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Abstract
Medical genetics plays an important role in the screening and prevention of numerous
diseases. Thus, it is important to develop effective screening and prevention programs and
improve the assessment of the susceptibility of diseases. The development of screening and
prevention programs depends on the identification of early biomarkers (including functional
and behavioral) for the risk and onset of the disease, and such programs need to be designed
according to internationally accepted criteria. Cervical cancer represents a very relevant
disease from the health and social perspective; around 528,000 new cases are diagnosed
every year globally, of which, 85% are from developing countries, representing almost 12% of
all cancers in females. Substantial reductions in the incidence of and mortality from cervical
cancer have been observed after the introduction of prevention campaigns with the
implementation of cervical screening programs through Papanicolaou (Pap) tests and, in
particular, following the introduction of organized programs which guarantee a high level of
screening coverage, as well as, the quality and continuity of diagnostic-therapeutic
procedures. It is estimated that Pap smear screening every 3-5 years provides 80% protection
against the onset of cancer. Advances in diagnostic techniques, particularly the development
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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of easy-to-use molecular genetic tests, are replacing the use of the established Pap smear as
a screening tool. This is possible owing to the discovery in 1975 that some cellular
morphological changes (koilocytosis) were related to the presence of a Human Papillomavirus
(HPV) infection. The HPV test is performed on a small sample of cells taken from the cervix,
similar to the Pap test; however, it is not a morphological exam but a molecular biology exam
that detects the presence of HPV by identifying its deoxyribonucleic acid (DNA) or messenger
ribonucleic acid (mRNA). The results of numerous experimental studies have demonstrated a
greater sensitivity of this test compared to the sensitivity of the traditional Pap test. However,
the HPV test has a lower specificity due to two main factors: 1) The HPV test is based on the
search for the types of viruses that have a greater oncogenic potential, and 2) It does not
discriminate between transient infections and persistent and productive infections. The most
widely used molecular tests are based on the search for HPV sequences and genotyping using
molecular biology techniques, such as direct hybridization, qualitative polymerase chain
reaction (PCR), and viral nucleotide sequencing.
Keywords
Cervical cancer; genetics; screening; prevention; Human Papillomavirus; molecular biology;
Pap smear; koilocytosis; biomarkers

1. Introduction
Advances in “genomic medicine” in developed countries are driving a notable expansion of
preventive medicine based on population screening to determine individual susceptibility to
common diseases, including heart disease, diabetes, cancer, and progressive neurodegenerative
diseases. The identification of the people at risk can be followed by the application of primary
prevention, for example, through dietary measures, specific physical exercises, and/or secondary
prevention through pharmacological interventions. In recent years, owing to the considerable
progress in the field of molecular genetics, a debate has arisen on the suitability of conducting
population screening to identify, through mutational analysis in the preclinical phase, subjects
suffering from dominant autosomal diseases of adult-onset, including familial hypercholesterolemia,
myotonic dystrophy, Huntington’s chorea, hereditary adult-type polycystic kidney, hereditary
hemochromatosis, and thrombophilia due to the heterozygous state for Factor V Leiden defect [1].
The most important developments during this period were in the areas of gynecological cancer
genetics and tumor growth control factors. In this field, new technologies are being developed that
could lead to gynecological cancer therapies at the genetic or cellular level. The quest for the best
non-cervical gynecological cancer screening tests continues. Imaging methods, such as magnetic
resonance imaging (MRI), have advanced to the point that they can now provide very highresolution pictures of cancers in vivo, but this technology is quite expensive [2].
The rich, multidisciplinary history of cancer prevention started in the 1700s with surgical and
occupational advice and ended in 2009 with the results of the massive Selenium and Vitamin E
(prostate) Cancer Prevention Trial (SELECT) (35,535 men). This timeline is a fascinating collection of
preclinical and clinical chemopreventive, vaccine, medical, and behavioral studies. The studies in
Page 2/139

OBM Genetics 2021; 5(3), doi:10.21926/obm.genet.2103132

mice by Lathrop and Loeb in 1913 and 1916 on cancer growth associated with pregnancy [3], or the
studies on cancer prevention by castration (oophorectomy), prevention of chemically induced
mouse carcinogenesis in 1929 [4], energy restriction studies in the 1940s [5-7], and later, the
molecular characterization of cancerization [8, 9] are all preclinical landmarks in cancer prevention.
In 2009, researchers focused on the effects of angiogenesis inhibition, as well as multistep
carcinogenesis in genetically engineered mice. Numerous large and small chemoprevention studies
of nutritional supplements [10], other dietary approaches [11], the Bacillus Calmette-Guérin (BCG)
trial in 1976 [12], molecular-targeted agents [13], and agents to avoid infection-related cancers [14]
are some examples among many clinical trials. In 1984, a vaccine against the Hepatitis B Virus (HBV)
was developed to prevent liver cancer. The removal of cervical intraepithelial neoplasia (CIN) found
by screening, including Papanicolaou (Pap) testing introduced in 1929 and colposcopy for cervical
premalignancy [15], colonoscopy and polypectomy to prevent colorectal cancer initiated in the
1960s [16], and prophylactic procedures, such as in Lynch syndrome patients started in 1977 [1721], are examples of clinical, surgical prevention. Smoking cessation and regulation (that dates back
to the 1950s), obesity control (that dates back to 1841), and research on gene therapy and cancer
survivorship are all examples of behavioral studies [22].
Medical ethics has been an undisputed aspect of medical research in recent years. Many people
claim that modern medical developments, such as the invention of dialysis machines, respirators,
MRI, genetic testing, and various cancer screenings, are to blame for the bio-ethical dilemmas that
physicians face in the 21st century [23]. Until recently, debates over the study and screening ethics
revolved around two interconnected issues: the voluntary and informed consent of participants and
the proper relationship between the risk and gain to subjects in the experiment. Patients have the
right to know everything about their medical condition. This legal concept emerged initially as a
result of court rulings on informed consent, but over time, physicians realized that most patients
want to learn the truth about their condition to make informed decisions. To screen is to search for
diseases in the absence of symptoms or to try to find diseases without the knowledge of their
presence. Routine mammography to detect breast cancer, Pap smears to detect cervical cancer, or
prostate-specific antigen (PSA) testing to detect prostate cancer are all examples of screening. The
key goal of the ethical concepts in cancer screening programs is to avoid causing undue harm to the
people who participate. The practice of disease screening may pose several ethical concerns [24,
25].
2. Genetic Screening
2.1 Overview
Genetic screening is a process that aims to identify individuals whose genetic constitution
(genotype) is a determining or predisposing cause of disease in the individual being screened and/or
in their descendants. Depending on the target population, genetic screenings are divided into
prenatal, neonatal, and adulthood, and can include the whole population or a specific
subpopulation. This methodology is different from other types of medical screening since in this
case, the identification of a subject at risk has significant implications not only for the person
concerned but also for the family members of the individual being screened, who, among other
things, have not asked to determine their genetic constitution and may not be interested in knowing
it. Genetic screening, alongside benefits, can have negative effects. The main benefits of genetic
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screening include the diagnosis of a presymptomatic disease or a predisposition to a genetic disease,
the determination of a predisposition to negative effects due to environmental factors (e.g., drugs,
smoking, and diet), and the identification of the status of a healthy carrier of a genetic disease, with
implications for the risks of reproduction [26]. The possible negative effects are psychological
repercussions, including anxiety, loss of self-esteem, and a sense of guilt, and are closely related to
the information received, mostly due to the difficulties in understanding and interpreting the
genetic consultation [27]. In this context, the improper use of information related to the facts
highlighted through this method could be the cause of various forms of social stigmatization and
marginalization, and discrimination in the workplace, which can ultimately cause significant
economic damage in employment, as well as at the insurance level. Genetic screening is, therefore,
an extremely sensitive medical step, from a social perspective, for the success of which the following
conditions must be met — rationality of design, benefit outweighing potential harm, acceptance by
the target population, feasibility, prevalence of benefits over costs, education of the population,
adequately equipped laboratories, previously successful pilot programs, importance and
seriousness of the disease, inclusion of screening in the public health system, development of
adequate ability to longitudinally follow the identified subjects, specificity and sensitivity of the
selected tests, voluntary participation, pre-test and post-test genetic consultation, informed
consent (this may not be necessary if the analysis is essential for the life and health of the subject
being screened), and absolute confidentiality [27]. Any use of the blood samples collected for
screening purposes, other than the purposes agreed to, requires specific additional informed
consent. Blood samples must be stored in a way that the same confidentiality that is commonly
used for each medical procedure is guaranteed.
2.2 Prenatal Screening
Prenatal screening consists of the identification of genetic diseases in the prenatal period
through various methods, including ultrasound study of the fetus, analysis of maternal serum for
risk factors, examination of fetal cells obtained through amniocentesis or chorionic villus sampling
(CVS), analysis of fetal cells in the maternal blood, and preimplantation embryo analysis. In
particular, prenatal screening is currently directed to [28]:
1. The identification of numerous congenital malformations using ultrasounds.
2. The identification of women at risk of Down syndrome and other chromosomal aberrations
through ultrasound assessment of nuchal translucency (NT) and measurement of various
biochemical parameters in the mother’s blood, including beta-human chorionic gonadotropin (βhCG) and pregnancy-associated plasma protein A (PAPP-A) in the first trimester and alphafetoprotein (α-FP), total hCG, unconjugated estriol, and inhibin in the second trimester.
3. The determination of the risk of neural tube defects (NTD) using ultrasounds and α-FP
measurements [29-35].
2.3 Neonatal Screening
Neonatal screening is aimed at identifying genetic diseases, especially metabolic and endocrine
problems, to determine which treatment can prevent the clinical development of the disease.
Neonatal diseases currently being screened by unanimous consent [36] are phenylketonuria (PKU),
congenital hypothyroidism, congenital deafness, and sickle cell anemia (SCA). The topic of debate is
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the screening of other metabolic disorders, which include cystic fibrosis, congenital adrenal
hyperplasia (CAH), mental insufficiency linked to Fragile X syndrome, and the glucose-6-phosphate
dehydrogenase (G6PD) defect (Table 1) [37-40].
Table 1 List of genetic diseases for which neonatal screening is recommended.

