary Figure 
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S13). Although BiSeq detected the least number of DMCs, it is surprising to see that it detected 

more DMCs that are in common with the other methods compared to the RRBS AML data, which 

is contrary to what we saw in the simulation study. That being said, the overlap between BiSeq 

and any of the other three software packages is only a small proportion of the sites detected by 

the other methods (the most is at 2.44% with DSS). On the other hand, there is a large number of 

common DMCs among the other three methods as in the AML study. For instance, RADMeth and 

DSS detected over 300,000 common DMCs, representing over 94% of the DMCs detected by DSS. 

In terms of DMRs, BiSeq, DSS, MethylSig, and RADMeth identified 8842, 29113, 402279, and 

762536 DMRs, respectively (Supplementary Table S8). As expected, these numbers are many 

times larger than the corresponding ones in the RRBS study; the fold change in the number of 

DMRs is especially large for BiSeq. With the larger number of DMRs detected by BiSeq, the 

overlapping percentages are 19.0%, 9.2%, and 82.9% with those detected by DSS, MethylSig, and 

RADMeth, respectively, compared to 7.9%, 46.0%, and 59.9% for the RRBS data (Table S5). It is 

interesting to see that there is a large decrease in BiSeq’s overlapping percentage with MethylSig 

while there is a large increase with RADMeth when comparing the results between the WGBS and 

RRBS data. In contrast, although there are still considerable overlaps among the other three 

methods, the corresponding overlapping percentages for many decrease compared to the RRBS 

data (see caption of Table S5). However, there are a few exceptions, especially for the DMRs 

detected by DSS: practically all the DMRs detected by DSS are also detected by RADMeth. For 

completeness, we also provide the distributions of the size (in base-pairs) of the DMRs and the 

number of DMCs within each DMR for each of the four methods (Supplementary Tables S9 and 

S10), which shows similar characteristics as in the RRBS analysis; in particular, DSS and RADMeth 

generally have larger regions and more DMCs within each DMR. 

The DMRs identified by BiSeq, DSS, MethylSig, and RADMeth were respectively mapped to 

4343, 9689, 19473, and 22374 genes using the Annovar software [30]. First, we note that BiSeq 

identified many more genes for this WGBS mouse brain dataset compared to the RRBS AML 

dataset. We can also see that a total of 3232 genes were detected by all four methods (Figure 5), a 

very significant number compared to only 114 in the AML study. Analysis of this common set of 

genes as well as genes inferred from at least two methods led to the identification of several 

pathways that are significantly enriched (Supplementary Figure S14).  
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Figure 5 Venn Diagram of DMRs inferred from the four comparison methods when 

they were applied to analyze the mouse brain WGBS data. 

5. Discussion 

In this paper, we carried out a head-to-head comparison of four methods by analyzing BS-seq 

data, which are typically quite limited in the sample size and show variability from sample to 

sample. As such, the four methods selected are beta-binomial based, as they were developed 

precisely to address these two specific issues. Our evaluation was objective in that the simulation 

study data were generated independent of any of the software packages implementing these 

methods. In particular, the simulation study was designed to mimic real data with limited sample 

sizes for both WGBS and RRBS experiments. Further, none of the real data sets used in our 

investigation were produced by the investigators who developed the methods being compared. 

We additionally note that although all four methods could be used to detect DMCs with data of 

context other than CpG (such as CHG and CHH, where H denotes A, T, or C), DSS and BiSeq were 

not designed to evaluate non-CpG data. In addition, due to low methylation levels of data in the 

context of CHH, BiSeq might filter out such sites before the DMC analysis, even if non-CpG data 

were considered. 

Based on results from the extensive simulation study and analyses of both the RRBS and WGBS 

data, we observed that RADMeth had the most power to identify DMCs and DMRs, although its 

false positive rates may be a bit higher than some of the other methods. Our real data analyses 

also reveal that RADMeth was able to uncover biologically meaningful genes in relevant pathways. 

DSS also performed well for both simulated and real data; biologically meaningful pathways were 

identified as well. Despite its performance being slightly less stellar than that of RADMeth, its 

computational efficiency is an extremely attractive feature. Indeed, the analysis time for a single 

replicate of the WGBS simulated data shows that DSS ran more than twice as fast as RADMeth 

(Supplementary Table S11). MethylSig also performed well for the simulated WGBS data and had 

similar run time as DSS (Supplementary Table S11), although its analysis of the mouse WGBS data 

did not recover DMRs that were found by both RADMeth and DSS. Its performance for the RRBS 
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data was also not as good as the other two methods, although still quite similar in some scenarios. 

The intersection of the gene set identified by MethylSig with that from RADMeth in the RRBS AML 

data did lead to enriched pathways that are related to the trait being considered. 

We note that, in the absence of covariates and without invoking the respective “smoothing” or 

“window-based” procedures (i.e. not combining data from neighboring CpG sites in MethylSig and 

not combining p-values in RADMeth), MethylSig and RADMeth employ identical models, with the 

only difference being the respective approximation procedure for estimating the parameters of 

the beta-binomial distribution. As such, it is interesting to investigate under this restricted setting 

whether the results from these two software packages are comparable. To this end, we carried 

out additional analyses using the same WGBS and RRBS simulated data (where there were no 

covariates) but without invoking the respective “smoothing” or “window-based” procedures. The 

results (shown in Supplementary Figures S15 and S16) are quite close under all settings, indicating 

that the different approximate procedures for parameter estimation have little effects on the 

outcome, which is reassuring. Thus, we believe that the different procedures for borrowing 

information from neighboring sites are major contributors to the different performances of the 

two methods. 

On the other hand, BiSeq was difficult to run due to its two-step FDR control procedure, 

especially for WGBS data, and was extremely time-consuming compared to the other methods 

(Supplementary Table S11). In particular, for the simulated data, if one would control the FDR in 

the first step in any meaningful way (e.g. setting the threshold to be less than 0.2), then no DMCs 

would result. The most detrimental effect though, is that almost half of the CpG sites are filtered 

out even for RRBS data for which BiSeq was designed, including many which are true DMCs. This is 

done prior to the differential analysis, leading to extremely low detection rate of true DMCs.  In 

regard to the AML study with the RRBS data for which BiSeq was designed, it is quite surprising to 

see that the analysis of the data did not lead to genes that are in known biological pathways for 

AML. That being said, we note that a different study concluded that both BiSeq and RADMeth 

outperform several other methods [20]. As such, further investigation may be necessary to fully 

ascertain the settings in which BiSeq excels. In this study, we carried out a preliminary exploration 

but were unable to identify settings in which BiSeq outperformed the other methods. More 

specifically, we simulated data using the protocol provided in RADMeth [16], which matches up 

well with the BiSeq clustering criterion. The results were similar to those presented in Section 3: 

BiSeq was only able to analyze a small percentage of the sites, and among those that BiSeq was 

able to analyze, it did perform well (Supplementary Table S12).    

Based on the results from our evaluation, it does not appear that a single software would 

uniformly dominate all the others, especially when computational efficiency is also taken into 

account. However, RADMeth would be recommendable since it has the best overall performance 

based on the simulation study. Due to the difficulty of controlling the two-step error rates and its 

computational intensiveness, BiSeq is not recommended until further improvements or 

clarifications can be made. Our experience from the real data analyses lends itself to a further 

recommendation that if resources permit, it might be beneficial to run all the other three software 

packages, as certain intersections of the genes identified appear to enrich pathways that are 

biologically relevant for the traits being investigated.   

This, of course, is not the first study to compare several methods, but our comparisons differ 

from existing ones and to the best of our knowledge, this is the first study that compares these 
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four beta-binomial based methods head-to-head. Indeed, RADMeth was compared to DSS [16], 

but there does not appear to be any comparison between DSS, MethylSig, and BiSeq. As 

mentioned earlier, this is a completely objective study without bias toward or against any of the 

software, as the simulation data were not generated based on the model of any of the comparison 

methods. Most importantly, this study is comprehensive; it examines both simulated and real data 

as well as considering both the WGBS and RRBS platforms. 

There are other methods and software packages for analyzing BS-seq data, including a list of 22 

methods reviewed in a recent paper [23]. Methods reviewed therein not only contain those that 

are beta-binomial based, but also methods that are based on hidden Markov model [35, 36] or 

Shannon entropy [37-39]. To be sufficiently focused in this study, we selected only four methods 

that are beta-binomial based as this particular type of model is a popular choice to manage both 

between-sample variability and small sample size with BS-seq data. As we alluded to in our 

analysis and the presentation of the results, borrowing information from nearby CpG sites 

(“smoothing”) may lead to improvement of signal strengths because closely located methylation 

signals are correlated [4]. As such, it would be of interest to carry out a separate study to compare 

methods that take such correlated signals into consideration. A related issue that warrants 

investigation of its own is whether direct detection of DMRs is meritorious compared to two-step 

approaches in which DMCs found in the first step are merged into DMRs in the second step, which 

is a feature in three of the four methods being compared. 
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Abstract:  

Interactions between genetic and environmental factors in migraine are well known and can 

potentially determine an individual’s susceptibility to disease and responsiveness to 

treatment. Consequently, several epigenetic studies have been conducted to determine if 

and how genes are activated or inactivated in response to a diverse range of environmental 

migraine triggers. The results, in turn, have helped elucidate how these factors can promote 

or inhibit migraine progression or therapeutic response and can guide development of 

precision medicines for migraine treatment. This review summarizes the current evidence 

and latest findings (accessible mainly through Medline-PubMed) that reveal epigenetic 

processes contributing to migraine pathogenesis acting via various distinct mechanisms. One 

of the most studied mechanisms, DNA methylation within the human methylome, may 

provide a potential epigenetic signature for migraine. Recent basic experimental data and 

clinical findings will be presented here to highlight that epigenetic studies hold great 

potential to explain risk factors, migraine chronification, and therapeutic responses. Current 

challenges and unmet needs are also addressed to promote further investigation of the role 

of migraine epigenetics in disease pathophysiology and to discover useful biomarkers to 

guide development of more effective therapeutics. 
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1. Migraine 

Migraine is a recurrent neurological disorder characterized by moderate to severe headache 

attacks that are often accompanied by neurological and systemic symptoms [1, 2]. Hypersensitivity 

to light and sound, cutaneous allodynia, nausea and vomiting, and various degrees of cognitive 

impairment often occur during one or several migraine phases [2]. These symptoms highlight a 

complex pathophysiology that reflects the involvement of multiple neural networks and brain 

regions in triggering the disorder [3, 4]. Current understanding of migraine pathophysiology 

collectively suggests that migraine is a disorder of the nervous system characterized by structural 

and functional changes in the trigeminovascular system. More specifically, alterations observed in 

brain connectivity, as well as in activation of brain stem, hypothalamic, and thalamocortical 

circuits are suspected to play key roles in the disorder [4]. Advances in understanding of migraine 

pathogenesis have led to identification of new migraine-associated genes and brain regions that 

are activated at the earliest stages of a migraine attack; these results highlight the potential roles 

of cervical nerves and neuropeptides in migraine initiation [4].  

Migraine is ranked as one of the most prevalent and disabling medical disorders around the 

globe [5]. Lifetime prevalence of migraine is 33% in women and 13% in men [1]. The mean 

prevalence of current migraine in adults is 14.7% (8% in men and 17.6% in women) [6]. Migraine 

poses a significant personal and economic burden [7, 8], with an annual cost burden estimated at 

$20 billion in the US and €27 billion in Europe [9]. Continuous absenteeism from the workplace 

due to debilitating migraine attacks has been shown to impose a higher cost burden than actually 

generated by treatment costs [10]. Indeed, 19% of total lost work productivity is a result of the 

collective impact of all chronic diseases, with migraine alone responsible for 89% of disease-

related burden [11]. 

Current strategies to manage migraine are largely inadequate [12] and are largely based on the 

use of triptans [13] for acute management of migraine and of botulinum neurotoxin for 

prevention of chronic migraine [14]. However, recent progress in mechanistically informed drug 

development has resulted in the creation of a new class of drugs [15] with promising disease-

specific therapeutic effects for migraine management. These drugs include monoclonal antibodies 

developed against calcitonin gene-related peptide (CGRP) (eptinezumab, galcanezumab, 

fremanezumab) and the CGRP receptor (erenumab). These drugs have shown promising efficacy 

and acceptable safety profiles in clinical trials [16]. In May 2018, the FDA (Food and Drug 

Administration) and EMA (European Medicines Agency) approved erenumab (Aimovig), a first-in-

class drug for the prevention of migraine in adults. 

Genes and environment encompass numerous known risk factors for migraine pathogenesis [4, 

17]. Changes in barometric pressure, stress, altered metabolism, diet, hormones, and sleep 

disturbances have all been demonstrated to influence migraine susceptibility and treatment 

response. Meanwhile, several factors known to increase the risk of transition from episodic to 
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chronic migraine include recurrent attacks, abortive medication overuse, inadequate migraine 

attack management, and obesity [1, 18]. Female gender, depression, anxiety, and comorbid pain, 

as well as other disorders, are also risk factors for chronic migraine [18], a phenotype likely 

determined by both genetic and environmental factors [17]. 

Migraine has been long considered to be a heritable disorder [19]. While genome-wide 

association studies have yet to demonstrate large effects of genetic alterations on migraine risk 

[20], single gene mutations have been identified for rare migraine, including familial hemiplegic 

migraine (FHM) [21]. FHM is a rare autosomal dominant type of migraine with aura characterized 

by reversible motor weakness that typically resolves within minutes to hours [22, 23]. Classically, 

three genes are known to be associated with the three known types of FHM [1]. FHM type 1 is 

characterized by gain-of-function mutations in the gene for CACNA1A, a protein which encodes 

the α1 subunit of neuronal Cav2.1 calcium channels on excitatory glutamatergic neurons. FHM 

type 2 is known for gain-of-function mutations in ATP1A2, which encodes the α2 subunit of 

Na+/K+-ATPase pumps located on astrocytes. In these two types of FHM, net excitatory 

neurotransmission is evident, due to unregulated release or reduced uptake of synaptic glutamate. 

FHM type 3 is characterized by loss-of-function mutations in SCNA1, which encodes the pore-

forming α1 subunit of neuronal Nav1.1 sodium channels that span membranes of inhibitory 

interneurons. This mutation results in unregulated firing of excitatory neurons [1, 22, 23].  

Genome-wide association studies (GWAS) [24, 25] examining migraine susceptibility genes have 

identified one DNA variant within the MTDH gene that is associated with migraine with aura, as 

well as six gene loci (MEF2D, TGFBR2, PHACTR1, ASTN1, TRPM8, and LRP1) for migraine without 

aura. Notably, these genes are involved in glutamatergic neurotransmission or neuronal and 

synapse development and could influence enhanced cortical excitability in migraine. Meanwhile, a 

meta-analysis of GWAS [25] revealed 44 independent single-nucleotide polymorphisms 

significantly associated with migraine risk. These single-nucleotide polymorphisms mapped to 38 

distinct genomic loci. Of these loci, 28 had not been previously reported and included the first X-

linked migraine-associated gene ever identified. Notably, five of the loci are involved with or 

linked to ion channels that influence neuronal excitability. In other studies, genes expressed in 

vascular and smooth muscle tissues have also been identified, indicating that vascular 

homoeostasis could be integral to migraine pathogenesis for at least some patients [1, 24, 25]. 

Despite great efforts, until now GWAS have only explained a fraction of the total heritability of 

migraine. Therefore, non-genetic factors such as known environmental triggers of migraine should 

also be included in the analysis [26]. In fact, twin studies have provided information on genetic-

environment interaction in migraine, showing that heritability ranges from 40 to 60%, with a 

contribution of nonshared environmental factors of 35-55% [27-29]. These results thus suggest 

that genetic factors and environment play almost equally important roles in migraine. Various 

environmental factors, such as alcohol consumption, smoking, nutrition, stress, environmental 

changes, exercise, and menstrual cycles in women, have been frequently reported to be 

associated with migraine [30]. Such modifiable risk factors could be controlled to enhance patient 

quality of life and reduce the burden of disease.  

To investigate the role of environmental factors in migraine, studies have recently 

demonstrated that epigenetics may play an important role [31]. For instance, a direct correlation 

has been observed between cortical spreading depression (CSD) and changes in epigenetic 

markers within neuronal plasticity genes [32]. Meanwhile, other studies have revealed a 
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suggestive link between mitochondrial dysfunction and a decrease in migraine attack threshold, 

highlighting the potential participation of dysfunctional mitochondrial DNA methylation as a new 

avenue of migraine research [33]. Unfortunately, current symptomatic and prophylactic 

treatments for migraine are effective in less than half of patients [34]. Moreover, the effects of 

some analgesics and triptans change over time and are dependent upon frequency of use. 

Because these observations are not solely explained by genetic alterations, the possibility that 

epigenetic changes might play a role should be investigated further. Recent techniques including 

array-based analysis or next-generation sequencing enable genome-wide and high-throughput 

analysis of epigenetic markers [31, 35]. These techniques permit analysis of histone modifications 

(by chromatin immunoprecipitation), DNA methylation (by bisulfite conversion of unmethylated 

cytosines or by immunoprecipitation of methylated DNA using antibodies), and methyl-CpG-

binding domains [36].  

A recent study proposed for the first time that the pattern of DNA methylation in genetic 

regulatory elements involved in migraine pathogenesis might be altered, increasing susceptibility 

to migraine attacks. Consequently, Gerring et al. [37] investigated genome-wide patterns of DNA 

methylation in whole blood from migraine patients compared with sex- and age-matched controls. 

Association analyses between migraine and DNA methylation detected using probes 

demonstrated 62 independent regions that were differentially methylated. Further analysis by this 

group [37] found that these regions were enriched within genomic regulatory elements residing in 

close proximity to genes involved in solute transport and hemostasis [37]. 

Recently, epigenome-wide association studies have proposed that associations of epigenetic 

markers to a trait could be used in conjunction with genetic variations discovered using GWAS [38] 

to advance our understanding of gene-environment interactions in migraine, although at present 

the role of epigenetics in migraine is an emerging but underexplored field. A 2017 review [39] 

included 15 English-language publications based on a Medline-PubMed literature search focusing 

on the involvement of various epigenetic mechanisms in headache. Although migraine was 

included in their search terms, the review [39] that included other primary headaches is the most 

recent review in the field of epigenetics and headache. Collectively, the reviewers concluded that 

limited but consistent evidence points to a relationship between epigenetics and headaches, 

particularly for migraine headaches [39]. A summary of the findings revealed potential 

participation of hypomethylation, hypermethylation, hyperacetylation of H3 histones, and 

alterations in certain miRNAs. These findings are reviewed below. After epigenetics is first briefly 

defined, primary epigenetic-based mechanisms are discussed, followed by presentation of 

detailed evidence on the role of epigenetic mechanisms in migraine. 

Epigenetics was first defined by Conrad Waddington in 1942 [40] and is used to describe 

modifications to the function of a gene that do not alter the DNA sequence of the gene itself. 

Epigenetic processes encompass a range of chemical modifications to diverse types of 

chromosomal sites, including RNA- and protein-coding sequences, transcription factor-binding 

sites, and DNA methylation sites, that mediate effects of genetic, environmental, and stochastic 

factors on gene expression [41]. Epigenetics encompasses molecular mechanisms that include 

DNA methylation, histone posttranslational modifications (PTMs), nucleosome repositioning, 

chromatin remodeling, effects of noncoding RNAs, and RNA editing [42, 43]. Ultimately, 

epigenetics represents partially heritable alterations that can influence gene expression through 

higher structural modifications of chromatin, not through DNA sequence alterations [44].  
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Epigenetic functions can be divided into three main systems that include methylation, histone 

modification, and RNA-associated silencing [42]. These alterations often involve chemical addition 

or removal of methyl or acetyl groups, resulting in altered chromatin conformation that 

subsequently induces altered gene expression. Alterations are triggered by either environmental 

factors or aging processes [45], the latter of which have been recently reviewed with emphasis on 

the role of DNA methylation in age-related disease [46]. For common diseases of aging, an 

epigenetic framework can help provide an explanation of three important characteristics: age-

dependence that is not well explained by accumulated mutations, the quantitative nature of a 

trait, and the mechanism by which the environment may modulate genetic predisposition [46, 47]. 

Epigenetic alterations may influence disease phenotypes by affecting the target gene directly, 

regardless of sequence variation within the gene. Alternatively, the influence of epigenetic 

markers on disease phenotypes can occur via interactions with specific DNA sequence variants 

[47]. 

2.1. DNA Methylation  

DNA methylation (5-methylcytosine) involves the addition of methyl groups via the covalent 

modification of CpG (5'-cytosine-phosphate-guanine-3') sites distributed throughout the genome. 

These modifications exhibit transcriptional regulatory properties, with high levels of DNA (or CpG) 

methylation observed particularly near transcription start sites. Although such methylation has 

been traditionally associated with decreased gene expression, recent studies have shown CpG 

methylation to be actually associated with increased expression as well [48]. Thus, regulatory 

properties of CpG methylation are far more complex than previously envisaged. Notably, DNA 

methylation changes in response to genetic, environmental, and stochastic factors can be 

preserved between cell divisions, as well as across generations in some instances [49]. DNA 

methylation therefore represents a critical cellular phenotype that can be mapped on a genome-

wide scale to DNA sequence variation and gene expression, providing an integrated model of 

disease susceptibility. Indeed, methylation [43] is the primary form of epigenetic modification, 

with numerous diseases associated with differentially methylated regions. Consequently, 

demethylating agents or methyl donors are being intensively evaluated as epigenetic therapies 

[50]. 

The mechanistic action whereby methylation of DNA sites blocks binding of transcription 

factors to other regulatory sequences (e.g., enhancers) occurs through the recruitment of MECP2 

proteins, which bind to methylated cytosines and attract histone deacetylases (HDACs). HDACs, in 

turn, promote formation of a closed chromatin conformation that also prevents the transcriptome, 

a critical complex involved in DNA polymerase binding, from associating with promoter sites. In 

this way, methylation further downregulates transcription and, by acting in conjunction with other 

pathways, partly controls gene expression [51-54]. Therefore, DNA methylation patterns can be 

inherited but can also be altered, ultimately influencing DNA expression without modifying the 

DNA sequence. Preferential sites of DNA methylation include DNA strands with a high 

concentration of cytosine and guanine repeats (CpG islands) [55]. Indeed, alterations in the levels 

of DNA methylation are a known mechanism for the fine-tuning of gene expression [56] in 

response to changing environmental conditions, with an increasing number of studies correlating 

epigenetic modifications with disease phenotypes [57, 143]. These studies have focused almost 
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exclusively on DNA methylation, since the associated quantitative assays permit detection of small 

methylation changes associated with a phenotype in heterogeneous tissue samples [37, 58]. 

2.2. Histone Modification  

Histones [59] are the principal nuclear proteins responsible for DNA condensation and 

decondensation. DNA is wrapped around protein octamers containing four pairs of core histone 

proteins associated with linker and specialized variant histones. This complex of multiple histones 

and interlaced DNA comprises a nucleosome, which mediates the structure and function of 

individual transcriptional units. Histones contain basic N-terminal tails that preferentially undergo 

multiple posttranslational modification events, such as acetylation, methylation, phosphorylation, 

ubiquitylation, sumoylation, ADP ribosylation, deamination, or proline isomerization. These events 

determine nucleosomal conformational properties, environmental responsiveness, and 

transcriptional activity that can subsequently and influence additional epigenetic DNA 

modifications [60]. Through reactions catalyzed by histone acetyltransferase enzymes, histones 

are acetylated by activators, promoting chromatin structural shifts from closed to open 

configurations; the opposite effect is induced by inhibitors that direct deacetylation of histones. 

Meanwhile, ubiquitination is another type of chemical modification that can alter histone 

structure through the formation of internal chains attached to lysine residues within histone 2A. 

Ubiquitination ultimately reduces the positive charge of the histone, promoting a more open 

conformation that is permissive to transcription. Phosphorylation is yet another modification that 

creates an open chromatin structure to allow transcription; introduction of negative charges of 

phosphate groups make histones less positively charged, resulting in greater repulsion between 

histones and negatively charged DNA [61]. Finally, various combinations of the aforementioned 

chemical changes can also act to affect chromatin structure. For example, phosphorylation of 

histone residue H3 on serine 10 promotes acetylation on the adjacent lysine 14 residue [62]. 

2.3. Noncoding RNAs  

Noncoding RNAs (ncRNAs) are RNA molecules of various sizes with diverse functions that are 

abundantly found across many cell types and play an essential role in gene regulation [63]. ncRNAs 

are divided into several subclasses, one of which includes long noncoding RNAs (lncRNAs) 

associated with important functions, most of which are regulatory in nature [64-66]. Within the 

epigenetics field, ncRNAs are defined as either long or short, with an arbitrary length demarcation 

between types set to 200 nucleotides [67]. This size distinction is useful for distinguishing among 

the current characterized classes of small functional RNAs, including miRNAs, piRNAs (PIWI-

interacting RNAs), siRNAs (small interfering RNAs), snoRNAs (small nucleolar RNAs), and tRNAs 

(transfer RNAs) from long noncoding RNAs (lncRNAs) [68]. Functions that have been associated 

with ncRNAs include transcriptional activation, gene silencing, imprinting, dosage compensation, 

translational silencing, and modulation of protein function [69]. Short and lncRNAs play important 

roles in neuronal epigenetic mechanisms [70], where the roles of ncRNAs in neuronal and 

cognitive functions are just beginning to be explored. Emerging studies have recently introduced 

the concept that ncRNAs are involved in the epigenetic process underlying cognition, as well as in 

cognitive disorders such as schizophrenia and Alzheimer's disease [71]. Meanwhile, although 

assessment of lncRNA in pain and headache disorders is still in its infancy, lncRNAs may serve 
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crucial roles in cell development, proliferation, differentiation, migration, and invasion [72]. It is 

important to note that epigenetic changes are not independent of one another and crosstalk does 

exist [73]. It is therefore important to examine additional layers of epigenetic regulation. 

Understanding epigenetic regulation at both genome-wide and gene-specific levels will provide 

insights into how changes occur and how they can be reversed. 

3. Epigenetics of Pain 

Although epigenetics of pain [73-78] is beyond the main scope of this review, environmental 

and behavioral factors that influence pain through epigenetic processes [79, 80] may also be 

relevant to the epigenetics of migraine. Indeed, evidence exists for epigenetic modulation, both in 

the acute pain response and in chronic pain [76, 81]. For example, in both animal models and 

humans, continuous DNA methylation induced by low back pain has been linked to increased and 

faster degeneration of vertebral disks [75, 82]. In animal nerve injury models, sustained histone 

deacetylation has been reported to generate permanent C-fiber dysfunction [83], decreased 

responsiveness to morphine analgesia, and upregulation of pronociceptive metabotropic 

glutamine receptors [75, 83]. Epigenetic processes have also been linked to variations in the 

production of stress-induced glucocorticoids, differential responsiveness to steroidal anti-

inflammatory drugs, and glucocorticoid resistance that have all been proposed to contribute to 

pathological chronic pain conditions [75]. The role of the nonneuronal glial cell [84] is also 

becoming apparent in chronic pain [85], since these cells are highly responsive to environmental 

insult. It has been suggested that defects in mRNA editing or in DNA regulation within glial cells 

promotes deregulated pain. Thus, chronic pain may be due to pathological RNA editing and DNA 

rewriting that persistently affects glial cell activity [86]. Because DNA methylation associated with 

chronic pain appears to be widespread, it is possible that general modulators of DNA methylation 

acting system-wide may also participate [73]. Although DNA methylation modifiers are still only 

tools for research, a novel genome-editing technology may offer clinical value moving forward. For 

example, TET-TALE fusion proteins have been shown to effectively target and demethylate 

individual genes in vitro [87], while Cas9 DNA-editing systems offer novel and flexible approaches 

to individual gene targeting [88]. 

Interestingly, several readily available nutritional compounds have been identified that can 

modify DNA methylation, such as folate, a B-vitamin administered to pregnant women to reduce 

the risk of infant neural tube defects. Meanwhile, for treatment of neuropathy, folate has been 

shown to facilitate neural regeneration in a dose-dependent manner via DNA methylation 

machinery-dependent processes [89]. For another disorder, idiopathic juvenile arthritis, the oral 

HDAC inhibitor Givinostat relieved arthritic symptoms after 12 weeks of treatment but did not 

reduce the pain component of the disease [90]. Another nutritional compound, glucosamine, is 

produced by the body for biosynthesis of cartilage-repairing glycoproteins and glycosaminoglycans 

and is available as a nutritional supplement for joint and pain management in osteoarthritis [91]. 

Evidence suggests that glucosamine also alters the methylation status of chromatin [92]. 

Therefore, a role for epigenetic modifications in pain is likely [75] and the therapeutic potential 

already exists to alter epigenetic processes to improve analgesic outcome. 

Numerous diverse studies are exploring roles of lncRNAs in different types of pain, including 

neuropathic pain. Recent evidence indicates that lncRNAs are upregulated or downregulated in 
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some neuropathic pain models. For example, the expression of lncRNA colon cancer-associated 

transcript-1 (CCAT1) in a neuropathic pain model of bilateral sciatic nerve chronic constriction 

injuries (bCCI) has been found to be decreased [93]. In this study, lncRNA CCAT1 overexpression 

was demonstrated to increase pain threshold and reverse cold allodynia in rats. Collectively, 

findings from these studies highlight a potential role of lncRNAs as a novel group of targets for the 

treatment of neuropathic pain [94]. Consequently, RNA-associated silencing and the role it plays in 

disease is becoming an important research area [95, 96]. 

4. Migraine Epigenetics 

Accumulating evidence is implicating epigenetic mechanisms as important in migraine 

pathogenesis. These results may eventually guide development of tests to determine disease 

susceptibility and predict disease course for a given individual. Eventually this information should 

inform the development of precision medicines, including epigenetic-based therapies for efficient 

pharmacotherapy of migraine [31]. In a 2008 review [97], a detailed outline of genetic studies of 

patients with primary headaches (mainly migraine) and a comprehensive hypothesis incorporating 

advances in epigenetics were presented [98]. After considering epigenetic factors, environmental 

factors likely to act via epigenetic changes were later highlighted by Schürks [98], suggesting that 

medication responses could be rooted in epigenetics. His pharmaco-epigenetic model of migraine 

was based on his argument that only half of migraine patients respond to abortive and preventive 

drugs [34]. In addition, the observation that patient responses to triptans change over time and 

depend on administration frequency might also be explained by epigenetic factors [98]. 

4.1. Environmental Factors and Migraine 

Environmental factors originate from nutritional, psychological, hormonal, or behavioral factors 

that may trigger migraine either directly or indirectly by lowering the migraine attack threshold of 

the brain, making the brain more susceptible to triggering factors [31]. Female sex hormones have 

long been associated with migraine [99] and migraine affects up to three times more females than 

males [100, 101]. Hormonal events in females are known to be key contributors and include the 

menstrual cycle, pregnancy, or contraceptive use [102]. Menopause is, however, associated with a 

decline in migraine risk, most likely as a result of reduced estrogen and progesterone production 

[103]. Meanwhile, animal studies have demonstrated that female hormones directly affect 

migraine-associated processes. For example, in a transgenic mouse model of FHM using mice 

carrying the pathogenic gene mutation [19], increased susceptibility for CSD induction was 

observed, but only in female mice [104]. When female mice underwent ovariectomy, susceptibility 

for CSD induction was reduced but could be subsequently restored by exogenous administration 

of estrogen [104]. A number of other studies in rats have also demonstrated that menstrual cycle, 

ovariectomy, or exogenous administration of estrogen altered activity of the trigeminal 

nociceptive pathway [99]. These results could be attributed to female hormonal signals 

transmitted predominantly via nuclear receptors that subsequently adjust epigenetic 

programming of their target genes [105]. One such target, the estrogen receptor beta gene, 

regulates expression of the glucose transporter Glut4 through low-level DNA methylation [106]. 

Exogenous administration of an estrogen receptor beta agonist has been reported to increase 

gamma-aminobutyric acid (GABA) synthesis [107], while estrogen receptor alpha activation is 
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associated with enhanced expression of the astrocytic glutamate transporter GLAST [108]. 

Considering these findings, a change in the balance between inhibitory and excitatory 

neurotransmission may contribute to increased neuronal excitability during migraine attacks, 

ultimately leading to hyperexcitable brain [109]. Indeed, this has been demonstrated in a 

transgenic mouse model of FHM1, where glutamatergic signaling and cortical neuronal activity are 

increased [110]. 

Stress is another well-known trigger of migraine [111] and is heavily influenced by 

environmental programming through epigenetic mechanisms. A rat model of early life stress 

imposed by deficient maternal care demonstrated effects on the epigenome [112, 113] that 

resulted in behavioral and stress responsiveness effects that persisted for life. The mechanism 

underlying this phenomenon was attributed to increased DNA methylation observed within the 

brain-specific promoter of the glucocorticoid receptor gene Nr4a3, the main receptor for 

glucocorticoid stress hormones [112]. Other studies have also shown that early life stress may lead 

to increased risk for migraine [114], with evidence demonstrating a link between posttraumatic-

stress disorder (PTSD) and migraine [115]. Although the odds of PTSD are increased in both female 

and male migraine patients, this association is stronger in men [115]. 

There are a number of other environmental factors [116] known to trigger migraine attacks, 

but whether epigenetic mechanisms are involved has yet to be demonstrated. Odors and air 

pollution are reported as migraine triggers, as several reports have demonstrated strong links 

between airborne chemicals and headaches [117]. Recently, it was suggested that TRPA1 agonists 

are critically involved in air pollution-induced human headache [118]. TRPA1 agonists acrolein and 

formaldehyde are environmental irritants found in indoor and outdoor pollution. Although few 

studies [119, 120] have examined whether environmental irritant exposures induce migraine 

behavioral phenotypes, the results from these studies suggest that inhalation exposure to 

environmental irritants induces trigeminovascular and central nervous system sensitization, 

reproducing some features of chronic migraine models [119, 120]. These studies highlight that 

TRPA1 receptors have important roles in migraine and that they could be targeted for therapeutic 

purposes [119, 121]. Lipid signaling may be another potential mechanism by which repeated 

exposure to acrolein may drive trigeminovascular sensitization [120]. 

Wu et al. [122] evaluated the role of the JNK/c-Jun cascade in regulation of histone H3 

acetylation within rat trigeminal neurons in vitro following neurotoxic stimulation with mustard 

gas. This study [122] was the first to provide solid evidence for JNK kinase involvement in the 

epigenetic modulation of histones within peripheral trigeminal neurons in response to chemical 

environmental stimulation. More recently, c-Jun has also been shown to be an inducible 

transcription factor whose phosphorylation occurs in response to nerve injuries, infections, and 

nervous system inflammation [123-125]. 

The importance of CGRP in migraine pathophysiology has been demonstrated in migraine 

patients by induction of migraine headaches through injection of CGRP receptor agonists [126] 

and conversely through the alleviation of migraine pain using a CGRP receptor antagonist [127]. 

Meanwhile the indirect involvement of regulation of CALCA and RAMP1 genes in migraine 

susceptibility has been suggested in several studies. Wan et al. examined whether the methylation 

pattern in the promoter region of the RAMP1 gene in peripheral leukocytes is associated with 

migraine [128] by studying 51 subjects (26 patients with migraine and 25 healthy age- and gender-

matched controls) who were treated with bisulfite followed by measurement of DNA methylation 
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levels within the RAMP1 promoter region. Overall, no significant difference between migraine 

patients and controls was observed in the methylation of 13 CpG sites within the promoter region 

of the gene, specifically at base positions between -300 and 205 bases with respect to the start of 

transcription. However, a slight tendency for globally increased methylation was found in migraine 

patients. A later stratified analysis showed that methylation levels of CpG dinucleotides at base 

positions +25, +27, and +31 bases from the transcription start site were significantly associated 

with a family history of migraine. In addition, methylation of CpG at positions +89, +94, and +96 

was related to migraine in women. Interestingly, when methylation levels in the latter region 

decreased below 3.50%, the risk of migraine increased significantly in women but not in men. 

Therefore, the authors suggest that methylation of this region in peripheral leukocytes could be 

considered an “epigenetic biomarker” to predict migraine risk in the female population [128]. 

Despite its limitations in terms of the limited number of samples and testing only in leukocytes, 

this study provides the first evidence that DNA methylation in the promoter region of the RAMP1 

gene may play a role in migraine. 

Considering growing evidence of the involvement of glia in pain, Park et al. [129] investigated 

whether epigenetic mechanisms influence specific cellular expression of the CALCA gene. This 

group used rat and human commercially available cell lines and primary glial cell cultures of rat 

trigeminal ganglia to measure DNA methylation and histone acetylation within a CpG island close 

to an enhancer region that is active in neurons but inactive in glia. They found that DNA 

methylation and acetylation of H3 histones of the CpG island correlated with expression of the 

CALCA gene, with hypomethylation observed in cells that express the gene and hypermethylation 

or hypoacetylation observed in cells that do not express it (e.g., glial cells). This indicates that the 

specific cellular pattern of histone methylation and acetylation could explain silencing of both rat 

and human CALCA genes in different cell types. In addition, this study examined the functional 

consequence of altered chromatin status using quantitative measurements of calcitonin mRNA 

and CGRP after addition of the methylation inhibitor 5-aza-2'-deoxycytidine and an inhibitor of 

histone deacetylase, trichostatin A. Treatment of cells with 5-aza-2'-deoxycytidine induced 

expression of the CALCA gene in both human and rat glia cultures, while treatment with 

trichostatin A had no effect. Surprisingly, combined treatment of trichostatin A and 5-aza-2'-

deoxycytidine showed a very powerful synergistic effect on the induction of CALCA gene 

expression in glia, suggesting that DNA demethylation must occur prior to histone acetylation. 

Nevertheless, methylation of this region is a key determinant for specific cellular expression of this 

gene and epigenetic modulation is sufficient for the induction of CALCA gene expression in glia.  

Neurogenic inflammation has also been implicated in migraine. Because CALCA gene expression 

is systematically induced only during inflammation in tissues lacking normal expression of this 

gene, procalcitonin, a calcitonin precursor produced upon CALCA induction, is a biomarker worth 

exploring in migraine [129]. A limitation is that due to the inaccessibility of human neurological 

tissue, most studies have been performed using human leukocytes, cell lines, or rat neurological 

tissues. It is therefore unclear whether patterns of DNA methylation in blood leukocytes correlate 

with patterns in neurological tissue. To address this concern, Labruijere et al. [130] studied DNA 

methylation patterns in rat leukocytes and tissues including dura mater, trigeminal ganglia, and 

caudal trigeminal nucleus. DNA methylation patterns of genes associated with migraine 

pathophysiology that are likely epigenetically regulated, including genes for CALCA, RAMP1, CRCP, 

and CALCRL, were compared in various tissues. For previously studied genes coding for CALCA and 
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RAMP1, methylation pattern concordance was observed among all tissues, thus demonstrating 

that CALCA and RAMP1 gene results could be extrapolated to neurological tissue [130]; however, 

this result was not observed for the other two genes. Meanwhile, the authors observed high 

agreement between DNA methylation in rat and human leukocytes [130], indicating that it is 

possible to study DNA methylation in rat tissues for tissues or samples that would be difficult to 

obtain from humans. In contrast, several genes encoding proteins involved in the methylation 

cycle, such as the methylene tetrahydrofolate reductase gene (MTHFR), have not been associated 

with migraine using GWAS. Nevertheless, methylation of some genes associated with migraine 

might be epigenetically regulated [130].  

Inflammation has long been suggested to play a role in migraine. For example, proinflammatory 

cytokines are released during CSD in rat hippocampus [131]. Interestingly, inflammatory mediators 

may induce gene expression changes by altering epigenetic processes [132], while their expression 

may be reduced by treatment with HDAC inhibitors [133]. Immune mediators have also been 

shown to be involved in sensitization of nerve endings in the meninges that promote pain 

sensation [134]. This sensitization is the result of vasodilation and the release of proinflammatory 

cytokines. Notably, prolonged inflammatory pain was shown to promote pain sensitivity by 

causing histone hypoacetylation of the Gad2 gene, which is involved in GABAergic signaling [135]. 

Therefore, migraine-related pain may induce the sensitization of certain pain pathways via 

inflammation-induced changes in epigenetic gene regulation. 

4.2. Chronification of Migraine 

Attack frequency may change over the lifetime of a migraine patient and, in some patients may 

progress to chronic migraine. Because migraine patients with a high baseline attack frequency are 

at increased risk for chronic migraine [136], migraine attacks themselves might promote 

development of chronic migraine. Additionally, recent studies have shown that synchronous 

neuronal activity, such as that occurring during CSD, results in changes in epigenetic markers 

within genes involved in neuronal plasticity and neuroprotection [32, 137]. These results align with 

evidence that epigenetic mechanisms involved in the regulation of basal synaptic activity can also 

induce long-term changes in synaptic activity levels [138]. CSD is a wave of neuronal and glial 

depolarization that propagates slowly throughout the cerebral cortex, followed by sustained 

suppression of spontaneous neuronal activity. During CSD, cortical changes and activation of 

metalloproteinases break down the blood-brain barrier, allowing chemical mediators to activate 

trigeminal terminals surrounding meningeal vessels [139]. Evidence exists that suggests that CSD 

also may be involved in the epigenetic control of gene expression through induction of histone 

modifications. It has been established that trimethylation of lysine 4 in histone H3 (H3K4) occurs in 

all active genes, while trimethylation of H3K9 occurs in compact heterochromatin that is 

transcriptionally inert. Based on these facts, Passaro et al. [32] assessed whether CSD causes 

epigenetic modifications in rat chromatin levels of H3K4 and H3K9 methylation by comparing 

results for a cerebral hemisphere with CSD induction to results for the contralateral hemisphere 

without CSD induction. Subsequently, epigenetic modifications of chromatin were evident in rats 

24 hours after CSD induction, with a significant decrease in dimethylation and monomethylation 

of H3K4 and an increase in dimethylation of H3K9 [32]. In another study, Rana et al. [140] 

examined H3K4 and H3K9 dimethylation levels at specific loci in rat brains 24 h after CSD induction. 
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The neuroprotective genes iNOS and HIF-1α showed marked increases in lysine 4 dimethylation 

and decreased lysine 9 dimethylation of H3 histones. These results confirm the hypothesis that 

epigenetic regulation of gene expression is influenced by CSD.Taken together, it is conceivable 

that increased neuronal activity in migraine alters the brain epigenome, thereby promoting 

subsequent migraine attacks and creating a feed-forward loop. In this paradigm, epigenetic 

programming of genes and pathways underlying excitability may be altered towards a more 

sensitive baseline state as a mechanism underlying migraine chronification.  

A study conducted by Winsvold et al. [141] supports the association between changes in the 

methylation of genes that regulate synaptic plasticity and chronification of headache. This study 

was conducted using 36 female patients who progressed from episodic to chronic headache 

between initial assessment and follow-up 11 years later, with 35 age- and gender-matched 

controls experiencing episodic headache. DNA methylation was subsequently quantified at 

485,000 CpG sites and changes in methylation in cases and controls were compared in two steps 

using linear regression analysis [141]. After combining the results from both stages of analysis, 20 

CpG sites were identified that were associated with the chronification of headaches, although 

none reached the threshold of statistical significance in a fixed-effect meta-analysis. CpG sites with 

greatest association with chronification were located within genes for SH2D5 and NPTX2, both 

regulators of synaptic plasticity. Ultimately, the complete list of CpG sites with the greatest 

association exhibited enrichment of genes related to calcium ion-binding function. Nevertheless, 

given that this was a cross-sectional study, it is not possible to conclude whether changes in 

methylation of these genes were a cause or consequence of frequent headaches [141]. 

Because migraine is comorbid with other disorders, study of comorbid disorders may be helpful 

to understanding migraine. For example, the role of epigenetic mechanisms in depression [142], a 

disorder comorbid with migraine, is evident from animal models for major depressive disorder 

that show large changes in epigenetic programming of stress-related genes, (e.g., the gene for 

BDNF) that are reversed by antidepressant treatment [143, 144]. For another comorbid disorder, 

epilepsy, the contribution of epigenetics to epilepsy is illustrated by the high occurrence of this 

disorder in Rett syndrome and alpha thalassemia mental retardation, two disorders caused by 

mutations in epigenetic effector proteins methyl CpG binding protein 2 (MeCP2) and ATRX, 

respectively [145, 146]. In addition, the brain of temporal lobe epilepsy patients contains 

increased DNA methylation at the Reelin promoter [147], a gene involved in brain plasticity, with 

reduced expression (resulting from methylation) that contributes to epilepsy pathogenesis [148]. 

These examples of comorbid conditions show that causal pathways shared between migraine and 

its comorbid disorders, including depression, epilepsy, and cardiovascular disorders [149], may be 

modulated by epigenetic mechanisms. 

4.3. Medication Abuse 

Medication abuse by headache patients may share pathogenic mechanisms and genetic factors 

with other types of drug through enhancement of predisposition factors [150-152]. In this sense, 

inhibition of histone deacetylase 3 seems to play a role in the memory processes involved in 

cessation of drug dependency in animal models [153]. Histone deacetylase 3 is a protein 

expressed in almost all tissues, including the brain, that is responsible for deacetylation of lysine 

residues from central histones. Pisanu et al. [154] were the first to investigate the role of histone 
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deacetylase 3 polymorphisms in relation to excessive medication use. Although this was only a 

pilot study, the results showed a significant association of the G allele polymorphism rs2530223 

with higher medication consumption, although this variant was not associated with frequency or 

intensity of headache episodes [154]. 