phenylketonuria (PKU)*
other metabolic disorders
congenital hypothyroidism*
congenital deafness*
sickle cell anemia (SCA)*
cystic fibrosis
congenital adrenal hyperplasia (CAH)
mental insufficiency linked to X-fragile
glucose-6-phosphate dehydrogenase (G6PD) defect
* always

2.4 Adulthood Screening
Genetic screening in adulthood includes [41]:
1. The identification of the carrier status of an autosomal recessive or X-linked disease to
prevent the development of the disease in descendants, by either screening the whole population
or by cascade screening after the identification of an index case; the diseases currently being
screened in the populations at risk are Tay-Sachs disease, α-and β-thalassemia, SCA, and cystic
fibrosis.
2. The identification of adult-onset dominant diseases or hereditary cancers in subpopulations
at risk. The adult-onset diseases under scrutiny on whether to include them in screening programs
include familial hypercholesterolemia, myotonic dystrophy, Huntington’s chorea, polycystic kidney,
hereditary hemochromatosis, Leiden factor heterozygosity thrombophilia, and α-antitrypsin (AAT)
defect. The most common hereditary conditions considered as cancer-related risks in screening
programs are ataxia-telangiectasia, Cowden’s disease, familial adenomatous polyposis (FAP),
familial gastric cancer, Gorlin’s syndrome, hereditary ovarian and breast cancer, hereditary
nonpolyposis colorectal cancer (HNPCC), familial melanoma, Li Fraumeni syndrome, hereditary
prostate cancer (HPC), type 1, type 2a, and type 2b multiple endocrine neoplasms (MEN), type 1
and type 2 neurofibromatosis (NF), retinoblastoma (RB), and Peutz-Jeghers and Von Hippel-Lindau
(VHL) syndromes (Table 2).
3. The determination of the predisposition to the development of polyfactorial diseases such
as coronary heart disease (CHD), type I and type II diabetes mellitus, allergic asthma, arterial
hypertension, cardiovascular disease (CVD), inflammatory bowel disease (IBD), rheumatoid arthritis,
systemic lupus erythematosus (SLE), and various psychiatric diseases, and/or negative side effects
by the administration of specific drugs [42-43].
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Table 2 List of hereditary conditions associated with the risk of developing cancer.
Syndrome

Predominant cancer

Gene

ataxia-telangiectasia

breast cancer, lymphoma

ataxia-telangiectasia mutated (ATM)

Cowden’s disease

skin and mucous membranes hamartomas, breast,
phosphatase and tensin homolog (PTEN)
thyroid, and renal cell cancer

familial adenomatous polyposis (FAP) colorectal multiple adenomas, colorectal cancer

adenomatous polyposis coli (APC)

familial gastric cancer

gastric cancer

cadherin-1 (CDH1)

Gorlin’s syndrome

nevoid basal cell carcinoma (NBCC)

NBCC syndrome (NBCCS)

hereditary ovarian and breast cancer ovarian, breast, and prostate cancer

breast cancer 1 (BRCA1)
BRCA2

human mutS homolog 2 (hMSH2)
human mutL homolog 1 (hMLH1)
hereditary nonpolyposis colorectal
colorectal, endometrial, ovarian, and gastric cancer human post-meiotic segregation1 (hPMS1)
cancer (HNPCC)
hPMS2
hMSH6
kinase inhibitor 4A (INK4A)/multiple tumor
suppressor 1(MTS-1)/cyclin-dependent kinase
inhibitor 2a (CDKN2A) (P16)

familial melanoma

melanoma, glioblastoma, lung cancer

Li Fraumeni syndrome

leukemia, soft tissues sarcoma, osteosarcoma, brain
tumor protein 53 (TP53)
cancer

hereditary prostate cancer (HPC)

prostate cancer

HPC1
HPC X-Linked (XPCX)

multiple endocrine neoplasms (MEN) parathyroid glands, pancreas, and pituitary gland MEN-1
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type 1

cancer

MEN type 2a

medullary
thyroid
pheochromocytoma

MEN type 2b

MTC

neurofibromatosis (NF) type 1

multiple peripheral neurofibromas, optic glioma,
NF1
neurofibrosarcoma

NF type 2

central schwannoma,
neuroma

Peutz-Jeghers syndrome

gastric and intestinal polyps, colorectal, pancreatic,
serine/threonine kinase 11 (STK11)
and ovarian cancer

retinoblastoma (RB)

RB, osteosarcoma

Von Hippel-Lindau (VHL) syndrome

renal
cell
carcinoma,
hemangioblastoma

carcinoma

(MTC),

rearranged during transfection (RET)
RET

meningiomas,

acoustic

NF2

RB
pheochromocytoma,

VHL
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Genetic screening for these applications requires new recommendations and evaluations,
especially as cost/benefit ratios. In the future, informed consent obtained after extensive genetic
consultation will be even more relevant. Specific recommendations include the screening of
children and adolescents, which, according to the recommendations of the American Academy of
Pediatrics (AAP) (1992), can be performed only in the following conditions: immediate clinical
benefit to the child or adolescent with the possibility of establishing measures to prevent the
disease or its consequences in the individual and to delay the onset or limit the severity of the
disease, and benefit other family members, provided there are no adverse effects on the child [44,
45].
Recently, through genomic association studies, with the same type of mutational analysis or with
association analysis between disease and deoxyribonucleic acid (DNA) polymorphisms - short DNA
segments repeated in tandem with a variable number of repeats in each individual (microsatellites)
or polymorphic variations of a single nucleotide called single nucleotide polymorphism (SNP) - it is
also possible to identify nucleotide variations in genes. Such mutations lead to a genetic
predisposition to the development of common complex polyfactorial diseases (due to the
interaction between different genes and environmental factors), including CHD, type I and type II
diabetes mellitus, allergic asthma, arterial hypertension, cerebrovascular diseases, chronic IBD,
rheumatoid arthritis, SLE, and various psychiatric diseases (e.g., schizophrenia and bipolar syndrome)
[46]. The problem is extremely complex, since for each disease, there are variations in the sequence
of a large number of genes (probably about 80-100 for each disease) which, when present together,
produce the disease only under the influence of certain environmental conditions (e.g., smoking,
incorrect diet, lack of physical activities, etc.) [47]. From a technological point of view, there are no
obstacles to the development of this type of screening since microarray technology allows the study
of numerous nucleotide variations in the genome with relative ease. It is reasonable to assume that
this type of screening is likely to be applied soon on a large scale. For these applications, however,
informed consent will be required after extensive and careful genetic consultation. Screenings
similar to those outlined above are likely to be developed in the future to highlight a priori the
possibility of a positive response of each individual to a specific therapy, as well as the possibility of
adverse reactions. This approach could lead to the development of personalized medicine [48].
Population-wide screening, to identify healthy (heterozygote) carriers of autosomal recessive
diseases, helps to determine couples at risk, where both members are carriers, and therefore, at
risk of producing the disease in 25% of their children. The universally accepted criteria for applying
this type of screening to determine a disease are [49]:
1. Frequent, severe disease, for which there is no cure
2. Availability of simple methods to correctly identify healthy carriers
3. Existence of reproductive alternatives for couples at risk
Population-wide screening has so far been conducted for Tay-Sachs disease, α-and β-thalassemia,
SCA, and cystic fibrosis. Recently, the inclusion of spinal muscular atrophy (SMA) has been proposed,
in which the frequency of a carrier in the population is 1/50 [50, 51]. The above-mentioned
screening programs have been effective, as they have led to conscious and informed procreation in
the consulted couples, with a consequent reduction in the number of affected homozygotes. The
screening programs for Tay-Sachs disease in Jewish communities and those for β-thalassemia in the
Italian, Greek, and Cypriot communities at risk have particularly been effective [52]. For the success
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of these screening programs, the following requirements can be considered useful and necessary
[52]:
1. The identification of the ideal target population, consisting of couples of reproductive age
before pregnancy, makes it possible to use different preventive approaches.
2. The voluntary screening of heterozygotes, conducted after obtaining informed consent,
following genetic consultation.
3. Educational programs for physicians and paramedics of the screened population and for high
school pupils, among whom conducting this type of screening is controversial.
4. The dissemination of information at important sites (e.g., physicians’ offices and marriage
and family planning offices) through materials (posters and brochures) containing fundamental
messages on the characteristics of the disease and the methods of prevention.
5. The efficiency of the technical screening process, to avoid inconclusive examinations, as
much as possible, to prevent or reduce anxiety.
6. Recognition of the crucial role of genetic consultation in screening programs. It must be nondirective and based on confidential meetings with the couple and/or the individual bearer. The
essential elements to discuss during genetic consultation include the natural history of the disease,
available treatments, prognosis, research perspectives, and information on available options
(terminate the relationship, maintain the relationship without conceiving, use of prenatal,
preconceptional, or preimplantation diagnosis, and in vitro insemination from healthy donors).
Accurate information on the risks and benefits must be provided for these different technologies.
7. The need to inform relatives about the risk, once a carrier of an autosomal recessive disease
has been identified. This information must be communicated by the identified bearer.
8. The ongoing critical review of the heterozygote screening programs.
9. The need to disseminate these programs in developing countries. This is particularly valid
for β-thalassemia and SCA, which are extremely frequent in such places.
3. Cancer Genetics
Cancer affects more people than any other disease. About half of the world’s population is likely
to get diagnosed with cancer during their lifetime [53]. Cancer is one of the most complex and
widespread pathologies in the current clinical epidemiological panorama. The complexity of
oncological pathology depends on some biological and clinical characteristics peculiar to malignant
tumors, such as multifactorial etiology, biological heterogeneity, variability of clinical manifestations,
and natural history of the disease. Also, the complexity is related to the extreme diversification of
the response to different treatments, in particular, to medical therapy, due to the histological type
and biomolecular properties, the site of onset of the neoplasm, and the severity of health,
psychological, and social issues raised by the recognition of the disease and its progress towards
chronicity or towards the terminal phase. Disease spread is also a quantitative datum, which, like
biological and clinical complexity, places the need for cancer control among the top priorities in the
field of health protection.
In recent years, research has shown that cancer development is determined by the altered
function of one or more oncogenes (favoring tumor development) and/or of tumor suppressors
(inhibiting tumor development) [54]. High-risk population or subpopulation screening for the
identification of carriers of cancer-predisposing genes is a future possibility that is already under
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debate. Currently, the search for cancer predisposition is limited to families showing at least one
patient with hereditary cancer. The possibility of the existence of a predisposition to the
development of hereditary cancer in a family is suggested by the presence of the following
conditions in one or more members [55]:
1. The onset of cancer at an unusually young age for that type of tumor
2. Bilateral or multifocal development in a single organ
3. The development of several types of primary tumors in one individual
4. The development of cancer in an individual or in a family in which there are members with
congenital anomalies
5. Families in which an inherited cancer-causing mutation has already been identified
Hereditary cancers are due to mutations in specific genes. Mutational analysis of genes
implicated in the development of tumors can be performed to diagnose hereditary cancer in an
affected individual and/or to find family members at risk after identifying a specific mutation in a
relative. As with other hereditary diseases, the study of family members must be preceded by a
thorough genetic consultation, illustrating the advantages (application of preventive methods) and
disadvantages (stigmatization and loss of self-esteem). It is necessary to acquire informed consent
that illustrates several crucial points, providing information on the type of test, the implications of
a positive/negative result, the possibility that the test is not informative, the risk of transmission of
the defect, and the possibility of psychosocial repercussions. For studies involving children and
adolescents, the above considerations apply to late-onset hereditary diseases. Screening of children
and adolescents should be limited to early-onset pediatric cancers, such as RB and
polyposis/colorectal cancer [56-58]. In the last 25 years, advances in molecular genetics have made
genetic testing of inherited mutations in cancer-predisposing genes possible. The exact cellular role