4.4. Modification of Noncoding RNAs in Migraine 

Noncoding RNAs are RNA molecules that are not translated into proteins and have a wide 

variety of gene regulatory functions. Among the many known types of noncoding RNA, miRNAs 

stand out because they have been extensively studied in recent years. MiRNAs reduce mRNA 

levels and play an important role in the posttranscriptional processing of genes through formation 

of RNA-induced silencing complexes. MiRNAs also appear to be involved in pain signaling, as 

shown in studies where miRNAs dysregulation was found in patients with complex regional pain 

syndrome, osteoarthritis pain, and fibromyalgia [155]. Based on these findings, alteration of 

miRNA in migraine has also been postulated, but in only a handful of preliminary studies. We 

examined possible changes in miRNA in the blood of patients during the course of migraine 

episodes versus healthy controls and assessed whether chronic differences in blood miRNA levels 

were observed between groups [156]. Subsequently, elevated blood levels of miRNA-34a-5p and 

miRNA-382-5p were observed during migraine attacks, with differences also observed during pain-

free periods. It is interesting to note that miRNA-34a-5p is associated with inflammation and 

vascular endothelial stress response and that miRNA-382-5p is found principally in neurons and 

cerebrospinal fluid, appearing only in small amounts in blood. It has been suggested that the 

blood-brain barrier may exhibit altered integrity during migraine attacks, suggesting that increased 

miRNA-382-5p may originate from central nervous system structures or from cerebrospinal fluid. 

We propose that migraine conditions change the expression of miRNA in blood, not only during 

attacks but also during pain-free periods, indicating that miRNAs play an important role in the 

pathophysiology of migraine. Based on these results, quantification of miRNA in blood might serve 

as a biomarker of migraine, with potential applications for patient stratification, diagnosis, and 

monitoring of treatment [156].  

In a pilot study, Tafuri et al. [157] evaluated expression of circulating miRNAs in female patients 

with history of migraine without aura during pain-free periods compared to healthy controls. A 

specific profile of expression of circulating miRNAs was associated with migraine that was 

statistically distinct from that of healthy controls, with migraine associated with overexpression of 

miRNA-27b and underexpression of miRNA-181a, miRNA-let-7b, and miRNA-22. In addition, in this 

population the specificity and sensitivity of the miRNA pattern for use in diagnosing migraine was 

comparable to the gold standard of clinical criteria. Therefore, concomitant evaluation of these 4 

miRNAs could represent a diagnostic tool for migraine without aura [157]. 

New evidence indicates that endogenous pain control systems, including GABAergic and opioid 

systems, are regulated by miRNAs, such as miRNA-134 or miRNA-181a. In addition, specific 

miRNAs are associated with pathological pain and dysregulated expression of sensory neuron 

channels in mouse models [158-160]. Consequently, knowledge of neuronal miRNA deregulation 

could be applied not only to neuropathic pain but to other pain syndromes including headaches, 

especially migraine headaches. It is known that dopaminergic and glutaminergic signals from the 

amygdala, hippocampus, and prefrontal cortex that are transmitted to the nucleus accumbens 
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participate in impulse control circuits and in emotional aspects of pain processing. Moreover, a 

relationship between chronic pain and emotional dysfunction has been found, with maladaptive 

responses of the nucleus accumbens in neuropathic pain associated with deregulation of miRNA in 

that brain region [161]. Meanwhile, it has been shown that pain can alter expression of certain 

miRNAs influencing expression of primary nociceptive receptors in brain areas associated with 

emotional components of pain [161-168]. Therefore, investigation of miRNA profiles could provide 

potential biomarkers to predict the onset, impact, and evolution of migraine. In addition, 

migraine-associated miRNAs could serve as potential targets for future migraine therapies. 

However, since migraine miRNA research is still in the early explorative stages, further 

investigation and evidence to support the hypothesis are essential before any prediction can be 

made for application of these ideas.Currently, no study has been published yet that links 

alterations in lncRNAs to migraine. 

4.5. Developing Epigenetic-Based Therapies 

The idea behind epigenetic therapy originates from the rationale that DNA methylation and 

histone acetylation can be manipulated to reset a regulatory system to its original regulatory state 

[33]. Since epigenetic processes are dynamic and reversible, they are a highly attractive target for 

drug development. Because the association between gene silencing and histone deacetylation 

catalyzed by HDACs is well established, a growing number of small molecules have been designed 

to inhibit HDACs in order to activate gene expression in regions where aberrant silencing has taken 

place. For example, valproate, a potent HDAC inhibitor, facilitates chromatin remodeling [169]. 

This agent is one example of a prophylactic compound used to treat migraine [75].  

Meanwhile, therapies targeting DNA methylation machinery are also rapidly progressing and 

include both pharmaceutical agents and natural compounds, such as black raspberry extracts. 

Such results belong to a new field of research, nutriepigenetics, which examines the influence of 

dietary agents including methyl donors such as L-methionine, S-adenosylmethionine (SAM), and 

betaine supplements, on epigenetic mechanisms [170, 171]. Indeed, the modulating effect of SAM 

is partly due to decreased methyltransferase activity via downregulation of the DNMT3A transcript. 

Methyl donor supplements reverse DNA hypomethylation that occurs in many diseases, including 

neurological disorders (e.g., depression), inflammatory diseases, osteoarthritis, chronic pain, 

chronic fatigue syndrome, and fibromyalgia [172-175]. There is, however, no direct evidence of 

their efficacy for treatment of migraine.  

In other studies, preliminary success has been achieved using methyl donors as therapies for 

inflammation in vitro. In macrophages [176], SAM reduces lipopolysaccharide-induced expression 

of the proinflammatory cytokine TNF-α and causes increased expression of the anti-inflammatory 

cytokine IL-10, which are both associated with changes in specific gene promoter methylation. 

SAM also reduces inflammation and inhibits several pathways that include, in particular, the IL-6-

dependent signaling pathway. SAM efficiency is optimized by inhibiting the polyamine recycling 

pathway that is possibly responsible for increased consumption of SAM in response to a diverse 

pathogenic mechanisms. Notably, overexpression of spermine/spermidine N1-acethyltransferase 

(SSAT1) increases recycling of polyamines [177] and was found to be increased in rheumatoid 

arthritis synovial fibroblasts. Berenil® (diminazene aceturate), an inhibitor of SSAT1 activity, 

increases the 5-methylcytosine content of DNA in rheumatoid arthritis synovial fibroblasts [178], 
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increases levels of DNMT1, decreases levels of a disease activation marker (matrix 

metalloproteinase-1, MMP1), and alters cell-adhesion capability. As expected, Berenil® is more 

efficient in cells with higher levels of SSAT1. Most interestingly, the combination of Berenil® and 

SAM reduces the invasiveness of rheumatoid arthritis synovial fibroblasts into cartilage by 70%, 

illustrating that epigenetic changes induced by increased SSAT1 levels could be of therapeutic 

value. Clearly, further investigations and more specific nutraceutical or pharmaceutical inhibitors 

are needed. In spite of cytotoxicity issues that remain to be solved, drug development that 

specifically targets epigenetic mechanisms may open up exciting new avenues for migraine 

treatment. 

5. Conclusion and Future Perspectives 

Migraine is a condition with important personal health and social impacts. Both environmental 

and genetic mechanisms are involved in migraine development. Although few studies have 

elucidated the roles and mechanisms of action of epigenetics in migraine, the findings discussed in 

this review provide evidence for the relationship between epigenetics and migraine. Specifically, 

three main points need to be addressed when studying epigenetics in migraine: tissue specificity 

and the source of cells in which epigenetic changes occur; timing of events, for example, of 

histone modifications and DNA methylation; and the migraine phase under study (premonitory, 

aura, headache attack, postdrome). Current data primarily include epigenetic changes observed 

under acute migraine conditions, with maintenance of migraine hypersensitivity and chronification 

requiring further attention.  

It is still too soon to conclude that epigenetics studies will lead to identification of novel 

migraine-specific biomarkers and new therapeutic targets. Currently, the lack of selectivity and 

unwanted side effects of available epigenetic drugs, in addition to the inability to specifically 

target neurons and glial cells, makes it difficult to claim that this approach will be useful and 

readily available for managing migraine patients any time soon. In the meantime, changes in 

patients’ diet, sleep pattern, exercise level, and stress management are more viable options for 

managing migraine pathology. Moreover, changes in lifestyle are highly important in preventing 

susceptible individuals from progressing toward chronic migraine and may be helpful in reversing 

the migraine phenotype. 

We know more about genomics than epigenetics and even less about proteomics and 

metabolomics of migraine [179-181]. Meanwhile, numerous scientific studies assign an 

increasingly dominant role to external factors (environmental or behavioral) associated with 

migraine pathophysiology. Therefore, genetic, epigenetic, and “omic” approaches could 

potentially provide new molecular insight into migraine etiology and should provide tools for 

improved migraine diagnosis, patient stratification, and therapy. In addition, emerging results 

detailing brain epigenomes or human methylome profiles in other complex disorders should 

complement migraine research.  

Due to the availability of so many powerful new tools, many new epigenetically based drugs are 

currently in development and many natural compounds are being tested. Although a combination 

of demethylating drugs and methyl donors appears promising for the treatment of epimutations, 

the majority of research on epigenetics has focused on cancer [182]. What is missing is 

information regarding the differences in efficacy among diverse methyl donors, e.g., SAM, L-
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methionine, and betaine, in their effectiveness for treatment of various pathological states as well 

as their off-target effects. Notably, the discovery of a suitable specific SSAT1 inhibitor should open 

up a promising research area focusing on inhibition of the polyamine recycling pathway. With this 

and so many research avenues opening up in the epigenetics field, more effective precision 

medicines for migraine may be on the horizon.  
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Abstract 

Suicide is the second leading cause of death globally among young people and the tenth 

leading cause of death across all ages. Approximately 800,000 people die by suicide every 

year representing a significant global health burden. Despite this burden, the molecular 

pathology of suicide remains poorly understood. A number of recent studies have shown 

that epigenetic alterations are associated with suicidal behaviour. These epigenetic 

mechanisms, which act to regulate gene expression via modifications to DNA, histone 

proteins and chromatin, change with age and in response to specific environmental and 

psychosocial factors —providing a mechanism for the interaction between genotype and the 

environment. The present review briefly outlines the main epigenetic mechanisms involved 

in gene regulation and discusses recent findings of epigenetic alterations in suicidal 

behaviour, their caveats and the future direction of this emerging field of research. 
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1. Introduction 

Suicide is a serious public health problem that can have lasting harmful effects on individuals, 

families, and communities [1]. Suicide is the second leading cause of death among 15–29 year olds 

worldwide and ranks amongst the 20th leading causes of death across all ages [2]. Approximately 

800,000 people die by suicide every year [2] representing a significant global health burden. 

Suicidal behaviour (SB) spans a spectrum ranging from suicidal ideation (SI) to suicide attempt (SA) 

and completed suicide [3, 4]. Up to one-third of individuals with SI have a SA within 1 year; 

individuals who have had a SA have 1.6% risk of suicide within the year [5]. Despite its economic 

and social burden, the underlying aetiology of SB remains poorly understood. Genetic 

epidemiological studies have found evidence of family clustering of SB and have highlighted a clear 

genetic susceptibility to SB [6, 7] with heritability estimates ranging from 30-50% [8-10]. A 

significant proportion of the heritability for SB and SA appears to be independent of psychiatric 

diseases as when the heritability of SA is corrected for transmission of psychiatric disorders, 

specific heritability is between 17% and 36% [8, 11-15].  

Pre-existing knowledge of biological systems likely to be associated with SB, such as 

serotonergic neurotransmission and neurotrophic factors, resulted in several candidate-gene 

association studies [7, 14-17] which have largely yielded inconsistent results. Similarly, large-scale 

genome-wide association studies (GWAS) [18-20] have failed to identify robust associations 

suggesting that the risk of SB is highly polygenic in nature and that individual gene variants are 

likely to account only for a very small proportion of the total phenotypic variability. Other factors, 

such as the environment, behavioural traits, lifestyle and coping mechanisms, are essential 

regulators of suicide risk and likely to account for more sizeable effects [21]. Recently, increased 

understanding of epigenetic processes that occur in the brain has opened promising avenues in 

suicide research. The epigenome is potentially malleable—changing with age [22] and in response 

to specific environmental [23] and psychosocial factors [24] —providing a mechanism for the 

interaction between genotype and the environment [25]. Epigenetic processes, including DNA 

methylation, have recently been implicated in the aetiology of numerous mental health disorders 

[26-33] and SB [34, 35]. The present review will briefly introduce epigenetic mechanisms, 

focussing primarily on DNA methylation, histone modifications and non-coding RNAs and explore 

their relevance to suicide and SB, before discussing future directions and caveats of this emerging 

field of research and its potential to further our understanding of SB. 

1.1 Beyond Genome-Wide Association Studies: a Role for Epigenetic Variation in Suicide and SB 

The term epigenetics, literally meaning ‘above’ genetics, was originally coined to refer to the 

study of any potentially stable and heritable changes in gene expression or cellular phenotype that 

occurs without changes in Watson–Crick base-pairing of DNA [36]. However, the epigenome, 

which is the chemical structure surrounding our genome, can alter the function of our genes in 

response to the environment [37], and remains dynamic throughout life [37-39].  

Epigenetic variation is regulated in a tissue-specific manner by stochastic, genetic and 

environmental factors [40]. In the brain, epigenetic variation is thought to influence the gene 
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expression profile of neurons and glial cells [41, 42]. Therefore it is possible that alterations of 

epigenetic profiles in the brain may induce long-term behavioural consequences. As such they 

have the potential to play a crucial role in determining predisposition to SB [43]. The most 

commonly studied epigenetic mechanisms that can influence gene expression are: molecular 

modifications of the DNA sequence, post-translational histone modifications and non-coding RNA 

gene silencing [44].  

1.2 DNA Modifications  

DNA methylation is the covalent modification at the C5 carbon of cytosine residues, occurring 

mainly at CG dinucleotides (CpG) (See Figure 1). In somatic cells, approximately 80% of CpGs are 

methylated [45]; the remaining unmethylated CpGs tend to be concentrated around gene 

promoters (CpG islands) [37]. A Recent study has reported 5-methyl cytosine (5mC) to be central 

to the establishment of tissue-specific gene expression, cell differentiation, genomic imprinting, 

and X-inactivation [46]. When found in promoter regions of genes, CpG methylation is generally 

associated with transcriptional repression or downregulation of RNA transcription [47]. However, 

DNA methylation has also been described in other regions of the genome and the transcriptional 

effect in those areas is not consistent [24]. Previous research has suggested a role for global DNA 

methylation as a potential marker of suicide risk. A significantly higher level of global methylation 

(5mC %) has been reported in peripheral blood of psychiatric patients with a history of SA when 

compared with psychiatric controls [35]. Similarly, an increase in DNA methylation in the brain 

region BA47 was found to be 8 times greater in the group who died by suicide relative to controls 

[44]. Taken together these findings, although requiring further replication, suggest that global DNA 

methylation may be a biomarker of suicide risk in psychiatric patients and support the idea that 

blood tissue may be reasonably considered a valid proxy to monitor brain changes. 

Although DNA methylation has been considered as a stable epigenetic mark, studies in the past 

decade have revealed that this modification is not as static as once thought. Recently, research 

has provided evidence that 5mC can be oxidized to 5-hydroxymethylcytosine (5hmC) in a reaction 

catalysed by the ten–eleven translocation (TET) enzymes [48-50] along with two other oxidative 

products: 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). Growing evidence suggests that 

these demethylation states may play an important biological role [51, 52]. 

1.3 Histone Modifications 

Chromatin exists as two functional structures: euchromatin which is the ‘‘opened’’ state 

associated with gene transcription and heterochromatin which is the ‘‘closed’’ state associated 

with gene silencing. Proteins forming this complex structure are called histones (H2A, H2B, H3, 

and H4). These globular proteins, with a tail of amino-acids, can be covalently modified by the 

addition or the removal of chemical groups at specific residues on their N-terminus tails (See 

Figure 1) [37]. Histone modifications are able to alter the access of transcriptional machinery to 

the DNA by modifying the condensation of chromatin [37]. Although there are several molecular 

modifications histone acetylation/deacetylation and methylation are the two most commonly 

studied. 

Studies examining the role of histone modifications in SB are limited to the study of candidate 

genes [53, 54], thus genome-wide approaches have not yet been undertaken. 
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Figure 1 Epigenetic modifications and transcriptional regulation. (A) Figure illustrates 

common modifications that occur on the tails of histone proteins and the conversion 

of Cytosine to 5-methyl-Cytosine by a group of enzymes called DNA methyltransferases 

(DNMTs) and S-Adenosyl-L-methionine (SAM). (B) Transcriptionally inactive genes are 

generally characterised by DNA Methylation at CpG dinucleotides in the promoter 

region of genes and histone deacetylation. In contrast, transcriptionally active genes 

are generally characterised by absence of DNA methylation (DNA hypomethylation) 

and histone acetylation. 

1.4 Non-Coding RNAs  

Another mechanism of epigenetic regulation of gene expression is mediated by non-coding 

RNAs (ncRNAs), functional RNA molecules that are transcribed from DNA but not translated into 

proteins. These regulatory RNAs function to regulate gene expression at the transcriptional and 

post-transcriptional level. Several classes of ncRNAs exist, including microRNAs (miRNAs), short 

interfering RNAs (siRNAs), and piwi-interacting RNAs (piRNAs) also referred to as short ncRNAs 

(<30 nts) to distinguish them from the long non-coding RNAs (lncRNAs) (>200 nts). Both major 

groups are shown to play a role in heterochromatin formation, histone modification, DNA 

methylation targeting and gene silencing [55]. To date, miRNAs are the best characterised ncRNA 

group. They act as regulators of gene expression and protein translation in many tissues, including 

brain, by binding to the target mRNA and contributing to its degradation through the RNA-induced 

silencing complex (RISC) complex or by directly inhibiting translation [56]. MiRNAs are known to 

play a critical role in developmental processes, including neurodevelopment and synaptic plasticity 

and they have been implicated in the pathogenesis of various neuropsychiatric disorders like 

schizophrenia, major depression and bipolar disorders [55-58]. The specific dysregulation of 

miRNA function in suicide is just beginning to be appreciated, as recently reviewed [56]. 
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Cataloguing the expression of miRNAs and additional small RNAs in healthy human brain as well as 

in major neuropsychiatric diseases and suicide may lead to new therapeutic targets and insight 

into disease aetiology [55].  

LncRNAs represent another interesting class as they are enriched for expression in the brain [59] 

and are developmentally regulated [60] but less evolutionarily conserved than other RNA species. 

Although preclinical studies have begun to unravel how lncRNAs may contribute to emotional 

control [61], their role in SB is currently unknown. 

2. Common Neurobiological Pathways Epigenetically Dysregulated in Suicide 

In the last decade, understanding the role of epigenetic mechanisms in SB has implicated the 

role of key biological pathways, including hypothalamic pituitary adrenal (HPA) axis, stress 

response, polyamine system, neurotrophic signalling and lipid metabolism. A comprehensive 

overview of genes epigenetically dysregulated in suicide and SB is reported in Table 1 and Table 2. 

Common pathways frequently targeted by epigenetic and miRNA dysregulation are illustrated in 

Figure 2 and discussed in detail below. 

 

Figure 2 Molecular pathways involved in suicide behaviour. (1) Polyamine system: 

several enzymes involved in the regulation of polyamine intracellular concentration 

exhibit epigenetic regulatory mechanisms in suicide through DNA methylation (AMD1, 

ARG2), histone methylation (OAZ1) and/or post-translational mechanisms (SAT1, 

SMOX) as miRNAs regulation. (2) Neurotransmission: many genes known to play a key 

role at chemical and/or electrical synapses have been reported as hypomethylated 

(BEGAIN, GIRK2, GALR3), hypermethylated (RELN) or histone methylated (SYN1-3, 

CX30, CX43) in suicide cases compared to healthy controls suggesting that 

neurotransmission may be compromised in suicide. (3) HPA axis:  two genes 

differentially involved in cortisol release following stress (NR3C1, SKA2) have been 
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found to be both significantly hypermethylated in suicide cases relative to controls 

supporting the hypothesis of suicide-associated HPA axis dysregulation. (4) 

Neurotrophic Signalling: several studies examining BDNF and TrkB in post-mortem 

suicide brains revealed distinct epigenetic regulation pattern for these two genes: the 

receptor TrkB seems to be regulated via miRNAs (miR-30a, miR-185, miR-195 and miR-

49) and histone acetylation while the expression levels of the neurotrophin Bdnf 

correlate with DNA hypermethylation in the promoter region of the gene. 

2.1 HPA Stress Axis  

It is well established that perturbations in the HPA axis are associated with the pathophysiology 

of suicide [62]. The HPA axis is a neuroendocrine system, key regulator of cortisol release and the 

stress response [63]. Research has shown that the HPA axis may be epigenetically programmed by 

the early-life environment [64]. Several HPA-axis coupled genes have been identified over the 

years: corticotropin releasing hormone (CRH), corticotropin releasing hormone binding protein 

(CRHBP), corticotropin releasing hormone receptor 1 (CRHR1), corticotropin releasing hormone 

receptor 2 (CRHR2), FK506-binding protein 51 (FKBP5) and the glucocorticoid receptor 

(NR3C1)[65]. 

More recently, a study aiming to identify DNA methylation shifts linked to severity of the SA in 

HPA-axis coupled genes was conducted in whole blood derived DNA. The authors reported 

reduced levels of DNA methylation at two loci within the CRH promoter in serious suicide 

attempters. Interestingly, significant blood-brain correlations in DNA methylation were also found 

suggesting that these alterations may impact on expression profile of CRH in the brain [65]. 

Glucocorticoids. Glucocorticoids play a crucial role in the maintenance and survival of neurons 

and in synaptic plasticity. A study examining the DNA methylation status of GR exon 1F variant in 

individuals who died by suicide and were severely abused during childhood observed increased 

DNA methylation at the GR promoter compared to suicide victims with no childhood abuse or 

controls [66]. Moreover, GR methylation status appears to regulate the binding of the NGFI-A 

transcription factor associated with the GR expression [66, 67]. The disrupted GR function may 

result in inadequate control of the HPA axis, possibly leading to hyperactive cortisol secretion and 

development of anxiety traits. In turn, anxiety mediates the relationship between the exposure to 

early life adversity (ELA) and SB [64],[68]. More recently, a study has suggested a role for dietary 

deficiencies in mediating the interaction between an altered GR system and SB. DNA 

methyltransferases catalyse the transfer of a methyl group from the methyl donor, s-

adenoslymethionine (SAM), onto the 5C position of the dinucleotide sequence CG. However, the 

synthesis of SAM is dependent on the availability of dietary foliates, vitamin B12 and choline, 

suggesting an alternative mechanism to altering the expression of the GRII exon 17 promoter [69].  

SKA2 - Altered microtubule binding. An exciting new candidate in the relationship between 

cortisol regulation and suicide is the spindle and kinetochore associated protein 2 (SKA2), a gene 

that has been implicated in GR signalling [70]. This microtubule binding protein is thought to 

interact with the HPA axis by chaperoning the GR from the cytoplasm to the nucleus upon cortisol 

binding [70]. Once in the nucleus, the GR can interact with genomic DNA and influence gene 

expression involved in negative feedback regulation of the HPA axis response. In 2014, a study 

identified site and allele-specific DNA methylation patterns in the SKA2 gene, in particular 
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increased SKA2 3′ untranslated region methylation and concomitantly decreased SKA2 mRNA 

levels, were detected in the frontal cortex of suicide completers [71]. Further research found that 

SKA2 DNA methylation predicted lifetime SA in saliva and blood in individuals suffering from post-

traumatic stress disorder (PTSD) [72]. Higher DNA methylation at the same site and allele was also 

found to predict lower levels of miR-301a in the cortex of depressed suicide completers [73]. Since 

the expression of this miRNA is tied to SKA2 expression, it was suggested as a proxy of suicide-

associated SKA2 decreases [55, 72]. Further support to these preliminary findings has been 

provided by more recent studies suggesting the influence of trauma exposure on SKA2 DNA 

methylation as well as DNA methylation of the SKA2 gene as a biomarker of suicide risk and stress-

related psychopathology [74, 75]. 

2.2 Polyamine System and SAT1  

The polyamine system is another stress response pathway which has been extensively 

characterized in relation to suicide risk. Polyamines, aliphatic compounds with multiple amine 

groups, have been implicated in regulation of gene expression at transcriptional and 

posttranscriptional levels, regulating the function of several neuromodulators and acting as 

neurotransmitters themselves [76, 77]. Involvement of epigenetic modifications in the regulation 

of genes associated with polyamine biosynthesis has been implicated in  SB [78]. 

SAT1 is an enzyme involved in polyamine catabolism and is arguably one of the most 

consistently downregulated gene in depressed suicide completers [79-85]. A potential mechanism 

for SAT1 downregulation is through epigenetic control, as studies have identified that SAT1 

promoter DNA methylation is inversely correlated with SAT1 expression. Moreover, there is 

evidence for histone modifications affecting SAT1 expression along with other key enzymes in 

polyamine synthesis [54, 78, 82] and that miRNAs can target polyamine transcripts, including SAT1 

[86]. SAT1 has therefore emerged as a potential biomarker for suicide, topping the lists of 

candidate genes in several studies [84, 87, 88]. However, it is still unknown whether this gene is 

involved in major depressive disorder (MDD) independently of suicide, which isoforms are 

dysregulated and whether the gene undergoes differential splicing in suicide and depression [89]. 

The expression of several other polyamine-associated enzymes were found altered in the 

cortex of post-mortem suicide cases. The spermine oxidase (SMOX) gene, encoding for a catabolic 

enzyme, was found hypermethylated in the promoter region in the prefrontal cortex (PFC) of 

suicide subjects. However, there was no correlation between aberrant promoter DNA 

hypermethylation and gene expression changes [83]. Two studies have identified DNA 

hypomethylation at the promoter region of the arginase 2 (ARG2) and adenosylmethionine 

decarboxylase1 (AMD1) genes, which correlated with increased gene expression in suicide 

completers compared to controls [54, 78]. A different epigenetic modification showed to regulate 

the Ornithine Decarboxylase Antizyme 1 (OAZ1) gene, also involved in the intracellular regulation 

of the polyamine levels. Increased H3K4me3 levels in the promoter region of OAZ1 were found in 

suicide completers and appeared to correlate with the expression of OAZ1 and ARG2 in Brodmann 

area 44 [54]. Taken together this research provides support for the involvement of epigenetic 

modifications in the regulation of genes associated with polyamine biosynthesis, which may play 

an important role in SB.  
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2.3 Neurotrophic Pathways - BDNF and NTRK2 

Genome-wide DNA methylation studies in the brains of suicide completers indicates that 

suicide is associated with widespread changes in DNA methylation patterns of neurotrophic and 

neuroprotective factors in the hippocampus and PFC [40, 90]. Brain derived neurotrophic factor 

(BDNF) is a well-known receptor binding factor with growth factor activity; it is essential for the 

survival and plasticity of cortical and striatal neurons and it has been implicated in both stress 

response [17] and mood disorders [91]. Increased BDNF promoter/exon 4 DNA methylation has 

been reported in suicide brains [92], a finding that is consistent with those observed in depressed 

patients with a history of SA, or with SI during treatment with antidepressants [93]. Similarly, 

another study focusing on the Wernicke area of suicide subjects, reported a remarkable increase 

of DNA methylation at the BDNF promoter IV in suicide subjects with respect to controls [43]. 

Taken together this evidence suggest that BDNF DNA methylation status maybe a proxy marker 

for previous suicidal attempts and a clinical biomarker for poor treatment outcomes of SI in 

depression. However, larger studies are required to confirm these findings. 

Interestingly, TrkB, main receptor of BDNF and encoded by the NTRK2 gene, is also regulated 

through epigenetic changes that appear to have an impact on suicide risk. In brain tissue from 

individuals who died by suicide, mRNA expression of Trk-BT1, the astrocyte-enriched TrkB 

truncated variant, was found significantly decreased and correlated with increased DNA 

methylation at the TrkB-T1 promoter suggesting that astrocytic dysfunction may occur in 

individuals who die by suicide [53, 94, 95]. 

3. Non-Coding RNAs and Their Role in SB 

Recently, a number of studies have implicated a role for miRNA dysregulation in the 

pathogenesis of SB (see Table 2 for full list of suicide-associated miRNAs). Interestingly, some of 

the suicide-associated genes previously discussed as showing altered DNA methylation and/or 

histone modifications were found to be targets of differentially expressed miRNAs. For example, 

the expression levels of two genes involved in the polyamine metabolism (SAT1 and SMOX) were 

found to be downregulated by overexpression of miRNAs (e.g. miR-139, miR-34c, miR-195, miR-

320c) [86, 89] in suicide cases compared to controls. Similarly, miR-185, which is thought to 

regulate the NTRK2 gene (TrkB receptor) is differentially expressed in the frontal cortex of suicide 

completers [96]. Furthermore, miR-185, together with miR-195 and miR-30a have been implicated 

in regulating the BDNF signalling pathway [56, 96, 97], a pathway widely reported as involved in SB. 

Taken together, these findings suggest a co-ordinated epigenetic and miRNA regulation of 

pathways relevant to SB. 

Sun et al, implicated a role for notch signalling in SI in a study of miRNAs from peripheral blood 

leukocytes of Chinese MDD patients [98].The expression levels of two notch-associated miRNAs, 

miR-34b–5p and miR-369–3p, were found to be significantly lower in patients with SI relative to 

patients without SI [98]. Consistent with these results, expression levels of these miRNAs have 

been previously shown to be reduced in PFC of depressive suicidal patients compared to normal 

controls [73], highlighting the potential utility in examining changes in miRNA expression in blood 

in individuals with SB. 

In addition to miRNAs, expression levels of lncRNAs have also been implicated in suicide. 

Recently, our group implicated a role for differential DNA methylation at the PSORS1C3 locus, a 
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non-coding RNA, in the brains of suicide completers. Although the function of the PSORS1C3 gene 

product remains unknown, it is thought to potentially regulate nearby genes (for example, 

POU5F1 and HLA-C), suggesting a role in immune system regulation. Moreover, PSORS1C3 is a 

known psoriasis susceptibility gene further supporting a role in immune system regulation [34]. 

Futhermore, a recent study identified six lncRNAs (see Table 2) whose expression was 

downregulated in peripheral blood samples of MDD patients with SI [99] . Finally, Punzi et al 

showed that the expression of an uncharacterized lncRNA, LOC285758, is significantly increased in 

violent suicide cases compared to non-violent suicide cases [100]. Interestingly, DNA methylation 

of an intragenic CpG island in the myristoylated alanine-rich protein kinase C substrate (MARCKS) 

gene, a gene previously reported [84] as potential blood biomarker for suicidality, was found to be 

associated with the expression of this lncRNA, suggesting that the previously reported MARCKS 

association with violent suicide involves regulation by LOC285758 expression. In conclusion, 

profiling ncRNAs can substantially contribute to our understanding of how gene expression 

networks are reorganized in suicide.  

4. Current Methodological Caveats in Suicide Epigenetic Research 

4.1 Phenotype Assessment 

The wide range of phenotypes that may be considered in studies investigating SB further 

complicate identification of clear biological markers by hampering the comparability of studies, 

even among studies adopting similar approaches. SI and SA may at times be studied concurrently. 

These phenotypes are often considered to exist on a spectrum and, as a result, are frequently 

studied and reported on together in genetic and epigenetic studies. A genetic component has 

been demonstrated for SA and completed suicide but the role of genetics in SI is currently unclear 

[11]. Thus, it has been suggested to exclude SI from future SB epigenetic studies [3]. SA ranges 

from highly lethal, to low lethality for failed SA, and could be divided according to impulsive 

characteristics or chronic SA. However these two phenotypes, completed suicide and SA, are likely 

to only partly share underlying etiological and neurobiological mechanisms [101] suggesting 

therefore the need for a revised and more accurate definition of  SA phenotype, which includes 

lethality, in order to ensure inter-study comparability. Finally, SB is generally a complication of a 

psychiatric disorders like MDD, schizophrenia and/or bipolar disorder. How to distinguish suicide 

diathesis-related epigenetic changes from those associated with mood disorders and other 

suicide-associated psychiatric diseases is a crucial issue. Future epigenetic studies need to examine 

potential SB-related epigenetic modification in a suicidal population with and without psychiatric 

disorder comorbidity. 

4.2 Tissue Heterogeneity  

Compared with genetic studies, epigenetics studies are constrained by several additional 

biological and methodological design issues. A major challenge that distinguishes epigenetic and 

genetic studies is the choice of tissue type [25]. In contrast to genetic studies, epigenetic marks 

are by definition tissue and cell type specific, thus tissue choice for epigenetic studies of complex 

traits, requires careful consideration [25]. As almost all tissues consist of multiple epigenetically 

distinct cell types, a major concern in epigenetic epidemiology studies is that any apparent 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804039 
 

Page 191/349 

disease-associated epigenetic differences may simply reflect differences in cellular composition 

[25]. Furthermore, failure to account for this cellular heterogeneity could limit the power of 

epigenetic studies in complex phenotypes. For whole blood, routine cell counts [102] or the use of 

algorithms that can infer cellular composition from epigenomic data [103] can be applied to 

control for this variation statistically, and similar approaches have been developed for other 

heterogeneous tissues, such as the brain [104]. Approaches such as laser capture microdissection 

(LCM) or using fluorescence-activated cell sorting (FACS) have been recruited to detect disease-

associated changes that are manifest in only a small subset of cells, which may not be detectable 

in analyses of whole tissue. However, manual sorting [105] and LCM [106] are useful for isolating 

small numbers of cells but do not provide enough material for epigenomic studies. FACS can 

isolate larger numbers of cells but may be challenging in tissues such as the adult brain, where 

cells are morphologically complex and densely interconnected. To overcome these challenges 

nuclei can be isolated from post-mortem tissue and then sorted using FACS for cell type specific 

epigenomic /transcriptomic studies [107-110]. However, FACS-sorted nuclei are fragile and 

difficult to concentrate into the small volumes that are optimal for chromatin assays or to keep 

intact for DNA methylation assays. Another major challenge is selecting nuclear expressed cell-

type specific markers for sorting. Although several cell-specific markers have been identified and 

validated over the years, most of them are expressed in the cytoplasm or on the cellular 

membrane making them unsuitable for nuclei sorting. Neuronal nuclear antigen (NeuN) is 

commonly used as a robust marker of neurons and its application in flow cytometry analyses have 

been widely validated by several recent studies in mouse and human post-mortem brain samples 

[104, 111-114]. Although NeuN is specific to neurons, not all neurons express NeuN (e.g. 

cerebellar Purkinje neurons, olfactory bulb mitral cells, cortical Cajal-Retzius neurons, neurons of 

the inferior olive and dentate nuclei) [115, 116]. Moreover, no robust nuclear markers suitable for 

FACS are available to date for mature oligodendrocytes, astrocytes and microglia isolation from 

human brain tissue. 

Further research aiming to identify new markers for nuclei labelling is needed to separate 

nuclei from different brain regions as well as different cell-types and neuronal sub-types unique to 

different cortical layers. This would empower research discoveries on nuclear changes occurring 

during disease progression, especially in rare but important populations, such as immune cell 

types present in the brain, which are thought to be critical in neuroprotective and 

neuroinflammatory processes [117]. 

4.3 True Methylation Assessment 

5hmC plays a key role in the brain, where it is particularly abundant and dynamic during 

development [118, 119]. Current molecular approaches used to measure levels of DNA 

methylation (including sodium bisulphite conversion methods) do not distinguish between 5mC 

and 5hmC [120] suggesting that densely hydroxymethylated regions of DNA may be 

underrepresented in quantitative methylation analyses. However, several methodologies have 

now been developed to address this issue (including oxBS-Seq [121], mTAB-Seq [122] or Aba-Seq 

[123]). 5mC and 5hmC seem to have opposite relationships with transcriptional activity, with 5mC 

negatively correlating with gene expression [124] and 5hmC positively correlating with gene 

expression in the rodent [125] and human brains [118]. Although many studies showed that 5hmC 
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is linked with neurological disorders such as Alzheimer’s and Huntington’s diseases [126, 127] and 

psychiatric disorders disorder [128-130] its potential implication in SB remains unknown. 

4.4 Caveats of miRNA Profiling 

Expression profiling of miRNAs have increased our understanding of which miRNAs are present 

in specific tissues and how they may change under pathological conditions [131]. However, once 

identified, linking a miRNA to its mRNA targets can be a challenging task, and the mRNA target 

pairs should be validated. As reviewed elsewhere [132], a very small fraction of software-

predicted miRNA targets are validated in vivo and many databases for miRNA target prediction are 

being developed in order to address this issue [132]. However, those databases can provide a 

surprising level of divergent results when we take into account degrees of sequence similarity, 

conservation, site accessibility, and variation in the targeted regions of the mRNA. Similarly, there 

are a number of conflicting studies with regard to the magnitude and direction of biologically-

relevant miRNA expression changes in psychiatric disorders [133, 134]. This could be due to tissue-

specific variation in expression levels as well as heterogeneity in quantification and normalization 

procedures [135]. Furthermore, some studies on miRNAs and depression were conducted in 

peripheral blood despite uncertainties regarding how closely changes in peripheral miRNA 

expression reflect modifications in the central nervous system (e.g., [136]). Finally, it should be 

also considered that “control” RNAs commonly used to normalize miRNA data (U6, U44, and U48) 

are very sensitive to post-mortem decay [132]. 

4.5 Sample Size and Peripheral Tissue Profiling 

The abundance and availability of brain samples is a big challenge and many studies are relying 

on a limited number of brain samples reducing the power of epigenome-wide association studies 

[40]. Only genes that have been replicated in independent methylation studies should be 

considered further as primary candidate genes. Although it is desirable to increase sample sizes in 

the next few years, it is unfeasible to reach the numbers of samples currently being analysed in 

GWASs using human brain [40]. The small sample size of most of the current studies also 

represents a limitation when it comes to identifying gender-specific epigenetic changes associated 

to SB. Studies are looking towards the use of peripheral tissues (e.g. whole blood, saliva, 

cerebrospinal fluid (CSF)) to model a brain-related phenotype. Given the tissue-specific nature of 

the epigenome, the assessment of disease-relevant tissue is an important consideration for EWASs. 

Although some studies suggest that peripheral samples (e.g. CSF) would adequately model brain 

gene expression changes, little is known about whether easily accessible tissues, such as whole 

blood, can be used to address questions about inter-individual epigenomic variation in 

inaccessible tissues, such as the brain [137]. Epigenetic marks are more variable between different 

tissues of the same individual than between the same tissue of different individuals. There is 

however evidence of within-individual epigenetic variation correlation across tissues [138]. A 

recent study explored co-variation between tissues and the extent to which methylomic variation 

in blood is predictive of inter-individual variation identified in the brain. Their data suggest that for 

the majority of the genome, a blood-based EWAS for disorders where brain is presumed to be the 

primary tissue of interest will give limited information relating to underlying pathological 
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processes [137]. However, the authors do not discount the utility of using a blood-based EWASs to 

identify biomarkers of disease phenotypes manifest in the brain [137].  

4.6 Animal Models 

To date no convincing animal models of suicide have been produced [4]. Suicidal behaviour is 

challenging to detail in a non-human model as the underlying pathophysiology is poorly known 

and the risk for suicidal acts is multi‐factorial, consisting of a range of biological (e.g. genetics), 

psychiatric, psychosocial, interpersonal and cultural risk factors. The most promising 

endophenotypes worth investigating in animals are the cortisol social-stress response and the 

aggression/impulsivity trait, involving the serotonergic system as well as neurotrophic factors and 

neurotrophins which have been implicated in suicide previously [4]. Future animal studies could 

focus on elucidating the effect of suicide-associated epigenetic changes on gene function and how 

this might impact known suicide-associated endophenotypes and biological pathways. 

4.7 Causality 

Currently it remains unclear whether the epigenetic changes observed cause SB and suicidal 

acts or if these phenotypes (or underlying psychiatric conditions/medication) cause the detected 

epigenetic changes. In the attempt to answer this question, Mendelian randomization (MR) is 

proving to be a promising approach. MR posits that if a biomarker is causally related to a disease 

or phenotype, genetic variant(s) controlling activity of that biomarker should also be associated 

with the outcome [139, 140]. Using genetic variants as proxy for exposure overcomes confounding 

because genetic variants are inherited at random during meiosis, so they are unrelated to 

potential confounders (measured or unmeasured). Therefore, following the principles of MR may 

represent a valid method for revealing the role of specific genes as modifiers/risk factors of SB, 

leading to a possible association between suicidality and a given biomarker. Future studies 

examining epigenetic alterations in SB should be undertaken by applying these novel approaches 

in order to investigate the direction of effect. For instance, the 2-step epigenetic MR approach, 

which is an extension of MR assumptions, allows researchers to investigate the causal role of DNA 

methylation in the association between an environmental exposure and SB [141, 142].  

None of the studies outlined in this review have attempted to examine the causal pathways 

between epigenetics changes and SB, either statistically or experimentally. Recent advances in 

CRISPR-Cas9 based systems enable researchers to direct epigenetic machinery to specific locations 

with possibly greater ease and at a lower cost. Once the major drawbacks with dCas9 have been 

solved (such as the inefficiency of precise base editing and off-target activities), in vivo epigenome 

editing methods will potentially allow for more labs to investigate the behavioural outcomes of 

specific epigenetic patterns in cell or animal models. Although most of the excitement around 

CRISPR to date has been focused on the ability of genome editing to cure disease, epigenome 

editing methods might enable more subtle and reversible modulatory control [24]. Future studies 

will greatly benefit from these new tools and allow for a precise investigation of the direct 

molecular and behavioural outcomes of suicide -induced epigenetic patterns in the brain. 
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4.8 Other Considerations 

Typically, post-mortem studies report post-mortem interval (PMI), which represents the 

amount of time between a subject’s death and collection and processing of the brain. It has 

previously been shown that DNA, miRNAs and some histone modifications are stable across 

extended PMIs [143-146]. Moreover, a recent study has reported that neither global nor site-

specific levels of 5mC and 5hmC are affected by the post-mortem intervals [46].  

A further complication stems from the emergence of SI during antidepressant treatment.  

There is indeed a longstanding belief that antidepressants might have an early “triggering effect” 

that induce depressed patients to pursue suicidal impulses before the treatment-induced mood 

improvement [147]. Some patients being treated for depression and other psychiatric illnesses 

experience suicidal thoughts and actions (suicidality) as previously reported in a small proportion 

of patients receiving selective serotonin reuptake inhibitors [147]. Therefore, when medication 

data are not available for all individuals included in a study, the possibility that the observed 

epigenetic changes are confounded by medication cannot be ruled out. 

5. Future Perspectives 

A multi-omics approach to disentangle the molecular basis underlying SB is warranted to 

further our understanding of suicidality and SB. Genome-wide investigations have demonstrated 

that the genetic predisposition to complex traits is highly polygenic. The common variants 

detected by polygenic risk score analyses may help to predict the extent to which the genetic 

predisposition for suicidal acts has influence on the risk of suicide attempts. By integrating 

polygenic risk scores for SA, DNA modifications, chromatin modifications and miRNA expression 

profiling together would allow the research community to gain a broader and deeper 

understanding of the pathways primarily involved in the neurobiology of suicide and their 

potential co-ordinated interaction. For the same reason, future studies should also examine the 

transcriptional consequences of the observed suicide-related DNA methylation changes. System 

biology methods, such as weighted correlation network analysis (WGCNA), could be applied to 

identify suicide-associated gene pathways and networks that could be further targeted as 

biomarkers or therapeutic targets for suicide prevention. 
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Table 1 Aberrant epigenetic changes associated with suicidal behavior 

GENE 
SYMBOL 

PROTEIN 
ENCODED 

GENE FUNCTION 
(NCBI) 

MOLECULAR FUNCTION 
(UniProt) 

TISSUE KEY FINDINGS 
REFERENCES 

(PMID) 

DNA methylation 

Global DNA 
methylation 

NA NA NA BA47 
8-fold increased DNA methylation 

in suicide group compared to 
controls 

25364291* 

Global DNA 
methylation 

NA NA NA 
Peripheral 

blood 

Psychiatric patients with a history 
of  SA had significantly higher levels 

of global DNA methylation 
compared with controls 

 

23025623*§ 

NR3C1 
Glucocorticoid 

receptor 

Maintenance and 
survival of neurons and 

in synaptic plasticity 

Affects inflammatory 
responses, cellular 
proliferation and 

differentiation in target 
tissues. Involved in chromatin 

remodelling. Plays a role in 
rapid mRNA degradation 

Hippocampus 

Significant DNA hypermethylation 
at GR promoter in the hippocampus 
of suicide completers with history 

of abuse compared to controls 

19234457*§ 

    
Hippocampus 

DNA hypermethylation in the exon 
1F of the GR gene in abused 

individuals who died by suicide 
compared to non-abused 

individuals 
 

22752237* 

RNR1 ribosomal RNA 

Critical functions in the 
ribosome that allow 
protein synthesis to 

occur 

NA Hippocampus 

Overall DNA hypermethylation of 
rRNA promoter in the hippocampus 
of suicide completers with history 

of abuse/childhood adversity 

18461137* 
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NTRK2 
TrkB-T1 (astrocytic 

variant) 

Receptors of 
neurotrophins. Role in 

neurotransmission, calcium 
release, synaptic plasticity, 

and cell survival. High 
affinity receptor of BDNF 

associated with mood 
disorders and SB 

Development and the 
maturation of the central 

and the peripheral 
nervous system 

PFC (BA 8/9) 

Increased DNA methylation in two 
CpG sites within the promoter of 

TrkB-T1 accompanied by decreased 
mRNA expression in the PFC of 

suicide completers compared to 
controls 

19124685 

    
PFC (BA 8 / 9) 

DNA hypermethylation at four CpG 
sites in the TrkB-T1 3’ UTR region in 
suicide cases compared to controls. 