of these genes, as well as their carcinogenic potential, are still unknown. Inherited genetic mutations
play a significant role in the polygenic and multifactorial nature of cancer in just 5-20% of cases. Of
clinical importance is the identification of hereditary cancer syndromes, predictive genetic testing,
and counseling of women and family members at elevated risk. Presymptomatic screening tests and
appropriate programs for early cancer detection, prevention, and clinical follow-up are still being
debated [59].
Gynecological cancers, which mostly include uterine, ovarian, and cervical cancers, account for
95,000 new cases in the United States (US) annually [60]. The most prevalent cancer is uterine
cancer, and the number of new cases and deaths has been due to that. Cervical cancer has declined
as a result of preinvasive cancer screening, early detection, and treatment. Ovarian cancer, on the
other hand, remains the most fatal cancer due to diagnosis at an advanced stage and drug resistance.
At presentation, uterine and cervical cancers are often located in the primary organ, while ovarian
cancer is disseminated in the peritoneum and upper abdomen. Surgery is usually the first line of
treatment for ovarian cancer, followed by systemic therapy for more advanced cases. Systemic
chemotherapy, which includes platinum, taxanes, doxorubicin, topotecan, and gemcitabine, was
previously the gold standard in either the upfront or recurrent environment. Over the last three
years, molecular and genetic breakthroughs have resulted in the approval of over eight new
indications and five novel biological therapies, including antiangiogenics, poly-adenosine
diphosphate (ADP)-ribose polymerase (PARP) inhibitors, and immune-therapies [60]. Hereditary
syndromes cause 10% of all gynecological cancers, with hereditary breast-ovarian cancer and
hereditary nonpolyposis colon cancer syndromes, also known as HBOC and Lynch syndromes,
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respectively posing the greatest risk [61]. Both lead to ovarian cancer and predispose individuals to
endometrial cancer. The Cowden syndrome is linked to endometrial cancer, and Peutz-Jeghers
syndrome is linked to an elevated risk of ovarian, uterine, and cervical cancers, while Li-Fraumeni
syndrome patients are more likely to develop ovarian and endometrial cancers. Although these
syndromes are all linked to gynecological cancers, it is still unclear if these tumors have any
epidemiological, clinical, pathological, or imaging characteristics that might allow intervening
physicians to suspect a hereditary syndrome in patients with no established genetic risks.
Furthermore, both the screening and monitoring systems are fraught with controversy. The ovarian
high-grade serous carcinoma (HGSC) that occurs in the fallopian fimbriae is the most common cause
of HBOC syndrome [62]. Endometrial tumors associated with Lynch syndrome have a wide range of
histological characteristics and a preference for the lower uterine section. The majority of ovarian
cancers linked to Lynch and Cowden syndromes are non-serous, typically endometrioid. PeutzJeghers syndrome is closely linked to the ovarian sex cord tumor with annular tubules (SCTAT) and
cervical adenoma malignum. Hereditary gynecological tumors, unfortunately, do not seem to have
distinguishing imaging characteristics [63]. The appropriate use of tumor markers in patients with
gynecological cancers might have a significant effect on disease management. Outside clinical trials,
their value in ovarian cancer screening cannot be recommended. Increased levels of different
markers may provide prognostic information for patients with early ovarian or cervical carcinoma,
which may change their treatment options. The primary utility of tumor markers is in tracking
treatment response and confirming relapse, for which they can outperform scans [64-67].
4. Genetic Screening
4.1 Overview
Despite uterine cervical cancer being considered a preventable disease, it remains the second
most common malignancy in women worldwide, with a higher incidence in underdeveloped
countries [68]. Cervical cancer represents a very relevant disease from a health and social
perspective. Around 528,000 new cases are diagnosed every year globally and, of these, 85% are
from developing countries, where it represents almost 12% of all female cancers [69]. Data from
the National Cancer Registries show that, in Italy, cervical cancer incidence and mortality from 1980
to 2015 have continuously decreased [70]. Mortality from uterine cancer decreased by more than
50% in the last 40 years, going from 14 cases per 100,000 women in 1955 to 6 cases (with two deaths)
per year for every 100,000 women in 1990. Data from the Italian National Statistics Institute (ISTAT)
do not differentiate between deaths attributable to cervical cancer or endometrial carcinoma.
However, information from population analyses, taking birth cohorts into account, allow
approximate differentiation between the two types of cancer, as cervical cancer has an earlier onset
than endometrial cancer [71]. The reduction in mortality was observed mainly for the younger
cohorts, indirectly suggesting that much of it was due to decreased mortality from cervical cancer.
It is currently estimated that, in Italy, about 3,600 new cases of cervical cancer are diagnosed
annually, with at least 1,700 registered deaths [72].
Epidemiological studies conducted at the beginning of the second half of the 20 th century showed
that cervical cancer was infectious and was transmitted by sexual intercourse [73]. For around 15
years, herpes simplex virus type 2 (HSV2), the genital herpes virus, was suspected to be the
etiological agent. This hypothesis was disproved just when the first convincing evidence was
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produced that the Human Papillomavirus (HPV) was the causative agent of cervical cancer (99.7%
of cases) [74]. Many findings from the 1980s and 1990s unequivocally confirmed that HPV was the
causative agent [75]. The most dangerous type of HPV, among over 100 HPV types, are the types 16
and 18, which together account for over 70% of cervical cancer cases and, very likely, for most of
the other malignancies of the anogenital region and the oropharynx [76]. HPV infections are a
leading cause of virus-associated cancers of the anogenital, oropharyngeal, and cutaneous
epithelium [76]. HPV is necessary for the development of cervical neoplasia. Progress in our
understanding of the epithelial biology of this common pathogen has greatly influenced current
concepts of cervical carcinogenesis. This knowledge has provided a framework for understanding
the biological basis of many diagnostic criteria. Furthermore, classification schemes, diagnostic
testing, and clinical management have been modified and clarified in light of this knowledge [77].
As a DNA virus, HPV type 16 has a relatively stable genome that is hypothesized to have co-evolved
with its host over the millennia [78]. Nevertheless, among the “wild” populations of HPV-16 that
are in circulation, a large number of variants have been identified, and these may have considerably
different pathogenic potentials [79].
HPV is mainly transmitted by sexual contact and is detected in over 99% of cases of cervical
cancer. While most women will become infected during their sexual lives, only a small percentage
of those infected will develop cancer [80]. Therefore, HPV infection is not enough to trigger
malignant transformation; other important co-factors play a role in the multistep phase of tumor
formation. The long gap between primary infection and cancer emergence indicates that other
environmental and host factors, such as sexual activity, immune status, genetic predisposition,
nutritional status, tobacco use, and socioeconomic status, are involved in tumor formation.
However, in the absence of HPV, these co-factors are irrelevant. In the screening and diagnosis of
cervical neoplastic lesions, Pap testing (Pap smear) and HPV DNA testing are used. In the prevention
of HPV infection, HPV vaccination tends to be cost-effective. The development of sophisticated
targeted therapeutic approaches, such as antisense oligonucleotides against HPV oncoproteins,
could benefit from a detailed understanding of the mechanisms that underpin HPV carcinogenesis
[81]. Cervical cancer has an inherited aspect, which is linked to genetic vulnerability, according to
recent population-based twin and family studies [82]. As a result, SNP markers and microsatellites
should be considered when assessing the genetic factors involved in precancerous changes in
cervical cancer. Combinations of genetic factors, such as SNPs and microsatellites, can influence the
risk associated with complex multifactorial diseases, such as cervical cancer, according to some
studies [83-84].
HPV infects epithelial cells in the cervix’s transition region. HPV infection is most common in
young people, similar to other sexually transmitted diseases (STDs). However, since most people
develop an efficient type-specific immune response, this viral infection is usually temporary. Genital
warts affect about 1% of the population, and cervical precancerous lesions affect 4% of women,
which may be low-grade squamous intraepithelial lesion (L-SIL) or high-grade SIL (H-SIL) [85]. These
lesions, which are most often seen in women between the ages of 35 and 40, have a high chance of
progressing to invasive cancer. HPV DNA inclusion into the host genome and overexpression of viral
“early” oncogenes (E6 and E7) results in the formation of premalignant and malignant cells. By
avoiding the growth control exerted by tumor protein 53 (TP53) and RB protein 105, cells gain a
proliferative advantage (p105Rb). Both cellular proteins are inactivated by E6 and E7 proteins,