Correlation between DNA 
methylation levels at these sites 

and TrkB-T1 expression 
 

24802768* 

GABRA1 GABAA α1 

Stabilizing or 
hyperpolarising the resting 
potential Inhibitory effect, 
reducing the activity of the 

neurons 

Drug binding,GABA-A 
receptor activity, GABA-

gated chloride ion channel 
activity 

FPC 

Increased DNA methylation 
detected in the GABRA1 gene and 

negatively correlated with DNMT3B 
protein expression but positively 
with DNMT1 mRNA in the FPC of 

suicide cases 

18639864 

RELN 
reelin, glutamic acid 

decarboxylase 

Cell-cell interactions 
control, critical role in cell 
positioning and neuronal 

migration during brain 
development 

Lipoprotein particle 
receptor binding, metal 

ion binding, protein kinase 
activity 

Occipital 
cortex 

DNA hypermethylation at the RELN 
promoter in SZ subjects who died 
by suicide compared to controls 

15961543 

    
Forebrain 

Hypermethylation at 3 CpG sites 
within RELN promoter in SZ suicide 
cases compared to controls. DNA 

hypermethylation negatively 
correlated with reelin expression 

17310238 
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SAT1 
Diamine 

acetyltransferase 1 
Enzyme in polyamine 

catabolism 
Polyamine 

metabolism 
PFC (BA 8/9) 

DNA hypermethylation in suicide 
completers carrying the C allele at the 

rs6526342 SNP within the SAT1 
promoter region. CpG methylation at 
SAT1 promoter negatively correlates 

with gene expression 
 

21501848* 

SMOX spermine oxidase 
Enzyme in polyamine 

catabolism 

Role in the regulation 
of polyamine 
intracellular 

concentration 

PFC 

DNA hypermethylation in the 
promoter of SMOX in the brain of 

suicide subjects. No correlation with 
the gene expression levels 

20059804* 

BDNF 
brain derived 

neurotrophic factor 

Role in neuronal survival 
and plasticity, in the 

regulation of the stress 
response and in the biology 

of mood disorders 

Growth factor activity, 
neurotrophin, TRKB 

receptor binding 
Wernicke area 

BDNF promoter IV hypermethylation 
in the suicide brains compared to 

controls. DNA hypermethylation levels 
correlates with significantly lower 

BDNF expression 

20194826*§ 

    
Peripheral 

blood 

Increased BDNF methylation was 
significantly associated with SI and 

depression in female patients 1 year 
after breast surgery and this 

association was independent of 
previous depression, and BDNF 

genotype. No significant methylation–
genotype interactions were found 

25838322* 

    
Peripheral 

blood 

Higher BDNF DNA methylation levels 
significantly associated with previous 

SA,  SI during antidepressant 
treatment, and  SI at the last 

treatment session 

23992681*§ 

    
Peripheral 

blood 

Higher DNA methylation at BDNF 
promoter is significantly associated 

with SI at baseline in a geriatric Korean 
population 

24731781*§ 
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ARG2 arginase 2 
Suggested role in nitric 
oxide and polyamine 

metabolism 

Role in the regulation of extra-
urea cycle, arginine metabolism 

and down-regulation of nitric 
oxide synthesis 

BA 44 

DNA methylation in the promoter 
region of ARG2 showed a 

relationship to the respective levels 
of expression in suicides 

22008221* 

    
BA 44 

Increased expression of ARG2 in 
suicide completers correlates with 
decreased DNA methylation levels 
of specific CpGs in the promoter 

region 

23260169* 

AMD1 
S-

adenosylmethionine 
decarboxylase 

polyamine biosynthesis Polyamines biosynthesis BA 44 

Site-specific DNA methylation in 
the promoter region of ADM1 was 

associated with ADM1 gene 
expression in suicide cases 

compared to controls 

22008221* 

    
BA 44 

Increases in gene expression of 
AMD1 in suicide completers 
correlate with decreases in 

methylation of specific CpGs in the 
promoter of this gene 

23260169* 

GRIK2 
glutamate receptor 
ionotropic kainate 2 

Regulation of circuit 
activity in neuronal 

cells, through G-protein 
coupled receptor 

stimulation 

Ion channel, receptor activity 
PFC (BA 8/9, 

BA10) 

GRIK2 is hypomethylated in suicide 
cases compared to controls. GRIK2 
showed higher levels of expression 

in cases 

24662927*§ 

BEGAIN 
brain-enriched 

guanylate kinase 
associated protein 

Structural role in  the 
postsynaptic density 

Transmission across chemical 
synapses and protein-protein 

interactions at synapses 

PFC (BA 8/9, 
BA10) 

BEGAIN is hypomethylated in 
suicide cases compared to controls. 

BEGAIN  showed higher levels of 
expression in cases relative to 

controls 

24662927*§ 
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SKA2 

spindle and 
kinetochore 

associated complex 
subunit 2 

Structural role, 
microtubule 

organization. Potential 
role in suppressing 

cortisol following stress 

microtubule binding (Cell 
cycle, Cell division, Mitosis) 

FC 
DNA hypermethylation at C allele of 

rs7208505 predicted lower SKA2 
expression in suicide completers 

25073599*§ 

    
Blood and 

saliva 

DNA methylation variation at SKA2 
gene mediates vulnerability to SB 

and PTSD through dysregulation of 
the HPA axis in response to stress 

26305478*§ 

ELOVL5 
Elongation of very 

long chain fatty 
acids protein 5 

Elongation of long-
chain polyunsaturated 

fatty acids 

Polyunsaturated fatty acid 
biosynthesis 

Plasma 
SA significantly associated with 

DNA methylation in ELOVL5 gene 
regulatory regions 

25972837*§ 

GAL, 
GALR3 

amino acid 
neuropeptide 

galanin, galanin 
receptor 3 

Mood regulation 

Chemical synaptic 
transmission, inflammatory 
response, nervous system 

development 

LC, DRN 

Increased GAL and GALR3 mRNA 
levels, in parallel with decreased 
DNA methylation  suicide cases 

compared with controls 

27940914* 

    
BA 8/9, BA 24 

GAL and GALR3 transcript levels 
were decreased, GALR1 was 

increased, and DNA methylation 
was increased in the DLPFC of male 
suicide cases compared to controls 

27940914* 

TNF-A 
Tumor necrosis 

factor alfa 
Cell signalling protein 

(cytokine) 

Pro-inflammatory cytokine 
involved in inflammatory and 
immune responses, mediating 

neuronal death in injured 
brain 

DLPFC 

TNF-A promoter significantly 
hypomethylated in the suicide 

cases compared with the control 
group 

29361849 

MARCKS 
Protein Kinase C 

Substrate 

Metabolism and 
Integration of energy 

metabolism 

calmodulin binding and 
protein kinase C binding 

DLPFC 

DNA  hypomethylation 
(cg24011531)  in the MARCKS gene 
in violent suicide cases compared 

to controls 

29361849 
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PSORS1C3 Long non-coding RNA 

Long non-coding RNA 
with a postulated role in 

immune system 
regulation 

not reported 
PFC (BA 11 

and 25) 

Significantly hypomethylated DMRs 
upstream of the PSORS1C3 gene in 
both cortical regions in depressed 
suicide cases compared to controls 

28045465*§ 

Histone modifications 

OAZ1 
Ornithine antizym 
decarboxylase e 1 

Role in cell growth and 
proliferation by 

regulating intracellular 
polyamine levels 

intracellular 
polyamine 

biosynthesis and 
uptake 

VLPFC (BA44) 

Increased H3K4me3 levels in the 
promoter region of OAZ1 in 

suicide completers correlated with 
the expression of OAZ1 and ARG2 

22008221* 

NTRK2 
Neurotrophic Tyrosine 
Kinase Receptor Type 2 

Receptors of 
neurotrophins 

Role in 
neurotransmission, 

calcium release, 
synaptic plasticity, 

and cell survival 

PFC (BA10) 

Increased methylation at H3 
Lysine 27 in suicide brains 

compared to controls. Significant 
correlation between increased H3 
lysine 27 methylation and TrkB.T1 

expression level 
 

19696771 

SYN1, SYN2 
and SYN3 

Neuronal 
phosphoproteins 

Synaptogenesis, synaptic 
transmission and 
synaptic plasticity 

Regulation of 
axonogenesis and 

synaptogenesis 
PFC (BA10) 

H3K4me3 promoter enrichment in 
psychiatric suicide cases relative 

to controls 
 

22571925*§ 

CX30, CX43 Connexin 30 and 43 

Diffusion of ions and 
metabolites between the 

cytoplasm of adjacent 
cells 

Gap junction 
channels 

NEOCORTEX 
(BA4, BA17) 

Enrichment of H3K9me3 for both 
CX30 and CX43 in the PFC of 

depressed suicide cases 
27516431 

Abbreviations: PFC, Prefrontal cortex; FPC, frontopolar cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe nucleus; SZ, 
Schizophrenia. *Study used age matched cases and controls and/or included age as a co-variate in their analysis. § Study used gender matched cases and 
controls and/or included gender as a co-variate in their analysis. 
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Table 2 Differentially expressed miRNAs associated with suicidal behavior 

non-coding RNA 
PUTATIVE / VALIDATED 

TARGET GENE 
TARGET GENE FUNCTION (NCBI) TISSUE KEY FINDINGS 

REFERENCES 

(PMID) 

MicroRNAs      

miR-152 

miR-181a 

miR-330-3p 

miR-34a 

miR-224 

miR-376a 

miR-133b 

miR-625 

NA NA PFC (BA10) 

8 miRNAs were significantly altered 

(2 up, 6 down) in psychiatric suicide 

subjects 

24475125¥§ 

miR-34c-5p 

miR-320c 
SAT1 Enzyme in polyamine catabolism PFC (BA44) 

miRNAs targeting the 3’ UTR of SAT1 

upregulated in PFC of suicide cases 

and lower expression levels of SAT1 

gene in suicide cases vs controls 

24025154*§ 

miR-139-5p 

miR-320c 

 

SMOX 

Enzyme in polyamine catabolism 

(Roles in neurotransmission through 

the regulation of cell-surface receptor 

activity, involvement in intracellular 

signalling pathways) 

PFC (BA44) 

miRNAs targeting the 3’ UTR of 

SMOX upregulated in PFC associated 

to a lower expression levels of 

SMOX gene in suicide cases 

24025154*§ 

miR-20b 

miR-20a 

miR-34a 

miR- 34b 

miR-101 

miR-148b 

BCL2 

DNMT3B 

MYCN 

VEGFA 

cellular growth and differentiation PFC (BA9) 

 

Globally downregulated expression 

pattern of  miRNAs in the PFC 

of depressed suicide subjects 

compared to non-suicidal controls 

 

22427989 

miR-34b–5p 

miR-369–3p 
NOTCH 

neuronal plasticity (sequence-specific 

DNA binding transcriptional activator 

activity, RNA polymerase II 

transcription factor binding) 

Peripheral blood 

 

Expression levels of miR-34b–5p and 

miR-369–3p  were significantly 

lower in leucocytes of Chinese MDD  

patients with suicide idea compared 

to MDD patients without suicide 

idea 

 

26807671*§ 



OBM Genetics 2018; 2(4), doi:10.21926/obm.genet.1804039 
 

Page 211/349 

miR-185 NTRK2 

Receptors of neurotrophins 

Neurotransmission, calcium release, 

synaptic plasticity and cell survival 

PFC (BA10) 

The miRNA miR-185 found 

differentially expressed and 

inversely  correlated with TrkB-T1 

expression in the  PFC of suicide 

completers 

 

22802923 

miR-185 

miR-195 

miR-30a 

miR-49 

DICER1 

NTRK2 

miRNA bio-synthesis (nucleic acid 

binding and hydrolase activity) 
PFC 

DICER1 expression level associated 

with 

SB in both MDD and BD samples; 

Polygenic profile scores negatively 

predicted SB in the BP sample for 

only 4 miRNA genes 

26921221 

miR-19a-3p TNF-A 
mediating neuronal death in injured 

brain 
DLPFC 

Specifically upregulated in 

individuals who died by suicide 

compared to normal controls 

29361849 

Long non-coding RNAs 

LOC285758 MARCKS 

Metabolism and Integration of energy 

metabolism (calmodulin binding and 

protein kinase C binding) 

DLPFC 

LOC285758 expression is 

significantly increased in violent 

suicides irrespective of MARCKS 

transcription levels but not the 

opposite 

 

24821221*§ 

TCONS_00019174 

ENST00000566208 

NONHSAG045500 

ENST00000517573 

NONHSAT034045 

NONHSAT142707 

NA 

 

Protein complex biogenesis 

 

PMBCs 

Expression of six down-regulated 

lncRNAs had a negative association 

with suicide risk in MDD patients 

28638716 

 

Abbreviations: PFC, Prefrontal cortex; DLPFC, Dorsolateral Prefrontal cortex; LC, Locus Coeruleus; DRN, dorsal raphe nucleus; PBMCs, peripheral blood 

mononuclear cells; MDD, major depressive disorder; BD, bipolar disorder. *Study used age matched cases and controls and/or included age as a co-variate in their 

analysis. § Study used gender matched cases and controls and/or included gender as a co-variate in their analysis. 
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Abstract:  

Histone modifications play an important role in the control of DNA-based processes by 

altering the structure and function of chromatin. O-linked N-acetylglucosamine (O-GlcNAc) 

modification is a form of post-translational modification of proteins that affects the serine 

(Ser)/threonine (Thr) residues. This process is controlled by a single pair of enzymes, i.e. O-

GlcNAc transferase (OGT) and O-GlcNAcase (OGA). Recent evidence indicates the existence 

of O-GlcNAc modification of histones, with 16 histone O-GlcNAc sites reported to date. O-

GlcNAc modification is a nutrient-sensitive modification; therefore, it is likely to serve as a 

molecular mechanism linking nutrient conditions and epigenetic status. Recently, functional 

analyses have been advanced by the acquisition of antibodies for the specific detection of O-

GlcNAcylation of histone residues. Here, we discuss the current knowledge of histone O-

GlcNAc modification, with a view to elucidating its comprehensive biological functions. 
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1. Introduction 

Chromatin, which is a complex consisting mainly of histone proteins and DNA, is indispensable 

for packaging of the entire genome [1-3]. The compaction status of chromatin governs the 

accessibility of the transcriptional machinery to DNA; thus, it has plays a crucial role in establishing 

gene expression patterns [4, 5]. The nucleosome is the building block of chromatin, containing 

approximately ~147 base pairs of DNA wrapped around a histone octamer consisting of 2 two 

copies each of the histones H2A, H2B, H3, and H4 [6, 7]. Post-translational modifications (PTMs) of 

histones may regulate histone-histone and/or histone-DNA interactions related to genome activity, 

including transcription. Histones are subject to numerous types of PTMs with acetylation, 

methylation, and phosphorylation being the most abundant modifications forms [8.9]. Recently, 

accumulating evidence has revealed that histones are also modified by a the addition of a 

monosaccharide, GlcNAc (Table 1). In this review, we provide an overview of the current 

understanding of histone O-GlcNAcylation and discuss its potential roles in biological functions. 

2. Regulation of O-GlcNAcylation 

The nucleotide sugar UDP-GlcNAc serves as a donor for O-GlcNAcylation of Ser/Thr residues of 

nuclear and cytosolic proteins, which was first reported over 30 years ago [18]. Unlike complex N- 

and O-linked glyco-chains, the GlcNAc moiety is not further glycocylated following O-

GlcNAcylation [19, 20]. Compared to other PTMs, the on/off cycling of O-GlcNAcylation of various 

types of proteins is uniquely regulated by a single pair of enzymes, i.e. O-GlcNAc transferase (OGT) 

and O-GlcNAcase (OGA) [21-25] (Figure 1) 

The mechanism by which a single OGT enzyme processes the O-GlcNAcylation of thousands of 

substrates is believed to be dependent on the protein-protein interaction domain of OGT, the N-

terminal tetratricopeptide-repeat (TPR) [23, 26]. Although the large diversity of OGT substrates is 

thought to be achieved by interactions between the TPR of OGT and so-called adaptor proteins, 

this mechanism is not yet fully understood [22, 32-37]. 

In humans and mice, two isoforms of OGA are produced by the alternative splicing of 

MGEA5/Mgea5 mRNA [27]. The longer isoform, full-length OGA, is composed of an N-terminal 

GlcNAc hydrolytic cleavage domain for the removal of O-GlcNAc from target proteins [28]. 

Although there is a C-terminal acetyltransferase-like domain that shares sequence homology with 

GCN5 histone acetyltransferase (HAT) [29, 30], there are discrepancies among several reports on 

the HAT activity of OGA [38, 39]. Moreover, since structural analysis indicates that the C-terminal 

acetyltransferase-like domain lacks essential residues for the binding of acetyl-CoA as a substrate 

[40], it is likely that the acetyltransferase-like domain has no HAT activity. However, 

overexpression studies have confirmed the dual function of Mgea5/OGA as HAT and O-GlcNAcase 

in neuronal differentiated mouse ES cells [41]. Given the lack of an acetyl-CoA-binding site on OGA 

itself, it can be speculated that OGA interacts with other proteins with HAT activity. Furthermore, 
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the dual function of Mgea5/OGA is of great interest as an example of crosstalk between histone 

modifications. 

 

Figure 1 O-GlcNAcylation enzymes. The on/off cycling of O-GlcNAc on Ser/Thr residues 

is catalyzed by a writer (OGT) and an eraser (OGA) enzyme. Alternative splicing 

produces three isoforms of OGT with different lengths of tetratricopeptide-repeats 

(TPRs). Nucleocytoplasmic OGT (ncOGT) contains 13 TPRs, whereas mitochondrial OGT 

(mOGT) and short OGT (sOGT) contain nine and two TPRs, respectively [23, 26]. mOGT 

and sOGT have been implicated in apoptosis. Two isoforms of OGA are produced by 

alternative splicing [27]. The full-length OGA consists of catalytic and HAT-like domains. 

The short OGA isoform (sOGA) has a catalytic domain but no HAT-like domain [28-30]. 

Instead, the C-terminal domain of sOGA functions in targeting sOGA to intracellular 

lipid droplets for regulation of lipid storage [31]. 

As O-GlcNAcylation occurs on the Ser/Thr residues that are phosphorylated, crosstalk between 

these two PTMs is suggested to occur through reciprocal competitive block of sites involved in 

functional switching [42-44]. However, when >800 phosphorylation sites were monitored 

following inhibition of OGA, elevated O-GlcNAcylation resulted in lower phosphorylation at 

approximately 30% of the monitored sites, and unexpectedly caused increased phosphorylation at 

approximately 20% of the sites [45]. Therefore, crosstalk between O-GlcNAcylation and 

phosphorylation cannot be explained only by competitive substitution of both modifications with 

the same amino acid residue. 

3. O-GlcNAcylation is a Nutrient-Sensitive PTM 

The interactions between nutrient-sensing mechanisms, such as hexosamine biosynthesis 

pathway (HBP), and cellular pathways are key to energy homeostasis [46, 47]. Less than 5% of 

total cellular glucose flows into the HBP, leading to the production of UDP-GlcNAc, which is a 

donor for O-GlcNAcylation [48]. 

As the HBP depends on the availability of glucose, increasing extracellular glucose elevates the 

flux through the HBP and results in increased UDP-GlcNAc production. A dynamic change in the O-

GlcNAcylated protein pattern is observed even when the concentration of UDP-GlcNAc is only 

slightly increased due to nutrient excess [49-52]. Therefore, since cellular levels of UDP-GlcNAc 

and protein O-GlcNAc fluctuate with the availability of glucose, O-GlcNAcylation is recognized as a 

nutrient sensor. 
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As shown in Figure 2, UDP-GlcNAc biosynthesis by the HBP integrates flux not only from 

carbohydrate metabolism (glucose), but also from other metabolic pathways linked to nutrient 

intake. Fluctuation in the availability of these nutrients also affects the production of UDP-GlcNAc, 

causing a dynamic change in GlcNAcylation levels. Thus, O-GlcNAc modification can be considered 

as a broad range nutrient-sensing PTM [48, 53, 54]. 

 

Figure 2 The hexosamine biosynthetic pathway (HBP). The donor for O-GlcNAc 

modification, UDP-GlcNAc, is the final product of HBP. The HBP integrates metabolites 

of carbohydrates (glucose), amino acids (glutamine), fatty acids (acetyl-CoA), and 

nucleotides (UTP) into the synthesis of UDP-GlcNAc, suggesting that the HBP may 

function as a nutrient-sensing pathway [48, 53, 54]. 

4. O-GlcNAcylation is one of a Variety of Histone Modifications 

The first study of histone O-GlcNAcylation was reported by Sakabe et al. in 2010 [11]. Since 

then, 16 histone O-GlcNAcylation sites have been reported (Table 1) [10-17, 55-58]. Among these, 

all but two sites were identified by indirect techniques, such as immunoblotting, selective 

enzymatic labeling, chemoenzymatic detection, and lectin staining, used in combinations with 

mutation experiments, leaving to skepticism about the true existence of histone O-GlcNAcylation 

[11-16, 59]. However, the presence of O-GlcNAc at the two sites, H2AS40 and H3T32, was 

confirmed based on the detection of endogenous O-GlcNAc by mass spectrometry (MS) analysis of 

histones isolated from mammalian cells [10, 17], even though it is generally acknowledged that 

direct identification of peptidyl O-GlcNAcylated Ser/Thr by MS is challenging due to its unstable 

nature. Although the existence of some reported histone O-GlcNAcylations remains controversial 

[59, 60], evidence suggests that O-GlcNAcylation is a form of histone PTM. 
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Table 1 Overview of published strategies for detection of O-GlcNAc sites on histones.  

Histone Sites Sample Enrichment Detection References 

H2A S40 mES cells RP-HPLC and mAb O-GlcNAc site by HCD tandem MS 10 

T101* 
HeLa cells GalNAz labeling and DTT tagging DTT tag by CID tandem MS 11 

Recombinant histone In vitro reaction with OGT O-GlcNAc site by ETD tandem MS 12 

H2AX T101 HeLa cells  Abolished O-GlcNAc signal by CTD110.6 Ab for FLAG-

tagged H2AXT101A mutant 

for FLAG-tagged H2AXT101A mutant 

13 

S139 HeLa cells  Abolished O-GlcNAc signal by CTD110.6 Ab for FLAG-

tagged H2AXS139A mutant 

13 

H2B S36 HeLa cells GalNAz labeling and DTT tagging DTT tag by CID tandem MS 11 

T52 

Various cell lines 

 
Large scale CID tandem MS using the Oscore software, 

which assesses presence of O-GlcNAcylation 
14 S55 

S56 
S64*   

Calf thymus Lectin-pulldown and butylamine tagging Butylamine tagging by CID tandem MS 15 

S91 

Recombinant histone In vitro reaction with OGT O-GlcNAc site by ETD tandem MS 12 S112 

S123 

H3 S10 HEK239 cells Overexpression and IP by tag Ab Abolished O-GlcNAc signal by lectin staining of FLAG-

tagged H3S10A mutant 

16 

T32 HeLa cells IP by anti-H3 Ab O-GlcNAc site by ETD tandem MS 17 

H3.3 T80 Calf thymus Lectin-pulldown and butylamine tagging Butylamine tag by CID tandem MS 15 

H4 S47 HeLa cells GalNAz labeling and DTT tagging DTT tag by CID tandem MS 11 

*O-GlcNAcylated sites identified by independent research. S, Serine; T, Threonine; mES cells, mouse Embryonic Stem cells; RP-HPLC, reversed-phase 

high performance liquid chromatography; Ab, Antibody; mAb, monoclonal Antibody; GalNAz, azide-modified galactose; DTT, dithiothreitol; IP, 

immunoprecipitation; MS, mass spectrometry analysis; HCD, higher-energy collisional dissociation; CID, collision-induced dissociation; ETD, electron-

transfer  dissociation.
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5. Biological Functions of O-GlcNAcylated Histones 

The histone PTM O-GlcNAcylated H2BS112 was presumed by incubating unmodified histones 

with OGT and UDP-GlcNAc in vitro. A monoclonal antibody for the specific detection of this 

modification was originally raised against synthetic O-GlcNAcylated oligopeptides corresponding 

to a region flanking H2BS112. At present, only polyclonal anti-O-GlcNAcylated H2BS112 antibodies 

are commercially available. In HeLa cells, H2BS112 O-GlcNAcylation has been shown to promote 

H2BK120 mono-ubiquitination by providing GlcNAc as an anchor for ubiquitin ligase, leading to 

transcriptional activation via H3K4me3 [12]. In contrast, O-GlcNAcylation of H2BS112 preserves 

stable chromatin in the early stages of cell differentiation and may repress gene transcription in 

adipocytes [56]. Thus, the cellular functions associated with O-GlcNAcylation of H2BS112 appear 

to be quite diverse. 

Mitosis is another cellular event in which histone O-GlcNAcylation is reported to play a role [61, 

62]. Phosphorylation may occur on the same residues as O-GlcNAcylation; therefore, histone O-

GlcNAcylation sites have been functionally analyzed in relation to phosphorylation. H3S10 and 

H3T32 are known to be phosphorylated when cells enter mitosis [61, 62]. The increase in O-

GlcNAcylation of H3T32 causes a decrease in mitosis-specific phosphorylation of S10, S28, and T32 

[16, 17, 61, 62], indicating that O-GlcNAcylation of H3T32 regulates mitosis by modulating mitosis-

related histone phosphorylation. In addition, mitosis-specific phosphorylation of H3S10 can be 

competitively reduced by the level of O-GlcNAcylation at this site. Therefore, it can be speculated 

that O-GlcNAcylation of H3S10 regulates the pathways involving H3S10 phosphorylation, such as 

the G2/M checkpoint [9, 16, 17]. 

Functional analysis of O-GlcNAcylation at H2AT101 (H2AT101Gc) has been advanced by 

nucleosome reconstitution methods using synthesized GlcNAcylated histones. H2AT101Gc has 

been shown to influence nucleosome structure through destabilization of H2A/H2B dimers, 

causing the promotion of relaxed chromatin [55]. 

6. Newly Discovered O-GlcNAc Modification of H2AS40 in Placental Mammals 

As part of the search for novel histone O-GlcNAcylation sites, a series of monoclonal antibodies 

were generated using an O-GlcNAcylated oligopeptide library containing several putative O-

GlcNAcylation sites designed based on preliminary MS analyses of purified histones derived from 

mouse ES cells. One of the obtained antibodies, 20B2, was found to specifically recognize O-

GlcNAcylated H2AS40 (H2AS40Gc) [10], which functions to maintain genome integrity through the 

DNA repair mechanism in coordination with H2AX and AcH2AZ [58]. As O-GlcNAcylation of 

H2AXS139 [13] and H2BS112 [57] has also been implicated in DNA repair, we propose a DNA 

repair response mechanism centered on histone O-GlcNAc modifications. 

The majority of histone modifications are highly conserved within the animal kingdom [63]. In 

contrast, a genomic database survey revealed that H2AS40Gc, with Ser at position 40, instead of 

Ala in the “universal” H2A, appears to be a modification that is unique to placental mammals. 

Chromatin immunoprecipitation sequencing (ChIP-seq) for genome-wide localization of H2AS40Gc 

in mouse trophoblast stem cells showed a dynamic change in the distribution pattern with 

differentiation [10]. Oxidative stress occurs in a normal placenta with the establishment of 
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maternal circulation [64-66]; therefore, placental mammal-specific H2AS40Gc might play a role in 

genome protection against DNA damage by reactive oxygen species (ROS) produced under 

oxidative stress in the placental environment. However, further investigations are required to 

verify this hypothesis. 

7. Perspectives on O-GlcNAcylated Histones 

As mentioned previously, O-GlcNAcylation-specific antibodies are a very powerful tool for 

functional analyses [10, 12, 56, 58]. However, historically, it has been difficult to obtain specific 

antibodies against sugar moieties. Even when such antibodies are successfully produced, they are 

usually IgM antibodies, which have limited use [67]. IgG antibodies specifically directed against O-

GlcNAc histone modifications that are suitable for use in ChIP-seq analysis are required to 

progress our understanding of O-GlcNAc modification. We have attempted to produce such 

antibodies; the characterization of these antibodies and the validation of their targets is currently 

underway. 

In hyperglycemia (insulin resistance), a rich UDP-GlcNAc pool produced by HBP flux results in an 

abnormally high level of protein O-GlcNAcylation. In the case of some key transcription factors or 

coactivators, increased levels of O-GlcNAcylation are known to stimulate 

gluconeogenesis/lipogenesis transcription, which further diminishes insulin sensitivity [20, 68, 69]. 

Histone O-GlcNAcylation could be regarded as a new factor in insulin resistance through 

epigenetic regulation. Therefore, investigations of the responses of histone O-GlcNAc modification 

to hyper-or hypoglycemic status are of great interest, suggensting that O-GlcNAcylated histone 

might have the potential in the diagnosis and/or prevention of chronic metabolic diseases such as 

diabetes. 

Recent studies have shown that unbalanced O-GlcNAc modification leads not only to metabolic 

disease [46, 70, 71], but also to various types of other conditions, including neurological disorders 

[72, 73], cardiovascular disease [74, 75], and cancer [76-78]. In particular, high levels of O-GlcNAc 

modifications have been observed in breast [79-81], prostate [82, 83], lung, and colon cancers [84, 

85], as well as in hepatocellular carcinoma [86, 87]. Although O-GlcNAc modification levels have 

been typically analyzed using only a pan-O-GlcNAcylation antibody, however, we speculate that 

histones are the key targets of O-GlcNAcylation and that as epigenetic mechanisms underlie the 

onset of chronic diseases [88-91]. 

The combination of the wide variety of histone modifications allows for increased complexity of 

epigenetic regulation [8]. With advances such as ChIP-seq, it is now possible to map the genome-

wide distribution or colocalization of histone modifications at high resolutions, revealing the many 

combinations of histone modification-crosstalk, such as mutual exclusion, precondition, or 

coexistence [92]. The identification of the colocalization of H2BS112Gc and H2BK120 mono-

ubiquitination [12], and that of H2S40Gc andH2AX [58], has contributed to the elucidation of the 

biological functions of these histone O-GlcNAcylations. Thus, it is worth focusing on the crosstalk 

between O-GlcNAcylation and other histone modifications with the aim of determining the 

function of histone O-GlcNAc modifications. 

The interplay between phosphorylation and O-GlcNAcylation may be one example of such 

crosstalk. Competition between phosphorylation and O-GlcNAcylation has been reported only for 

the H3S10, H3T32, and H2AXS139 sites [13, 16, 17]. Future studies should, therefore, investigate 
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phosphorylation of other residues for which O-GlcNAc modification has been reported. In addition, 

considering the presence of a HAT-like domain in OGA,  the crosstalk between O-GlcNAcylation 

and acetylation should be validated, despite the controversy regarding the true HAT enzymatic 

activity of OGA [18, 30, 39-41, 93]. 

Studies of histone PTMs have focused mainly on the flexible N/C-terminal tails as the targets of 

numerous functional modifications that act by recruiting effector proteins [94,95]. Whereas 

modifications in the histone tails might have a limited structural impact on the nucleosome itself, 

PTMs in the globular domain of histones have a direct structural effect on the nucleosome 

through their influence on histone-histone or histone-DNA interactions [96, 97]. Of the 16 O-

GlcNAcylation sites of histones reported, 13 sites are not present in the tail, but are located on the 

surface of the histone octamer (5 sites) or even on the inside of the nucleosome (8 sites) [10-17, 

55-58, 98] (Figure 3). Therefore, it can be hypothesized that most O-GlcNAc modifications of 

histones function at the level of chromatin dynamics based on the structural changes of the 

nucleosome. This raises the new question as to whether such internal Ser/Thr residues are O-

GlcNAcylated before or after nucleosome assembly. It is possible that O-GlcNAcylation site-specific 

adapter proteins facilitate the access of OGT to the inside of nucleosomes. Reconstitution 

experiments using a synthetic pure O-GlcNAcylated histone performed by Lercher et al. for 

H2AT101 [55], could help to clarify this issue. 

 

Figure 3 O-GlcNAcylated histone residues mapped onto the nucleosome structure. Top 

(left) and lateral (right) view of nucleosome structure (PDB ID: 3AFA) [98]. H2A: pink, 

H2B: orange, H3: green, H4: blue. The O-GlcNAcylated Ser or Thr side chains are 

indicated by spheres. O-GlcNAcylated residues in the histone tail: blue spheres, O-

GlcNAcylated residues at the nucleosome surface: red spheres, O-GlcNAcylated 

residues inside the nucleosome: black spheres, reported characteristics. 
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8. Conclusions 

Although the biological functions of histone O-GlcNAcylation have been gradually unveiled 

since its discovery nearly a decade ago, our knowledge of this protein modification is still limited. 

On the basis that O-GlcNAcylation functions as a nutrient sensor, histone O-GlcNAcylation can be 

regarded as a molecular mechanism linking metabolism and epigenetics, thus establishing a new 

paradigm of the epigenetic basis of chronic metabolic diseases. 
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Abstract: 

Immunoglobin A Nephropathy (IgAN) is the most common primary glomerulonephritis 

worldwide. Its development is characterized by the deposition of immune complexes that 

consist of abnormally galactosylated IgA1 molecules and IgG or IgA autoantibodies in the 

mesangium and the subsequent induction of renal injury. Recent research has shed light to 

many aspects of the pathogenesis of the disease, including the contribution of epigenetic 

modifications in its onset and progression. This review aims to present some of the most 

important epigenetic mechanisms mediating IgA1 development, including alterations in DNA 

methylation and histone modifications. Though a lot of progress has been made in this field, 

there is still much to be uncovered to have full understanding the full understanding of the 

epigenetics involved in IgAN, which can finally lead to a new, more promising approach to 

IgAN patients. 
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1. Introduction 

Immunoglobin A Nephropathy (IgAN) is the most common primary glomerulonephritis and its 

pathogenesis is mediated by a multi-hit process. Production of galactose-deficient IgA1 molecules 

(Gd-IgA1) by a subset of IgA1-secreting cells seems to play a key role in the development of the 

disease. In susceptible individuals, abnormal IgA1 glycosylation triggers the synthesis of anti-

glycan IgG and IgA autoantibodies that recognize epitopes on the aberrantly galactosylated O-

glycans in the hinge region of the heavy chains of IgA1. Circulating Gd-IgA1 forms immune 

complexes with the O-glycan-specific autoantibodies (Gd-IgA1-auto-Ab immune complexes), some 

of which deposit in glomeruli. This immune complex deposition is responsible for the activation of 

mesangial cells and the subsequent induction of cellular proliferation and overproduction of 

extracellular matrix and cytokines or chemokines, which gradually leads to the development of 

renal injury [1-3]. 

Epigenetics is defined as “the study of changes in gene function that are mitotically and/or 

meiotically heritable and that do not entail a change in DNA sequence” [4]. The term comprises all 

the processes that affect and modify gene activity without altering the DNA sequence and can be 

transmitted to daughter cells [5]. A great number of epigenetic mechanisms, such as DNA 

methylation and chromatin modification (e.g. through acetylation, phosphorylation, methylation, 

ubiquitination, and ADP ribosylation), have already been described, though a lot more progress in 

this field is expected to be made through future research [5, 6]. 

In this review we examine some of the epigenetic mechanisms that are involved in the 

development and the progression of IgAN. 

2. DNA Methylation 

In eukaryotic cells, cytosine methylation changes the chromatin state and is generally 

responsible for gene downregulation [7]. A whole-genome DNA methylation screening performed 

in CD4+ T-cells of IgAN patients demonstrated low methylation levels on Dual Specificity 

Phosphatase 3 (DUSP-3) and Tripartite Motif Containing 27 (TRIM27) genes, as well as Vault RNA 

2-1 (VTRNA2-1) hypermethylation in comparison to healthy controls [8].  

The DUSP3 gene encodes dual-specificity phosphatase (DUSP) 3, also known as Vaccinia H1-

Related (VHR) phosphatase, which dephosphorylates and deactivates both members of the MAP 

kinase (MAPK) family (Extracellular Signal–Regulated Kinases 1/2 [ERK1/2], c-Jun N-terminal 

kinases [JNK], and p38 MAPK) and non-MAPK substrates (such as Signal Transducer and Activator 

of Transcription [STAT] 5, Epidermal Growth Factor Receptor [EGFR], and Erythroblastic Leukemia 

Viral Oncogene Homolog 2 [ErbB2]), thus being an important regulator of signaling pathways 

involved in cell survival, proliferation, differentiation, and cytokine production [9]. In T-cells, VHR 

inhibits the ERK and JNK activation caused by T-cell antigen receptor (TCR) and CD28 interaction 

[8].  

TRIM27 is thought to be a negative regulator of CD4+ T-cells. It acts as a really interesting new 

gene (RING) E3 ubiquitin ligase and is responsible for the deactivation of Class II 

Phosphatidylinositol 3 Kinase C2β (PI3KC2β), which is an enzyme activated by the TCR, through 

polyubiquitination of lysine 48. Decreased PI3KC2β activity leads to inhibition of the KCa3.1 K+ 

channel, which is important for CD4+ T-cell activation as it permits Ca2+ influx [8, 10]. 
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As a result of the observed hypomethylation of the DNA regions encoding DUSP3 and TRIM27, 

these genes were overexpressed in the CD4+ T-cells of IgAN patients [8]. 

The VTRNA2-1 gene product is a non-coding vault RNA and has been identified as a precursor 

of micro-RNA-886 (pre-miR-886). Low pre-miR-886 levels (resulting from VTRNA2-1 

hypermethylation) cause a decrease in the CD4+ T-cell proliferation rate following CD3/CD28 TCR 

stimulation, through interaction with Protein Kinase RNA-Activated (PKR). Moreover, 

downregulation of VTRNA2-1 leads to enhanced Transforming Growth Factor β (TGFβ) expression, 

which in turn reduces the effect of CD3/CD28 activation and impedes normal Ca2+ influx, thus 

having a negative impact on TCR strength and CD4+ T-cell proliferation and activation while 

promoting a T-cell anergy status [8]. At this point, it would be of great interest to mention that 

TGFβ1 has already been linked to IgAN pathogenesis, as it is known to be involved in IgA and IgG2 

switching and increased IgA1 and IgA2 secretion in B-cells [8, 11]. The reduced TCR strength and 

the T-cell anergy-like status are consistent with the Th1 shift observed in several IgAN patients. 

That shift is partially responsible for the immunoglobin deposits in IgAN; additionally to IgAs 

(whose production is favored by the IgA-IgG2 switching caused by TGFβ overexpression), there are 

also IgG1 and IgG3 molecules (which are Th1 isotypes) found in the mesangium of those patients 

[8]. However, due to the wide range of the involved immunopathogenic parameters, clarifying the 

mechanism through which the Th1/Th2 ratio divergence contributes in the pathogenesis of human 

glomerulonephritis is often difficult. In IgAN, the precise role of Th1/Th2 imbalance is still a matter 

of controversy, as severe proliferative disease is associated with a Th1-predominant response, 

while the onset of IgAN may be related to a Th2-predominant environment [12]. Thus, more 

research needs to be done in order to define the involvement of aberrant DNA methylation in 

IgAN development via immune disorder.   

Core 1 β3GalT specific molecular chaperone (Cosmc) is an endoplasmic reticulum (ER)-localized 

molecular chaperone, required for O-glycosylation of the correct protein [13]. Decreased Cosmc 

expression has been linked to IgA1-aberrant glycosylation observed in IgAN [14, 15]. Sun et al. [16] 

investigated the methylation levels of CpG islands (CGIs) of the Cosmc gene promoter as a possible 

factor involved in its downregulation. In their research, they proved that Interleukin 4 (IL-4) 

enhances the divergence in Cosmc mRNA levels between IgAN patients (who already demonstrate 

lower Cosmc mRNA expression) and healthy subjects or patients with other renal diseases. It also 

significantly increases Cosmc promoter methylation in B-lymphocytes of IgAN patients when 

compared to the other two groups where the increase is more moderate. These findings were 

consistent with those of Yamada et al. [17], who indicated that in IgAN, IL-4 production (possibly 

resulting from aberrant immunoregulation) downregulates both Core 1 β3-Galactosyltransferase 

(C1β3Gal-T) and its molecular chaperone, Cosmc. In addition, according to He et al. [18], the IL-

4/STAT6 signaling pathway is overactivated in the tonsil tissues of IgAN patients. On the contrary, 

treatment with 5-Aza-2’-deoxycytidine (AZA) (which increases Cosmc mRNA levels) has a stronger 

impact on IgAN patients than in healthy controls and patients with other renal diseases and 

therefore reduces the differences in the mRNA levels among the three groups. AZA is a DNA 

methyltransferase (DNMT1) inhibitor. Interestingly, even though the elevation of Cosmc mRNA 

levels it induces is more significant in IgAN patients, the decrease it causes in Cosmc promoter 

methylation is less remarkable in the IgAN group in comparison to the other two groups. 

Furthermore, in the IgAN group (conversely to the other two) there is a very strong negative 

correlation between Cosmc DNA methylation and Cosmc mRNA expression, thus indicating that 
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the degree of methylation could possibly be a crucial element in the regulation of the mRNA levels 

[16]. However, according to Sun et al. [16] results, Cosmc promoter methylation is not significantly 

different in IgAN patients compared to controls, possibly suggesting that Cosmc mRNA production 

is not determined by the level of methylation of the promoter, but by the change in the 

methylation status. 

Other areas that demonstrate a degree of aberrant methylation include Tyrosine-Protein 

Phosphatase Non-Receptor Type 2 (PTPRN2) and Interleukin 1 Receptor Accessory Protein-Like 1 

(IL1RAPL1) genes, which are hypermethylated in IgAN patients. As we will mention below, these 

genes also present decreased levels of trimethylated histone H3 at lysine-4 (H3K4me3) [19]. 

3. Histone Methylation 

Histone methylation controls gene transcription through alterations in the chromatin structure. 

H3K4me3 has been associated with gene activation [20]. 

The majority of human gene promoters lie within non-methylated CpG CGIs. It has been 

proposed that CGIs interact with CXXC Finger Protein 1 (CFP1) and other CpG-binding proteins, 

thus playing a crucial role in the trimethylation of H3K4 [20]. Sites of H3K4me3 are recognized by 

certain transcription-activating effector proteins and promote gene expression [19, 21]. It has 

been shown that in IgAN patients there are several sites that present aberrant H3K4me3 levels 

[19]. Four key relevant genes are analyzed below.  

It has been found that in peripheral blood mononuclear cells (PBMCs) from IgAN patients, Fc 

Receptor-Like 4 (FCRL4) and Galactokinase 2 (GALK2) genes present greater accumulation of 

H3K4me3 in comparison to normal controls. FCRL4 is one of the several FcRL gene members 

clustered on the long arm of chromosome 1 and encodes FcRL4 glycoprotein, a bona fide Fc 

receptor that binds to IgA molecules [23]. It has been shown that Fc alpha Receptor I (FcαRI) 

activation is involved in the influx of macrophages and T-cells observed in the kidneys of IgAN 

patients and in the disease progression towards renal failure in an Fc Receptor Gamma (FcRγ)-

dependent manner, possibly by inducing Tumor Necrosis Factor alpha (TNF-α) production [22]. 

Thus, Qi et al. suggested that the FCRL4 glycoprotein may have a similar function as FcαRI in IgAN 

pathogenesis [19].  

As for GALK2, it encodes N-acetylgalactosamine (GalNAc) kinase, an enzyme that can catalyze 

the conversion of α-d-galactose to galactose 1-phosphate, although its most favorable substrate is 

GalNAc, against which it exhibits greater activity [24]. Biosynthesis of the hinge-region O-linked 

glycans of IgA1 begins with the addition of GalNAc and continues with the addition of galactose 

[25]. Qi et al. hypothesized that since GALK2 is important to normal galactose metabolism, its 

enhanced activation (which results from the presence of high H3K4me3 levels) could induce the 

low concentration of galactose and result in the undergalactosylation of IgA1 [19]. As stated 

before, poorly galactosylated serum IgA1 stimulates the production of glycan-specific IgG and IgA 

autoantibodies, which are essential to the creation of circulating IgA1 immune complexes that 

finally deposit in the glomerular mesangium [26]. 

On the other hand, low levels of H3K4me3 are found in PTPRN2 and IL1RAPL1. The enzyme 

produced by PTPN2 expression is a member of the Protein Tyrosine Phosphatase (PTP) family and 

opposes Protein Tyrosine Kinase (PTK) actions [19]. However, as some PTKs seem to participate in 

the pathogenesis of several types of immune-mediated glomerulonephritis, possibly including 
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IgAN [27], we could assume that PTPN2 downregulation plays a role in IgAN progression [19]. 

IL1RAPL1 encodes a member of the IL-1 Receptor (IL1R) family; despite the poor levels of  

H3K4me3, it is upregulated in IgAN patients, perhaps as a result of some other epigenetic 

mechanism. IL-1 cytokine family members seem to be involved in the deterioration of IgAN [19], 

as several IL-1 gene cluster Single Nucleotide Polymorphisms (SNPs) have been associated with 

increased susceptibility to IgAN in children (specifically rs1143627, rs3917356, and rs1143633 in 

the IL1B gene, and rs928940, rs439154, and rs315951 in the IL1RN gene), while rs1143627, 

rs3917356, and rs1143633 of IL1B also seem to be linked to the presence of podocyte foot process 

effacement. Moreover, development of proteinuria in IgAN is perhaps related to IL1A [28]. Since 

the action of IL-1 family members is mediated by IL1Rs, high expression levels of IL1RAPL1 might 

contribute to the disease progression [19].  

It is clear that in IgAN patients there are significant differences in the H3K4me3 pattern [19], 

and there is a strong possibility that the genes mentioned above are involved in the disease 

pathogenesis. However, the exact mechanisms through which they mediate IgAN development 

have not been clarified yet and deserve further investigation.   

4. Histone Deacetylaces and Fibrosis 

The development of glomerular and tubule-interstitial scarring in the course of IgAN is a strong 

indicator of progression into end-stage renal disease [29]. Renal fibrosis is induced by several 

growth factors and cytokines that stimulate intracellular signaling pathways, such as the STAT3 

pathway, or the SMAD2/3 pathway, which are responsible for the activation and proliferation of 

renal interstitial fibroblasts [30, 31]. It has also been observed that deposition of polymeric IgA1 

(P-aIgA1) that occurs during IgAN increases the expression of Histone Deacetylace (HDAC)-1, -2, 

and -8 [31, 32].   

HDAC mediates STAT3 pathway activation, as it is essential for STAT3 phosphorylation at 

tyrosine 705 and the subsequent formation of active STAT3 homodimers and heterodimers that 

translocate into the nucleus and control gene expression. The genes influenced by this regulatory 

mechanism are associated with tissue fibrosis and include α-smooth muscle actin, fibronectin, and 

collagen I genes [30].  

SMAD2 and SMAD3 are proteins involved in signaling by TGF-β and activin and are also 

activated by HDAC [31, 33]. SMAD2 is a TGF-β-receptor-regulated signal transducer (R-SMAD) 

which, after activation, forms a heterocomplex with SMAD4, a co-mediator SMAD (Co-SMAD), and 

transfers into the nucleus, where it acts as a transcriptional modulator. SMAD3 is another R-SMAD 

that presents a great sequence identity with SMAD2, but as it has a different basal state, the state 

of the heterocomplexes it forms with SMAD4 differs, as well as its biological functions [33].     