respectively. Aneuploidy and karyotypic anomalies are also important occurrences in tumor
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development [85]. When high-risk HPV infects the cervical epithelium, it might cause active or
transforming cervical intraepithelial neoplasia (CIN) lesions, which can have similar morphology.
Aberrations in host cell genes accumulate over time in transforming CIN lesions, which is necessary
for cancer progression. Early and advanced transforming CIN lesions can be differentiated based on
epigenetic changes. This paves the way for new molecular methods for the screening, diagnosis,
and management of the precursor lesions in cervical cancer [86, 87]. Thus, testing of molecular
targeted therapies against this malignancy is highly desirable. The development of cervical cancer
is a multistep process that begins with the accumulation of genetic and epigenetic changes in
regulatory genes, which leads to oncogene activation and the inactivation or loss of tumor
suppressor genes (TSGs). In the last decade, epigenetic inactivation of TSGs by promoter
hypermethylation had been recognized as a significant and alternative mechanism in the genesis of
tumors besides genetic alterations. Epigenetic changes in cervical cancer can affect the expression
of HPV and host genes at different stages in the multistep carcinogenesis process [88]. Several
epigenetic changes occur in HPV and host cellular genomes during cervical carcinogenesis, including
global DNA hypomethylation [89], hypermethylation of the core TSGs [90], and histone
modifications [91]. Epigenetic modifications are reversible, making them a priority for
transcriptional therapies, including DNA methylation and histone deacetylase inhibition. To date,
studies in patients with cervical cancer have shown that demethylation and histone deacetylase
inhibition can reactivate the expression of hypermethylated and silenced TSGs, as well as, the
hyperacetylation and inhibitory effect on histone deacetylase activity in tumors [92]. Furthermore,
the identification of epigenetic changes in cytological smears, serum DNA, and peripheral blood
could lead to the creation of new biomolecular markers for early detection, response prediction,
and prognosis [93, 94]. In cervical carcinogenesis, DNA methylation is an early and common
molecular alteration. During cervical carcinogenesis, methylation of the HPV long control region
(LCR) and “late” gene (L1) is normal, and it increases with the severity of cervical neoplasm. In
invasive cervical cancers, the L1 gene of HPV-16 and HPV-18 are repeatedly hypermethylated, which
could be used as a clinical marker of cancer progression [95-99]. Furthermore, in cervical precursors
and invasive cancers, promoters of TSGs involved in many cellular pathways are methylated. Some
of them are linked to squamous cell carcinomas (SCC), while others are linked to adenocarcinomas,
L-SIL, or atypical squamous cells of unknown significance (ASC-US). For this methodology to be
clinically applied, however, consistent panels must be validated. Demethylating drugs can even be
used to revert methylated TSGs, which might be an alternative anticancer therapy. However,
demethylating drugs with no carcinogenic or mutagenic properties must be detected and confirmed
first [100].
The pathogenesis mechanisms of cervical cancer are not well understood currently. As
mentioned earlier, the inactivation of TSGs and activation of oncogenes have been shown to play a
role in carcinogenesis induced by genetic and epigenetic changes. Previously, it was widely assumed
that genetic mutations, especially somatic mutations in TSGs, were key events in tumor
pathogenesis. With a better understanding of tumors in recent years, evidence has shown that
aberrant hypermethylation of 5’—cytosine (C)—phosphate (p)—G (guanine)—3’ (CpG islands or CGI)
in promoters causes epigenetic silencing of certain genes [101]. Carcinogenesis and metastasis are
also aided by histone alteration. Rather than variations in DNA sequences, epigenetics applies to
heritable changes in gene expression triggered by regulatory mechanisms. DNA methylation,
chromatin remodeling, histone modification, and micro-ribonucleic acid (miRNA) regulation are
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examples of epigenetic processes. These changes, taken together or separately, enable researchers
to create methylation profiles, histone modification maps, and expression profiles that are specific
to this pathology and can be used as screening, early detection, or prognostic markers in cervical
cancer [102]. Understanding the genetic and epigenetic changes linked to the development of
cervical cancer may lead to the development of molecular biomarkers that can be used for screening,
diagnosis, and treatment of cervical cancer precursor lesions [103]. In invasive cervical cancer (ICC),
epigenetic alterations such as dysregulation of miRNA expression are common. The mechanism and
function of miRNA dysregulation in cervical carcinogenesis are still unknown. MiR-29a and miR-21
are most commonly downregulated and upregulated in ICC progression, according to studies
examining miRNA expression in ICC progression [104-108]. MiR-10a, miR-20b, miR-9, miR-16, and
miR-106 have all been found to be dysregulated in microarray-based studies [109-115]. In cervical
exfoliated cells, miR-34a, miR-125, and miR-375 were also found to be dysregulated during cancer
progression [116-117]. The importance of miRNA in ICC progression and early development is
becoming increasingly apparent. Presently, studies are primarily conducted according to
convenience, which leads to selection bias, and are often limited in size — these factors restrict our
understanding of the role of miRNA in ICC. The use of a tailored approach rather than a genomewide investigation also prevents the detection of all related miRNA. Deep sequencing on large-scale
population-based studies will aid in the discovery and validation of the connection between altered
miRNA expression and cervical cancer progression, allowing biomarkers to be identified. Small basic
miRNA signatures could be used in screening once they have been evaluated using a miRNome scale
[118, 119].
The existence of a somatic or germline breast cancer (BRCA) mutation is now accepted as a
standard of care to select patients with ovarian cancer for treatment with PARP inhibitors. During
the clinical development of the PARP inhibitor class of drugs, it was discovered that a subset of
women without BRCA mutations responded to them (termed “BRCAness”) [120]. Other genetic
defects causing homologous recombinant deficiency (HRD) were thought to make BRCA wild-type
cancers more susceptible to PARP inhibition [121]. These other causes of HRD are also being studied
at the molecular level. Individual gene defects, such as the recombination protein A 51 (RAD51)
mutation and the checkpoint kinase 2 (CHEK2) mutation, homozygous somatic failure, and wholegenome properties such as genomic scarring are among them. Testing this in patients with ovarian
cancer, as well as with endometrial and cervical cancers, is possible when selecting patients for
molecular therapy targeting DNA repair. The use of HRD assays and multiple gene sequencing panels
to select a larger group of patients for PARP inhibitor therapy is being investigated. Mismatch repair
(MMR), checkpoint signaling, and non-homologous end-joining (NHEJ) DNA repair are all non-HRD
targets for exploiting DNA repair defects in gynecological cancers [122-125].
The widespread adoption of high-throughput next-generation sequencing (NGS) technologies
has allowed for massive parallel tumor tissue sequencing, revealing new information about tumor
biology and advancing personalized medicine. In gynecological cancer, a large number of targeted
agents have been studied, and some have been approved by the US Food and Drug Administration
(FDA), such as PARP inhibitors in ovarian cancer, bevacizumab in ovarian and cervical cancers, and
pembrolizumab in microsatellite-unstable or MMR-deficient endometrial cancer. Identification of
predictive biomarkers capable of guiding the selection of the appropriate medication for the patient
is critical for improving the efficacy of targeted therapy. To promote faster adoption of a genotyping
approach in treatment selection, various limitations must be addressed, such as the ability to easily
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evaluate tumor heterogeneity and clonal evolution along disease trajectory, as well as, the need for
novel trial designs, such as adaptive or basket trials incorporating molecular features as selection
criteria. Detailed examination of the genomic characteristics of exceptional responders could lead
to a better understanding of tumor biology, the mechanism of action of a particular target agent,
and the discovery of predictive biomarkers for future studies [126].
4.2 Prevention
The discovery of high-risk HPV forms as a necessary cause of cervical cancer opens up the
possibility of successful primary prevention and increased productivity in cervical screening
programs. However, to take advantage of these opportunities, a better understanding of the natural
history of HPV infection and its relationship to the development of cervical epithelial abnormalities
is needed [127]. Persistent high-risk HPV can progress from a beneficial (virion-producing) to an
abortive or transforming infection, with cancer developing as a result of the host’s genetic
mutations. However, it is uncertain which precancerous lesions advance and which do not; the
majority of precancers identified by screening are treated, resulting in overtreatment. Following the
discovery of HPV as a carcinogen, successful preventive vaccines and responsive HPV DNA and RNA
tests were developed. Vaccination services (the ultimate long-term prevention strategy) and HPV
test screening could drastically alter the landscape of HPV-related cancers if used together. Since
HPV testing provides more reassurance when the result is negative, it is likely to replace cytologybased cervical screening. However, ensuring that HPV vaccination and screening are implemented
effectively around the world remains a challenge [128-131]. One of the most important reasons that
explain the variation in the incidence, prevalence, and mortality from cervical cancer across
geographical areas is the lack or inefficiency of screening programs. Screening programs can be
implemented through:
1. Primary prevention, i.e., vaccination; and
2. Secondary prevention, i.e., Pap smear, thin layer cytology, and HPV testing.
4.2.1 Primary Prevention
Primary prevention involves interventions aimed at changing social habits, improving the health
and cultural status of women, along with the use of suitable measures to avoid or reduce infection
through extensive vaccination programs. Primary prevention is based on the principle that to
decrease the risk of a disease, the level of exposure to agents, which either cause the disease or
increase the risk to contract it, must be avoided or minimized as much as possible. The results of
the primary prevention of chronic degenerative diseases, including cancer, however, may remain
unfruitful for a long time, and hence, not quantifiable. This often undermines the importance of
primary prevention, especially when the quantitative assessment of the risks and benefits for the
comparison of the exposure to specific substances is difficult. While there is no valid reason to
believe that the carcinogenicity of certain chemical substances remains limited within factories or
to the one voluntarily smoking tobacco, the difficulty in demonstrating a statistical significance of
the data can sometimes be adduced as sufficient evidence for harmlessness. Thus, although
epidemiological evidence suggests that even average or relatively low pollution levels can have
adverse health effects, environmental concentrations of pollutants directly related to energy
production and consumption, activities of some industries, and massive use of some industrial
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products, like cars, continue to increase. Advances in scientific knowledge on the mechanisms
underlying the multifactorial and multistage process of carcinogenesis are highly beneficial for the
improvement of diagnostic and therapeutic tools, as well as for the refinement of primary
prevention initiatives. It is therefore desirable that primary prevention measures are taken after
considering all the available facts and information. This brings up the need for institutional
consultations on tobacco policy and measures for the protection of workers and the general
population at risk from asbestos, or the development of transport policies that reduce
environmental contamination of urban areas. We must be aware that we cannot wait to get all the
information and data (which the currently available technology is unable to provide anyway) for the
adoption of preventive measures. It must be emphasized that even if only weak or inconclusive
evidence is available for the carcinogenicity of a substance, this should be treated as sufficient
reason to take preventive or precautionary action to alleviate long-term, irreversible effects on
public health.
Vaccination directly targets the causative agents of precancerous lesions and cervical cancer.
Thus, intense research has been conducted to produce prophylactic vaccines against specific HPV
strains [132]. Prophylactic strategies concentrate on eliciting successful humoral immune responses
that might protect against HPV infection in the future. Induction of capsid-specific neutralizing
antibodies might help to prevent HPV infection. Virus-like particles (VLPs) have been synthesized
using recombinant techniques to express the L1 main capsid protein to induce neutralizing antibody
responses, and remarkable immune-prophylactic results have been demonstrated in humans and
other animals [132]. HPV VLP vaccines induce high titers of conformationally-dependent, typespecific HPV-neutralizing antibodies. Overcoming type-specificity issues with responses to VLP
vaccines is a potentially important field of current HPV vaccine research, with a focus on inducing
broad and cross-protective neutralizing responses. Techniques to enhance cellular immunity by
improving viral antigen recognition are being investigated as a treatment for existing HPV infections.
Thus, the current clinical trials on cervical cancer have focused on the oncogenic proteins E6 and E7
of HPV-16 and -HPV-18. The viral oncogenes E6 and E7 are present in HPV-related cancers and are
potential targets for HPV therapeutic vaccines [133]. In clinical trials of therapeutic vaccines with
various preclinical animal papillomavirus models, several approaches are being evaluated for
efficacy. To increase cell-mediated immunity to papillomavirus proteins found in HPV infections and
cancers, researchers have used genetic vaccines [134], recombinant virus vaccines [135], dendritic
cell-based strategies [136], immunomodulatory strategies [137], and various combination strategies
[138]. The effectiveness of HPV VLP vaccines for prevention is undeniable. The current vaccine
clinical trials, on the other hand, have been less successful in disease clearance. Nonetheless, several
combination approaches have shown substantial therapeutic improvement in preclinical
papillomavirus models and are being tested in patient populations to determine which one is the
most effective. The successful development of HPV-specific vaccines could provide an appealing and
cost-effective alternative to current cervical cancer screening and treatment programs [139, 140].
They are nearly 100% safe, only mildly reactogenic, and are among the best vaccines ever created.
The disadvantages of anti-HPV vaccines include the fact that the benefits can take 20 to 30 years to
manifest, and that they do not provide immunity against all oncogenic HPVs. Hence, it is important
to continue organized cytological screening, which will remain the primary tool for cervical cancer
prevention for many decades. Other vaccines, besides VLP-based vaccines, are likely to be in
development, including those that might either be able to inhibit an already progressing infection
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or be used in cervical cancer immunotherapy [141]. Vaccination of girls aged 8 to 14 years is the
most effective strategy. Other methods to consider include vaccinating teenage and non-sexually
active women, as well as sexually active women. Primary prevention techniques should be
developed in tandem with secondary prevention by redesigning screening systems. The cooperation
of public health agencies, the collaboration of health workers from various areas, and enhanced
public awareness are needed for the effective implementation of vaccination programs [142]. Other
immunotherapeutic options against HPV-associated diseases, such as therapeutic vaccines, are
constantly being investigated. By modulating dendritic cells and cytotoxic T lymphocytes,
therapeutic HPV vaccines improve cell-mediated immunity against HPV E6 and E7 antigens [143].
Immune checkpoint inhibitors have only recently been approved for use in the treatment of HPVrelated cervical cancer [144-147]. In Italy, since 2007, public vaccination against HPV is conducted
for all girls who are 12 years old, as the vaccine neutralizes the virus when it is present only in the
vagina. The site-specific activity of the vaccine makes it ineffective in women who have already been
infected [148]. Vaccines have not replaced screening, but this needs to be changed. Vaccines can
more easily reach the sections of the population that are reluctant to participate and trust screening
programs, and this is important because most cervical cancers occur in women who do not undergo
Pap smears [149-151].
4.2.2 Secondary Prevention
Secondary prevention includes Pap smears, liquid-based or thin layer cytology (LBC), and HPV
detection (HPV tests). The objectives of secondary prevention require clinical-therapeutic measures
aimed at:
1. Diagnosis of the disease in its early stages; and
2. The greater effectiveness of therapeutic interventions
One of the most promising approaches to reduce the emergence of cancer is early detection.
Early detection also plays an important role in the treatment of cervical and breast cancer, and it is
expected to play an even bigger role in the treatment of colorectal, prostate, and lung cancer in the
future. The introduction of new molecular technologies that can detect cellular changes at the
genome or proteome level has recently re-energized early detection science [152].
The term “oncological screening” refers to the overall efforts made to identify tumors at an early
stage. These studies are conducted on subjects who do not have any signs or symptoms of a
neoplasm. It is possible to include the entire population over a certain age, only one sex, or only
subjects with a high risk of developing cancer due to genetic, professional, or discretionary reasons.
When risk factors that can be prevented are identified, screening programs should be combined
with campaigns aimed at cancer prevention by appropriate measures. The objective of cancer
screening, on the other hand, cannot be limited to the detection of a larger number of tumors.
Screening is worthwhile only if it decreases overall mortality or, at least, mortality for a specific
tumor. Screening can also allow the diagnosis of a disease when there is a chance of recovery, which
is more difficult when the disease is detected, i.e., when signs or symptoms appear. This is why not