Therefore, HDAC inhibitors, such as trichostatin A (TSA) and valproic acid (VPA), can prevent 

fibroblast proliferation and activation by impeding STAT3 and SMAD2/3 action, thus delaying the 

development of fibrosis [30, 31].  

5. Micro-RNAs and Epigenetics 

Micro-RNAs (miRNAs) are small, single-stranded RNA molecules that bind to the 3’-

untranslated region (3’-UTR) of their target mRNAs, thus negatively regulating their protein 

production [34, 35]. Over the past few years, there has been great progress in the research 
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regarding miRNAs in the nephrology field, as they could possibly serve as non-invasive biomarkers 

for various kidney diseases [36, 37]. Nevertheless, it is still unclear whether divergence in their 

expression is tissue- and disease-specific or represents more general pathologies like 

inflammation. Their potential contribution in clinical practice needs to be further clarified [37].    

In a study performed by Wu et al. aiming to find differentially-expressed miRNAs in peripheral 

plasma from IgAN patients, four miRNAs (miR-148a-3p, miR-150-5p, miR-20a-5p, and miR-425-3p) 

were found to be significantly upregulated in IgAN patients compared to healthy subjects. The 

study consisted of three phases (screening, training, and testing phase) and the diagnostic value of 

the four miRNAs in distinguishing IgAN patients from normal controls was assessed by the area 

under the receiver operating characteristic (ROC) curve (AUC), which was calculated by combining 

the data from the training and the testing stage. The AUCs were 0.66, 0.69, 0.65, and 0.64 for miR-

148a, miR-150, miR-20a, and miR-425, respectively, while the combination of the four miRNAs 

increased the AUC value to 0.75. Moreover, the authors pointed out that there is a greater 

positive correlation between this miRNA upregulation and the presence of histological findings 

consistent with the earliest stages in the development of IgAN (IgAN grade I and II) than more 

advanced histological damage (IgAN grade III and IV). Therefore, they proposed that miR-148a, 

miR-150, miR-20a, and miR-425 could be candidate biomarkers for the clinical assessment of the 

disease, serving as potential indexes that would facilitate the early diagnosis of IgAN [38]. Of 

course, since the levels of some of the previously mentioned miRNAs may also be deregulated in 

other renal disease, more research needs to be done regarding their specificity for IgAN. For 

example, miR-148a and miR-150 expression levels are elevated in the blood serum and renal 

tissue biopsies of several patients with lupus nephritis (LN) [39-41].  

It is not surprising that these miRNAs seem to be involved in the regulation of several 

immunological parameters. As analyzed below, that regulation is often mediated by epigenetic 

mechanisms.  

More specifically, miR-150 is involved in the differentiation of stem cells towards 

megakaryocytes rather than erythrocytes, as well as T- and B-cell differentiation and the defense 

reaction [38]. Interestingly, a possible binding site for miR-150 is located within the 3’-UTR of 

Specificity Protein 1 (Sp1) mRNA. Its product, Sp1, is a zinc finger protein that acts as a 

transcription factor, binding to GC-rich regions of promoters that affect various cellular processes 

including cell differentiation, cell growth, apoptosis, immune response, response to DNA damage, 

and chromatin remodeling [42]. As for its involvement in epigenetics, Sp1 interacts with HDAC1 

and induces gene transcription inhibition and also affects DNA methylation. More specifically, it 

binds DNMT1, which finally represses the targeted genes; it also contributes to the maintenance 

of a methylation-free state in CGIs of several gene promoters [43]. 

MiR-148a is possibly involved in B-cell tolerance regulation by reducing the expression of 

growth arrest and DNA damage 45a (GADD45a), phosphatase and tensin homolog (PTEN), and 

BCL2-like 11 (BCL2L11) (which encodes the pro-apoptotic factor Bim) [44]. GADD45a is one of the 

three members of the GADD45 family. GADD45 proteins play an important role in autoimmune 

and tumor suppression and are responsible for DNA gene-specific demethylation in response to 

stress, nuclear hormones, and induced differentiation. Their impaired expression has been linked 

to immune deficiencies and enhanced tumorigenesis [45]. PTEN is a well-known tumor suppressor 

protein. Among its other functions, it seems to affect gene expression profiles by preserving 

chromatin condensation through interaction with histone H1 and repression of acetylation of 
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histone H4 at lysine 16 (H4K16 acetylation) [46]. Through suppression of GADD45a, PTEN, and 

BCL2L11, miR-148a averts immature B-cell apoptosis that is induced by B-cell receptor (BCR) 

engagement. As expected, miR-148a dysregulation contributes to the development of 

autoimmune diseases [44]. 

MiR-20a binds to the 3’-UTR of E2F transcription factor 1 (E2F1) mRNA and inhibits its action 

[47]. E2F1 is an activator of transcription and since many of its target genes are known to promote 

cell cycle progression, its role as a cell proliferation inducer has been primarily emphasized. 

However, recent studies have shown it exhibits a great functional diversity, as it also regulates 

processes such as apoptosis, DNA damage repair, stress response, differentiation, and 

metabolism. Among other functions, E2F1 has been found to recruit transformation/transcription 

domain-associated protein (TRRAP), a common component of many histone acetyltransferase 

(HAT) complexes, in order to promote H3 and H4 acetylation. Moreover, it associates with the AT-

rich interaction domain 1B (ARID1B) subunit of SWItch/Sucrose non-fermentable (SWI/SNF) 

nucleosome remodeling complex (an ATP-dependent chromatin remodeler), thus engaging it to 

mediate the activation of some cell cycle genes [48]. As a regulator of E2F1, miR-20a is thought to 

be involved in the body’s immune inflammatory response [38].  

MiR-425 levels are also linked to cell-mediated inflammation and apoptosis [38], but there are 

not yet enough data regarding its exact interaction with epigenetic mechanisms.  

Several other miRNAs have also been proposed as potential markers for IgAN. For example, a 

retrospective international study by Serino et al. highlighted the importance of a combined 

biomarker, miR-148b-3p and let-7b-5p, in the detection of primary IgAN. This study also consisted 

of three phases (training, validation, and testing stage) and the miR-148b and let-7b specificity for 

IgAN was supported by their ability to discriminate IgAN patients from patients with other forms 

of primary glomerulonephritis in the testing phase, using the combined measurement of their 

serum levels (AUC, 0.76). Of course, even though this combined miRNA signature presented a high 

diagnostic accuracy for IgAN, its clinical utility as a biomarker needs to be further assessed for 

reasons analyzed above.  

Both miR-148b and let-7b are key modulators of the O-glycosylation process of IgA1 [49]. More 

specifically, miR-148b regulates the enzyme Core 1 β1, 3-galactosyltransferase 1 (C1GALT1), which 

catalyzes the second step in the biosynthesis of the hinge-region O-linked glycans of IgA1 (i.e. the 

addition of galactose). The G1GALT1 gene was found to be downregulated, while miR-148b levels 

were significantly higher in the PBMCs of IgAN patients compared to normal controls. Moreover, 

miR-148b levels negatively correlated with the G1GALT1 expression levels [25]. Let-7b negatively 

regulates the enzyme N-acetylgalactosaminyltransferase 2 (GALNT2), which is responsible for the 

addition of N-acetylgalactosamine (which is the first step in the glycan biosynthesis). Low 

expression of GALNT2 observed in PBMCs of IgAN patients was associated with high expression of 

let-7b [50]. Given their important role in the pathogenesis of the disease, further research 

regarding miR-148b and let-7b function, including possible epigenetic mechanisms regulating their 

expression or mediating their actions, would perhaps provide new promising therapeutic targets.   

6. Discussion 

IgAN is characterized by abnormal galactosylation of IgA1 molecules, synthesis of IgG and IgA 

autoantibodies, deposition of Gd-IgA1-auto-Ab immune complexes in the mesangium, and 



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.1803032 
 

Page 234/349 
 

induction of renal injury. Important steps have been made towards the understanding of the 

epigenetic mechanisms that contribute to the pathogenesis of IgAN. 

Aberrant DNA methylation seems to contribute to the development of IgAN. In CD4+ T-cells 

derived from IgAN patients, the DUSP-3 promoter and TRIM27 3’-UTR are hypomethylated, while 

VTRNA2-1 demonstrates high methylation levels. These modifications lead to the overexpression 

of DUSP-3 and TRIM27 and downregulation of VTRNA2-1. These 3 genes are regulators of 

intercellular pathways involved in T-cell survival, activation, proliferation, differentiation, and 

cytokine production. PTPRN2 and IL1RALP1 are also hypomethylated in IgAN patient cells. 

Moreover, it is possible that changes in the methylation status of the Cosmc gene promoter 

(whose methylation levels, interestingly, are not significantly different in IgAN patients compared 

to healthy controls) determines Cosmc mRNA levels. The Cosmc gene codes for an ER-localized 

molecular chaperone and its decreased expression has been linked to IgA1 abnormal 

glycosylation. 

Another possible mechanism includes alterations in the accumulation of H3K4me3 (which is 

considered responsible for gene activation) in several DNA sites. In IgAN patient cells, FCRL4 and 

GALK2 genes present high concentrations of H3K4me3 and are overexpressed. On the contrary, 

PDPRN2 and IL1RAPL1, encoding a protein tyrosine phosphatase and an IL-1 receptor respectively, 

exhibit low levels of H3K4me3. Interestingly, however, IL1RAPL1 is downregulated in IgAN. 

The development of renal fibrosis in the course of IgAN is also partially mediated by epigenetic 

mechanisms. HDAC overexpression is induced by P-IgA1 deposition and activates pathways such 

as STAT3 and SMAD2/3 that promote the activation and proliferation of renal interstitial 

fibroblasts. 

Lastly, miRNAs, such as miR-150, miR-148a, miR-20a, and miR-425 that are found at higher 

levels in the peripheral plasma of IgAN patients (and could be candidate non-invasive biomarkers 

for the assessment of the disease) can reduce the expression of factors that mediate cell 

differentiation and growth, apoptosis, metabolism, immune response, response to DNA damage, 

and chromatin remodeling through epigenetic modifications (including changes in DNA 

methylation and histone acetylation, interacting with nucleosome remodeling complexes, etc.). 

Although the progress we have made in clarifying the pathogenesis of IgAN is remarkable, the 

future seems much more promising. Epigenetic modifications in IgAN patients need to be further 

examined, as they offer valuable information regarding mechanisms involved in the development 

of the disease and reveal possible targets for new treatments. We hope that future advances in 

the fields of epigenetics will eventually lead us to a more efficient approach towards IgAN 

patients. 
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Abstract:  

Uniparental disomy (UPD), the inheritance of both homologues of a chromosome from only 

one parent, has been reported for nearly all human chromosomes. Depending on its mode 

of formation and time of occurrence, UPD can be present in all cells of an organism, or 

restricted to some cell lines as a mosaic UPD. Though its general frequency is unknown, it 

becomes clinically relevant when it produces homozygosity for recessive pathogenic 

variations or is associated with chromosomal imbalances. UPDs are well-known for their 

connection to imprinting disorders. Beyond its clinical and diagnostic significance, detection 

of UPD has value for research in the identification of putative disease mechanisms and 

genomic regions of interest. Furthermore, detection of UPD in a cluster of similar clinical 

cases can lead to the definition of new genetic syndromes and imprinted loci, thereby 

elucidating imprinting regulation and epigenetic mechanisms in general. In this review, we 

http://creativecommons.org/licenses/by/4.0/
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focus on UPDs originating from meiotic and early postzygotic nondisjunction events and 

their relevance to imprinting disorders.  

Keywords  

Uniparental disomy; chromosomal non-disjunction; trisomic rescue; monosomic rescue; 

genomic Imprinting; mosaicism; imprinting disorders; UPD 

 

1. Introduction 

Uniparental disomy (UPD), the inheritance of both homologues of a chromosome from only 

one parent, was first proposed by Eric Engel in 1980 [1], however, another eight years passed 

before the first case of UPD was reported [2]. Depending on the mode of formation and time of 

occurrence, UPD can be present in all cells of an organism or restricted to some cell lines as mosaic 

UPD. In a variety of human cancers, acquired UPD is a common molecular event leading to 

homozygosity for tumor suppressor genes as well as oncogenes [3].  

UPD has pathological significance as it can result in homozygosity for pathogenic gene 

variations. The term “isozygosity” is used to describe homozygosity of a recessive variant when 

inherited from the same parent and will be used throughout this review. UPD can also be 

associated with chromosomal disturbances, UPD can also be associated with chromosomal 

disturbances, but they are most well-known for their association with imprinting disorders. The 

identification of UPD in Prader-Willi syndrome (PWS) patients in 1989 [4] demonstrated the 

importance of UPD in the understanding of genomic imprinting. 

In this review, we will focus on UPDs originating from meiotic and early postzygotic 

nondisjunction events and their relevance for imprinting disorders and their elucidation. 

2. Definition and Formation Mechanisms 

Unlike normal biparental transmission, UPD occurs when both chromosome homologues are 

inherited from a single parent. An individual with both homologous chromosomes (genetically 

different) from the same parent is said to have uniparental heterodisomy (UPhD), whereas 

deriving homologous (genetically identical) chromosomes from the same parent is referred to as 

uniparental isodisomy (UPiD). Heterodisomy typically occurs as a result of meiosis I 

nondisjunction, while isodisomy is typically due to a meiosis II nondisjunction or a mitotic error. 

Mixed forms of UPiD/UPhD or UPhD/UPiD are also possible (Figure 1a). Furthermore, UPDs can be 

present with or without chromosomal aberrations, which include mosaic trisomy, translocations, 

and isochromosomes [5]. UPDs can involve a whole chromosome or can be segmental, where only 

part of a chromosome is inherited from the same parent. Additionally, the whole chromosome 

complement (whole genome) can be derived from one parent (uniparental diploidy), either from 

the mother or from the father. The term “genome-wide UPD” is commonly used in literature, but 

we suggest using the term “uniparental diploidy” instead.  
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Figure 1 Example mechanisms of UPD formation. (a) Four scenarios leading to whole 

chromosome UPDs. In the figure, only monosomy rescue for maternal UPD is shown; 

paternal UPD is caused by monosomy rescue following fertilization between nullisomic 

oocyte and normal sperm. Paternal chromosomes are shown in black; maternal 

homologous chromosomes are striped. Small horizontal ellipses depict centromeres. 

UPhD, uniparental heterodisomy; UPiD, uniparental isodisomy. (b) Mechanism leading 

to segmental UPD. (c) UPD mechanisms in the offspring of Robertsonian translocation 

carriers. The mother is carrier of t (14; 22) translocation, while the father has normal 

karyotype. Chromosome 22 is shown in black (paternal) or gray (maternal). Maternal 

homologue chromosomes 14 are shown in red and pink, and paternal chromosomes 

14 in dark and light blue.  

2.1. Mechanisms of Whole Chromosome UPD Formation 

Whole chromosome UPDs occur via four main mechanisms (Figure 1a). The first three 

mechanisms originate in meiosis and are a corrective response to aneuploidy.  Human oocytes are 

markedly prone to aneuploidy, particularly with increasing maternal age [6] and in association 

with defects in meiotic crossover [7]; premature separation is suggested as the major segregation 

error [8]. Uniparental disomy represents a potential mechanism for aneuploidy rescue and 

likewise shows increasing frequency with maternal age [9, 10].   

Trisomic rescue. Trisomic rescue happens when a meiotic nondisjunction occurs in one of the 

conceiving gametes resulting in disomy and a subsequent trisomic conceptus after fertilization. 

The trisomy is corrected by non-random elimination of the extra chromosome (trisomic rescue); if 
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the remaining chromosomes are from the same parent, this will result in uniparental disomy 

(UPD). Depending on whether the nondisjunction occurred during meiosis I or II, the UPD can be 

heterodisomic (UPhD) or isodisomic (UPiD), respectively (if we assume recombination between 

sister chromatids has not occurred). Mixed UPhD/UPiD or UPiD/UPhD (the centromere are within 

the heterodisomic region, and the centromere are within the isodisomic region, respectively) are 

caused by recombination between the sister chromatids of a pair of the homologous 

chromosomes of the disomic conceiving gamete (Figure 1a). UPhD/UPiD, with heterodisomic 

markers around the centromere and isodisomic markers near the telomere, indicates a meiosis I 

error, whereas UPiD/UPhD with isodisomic markers around the centromere and heterodisomic 

markers near the telomere indicates a meiosis II error (Figure 1a). If the trisomic rescue occurs in a 

later postzygotic stage, this will result in a mosaic UPD case [11]. 

Monosomic rescue. In this model, nondisjunction during meiosis I in one of the conceiving 

gametes results in nullisomy and in a monosomic conceptus after fertilization. Monosomic rescue 

takes place in the early postzygotic stage by replication of the monosomic chromosome, leading to 

UPiD.  

Postfertilization (mitotic) error. In this case the conceptus is disomic. A mitotic error can lead to 

a monosomy or trisomy that can be corrected through monosomic or trisomic rescue, 

respectively, and may lead to isodisomic UPD in both scenarios.   

Gamete complementation. This mechanism requires simultaneous occurrence of meiotic 

disjunction in both gametes, where one is nullisomic and the other is disomic, leading to UPhD in 

the conceptus. If a recombination had occurred between the sister chromatids of a pair of the 

homologous chromosomes of the disomic conceiving gamete, this will lead to mixed UPiD/UPhD 

(centromere is within the isodisomic region) or UPhD/UPiD (centromere is within the 

heterodisomic region) (Figure 1a). 

2.2. Mechanisms of Segmental UPD Formation 

Segmental UPD is one of the main molecular alterations observed in Beckwith-Wiedemann 

syndrome [12]. It is suggested to result from a postzygotic mitotic cross-over between the 

paternal and maternal homologue chromosomes and in principle can only be a segmental 

isodisomy (Figure 1b). An alternative mechanism is trisomic rescue as described above, where a 

mitotic recombination between paternal and maternal homologue chromosomes occurs before 

the “normal” extra chromosome is discarded from the cell. In this mechanism, segmental UPD can 

be both isodisomic and heterodisomic. Segmental UPD can also be mosaic [12].   

2.3. Mechanisms for Uniparental Diploidy  

Only mosaic uniparental diploidy conceptuses are viable and most of these are of paternal 

origin [13, 14]; only one single case of maternal uniparental diploidy has been described in 

literature [15]. Four different mechanisms have been suggested for mosaic uniparental diploidy 

occurrence and were described in detail by Kalish et al. [13].  

2.4. UPDs Accompanied by Chromosome Aberrations 
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UPD cases may arise due to translocations [5]. Different scenarios have been proposed for the 

formation of UPD in the offspring of the carriers of balanced translocations, including 

Robertsonian translocations (Figure 1c) [5]. The karyotypes of these offspring may be balanced or 

unbalanced. In one of these scenarios, the chromosome aberration of the offspring with UPiD is an 

isochromosome (homologous Robertsonian translocation), which likely occurs from a monosomic 

rescue. Notably, upd(14) and upd(15) are the most frequently reported UPDs associated with 

Robertsonian translocations [5], but this might be due to the fact that the majority of 

Robertsonian translocations affect chromosome 14 and that clinical pictures are only associated 

with UPDs of these chromosomes; UPDs of chromosomes 13, 21, and 22 have not yet been 

reported as clinically relevant (Table 1). 

UPDs can also be accompanied by small supernumerary marker chromosomes and the 

formation mechanisms are explained in detail by Liehr [5]. 

Table 1 Congenital imprinting disorders associated with UPDs 

Chromosome Maternal UPD Paternal UPD 

6 Imprinting phenotype or result of 

trisomy 6 mosaicism? 

Transient neonatal Diabetes mellitus 

7 Silver-Russell syndrome Overgrowth? 

11 Silver-Russell syndrome Beckwith-Wiedemann syndrome 

14 Temple syndrome Kagami-Ogata syndrome 

15 Prader-Willi syndrome,  Angelman syndrome 

16 Imprinting phenotype or result of 

trisomy 16 mosaicism? 

 

20 Mulchandani-Bhoj-Conlin 

syndrome (upd(20)mat) 

Pseudohypoparathyroidism Ib 

In ten of the 13 UPDs, the role of disturbed imprinting as the cause for the associated 

phenotypes is evident, but in three it is in discussion (in italics). 

3. Epidemiology 

Maternal and paternal UPDs have been described for all human chromosomes except 19 and Y, 

and more than 3,600 cases with UPDs in developmental disorders are documented [16]. In the 

majority of UPDs, no specific phenotypes are associated with the aberrant constitution, but an 

association with clinical pictures has been shown for ten UPDs (Table 1), which are distinguished 

as imprinting disorders.   

The total frequency of all UPDs (including whole chromosome and segmental UPDs) is 

unknown, because (a) there have been no systematic studies to determine its prevalence, (b) 

UPDs without clinical consequences are not identified, and (c) UPD mosaicism cannot readily be 

detected using standard diagnostic algorithms. In fact, the majority of UPDs have been identified 

adventitiously in individuals with clinical features or indications for UPD testing (e.g. imprinting 

disorders and specific chromosomal variants). 
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Through extrapolation of UPD frequency of chromosome 15, Robinson suggested the general 

incidence of UPD as 1:3,500 [6]. Its incidence appears increased in patients exhibiting intellectual 

disability, developmental delay, dysmorphisms, and congenital anomalies. In 2010, Conlin et al. 

[17] reported on eight patients with (segmental) UPD among 2019 patients (0.39%). A similar ratio 

was determined in a larger cohort of 14,574 patients by Wang et al. [18], who identified a UPiD in 

0.13% (n = 19), and a mixed UPhD/UPiD or segmental UPD in 0.17% (n = 25).  

More recently, further estimates have been based on array analyses. Using chromosome 

microarray data from 173 trios, Sasaki et al. [19] estimated a rate of approximately 0.6% for 

segmental UPDs. In a cohort of 14,574 patients with a broad range of clinical indications, Wang et 

al. [18] identified 25 cases with significant regions of homozygosity of a single chromosome. In five 

of those patients, mixed UPhD/UPiD could be confirmed, and in 2 patients a segmental UPD was 

identified. In the remaining cases UPD was suspected. Thus, an incidence of less than 1% in 

patients with clinical features can be assumed. However, this data is limited by a defined 

restriction of a region of homozygosity of ≥5 Mb [18]; therefore, segmental UPiDs/UPhDs with a 

size of less than 5 Mb escape detection. 

Chromosome-specific frequencies of UPDs are difficult to estimate as there are strong 

ascertainment biases. An example is upd(15)mat:  it is overwhelmingly overrepresented in reports 

on UPD because upd(15)mat accounts for 70-75% of Prader-Willi syndrome (PWS) occurences, a 

condition that is well-known in pediatrics and therefore frequently tested. In contrast, upd(15)pat 

is less frequently documented as it accounts for only 1-2% of the mutation spectrum in Angelman 

syndrome (AS), an imprinting disorder with a similar prevalence as PWS. This ascertainment bias is 

obvious in the studies of Conlin et al. and Wang et al. [17, 18], where a considerable number of 

UPDs were upd(15)mat. However, two further UPD constitutions, upd(7)mat and upd(14)mat, are 

frequently published although the associated disorders are rare. Many groups working in the field 

of imprinting disorders have recently focused on these specific alterations and have screened for 

specific clinical cohorts. 

Aside from imprinting disorders, UPDs are also associated with chromosomes affected by 

trisomy. For example, trisomy 16 (with maternal origin of the supernumerary chromosome) is one 

of the most common aneuploidies detected during human prenatal development; while it persists 

in growing placenta, it is incompatible with fetal development and therefore is reduced by trisomy 

rescue to give a relatively high frequency of upd(16)mat in liveborn offspring [14]. 

In summary, the current observed frequency of UPDs is determined by the observance of 

clinical consequences and associations with other chromosomal aberrations, but is likely not 

accounting for UPDs that do not have clinical presentations. It is likely to hypothesize that the 

actual frequency of UPDs is higher than the current observed frequency. 

4. Risk Factors for UPD Formation Following Meiotic and Early Postzygotic Nondisjunction 

Individuals who are at risk to carry UPDs are (a) children born to older mothers, (b) children 

from pregnancies with chromosomal aneuploidy mosaicism in the extraembryonic tissues, and (c) 

carriers of (familial) structural variants or their offspring (i.e. Robertsonian translocations or 

marker chromosomes). 

The association of UPD with advanced maternal age can be explained by the increased risk of 

trisomy formation of older mothers and the subsequent trisomic rescue, which is the major mode 
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of UhPD formation (Figure 1). This association only applies to maternal UPhD, however it can be 

assumed that increased maternal age is the major risk factor for UPD formation. Its relevance has 

already been proven for several UPDs (e.g. upd(20)mat and upd(16)mat [20, 21]). In contrast, 

paternal UPDs and UPiDs should not be influenced by maternal age in theory, and this has been 

confirmed for upd(7)mat where the maternal age in the UPhD subcohort is higher than in the UPiD 

group [22].  

Trisomy rescue also explains the occurrence of UPD in pregnancies with chromosomal 

aberrations detected during prenatal development. Trisomy rescue can typically be detected by 

prenatal identification of a trisomy in a chorionic villous sample followed by identification of a 

disomy in a subsequent amniocentesis. This mechanism was first documented in 1992 for 

chromosome 15, with a with a 47, +15 karyotype at chorionic villous sampling, a normal karyotype 

in amniocentesis, and a upd (15) mat in the newborn [23, 24]. It is therefore recommended to test 

fetuses of pregnancies with trisomic cells in chorionic villous sampling for UPD, at least for those 

with a clinical relevance [25]. 

Carriers of (balanced) structural chromosomal variants or their offspring have an increased risk 

for UPD (see above). In this category, Robertsonian translocations affecting acrocentric 

chromosomes are the most frequent structural variants in humans (incidence in the general 

population: 0.1%). Robertsonian translocations involving chromosomes 14 and 15 lead to 

increased risk of four imprinting disorders in affected families. These types of translocations gave 

the first clues towards the identification of the imprinted region in 15q11-q13 and the associated 

imprinting disorders PWS and AS [26]. It also subsequently allowed the identification of the 

chromosome 14-associated imprinting disorders [27, 28]. However, translocations other than the 

acrocentric chromosomes should be regarded as risk factors for UPD formation, as documented by 

several case reports [29]. In families with a known translocation or a prenatal detection of a 

variant, UPD testing is suggested if there is evidence for involvement of a chromosome containing 

imprinted genes, i.e. chromosomes 6, 7, 11, 14, 15,and 20 [25]. Another group of structural 

variants which might be associated with UPD are small supernumerary marker chromosomes, 

however, this combination has rarely been reported [30, 31]. Regardless, UPD testing should be 

considered in cases where clinical features are compatible with an imprinting disorder, or when 

chromosomes containing imprinted genes are involved. 

The identification of structural variants underlying UPD is essential to give accurate genetic 

counselling of recurrence risk. In families with structural chromosomal variants, there may be 

elevated risk not only for UPD, but also for unbalanced chromosomal rearrangements.  

5. UPDs and Their (Patho) Physiological Significance 

Though UPDs themselves do not alter the karyotype or DNA sequence, they can be associated 

with an aberrant phenotype due to the three following mechanisms.  

5.1. UPDs and Genomic Imprinting 

Genomic imprinting is the restriction of gene expression potential by parent of origin [32]. 

Approximately 40 human genomic regions evade epigenetic reprogramming in the early embryo, 

and thus faithfully maintain the epigenetic programming of the egg or sperm. As a result, at key 

developmental times and places the expression of imprinted genes is functionally hemizygous. 
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Disturbance of this epigenetically-balanced gene expression at certain loci gives rise to imprinting 

disorders (Figure 2).  

In a UPD affecting an imprinted locus, methylation is faithfully maintained. As both alleles are 

from the same parent, no expression of the imprinted genes within this locus occurs, leading to 

disturbance of the overall balance of methylation and therefore gene expression. 

 

 

Figure 2  Example of imprinting regulation utilizing the imprinted regions on chr11p15. 

The upper panel represents normal biparental inheritance at the closely apposed 

imprinted loci on chr11p15.  The lower panel represents paternal UPD, where the 

balance of imprinted gene expression is disturbed via downregulation of H19 and 

CDKN1C and upregulation of IGF2. Maternally and paternally expressed genes are 

shown with red and blue horizontal blocks, respectively. Filled lollipops, methylated 

CpG sites; empty lollipops, unmethylated CpG sites. Arrows show direction of 

transcription, and Ω symbols represent micro-RNA binding sites. 

5.2. UPDs and Chromosomal Aberrations/Structural Variants 

The phenotype of UPD carriers can be influenced by a co-occurring trisomy or structural 

variant. In this situation, the UPD is regarded as a biomarker for the chromosomal alteration (e.g. 

upd(6)mat and upd(16)mat) [20, 33] rather than as the cause of the aberrant phenotype. 

Moreover, the combination of both chromosomal alterations and UPDs can cause heterogeneous 

clinical presentations, obscuring clinical diagnosis or mimicking known disorders. 

5.3. UPDs as Cause of Unexpected Homozygosity for Recessive Mutations - Isozygosity 

Apart from the UPDs of chromosomes harboring imprinted genes (Table 1), maternal and 

paternal UPDs of other chromosomes have been identified by chance, either as coincidental 
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findings by genotyping assays (SNP arrays and NGS) in research or diagnostic contexts (e.g. GWAS 

in research context and molecular karyotyping in diagnostics), or in patients with unexpected 

isozygosity by linkage and mutation analysis. In these families, only one of the parents is a 

heterozygous carrier, and the child is homozygous due to UPiD. In fact, this was the case in the 

first proven patient with UPD, suffering from cystic fibrosis due to maternal UPiD of chromosome 

7 and homozygosity for a CFTR variant [2]. UPiD can be restricted to the region harboring the gene 

affected by the pathogenic variant or affect the whole chromosome. In many cases, the UPiD has 

been identified after discovery of the homozygous pathogenetic variant, but identification of UPiD 

can also be the first step in the detection of a candidate gene and the pathogenic mutation [18]. 

6. UPDs and Their Clinical Significance 

According to the aforementioned pathomechanisms, UPDs can affect phenotype by the 

homozygosity of a recessive allele or an associated chromosomal disturbance. In the latter case, 

UPD can be regarded as one molecular type out of a variety of molecular pathomechanisms on a 

genomic level that result in the gene and mutation-specific phenotype. 

Because of their association with imprinting disorders, UPDs have clinical signficance (Table 2). 

Imprinting disorders are a group of rare human congenital diseases with prevalences less than 

1:10,000 among newborns. These disorders are caused by changes in both gene sequences 

(“genetic variations,” which include UPDs) and gene regulation (“epigenetic variations”), affecting 

parentally-imprinted loci. To date, twelve clinically-recognized disorders have been defined and 

characterized by common underlying molecular mechanisms and overlapping phenotypes; in ten 

of these UPDs have been identified [32]. Clinical features primarily appear prenatally or in early 

childhood, and nearly all of them have a severe impact on health including abnormal growth, 

tumor development, disturbed metabolism, neurodevelopmental delay, and precocious puberty. 

They include well-known congenital disorders like PWS, AS, Beckwith-Wiedemann, and Silver-

Russell syndrome, as well as rare disorders that are lesser-known such as transient neonatal 

diabetes mellitus; pseudohypoparathyroidism; or the recently described Temple, Kagami-Ogata, 

Schaaf-Yang, and Mulchandani-Bhoj-Conlin syndromes. Recently, upd(6)mat, upd(16)mat, and 

upd(7)pat have been suggested to be associated with imprinting disorders [20, 33, 34]. However, 

the influence of trisomy 6 or 16 mosaicism on the phenotype has been suggested for upd(6)mat 

and upd(16)mat, based on the genetic findings and the clinical heterogeneity of the carriers.  

Due to the clinical heterogeneity of imprinting disorders and their ambiguity to physicians, 

patients often experience a delay in diagnosis, or remain without diagnosis. As a result, the 

prevalence of imprinting disorders among newborns are currently unknown and can be only 

roughly estimated. The frequent presence of non-specific features and the phenotypic overlaps 

between the different disorders as well as variance in diagnoses challenges the accurate diagnosis 

of imprinting disorders (Table 2). In addition, the classification of imprinting disorders is becoming 

increasingly complex, causing further complexity in diagnosis and leading to uncertainty for 

patients and families, as well as healthcare providers. 
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Table 2 Summary of the most frequent and overlapping features in imprinting disorders 
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Transient 

neonatal 

diabetes 

mellitus 

+ Retardation NR + ? + + - -/? ? 

upd(6)mat + Retardation ? ? ? + + -/? -/? ? 

Silver-Russell 

syndrome 
+ Retardation NR +   + -/+ -/? + + 

Birk Barel 

mental 

retardation 

+ NR NR -/? ? + + + -/? ? 

Beckwith-

Wiedemann 

syndrome 

+ Overgrowth ≤20% + ? -/+ - + -/? + 

Temple 

syndrome 
+ Retardation NR + -/+ + -/+ -/+ + + 

Kagami-Ogata 

syndrome 
+ Overgrowth + + ? + + + -/? + 

Prader-Willi 

syndrome 
+ Retardation NR + + + + + - -/? 

Angelman 

syndrome 
- Normal NR -/? ? -/+ + + - -/? 

precoious 

puberty 
- Normal NR -/? ? - - - + -/? 

Shaaf-Yang 

syndrome 
+ ? NR + ? + + + - -/? 

upd(16)mat ? Retardation ? -/ ? ? +/? +/? ? -/? + 

Pseudo-

hypopara-

thyreodism 

+ Retardation ? ? -/+ - + + NR + 

upd(20)mat + Retardation NR NR ? + -/+ -/+ ? -/? 

(- not present; + present; NR not reported but possible; ? unknown or reported in rare 

cases, therefore making an association questionable) 
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7. UPD as a Tool for Research 

Beyond its diagnostic significance, detection of UPD has been valuable for research:  (a) its 

detection during genome-wide genetic diagnosis can suggest a new disease mechanism and a 

genomic region of interest, (b) detection in a cluster of similar clinical cases can lead to defining 

new genetic syndromes, and (c) aiding in the identification of imprinted genes. 

7.1. Adventitious Detection Suggesting Disease Mechanisms and Their loci  

Identification of UPDs has been a significant by-product of genetic diagnosis from its inception.  

For example, the first association of UPD with Silver-Russel syndrome occured during discovery of 

recessive cystic fibrosis [2, 35]; the diagnosis of cystic fibrosis continues to provide clarification of 

the gene(s) involved with SRS on chr7 [36].   

Additionally, the current large-scale genomic medicine initiatives offer a very welcome 

opportunity to detect UPD [37].  Moreover, researchers and diagnosticians across the world ought 

to continue to share these rare diagnoses, in order to identify clusters of similar individuals (see 

below). In some cases, UPD may be coincidental to clinical presentation, or may be a 

manifestation of another disease mechanism. For instance, cases in literature describe UPD in 

association with clinical presentations [34, 37]; time will tell whether these descriptions will 

develop into new clinical UPD disorders, represent coincidental findings, or reveal recessive 

disorders.   

7.2. Clustering of Cases with Similar Clinical Presentations and Shared UPD May Lead to The 

Recognition of New Clinical Syndromes 

An example of a specific syndrome that originated from a cluster of cases with similar clinical 

presentations is the isolated syndromic presentation of upd(14)mat. Although it was first 

described in 1991 [28], it was recently recognized as a distinct syndrome and named Temple 

syndrome (TS14) [38, 39], and has a degree of phenotypic overlap with both PWS and SRS [40].  

Defining the clinical parameters of TS14 led to refinement of its genetic etiology [41], and it is now 

routinely identified in association with CNVs, UPD, and epimutations (i.e. aberrant methylation 

marks without obvious alteration of the DNA sequence) of the imprinted gene cluster on 

chr14q32. A similar process of clinical clustering and syndrome definition is in progress with 

upd(20)mat [21, 42], which ought to refine its genetic etiology.   

7.3. With the Advent of Genome-wide DNA Methylation Analysis, DNA from Individuals with 

UPD has Been Used to Identify Imprinted Genes 

Comparative analysis, such as genome-wide DNA methylation analysis, can either use DNA 

from numerous individuals with UPD of different chromosomes[43], uniparental diploidy [44], or 

nonviable imprinting errors such as hydatidiform moles and ovarian teratomas [45]. These 

analyses have yielded what can reasonably be claimed as a comprehensive list of germline-

imprinted genes (i.e. genes where the imprinting marks are established in the gametes), which has 

been invaluable in understanding the mechanisms and pathologies of imprinting. Notably, 

placental imprinting and its pathologies are relatively less understood [46]. 
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8. Methods to Identify UPD 

The appropriate tools to identify UPDs are DNA-based polymorphic markers (Table 3). In 

contrast, tests visualizing chromosomes (including conventional karyotyping), fluorescence in situ 

hybridization (FISH), and chromosome microarrays (SNP-arrays or array CGH) for detection of copy 

number variants (CNVs), are not suitable to detect UPDs; these can only suggest chromosomal 

constitutions prone to UPD formation, like trisomy mosaicism or structural variants which might 

result in UPD (e.g. t(14;14) [25]). 

In principle, UPDs can be identified by all techniques that can detect the genotyping of 

polymorphic markers (Figure 3).  

 

 

Figure 3 Identification of UPD by molecular genetic testing. (a, b) Identification of 

upd(7)mat by microsatellite typing and methylation-specific MLPA: (a) Typing results of 

the marker D7S460 reveals a UPiD, whereas typing results for D7S2446 correspond to a 

UPhD. Please note that the typing result of D7S460 does not allow the discrimination 

between UPiD and a deletion of the paternal allele. (b) By MS-MLPA, a deletion of the 

imprinted genes GRB10 (7p13) and MEST (7q32) could be excluded by copy number 

analysis (upper row), but methylation analysis (lower row) does not discriminate 

between upd(7)mat and isolated hypermethylation (epimutation). (c) Identification of 

a UPiD of chromosome 9 by SNP array analysis (Cytoscan® HD, Affymetrix, Santa 

Clara/CA, USA): (1) large stretches of loss of heterozygosity indicate a uniparental 

isodisomy for these regions. (2) Distributi on of SNP (light green) and oligo probes 

(dark green). (3) Physical map of chromosome 9. 



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.1803031 
 

Page 252/349 
 

Table 3 Methods applicable for identification and proof of UPDs and other molecular changes in imprinting disorders. 

Method Identification of Number of  

tested loci 

Advantages Disadvantages 

UPD CNVs Epimutation 

Microsatellite analysis 

(microsatellits/short tandem 

repeatR typing) 

Yes Yes No Single loci Fast, cheap DNA sample of at least one parent required, 

in case of homozygosity of one allele: no 

discrimination between UPD and CNV 

possible 

SNP (single nucleotide 

polymorphism)array (molecular 

karyotyping) 

Isodisomy, 

(heterodiso

my) 

Yes No Whole genome High resolution; covering 

the whole genome; 

identification of 

segmental UPDs 

Expensive; identification of heterodisomy 

requires testing of parents and specific 

bioinformatic tools 

Methylation specific methods 

(PCR, Multiplex Ligation-

dependent Probe 

Amplification/MLPA, 

pyrosequencing, bisulfite 

sequencing, Southern blot…) 

Yes Yes Yes Single or limited 

number of loci 

Detects all molecular 

changes disturbing the 

methylation pattern 

Discrimination of the three molecular 

subtypes often not possible; final proof of 

UPD requires MSA typing  

High throughput methylation-

specific tests (arrays, next 

generation sequencing) 

Yes Yes Yes Whole genome High resolution; covering 

the whole genome; 

identification of 

segmental UPDs 

Expensive; requires comprehensive 

bioinformatic tools; currently not applicable 

in diagnostic workup  



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.1803031 
 

Page 253/349 
 

These can be highly polymorphic markers like microsatellites (also referred to as short tandem 

repeats) or single nucleotide variants. The classical tool utilized to identify UPDs is microsatellite 

typing, and it has been determined that two informative markers (meaning that both parents are 

heterozygous for different alleles) are sufficient to confirm a UPD [25]. Microsatellite typing is 

based on PCR-based amplification of highly polymorphic repeats (e.g. CA repeats or trinucleotide 

repeats), followed by high-resolution gel electrophoresis. It includes parallel analysis of DNA 

samples of the patient and at least one parent. In the case of a positive testing result, both 

parental samples should be included, and paternity should be confirmed for maternal UPD. 

Microsatellite typing is well-established in routine diagnostic labs as it requires basic molecular 

laboratory equipment and is therefore fast and cheap. It is currently utilized as the major test in 

the diagnosis of UPD, however high-throughput genotyping techniques (such as SNP array 

analysis) are growing in significance. The advantage of this test is that thousands of SNP markers 

on one chromosome are analyzed, thereby even small segmental UPDs as well as uniparental 

diploidy are detectable. However, the identification of UPhD needs analyses of parental samples 

and specific software tools [47], which is much more expensive than microsatellite analysis.   

In the case of specific chromosomes that contain imprinted loci, methylation-specific (MS) tests 

can provide indirect evidence for a UPD. As illustrated in Figure 3, MS multiplex ligation-

dependent probe amplification (MS-MLPA) is a suitable assay to identify disturbed methylation 

patterns, with the advantage that it addresses copy number variations and methylation marks in 

one assay, and can target more than 40 loci. However, it should be noted that MS-MLPA, like 

other MS assays (Table 3), can identify copy number variations, epimutations, and UPD, but might 

not discriminate epimutations from UPD.  

Nevertheless, molecular diagnostic testing is currently being revolutionized by the 

implementation of NGS-based assays, which also affects UPD testing. In the future, the choice of 

which method to apply will depend on the indication: in the case of targeted UPD testing, e.g. in 

families with Robertsonian translocations, short tandem repeat typing might be sufficient, 

whereas in nonspecific phenotypes, array or NGS testing might be indicated. 
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Abstract:  

Background: With their varied pharmacophores, natural products are interesting tools to 

open the drug discovery pipeline. Several plant secondary metabolites are components of 

the human diet and have reported epigenetic activities.  In this study, we screened a small 

natural compound library for epigenetic activities. 

Methods: Seventy-one different natural products plus 17 controls collected from all 

collaborating laboratories were screened. Localized DNA methylation (DNAm) was studied 

on a stretch of the retinoic acid receptor gene RAR. All genomic 5-methylated cytosine 

(5mC) bases were then detected by high performance liquid chromatography tandem mass 

spectrometry (HPLC-MS/MS). DNA methyl transferase 1 (DNMT1) enzymatic activity was 

measured for selected compounds. Level of histone H3 trimethylation at lysine 9 and 27 

(me3H3K9 and me3H3K27) was measured by Western blot analysis. Global histone 

deacetylase inhibition (HDAC) was assayed first using a bioluminescent resonance energy 

transfer-based (BRET) assay and then with enzymatic fluorescence based-assays for most 

HDAC class 1. HDAC6 inhibition was measured by Western blot analysis. Sirtuin (Sirt2) 

inhibition was assessed first with a thermal shift assay and then using the enzymatic 

SIRTainty™ Class III HDAC assay for Sirt1 and Sirt2. 

Results: Diosmetin, (S)-equol, umbelliferone, papaverin and L-carnitine were identified as 

novel DNA demethylating agents. Emodin, rhein, aloin and D-glucuronic acid were identified 

as novel histone H3 demethylating compounds. Previously undescribed Sirt activation by 

apigenin, biochanin B, robinin, pinocembrin, aureusidine, brucine and boldine was also 

detected. 

Conclusions: High-throughput alpha screens are used for initial studies of diverse compound 

libraries; however, this approach has significant disadvantages for the study of DNAm. 

Indeed, finding unmethylated RARalleles in one cell line does not indicate the activity of 

the compound at the level of the entire genome over a given time-frame and a given dose. 

Measurement of DNMT1 activity is not useful since most natural compounds are not direct 

enzymatic inhibitors. When studying histone methylation, Western blot analysis is laborious 

but remains a cheap and effective assay under circumstances in which several histone 

http://www.lidsen.com/journals/genetics/genetics-special-issues/epigenetic_mech
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methylases (KDMs) or demethylases may be responsible for modulation of histone 

methylation. Reversible epigenetic modifications of the genome remain feasible targets for 

nutrition-based preventive strategies. However, more accurate HDAC inhibition assays are 

still required for the evaluation of flavanols, which have fluorogenic properties that disturb 

classical fluorescence-based assays. 

Keywords  

DNA and histone H3 methylation; HDAC inhibition; natural products 

 

1. Introduction 

Epigenetics is defined as the heritable changes in a genome that occur without a change in the 

DNA nucleotide sequence. Since epigenetic modifications are reversible, they have been an 

important field of research for medicinal chemists. Several natural nutrients have been found to 

affect the epigenome through modification of DNA and histone methylation and histone 

acetylation as well as modifications of micro and long non-coding RNAs. We previously reported 

that several dietary polyphenols that are well-known as in vitro anti-oxidants are also documented 

epigenetic modifiers [1, 2]; however, conflicting results were obtained [1-4]. Recent evidence 

supports a reduction in mortality risk associated with a polyphenol-rich diet [5]. In this study, we 

screened for epigenetic activities a small natural compound library assembled by a network of 

academic experts (COST action CIM1106). New positive results were obtained for each class of 

epigenetic activity studied. However, the limitations of fluorescence-based screening of some 

compounds were highlighted. 

2. Materials and Methods 

2.1 Reagents and Cell Culture  

Reagents: Cell culture reagents, enzymes and compounds were obtained from Sigma–Aldrich 

(Saint Quentin en Yvelines, France) unless specified otherwise. Compounds sent by the authors 

were prepared for screening in the Institute of Chemistry in Nice (France). The compounds were 

first diluted to 10 mM in DMSO and 100 µL aliquots were stored in the dark and frozen at -20°C 

until shipment to each screening laboratory. The final working concentration of the compound 

prepared in cell culture medium was 15 µM, except for cell viability studies, HDAC screening and 

control compounds, for which several dilutions from 5 to 15 µM were assayed.  