all cancer screening campaigns are equally successful. Every year, about 150,000 people die in Italy
due to cancer [153]. If detected early enough, some of these tumors can be treated successfully.
Noninvasive procedures can be used to detect cervical cancer. Pap test is a screening method that
is used globally and can be performed on an entire healthy population that might be at risk of
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contracting cancer. Screening programs have been started hoping to save many of the
approximately 270,000 new cancer cases registered annually. Screening is performed according to
the national guidelines to ensure quality; these protocols are subject to change over time to
incorporate new information or to correct any system errors. The following is a simplified procedure
for a potential cancer screening route:
1. Following the selection of the target demographic, for example, all women aged 25 to 64
years (in the case of cervical cancer monitoring), all the individuals are sent an invitation letter with
the date and time of the appointment, which is scheduled according to the hospital’s acceptance
capability.
2. The patient is examined, which may or may not include a Pap smear, depending on the
person and the type of cancer to be monitored.
3. Once the test results are available, they are communicated to the individual concerned, who
are notified by mail and recalled for a second test at a later date. In case of positive results, the
patient is contacted over the telephone and suggested to undergo additional examinations; the
patient is said to be in “phase two” of their treatment.
4. In phase two, which is only applicable for a limited percentage of those who were tested
initially (usually less than 3-5%), detailed tests are performed, which, depending on the person and
the type of cancer, might include cytological and colposcopic examinations, removal of a fragment
of tissue (biopsy) and subsequent histological analysis, and additional tests such as ultrasound,
radiography, computerized tomography (CT), MRI, and positron emission tomography (PET), among
other tests. In case of negative results, the patient is contacted for new control tests at a later date;
in case of positive results, the patient is recommended an oncological therapeutic strategy and/or
surgery to treat the diagnosed tumor.
5. Once the treatment is over, the patient enters a follow-up regimen in which the tumor is
tracked over time to determine whether it has been removed successfully or is still growing.
Substantial reductions in the incidence and mortality from cervical cancer have been observed
after the introduction of prevention campaigns with the implementation of cervical screening
programs through Pap tests and, in particular, following the introduction of organized programs,
which guarantee a high level of screening coverage, as well as, the quality and continuity of
diagnostic-therapeutic procedures. It is estimated that Pap smear screening every 3-5 years
provides 80% protection from cancer onset [154]. The rationale for introducing population
screening for cervical cancer is based on the possibility of identifying the disease in the
asymptomatic phase when the probability that the disease is in the preinvasive or initial invasive
phase is higher. Pap smear is not aimed at identifying other infections of the female genital system,
although, in some circumstances, it might reveal genital infections and other cancers of the female
genital tract. The Pap test not only identifies very early tumor lesions but also identifies the
preneoplastic lesions. Therefore, screening can not only reduce the mortality from carcinoma
(favoring the diagnosis in a phase in which treatment can be effective) but can also reduce the
incidence of invasive neoplasm through the treatment of preneoplastic forms. The effectiveness of
screening by Pap smear is reflected in the temporal variations in mortality from cervical cancer
across different geographical areas. Evidence from active interventions in (more or less) large
populations and non-randomized studies have shown a significant reduction in the incidence of
invasive cancers in women subjected to the Pap test [155]. The extent of the reduction in the
mortality from cervical cancer in a certain geographical area is related to the percentage of the
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population that underwent screening, the age group included in the program, and the participation
by the invited population. The analysis of the different ranges of re-screening adopted and different
age groups included in the programs at a population scale provides information and data that can
be used to calculate the theoretical effectiveness of the different screening policies.
Outside organized cytology screening programs, the Pap test is called “spontaneous screening”.
It has been estimated that, on average, it counts about 3.5-4.0 million Pap tests every year. This
implies that annually one out of every three or four women, aged between 25 and 64 years,
performs the test. Therefore, the number of tests conducted should almost be sufficient to
guarantee coverage in the age group subjected to screening, with re-screening every three years.
However, the actual proportion of women who periodically undergo the Pap test is much lesser,
and often this group performs frequent testing (tests performed annually or even more frequently).
On the other hand, a large part of the female population has never taken the test or perform it
irregularly. This segment of the population that has not undergone the Pap test is at a higher risk of
having cervical cancer; these women should be given priority in active screening programs. In Italy,
the spread of spontaneous Pap tests since the 1960s and the initiation of organized screening
programs two decades ago were the main factors in reducing the incidence and mortality from
neoplasm. Regional screening programs currently cover 84% of the female population aged 25-64
years (2019 data) [156]. It is recommended to conduct a screening program for Italians aged
between 25 and 64 years covering 85% of the female population, with a Pap smear done every three
years through an organized screening program. Spontaneous tests that are not performed according
to these norms should not be recommended. Spontaneous tests must, in any case, not exceed 10%
of the ones performed by organized programs and they must be adequately motivated. Cervical
cancer screening is undoubtedly the most effective cancer screening procedure. Surprisingly, its
efficacy is one of the most compelling arguments against HPV vaccination in countries where Pap
test screening program is well-organized. Pap test is the first screening test for cervical cancer, more
commonly known as the cervicovaginal smear. It has been widely used for over 60 years and kept
virtually unchanged to date. Cervical cancer screening guidelines for sexually active women from 25
to 64 years of age mention that individuals should perform the Pap test by inspecting the material
taken from the cervix with a small spatula and brush the sample under a microscope after staining
it with a clear “thin prep” stain. The test should be repeated every three years. Women who have
been vaccinated against HPV must continue to be screened with Pap tests. The reasons for the
success of this method are:
1. The discovery in 1975 that some cellular morphological changes (koilocytosis) were linked
to the presence of HPV infection.
2. The consensus obtained in 1988 and 2001 on a reporting system capable of making
cytological interpretation more homogeneous and reproducible and establishing a unique
diagnostic study design.
Currently, the most widely used system for reporting cervical cytology is the 2001 Bethesda
system (Table 3) [157, 158].
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Table 3 The 2001 Bethesda system for reporting cervical cytology.
Specimen adequacy:
• satisfactory for evaluation:
◦ presence or absence of endocervical or transformation zone components or other
quality indicators such as partially obscuring blood or inflammation;
• unsatisfactory for evaluation (specify the reason):
◦ specimen rejected or not processed (specify the reason);
◦ a specimen processed and examined, but unsatisfactory for evaluation of epithelial
abnormalities (specify the reason);
General categorization (optional):
• negative for intraepithelial lesion or malignancy;
• epithelial cell abnormality;
• other;
Interpretation/result:
• negative for intraepithelial lesion or malignancy;
• organisms:
◦ Trichomonas vaginalis;
◦ fungal organisms morphologically consistent with Candida species;
◦ the shift in flora suggesting bacterial vaginosis;
◦ bacteria morphologically consistent with Actinomyces species;
◦ cellular changes consistent with Herpes Simplex Virus (HSV);
• other non-neoplastic findings (optional to report):
◦ reactive cellular changes associated with:
▪ inflammation (includes typical repair);
▪ radiation;
▪ contraceptive intrauterine device (IUD);
▪ post-hysterectomy glandular cell status;
▪ atrophy;
• epithelial cell abnormalities:
◦ squamous cells:
▪ atypical squamous cells (ASC):
• ASC of undetermined significance (ASC-US);
• ASC, cannot exclude high-grade squamous intraepithelial lesion (ASC-H);
▪ low-grade squamous intraepithelial lesion (L-SIL):
• encompassing: Human Papillomavirus (HPV), mild dysplasia, and cervical
intraepithelial neoplasia (CIN) 1;
▪ high-grade SIL (H-SIL):
• encompassing: moderate and severe dysplasia, carcinoma in situ (CIS), CIN 2,
and CIN 3;
▪ squamous cell carcinoma (SCC);
◦ glandular cells:
▪ atypical glandular cells (AGC):
• specify endocervical, endometrial, or AGC not otherwise specified (NOS);
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▪