Cell culture: The MCF-7 (breast carcinoma) cell line was obtained from the American Type 

Culture Collection. Cells were cultured at 37°C in a humidified atmosphere of CO2/air (5%/95%). To 

prepare DNA for methylation studies, MCF7 cells were cultured in 2 triplicates in 24-wells plates 

seeded at a density of 6  104 cells/well. Cells were cultured for 5 days and the culture medium 

was replaced every other day (RPMI medium supplemented with 100 µg/mL streptomycin, 100 

IU/mL penicillin and 10% v/v heat-inactivated fetal calf serum). After one day of culture, 

compounds (15 M) were added to wells and cultures lasted 4 more days. Subsequently, the cells 

were removed from wells into phosphate buffer saline using a rubber scraper and pelleted by 
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centrifugation at 1000xg. The pellet was incubated for 12 h at 55°C in 1 mL lysis buffer (5 mM NaCl, 

10 mM Tris-HCl pH 8, 0, 25 mM EDTA), 5 µL Triton X 100 and 5 µL proteinase K aqueous solution 

(20 mg/ml). Finally, DNA was purified using a classical phenol/chloroform/isoamyl alcohol 

extraction method. A working solution of each compound was prepared at 1 µg/µL in molecular 

biology grade water.  

Cell viability: After 48 h in culture, cell viability was evaluated using the Cell Titer 96® assay kit 

(Promega, USA) according to the manufacturer’s recommendations. Results were expressed as 

IC50 values; i.e., the concentration of the compound inducing a 50% reduction in cell number by 

comparison with untreated control cultures containing 0.01% DMSO.  

2.2 DNA Methylation (DNAm) Studies 

DNA bisulfitation and methylation specific qPCR (MS-PCR): Purified DNA (100 ng) was prepared 

for MS-PCR using the EZ DNA Methylation™ Kit (ZYMO Research, USA) according to the 

manufacturer’s instructions. The methylation status of the RARβ second exon was determined by 

MS-PCR. Amplicon melting curves were generated using the Roche qPCR SYBR green kit according 

to the manufacturer's instructions, with annealing of the RARβ sense 

(GAGTAGGGTTTGTTTGGGTAT) and RARβ antisense (CCAAATAATCATTTACCATTTTCCA) primers at 

57°C for 40 cycles. MS-PCRs were conducted in duplicate with a light cycler apparatus from Roche 

and interpreted using its allele-calling software version 2.0. Positive control DNA (0.01% DMSO-

treated cells) served to distinguish fully methylated alleles (reported as 0.200 in Table 1), while 

negative control DNA (0.13 µM 5-azacytidine-treated cells reported as -0.250 in Table 1) served to 

distinguish fully unmethylated alleles; these results defined the extremities of a scale of 

methylation in which values > -0.100 were considered positive (DNA demethylation) because the 

qPCR allele-calling software was unable to resolve partially methylated alleles below this value.  

Global DNAm study: Selected DNAs were also evaluated for global 5mC levels by HPLC-MS/MS. 

DNA was first treated with RNase-A to remove any contaminating RNA and then enzymatically 

digested to individual nucleosides for HPLC-MS/MS analysis as previously reported [6]. 

Table 1 shows the mean values of duplicate measurements expressed as the percentage of the 

ratio: 5mC/total cytosine. Fully methylated positive control RAR alleles (0.01% DMSO treated) 

had a value of 1.70  0.36% and fully unmethylated negative control RARalleles (5-Aza-cytidine-

treated) had a value of 0.88  0.09%. The 5-mC DNA ELISA™ (ZYMO Research, USA) was also used 

according to the manufacturer's instructions. 

DNMT1 activity: Untreated MCF7 cells were harvested to prepare nuclear extracts using the 

Epiquik Nuclear Extraction Kit (Epigentek Inc. USA) following the manufacturer’s instructions. 

DNMT1 activity in nuclear extracts was determined using the Epiquik DNMT1 Activity Assay Kit 

(Epigentek Inc. USA) following the manufacturer’s protocol. DNMT1 activity in nuclear extracts 

was calculated as a percentage of that in the positive control (no compound).  

In silico modeling: The human DNMT1 tridimensional structure was retrieved from the Protein 

Data Bank (3PTA code) and the Auto Dock Vina software [7] was used for in silico modeling of the 

compounds/enzyme interactions. The ligand-binding preference was determined by selecting the 

complexed structures with the binding lowest free energy among the different complexes 

predicted by docking calculations. The residues located at the S-adenosyl-methionine (SAM) 

cofactor site were then selected to conform to the docking boxes containing the catalytic and SAM 
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sites; the results are presented in Supplementary Figure S1 and S2 for neoruscogenin and 

curcumin, respectively. 

2.3 Histone H3K9 and K27 Studies 

Western blot analysis was used to identify small molecules with the ability to decrease 
me3H3K9 and/or me3H3K27 levels in MCF7 cells treated as described previously [8]. Briefly, cells 
were cultured for 48 h as described in Section 2.1 and nuclear proteins were then investigated by 
Western blot analysis using antibodies for the specific detection of me3H3K9 and me3H3K27. 
GAPDH served as the protein loading control. The antibodies used were: monoclonal anti-GAPDH 
(ab8245, from Abcam, Cambridge, UK used at 1/100 dilution; polyclonal anti-me3H3K27 (No. 07-
449) used at 1/300 dilution and polyclonal anti-me3H3K9 (No. 07-442, from Millipore) used at 
1/200 dilution, and the protein bands were revealed with the horse radish peroxidase-conjugated 
goat anti-rabbit (or anti-mouse) secondary antibodies (1/200 dilution) from Dako Cytomation A/S 
(Copenhagen, Denmark). The intensity of immunoreactive protein bands was quantified by 
densitometry using the ImageJ 1.45 S software. Changes in the levels of me3HK27 and me3H3K9 
were expressed as a percentage of the levels in the positive controls (MCF7 cells treated with BIX-
01294 and with 3-deazaneplanocin A (DZNep); untreated cells served as the negative control. The 
catalytic activity of the KDM G9 was measured for (S)-evodiamine only with the EpiQuik™ 
KDM/Inhibition Assay (Epigentek, USA) as previously reported [8]. 

2.4 Histone H3K9 and K27 Studies 

BRET: A previously designed high throughput BRET assay was used to test each compound (see 

for the Supplementary Figure S1 and S2) [9, 10]. This assay is based on the use of engineered cells 

harboring two expression vectors; one encoding a bromo-domain, which recognizes acetylated 

histones, fused to Renilla luciferase (Rluc) and the second encoding histone H3 fused to the yellow 

fluorescent protein (YFP). If acetylated, histone H3-YFP recruits BrD-Rluc, and in the presence of 

the substrate of Rluc: coelenterazine, their proximity creates the conditions for an energy transfer 

between Rluc and YFP, which leads to fluorescent emission at 530 nm. Thus, this signal reflects the 

H3 acetylation created by an HDAC inhibitor. Toxicity of the compound was determined as the 

luciferase activity measured at 485 nm. Results were calculated as the mean values of three 

independent experiments at three different concentrations, with increased BRET signals indicating 

inhibitory activity. TSA, SAHA and CI994 served as positive controls.  

General HDAC inhibitory activity: the FLUOR DE LYS™ HDAC fluorometric activity assay kit (Enzo 

Life Sciences, Lausen, Switzerland) was used according to the manufacturer’s recommendations. 

The provided HeLa nuclear extract served as the source of HDACs. Results were calculated as the 

mean of three independent experiments and expressed as IC50; SAHA was used as positive control 

[10, 11]. 

Enzymatic assays: Selected compounds with an inhibitory activity 50 % were screened for 

HDAC1, 2 and 3 activities using a previously described method [10, 11].  

Western blot analysis of HDAC6: Acetylated tubulin levels were investigated in HeLa cells 

treated with selected compounds by Western blot analysis using an anti-tubulin antibody specific 

for K40 as previously described [10]. Tubastatin A served as the positive control. 
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Table 1 Screening results. In the compounds column, names are underlined when compounds were screened by Western blot analysis for 

HDAC6 inhibition as previously reported (11). In the biological activity column: IC50 values are indicated in (). The MS-PCR (methylation-

specific PCR) scale ranges from -250 (fully unmethylated RAR) to 250 (fully methylated RAR). Sirt activation is denoted by a minus sign. 

DNMT: DNA methylation transferase; SAM: S-adenosyl-methionine; SAH: S-Adenosyl-L-homocysteine; BRET: Bioluminescent resonance 

energy transfer; HDAC: Histone deacetylase; Sirt: Sirtuin; me3H3K9 and me3H3K27: trimethylated histone H3 lysine 9 and 27. 

Compounds 

Underlined when 

screened for 

HDAC6 (11) 

CAS Number Biological Activity 
(viability as IC50 in MCF7) 

MS-PCR 
HPLC-

MS/MS 

DNMT1 

Enzymatic 

activity 

 

me3H3K9 and 
me3H3K27 

levels 
(% of controls) 

HDAC 

inhibition 

(BRET) 

HDAC 
inhibition (% of 
control at 100 

µM) 
(HeLa nuclear 

extract) 

Sirt2 Thermal 

shift (Kd at 15 

µM; average 

standard 

deviation <5%) 

Sirt inhibition 

(% of control at 

60 µM) 

Plants which contain the compound 

5-Aza-cytidine 320-67-2 
DNMT1 control 
(0.13 μM ± 0.05) 

-0.250 

 

0.88 ±  

0.09 

 

Not 

applicable 
(-) (-) 

 
91 

  

Zebularine 3690-10-6 

DNMT1 control 
(426 µM ± 21) 

-0.200 
1.03 ± 

0.04 

Not 

applicable 
(-) (-) 

 
>200 

  

SGI-1027 1020149-73-8 
DNMT1 control, IC50 for DNMT1: 6 μM, 
DNMT3A: 8 μM and DNMT3B: 7.5 μM 

(4.8 µM ± 0.21) 

-0.200 
0.96 ± 

0.02 

Decreased 

(SAM) 
Weak (-) 

 
>200 

  

BIX-01294 935693-62-2 
KDM control, IC50: G9a: 2.7 μM and G9a-like 

protein: 0.7 µM 
(5.44 µM ± 0.20) 

   

H3K9: - 80% 

H3K27: - 25% 
(-) 

 
>200 

  

DZNep 102052-95-9 

 
KDM control: IC50 for EZH2: 0.8–0.24 µM 

(SAH) 
(0.0153 µM ± 0) 

 

-0.125 
1.70  ± 

0.36 
 

H3K9: - 80% 

H3K27: - 20% 
(-) 

 

>200 

  

Chaetocin 28097-03-2 KDM control IC50 for Su(var)3-9: 0.8 μM 
 

(0.8 μM ± 0.03) 

-0.300 
0.96 ± 

0.02 

No decrease 

(SAM) 

 

H3K9: - 69% 

H3K27: - 29% 
(-) 

 

>200 

  

Entinostat MS275 209783-80-2 HDAC control, IC50 for HDAC1: 0.368 μM, 
HDAC3: 1.7 μM and HDAC8: 63.4 μM 

(0.4 µM ± 0.01) 

-0.125 
1.12 ± 

0.03 
No decrease (-) + 

 

>200 

  

Tacedinaline CI994 112522-64-2 

HDAC control, IC50 for HDAC1: 18.22 ± 2.45 µM, 
HDAC2: 3.85 ± 0.11 µM, HDAC3 and HDAC6: > 

100 µM 
(0.5 µM±0.02) 

0.120 
  

(-) + 42 ± 0.9 59 
  

http://www.sigmaaldrich.com/catalog/search?term=3690-10-6&interface=CAS%20No.&lang=fr&region=FR&focus=product
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Tubastatin A 58880-19-6 
HDAC control, IC50 for HDAC6,: 34.9 ± 1.4 μM 

and HDAC8: >200 µM 
(15 µM ± 0.5) 

   
(-) (-) 

 
>200 

  

Vorinostat SAHA 149647-78-9 
HDAC control, IC50 for HDAC1: 0.35 ± 0.04 µM, 
HDAC2:0.55 ± 0.08 µM, HDAC3: 0.14 ± 0.01 µM 

and HDAC6: 0.05 ± 0.01 µM 
(0.75 µM ± 0.03) 

0.045 

  

(-) + 100 ± 1.5 31 Sirt2: 12 ± 1 

 

Trichostatin 

TSA 

58880-19-6 
HDAC control, IC50 for HDAC 1: 15.7 ± 1.5  µM, 
HDAC3: 0.0015 ± 0.1 µM and HDAC 6: 16.0 ± 

0.74  µM 
(0.052 µM ± 0.002) 

0.180 

  

(-) + 59.3 ± 4.4 >200 

  

Valproic acid 99-66-1 HDAC 1 inhibitor, IC50: 400 µM 
(20 mM ± 0.9) 

-0.125 
1.7 ± 

0.04 
No decrease (-) + 

 

56 

  

Sodium butyrate 156-54-7  HDACI 1 and 3 Control (IC50: 300 µM both) 
(8 mM ± 0.35) 

-0.050 

  

(-) + 

 

44 

  

Sirtinol 410536-97-9 
Sirt control, IC50 for Sirt1: 131 μM and Sirt2 and 

Sirt3: 8 μM 
(30 µM ± 1.2) 

-0,050 
  

(-) (-) 
 

29 Sirt2: 92.57 ± 5 
 

Tenovin 6 

 

1011557-82-6 

 

Sirt Control, IC50 for Sirt1:21 μM, Sirt2: 10 μM 
and Sirt3: 67 μM 

(6 µM ± 0.25) 

-0.125 
0.96 ± 

0.02 
No decrease (-) (-) 

 
13 

Sirt1:73.9 ± 1.3 

and Sirt2: 94.9 

± 0.4 
 

Cambinol 14513-15-6 

Sirt Control, IC50 for Sirt1: 59.5 ± 1.1 μM and 
Sirt2: 51.9 ± 1.2  μM 

(4.8 µM ± 2.3) 
   

(-) (-) 
 

>200 

Sirt1: 59.5 ± 1.0 

and Sirt2: 51.9 

± 1 
 

Anacardic acid B 22910-60-7 

HAT inhibitor, IC50 for PCAF: 5 µM and 8.5 µM 
for p300 

(85 µM ± 4.1) 

-0.250 
1.7 ± 

0.03 
 

(-) (-) 

 

>200 

 

Cashews and mango 

Scutellarin 529-53-3 

Flavone 
(15 µM ± 0.7) 

0.125 
  

(-) + 

100 ± 2.5 
HDAC1: 42.2 ± 

2.4 
HDAC2: >100 

HDAC3: 18.0 ± 
7.9 

 

53 
 

Scutellaria lateriflor and Asplenium 

belangeri 

Apigenin 520-36-5 
Flavone 

(3 µM ± 0.12) 
-0.075 

  
(-) + 

79.11±2.4 

HDAC3: 

31.2±10.6 µM 

>200 

Sirt1: 2.1 ± 7.4 

and Sirt2: 32.8 

± 1.2 

Parsley, celery, Chinese cabbage, 

garlic, apples, olive oil and 

chamomile tea 

Chrysin 480-40-0 

Flavone 
(35 µM ± 1.6) 

0.030 
  

(-) (-) 14.9  ±  5.7 >200 
 

Passiflora caerulea, Pleurotus 

ostreatus and Oroxylum indicum 

Isorhoifolin 552-57-8 Flavone -0.100 
1.16 ± 

0.01 

No decrease 

(SAH) 
(-) (-) 

 
>200 

 
Peppermint and olives 

http://www.nlm.nih.gov/cgi/mesh/2009/MB_cgi?term=99-66-1&rn=1
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=156-54-7
http://www.sigmaaldrich.com/catalog/search?term=14513-15-6&interface=CAS%20No.&lang=fr&region=FR&focus=product
http://www.sigmaaldrich.com/catalog/search?term=22910-60-7&interface=CAS%20No.&lang=fr&region=FR&focus=product
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=529-53-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=480-40-0
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Diosmetin 520-34-3 Flavone 
(>150 µM) 

-0.225 
1.70 ±  

0.36 
No decrease (-) (-) 

 

42 Sirt2: 19.8 ± 5 Vicia  

Genkwanin 437-64-9 
Flavone 

(9 µM ± 0.4) 
-0.025 

  
(-) (-) 

 
>200 

 

Alnus glutinosa, Notholaena 

bryopoda and Asplenium normale 

Genistein 446-72-0 

Isoflavone 
(74 µM ± 3.4) 

-0,270 
1.12 ± 

0.01 

No decrease 

(SAH) 
(-) (-) 16.8 ± 2.0 >200 

 

Soybean, green bean, alfalfa and 

mung bean sprouts, red clover, 

chickpeas, kudzu root, peanuts and 

other legumes 

Trihydroxy 

isoflavone 
485-63-2 

Isoflavone 
(100 µM ± 4) 

-0,075 
  

(-) + 24.7 ± 0.4 >200 
 

Soy, alfalfa sprouts, red clover, 

chickpeas, peanuts, kudzu and other 

legumes 

Biochanin A 491-80-5 
Isoflavone 

(102 µM ± 5) 
-0,050 

  
(-) (-) 

 
Fluo 

Sirt1: 18.91 ± 1 

and Sirt2: 10.9 

± 1 

Chickpea 

Biochanin B 

Formononetin 
485-72-3 

Isoflavone 
(68 µM ± 3) 

-0.075 
  

(-) (-) 
 

38 

Sirt1: 14.21 ±  5 

and Sirt2: - 

14.2 ± 0 

Red clover, green beans, lima beans 

and soy 

S- (-) Equol 531-95-3 

Metabolite of isoflavone 
(100 µM ± 4) 

-0.250 
1.15 ± 

0.04 
No decrease (-) (-) 

 
>200 

 
Soybeans 

Galangin 548-83-4 Flavonol -0.075 
  

(-) + 40.77 ± 2.0 Fluo 
 

Alpinia galangal and propolis 

Kaempferol 520-18-3 
Flavonol 

(25 µM ± 1.1) 
0.150 

  
(-) + 87.74 ± 2.3 Fluo 

 

Tea, strawberries, gooseberries, 

cranberries, grapefruit, apples, peas, 

brassicas, chives, spinach, endive, 

leek and tomatoes 

Morin hydrate 654055-01-3 
Flavonol 

(40 µM ± 1.9) 
0.150 

  
(-) + 83 ± 2.1 Fluo 

  

Myricitrin 17912-87-7 

Flavonol 
(>200 µM) 

0,080 
  

(-) + 43.6 ± 0,5 Fluo 
 

Grapes, red wine, berries and 

walnuts 

Robinetin 490-31-3 
Flavonol 

(>200 µM) 
-0.100 

1.7 ± 

0.36 
No decrease (-) (-) 

 
>200 

 

Vinca erecta and Robinia 

pseudoacacia 

Quercetin hydrate 849061-97-8 
Flavonol 

(102 µM ± 4) 
-0.150 

1.19 ± 

0.1 

No decrease 

(SAH) 
(-) + 70 ± 3.0 Fluo 

Sirt1: 33.6 ± 1.2 

and Sirt2: 52.7 

± 1.6 

Onions, tea, wine, apples, 

cranberries, buckwheat and beans 

Isoquercetin 

 
482-35-9  

Flavonol 
(102 µM ± 4.8) 

-0.200 
1.12 ± 

0.01 

No decrease 

(SAH) 
(-) + 

68.6 ± 2.3 

 
Fluo 

 
Mango and rhubarb 

https://en.wikipedia.org/wiki/Vicia
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=446-72-0
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=531-95-3
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=17912-87-7
http://www.sigmaaldrich.com/catalog/search?term=482-35-9&interface=CAS%20No.&lang=fr&region=FR&focus=product
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Ermanin 20869-95-8 Flavonol 0.050 
  

(-) + 78.61 ± 5.2 Fluo 
 

Tanacetum microphyllum 

Robinin 301-19-9 Flavonol 0.050 
  

(-) + 76.04 ± 3.2 Fluo 

Sirt1: 2.2 ± 1.7 

and Sirt2: -5.4  

± -4.5 

Vinca erecta and Robinia 

pseudoacacia 

Rutin 207671-50-9 
Flavonol 

(>150 µM) 
-0.075 

  
(-) + 81.22 ± 6.0 Fluo 

Sirt1: 19.3 ± 0.3 

and Sirt2: 3.8 ± 

1.65 

Citrus species, berries, peaches, 

apples, pagoda tree fruits, asparagus, 

buckwheat, parsley, tomatoes, 

apricots, rhubarb and tea 

(+)-Catechin 154-23-4 
Flavanol 

(>200 µM) 
-0.075 

 

No decrease 

(SAH) 
(-) + 41.62 ± 4.0 >200 

 

Tea, grapes, wine, apple juice, cocoa, 

lentils and black-eyed peas 

(-)-Epicatechin 154-23-4 

Flavanol 
(>200 µM) 

-0.075 
 

No decrease 

(SAH) 
(-) (-) -2.5 

>200 

  

Tea, grapes, wine, apple juice, cocoa, 

lentils and black-eyed peas 

(–)-

Epigallocatechin 

gallate 

989-51-5 
Flavanol 

(37 µM ± 1.5) 
-0.200 

1.12 ± 

0.01 

Decrease 

40% 
(-) (-) 

 
>200 

 
Green tea 

Rhamnetin 90-19-7 Flavanol -0.075 
  

(-) (-) 
 

Fluo 
 

Cloves 

Narirutin 14259-46-2 Flavanone -0.050 
  

(-) (-) 
 

>200 
 

Oranges 

Hesperidin 520-26-3 Flavanone -0.025 
  

(-) (-) 
 

100 
 

Citrus fruits 

Pinocembrin 480-39-7 Flavanone -0.050 
  

(-) (-) 
 

39 
Sirt1: -10.7 ± 0 

and Sirt2: 0 
Damiana, ginger root and propolis 

Chalcone 4 hydrate 1202866-96-3 Flavonoid -0.050 
  

(-) (-) 
 

Fluo 
  

Aureusidine 38216-54-5 Flavonoid -0.050 
  

(-) (-) 18.5 ± 2.3 Fluo 

Sirt1: -25.6 ± 

5.8 and Sirt2: 

1.6 ± 1.32 

Garden snapdragon 

Coumarin 91-64-5 Hydroxycinnamic acid derivative -0.030 
  

(-) (-) 
 

>200 
 

Citrus fruits and maize 

Imperatorin 482-44-0 Hydroxycinnamic acid derivative -0.250 
1.12 ± 

0.01 
No decrease (-) (-) 

 
>200 

 

Urena lobata L., Angelica 

archangelica and dahurica Glehnia 

littoralis, Saposhnikovia divaricata, 

Cnidium monnieri, Incarvillea 

younghusbandii and Zanthoxylum 

americanum mill 

https://en.wikipedia.org/wiki/Tanacetum_microphyllum
https://en.wikipedia.org/w/index.php?title=Vinca_erecta&action=edit&redlink=1
https://en.wikipedia.org/w/index.php?title=Vinca_erecta&action=edit&redlink=1
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=154-23-4
https://www.sigmaaldrich.com/catalog/search?term=1202866-96-3&interface=CAS%20No.&lang=en&region=US&focus=product
http://toolserver.org/~magnus/cas.php?cas=91-64-5&language=fr&title=Coumarine
https://en.wikipedia.org/wiki/Maize
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Umbelliferone 93-35-6  Hydroxycinnamic acid derivative -0.170 
1.13 ± 

0.01 
No decrease (-) + 14.9 ± 5.7 Fluo 

 
Hydrangea macrophylla 

Methoxsalen 298-81-7 Hydroxycinnamic acid derivative 0.200 
  

(-) (-) 
 

>200 
 

Bergamot 

Caffeic acid 331-39-5 Hydroxycinnamic acid derivative -0.050 
 

No decrease (-) (-) 
 

111 
 

Coffee, Acai berry oil, vanilla and 

cloves 

Chlorogenic acid 
327-97-9 

202650-88 
Hydroxycinnamic acid derivative -0.075 

 
No decrease (-) + 46.16 ± 0.8 >200 

Sirt1: 5.9 ± 1 

and Sirt2: 18.7 

± 7.4 

Echinacea, strawberries, pineapple, 

coffee, sunflower seeds, blueberries 

Ferulic acid 1135-24-6 Hydroxycinnamic acid derivative 0.125 
  

(-) (-) 
 

>200 
 

Echinacea, strawberries, pineapple, 

coffee, sunflower seeds, blueberries 

Curcumin 458-37-7 Hydroxycinnamic acid derivative -0.250 
1.09 ± 

0.02 

Decrease 

70 % 
(-) (-) 

 
Fluo 

Sirt1: 10.7 ± 0.4 

and Sirt2:  40.2 

± 12.8 

Turmeric and curry powder 

Trans Resveratrol 501-36-0 
Stilbenoid 

(200 µM ± 9) 
0.200 

1.7 ± 

0.34  
(-) (-) 

 
71 

Sirt1: - 15.3 ± 

3.9 and Sirt2: 

22.4 ± 3.1 

Grape, nuts, peanuts and Japanese 

knotweed root. 

Carminic acid 1260-17-9 

Glucosidal 

Hydroxyl anthrapurin 
-0.100 

1.7 ± 

0.34 
No decrease (-) (-) 

 
Fluo 

 
Armenian and Polish cochineal 

(S)- Evodiamine 518-17-2 
Alkaloid 

(5.44 µM ± 3.2) 
-0.180 

1.03 ± 

0.02 
No decrease 

H3K9: - 100% 

H3K27: - 90% 
(-) 

 
71 

Sirt1: 4.2 ± 3.6, 

Sirt2: 71 ± 2.1 

and Sirt3: 20 ± 

2.1 

Tetradium genus of plants 

Brucine 357-57-3 
Alkaloid 

(0.9 µM ± 0.04) 
0.200 

  
(-) (-) 17.94 ± 0.7 50 

Sirt1: -10.5±0.1 

and Sirt2: 

74.9±16 

Strychnos nux-vomica 

Boldine 476-70-0 
Alkaloid 

(>160 µM) 
0.200 

  
(-) (-) 14.35 ± 2.5 100 

Sirt1: -4.3 ± 1 

and Sirt2: 24.62 

± 6.65 

Boldo tree and Lindera aggregata 

Tabersonine 4429-63-4 
Alkaloid 

(>160 µM) 
0.200 

  
(-) + 29.62 ± 2.5 >200 

 
Catharanthus roseus 

Papaverin 58-74-2 
Alkaloid 

(21 µM ± 1) 
-0.225 

1.10 ± 

0.09 
No decrease (-) (-) 

 
>200 

 
Opium poppy 

Trigonelline 

hydrochloride 
6138-41-6 

Alkaloid 
(<220 µM) 

- 0.100 
 

No decrease (-) (-) 
 

83 
 

Fenugreek , peas, hemp seed, oats, 

potatoes, Stachys species, dahlia, 

Strophanthus species, Dichapetalum 

cymosum and arabica coffee 

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=93-35-6
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=1135-24-6
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=1260-17-9
https://en.wikipedia.org/wiki/Tetradium
https://en.wikipedia.org/wiki/Strychnos_nux-vomica
https://en.wikipedia.org/wiki/Catharanthus_roseus
https://en.wikipedia.org/wiki/Papaver_somniferum
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Vincamine 1617-90-9 Alkaloid -0.100 
 

No decrease (-) (-) 
 

>200 
 

Vinca minor 

Pilocarpine 92-13-7 Alkaloid 0.200 
  

(-) (-) 
 

>200 
 

Pilocarpus 

Protopine 130-86-9 
Alkaloid 

(400 µM ± 18) 
0.200 

  
(-) (-) 

 
>200 

 

Opium poppy, Corydalis tubers and 

Fumaria officinalis 

Caffeine 58-08-2 Alkaloid 0.270 
  

(-) (-) 
 

>200 
 

Coffee bean 

Quinine 130-95-0 Alkaloid -0.050 
   

(-) 
 

Fluo Sirt1: 9.45 ± 1 Cinchona tree 

Neoruscogenin 17676-33-4 Terpenoid - 0.100 
 

No decrease 

(SAH) 
(-) (-) 

 
36 

Sirt1: 21.62 ± 0 

and Sirt2: 26.65 

± 2.3 

Butcher's broom 

Marrubin 465-92-9 Diterpene -0.075 
  

(-) (-) 
 

>200 
 

Lion's tail and black horehound 

Cycloartenol 

acetate 
1259-10-5 Triterpene 0.200 

 
No decrease (-) (-) 

 
26 

Sirt1: -4.4 ± 1 

and Sirt2: 0 
Olive 

Glycyrrhetinic acid 471-53-4 Triterpene 0.200 
  

(-) (-) 
   

Liquorice  

Cucurbitacine 

echinocistic acid 3 

glucoside 

6199-67-3 Triterpene 0.200 
  

(-) (-) 6.24 ± 1.2 
  

Pumpkins and gourds 

Retinoic Acid 302-79-4 Terpenoid 0.200 
  

(-) (-) 
   

Mango, orange, papaya, carrots, 

spinach, sweet potatoes and crude 

palm oil 

Camphene 79-92-5 Terpenoid 0.200 
  

(-) (-) 
 

>200 
 

Turpentine, cypress, camphor, 

citronella, neroli, ginger, and valerian 

Emodin 518-82-1 Anthraquinone 0,170 
  

H3K9: - 100% 

H3K27: - 58% 
+ 42.6 ± 5.0 Fluo 

 

Rhubarb, buckthorn, and Japanese 

knotweed 

Rhein 478-43-3  Anthraquinone 0.200 
1.3 ± 

0.02 
No decrease 

H3K9: - 100% 

H3K27: - 40% 
+ 42.6 ± 5.0 Fluo 

 
Rhubarb 

Aloin 1415-73-2 Anthraquinone 0.200 
  

H3K9: - 100% 

H3K27: - 40% 
+ 72.6 ± 5.0 Fluo 

Sirt1: 39 ± 2.2 

and Sirt2: 39.7 

± 6.9 

Aloe species 

http://www.commonchemistry.org/ChemicalDetail.aspx?ref=58-08-2
https://en.wikipedia.org/wiki/Coffee_bean
https://en.wikipedia.org/wiki/Cinchona
https://en.wikipedia.org/wiki/Liquorice
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=302-79-4
http://www.commonchemistry.org/ChemicalDetail.aspx?ref=518-82-1
http://www.sigmaaldrich.com/catalog/search?term=478-43-3&interface=CAS%20No.&lang=fr&region=FR&focus=product
https://en.wikipedia.org/wiki/Aloe
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Withaferin A 5119-48-2 Steroidal lactone 0.200 
  

(-) (-) 6.85 ± 0.2 >200 
 

Indian Winter cherry 

Withanone 
 

Steroidal lactone 0.200 
  

(-) (-) 
 

>200 
 

Indian Winter cherry 

D-Glucuronic acid 6556-12-03 Sugar acid 0.200 
  

H3K9: - 100% 

H3K27: - 70% 
(-) 

 
>200 

 
Gum Arabic 

Plumbagin 481-42-5 5-Hydroxy-2-methyl-1,4-naphthoquinone 0.200 
1.7 ± 

0.03  
(-) (-) 

 
Fluo Sirt2: 41.8 ± 6.9 Plumbago 

Arbutine 497-76-7 Glycosylated hydroquinone 0.200 
  

(-) (-) 
 

>200 
 

Bearberry 

Cymarine 465-84-9 Cardiac glucoside 0.200 
  

(-) (-) 8.73 ± 1.1 >200 

Sirt1: 3.6 ± 0.8 

and Sirt2:  20.4 

± 1.5 

Apocynum cannabinum and venetum 

Catalpol 2415-29-9 Iridoid glucoside 0.200 
  

(-) (-) 
 

>200 
 

Catalpa 

Lanatoside C 17575-22-3 Cardiac glucoside 0.200 
  

(-) (-) 
 

>200 
 

Digitalis lanata 

L-Carnitine 541-15-1 3-Hydroxy-4-trimethylammonio-butanoate - 0.320 
0.91 ± 

0.02 
No decrease (-) (-) -13.5 ± 1.1 >200 

 
Muscle metabolite 

Vanillin alcohol 498-00-0 Phenolic acid 0.200 
  

(-) (-) 
 

>200 
 

Acai berry oil, vanilla beans and 

cloves 

Salicylic alcohol 90-01-7 Phenolic acid 0.200 
  

(-) (-) 
 

>200 
 

Peppermint, liquorice, peanut and 

wheat 

http://toolserver.org/~magnus/cas.php?cas=91-64-5&language=fr&title=Coumarine
http://toolserver.org/~magnus/cas.php?cas=497-76-7&language=fr&title=Arbutine
http://toolserver.org/~magnus/cas.php?cas=541-15-1&language=fr&title=Carnitine
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2.5 Sirtuin Inhibition 

Equilibrium binding ligands usually increase protein thermal stability by an amount 

proportional to the concentration and affinity of the ligand. This principle was used to develop a 

high-throughput screening assay for compounds with high binding affinity for human Sirt2. The 

thermal shift assay was performed using a Rotor Gene Q (Qiagen, Sydney, Australia) 

spectrofluorimeter. The Sirt2 protein concentration was 5 µM, the ligand concentration was 15 

µM and the reaction volume was 10 µL. The samples were heated at a rate of 1°C/min and 

unfolding of the protein was monitored by measuring the fluorescence of 1, 8-anilinonaphthalene 

sulfonate (ANS) at 50–100 µM (excitation at 365 nm and emission at 460 nm). Data were analyzed 

as previously described [12]. The dissociation constant (Kd) of the control compound tenovin 6 

was 15 µM at 37°C. Samples were analyzed in triplicate and values were expressed as the mean Kd 

with average variations <5%. Values >100 were considered to be significant. The Kd values for the 

control compounds cambinol and tenovin 6 were validated as previously described [13] using the 

FLUOR DE LYS® HDAC assay kit (Enzo Life Sciences, USA) according to the manufacturer’s 

instructions. This assay relies on the deacetylation of a fluorescently labeled acetylated peptide 

substrate (Exec = 360 nm and Em = 460 nm). A nuclear magnetic resonance-based assay was also 

used [13].  

Sirt enzymatic inhibition: Compounds were screened for modulation of Sirt1 and 2 activity 

using the SIRTainty™ Class III HDAC assay kit (Merck Millipore, USA) according to the manufacturer 

instructions (Exec = 420 nm and Em = 450 nm). Modulation of Sirt activity was determined at 60 

µM and data were presented as the mean weighted to the standard error; activation is denoted by 

a minus sign [14, 15]. No humans, animals or plants were involved in this study. 

3. Results 

3.1 DNA Methylation Studies  

Figure 1 shows the MS-PCR melting curves of the RAR alleles.  Fully methylated alleles (0.01% 

DMSO-treated cells) exhibited a peak at 77.5°C; while both unmethylated alleles (0.13 µM 5-

azacytidine treated cells) exhibited a peak at 75.5°C. The results of all DNAm studies are shown in 

Table 1. Several compounds mediated strong demethylation of RAR alleles under the culture 

conditions described; however, there were differences in the results of localized DNAm and global 

5mC studies: diosmetin (-0.225 but no decrease by HPLC-MS/MS: 1.70 ± 0.36), genistein (-0.270 

versus 1.12 ± 0.01), S-equol (-0.250 versus 1.15 ± 0.04), isoquercetine (-0.200 versus 1.12 ± 0.01), 

imperatorin (-0.250 versus 1.12 ± 0.01), umbelliferone (-0.170 versus 1.13 ± 0.01) and EGCG (-

0.200 versus 1.12 ± 0.01), curcumin (-0.250 versus 1.09 ± 0.02), (S)-evodiamine (-0.180 versus 1.03 

± 0.02), and papaverin (-0.225 versus 1.10 ± 0.09). L-carnitine (-0.320 and 0.91 ± 0.02) exhibited 

the highest DNA demethylating activity. It was not possible to identify partially unmethylated 

RAR alleles due to the lack of sensitivity of the allele-calling software. The HPLC-MS/MS assay is 

not suitable as a screening tool but its results corresponded relatively well with the results 

obtained using the 5-mC DNA ELISA™ (ZYMO Research, USA) according to the manufacturer's 

instructions previously [6, 8]. For unmethylated alleles (0.13 µM 5-azacytidine treated cells), a 35% 
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decrease in global 5mC content was detected by ELISA compared with a 48% decrease detected by 

HPLC-MS/MS.  

 

 

Figure 1 MS-PCR melting curves. DNA was extracted from MCF7 treated cells with 15 

µM of each compound for 4 days. Bisulfite-treated DNA (100 ng) was analyzed by MS-

PCR. 132 corresponds to 0.01% DMSO-treated MCF7 cells (fully methylated DNA, 

designated as +200 in Table 1) and 87 correspond to MCF7 cells treated with 0.13 µM 

5 azacytidine (fully unmethylated control, designated as -250 in Table 1). 132: 

Resveratrol, 17: Vincamine, 18: Pilocarpine, 131: Tabersonine, 94: Protopine and 19: 

Cucurbitacine. 

EGCG and curcumin also decreased the DNMT1 activity by 40% and approximately 70%, 

respectively. 

In silico modeling indicated that most of the compounds did not bind to the DNMT1 catalytic 

site and were more likely to be SAH producers (Table 1). The results of molecular docking 

calculations showed that neoruscogenin and curcumin bind to the SAM pocket of DNMT1. The 

best binding modes corresponded to the highest binding affinity of the ligand in interaction with 

three amino-acids (MET 1169, GLY 1223 and ASN 1578) for neoruscogenin and with five amino-

acids (GLU 1168, MET 1169, TRP 1170, ASP 1190 and ASN 1578) for curcumin; all amino-acids 

being located within 3.5Å around each ligand. The molecular modeling of these interactions is 

illustrated in Figure S1 and S2.  

After 5 days of culture, several control compounds also produced marked decreases in 5mC 

levels. SGI-1027 is a commercially available inhibitor of DNMT1, DNMT3A and DNMT3B, which 

degrades the enzymes and competes with their cofactor, SAM. Chaetocin inhibits several KDMs 

such as SUV39 and G9a and causes a reduction in me3H3K9 via a SAM competitive pathway. 

DZNep acts as a SAM hydrolase inhibitor to induce the accumulation of SAH and also functions as 

a KDM EZH2 inhibitor. BIX-01294 is a G9a-like protein and G9a KDM inhibitor that does not 

compete with SAM [8]. Entinostat, valproic acid, anacardic acid and tenovin 6 have localized DNA 

demethylating activities that cannot be explained by SAM- or SAH-based mechanisms (Table 1). 
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DNA and histone methylation studies of MCF7 cells were useful to investigate the roles of SAM 

and SAH in these processes.  

3.2 Histone H3 Lysine 9 and 27 Trimethylation 

Molecules with the ability to decrease me3H3K9 and/or K27 levels in MCF7 treated cells were 

identified by Western blot analysis; DZNep and BIX-01294 served as positive controls [8]. (S)-

Evodiamine was identified as the most potent demethylating agent and induced decreased levels 

of me3H3K9 and me3H3K27 by 100% and 90%, respectively. All anthraquinones (emodin, rhein 

and aloin) were also active but exhibited greater activity for me3H3K9 compared with that for 

me3H3K27, while D-glucuronic acid was almost as efficient as (S)-evodiamine. G9 exhibited 30% 

lower activity with (S)-evodiamine and 80% lower activity with BIX-01294 and DZNep. We 

reported previously that (S)-evodiamine exhibited high pharmacophoric similarity with SAM and 

suggested that this was the basis for its ability to inhibit G9 activity [8]. Emodin, rhein and 

glucuronic acid did not exhibit DNA demethylating activity, suggesting a KDM activity not based on 

SAM/SAH modulation mechanisms. However, the mechanism underlying the direct inhibition of 

G9 remains to be confirmed. 

3.3 HDAC Inhibition 

We previously conducted a comprehensive comparison of our BRET screen efficiency with that 

of the nuclear global HDAC assay [9-11]. The BRET assay was performed on living cells and at 

compound concentrations of 100, 50, 25 and 12.5 µM. This assay was very sensitive to the 

solubility of the assayed compound and also to its potential toxicity. Apigenin, galangin, 

scutallerein, kaempferol, ermanin, robinin, morin, myricitrin, quercetin, isoquercetin, rutin, 

epicatechin, catechin, chlorogenic acid, emodin, rhein and aloin were found to have significant 

global HDAC inhibitory activity in both assays. However, galangin, ermanin, robinin, morin, 

myricitrin, quercetin, isoquercetin, rutin, emodin, rhein and aloin also have emissive capacities 

(excitation Exec) = 340–360 nm and emission (Em) = 440–465 nm) with the potential to 

interfere with further enzymatic assays; thus, only the non-fluorogenic compounds, apigenin and 

scutallerein, were further analyzed. These compounds can be considered as true pan-HDAC 

inhibitors that inhibit HDAC3 with high efficiency (IC50: 31.2 ± 10.6 µM and 18.0 ±7.9 µM, 

respectively). None of the tested compounds demonstrated HDAC6 inhibitory activity in Western 

blot analyses [11]. Similar results have been reported for the same compounds (flavones and 

flavanols) previously [16], although the potential emissive properties of the screened compounds 

was not addressed despite being recently documented as a concern [17]. 

3.4 Sirtuin Modulation 

The results of sirtuin modulation assays are shown in Table 1. The thermal shift assay is a good 

indicator of the fluorogenic activity of most flavonoids since most absorb between 330–380 nm; 

these are indicated as “Fluo” in Table 1. For example: biochanin A absorbs at 338 nm and emits at 

488 nm. However, flavonoids do not exhibit such emissive capacity in the SIRTainty™ assay. Thus, 

the weak Sirt inhibition observed for apigenin (Sirt2: 32.8 ± 1.2) and the activation of Sirt1 by 

biochanin B (-14.2 %) detected using this kit can be considered to be reliable results. The same 
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consideration applies also to the inhibition of both Sirt1 and Sirt2 by quercetin (33.6 ± 1.2 and 52.7 

± 1.6, respectively) and curcumin (10.7 ± 0.4 and 40.2 ± 12.8, respectively). The relatively low Sirt1 

activation by pinocembrin (approximately -10%) is also reliable. This is also the case for 

aureusidine, which has a high emissive capacity in the HDAC enzymatic assays but not in the 

SIRTainty™ assay. Aureusidine was found to be a strong Sirt1 activator (-25.6 ± 5.8 higher than for 

the reference compound resveratrol). When testing alkaloids, we did not observe any such 

emissive behavior and (S)-evodiamine mediated potent Sirt inhibition (Sirt1: 42 ± 3.6, Sirt2: 71 ± 

2.1 and Sirt3: 20 ± 2.1), which is consistent with our previous report [18]. Brucine induced obvious 

activation of Sirt1 (-10.5 ± 0.1) and potent inhibition of Sirt2 (74.9 ± 16). Boldin induced very weak 

activation of Sirt1 (-4.1 ± 1) and weak inhibition of Sirt2 (24.62 ± 6.65). Among the terpenoides, 

neoruscogenin mediated weak inhibition of both Sirt1 and Sirt2 (21.62 ± 0 and 26.5 ± 2.3, 

respectively), while cycloartenol mediated weak activation of Sirt1 alone (-4.4 ± 1). The 

anthraquinones were highly fluorogenic in all enzymatic HDAC assays, with the exception of the 

Sirt inhibition mediated by aloin (Sirt1: 39 ± 2.2 and Sirt2: 39.7 ± 6.9). Inhibition of Sirt6 was also 

recently reported for kaempferol, quercetin and myricetin [19].  

3.5 Cell Viability 

Most of the assayed compounds had very little effect on cell viability. The lowest IC50 was 

detected for apigenin (3 µM), genkwanin (9 µM) and several of the alkaloids including (S)-

evodiamine, papaverin and brucine (0.9 µM). We used these IC50 values only to optimize our cell 

cultures conditions for control compounds such as 5-azacytidine. All values are reported in Table 1. 

4. Discussion 

Given the widespread implications of the diet in the regulation of the epigenome, a strong 

evidence-based knowledge of the effects of food components is required. We have previously 

reviewed the epigenetic activities of various dietary components [1, 2] and in this study, we 

screened a small natural compound library for epigenetic activities. Some plants in which these 

compounds can be found are listed in Table 1. We identified previously unreported DNA 

methylation activities of diosmetin, S-equol, umbelliferone, papaverin and L-carnitine as well as 

histone methylation activity of emodin, rhein, aloin and D-glucuronic acid (1, 2). Finally, we 

identified previously unreported Sirt activation by apigenin, biochanin B, robinin, pinocembrin, 

aureusidine, brucine and boldine. 

Phytochemicals can be classified into major categories, such as polyphenols, including phenolic 

acids, flavonoids, and stilbenes/lignans. Flavonoids can be further divided into different groups 

such as, flavones, flavanones, isoflavones, and flavanols, based on similar chemical structures. 

Thus, it can be speculated that compounds with a given structure will be associated with similar 

functions. The results of the present study indicate that most flavanols have HDAC inhibition 

properties although this conclusion must be tempered by the knowledge that most phyto-

nutrients undergo intestinal transformation mediated by microbiota and enterocyte enzymes 

prior to absorption. Flavonoids are known to be poorly absorbed and most of what is absorbed, 

exists as metabolites that are further modified for rapid excretion [20]. The flavanols tested in this 

study are certainly not the final forms found in plasma. Their complex metabolic fate prevents an 

easy understanding of their potential health effects. In addition, their in vitro and in vivo activities 
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do not necessarily correlate, a phenomenon that is best exemplified by the fact that dietary 

polyphenols are active in vitro but have little or no direct antioxidant value following digestion [20]. 

In addition, evaluation of the activity of many phytochemicals is further complicated by the 

fluorogenic potential of many of these compounds. Thus, the epigenetic bioactivities of phyto-

nutrients remain to be elucidated definitively, even when using laborious methods similar to those 

used in this study. Indeed, selection of the optimal conditions and cell lines for screening assays is 

a significant challenge. 

Aberrantly methylated DNA can be identified on a gene per gene basis or using various higher 

throughput technologies; however, the costs involved and the interpretation of results are not the 

same. A recent epidemiological study was conducted to evaluate the in vivo effects of green tea 

consumption on human DNA. The analysis revealed that 28 regions were differentially methylated 

in relation to green tea consumption, but only in women [21]. This indicates that some genomic 

regions are relatively more sensitive to DNA demethylating compounds, which are known to act 

through several mechanisms. Catechol-containing compound such as (+)-catechin decreases DNA 

methylation indirectly by consuming SAM (SAM pumping) for their own methylation through 

cathechol-O-methyltransferase-mediated O-methylation. This process leads to excessive SAH 

production, which inhibits DNMT1 directly. Alternatively, some compounds prevent the 

methylation of the newly synthesized DNA strand by occupation of the catalytic pocket of DNMT1, 

while others bind to the DNMT1 active site and generate H2O2, which is deleterious to the enzyme. 

In addition, some compounds prevent DNA methylation by competing with the DNMT1 cofactor, 

SAM. The first three mechanisms were reported to apply to EGCG, which is the most abundant 

catechin in green tea [1, 2]. DNMT1 inhibition by EGCG requires an intact gallic acid moiety, 

although EGCG is often rearranged to reactive quinones, losing the necessary gallic acid moiety. 

Moreover, in plasma and after glucuronidation, EGCG has very poor bioavailability. Other tea 

polyphenols, such as (+)-catechin, (-)-epicatechin and quercetin have been reported to have 

similar, but weaker epigenetic activities [1, 2]. Under in vitro conditions, curcumin is poorly soluble 

in water and is mainly found in its enol form, acting as a Michael acceptor to covalently block the 

catalytic DNMT1 thiolate C1226. In vivo, curcumin is metabolized as a glucuronide and rapidly 

degraded at alkaline pH [1]. In silico, curcumin binds the DNMT1 catalytic site (Figure S2). The 

major isoflavones from soybean, genistein, and biochanin A, have also been reported to have DNA 

demethylating activity [1-4]. Although their mechanisms of action remain to be fully elucidated, in 

this study, we show that S-equol, an isoflavone metabolite, remains a strong DNA demethylating 

agent. Most flavanols acted as pan-HDAC class 1 inhibitors although, as previously emphasized, 

further specific screening is required because these compounds also have emissive capacities 

capable of interfering in fluorescence-based assays. Anthraquinones have Sirt-modulating 

capacities and also induced marked decreases in me3H3K9 and K27 levels, although the 

mechanisms of action require further investigation. Alkaloids are a rich source of drugs, among 

which brucine is a strong Sirt1 activator.  

5. Conclusions 

High-throughput screening is a well-established starting point for most discovery research 

projects conducted by medicinal chemists, although the appropriate endpoints for epigenetic 

testing including individual enzymes, histones or/and non-histones proteins modified by the 
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enzymes, remain to be clarified. Robust assays to identify compounds, or rather metabolites of 

compounds, that modulate epigenetic markers in cells are required. These assays must effectively 

avoid false positive results and provide information that can be translated for the development of 

evidence-based preventive epigenetic diets. Based on these requirements, we believe that the 

epigenetic activity of phyto-nutrients cannot yet be conclusively determined using the currently 

available techniques. Indeed, the fluorogenic properties of compounds should be screened 

systematically before further testing. 
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Abstract:  

Runs of homozygosity (ROH) are uninterrupted contiguous regions within the genome exhibiting 

allelic homozygosity (alleles are inherited from the same parent). Genome-wide analyses consistently 

demonstrate that megabase-scale ROH are ubiquitous in humans, reflecting individual demographic 

history. The number and length of ROH correlate increasingly with the degree of consanguinity and 

can be associated with genetic diseases in both inbred and outbred individuals. Genomic imprinting 

and uniparental disomy (UPD) are two additional phenomena dependent on parental-origin-specific 

inheritance that should be noted. Here, we propose genomic imprinting is dysregulated by ROH 

(functional analogs of segmental UPD or those partially affecting chromosomes) spanning imprinted 

loci resulting in a phenotype of an imprinting disorder. Interestingly, it has recently been shown that 

ROH in genomic/chromosomal regions harboring imprinted disease genes are likely to be associated 

with brain diseases phenotypically resembling imprinting disorders (Angelman, Beckwith–

Wiedemann and Prader–Willi syndromes). Therefore, ROH spanning the imprinted genes seem to be 
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a feasible focus of basic and diagnostic research into epigenomic regulation. Understanding the 

interplay between ROH and genomic imprinting is likely to illuminate a new epigenetic disease 

mechanism. 

Keywords  

Runs of homozygosity; genomic imprinting; brain diseases; epigenetic deregulation 

 

1. Introduction 

Runs of homozygosity (ROH) (long contiguous stretches of homozygosity or regions of 

homozygosity or losses of heterozygosity) result from the combination of ancestral haplotypes in a 

genomic (chromosomal) locus of an individual genome. The loci affected by ROH are always 

detectable in a genome and represent a relatively new focus in studies of molecular signatures of 

population/demographic histories, single gene recessive mutations and genetic architecture of 

complex diseases [1]. Although ROH are generally considered to be genomic signatures for 

inbreeding depression or parental consanguinity [2], ROH have been implicated in quantitative 

and disease phenotypes [1, 3]. However, since such (epi) genomic studies are relatively new, the 

contribution of ROH to human morbidity remains poorly understood. 

Recently, we have observed phenotypic resemblance to imprinting disorders (Beckwith–

Wiedemann, Silver–Russell, and Prader–Willi/Angelman syndromes) in individuals with brain 

conditions (neurobehavioral disorders, epilepsy) and congenital malformations exhibiting ROH at 

imprinted loci [3]. Taking into account the etiologic variability of imprinting disorders (structural 

chromosome abnormalities, copy number variations, uniparental disomies, and single gene 

mutations) and heterogeneity of genomic imprinting deregulation pathways [4-6], it is highly likely 

that ROH spanning the imprinted genes play a causative role in these cases [3]. Moreover, ROH in 

some imprinted loci have been identified as the unique relevant (diagnostic) finding in some cases 

of Prader–Willi and Angelman syndromes [7]. Finally, ROH seem to be functionally analogous to 

segmental uniparental disomy (UPD; a uniparental disomy affecting only a part of a chromosome) 

[3, 6]. Here, we suggest the existence of a link between ROH, UPD and dysregulation of genomic 

imprinting. If proven, this link will elucidate a new epigenetic mechanism in brain diseases. 

2. ROH and Genetic Diseases 

In the most recent review, a variety of quantitative and disease phenotypes associated with 

ROH was presented [1]. The majority of pathologic conditions are associated with increased ROH 

burden, ROH number variations and individual or locus-specific ROH. Although these epigenomic 

associations are rarely replicated, increasing evidence suggests that brain disorders (Alzheimer’s 

disease, autism, depression, intellectual disability, schizophrenia) and cancers are linked to ROH 

burden/individual ROH. Interestingly, imprinting disorders of the brain are attributed to (epi) 

genetic mechanisms, whereas genomic imprinting deregulation is frequently observed in cancer 

[8]. However, the interplay between ROH and epigenetic changes (for instance, UPD or genomic 

imprinting) remains to be fully elucidated. Nonetheless, ROH at chromosomal regions containing 

imprinted genes have been previously detected in >5% of children with brain disorders 
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phenotypically resembling the Beckwith–Wiedemann, Silver-–Russell, and Prader–Willi/Angelman 

syndromes [3]. Based on the concept of functional similarity between short/long ROH and 

segmental uniparental disomies, the involvement of ROH in the pathogenesis of epigenetic 

diseases is probable. Thus, current views on these epigenomic variations provide a strong 

theoretical background for a role of a ROH-mediated “segmental-uniparental-disomy-like effect” 

in brain disorders. 

3. Imprinting Disorders and Uniparental Disomies: is there a Place for ROH? 

During recent decades, numerous outstanding reviews have been dedicated to highlighting 

imprinting disorders and epigenetic deregulation of genomic imprinting [5, 6, 8, 9]. To avoid 

repetition and provide new insights, we have focused on epigenetic deregulation in imprinting 

disorders mediated by UPD, inasmuch as these aspects are the most relevant to our hypothesis. 

Currently, at least 12 imprinting diseases have been identified [6], nine of which are the result of a 

UPD. Additionally, the Beckwith–Wiedemann, Silver–Russell, and Prader–Willi/Angelman 

syndromes are commonly associated with epigenetic defects presenting as losses of 

heterozygosity affecting specific chromosomal loci [6, 9]. Our previous study showed that ROH are 

located within specific chromosomal loci (7q21.3, 7q31.2, 11p15.5, and 15p11.2); thus, these 

cases can be attributed to segmental uniparental disomies affecting imprinting centers (imprint 

control regions) in contrast to uniparental disomies of whole chromosomes [3]. Since epigenetic 

alterations in imprinting centers or imprint control regions are repeatedly reported to underlie 

imprinting disorders [8], it can be speculated that ROH simulate a UPD that is causative for 

Beckwith–Wiedemann, Silver–Russell, and Prader–Willi/Angelman syndromes. It is also probable 

that these ROH activate recessive mutations within the stretch. 

Since ROH can affect a proportion of imprinted genes leading, thereby leading to milder 

phenotypes of the aforementioned imprinting disorders, it is important to mention somatic ROH 

leading to acquired UPD (i.e. “somatic epigenomic changes”), which produce neuropsychiatric 

phenotypes and milder forms of imprinting disorders [10-14]. Such epigenetic changes lead to 

almost exactly the same phenotypic effect as that observed in cases of somatic genomic variations 

or somatic mosaicism (i.e. number of cells with a causative genomic pathology is proportional to 

the severity of neurobehavioral or neurodevelopmental phenotype) [15, 16]. Summarizing these 

observations suggests that an increase in the overlap between genetic changes in imprinting 

disorder genes and neuropsychiatric (neurobehavioral) phenotypes. The phenotypic consequences 

of both somatic/acquired and regular/non-mosaic epigenomic changes are likely to result from a 

partial dysregulation of genes in an imprinted locus (i.e. some imprinted genes are dysregulated 

whereas some are not), which produces milder phenotypes of imprinting disorders. Similar 

explanations seem to be applicable for phenotypic differences between cases of whole-

chromosome UPD and ROH at an imprinted locus. 

4. Implications 

ROH at chromosomal loci containing disease-associated imprinted genes are present in 

approximately 5% of children with intellectual disabilities, autism and/or epilepsy [3]. If these 

epigenetic changes are causative for cases presenting with typical/atypical phenotypes of 

imprinting disorders, ROH spanning the imprinted loci will become one of the commonest types of 
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epigenetic (epigenomic) variations associated with neurodevelopmental diseases. Furthermore, 

these pathogenic epigenomic changes are likely to have a frequency comparable to that of the 

chromosomal abnormalities, copy number variations or single gene mutations causing these 

devastating early-onset conditions [17, 18]. Therefore, it can be speculated that a proportion of 

imprinting disorders associated with these ROH is overlooked during molecular diagnosis. 

Furthermore, illuminating new epigenetic mechanisms for brain diseases appears to provide new 

opportunities for uncovering altered pathways that are feasible targets for personalized drug 

design and/or exogenous correction of processes that are modified by epigenomic variations [19, 

20]. 

Globally, in accordance with the concepts of systems biology and systems medicine (or even 

“systems pharmacology”), full implementation of systems science in healthcare provision and drug 

development requires extended studies of all the components of a system and all their 

interactions at different hierarchical levels of organization [16, 21]. An almost identical is used for 

studying the (epi) genetic causes of brain diseases. Accordingly, ROH analysis in the epigenetic 

context may lead to the incorporation of epigenomic variations into an orchestrated view of 

molecular and cellular mechanisms of brain dysfunction. 

5. Conclusions 

The intrinsic contribution of ROH to brain diseases remains unknown. In addition, ROH are 

rarely addressed in the clinical epigenetic context. Our hypothesis concerning the possible 

interplay between ROH and genomic imprinting may illuminate a new epigenetic mechanism 

underlying neurobehavioral and neurodevelopmental diseases associated with imprinting defects. 

Consequently, new opportunities for molecular diagnosis and personalized therapies for brain 

diseases associated with ROH at imprinted genomic loci are likely to become available. To this end, 

the elucidation of the role of ROH in imprinting disorders requires further studies involving larger 

clinical cohorts. 
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Abstract:  

Background: Symmetrical DNA methylation profiles of autosomal genes are associated with 

equal expression by both alleles. Genes with an allelic imbalance or monoallelic expression 

are associated with discrete intervals of allele-specific methylation (ASM), as highlighted by 

genomic imprinting, X-chromosome inactivation and genotype-driven ASM. However, a 

more complex pattern has been described in which random monoallelic methylation 

provides cells with a unique mechanism for modulating allelic dosage. 

Methods: We combined direct interrogation of genome-wide methyl-seq datasets with 

locus-specific methylation with expression analysis to characterize the epigenetic profile of a 

CpG island associated with the DLGAP2 gene. The random nature of the ASM was confirmed 

using both bisulfite PCR in tissues and single cell-derived clonal analysis. 

Results: We identified an interval of oocyte-derived methylation manifested as a maternally 

methylated differentially methylated region (DMR) in human blastocysts and placenta. This 

switched to a random ASM profile by week 16 of gestation. Characterization using 5’ RACE-

PCR revealed linkage of the ERICH1-AS1 transcript to DLGAP2, presenting an alternative 

transcription start site. Quantitative RT-PCR of DLGAP2 suggested a highly restricted 

expression profile limited to testis and brain, with allelic RT-PCR demonstrating robust 

biallelic expression. 

Conclusions: While many intervals subject to transient maternal methylation in the human 

pre-implantation embryo resolve to a fully unmethylated state in somatic tissues, we 

describe the first example of a CpG island converting to a random ASM profile. This profile 

has parallels with X-chromosome inactivation (XCI) in female mice, in which XCI is initially 

imprinted during pre-implantation development and maintained in the placenta, while 

derivatives of the inner cell mass are subject to random XCI. DLGAP2 has been associated 

with many neurological disorders, indicating a potential role of allele-specific expression and 

random ASM in the presentation of the disease phenotypes. 

Keywords  

Epigenetics; imprinting; allele-specific methylation; germline methylation; DLGAP2 

 

1. Introduction 

Allele-specific methylation (ASM) is a hallmark of several distinct epigenetic phenomena. One 

of the best characterized is genomic imprinting, where discrete intervals of germline-derived 

methylation survive embryonic reprograming, resulting in parent-of-origin monoallelic expression 

[1]. The CpG dinucleotides within imprinted differentially methylated regions (DMRs) are 

methylated on one parental allele, whereas the other is unmethylated, resulting in the 

characteristic monoallelic expression. A second mechanism associated with monoallelic 

methylation is X-chromosome inactivation in female mammals, in which one of the two X-

chromosomes is randomly inactivated in somatic cells to compensate gene expression between XY 

males and XX females [2]. These results in female tissues being a mosaic of cells with reciprocal X-

chromosome inactivation (XCI) patterns that display clonally inherited allelic methylation. 
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However, a surprisingly large number of autosomal loci are also subject to stochastic ASM, with 

some, but not all being associated with random monoallelic expression [3]. This third class of 

genes is expressed in a random and clonal fashion from either the paternal or maternal allele, in a 

manner similar to random XCI but unlike imprinting. This category of genes includes members of 

large gene families, such as olfactory receptors [4], protocadherins [5] and immunoglobins [6], the 

expression of which is usually highly specific. 

In addition to the classic epigenetic mechanisms (i.e. the methylation is classically independent 

of the underlying genetic sequence) mentioned, genotype-dependent ASM has been described for 

which genetic variants act in cis to dictate methylation of neighboring CpG positions. These 

discrete regions, referred to as methylation quantitative trait loci (meQTLs), are often tissue-

specific [7, 8] and have been hypothesized to contribute to inter-individual phenotype variation[8, 

9, 10]. There is strong evidence suggesting that variations in methylation patterns at regulatory 

elements influence neurodevelopmental processes and the complex pathways involved in brain 

disorders with several studies revealing a link between cis-regulatory meQTLs and susceptibility 

loci identified in single nucleotide polymorphism (SNP) association studies [11, 12]. 

In a recent screen for germline-derived methylation differences that survive embryonic 

reprogramming and persist in the blastocyst, we identified a CpG island associated with the 

DLGAP2 gene, encoding the large (Drosophila) homolog-associated protein 2, on chromosome 8 as 

a potential maternally methylated imprinted DMR [13]. This gene was also identified during a 

computational screen for loci with genomic features enriched at imprinted loci and was reported 

to be paternally expressed in fetal testis tissue, in a manner that was consistent with genomic 

imprinting [14]. Interestingly, cytogenetic studies have revealed that copy-number variations 

(CNVs) of the 8p23.3 interval are associated with many neurological and psychiatric disorders, 

including autism spectrum disorder (ASD) [15], schizophrenia [16] and Alzheimer’s disease [17], 

with specific DLGAP2 genotypes/haplotypes over-represented in patients compared to controls 

[18]. This suggests a potential role for the DLGAP2 gene in these disorders. 

In this study, we have characterized the epigenetic profile of the DLGAP2 intergenic DMR using 

allele-specific analyses to investigate DNA methylation, histone modifications and gene expression 

in fetal and adult tissues as well as single cell-derived lymphoblastoid isogenic clones. We 

identified differential methylation of the DLGAP2 DMR between gametes and showed that the 

parent-of-origin methylation was maintained throughout pre-implantation development and in 

the placenta and kidney; all other tissues displayed random monoallelic methylation. Importantly, 

the allelic methylation was shown to be concomitant with an opposing permissive chromatin state, 

with the unmethylated alleles being enriched for methylation of lysine 4 of histone H3 (H3K4me). 

The shared features with XCI in mice [19] indicate that DLGAP2 is an example of an autosomal 

locus controlled by an XCI-like mechanism. 

2. Material and Methods 

2.1. Samples 

Peripheral blood was obtained from healthy volunteers or from the umbilical cord of newborns 

for which matched placental biopsies were obtained. These samples were collected at the Hospital 

St. Joan De Déu (Barcelona, Spain). For the 48 placenta-derived DNA samples, microsatellite 

repeat analysis confirmed the absence of maternal DNA contamination. The adult brain samples 
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were obtained from BrainNet Europe/Barcelona Brain Bank and adult somatic tissue samples were 

obtained from the Catalonia Tissue Bank Network. The dissection of individual brain regions was 

performed by an experienced pathologist on cadavers within 14 hours of death. A total of 48 fetal 

tissue sets (8–18 weeks of gestation), the majority with corresponding maternal blood samples, 

were obtained from the termination of pregnancies at Queen Charlotte’s and Chelsea Hospital, 

(London, UK). Twelve human metaphase II oocytes and a single surplus human blastocyst were 

obtained from the Instituto Valenciano de Infertilidad (FIVI) (Valencia, Spain). Vitrified oocytes 

were thawed using a kit for de-vitrification (Kitazato Valencia, Spain) following manufacturer’s 

instructions. 

2.2. Methods 

Genotyping and Imprinting Analysis. Genotypes of potential SNPs identified in the UCSC hg19 

browser (https://genome.ucsc.edu) were obtained by PCR and direct sequencing. PCR amplicons 

were precipitated with ethanol to remove excess primers. Approximately 30 ng of clean PCR 

product was used as template in a sequence reaction using BigDye terminator master mix (Applied 

Biosystems, now Thermo Fisher Scientific, Massachusetts, USA) and separated using capillary 

electrophoresis (Applied Biosystems Genetic Analysis System, ABI 3730 DNA Analyzer). Sequence 

traces were interrogated using Sequencher v4.6 (Gene Codes Corporation, MI, USA) to distinguish 

heterozygous and homozygous samples. Heterozygous tissue samples were analyzed for either 

allelic expression by RT-PCR or bisulfite PCR, incorporating the polymorphism within the final PCR 

amplicon to facilitate identification of the parental alleles (for primer sequences see Supp. Table 

S1). 

Methylation-Sensitive Genotyping. Approximately 500 ng of heterozygous genomic DNA was 

digested with 10 units of HpaII restriction endonuclease (NEB, Massachusetts, USA) for 6 hours at 

37°C. The digested DNA was isolated by ethanol precipitation and resuspended in a final volume of 

20 μl TE or water. A sample (2 μl) of the digested DNA was used in each PCR amplification (initial 

denaturation 96C for 5 minutes; 40 cycles of denaturation at 96C 30 seconds, 56C annealing for 

30 seconds and 72C extension for 1 minute; final extension 5 minutes at 72C) using Taq 

polymerase (Bioline, London, UK). The resulting amplicons were sequenced and the traces 

compared to those obtained for the corresponding undigested DNA template. 

Rapid Amplification of cDNA ends (RACE) PCR. 5’ RACE-PCR was used to obtain the full-length 

sequence of the DLGAP2 mRNA transcript using the 5’/3’ RACE kit (Roche, Basel, Switzerland) 

according to the manufacturer’s instructions. 

Quantitative Real-Time-PCR. Expression of DLGAP2 and ERICH1-AS1 transcripts was analyzed 

using a fluorochrome (SYBR® Green)-based quantitative real-time RT-PCR assay and normalized 

against RPL19. cDNA was synthesized as previously described [20]. All assays were run in triplicate 

in 384-well plates using the 7900HT Fast Real-Time-PCR System (Applied Biosystems, California, 

USA). Only samples with two or more valid readings per triplicate were included in our analysis. 

Dissociation curves were generated at the end of each reaction to rule out the presence of primer-

dimers or unexpected DNA species in the reaction. Non-template controls, an inter-plate control 

and standard curves generated using the same serial dilutions of cDNA obtained from pooled 

normal tissue were included in each assay. Results were analyzed with the SDS 2.3 software 

(Applied Biosystems). 
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Allele-Specific Bisulfite PCR. For standard bisulfite conversion, we used the EZ DNA 

Methylation-Gold kit (ZYMO, California, USA) according to the manufacturer’s instructions. 

Approximately 2 l of bisulfite-converted DNA was used in each amplification reaction (initial 

denaturation 96C for 10 minutes; 45 cycles of denaturation at 96C 30 seconds, 53C annealing 

for 30 seconds and 72C extension for 1 minute; final extension 5 minutes at 72C) catalyzed by 

Immolase Taq polymerase (Bioline). The resulting PCR product was sub-cloned into the pGEM-T 

easy vector (Promega, Southampton, UK) for sequencing (for primer sequences see Supp. Table 

S1). The EZ DNA Methylation-Direct kit (ZYMO) (in which cell lysates are subject to direct bisulfite 

conversion) was used for the methylation profiling of individual hair follicles, the blastocyst and 

pooled oocytes. Nested bisulfite PCR was required to obtain amplicons for subcloning due to the 

small amounts of available samples.  

Chromatin Immunoprecipitation Assay. The allelic enrichment of histone modifications in 

peripheral leukocytes, placenta and brain samples was confirmed by chromatin 

immunoprecipitation (ChIP) as previously described [21], with minor modifications. For blood 

samples, mononuclear cells were first isolated by Lymphoprep (Stem Cell Tech, Vancouver, 

Canada) density gradient centrifugation, while 100 mg of tissue was used for placenta and brain. 

Washed samples were disrupted to release nuclei using 0.5 mM zirconium beads (Sigma–Aldrich, 

Missouri, USA) in a Precellys 24 tissue homogenizer (Bertin_Corp, Maryland, USA) and 

subsequently isolated by centrifugation (at 13,000g with centrifuge set on slowest deceleration 

rate) for use in micrococcal nuclease (MNase) digestion. Approximately 4 µg of chromatin was 

used for an immunoprecipitation reaction with protein A agarose/salmon sperm DNA 

(Thermofisher) and antibodies specific for H3K4me3 (C15410003-50 Diagenode, Seraing, Belgium), 

H3K4me2 (07-030 Millipore,Massachusetts, USA) and H3K9me3 (AB8898 Abcam, Cambridge, UK). 

A mock immunoprecipitation with an unrelated IgG antiserum (12-371, Millipore) was performed 

in parallel with each ChIP, and a 50% fraction of the input chromatin was extracted in parallel. The 

precipitated DNA was subjected to column-based clean-up (Macherey-Nagel, Barcelona, Spain) 

and 2 l was used for allelic PCR amplification.   

For quantitative analysis, the input and antibody-bound fractions were subjected to real-time 

PCR amplification (initial denaturation 95C for 10 minutes followed by 40 cycles of 95C 15 

seconds and 60C extension for 1 minute) with a SYBR Green mixture (SYBR® Green) using a 

7900HT Fast Real Time PCR (Applied Biosystems) instrument. Background precipitation levels were 

determined using the mock precipitations. Bound/input ratios were calculated and normalized 

against the precipitation level at the GAPDH promoter for active marks and SAT2 repeats for 

H3K9me3. All PCRs were performed in triplicate and the primers used are shown in 

Supplementary Table S1. 

Single Cell Lymphoblastoid Colony Expansion. Isolated clonal cell lines were generated by 

dilution plating of a polyclonal lymphoblastoid cell line at a ratio of 0.4 cells per well. 

Transformation with Epstein–Barr virus (EBV) was performed for a control individual who was 

heterozygous for SNPs within the DLGAP2 ASM. The B-cells within the sample were immortalized 

with the supernatant of the EVB producer cell line B95.8. Surviving colonies were propagated to a 

density sufficient for DNA isolation. Ethical approval for this study was granted by the Institutional 

Review Boards at the Bellvitge Institute for Biomedical Research (PR006/08 & PR096/10) and the 

Ethics Committee of the Hospital St. Joan De Déu (35/07). Local ethical approval for obtaining fetal 

tissues was granted by the Research Ethics Committee of the Hammersmith, Queen Charlotte’s 
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and Chelsea and Acton Hospitals (2001/6028) and the use of surplus human embryos and gametes 

was evaluated and approved by the scientific and ethics committees of the Instituto Valenciano de 

Infertilidad (IVI) (1310-FIVI-131-CS), the Bellvitge Institute for Biomedical Research (PR292/14), the 

National Committee for Human Reproduction (CNRHA) and the Regional Health Counsel of 

Valencia. Written informed consent was obtained from all participants. 

3. Results 

3.1. Defining the Extent of ASM of DLGAP2 

Using methyl-seq datasets from gametes, pre-implantation embryos and various tissues 

representative of the three germ layers, we confirmed that a CpG island (hg19 chr8:1321233-

1321638, USCS identifier CpG: 46; see reference [13] for information related to the bioinformatic 

screening and datasets used), located between ERICH1-AS1 and DLGAP2 was fully methylated in 

oocytes and unmethylated in sperm (Figure 1A-B). The unmethylated interval in sperm extended 

for approximately 1.5 kb and overlapped with a partially methylated region in blastocysts. In 

somatic tissues and placenta, the region of partial methylation defining the potential imprinted 

DMR was shorter, at approximately 550 bp (hg19 chr8:1321145-1321758). Importantly however, 

interrogation of methyl-seq datasets only provides information regarding absolute methylation of 

each CpG within the region and does not discriminate between the various forms of ASM. Using a 

strategy combining nested bisulfite PCR with subcloning, we confirmed that human oocytes were 

fully methylated, while sperm was devoid of methylation. Similar analysis performed on a single 

human day 5 blastocyst revealed strand-specific methylation, which was present on only one allele, 

as this sample was heterozygous for the SNP rs36018196 (Figure 1C). 

3.2 Allele-Specific Methylation Analysis in Placenta 

To confirm restriction of the observed methylation to the maternal allele in the final stage of 

development, we established a methylation-sensitive genotyping assay. This method involved 

polymorphic allele-calling on genomic DNA before and after digestion with the methylation-

sensitive HpaII endonuclease (Figure 2A; Supplementary Figure 1). Allelic methylation is confirmed 

when a heterozygous genomic DNA sample is reduced to homozygosity following digestion with 

the remaining allele representing the methylated chromosome. We initially genotyped eight SNPs 

within the regions; however, only two were consistently informative (rs6996211 and rs36018196). 

We have previously shown that the regions of maintained oocyte-derived methylation are 

frequently maternally methylated in the placenta [13]; therefore, we focused our initial studies on 

this extra-embryonic tissue. In total, 18 samples were informative for the two SNPs allowing 

determination of the parental origin of methylation. In all cases, we confirmed monoallelic 

methylation, with four being cases shown to be methylated on the maternal allele when parental 

genotypes were available and informative (Figure 2B). To confirm that the allelic methylation was 

not restricted to the CpG dinucleotides contained in the 5 HpaII sites within the amplified interval, 

we performed bisulfite PCR. The results revealed that the ASM encompassed at least 23 CpGs 

within the 157-bp amplified region (Figure 2C). 
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Figure 1 Methylation analysis of CpG island 46 upstream of DLGAP2. (A) Genomic 

map of the Chr8p23.3 interval containing ERICH1-AS1 and DLGAP2. CpG islands within 

this interval of approximately 983 kb are shown in green and the exons in each 

transcript are shown in blue. (B) Methyl-seq datasets showing that CpG 46 is 

unmethylated in sperm, fully methylated in oocytes and partially methylated in 

blastocysts, placenta and somatic tissues (only brain shown). The vertical lines in the 

methyl-seq tracks represent the mean methylation values for individual CpG 

dinucleotides. The black line under CpG:46 indicates the localization of the bisulfite 

PCR product analyzed in panel C. (C) Bisulfite PCR and subcloning was used for 

confirmation. Each circle represents a single CpG on a DNA strand. () Methylated 

cytosine, (o) unmethylated cytosine. Each row corresponds to an individual cloned 

sequence with the parent-of-origin indicated by the genotype of the heterozygous SNP 

incorporated into the amplicon. 
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Figure 2 Allele-specific methylation analysis of DLGAP2. (A) Schematic overview of the 

methylation-sensitive HpaII genotyping assay and (B) the resulting methylation profile 

in paired cord blood and placenta samples. (C) Bisulfite PCR and subcloning was used 

for confirmation of the samples shown in panel B. The arrows indicate the position of 

the HpaII sites. (D) Additional bisulfite PCR and subcloning was performed on three 

DNA samples derived from a single individual revealing the stability of the ASM. Each 

circle represents a single CpG on a DNA strand. () Methylated cytosine, (o) 

unmethylated cytosine. Each row corresponds to an individual cloned sequence with 

the parent-of-origin indicated by the genotype of the heterozygous SNP incorporated 

into the amplicon. 
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3.3 DLGAP2 Contains a Random ASM Region in Blood 

We subsequently performed bisulfite PCR and sub-cloning assays on cord blood derived DNA 

from the heterozygous placenta samples. In all cases, the methylation was strand-specific, 

although allelic discrimination using the informative SNPs revealed that both the maternally- and 

paternally-derived alleles were a mix of fully methylated and unmethylated strands consistent 

with random monoallelic ASM (Figure 2C). To investigate the stability of this bimodal profile 

during development, we investigated the allelic methylation in adult leukocytes. Similarly, we 

observed random monoallelic ASM in two individuals, with identical profiles detected in 

accompanying saliva and hair follicle-derived DNA (Figure 2D). 

To further investigate this pattern of methylation, we performed methylation-sensitive 

genotyping on single cell-derived clones. Lymphoblastoid cells derived from one of the informative 

adult blood donors were generated by Epstein–Barr virus transformation and homogenous lines 

derived from single cells were propagated. In the unsorted bulk population, the rs6996211 SNP 

remained heterozygous following HpaII digestion, indicating that methylation was randomly 

present on both alleles. However, of the 21 single cell derived clones that were successfully 

generated, 12 were monoallelically methylated on the paternally-derived G allele and seven on 

the opposite maternal T allele (Figure 3). 

 

Figure 3 Characterization of DLGAP2 ASM through analysis of single cell-derived 

clones. (A) Schematic illustration of the experimental design. Single cells were isolated 

from a lymphoblastoid cell line that was heterozygous for SNP rs6996211 and 

expanded to derive reciprocal isogenic clones. (B) Methylation-sensitive HpaII 

genotyping reveals biallelic methylation of the interval in an unsorted “bulk” sample, 

whereas isogenic clones were monoallelic in 90% of cases. The bar graph shows the 

number of individual clones with random monoallelic methylation. 

3.4 Random ASM in DLGAP2 is Stable in Somatic Tissues 

We next aimed to further characterize the methylation profile in various fetal and adult tissues 

derived from the three germ layers (Figure 4A). Following genotyping of 48 tissue sets and 

corresponding maternal blood, we identified a single fetus that was informative for SNP 

rs36018196, although multiple unrelated adult tissues were heterozygous for rs6996211 and 

rs36018196. 
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Figure 4 Defining the DLGAP2 ASM in multiple tissues at different developmental 

time-points.(A) Schematic diagram showing the tissues used and their germ layer 

origins. (B) Characterization of the methylation profiles in four tissues from a fetal 

sample set informative for SNP rs36018196 by bisulfite PCR and subcloning. (C) An 

identical approach was used to study the ASM interval in unrelated adult tissues and 

term placenta. Note that in some cases the samples were heterozygous for both 

rs36018196 and rs6996211 SNPs. 
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We performed bisulfite PCR and subcloning on four tissues from the informative fetus 

(approximately 16 weeks of gestation). In accordance with previous findings, we observed that the 

methylation in the placenta was restricted to the maternal allele. Surprisingly, a similar profile was 

also observed in kidney, while both brain and intestine tissues were subject to random ASM 

(Figure 4B). In adult tissues, random ASM was clearly observed in lung and testis as well as the 

frontal cortex and hippocampus of the brain (Figure 4C; Suppl Figure 1). The only informative adult 

intestine sample was heterozygous for both SNPs and fully methylated on the T/T allele, while a 

mix of methylated and unmethylated strands was detected on the G/A allele. Finally, although not 

as clearly defined, one allele in adult kidney was preferentially methylated; however,the parental 

origin could not be ascertained because of the lack of accompanying parental samples. 

3.5 The DLGAP2 ASM Region is Decorated with Active Histone Markers 

Histone modifications are another potential distinguishing epigenetic feature of regions subject 

to ASM. Opposing active and repressive chromatin states are commonly observed for the inactive 

X-chromosome and at imprinted DMRs, but very little is known about other forms of ASM or 

meQTLs. To investigate the underlying chromatin state in the DLGAP2 DMR, we analyzed H3K4 di- 

and trimethylation as markers of permissive chromatin and H3K9me3 as markers of repressive 

chromatin. In the placenta, we observed strong immunoprecipitation of H3K4me3 and residual 

H3K4me2, both of which were enriched on the paternal allele, while no allelic bias was observed 

for H3K9me3 (Figure 5A-B). In accordance with the random nature of the ASM in blood and brain, 

we failed to observe allelic enrichment of any histone modification in “bulk” samples of adult 

leukocytes or frontal cortex tissue (Figure 5 C-D). 

3.6 DLGAP2 is a Biallelically Expressed Gene 

We interrogated mRNA and expressed sequence tags (EST) to identify transcripts within the 

vicinity of DLGAP2 that may originate near the DMR. This revealed that transcript AK067845 

originates in a region close to the ASM interval. Unfortunately, we were unable to detect 

expression of these exons. To determine if the DMR represents a promoter for a yet-to-be 

reported isoform, we performed 5’ RACE experiments. The results revealed that the furthest 

upstream transcriptional start site (TSS) for DLGAP2 originated from within the unmethylated CpG 

island and had identical sequence similarity to EST BC022082, which was annotated as ERICH1-AS1 

(Suppl Figure 2). Comparisons with other mammalian species, including rat and mouse, revealed 

that Erich1-as1 was a bona fide alternative TSS for Dlgap2. In fact, during this study, the Ensembl 

annotation of ERICH1-AS1 (Gene ID: 619343) was replaced by DLGAP2 (Gene ID: 9228), which 

endorsed our observations. To provide additional evidence of the linkage between the ERICH1-AS1 

exons and the DLGAP2 gene, we performed RT-PCR analysis of the two transcripts in brain and 

testis tissues. A single PCR amplicon was obtained that was shown the contain the expected exon 

splicing junctions in addition to a novel exon in sequencing analysis (Figure 6A). Furthermore, qRT-

PCR analysis of the regions between exons 1–2 of ERICH1-AS1 and exons 6–8 of DLGAP2 revealed 

highly comparable expression profiles, being most abundant in testis and in the putamen and 

frontal and occipital cortices of the brain; these results were consistent with the profiles in GTEx 

datatsets (Figure 6B; data not shown). No expression was detected in the placenta. Finally, to 

determine the allelic expression of DLGAP2, we performed RT-PCR analysis of the regions 
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spanning the exonic SNPs rs4565482 and rs2235112 located in exon 6. The results showed that 

the gene is robustly expressed biallelically in the frontal cortex, thalamus, bulb, cerebellum and 

hippocampus of 12 different brain samples (Figure 6C). In accordance with ERICH1-AS1 being 

upstream of DLGAP2, RT-PCR analysis targeting these exons also revealed equal expression from 

both parental alleles for SNP rs141356800 in adult brain and testis samples. 

 

 

Figure 5 Profiling of histone modifications associated with the DLGAP2 ASM interval. 

(A) Quantitative chromatin analysis following native ChIP using anti-H3K4 and H3K9 

antibodies. The precipitation levels were normalized to those obtained for the GAPDH 

promoter (for H3K4) and the SAT2 repeat (for H3K9). Allelic distribution of each 

histone modification was determined by direct sequencing of the PCR amplicons 

encompassing heterozygous SNPs for (B) placenta, (C) leukocytes and (D) frontal cortex 

of the brain. 
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Figure 6 Allele-specific expression of the DLGAP2 gene. (A) Schematic overview of the 

ERICH1-AS1 and DLGAP2 genes and the positions of the primers used for linking the 

two transcripts. The electropherogram reveals the sequence of the novel exon located 

between the two transcripts. (B) Quantitative RT-PCR showing the distribution of 

expression across different tissues. The mean values are shown with 95% CI. (C) 

Sequence traces of RT-PCR products for DLGAP2 and ERICH1-AS1 in adult tissue 

samples heterozygous for SNPs rs4565482 and rs141356800, respectively. 
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4. Discussion 

The monoallelic expression of non-imprinted autosomal genes is not a sporadic phenomenon, 

being observed for approximately 10% of genes in various cell types [22, 23]. However, the 

mechanism dictating stochastic allelic choice remains elusive and is likely to involve several 

epigenetic mechanisms. In the case of DLGAP2, we observed a methylation profile consistent with 

classical imprinting in the pre-implantation embryo, which was reinforced by H3K4 methylation of 

the unmethylated allele in a pattern that was similar to the canonical signature associated with 

imprinted DMRs [24, 25]. However, the process by which the switchable random ASM pattern is 

established post-implantation is unclear. 

Similar patterns of random monoallelic ASM have been observed in mouse embryonic stem (ES) 

cells. Recently, Martos and colleagues described a region near the Park7 gene in mice, for which 

half of the clones were methylated on the maternal and paternal alleles in ES lines derived from 

reciprocal F1 hybrids of C57BL/6 and Castaneous crosses [26]. This switchable feature of ASM 

resembles that of random inactivation of one of the two X chromosomes in females, leading the 

authors to propose that some autosomal loci are subject to autosomal chromosome inactivation 

(ACI), similar to XCI, and that silencing would be centred around a focal region of ASM [19,26]. In 

accordance with this hypothesis, the DLGAP2 ASM shows similarities with XCI in mice, in which 

random inactivation of one X-chromosome in females ensures dosage compensation between XX 

and XY. During this process, one of the two X chromosomes is silenced early in development and 

once established, the inactive state is stably maintained through mitosis by a combination of 

chromatin-remodeling proteins, histone variants and post-translational modifications, DNA 

methylation and asynchronous replication [27]. 

The results of this study highlight the importance of exhaustive studies of allelic methylation for 

correct annotation of the mechanism associated with the ASM. Strand-specific bimodal 

methylation patterns detected by bisulfite PCR and subcloning have long been used to validate 

imprinting; however, as shown in this example of DLGAP2, correctly assigning strand-specific 

methylation based on discriminating alleles using SNPs revealed the existence of both imprinted 

and random ASE in a tissue-specific fashion. Despite our best attempts to show concomitant 

monoallelic expression associated with DLGAP2 ASM, we could only discount imprinted expression. 

Unfortunately, DLGAP2 is not expressed in either the placenta or kidney; therefore, investigation 

of allelic expression with reproducible parent-of-origin methylation in these tissues was not 

possible. Biallelic DLGAP2 expression was observed in brain, which is consistent with the 

inheritance of cytogenetically defined deletions and duplications of 8q23.3 from either parent in 

patients with ASD and intellectual disabilities [28, 29]; Decipher database]. Single cell RNA-seq or 

RNA-FISH analyses are required to confirm random monoallelic expression in brain since single cell 

clonal expansion is not currently feasible; however, it must be noted that the results from these 

techniques may not reflect mitotically stable random allelic expression because gene expression 

within single cells is associated with allelic bursts, which increases the risk of misinterpretation of 

monoallelic expression at a single time-point [30]. 

Random ASM results in random allelic expression in brain is likely to exert fine-tuning of gene 

dosage. Since this ASM would lead to somatic mosaicism, it is possible that this form of 

transcriptional regulation influences tissue composition, which could have advantages for organs 

such as the brain, causing a substantial impact on function. As mentioned previously, the 
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protocadherin gene family is subject to random ASE and is implicated in self-recognition processes 

[31], which prevent the formation of self-contact by neurons and is essential for normal 

development of brain networks. Interestingly, DLGAP2, along with other DLGAP proteins, is 

involved in regulating transmission of neuronal signals across synaptic junctions and has been 

linked to a variety of neurological disorders, including ASD, schizophrenia, ASD, obsessive 

compulsive disorder (OCD) and Alzheimer’s disease [32]. Therefore, any mosaicism implying 

variability in gene expression due to random ASM could influence developmental plasticity, 

resulting in the incomplete penetrance of undesirable alleles and variable severity of the 

phenotype. 

5. Conclusions 

In this study, we characterized a discrete genomic interval associated with tissue-specific ASM. 

In a pre-implantation embryo and placenta, we observed robust methylation restricted to the 

maternal allele, while a random ASM profile was observed later in the development of tissues 

derived from all three germ layers. It has previously been proposed that imprinted loci have arisen 

from genes with random monoallelic expression that resulted in a selective advantage, with the 

ASM becoming fixed through evolution as a germline imprint [33]. It is, therefore, exciting to 

speculate that DLGAP2 is evolving to becoming an imprinted gene. Furthermore, since DLGAP2 has 

been implicated in several neurological disorders, any influence of the ASM on expression could 

have important implications for disease progression and severity due to the resulting inherent 

mosaicism. 

Acknowledgments 

We would like to thank all participants/donors in this study and the clinical staff involved in 

their care, especially the perinatal nurses at Hospital Sant Joan de Déu who contributed to the 

collection of control placental/cord blood samples. We thank the BrainNet Europe and the 

Catalonia Network of Tumor Banks (XBTC) for supplying normal tissues. Work supported by the 

Xarxa de Bancs de Tumors de Catalunya is sponsored by Pla Director d’Oncología de Catalunya. 

Additional Materials 

The following additional materials are uploaded at the page of this paper. 

1. Supp. Figure 1. Methylation-sensitive genotyping of CpG: 46 of DLGAP2. 

2. Supp. Figure 2. Methylation analysis of the ERICH1-AS1 promoter. 

3. Supp. Table 1. Primer sequences used for PCR in this study. 

Author Contributions 

AMS, MSD and DM conceived and designed the experiments; AMS, MSD and SGC performed all 

the molecular and epigenetic characterizations; JM, MEPL and CS collected and processed the 

human gametes and blastocysts; IIP was responsible for the collecting and processing placenta 

and cord blood samples; MI and GEM genotyped the fetal and maternal DNA samples; DM drafted 

the manuscript. All authors contributed to the final revised manuscript version. 



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.18026 
 

Page 299/349 

Funding 

The laboratory of DM is supported by the Spanish Ministerio de Educación y Competitividad 

(BFU2014-53093 & BFU2017-85571-R) and co-funded by the European Union Regional 

Development Fund (FEDER). AMS is a recipient of a FPI PhD studentship from MINECO. 

Competing Interests 

The authors have declared that no competing interests exist. 

References 

1. Monk D. Germline-derived DNA methylation and early embryo epigenetic reprogramming: 
The selected survival ofimprints. Int J Biochem Cell Biol. 2015; 67: 128-138. 

2. Sharp AJ, Stathaki E, Migliavacca E, Brahmachary M, Montgomery SB, Dupre Y, et al. DNA 
methylation profiles of human active and inactive X chromosomes. Genome Res. 2011; 21: 
1592-1600. 

3. Eckersley-Maslin MA, Thybert D, Bergmann JH, Marioni JC, Flicek P, Spector DL. Random 
monoallelic gene expression increases upon embryonic stem cell differentiation. Dev Cell. 
2014; 28: 351-365. 

4. Magklara A, Yen A, Colquitt BM, Clowney EJ, Allen W, Markenscoff-Papadimitriou E, et al. An 
epigenetic signature for monoallelic olfactory receptor expression. Cell. 2011; 145: 555-570. 

5. Kaneko R, Kato H, Kawamura Y, Esumi S, Hirayama T, Hirabayashi T, et al. Allelic gene 
regulation of Pcdh-α and Pcdh-γ clusters involving both monoallelic and biallelic expression in 
single Purkinje cells. J Biol Chem. 2006; 281: 30551-30560. 

6. Bergman Y, Cedar H. A stepwise epigenetic process controls immunoglobulin allelic exclusion. 
Nat Rev Immunol. 2004; 4: 753. 

7. Smith ZD, Chan MM, Humm KC, Karnik R, Mekhoubad S, Regev A, et al. DNA methylation 
dynamics of the human preimplantation embryo. Nature. 2014; 511: 611. 

8. Marzi SJ, Meaburn EL, Dempster EL, Lunnon K, Paya-Cano JL, Smith RG, et al. Tissue-specific 
patterns of allelically-skewed DNA methylation. Epigenetics. 2016; 11: 24-35. 

9. Kerkel K, Spadola A, Yuan E, Kosek J, Jiang L, Hod E, et al. Genomic surveys by methylation-
sensitive SNP analysis identify sequence-dependent allele-specific DNA methylation. Nat 
Genet. 2008; 40: 904-908. 

10. Heyn H, Moran S, Hernando-Herraez I, Sayols S, Gomez A, Sandoval J, et al. DNA methylation 
contributes to natural human variation. Genome Res. 2013; 23: 1363-1372. 

11. Schulz H, Ruppert A-K, Herms S, Wolf C, Mirza-Schreiber N, Stegle O, et al. Genome-wide 
mapping of genetic determinants influencing DNA methylation and gene expression in human 
hippocampus. Nat Commun. 2017; 8: 1511. 

12. Sanchez-Mut JV, Heyn H, Silva BA, Dixsaut L, Garcia-Esparcia P, Vidal E, et al. PM20D1 is a 
quantitative trait locus associated with Alzheimer’s disease. Nat Med. 2018; 24: 598. 

13. Sanchez-Delgado M, Vidal E, Medrano J, Monteagudo-Sánchez A, Martin-Trujillo A, Tayama C, 
et al. Human oocyte-derived methylation differences persist in the placenta revealing 
widespread transient imprinting. PLoS Genet. 2016; 12: e1006427. 

14. Luedi PP, Dietrich FS, Weidman JR, Bosko JM, Jirtle RL, Hartemink AJ. Computational and 
experimental identification of novel human imprinted genes. Genome Res. 2007; 17: 1723-
1730. 



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.18026 
 

Page 300/349 

15. Pinto D, Pagnamenta AT, Klei L, Anney R, Merico D, Regan R, et al. Functional impact of global 
rare copy number variation in autism spectrum disorders. Nature. 2010; 466: 368-372. 

16. Li J-M, Lu C-L, Cheng M-C, Luu S-U, Hsu S-H, Chen C-H. Genetic analysis of the DLGAP1 gene as 
a candidate gene for schizophrenia. Psychiatry Res. 2013; 205: 13-17. 

17. Chaudhry M, Wang X, Bamne MN, Hasnain S, Demirci FY, Lopez OL, et al. Genetic variation in 
imprinted genes is associated with risk of late-onset Alzheimer's disease. J Alzheimers Dis. 
2015; 44: 989-994. 

18. Chien W-H, Gau S-F, Liao H-M, Chiu Y-N, Wu Y-Y, Huang Y-S, et al. Deep exon resequencing of 
DLGAP2 as a candidate gene of autism spectrum disorders. Mol Autism. 2013; 4: 26. 

19. Gendrel A-V, Marion-Poll L, Katoh K, Heard E, editors. Random monoallelic expression of 
genes on autosomes: Parallels with X-chromosome inactivation. Semin Cell Dev Biol; 2016; 
56:100-110. 

20. Iglesias-Platas I, Camprubi C, Sparago A, Guillaumet-Adkins A, Martin-Trujillo A, Riccio A, et al. 
Imprinting at the PLAGL1 domain is contained within a 70-kb CTCF/cohesin-mediated non-
allelic chromatin loop. Nucleic Acids Res. 2013; 41: 2171-2179. 

21. Tayama C, Romanelli V, Martin-Trujillo A, Iglesias-Platas I, Okamura K, Sugahara N, et al. 
Genome-wide parent-of-origin DNA methylation analysis reveals the intricacies of human 
imprinting and suggests a germline methylation-independent mechanism of establishment. 
Genome Res. 2014; 24: 554-569. 

22. Gimelbrant A, Hutchinson JN, Thompson BR, Chess A. Widespread monoallelic expression on 
human autosomes. Science. 2007; 318: 1136-1140. 

23. Savova V, Patsenker J, Vigneau S, Gimelbrant AA. dbMAE: the database of autosomal 
monoallelic expression. Nucleic Acids Res. 2015; 44: D753-D756. 

24. Maupetit-Méhouas S, Montibus B, Nury D, Tayama C, Wassef M, Kota SK, et al. Imprinting 
control regions (ICRs) are marked by mono-allelic bivalent chromatin when transcriptionally 
inactive. Nucleic Acids Res. 2015; 44: 621-635. 

25. Andergassen D, Dotter CP, Wenzel D, Sigl V, Bammer PC, Muckenhuber M, et al. Mapping the 
mouse Allelome reveals tissue-specific regulation of allelic expression. Elife. 2017; 6: e25125. 

26. Martos SN, Li T, Ramos RB, Lou D, Dai H, Xu J-C, et al. Two approaches reveal a new paradigm 
of ‘switchable or genetics-influenced allele-specific DNA methylation’with potential in human 
disease. Cell Discov. 2017; 3: 17038. 

27. Vallot C, Ouimette JF, Rougeulle C. Establishment of X chromosome inactivation and 
epigenomic features of the inactive X depend on cellular contexts. Bioessays. 2016; 38: 869-
880. 

28. Poquet H, Faivre L, Chehadeh SE, Morton J, Mcmullan D, Hamilton S. Further Evidence for 
Dlgap2 as strong Autism Spectrum disorders/intellectual disability candidate gene. Autism 
Open Access. 2016; 06. 

29. Guilmatre A, Dubourg C, Mosca A-L, Legallic S, Goldenberg A, Drouin-Garraud V, et al. 
Recurrent rearrangements in synaptic and neurodevelopmental genes and shared biologic 
pathways in schizophrenia, autism, and mental retardation. Arch Gen Psychiatry. 2009; 66: 
947-956. 

30. Raj A, van Oudenaarden A. Nature, nurture, or chance: stochastic gene expression and its 
consequences. Cell. 2008; 135: 216-226. 

31. Kostadinov D, Sanes JR. Protocadherin-dependent dendritic self-avoidance regulates neural 
connectivity and circuit function. Elife. 2015; 4: e08964. 

32. Rasmussen AH, Rasmussen HB, Silahtaroglu A. The DLGAP family: neuronal expression, 
function and role in brain disorders. Mol Brain. 2017; 10: 43. 



OBM Genetics 2018; 2(3), doi:10.21926/obm.genet.18026 
 

Page 301/349 

33. Ohlsson R, Paldi A, Graves JAM. Did genomic imprinting and X chromosome inactivation arise 
from stochastic expression? Trends Genet. 2001; 17: 136-141. 

 

 

Enjoy OBM Genetics by:  

1. Submitting a manuscript  

2. Joining in volunteer reviewer bank 

3. Joining Editorial Board 

4. Guest editing a special issue  

 

For more details, please visit:  

http://www.lidsen.com/journals/genetics OBM Genetics 

http://www.lidsen.com/account-login
mailto:genetics@lidsen.com
http://www.lidsen.com/journals/genetics/genetics-editorial-board
http://www.lidsen.com/journals/genetics/genetics-special-issues
https://www.lidsen.com/journals/genetics


 

 

© 2018 by the author. This is an open access article distributed under the conditions 
of the Creative Commons by Attribution License, which permits unrestricted use, 
distribution, and reproduction in any medium or format, provided the original work is 
correctly cited. 

 

Open Access 

OBM Genetics 

 

Review 

Non-Coding RNAs in Cutaneous Melanoma Development, Progression 
and Dissemination 

Virginie Vignard 1, 2, Delphine Fradin 1,*  

1. CRCINA, Inserm, Université de Nantes, IRSUN 8 quai Moncousu, Nantes, France; E-Mail: 

delphine.fradin@inserm.fr 

2. CHU Nantes, Nantes, France; E-Mail: virginie.vignard@univ-nantes.fr 

* Correspondence: Delphine Fradin; E-Mail: delphine.fradin@inserm.fr 

Academic Editors: Stéphane Viville and Marcel Mannens 

Special Issue: Epigenetic Mechanisms in Health and Disease 

OBM Genetics  

2018, volume 2, issue 2  

doi:10.21926/obm.genet.1802020 

Received: March 13, 2018 

Accepted: May 6, 2018 

Published: May 15, 2018 

Abstract:  

Melanoma is a highly aggressive skin cancer with high incidence worldwide. There is growing 

evidence that aberrantly expressed non-coding RNAs (ncRNAs) play a role in the 

development, progression and dissemination of melanoma tumor cells. Among the many 

types of ncRNAs described in this review, the functions of micro- and long non-coding RNAs 

are described and related to the six hallmarks of cancer. Recently, ncRNAs discovered in 

body fluids have become known as one of the most promising groups of oncological 

biomarkers for use in non-invasive diagnosis, prognosis or therapeutic response prediction. 
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1. Introduction 

Melanoma is the deadliest form of skin cancer. The prognosis remains favorable for those 

diagnosed with early stage disease, where surgical therapy is the mainstay of treatment. However, 

treatment rarely succeeds if begun in the advanced stages of disease, although survival of late-

stage disease has considerably improved in recent years [1, 2].  

Interest in the identification of molecular pathways that contribute to melanoma development 

and progression has grown significantly over the last few years, revealing new insights for 

development of targeted melanoma therapies such as BRAF (B-Raf proto-oncogene, 

serine/threonine kinase) kinase inhibitor or MEK (mitogen-activated protein kinase kinase 1/2) 

inhibitor [3, 4]. Concurrently, the manipulation of the immune system [5] (e.g., through the 

blocking of immune checkpoints or through adoptive cell transfer) has become an important 

strategy for controlling disease progression during advanced melanoma stages. Although these 

therapies show promising clinical results, primary or acquired resistance to therapy is common 

and clinical outcomes for metastatic disease still remain poor.  

Recently, epigenetic modifications have also been implicated in the pathogenesis of many 

human diseases, including melanoma. The most widely accepted definition of epigenetics includes 

stably inherited modulations in the expression of genes that do not involve changes in their DNA 

sequences. In this view, gene expression can vary due to effects exerted by RNA molecules. 

Specifically, increasing emphasis is being placed on the roles of non-coding RNAs (ncRNAs) to 

modulate gene expression through their functions as epigenetic modifiers [6]. Since ribosomal 

RNAs (rRNAs) and transfer RNAs (tRNAs) were discovered in the 1950s [7, 8], numerous other 

classes of RNAs located within the nucleus or cytoplasm have joined their ranks, including ncRNAs 

[9]. The two most described classes of ncRNAs are micro-RNAs (miRNAs) and the very large group 

of long ncRNAs (lncRNAs). Micro-RNAs, ncRNAs that are 19-22 nucleotides in length, modulate 

gene expression through mRNA silencing or degradation [10]. Notably, a single miRNA has the 

capacity to inhibit several different mRNA targets; this feature explains how miRNAs are such 

powerful regulators of gene expression. Moreover, they are variably expressed by cells and 

control many pathways that participate in cell metabolism, proliferation, differentiation and 

apoptosis [11]. Indeed, various studies have demonstrated that more than 60% of human genes 

are regulated by miRNAs [12] that may act as tumor suppressors (TS-miR) or oncogenes (oncomiR) 

depending on tissue, cellular context and target genes [13, 14]. The non-coding genome is also 

transcribed into many thousands of lncRNAs that are >200 nucleotides in length [15]. In contrast 

to miRNAs, which mainly negatively regulate gene expression, lncRNAs may either induce or 

repress gene expression and are more specific in terms of species, tissue and tumor type. 

The objective of this review is to present information with regard to selected micro-RNAs and 

long non-coding RNAs in melanoma and relate their functions to the six hallmarks of cancer 

proposed by Hanahan and Weinberg in 2000 [16]. In that work, they suggested that cancer cells 

are characterized by six essential physiological alterations that are conducive to malignant growth: 

i) sustaining proliferative signaling; ii) evading growth suppressors; iii) enabling replicative 

immortality; iv) activating invasion and metastasis; v) inducing angiogenesis and vi) resisting cell 

death. This is the first review that relates short and long non-coding RNAs to current knowledge 

with regard to the six cancer hallmarks of cutaneous melanoma.  
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2. Non-Coding RNAs Maintain Proliferative Signaling in Melanoma Cells 

To maintain a proliferative state, cancer cells often produce their own growth factors (GF) while 

concomitantly overexpressing GF receptors. Subsequently, GF bind to over-expressed GF 

receptors to induce autocrine proliferative stimulation, thus reducing their dependency on the 

external microenvironment for stimulation. Melanoma cells can also constitutively activate their 

own receptors via signals that are transduced within the tumor cells by activation of MAPK 

(mitogen-activated protein kinase) or NOTCH pathways (Figure 1). Such growth-signaling pathways 

in cancer cells have been linked to deregulation of the normal activities of non-coding RNA [17]. 

 

Figure 1 Differential non-coding RNA expression in normal and melanoma cells 

influences growth signals. Normal cells regulate their growth by modulating the 

activity of MAPK pathways and of the NOTCH signaling pathway. In tumor cells, 

aberrant expression of several micro-RNAs and long non-coding RNAs cause 

deregulation of these pathways and of cell proliferation. LFNG: LFNG O-fucosylpeptide 

3-beta-N-acetylglucosaminyltransferase; NUMB: numb homolog; PTEN: phosphatase 

and tensin homolog; JNK: mitogen-activated protein kinase 8; ERK: elk-related tyrosine 

kinase; TGFβ: transforming growth factor beta; BANCR: BRAF-activated non-protein 

coding RNA; SAMMSON: survival associated mitochondrial melanoma-specific 

oncogenic non-coding RNA.  

Non-coding RNAs can be categorized into two groups. The first group encompasses ncRNAs 

that normally function as tumor suppressors, but which are down-regulated and therefore not 

effectively present in cancer cells. For example, in non-tumor cells miR-31 targets kinases such as 

MET (proto-oncogene receptor tyrosine kinase), RAB27 (Ras-related protein in brain) and NIK 

(NFKB inducing kinase) to block signaling and inhibit cell proliferation [18]. Expression of each of 

these kinases is often enhanced in melanoma cells, due to the frequent deletion of the miR-31 

gene [19]. Another ncRNA, miR-204, also plays a central role in maintaining a non-proliferative 

state in noncancerous cells by down-regulating the NOTCH signaling pathway. 

Conversely, other non-coding RNAs that act as oncogenes are over-expressed in melanoma 

cells. The miRNA miR-21 [20] and lncRNAs RMEL3 [21] and BANCR (BRAF-activated non-coding 

RNA) [22, 23] activate the MAPK signaling pathway to induce cell proliferation even in the absence 

of GF. Indeed, up-regulation of miR-21 in melanoma is associated with worse prognosis [20, 24, 

25]. This over-expression could be induced by environmental factors such as ultraviolet (UV) 
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exposure that contribute to melanomagenesis [26, 27]. Likewise, RMEL3 has been described as an 

enriched lncRNA in melanoma tumors [21, 28], while BANCR stimulates MAPK pathways and the 

NOTCH cascade by sequestering miR-204 so that it is no longer able to repress NOTCH2 [22]. 

Meanwhile, miR-146a also participates in the regulation of this cascade by targeting LFNG (LFNG 

O-fucosylpeptide 3-beta-N-acetylglucosaminyltransferase) and the protein encoded by NUMB 

(numb homolog) [29, 30]. Finally, tumor cell proliferation is also enhanced in melanoma cells by 

the lncRNA SAMMSON (survival associated mitochondrial melanoma-specific oncogenic non-

coding RNA) that confers a growth advantage to melanoma cells. SAMMSON mainly localizes to 

the cytoplasm and to a lesser degree to mitochondria, where it interacts with p32, a protein 

implicated in mitochondrial metabolism [31]. However, SAMMSON functions and downstream 

growth enhancement mechanisms are largely unknown. 

3. Non-Coding RNAs Increase Melanoma Cell Insensitivity to Growth Suppressor Signals 

Another hallmark of tumor cell development lies in cell evasion of control by growth inhibitors, 

resulting in sustained proliferative signaling. The principal antigrowth factor, or growth inhibitor, is 

TGFβ (transforming growth factor beta). TGFβ and other antigrowth factors bind to 

transmembrane cell surface receptors coupled to intracellular signaling pathways (Figure 1), 

leading to regulation of the cell cycle clock specifically via cyclins and kinases that govern cell cycle 

transit through the G1 phase (Figure 2). 

Several ncRNAs that target proteins of the cell cycle are significantly down-regulated in 

melanoma cells compared to normal melanocytes, whereas in the latter they act as tumor 

suppressor ncRNAs. The miRNA most differentially expressed between normal melanocytes and 

primary melanomas, miR-211 [32, 33, 34, 35, 36], targets TGFβ [35] to stop the advancement of 

the cell cycle [32, 33, 37]. Another TS-miR that is under-expressed in melanomas and in a variety 

of other cancers, miR-206, inhibits translation of cyclin-dependent kinases such as CDK4 (cyclin-

dependent kinase 4), cyclin D1 or cyclin C to induce G1 arrest in noncancerous cells [38]; similar 

effects are also achieved by miR-let-7b and miR-193b [39, 40, 41]. Likewise, tumor suppressor 

proteins such as those encoded by CYLD (cylindromatosis) [42, 43, 44] are down-regulated by at 

least two miRNAs that are over-expressed in melanoma cells, miR-767 [45] and miR-186 [46]. 

Conversely, two ncRNAs acting as a pair, miR-221 and miR-222, have been reported to drive 

oncogenesis of melanomas and many types of malignancies through their dynamic roles in 

removing inhibitory controls of proliferation and progression [47, 48, 49]. For example, both miR-

221 and miR-222 have been shown to target p27, another important cell cycle regulator that 

induces cell cycle arrest when it binds to and blocks the function of cyclin D1 [48, 50]. Besides 

these miRNAs, the focally amplified lncRNA on chromosome 1 (FALEC) has been identified as an 

oncogenic lncRNA in melanoma [51] in addition to PVT1 [52, 53, 54] and UCA1 (urothelial cancer 

associated 1) [55]. FALEC affects p21 expression in melanoma by acting upon EZH2 (enhancer of 

zeste 2 polycomb repressive complex 2 subunit) [51], whereas PVT1 enhances cell proliferation 

through the regulation of cyclin D1 [52] and sequestration of miR-26b [53]. The interplay between 

lncRNAs and miRNAs is also illustrated by the activity of the ncRNA pair UCA1 and miR-507. The 

experimental depletion of UCA1 in melanoma cell lines induces G0/G1 cell cycle arrest with 

increased expression of miR-507, suggesting that miR-507 directly binds UCA1. Moreover, the 

transcription factor forkhead box protein M1 (FOXM1), an essential effector of G2/M phase 
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transition, is also a direct target of miR-507. In melanoma, the elevated amount of UCA1 

sequesters miR-507, rendering the latter unable to repress FOXM1 [55]. 

 

 

Figure 2 Non-coding RNAs in cell cycle control of normal and melanoma cells. Cyclin-

dependent kinases (CDK) trigger the transition from G1 to S phase and from G2 to M 

phase by phosphorylating distinct sets of substrates. Cyclin D family members and 

CDK4,6 regulate events in the G1 phase, cyclin E/CDK2 triggers the S phase, cyclin 

A/CDK2 regulates the completion of the S phase and cyclin B/CDK1 is essential for 

driving cells into mitosis. In melanoma cells, aberrant expression of micro- and long 

ncRNAs activates mainly the cyclin D/CDK4,6 pair of ncRNAs, leading to progression 

from G1 to S phase. FOXM1: forkhead box M1; FALEC: focally amplified long non-

coding RNA in epithelial cancer; PVT1: Pvt1 oncogene; CYLD: cylindromatosis; UCA1: 

urothelial cancer associated 1.  

4. Non-Coding RNAs Enable Replicative Immortality by Circumvention of Senescence in 

Melanoma Cells 

Uncontrolled cellular proliferation is a defining feature of cancer. In contrast, cellular 

senescence is a state of irreversible growth arrest which can be triggered by various stimuli such 

as telomere shortening, DNA damage, oxidative stress or oncogene activation (Figure 3). E2F 

family members are critical barriers to senescence induction that allow a cell to avoid senescence 

either through activation or inhibition of cell replication. 

Some ncRNAs promote senescence in normal cells under selective stimuli, such as miR-205 [56] 

or miR-377 [57]. In normal cells, these ncRNAs target E2F family members and induce a 

senescence phenotype with elevated expression of p16INK4A, while both are down-regulated in 

melanoma cells [56, 57]. UCA1, previously described in the regulation of the cell cycle, is also able 

to induce senescence by sequestering hnRNPA1 (heterogeneous nuclear ribonucleoprotein A1) 

and by increasing p16INK4A mRNA stability to prevent its degradation [58]. Conversely, Montes et 
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al. identified in melanoma patients a negative correlation between the lncRNA MIR31HG (MIR31 

host gene) and p16INK4A [59]. Meanwhile, other studies suggest that p16INK4A could be also 

regulated by ANRIL (CDKN2B antisense RNA 1) through the recruitment of chromatin remodeling 

factors to its gene locus [60, 61, 62].  

 

 

Figure 3 Regulation of cell senescence by non-coding RNAs in normal and melanoma 

cells. In normal cells responding to several signals, tumor suppressors p19ARF and 

p16INK4A are activated to prevent abnormal cell proliferation. In melanoma cells, 

p16INK4A is up-regulated by the expression of lncRNAs MIR31HG and ANRIL and upon 

down-regulation of miR-205, miR-377 and UCA1. p19ARF: cyclin-dependent kinase 

inhibitor 2A; Mdm2: MDM2 proto-oncogene, E3 ubiquitin protein ligase; UCA1: 

urothelial cancer associated 1; p16INK4A: cyclin-dependent kinase inhibitor 2A; 

hnRNPA1: heterogeneous nuclear ribonucleoprotein A1; CDK: cyclin-dependent kinase; 

Rb: retinoblastoma; MIR31HG: MIR31 host gene; ANRIL: CDKN2B antisense RNA 1. 

5. Non-Coding RNAs Promote Melanoma Invasion and Metastasis 

Melanoma cells are characterized by genetic instability and invasiveness through acquisition of 

migratory capacity. Several classes of proteins implicated as cell-cell adhesion molecules have 

been shown to be involved, such as immunoglobulin family members, calcium-dependent 

cadherin proteins or integrins, the latter of which link cells to the extracellular matrix. The 

metastatic capabilities of melanoma cancer cells also involve extracellular proteases such as MMP 

(matrix metallopeptidase) family members that are implicated in the breakdown of the 

extracellular matrix (Figure 4). 

All of these pathways are regulated by ncRNAs. Indeed, miR-137 is down-regulated in 

melanoma cells [63, 64, 65] and represses transcription of the gene for E-cadherin by targeting the 
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transcription factor TBX3 (T-box transcription factor 3) [66]. Meanwhile, integrin-dependent 

pathways that are regulated by miR-let-7a are also down-regulated in malignant melanoma cells 

[67]. Moreover, MMP proteins are regulated by the lncRNA GAS5 (growth arrest-specific 5) [68] 

and are also down-regulated in melanoma tissues [69], resulting in inhibition of their effects.  

Conversely, numerous ncRNAs increase cell invasion by targeting the same pathways that 

function in cell migration. Thus, miR-21 (previously described in the first hallmark) targets TIMP3 

(TIMP metallopeptidase inhibitor 3), a protein that inhibits MMP synthesis and activity [37, 70]. 

MMP family members are also regulated by the lncRNA SLNCR1 (steroid receptor RNA activator 1-

like non-coding RNA) through their interactions with Brn3a (brain-specific homeobox protein 3a) 

and AR (androgen receptor) transcription factors [71]. Metastasis-associated lung adenocarcinoma 

transcript 1 (MALAT1), first discovered in lung cancer, is also up-regulated in melanoma tumors 

[72]. MALAT1 similarly regulates extracellular proteases, while also inducing migration by 

sequestering miR-22 [73] and miR183 [74] through respective targeting of MMP14 and IGTB1 

(Integrin β1). In addition to MALAT1 regulation, integrin pathways are also controlled by the 

ncRNA pair miR-221/miR-222 through enhancement of cellular migration via activation of the 

Akt/PI3K signaling pathway [50].  

 

Figure 4 Role of non-coding RNAs in cell invasion and migration. In a melanoma cancer 

cell, integrin binding to ligands in the extracellular matrix triggers multiple signals 

leading to changes in gene expression and cell migration. The loss of the epithelial cell-

cell adhesion molecule E-cadherin also participates by inducing cell migration. PI3K: 

phosphatidylinositol-4, 5-bisphosphate 3-kinase; Akt: v-akt murine thymoma viral 

oncogene homolog; TBX3: T-box 3; MMP: matrix metallopeptidase; GAS5: growth 

arrest-specific 5; TIMP3: TIMP metallopeptidase inhibitor 3; HOTAIR: HOX transcript 

antisense RNA; MALAT1: metastasis-associated lung adenocarcinoma transcript 1.

Overall, HOX transcript antisense RNA (HOTAIR) promotes melanoma cell invasion and 

migration by regulating the epithelial-to-mesenchymal transition (EMT) through sequestration of 

miR-152-3p [75]. HOTAIR can also regulate target gene expression by acting as a guide for PRC2 

(polycomb repressive complex 2), leading to the epigenetic silencing of metastasis suppressor 

genes [76]. Notably, HOTAIR levels are elevated in melanoma cells and are associated with poor 

prognosis [75, 77]. 
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6. Non-Coding RNAs Induce Angiogenesis in Melanoma Tumors 

Oxygen and nutrients supplied by the vasculature are crucial for tumor cell development and 

proliferation. The formation of new blood vessels is important for tumors to obtain an adequate 

supply of oxygen and nutrients and to evacuate metabolic waste and undergo metastatic 

processes (Figure 5). The principal regulator of this vascularization process is vascular endothelial 

growth factor (VEGF), a protein that is up-regulated by hypoxia and oncogenic signaling pathways.  

Few non-coding RNAs have been described in melanoma angiogenesis; most of them target, 

either directly or indirectly, hypoxia inducible factor α (HIF1α) [78, 79]. It has been suggested that 

because miR-21 is highly expressed in melanoma cells [25], it may target PTEN (phosphatase and 

tensin homolog) to activate MAPK signaling. In this way, PTEN may thereby enhance HIF1α 

expression and VEGF transcription, as observed in prostate cancer cells [79]. Similarly, Mir-21 may 

also enhance angiogenesis via its target TIMP3 [80], while a previous study showed that miR-424 

enhances VEGF expression by down-regulating cullin 2 (CUL2), a protein that stabilizes HIFα within 

a sequestered cytoplasmic complex [81]. 

 

Figure 5 Role of micro-RNAs in angiogenesis. In the melanoma cell under normal 

oxygen conditions, HIF1α is degraded. Under hypoxia, HIF accumulates in the 

cytoplasm and moves to the nucleus to activate the production of proteins implicated 

in angiogenesis, including growth factor VEGF. Two micro-RNAs facilitate protein 

production by activating transcription of H1F1A and its accumulation in the cytoplasm. 

PTEN: phosphatase and tensin homolog; HIF1A: hypoxia inducible factor 1, alpha 

subunit; CUL2: cullin 2; VEGF: vascular endothelial growth factor A; ILK: integrin-linked 

kinase; PI3K: phosphatidylinositol-4, 5-bisphosphate 3-kinase. 

7. Non-Coding RNAs Allow Evasion of Programmed Cell Death of Melanoma Cells 

The ability of tumor cells to proliferate also stems from their resistance to programmed cell 

death. Apoptosis is dependent upon sensors which control the intra- and extracellular 

microenvironment, such as cell surface receptors and effectors which trigger cell death. 

Intracellular signals of apoptosis converge to act within mitochondria, where Bcl-2 family 
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members play their anti- or pro-apoptotic roles through preventing or promoting the release of 

cytochrome C, respectively, with the latter leading to the activation of effector caspases. At least 

three TS-miRNAs, miR-219 [82], miR-15b [83, 84] and miR-181a [85], enhance apoptosis by 

targeting Bcl-2. All of these TS-miRNAs are down-regulated in melanoma cells.  

Overall, the lncRNA GAS5 regulates apoptosis in melanoma via its interaction with the DNA 

binding domain of GRs (glucocorticoid receptors) by preventing binding of GRs to glucocorticoid 

response elements (GREs) in the genome. This suppresses the induction of several response genes 

implicated in apoptosis [86].Finally, SPRY4-IT1 (SPRY4-IT1 intronic transcript 1) is over-represented 

in melanoma cells [87, 88] and may block apoptosis by modulating lipid metabolism and 

lipotoxicity [89]. 

 

Figure 6 Role of non-coding RNAs in apoptosis. Apoptosis is induced by the activation 

of death receptors (extracellular signals) or intracellular signals, leading to the 

activation of Bcl-2 family members. Next, cytochrome c release activates effector 

caspases. In the nucleus, most Bcl-2 family genes are regulated by the binding of 

glucocorticoid receptor (GR) to their DNA sequences. BIM: BCL2-like 11; PUMA: BCL2 

binding component 3; GAS5: growth arrest-specific 5; Bcl-2: B-cell CLL/lymphoma 2. 

8. Conclusions 

Among more than 3,000 miRNAs [90] and 24,793 annotated lncRNAs that have been identified 

within the human genome [91], only a few show deregulations in cutaneous melanoma (Table 1). 

Nevertheless, we are only at the beginning of our understanding and identification of ncRNAs; 

recent computational analyses using high-throughput expression data, including microarrays and 

RNA sequencing, have helped us identify deregulated mRNAs, lncRNAs and pseudogenes in 

melanoma [92, 93]. Consequently, the growing body of evidence strongly suggests a role of 

pseudogene transcription as a source of endogenous siRNAs that either bind to their cognate wild-

type (WT) genes or act as sponges by binding miRNAs targeting their WT genes. The emerging 

picture underscores the functional interdependence of coding and non-coding RNAs [94, 95] 

whereby all perturbations in these interactions have widespread consequences that can lead to 

the malignant phenotypes of cancer cells.  
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Table 1 Non-coding RNAs deregulated in melanoma 

Name Functions in tumor Targets 

Up/down-regulated 

in melanoma 

    
lncRNA    

ANRIL Senescence p16INK4A Up 

BANCR Proliferation mir-204 Up 

FALEC Cell cycle p21 Up 

GAS5 Invasion / Metastasis / Apoptosis MMP, GR Up 

HOTAIR Invasion / Metastasis PRC2 Up 

MALAT1 Invasion / Metastasis miR-22, miR-183 Up 

MIR31HG Senescence p16INK4A Up 

PVT1 Cell cycle Cyclin D1, miR-26b Up 

RMEL3 Proliferation  Up 

SAMMSON Proliferation p32 Up 

SLNCR1 Invasion /  Metastasis Brn3a, AR Up 

SPRY4-IT1 Apoptosis  Up 

UCA1 Cell cycle / Senescence miR-507, hnRNPA1 Up 

    
miRNA    

miR-137 Invasion / Metastasis TBX3 Down 

miR-146a Proliferation LFNG, NUMB Up 

miR-15b Apoptosis Bcl-2 family members Down 

miR-181a Apoptosis Bcl-2 family members Down 

miR-186 Cell cycle CYLD Up 

miR-193b Cell cycle CDK4, Cyclin D1, Cyclin C Down 

miR-204 Proliferation  Down 

miR-205 Senescence E2F members Down 

miR-206 Cell cycle CDK4, Cyclin D1, Cyclin C Down 

mir-21 Proliferation / Invasion / 

Metastasis / Angiogenesis 

TIMP3, PTEN Up 

miR-211 Growth TGFB Down 

miR-219 Apoptosis Bcl-2 family members Down 

miR-221 / 222 Cell cycle / Invasion / Metastasis p27, Akt/PI3K Up 

miR-31 Proliferation MET, RAB27, NIK Down 

miR-377 Senescence E2F members Down 

miR-424 Angiogenesis CUL2 Up 

miR-767 Cell cycle CYLD Up 

miR-let-7a Invasion / Metastasis Integrin Down 

miR-let-7b Cell cycle CDK4, Cyclin D1, Cyclin C Down 
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A more complete understanding of the cellular biology of ncRNAs, notably lncRNAs, is crucial to 

improving early diagnosis, prognosis and treatment. The latter, of course, first requires detailed 

knowledge about melanoma-specific lncRNAs functions. However, therapeutic modulation of 

cancer- and tissue-specific expression of lncRNAs could have major advantages over other 

therapeutics.  

We also must consider the timing of action of ncRNAs, since many of the studies described in 

this review only investigated ncRNAs present at the time of diagnosis. Further studies need to be 

done to determine the variation in ncRNAs levels throughout the disease course to further 

evaluate their relevance to survival and treatment.  

To conclude, the study of ncRNA effects on melanoma is a very attractive undertaking, since 

they participate in numerous cancer processes. Notably, because ncRNAs could be released into 

the bloodstream, they may serve as non-invasive biomarkers of melanoma activity.  
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Abstract:  

DNA methylation involves the covalent transfer of a methyl group to the C-5 position of the 

cytosine ring on a DNA strand. DNA methylation is both heritable and modifiable and can 

affect gene expression. In recent years, epigenome-wide association studies using high-

throughput technologies have associated variation in DNA methylation levels with normal 

and pathological aging processes in human populations. DNA methylation patterns have 

been used to construct epigenetic clocks which can serve as potential biomarkers of age-

related diseases. Age acceleration, as determined using these epigenetic clocks, has been 

strongly linked to common diseases including cancer, neurodegenerative diseases, 

metabolic diseases, and cardiovascular diseases. Identification of these robust associations 

between DNA methylation and aging may provide new potential therapeutic avenues for 

preventing and treating age-related diseases. This review focuses on the role of DNA 
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methylation in aging processes and recent advances in epigenome-wide association studies 

(EWASs) reporting associations between DNA methylation and age-related diseases. 

Keywords  

Epigenetics; DNA methylation; aging; EWAS; diseases; epigenetic therapies 

 

1. Epigenetics 

The definition of epigenetics has been modified over decades. In the mid-twentieth century, 

epigenetics was defined as the development of a complex organism from a zygote and all 

processes within [1, 2]. With advancing knowledge of the various mechanisms of cellular 

development and evolution, the definition of epigenetics has altered. Today, epigenetics is more 

narrowly defined as structural and chemical changes of DNA and associated regulatory proteins 

(eg. histones), excluding changes to the nucleotide sequences [1, 2].  

Epigenetic modifications may alter the accessibility to DNA and chromatin. These may involve 

the recruitment or exclusion of various factors that regulate gene transcription. There are multiple 

epigenetic mechanisms known to affect these changes. One mechanism, proposed in two 

independent papers by Riggs [3] and Holliday and Pugh [4], outlined a molecular model in which 

the cytosine rings of DNA are methylated and demethylated, providing an on/off switch for gene 

expression [2, 5]. DNA methylation also provided an explanation for the heritability of gene 

expression through somatic cell divisions [5].  

Another epigenetic mechanism contributing to the regulation of gene expression involves 

histone variants and modifications, which alter the chromatin structure and subsequent access of 

transcription machinery. Histones can undergo several modifications including acetylation, 

methylation, and phosphorylation. Such modifications are followed by nucleosome remodelling 

which loosens the chromatin to allow binding of transcription machinery (euchromatin) or 

tightening of the chromatin to prevent binding (heterochromatin) [1].  

More recently, several RNAs have been associated with epigenetic modifications and gene 

silencing. For example, long non-coding RNAs (lncRNAs) are known for their gene silencing effects 

in imprinting and X-chromosome inactivation [6]. LncRNAs recruit polycomb complexes which 

modify histones, and RNA-binding proteins to prevent histone deacetylation or promoter 

association [6]. Additionally, subclasses of small non-coding RNAs (sncRNAs) have been associated 

with gene silencing [7]. Piwi-interacting RNAs (piRNA) are an example of sncRNAs that repress 

transposon expression through de novo methylation [6]. There are also studies suggesting that 

small-interfering RNA (siRNA) target TATA-box sequences, blocking the initiation of transcription 

without modifying histones or DNA [6]. Together, these mechanisms demonstrate the complex co-

operation of different epigenetic mechanisms for the regulation of gene expression.  

2. DNA Methylation 

DNA methylation is a well-studied epigenetic mechanism in plants and animals. Methylation 

involves the covalent transfer of a methyl group to the C-5 position of the cytosine ring on a DNA 

strand [8, 9]. In somatic mammalian cells, 98% of DNA methylation occurs at symmetric 
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cytosine/guanine dinucleotides (CpGs), whereas only 75% of DNA methylation in embryonic stem 

cells (ESCs) occurs on CpGs [8]. A significant proportion of DNA methylation has been detected in 

non-CG contexts, such as CHG or CHH (where H can be A, T, or C) [10, 11]. 

DNA methylation has been shown to play a role in normal development, genomic imprinting, X-

chromosome inactivation, chromosome stability, suppression of repetitive element transcription 

and regulation of gene transcription. Dysfunction of DNA methylation processes is strongly linked 

to many diseases, especially cancer [5, 8].  

DNA methylation is regulated by DNA methyltransferases. In humans there are four - DNMT1, 

DNMT2, DNMT3a, and DNMT3b - which serve a variety of functions [8, 12]. DNMT1 is responsible 

for the maintenance of DNA methylation patterns in daughter strands during DNA replication and 

prefers hemimethylated DNA [8]. DNMT2 methylates cytosine-38 in the anticodon loop of the 

tRNA for aspartic acid, but does not methylate DNA [13]. DNMT3a and DNMT3b prefer 

unmethylated CpG dinucleotides and are responsible for de novo methylation during development. 

DNMT3a, DNMT3b, and DNMT1 cooperatively function to initiate and maintain DNA methylation. 

In addition, DNMT3L is a DNA methyltransferase-like protein which, although lacks the conserved 

catalytic domain that is common to the DNA methyltransferases, serves an important role in DNA 

methylation. DNMT3L has been shown to establish maternal methylation imprints, stimulate 

DNMT3a activity [14], and assist the DNMTs in binding the methyl group donor [8]. Each of these 

DNMTs are essential for normal mammalian development [15]. 

Although DNA methylation is chemically and genetically stable, it is a reversible modification 

that can occur actively or passively. Passive demethylation occurs when there is a lack of 

maintenance machinery, such as DNMT1, which results in the dilution of methylation during 

replication [16, 17]. In contrast, active demethylation has several proposed mechanisms. However, 

most have been discredited due to lack of supporting evidence [17, 18, 19, 20, 21]. Two currently 

accepted demethylation mechanisms involve TET-mediated oxidation of 5-methylcytosine (5mC) 

to 5-hydroxymethylcytosine (5hmC), which is further oxidated to 5-formylcytosine (5fC) and 5-

carboxlcytosine (5caC) [22]. These oxidated states may be diluted through replication, a process 

similar to passive demethylation [17]. Alternatively, 5fC and 5caC may be excised by thymine DNA 

glycosylase (TDG) and subsequently replaced by an unmodified cytosine through base excision 

repair (BER) [23]. Active DNA demethylation has been implicated in several biological pathways.  

This includes pre-implantation and primordial germ cell development [24, 25], maintenance and 

differentiation of mouse embryonic stem cells [26], neuronal functions [27, 28], DNA repair and 

genomic instability [17].  

3. Regulation of Gene Expression by DNA Methylation 

Initially it was thought that the sole function of DNA methylation was to silence gene 

expression. As more recent studies have emerged, it has become evident that the effects of DNA 

methylation vary depending upon the position in the genome at which it occurs [5, 29]. For 

example, methylation of CpGs within transcription start sites (TSS) has been strongly linked to the 

prevention of transcription initiation [30, 31]. Additionally, inappropriate methylation of CpG 

islands in, or near, transcription start sites can lead to the silencing of tumour suppressing genes 

[32]. In contrast, methylation within the gene body has been positively correlated with gene 

expression [33] and may even stimulate elongation and splicing [5]. Centromeres and other repeat 
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regions can also be methylated and has been shown to improve chromosomal and genome 

stability [34]. Furthermore, somatic and cancer cells become unviable with a total loss of 

methylation [35, 36], yet this effect has not been observed in ESCs [37].  

Repressed genes are usually characterised by methylated CpGs within the promoter region, 

including CpG islands (CGI) [5, 38, 39]. However, methylation of promoter CGIs is not a 

characteristic of all repressed genes. It is usually genes that are permanently repressed that have 

methylated promoter CGIs. Imprinted genes, genes on the inactive X-chromosome and genes that 

would otherwise be inappropriately expressed in somatic cells - such as those exclusively 

expressed in germ cells – are examples of this circumstance [5, 30]. However, it is still unclear why 

only a minority of CGIs are methylated. A summary of the role of DNA methylation in gene 

expression is shown in Figure 1 below. 

The role of DNA methylation on gene silencing remains a subject of debate [40]. Regardless, it 

has been shown that in some circumstances gene transcription cannot be initiated when promoter 

CGIs are methylated once nucleosomes have formed [5, 39]. Increasing evidence indicates that 

silencing precedes methylation therefore suggesting that DNA methylation has a maintenance role. 

This was demonstrated in a number of experiments including genes in the inactivated X-

chromosome, and genes implicated in cancer [41, 42]. Further proof of this mechanism began to 

be unravelled by Ooi et al. (2007) who showed that de novo methylation in cells that express 

DNMT3L required DNMT3a, DNMT3L, and nucleosomes. Since active transcription start sites do 

not have nucleosomes, de novo methylation cannot occur, therefore the TSS, and the gene, have 

to be inactivated prior to methylation [43]. Additionally, nucleosomes in active genes are marked 

by the histone modifications H3K4me2 or H3K4me3 and the histone variant H2A.Z, which are 

resistant to methylation [43]. This model predicts that higher levels of gene expression decrease 

the likelihood of de novo methylation with evidence of monoallelic methylation on the least 

expressed allele supporting this prediction [43]. However, these observations have only been 

studied in cells that express DNMT3L and it is not known whether similar processes occur in cells 

not expressing DNMT3L. The mechanism by which DNA methylation within the gene promoter 

prevents binding of transcription factors occurs through chromatin remodelling [44]. Methylated 

CpGs allow methyl-CpG-binding domain proteins to recruit repressor complexes and modify 

histones, to form either heterochromatin or euchromatin [44].  

CpG sites within the gene body are more scarce but can be extensively methylated [5]. A strong 

positive correlation exists between active transcription and DNA methylation in gene bodies 

within the active X-chromosome [45]. Recently it has also been suggested that DNMT3B-mediated 

gene body methylation represses intragenic promoters [46], so that rather than being a causative 

activating mechanism, methylation restricts the activation of cryptic promoters within transcribed 

genes. Furthermore, a role in splicing regulation has been suggested for methylation as exons are 

more heavily methylated than introns with a transition occurring at exon-intron boundaries as 

well as being increased in the nucleosomes [39].  

4. Epigenome-wide Association Study Designs and Technologies 

Epigenome-wide association studies (EWAS) are a commonly used approach for detecting 

epigenetic changes, mainly DNA methylation, that may be occurring on the genome as a 

consequence of, or contributing to, a phenotype [47]. EWAS can identify DNA methylation 
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signatures in either case vs. control designs or explore associations with continuous phenotypic 

traits, allowing insight into potential relationships between the methylome and a phenotype of 

interest [47]. These studies have promising potential for understanding disease mechanisms and 

the identification of biomarkers.  

Whole-genome bisulphite sequencing (WGBS) remains the current gold standard method for 

mapping DNA methylation status [48]. However, it is expensive to perform, and parallelization is a 

major limitation [48, 49]. In light of this, some capture techniques have been developed, such as 

reduced representation bisulfite sequencing (RRBS), which allows a subset of the genome to be 

targeted thus reducing costs. However, array-based technologies have gained popularity for their 

user-friendly, cost effective, time efficient, and reliable results. Until recently the Human 450K 

Methylation BeadChip was the most widely used array due to its high-throughput capabilities and 

wide coverage of most genes as well as upstream and downstream regions. However, the 450K 

design does not include some regulatory regions that have been shown to have an effect on 

transcription levels and phenotypic variation [48]. Illumina have recently improved upon this by 

introducing the Infinium MethylationEPIC BeadChip (ie. ~850K), which covers >90% of the original 

CpGs on the 450k BeadChip with an additional 350,000 CpGs in enhancer regions. However, an 

important limitation of array-based approaches remains in that they are not able to assay DNA 

methylation at single-base resolution or discern allele-specificity. 

 

Figure 1 Regulation of gene expression by DNA methylation. Effects of DNA 

methylation on gene transcription are location-dependent. For example, methylation 

in the promoter region is observed in repressed genes. Similarly, methylated CpGs on, 

or near, transcription sites prevent transcription initiation. However, gene body 

methylation is strongly correlated with gene expression and has been implicated in 

elongation. Additionally, it has been speculated that gene body methylation may have 

a role in splicing since exons are more heavily methylated than introns, and there is a 

transition at exon-intron boundaries. 

The choice of EWAS design used is dependent on the aims of the investigation. The simplest 

approach is the cross-sectional case-control study. This is particularly useful for comparing the 

epigenome of a group that express a phenotype of interest to those that do not [47, 50, 51]. 

Gopalan, et al. [52] used a cross-sectional study design to map and compare DNA methylation 

patterns across African and European populations to determine whether the patterns are 

replicated across groups of different genetic and environmental backgrounds. Cross-sectional 

studies are advantageous due to the large amount of readily available cohorts with DNA samples. 
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However, cross-sectional studies are limited by a number of factors. The epigenome is highly 

variable, due to genetic factors, but can also be influenced by environmental factors giving rise to 

inter-individual differences which influence the results. It is also difficult to ascertain whether 

epigenetic variability is the cause or consequence of the phenotype. 

Monozygotic twins are genotypically identical but are not always phenotypically identical. Thus, 

twin studies are ideal for investigating the effect of the epigenome on phenotype and gene 

expression [53, 54]. Interestingly, one twin study revealed that epigenetic differences naturally 

arise in individuals as they age, correlating with differential gene expressions in monozygotic twins, 

demonstrating the robust effect of the epigenome [54]. In addition, twin studies are an ideal 

EWAS design as it eliminates many confounding factors, particularly environmental and genetic, 

that are present in non-twin studies. This is especially true for twins raised in similar environments. 

However, studies investigating causative factors of disease require a longitudinal approach, 

limiting sample size and resources for appropriate twin studies [55]. 

Longitudinal and replication studies involve monitoring a study population across a determined 

time course to track changes in monitored information (phenotypic, genomic, epigenomic, etc), 

with the goal of inferring associations for phenotypes of interest and potential traits that influence 

them over time. Such study designs have been used to track changes in DNA methylation 

associated with healthy aging [38], memory retention [56], diabetic research [57], and cancer 

research [58], among many other age-related diseases. Ideally, longitudinal studies monitor 

disease-free, or phenotypic-negative, subjects over many years and observe any phenotypic 

changes or disease-onset along with DNA methylation changes to identify potential biomarkers 

[55]. These studies eliminate inter-individual differences that confound results of other EWAS 

designs and allow observation of changes, rather than identification of differences, in DNA 

methylation patterns. However, longitudinal studies are expensive, time consuming, and 

recruiting subjects is often difficult.  

As the application of epigenome-wide association studies become broader, more recent studies 

have been designed using a combination of approaches. This is aimed at reducing, or eliminating, 

confounding factors to identify more robust associations. Another consideration for EWAS is 

sample source. Most studies use whole blood, blood components, or saliva, as these are the least 

invasively obtained and have a wide range of applications including the identification of disease 

biomarkers in some tissue-specific diseases [59]. Other studies have used other tissue-types, such 

as brain [60], and cancer tumours [59] where blood is an unsuitable sample. The invasive nature of 

the procedures required to obtain these samples make these types of studies difficult to conduct. 

Until less invasive procedures are identified to obtain reliable methylation data, EWAS will be 

mostly confined to the use of whole-blood, or blood components, and saliva.   

As a result, currently, most studies of epigenomics are conducted using mixed cell populations. 

While this has been very successful, there are limitations in the field that cannot be overcome 

until epigenomic changes can be observed in single-cell resolution. Recent studies suggest that the 

use of heterogenous tissues without consideration of cell-subtypes increases false positives [61]. 

Therefore, deconvolution of signals from mixed cell populations have been recently introduced in 

epigenetic data analysis. These aim to determine the proportion of cell-subtypes within a sample 

to reduce false positive associations [62, 63]. An alternative to deconvolution of the data sets is 

the use of single-cell sequencing, a recent advancement in the omics field. It allows the 

interrogation of all CpG sites in the genome, potentially providing more insightful data into the 
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mechanisms of epigenetic changes and their effect on phenotypic variability in comparison to the 

current bulk cell approach [64].  

5. Epigenetic Clocks - Predictors of Age 

The epigenetic drift and epigenetic clock phenomena have provided the basis for epigenetic 

and aging studies [65, 66, 67]. Epigenetic drift can be defined as the general decrease in DNA 

methylation and the increase in variability of methylation patterns with age [67, 68]. This has been 

observed in monozygotic twins, where twin pairs who have similar epigenomes at birth, become 

more discordant with age [54]. These changes may be in response to environmental influences 

and some have been significantly linked to phenotypic variability as well as risk of disease. 

Alternatively, the epigenetic clock describes the changes in DNA methylation status in specific CpG 

sites across the genomes that are associated with age [67, 68, 69].  

Although there have been several epigenetic predictors of age developed, there are currently 

only two models that are commonly used. The Hannum [70] and Horvath [59] models were 

developed independently and use different methods of calculating an individual’s epigenetic age. 

The Hannum model was developed based on DNA methylation measurements using Illumina 450K 

array data from whole blood samples of more than 650 individuals from a mixed population [70]. 

The model identified 71 sites that were highly predictive of chronological age that had a 96% 

correlation with a margin of error of 3.9 years [70]. In comparison, the predictive model 

developed by Horvath involved over 7,800 samples from 51 different cell and tissue types. This 

model identified 353 CpG sites with robust correlations with chronological age. Horvath developed 

a multi-tissue predictor with a 96% correlation with a margin of error of 3.6 years [59]. 

Interestingly, epigenetic age estimates determined independently using both models are 

correlated despite only sharing 6 CpG sites in common [71]. Since epigenetic clocks were derived, 

they have been used to determine whether epigenetic age is associated with chronological age, 

and to infer implications on aging. 

In addition to developing a predictive model of aging, Horvath also arrived at several other 

conclusions related to DNA methylation age and aging. He found that certain tissue types 

produced high error margins when using the predictive model, including breast tissue, skeletal 

muscle tissue, cardiac tissue, dermal fibroblasts, and uterine endometrium, although reasons for 

these discrepancies are unclear [59]. The results of this study also demonstrated that the DNA 

methylation age of both embryonic and induced pluripotent stem cells is near zero. Following 

from this, Horvath determined that the aging rate of the methylome follows a logarithmic increase 

until adulthood, then becoming linear thereafter [59].  

The study by Horvath also tested the multi-tissue predictor on cancer tissues which exhibited 

extreme age acceleration [59]. These models have been used in many studies to determine 

whether lifestyle factors affect age acceleration [51], and whether age acceleration is correlated 

to disease onset and mortality [50, 71].  

Other confounders include the changes that occur in blood cell composition with age. Since the 

majority of epigenetic and aging studies are conducted using whole blood samples, it is important 

to determine whether the change in blood cell composition affects DNA methylation age. Horvath 

addressed this issue and concluded that while there is a correlation between DNA methylation 

ages with the abundance of some blood cell types, the correlation is a confounding effect of 
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chronological age [59]. Additionally, DNA methylation age is not a reflection of changes in blood 

cell type composition, but rather the intrinsic changes of the methylome [59]. More recent studies 

have now focussed on the use of two more measures of epigenetic age, namely the intrinsic and 

extrinsic epigenetic age acceleration (IEAA and EEAA). IEAA measures the epigenetic age in blood 

independent of blood cell counts affected by chronological age [59, 71, 72]. In contrast, EEAA uses 

whole blood samples to measure epigenetic aging of immune cells and changes to blood cell 

composition [72]. Evidently, the use of IEAA and EEAA are only applicable to blood samples. For all 

other tissue and cell types, the universal measure of age acceleration is used, which is simply the 

average epigenetic age compared to chronological age.  

6. Age-associated Diseases and DNA Methylation 

An aged epigenome is accompanied by changes in DNA methylation which can adversely affect 

transcriptional processes and downstream protein structure and function [38, 54, 69, 70, 73]. 

Studies examining methylome aging rates and the increase in epigenetic drift revealed that these 

mechanisms have effects on the risk of age-related disease onset [54, 70]. It has been proposed 

that this increase in disease risk could be due to gradual deregulation of epigenetic mechanisms 

and regulatory mechanisms. Consequently, this deregulation contributes to the loss of phenotypic 

plasticity in response to environmental stimuli, promoting aging [74]. 

A recent EWAS by Zhang, et al. [75] illustrated the role of DNA methylation in mortality. The 

study investigated DNA methylation in deceased individuals and compared these to a healthy 

cohort and a validation cohort. From this study, 58 CpG probes were discovered to be strongly 

associated with mortality and were subsequently replicated in the other cohorts. These CpGs were 

located across 38 genes, 14 intergenic regions on 19 chromosomes. The genes identified have 

been linked to a multitude of diseases including diabetes, cardiovascular diseases, cancers, 

neuropsychiatric disorders, and HIV. Interestingly, none of the CpGs identified were previously 

associated with age, although the majority were associated with smoking exposure. A risk score 

was also determined for mortality (independent of cause), cardiovascular diseases, and cancer, 

based on DNA methylation and identified 10 CpGs to be strong predictors of mortality [75]. 

Although hypomethylation is usually observed in an aging epigenome, hypermethylation 

primarily occurs in promoters of genes associated with cancer, such as tumour suppressors [69, 

74]. This is also observed for CpG islands in genes associated with T-cell immune responses and T-

cell differentiation, resulting in decreased expression [76] with hypermethylation linked to the 

repression of gene expression (model in Figure 2). This likely contributes to the high incidence of 

cancer and the decline in immunocompetence and response to infection in aging individuals. It is 

also notable that epigenetic drift in stem cells hinders the repair and regeneration of tissues [77, 

78], particularly in the gastrointestinal tract and the regeneration of leukocytes. In human somatic 

cells, the deterioration of methylomes have been observed in central nervous system tissues, 

specifically in genes related to nervous system development, neuron differentiation, and 

neurogenesis, eventually leading to neurodegenerative disorders [79]. Hypomethylation of Alu 

and LINE1 elements during aging has also been related to a significant decline in lung function in 

the elderly [80]. In addition, CD8+ T cells have been identified to have an increased methylome 

variance associated with age that has been linked to impaired immune responses [76].  
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Lifestyle factors such as diet, exercise, and cigarette smoking are known to heavily influence 

the epigenome [51, 81]. Exercise affects chromatin dynamics and delays aging while smoking can 

alter DNA methylation patterns, change the chromatin structure and increase the risk of 

developing age-related diseases. Diet has also been shown to reverse global and specific DNA 

methylation in loci correlated with metabolic pathways [81]. Remodelling of genome-wide 

methylation patterns have been observed as a result of dietary restriction, which delays age-

associated changes [82]. Moreover, DNA methylation profiles of calorie-restricted mice and 

monkeys have showed a lower epigenetic age compared to chronological age [83]. Interestingly, a 

consistent high nutrient intake appeared to induce age-related methylation in the liver. Some 

compound in fruits and vegetables has also been shown to have an effect on reducing 

neurodegenerative and cardiovascular disease as well as chronic inflammation, through mediation 

of epigenetic processes [74, 81].  

The CpG site in FTO, a gene associated to fat mass and obesity, has been found to have lower 

methylation levels in type 2 diabetes mellitus patients when compared to healthy individuals [84]. 

The insulin gene promoter was also identified to be more hypermethylated in type 2 diabetic 

patients and negatively correlated with insulin gene expression. In addition, hypermethylation was 

found to be positively correlated with HbA1c levels [85]. More recently, examination of age 

acceleration related changes to lifestyle factors including diet, exercise, and education. The study 

used IEAA and EEAA measures and concluded that a healthy diet, adequate exercise, and higher 

education were correlated with slower age acceleration, although these effects were not 

identified to be significant [51]. 

7. Epigenetic Therapies  

The link between epigenetic processes, aging, and age-related diseases has introduced new 

therapeutic avenues of pursuit. Current epigenetic drugs are generally designed to interfere with 

histone-modifying enzymes, DNA methyltransferases, and the enzymes that interpret chromatin 

modifications [86]. DNA methyltransferase inhibitors and histone deacetyltransferase inhibitors 

are currently two classes of epigenetic drugs commercially available, with several other classes 

undergoing pre-clinical and clinical phase trials [87].  

The mechanism of action of methylation inhibitors, the first class of epigenetic drugs developed, 

involves inhibition of DNMT1 functions. One example is 5-azacytidine, a cytosine analog that 

integrates into the DNA strand and forms an irreversible bond with DNMT1, preventing 

methylation of the daughter strand during replication [88]. A similar drug, zebularine, has been 

shown to reverse methylation-silencing of genes in mice [89]. More recently, DNA methylation 

inhibitors have recently been shown to mimic a viral defence pathway by upregulating interferon 

response in ovarian cancer cells [90].  

Antisense oligonucleotides are another means of methylation inhibition. These 

oligonucleotides bind to the 3’ untranslated region (3’ UTR) of DNMT1 to inhibit the translation of 

the DNMT1 transcript and have been shown to induce the re-expression of a tumour suppressing 

gene [91]. In addition to targeting replicating DNA strands and the DNMT1 gene, these small-

molecule drugs target the active site of the DNMT1 enzyme, preventing its binding to the target 

gene [92].  
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Although the focus to date for many epigenetic drugs has been cancer, the uses of these drugs 

are currently being explored for other diseases, particularly the neurodegenerative disorders, 

Alzheimer’s Disease and Parkinson’s Disease [93, 94]. Epigenetic drugs present several complex 

issues as their targets have diverse functions, which further complicate the drug development 

process [95]. However, new potential drug targets continue to be identified as differentially 

methylated regions between disease-affected groups and healthy controls are analysed as is 

occurring in Alzheimer’s Disease and atherosclerosis [96]. Furthermore, studies such as these 

improve our understanding of these mechanisms in healthy human aging and human longevity. 

Figure 2 Changes in DNA methylation patterns in a gene with age. DNA methylation 

patterns have been observed to change with physiological aging and in various age-

related diseases. Given an active gene at an early age, CpG sites within gene promoters 

are typically unmethylated, while gene body CpG sites are methylated. (A) With age, 

global hypomethylation is usually observed which has been associated with genome 

instability, hence further promoting aging processes. Lifestyle factors, particularly diet, 

has been shown to delay age-associated DNA methylation changes and activate 

DNMTs. (B) Hypermethylation in promoter regions are seen in genes associated with 

cancer, particularly tumour suppressors, and T-cell immune responses and 

differentiation. Epigenetic therapies, such as 5-azacytidine, can prevent tumorigenesis 

by integrating into the DNA sequence of tumour suppressor genes, binding to DNMT1, 

and preventing inappropriate gene silencing.  

8. Conclusions and Future Directions 

The mechanisms of DNA methylation are now well documented, including the enzymes 

responsible for its initiation, maintenance, and regulation. In light of this, focus has now turned to 

understanding the effects of DNA methylation on gene expression. Studies have shown that 
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methylation of CpG sites in promoter regions are strongly linked to the suppression of 

transcription, and that methylation of CpG sites within gene bodies are positively correlated to 

transcription. It has also been observed that methylation of CpG islands is characteristic of some 

permanently repressed genes, but not all repressed genes have methylated CpG islands. Although 

these associations are robust and have been demonstrated in numerous studies, the intrinsic 

mechanisms of these effects are still unclear.  

Studies of DNA methylation have included correlating levels at particular genomic loci with 

phenotypic traits. Recent advancements in array-based technologies have enhanced these studies 

on a genome wide basis via the use of EWAS. EWAS can utilise a single sample, case-control, 

longitudinal, twin design or can combine multiple approaches to achieve specific aims. The 

application of EWAS have been the key to realising the effects of methylation on gene expression, 

identification of relevant CpG sites to aging, changes to methylation with age, and associations 

between methylation and age-related diseases. However, current EWAS methods using large cell 

populations provide only an average of the changes occurring to the methylome. Therefore, 

progression of epigenomic studies toward single-cell methods to observe specific methylation 

changes will likely provide significant advances to epigenomic research on stem and cancer cells.  

Current epigenetic predictors of age have stemmed from EWAS. Several models have been 

developed which use different sets of CpGs to determine an epigenetic age. This can then be 

compared to chronological age to determine any age acceleration. Currently, the Hannum and 

Horvath models are the most often used for these determinations due to their high correlation 

and low margins of error. While the Horvath model can be used for multiple cell and tissue types, 

the Hannum model is more robust when using blood samples. Many studies have concluded 

strong links between DNA methylation, age acceleration, and increased risk of disease and 

mortality. While robust, the biological mechanisms behind these associations remain unknown. 

Although the association between DNA methylation and age-related diseases have introduced 

new therapeutic avenues, a major challenge exists to overcome target specificity and is the 

current focus of investigation. 
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Abstract  

A number of epidemiological studies have suggested that environmental stresses, such as 

malnutrition during the fetal period, can induce development of metabolic disorders, such 

as obesity, type 2 diabetes,  and hypertension, and and even psychiatric disorders in later 

life. This theory model is known as the Developmental Origins of Health and Disease (DOHaD) 

theory, in which postulates that “epigenetic memories”, involving DNA methylation, histone 

modifications and microRNA expression, are induced by environmental stresses during 

development. For example, the binding of transcription factors to cis-elements within the 

promoters and enhancer regions of genes induces demethylation leading to and subsequent 

histone acetylation and transcriptional activation. Several lines of evidence suggest that 

binding of bromodomain-containing protein 4 and positive transcription elongation factor B 

to acetylated histones within “gene body” regions initiates transcriptional elongation, and 

while histone H3K36 methylation and DNA methylation within “gene body” these regions 

http://creativecommons.org/licenses/by/4.0/
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terminates this transcriptional elongation. This new epigenetic model of the gene body 

regulation can be applied to the regulation of metabolic genes, which respond to 

carbohydrate signals and are associated with energy balance. Recent studies indicate that 

these new gene body epigenetic mechanisms, as well as the classical promoter/enhancer 

mechanism, are responsible for regulation of epigenetic changes found in offspring that 

have been exposed to malnutrition during the fetal period. In this context, further 

understanding of epigenetic gene regulation during the fetal period based on the “gene 

body epigenetic model” during the fetal period should provide new preventive and 

therapeutic strategies for adult diseases encompassed by DOHaD theory. 

Keywords  

Epigenetics; histone acetylation; BRD4; gene body; DOHaD  

 

Introduction 

Lifestyle choices, including dietary habits, can lead to the development of metabolic diseases, 

including obesity and type 2 diabetes, hypertension, lipid abnormalities, metabolic syndrome, and 

associated complications. These lifestyle factors are also relevant in the development of 

psychiatric disorders. Recent studies have demonstrated that these metabolic diseases develop 

via accumulation of the consequences of lifestyle choices throughout life; not only during 

adulthood, but also during development, including the fetal period and childhood. Newborns with 

low birth weight (under 2,500 g) have a higher risk of death resulting from cardiovascular diseases 

[1], type 2 diabetes [2], and metabolic syndrome [3]. In addition, a cohort study conducted in the 

Netherlands revealed a higher incidence of obesity among subjects born to women who had been 

malnourished during a period of famine in the Second World War than among their siblings who 

were not born during a time of severe food shortage [4]. A cohort study conducted in China also 

showed a higher incidence of integration disorder syndrome among subjects born to women who 

had experienced malnutrition during famine than among the generations born before and after 

this period [5]. In addition, in Japan, the number of newborns with low birth weight has increased 

rapidly in recent decades, while the average birth weight has decreased [6]. Therefore, it can be 

speculated that the children born during recent decades in Japan have a higher risk of developing 

metabolic diseases later in life. One cause of this may be the adherence to extreme diets before 

and during pregnancy by Japanese women in recent years.  

The Developmental Origins of Health and Disease (DOHaD) theory [7] postulates that a 

predisposition to metabolic diseases occurs through developmental programming that is 

regulated by exposure to environmental factors. Development of these metabolic diseases is 

considered to be caused by the long-term exposure of cells and tissues to environmental stimuli, 

such as hyper- or hyponutrition, during development as well as in adulthood. A candidate 

mechanism for the development of metabolic diseases is epigenetic memory of chromatin. The 

DOHaD theory is underpinned by epigenetics, rather than by changes in DNA sequence (genetics), 

because according to the DOHaD theory, diseases develop from stored memories of 
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environmental stimulation during development. Here, we review the relationship between 

epigenetics and the developmental programming/DOHaD theory.   

General Epigenetic Regulation  

In general, transcriptional regulation is mediated via transcription factors bound to DNA 

sequences located upstream of the transcription initiation site, particularly at promoter and 

enhancer regions. Transcription is initiated by the binding of transcription factors to specific sites, 

known as cis-regulatory elements, located in promoter and enhancer regions. This binding recruits 

transcription initiation complexes containing the RNA polymerase II–TATA box binding protein to 

the TATA box, which subsequently activates the transcription initiation reaction (Figure 1A).  

 

 

Figure 1 Genetic and epigenetic regulation. A) Genetic regulation. B) Epigenetic regulation. 

Recent studies have demonstrated epigenetic regulation of transcription by DNA methylation 

of CpG dinucleotide-rich regions (CpG islands) in the promoter regions of genes. DNA methylation 

involves the addition of a methyl group to cytosine residues, particularly those within CpG islands. 

CpG islands hypermethylation leads to chromatin condensation by associating with 

heterochromatin binding proteins and DNA methyltransferases (DNMTs); this induces direct 

repression of transcription. Demethylation of CpG islands leads to the induction of transcription by 

altering histone modifications, such as acetylation, in enhancer/promoter regions (Figure 1B).  

In contrast to the chemical modifications of DNA, those associated with chromosome histone 

proteins are rich in variety and include acetylation, methylation, phosphorylation, and 
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ubiquitination (Figure 2). Histones form nucleosomes, which consist of a segment of DNA wound 

around a histone octamer containing two molecules each of H2A, H2B, H3, and H4. Methylation of 

histone H3 at lysine 4 (K4) generally confers transcriptional activation, while methylation of 

histone H3K9/K27/K36 and H4K20 is associated with transcriptional repression. Each histone 

methylation site can be mono-, di-, or trimethylated although, in general, transcriptional 

activation or repression is strongly associated with changes from mono- to trimethylation. Histone 

acetylation relaxes the chromatin structure by changing the histone charge. In addition, histone 

acetylation activates transcription by recruiting epigenetic “reader” or “writer” proteins. Reader 

proteins bind to sites of epigenetic modification and recruit a variety of complexes to chromatin, 

while writer proteins, such as histone acetyl-transferases (HATs), histone methyl-transferases, and 

DNMTs, induce epigenetic modifications of chromatin. Histone methylation does not alter the 

charge of histones, but induces changes in transcriptional activation/repression by recruiting 

methylated histone binding proteins (containing a chromodomain, tudor domain, plant 

homeodomain finger, or WD40 repeat domain) to the chromatin [8].  

 

 

Figure 2 Histone modifications. A) Histone H2A. B) Histone H2B. C) Histone H3. D) Histone H4. 

Heterochromatin is formed by enhancing the methylation of CpG islands mediated by DNMT 

bound to heterochromatin binding proteins on the methylated histones of CpG islands. In contrast, 

euchromatin is formed by the demethylation of CpG islands and subsequent histone acetylation 

mediated by HAT [9] (Figure 3). The induction of histone H3K4 monomethylation around the 

nuclear factor-κB gene by exposing primary human aortic endothelial cells to high glucose for a 

relatively short time (16 h) was reported to be maintained for 6 days when the cells were 

incubated under normal glucose conditions [10]. Therefore, it is postulated that environmental 
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factors prevailing during development can lead to a predisposition to diseases later in life that is 

controlled by epigenetics (Figure 4). 

 

 

Figure 3 Changes associated with the formation of euchromatin from heterochromatin 

Epigenetic Responses to Environmental Factors  

It is not fully understood how environmental factors, including nutrient availability during 

development, affect metabolic gene expression and subsequent development of metabolic 

diseases. The classic model involves binding of transcription factors to cis-elements located in 

promoter/enhancer regions. Transcription factor-associated HAT acetylates histones in promoter 

and enhancer regions, and subsequently, bromodomain proteins bind to the acetylated histones 

to induce the formation of transcriptional initiation complexes around the TATA box of the 

promoter region. Nutrients, such as vitamins A and D, as well as unsaturated fatty acids and their 

metabolites, are ligands for nuclear receptors [retinoic acid receptor, vitamin D receptor, and 

peroxisome proliferator-activated receptor (PPAR), respectively] [11] (Figure 5A).  
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Figure 4 Developmental Origins of Health and Disease (DOHaD) theory based on epigenetics 

Recent studies conducted by ourselves and others have demonstrated that histone acetylation 

around the gene body region is important for regulating the magnitude of transcription. Histone 

acetylation in the gene body region recruits an acetylated histone binding protein, bromodomain 

containing 4 (BRD4). This is subsequently bound by positive elongation factor b (P-TEFb), which is 

a cyclin T1–CDK9 complex. BRD4 and the associated P-TEFb complex on the gene body region 

enhance transcriptional elongation by phosphorylating RNA polymerase II at the second serine 

residue of the C-terminal domain [12, 13, 14] (Figure 5B).  

DNA methylation in the gene body regions is positively correlated with transcription [15] and 

recent studies have demonstrated a relationship with transcriptional elongation. Transcriptional 

initiation is terminated by CpG islands located in the upstream region by DNMT3a, which is a 

subtype of DNMT3 (Figure 6A). On the other hand, transcriptional elongation is terminated by 

methylation of DNA in the gene body region [16]. Histone H3K36 methylation induced by a histone 

methyltransferase, SET2, represses the transcriptional elongation reaction by reducing histone 

acetylation via recruiting HDACs on the gene body [17, 18, 19]. The methylated histone H3K36 

recruits another DNMT, DNMT3b, to induce DNA methylation in the gene body region (Figure 6B). 

Thus, DNMT3a dysfunction leads to the disruption of transcriptional initiation by changing DNA 

methylation in the promoter/enhancer region, while dysfunctional DNMT3b leads to disrupted 

transcriptional elongation by methylation of DNA in the gene body region. 
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Figure 5 Epigenetics of the enhancer/promoter region and the gene body. A) Epigenetics of the 

enhancer/promoter region. B) Epigenetics of the gene body. 

 

Figure 6 Roles of DNMT3 in the enhancer/promoter and gene body regions. A) DNMT3a. B) 

DNMT3b 
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The epigenetic model of gene regulation based on histone modifications and DNA methylation 

in the gene body region explains the efficacy of mRNA synthesis. Our recent studies in rats have 

demonstrated that carbohydrate intake increases histone acetylation in the gene body region, 

rather than in the promoter/enhancer region, of carbohydrate metabolism-related genes, such as 

sucrose-isomaltase, sodium glucose transporter 1, and glucose transporter 5 in the small intestine 

[12, 13], and fatty acid synthase in the liver during the suckling–weaning transition period [14]. In 

addition, we have demonstrated that fructose-inducible genes related to fat accumulation, such as 

Cyp8b1, Dak, and Plin5, are regulated by BRD4 in the liver [15]. Histone acetylation in the gene 

body region of adiponectin has also been reported to be accompanied by the induction of mRNA 

synthesis during the differentiation of 3T3-L1 adipocytes [16]. Disturbance of the expression of 

these genes leads to metabolic diseases and animals exposed to low energy and low protein 

conditions during the fetal period show abnormal expression of genes regulated by BRD4 and/or 

histone acetylation in the gene body region; therefore, BRD4-driven gene body acetylation is 

implicated as an epigenetic mechanism for the development of metabolic diseases induced by the 

fetal nutritional environment. Indeed, heterozygous Brd4-knockout mice showed growth 

abnormalities, such as reduced adiposity and abnormal bone metabolism, similar to those of mice 

exposed to fetal malnutrition [17]. Although there is little evidence supporting a role for the 

histone H3K36 in this process, our recent study demonstrated that a starvation signal induced 

H3K36 tri/dimethylation in genes expressed in the small intestine of Xenopus laevis [18].   

Recent studies have also demonstrated that gene body epigenetics regulate pre-mRNA splicing. 

For example, one report described that alternatively spliced exons (ASE) were highly methylated 

and widely bound to a methylated DNA binding protein MeCP2, and ablation of which resulted in 

the induction of ASE-skipping in mRNA splicing [19]. However, associations between pre-mRNA 

spliceosome and DNA methylation or MeCP2 have not yet been established. The relationships 

between pre-mRNA splicing and gene body epigenetics and between gene body epigenetics and 

DOHaD require further investigation. 

The Mechanism of Epigenetics in the DOHaD Theory 

Several animal studies have demonstrated that nutritional conditions during development 

disrupt epigenetic regulation later in life. For example, the expression of insulin and insulin 

promoter factor 1 (PDX1), which is a transcription factor for insulin expression in the pancreas, 

was lower in adult mice exposed to low energy in the fetal period compared with that in mice 

exposed to normal energy levels. Exposure to starvation conditions in the fetal period induced 

DNA methylation and histone H3K9 dimethylation, and reduced histone H3 acetylation in the 

promoter region of Pdx1. Malnutrition during the fetal stage repressed Glut4 gene expression in 

skeletal muscle, while H3K9 dimethylation, DNMT3a binding, and histone deacetylase (HDAC)1 

and 4 were induced and histone H3K14 acetylation in the Glut4 promoter region was reduced [20]. 

These results suggest that malnutrition during the fetal period reduces insulin activity and induces 

impaired glucose tolerance in epigenetic disorders of the pancreas and skeletal muscle [20] 

(Figure 7A). 

A low-protein diet fed to mice during pregnancy led to DNA demethylation in the 

promoter/enhancer regions of Ppara, which encodes a transcription factor for lipid metabolism, in 

the liver and heart [21], and in the glucocorticoid receptor (Gr) in the heart [22] of their newborn 
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Figure 7 Effects of environmental conditions on Developmental Origins of Health and Disease 

(DOHaD) epigenetics. A) Low-energy diet. B) Low-protein diet 

offspring, resulting in increased Ppara and Gr expression. In addition, a restricted protein diet fed 

to pregnant rats enhanced the expression of Dnmt1 in the liver of their newborn offspring [23]. A 

cause of the reduced DNA methylation in the promoter/enhancer regions of Ppara and Gr in the 

offspring of protein-restricted mothers was reduced Dnmt1 expression. Folic acid 

supplementation in the pregnant mice led to improved DNA methylation in the upstream region 

of these genes in the offspring. However, Dnmt3 expression in the newborns was not affected by 

exposure of the pregnant mice to a protein-restricted diet. DNMT1 maintains DNA methylation by 

attaching the methyl group to the complementary strand of previously hemi-methylated DNA 

during replication, while DNMT3 is responsible for de novo methylation. Thus, protein restriction 

may lead to disruption of the maintenance of DNA methylation during cell division in a pregnancy. 

In addition, deficiency of choline, which is a nutrient associated with one-carbon and methyl-

group metabolism, was shown to induce DNA methylation throughout the genome and around 

the insulin-like growth factor 2 gene (Igf2), accompanied by the DNA methylation around Dnmt1 

[24]. These results indicate that protein-restriction and deficiency of folic acid and choline during 

the fetal period induce epigenetic disruption in adulthood. Subjecting pregnant rats to protein-

restriction led to fatty livers in the offspring [25]. PPARA enhances the utilization of fat under 

conditions of reduced carbohydrate metabolism, such as insulin-resistance, while GR induces 

gluconeogenesis and fat accumulation. Excessive PPARA expression in the heart is associated with 
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cardiac muscle disorders [26]. Therefore, the induction of PPARA and GR expression in the heart 

and liver triggered by a reduction in DNA methylation around the genes encoding these proteins 

could lead to cardiac muscle disorders and fatty liver (Figure 7B). Regarding gene body epigenetics, 

DNA methylation in the gene body of liver X receptor A (Lxra) was reduced in the liver of F1 and F2 

intrauterine growth-restricted mice [27]. However, since most animal model studies focused on 

the epigenetics of promoter/enhancer regions, further studies are required to establish the 

relationship between the epigenetics of gene body regions and developmental 

programming/DOHaD theory. 

The relationship between genomic imprinting and DOHaD is still unclear. However, the fetal 

environment has been confirmed to induce alterations in the expression and promoter DNA 

methylation of the paternally-imprinted IGF2 gene in humans and animals. Furthermore, 

expression of the paternally-inherited IGF2 gene is enhanced by DNA methylation of the 

differentially methylated region (DMR) located upstream of the adjacent H19 gene, which 

facilitates the access of proteins to an enhancer region. In contrast, in the case of the maternally-

IGF2 gene, the DMR is demethylated and binding of the CTCF protein to this region inhibits the 

access of proteins to an enhancer region and inactivates the IGF2 gene [28]. It has been reported 

that the DNA methylation of the DMR upstream of paternally-inherited H19 and IGF2 gene 

expression are lower in patients with Silver–Russell syndrome [29, 30]. Therefore, the fetal 

environment could affect genomic imprinting, particularly that of the IGF2 gene, and alterations in 

genomic imprinting may affect the development of metabolic disorders and psychiatric disorders 

in newborns. However, this issue remains to be clarified in further studies. 

Regarding psychiatric disorders, symptoms of schizophrenia, including hyperkinetic disorder, 

have been reported in the offspring of rats subjected to immobilization stress during pregnancy. 

Specifically, following the induction of DNA methylation in the promoter regions of the reelin and 

glutamate decarboxylase 1 genes, reduction of their expression and the induction of Dnmt1 gene 

expression in the frontal cortex were observed in the offspring of rats subjected to immobilization 

stress during pregnancy [31]. This indicates that the development of psychiatric disorders which 

are induced by the fetal environment are caused by epigenetic defects. 

Epigenetic Mechanisms Associated with Metabolic Disease According to the DOHaD Theory 

In humans, it is not yet known whether the development of metabolic and psychiatric disorders 

induced by the fetal environment is regulated by epigenetic memory. A cohort study conducted in 

subjects born to mothers who had suffered malnutrition in the Netherlands during the Second 

World War showed that DNA methylation in the promoter region of IGF2 was significantly lower in 

the blood of subjects exposed to these conditions during early gestation compared with that 

detected in their siblings who had not [4]. Methylation of the IGF2 promoter region was also 

found to be lower in lymphocytes isolated from umbilical cord blood of infants born to subjects 

with gestational diabetes than in those born to healthy subjects [32]. In addition, DNA 

demethylation of the IGF2 promoter region in these cells was positively associated paternal 

obesity [33]. However, the roles of IGF2 in the development of metabolic diseases are still unclear. 

An animal study showed that a high-fat diet fed to the offspring of rats exposed to a low-protein 

diet during pregnancy not only induced obesity and insulin resistance, but also upregulated 

expression of the Igf2 gene [34]. Therefore, it can be speculated that exposure to environmental 
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factors during human pregnancy induces metabolic and psychiatric disorders by altering the 

methylation of genes, including IGF2. It has been reported that carbohydrate restriction during 

pregnancy is positively associated with methylation in the promoter region of retinoid X receptor 

A (RXRA) in lymphocytes isolated from umbilical cord blood [35]. In addition, the body mass index 

(BMI) of pregnant women is positively associated with methylation of the PPARγ co-activator 1α 

(PGC1A) promoter in their newborns [36]. Methylation of the aryl-hydrocarbon receptor DNA 

promoter in newborns was also reported to be positively associated with maternal obesity during 

pregnancy, infant gestational age, and birth weight for gestational age [37]. However, there is no 

evidence in humans that environmental factors during pregnancy alter the methylation of the 

GLUT4, PPARA, GR, and LXR genes that are affected in animal models. Despite the absence of 

reports of gene body epigenetic markers associated with metabolic disease development in 

relation to the developmental programming/DOHaD theory, several studies have been conducted 

focusing on promoter/enhancer regions. For example, methylation of the gene body region of the 

glucokinase (GCK) gene in peripheral blood samples was lower in subjects with coronary heart 

disease and higher in subjects with essential hypertension compared with that in healthy subjects 

[38, 39]. A minor polymorphism in DNMT3B, which regulates DNA methylation in gene body 

regions, was also associated with an increased risk of premature birth [40]. Thus, it is possible that 

disrupted gene body epigenetics is linked to developmental programming/DOHaD theory, 

although this hypothesis requires further examination. In addition, the relationship between 

histone modification and DNA methylation induced by the fetal environment has not been studied 

in humans. Further studies using peripheral and umbilical cord blood are required to clarify these 

relationships in humans.  

Conclusion  

In this review, we discuss two models of epigenetics based on the promoter/enhancer region 

and the gene body region. Several studies have demonstrated the existence of epigenetic memory 

in promoter/enhancer regions and in gene body regions in animals and humans exposed to 

environmental stress conditions, including malnutrition, during the fetal period as well as in 

adulthood. However, these findings are preliminary and further studies are required to elucidate 

the epigenetic mechanisms underlying the development of metabolic diseases associated with 

exposure to environmental stress during development. 

Competing Interests 

The authors have declared that no competing interests exist. 

Acknowledgments 

We thank Dr. Ozato Keiko from the National Institute of Health for providing the chance to 

study BRD4. We thank Tom Buckle, MSc, from Edanz Group (www.edanzediting.com/ac) for editing 

a draft of this manuscript. 

Funding 

Our work cited in this review was supported by Grants-in-Aid for Young Scientists (22680054) 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704008 
 

Page 347/349 

and for Scientific Research (26282023, 17H01964) from the Ministry of Education, Culture, Sports, 

Science and Technology, Japan (MEXT), the Takeda Science Foundation and the Uehara Memorial 

Foundation. 

References 

1. Barker DJ, Winter PD, Osmond C, Margetts B, Simmonds SJ. Weight in infancy and death from 

ischaemic heart disease. Lancet. 1989;2(8663):577-80. 

2. Harder T, Rodekamp E, Schellong K, Dudenhausen JW, Plagemann A. Birth weight and 

subsequent risk of type 2 diabetes: a meta-analysis. American journal of epidemiology. 

2007;165(8):849-57. 

3. Barker DJ. The fetal and infant origins of adult disease. BMJ. 1990;301(6761):1111. 

4. Heijmans BT, Tobi EW, Stein AD, Putter H, Blauw GJ, Susser ES, et al. Persistent epigenetic 

differences associated with prenatal exposure to famine in humans. Proc Natl Acad Sci U S A. 

2008;105(44):17046-9. 

5. St Clair D, Xu M, Wang P, Yu Y, Fang Y, Zhang F, et al. Rates of adult schizophrenia following 

prenatal exposure to the Chinese famine of 1959-1961. Jama. 2005;294(5):557-62. 

6. Gluckman PD, Seng CY, Fukuoka H, Beedle AS, Hanson MA. Low birthweight and subsequent 

obesity in Japan. Lancet. 2007;369(9567):1081-2. 

7. Gluckman PD, Hanson MA. The Developmental Origins of Health and Disease. Basic & Clinical 

Pharmacology & Toxicology. 2008;102(2):90. 

8. Bruce Alberts AJ, Julian Lewis, David Morgan, Martin Raff, Keith Roberts, Peter Walter. 

Molecular Biology of the Cell, 6th ed, 2015. 

9. Persson J, Ekwall K. Chd1 remodelers maintain open chromatin and regulate the epigenetics 

of differentiation. Experimental cell research. 2010;316(8):1316-23. 

10. El-Osta A, Brasacchio D, Yao D, Pocai A, Jones PL, Roeder RG, et al. Transient high glucose 

causes persistent epigenetic changes and altered gene expression during subsequent 

normoglycemia. The Journal of experimental medicine. 2008;205(10):2409-17. 

11. Xu L, Glass CK, Rosenfeld MG. Coactivator and corepressor complexes in nuclear receptor 

function. Curr Opin Genet Dev. 1999;9(2):140-7. 

12. Inoue S, Mochizuki K, Goda T. Jejunal induction of SI and SGLT1 genes in rats by high-

starch/low-fat diet is associated with histone acetylation and binding of GCN5 on the genes. J 

Nutr Sci Vitaminol (Tokyo). 2011;57(2):162-9. 

13. Honma K, Mochizuki K, Goda T. Induction by fructose force-feeding of histone H3 and H4 

acetylation at their lysine residues around the Slc2a5 gene and its expression in mice. Biosci 

Biotechnol Biochem. 2013;77(11):2188-91. 

14. Morishita S, Mochizuki K, Goda T. Bindings of ChREBP and SREBP1, and histone acetylation 

around the rat liver fatty acid synthase gene are associated with induction of the gene during 

the suckling-weaning transition. J Nutr Sci Vitaminol (Tokyo). 2014;60(2):94-100. 

15. Yamada A, Honma K, Mochizuki K, Goda T. BRD4 regulates fructose-inducible lipid 

accumulation-related genes in the mouse liver. Metabolism. 2016;65(10):1478-88. 

16. Sakurai N, Mochizuki K, Goda T. Modifications of histone H3 at lysine 9 on the adiponectin 

gene in 3T3-L1 adipocytes. J Nutr Sci Vitaminol (Tokyo). 2009;55(2):131-8. 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704008 
 

Page 348/349 

17. Houzelstein D, Bullock SL, Lynch DE, Grigorieva EF, Wilson VA, Beddington RS. Growth and 

early postimplantation defects in mice deficient for the bromodomain-containing protein 

Brd4. Molecular and cellular biology. 2002;22(11):3794-802. 

18. Tamaoki K, Okada R, Ishihara A, Shiojiri N, Mochizuki K, Goda T, et al. Morphological, 

biochemical, transcriptional and epigenetic responses to fasting and refeeding in intestine of 

Xenopus laevis. Cell & bioscience. 2016;6:2. 

19. Maunakea AK, Chepelev I, Cui K, Zhao K. Intragenic DNA methylation modulates alternative 

splicing by recruiting MeCP2 to promote exon recognition. Cell research. 2013;23(11):1256-

69. 

20. Pinney SE, Simmons RA. Epigenetic mechanisms in the development of type 2 diabetes. 

Trends in endocrinology and metabolism: TEM. 2010;21(4):223-9. 

21. Lillycrop KA, Phillips ES, Jackson AA, Hanson MA, Burdge GC. Dietary protein restriction of 

pregnant rats induces and folic acid supplementation prevents epigenetic modification of 

hepatic gene expression in the offspring. The Journal of nutrition. 2005;135(6):1382-6. 

22. Burdge GC, Hanson MA, Slater-Jefferies JL, Lillycrop KA. Epigenetic regulation of transcription: 

a mechanism for inducing variations in phenotype (fetal programming) by differences in 

nutrition during early life? The British journal of nutrition. 2007;97(6):1036-46. 

23. Lillycrop KA, Slater-Jefferies JL, Hanson MA, Godfrey KM, Jackson AA, Burdge GC. Induction of 

altered epigenetic regulation of the hepatic glucocorticoid receptor in the offspring of rats 

fed a protein-restricted diet during pregnancy suggests that reduced DNA methyltransferase-

1 expression is involved in impaired DNA methylation and changes in histone modifications. 

The British journal of nutrition. 2007;97(6):1064-73. 

24. Kovacheva VP, Mellott TJ, Davison JM, Wagner N, Lopez-Coviella I, Schnitzler AC, et al. 

Gestational choline deficiency causes global and Igf2 gene DNA hypermethylation by up-

regulation of Dnmt1 expression. The Journal of biological chemistry. 2007;282(43):31777-88. 

25. Erhuma A, Salter AM, Sculley DV, Langley-Evans SC, Bennett AJ. Prenatal exposure to a low-

protein diet programs disordered regulation of lipid metabolism in the aging rat. American 

journal of physiology Endocrinology and metabolism. 2007;292(6):E1702-14. 

26. Pruimboom-Brees I, Haghpassand M, Royer L, Brees D, Aldinger C, Reagan W, et al. A critical 

role for peroxisomal proliferator-activated receptor-alpha nuclear receptors in the 

development of cardiomyocyte degeneration and necrosis. The American journal of 

pathology. 2006;169(3):750-60. 

27. Martinez D, Pentinat T, Ribo S, Daviaud C, Bloks VW, Cebria J, et al. In utero undernutrition in 

male mice programs liver lipid metabolism in the second-generation offspring involving 

altered Lxra DNA methylation. Cell metabolism. 2014;19(6):941-51. 

28. Renfree MB, Suzuki S, Kaneko-Ishino T. The origin and evolution of genomic imprinting and 

viviparity in mammals. Philosophical transactions of the Royal Society of London Series B, 

Biological sciences. 2013;368(1609):20120151. 

29. Gicquel C, Rossignol S, Cabrol S, Houang M, Steunou V, Barbu V, et al. Epimutation of the 

telomeric imprinting center region on chromosome 11p15 in Silver-Russell syndrome. Nature 

genetics. 2005;37(9):1003-7. 

30. Yamazawa K, Kagami M, Nagai T, Kondoh T, Onigata K, Maeyama K, et al. Molecular and 

clinical findings and their correlations in Silver-Russell syndrome: implications for a positive 



OBM Genetics 2017; 1(4), doi:10.21926/obm.genet.1704008 
 

Page 349/349 

role of IGF2 in growth determination and differential imprinting regulation of the IGF2-H19 

domain in bodies and placentas. J Mol Med (Berl). 2008;86(10):1171-81. 

31. Matrisciano F, Tueting P, Dalal I, Kadriu B, Grayson DR, Davis JM, et al. Epigenetic 

modifications of GABAergic interneurons are associated with the schizophrenia-like 

phenotype induced by prenatal stress in mice. Neuropharmacology. 2013;68:184-94. 

32. Chen D, Zhang A, Fang M, Fang R, Ge J, Jiang Y, et al. Increased methylation at differentially 

methylated region of GNAS in infants born to gestational diabetes. BMC medical genetics. 

2014;15:108. 

33. Soubry A, Schildkraut JM, Murtha A, Wang F, Huang Z, Bernal A, et al. Paternal obesity is 

associated with IGF2 hypomethylation in newborns: results from a Newborn Epigenetics 

Study (NEST) cohort. BMC medicine. 2013;11:29. 

34. Claycombe KJ, Uthus EO, Roemmich JN, Johnson LK, Johnson WT. Prenatal low-protein and 

postnatal high-fat diets induce rapid adipose tissue growth by inducing Igf2 expression in 

Sprague Dawley rat offspring. The Journal of nutrition. 2013;143(10):1533-9. 

35. Godfrey KM, Sheppard A, Gluckman PD, Lillycrop KA, Burdge GC, McLean C, et al. Epigenetic 

gene promoter methylation at birth is associated with child's later adiposity. Diabetes. 

2011;60(5):1528-34. 

36. Gemma C, Sookoian S, Alvarinas J, Garcia SI, Quintana L, Kanevsky D, et al. Maternal 

pregestational BMI is associated with methylation of the PPARGC1A promoter in newborns. 

Obesity (Silver Spring). 2009;17(5):1032-9. 

37. Burris HH, Baccarelli AA, Byun HM, Cantoral A, Just AC, Pantic I, et al. Offspring DNA 

methylation of the aryl-hydrocarbon receptor repressor gene is associated with maternal BMI, 

gestational age, and birth weight. Epigenetics. 2015;10(10):913-21. 

38. Xu L, Zheng D, Wang L, Jiang D, Liu H, Liao Q, et al. GCK gene-body hypomethylation is 

associated with the risk of coronary heart disease. BioMed research international. 

2014;2014:151723. 

39. Fan R, Wang WJ, Zhong QL, Duan SW, Xu XT, Hao LM, et al. Aberrant methylation of the GCK 

gene body is associated with the risk of essential hypertension. Molecular medicine reports. 

2015;12(2):2390-4. 

40. Haggarty P, Hoad G, Horgan GW, Campbell DM. DNA methyltransferase candidate 

polymorphisms, imprinting methylation, and birth outcome. PloS one. 2013;8(7):e68896. 

 

 

Enjoy OBM Genetics by:  

1. Submitting a manuscript  

2. Joining in volunteer reviewer bank 

3. Joining Editorial Board 

4. Guest editing a special issue  

 

For more details, please visit:  

http://www.lidsen.com/journals/genetics OBM Genetics 

http://www.lidsen.com/account-login
mailto:genetics@lidsen.com
http://www.lidsen.com/journals/genetics/genetics-editorial-board
http://www.lidsen.com/journals/genetics/genetics-special-issues
http://www.lidsen.com/journals/genetics
https://www.lidsen.com/journals/genetics


 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LIDSEN Publishing Inc. 
2000 Auburn Drive, One Chagrin 

Highlands, Suite 200, Beachwood, OH 44122 
USA 

Tel.: +1-216-370-7293 
Fax: +1-216-378-7505 

http://www.lidsen.com/ 
 

OBM Genetics Editorial Office, 
E-mail: genetics@lidsen.com 

http://www.lidsen.com/journals/genetics 
  



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

LIDSEN Publishing Inc. 
2000 Auburn Drive, One Chagrin 
Highlands, Suite 200, Beachwood, OH 44122 
USA 
 
Tel.: +1-216-370-7293 
Fax: +1-216-378-7505 
 
http://www.lidsen.com/ 

ISSN 2577-5790 

http://www.lidsen.com/