AGC, favor neoplastic:
• specify endocervical or NOS;
▪ endocervical adenocarcinoma in situ (AIS);
▪ adenocarcinoma;
◦ other (not comprehensive list):
▪ endometrial cells of a woman 40 years or older;
Automated review and ancillary testing (include if applicable);
Educational notes and suggestions (optional).
While some screening systems (e.g., Pap smears) have been successful in reducing cancer-related
mortality, no screening program is flawless. Screening procedures are applied to a significant
portion of the population that appears to be stable. Limits for some diseases, in particular, can be
quite evident to preclude the implementation of a systematic screening program. There are two
types of potential drawbacks of formal screenings, organizational and medical. The capacity of a
program to attract the entire target population is limited by the organizational form. A screening
program, no matter how well-organized, is hardly able to cover more than 70-80% of the target
population, and the outcomes of existing programs are often even lower. The ability to reduce total
mortality or individual mortality using a specific screening campaign represents the limit of the
medical form [159-160].
Liquid-based cytology (LBC) was introduced in the mid-90s. By this method, one can achieve a
high-quality monolayer preparation (thin layer) without interference, i.e., a preparation free from
blood and mucus and from layers of superimposed material with few inflammatory elements that
rarely hinder a correct interpretation. Thus, it is more sensitive than the conventional Pap test, has
a lower percentage of inadequate preparations, and has a greater interpretative reproducibility
between operators. Several different LBC techniques have been used, among which, ThinPrep® and
Surepath® have received FDA approval and are widely used methods. The test is very simple and
requires collecting a sample of cervical cells with a cytobrush in the same way as in the Pap test; the
instrument is then shaken in a jar containing a preservative. Slide preparations are automatic, using
an instrument where the suspended cells are collected by aspiration or sedimentation on the
surface of a membrane and then transferred to the slide. LBC also has the advantage of allowing the
application of molecular methods for HPV and the detection of progression markers with
immunocytochemical techniques on the same sample. Regarding this, while selecting the LBC
system, attention must be paid to the characteristics of the preservative liquid, which must be able
to maintain DNA stability at room temperature for a minimum of 30 days and allow evaluation of
ribonucleic acid (RNA). Automated reading systems of cervicovaginal smears prepared in the
traditional way or thin layers have also been introduced. Some systems make an automatic selection
of a quote of smears that can be considered as negative without further review by cytologists,
others select the most “suspicious” fields of each smear, and some combine both approaches. Such
systems have demonstrated a sensitivity comparable to that of traditional reading, and some are
approved by the FDA for primary screening. It is recommended to classify cytological preparations
according to comparable accredited systems and histological ones based on the classification
recommended by the World Health Organization (WHO), using the Systematized Nomenclature of
Human and Veterinary Medicine (SNOMED) code. It is also appropriate to officially adopt conversion
tables between different classification systems. Finally, it is recommended to adjust the medical
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contents of the report as per the directives of the European Economic Community (EEC). Reporting,
registering, and archiving of preparations must be automated, using software and classifications
compatible with the municipal registry data and health registers.
The current specificity of the Pap test in predicting cancer and its progressive premalignant
lesions is minimal. HPV infections can lead to cervical cancer by causing genetic instability,
hyperproliferation, and immortalization of the mucosa. Several molecular markers linked to this
neoplastic mechanism are informative [161]. Quantitative chromosomal and DNA aneuploidy
analysis is a useful method for detecting H-SIL progression [162]. For accurate and repeatable
measurements, a high level of standardization (material handling, calibration and quality control,
measurement, and interpretation of results) is needed [162]. Advances in diagnostic techniques, in
particular, the development of easy-to-use molecular genetic tests, are replacing the use of the
consolidated Pap test as a screening tool. HPV testing, using HPV DNA from exfoliated cervical cells,
has been proposed based on the evidence of the role of “high-risk” types of HPV (especially HPV16, 18, 31, 33, 45, 51, 52, and 56) as the etiological agent of cervical cancer [163]. A significant
increase in the validity of the available techniques allowed to demonstrate the presence of “highrisk” HPV in a high percentage of both invasive cancers and H-SIL, while the prevalence was low in
the healthy population and moderate in L-SIL [164]. The HPV test is always performed on a small
sample of cells taken from the cervix, as in the Pap test. However, it is not a morphological exam
but a molecular biology exam that allows detecting the presence of HPV by identifying its DNA or
messenger RNA (mRNA). The results of numerous experimental studies have demonstrated a
greater sensitivity of the HPV test compared to the traditional Pap test, at the expense of a lower
specificity, due to two main factors:
1. The HPV test is based on the search for 12-14 types of viruses that have a greater oncogenic
potential [165]; and
2. The HPV test does not discriminate between transient infections and persistent and
productive infections [165].
The most promising uses appear to be:
1. As a secondary selection method for individuals to be recommended colposcopy, among
those with low-grade cytology (L-SIL) or borderline cytology (ASC-US). Management of these cases
is difficult because a non-negligible proportion of the subjects, whose cytology is classified as lowgrade or borderline, actually present high-grade histological alterations (CIN 2-3). Several studies
have consistently indicated the ability of HPV testing to detect a high percentage of these individuals
[166-168]; and
2. HPV typing, by hybrid capture (HC) II or polymerase chain reaction (PCR), in cytologically
negative subjects, for redefining screening intervals.
The most widely used molecular tests are based on the search for HPV viral sequences and
genotyping using molecular biology techniques, such as direct hybridization, qualitative PCR, and
viral nucleotide sequencing. Direct hybridization or HC is a non-radioactive, accurate, and
reproducible method with high sensitivity and is the only method approved by the FDA. It is a liquidphase molecular hybridization test comprising microplate capture of cervical cleavage cells. The test
is capable of determining very low concentrations of DNA and can be used to determine low-risk
HPVs (HPV-6, 11, 42, 43, and 44) and high-and intermediate-risk HPVs (HPV-16, 18, 31, 33, 35, 39,
45, 51, 52, 56, and 58). However, it cannot identify a single viral type nor the exact viral load, which
is calculated semi-quantitatively using a chemiluminescence intensity gradient. The method consists
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of the denaturation of single-stranded DNA, which is hybridized in solution with mixed RNA probes,
where one probe highlights low-risk types and another highlights high-risk oncogenic viruses. Each
reaction mixture containing the formed RNA/DNA hybrids is transferred to a test tube with
polyclonal antibodies directed against the RNA/DNA hybrids adhering to the test tube walls. The
bound hybrids are then reacted with an antibody, directed against the RNA/DNA hybrids,
conjugated with alkaline phosphatase. Any unbound material is removed by washing, and then a
chemiluminescent substrate is added, which binds to the alkaline phosphatase. The light produced
by the reaction is measured using a luminometer in relative light units (RLU).
Real-time PCR is an application of classical PCR and provides more precise quantitative
information on the concentrations of the amplified DNA. Any nucleic acid sequence present in a
sample can be amplified by a cyclic process to generate many identical copies, which can
subsequently be analyzed. PCR is characterized by a series of cycles at different temperatures that
allow denaturation of the target DNA molecules, hybridization of specific primers, and elongation
of the chain by the Thermus aquaticus (Taq) polymerase. Each cycle consists of three stages and can
be repeated 20-40 times. The easiest way to identify a PCR product is to continuously monitor the
progress of the reaction without having to stop the reaction to view it on a gel. Real-time implies
that data collection and analysis occur simultaneously with the reaction. Nucleotide sequencing
allows the nucleotide sequence of a nucleic acid molecule to be read in the correct order and thus,
reveals the type of HPV present. The most commonly used technique in recent years is
pyrosequencing [169-172]. This technique allows DNA sequencing by synthesis. The detection
system depends on the pyrophosphate released when a nucleotide is added to the DNA strand; the
signal is quantitatively related to the number of bases added and detected in a pyrogram. The
genome of the different types of HPV viruses is different, and therefore, generates different types
of pyrograms, thus identifying the virus accurately. However, the method is not easy to use, it
cannot be automated, and it is very expensive [173, 174].
Modern imaging methods aid in the detection of small tumors in the parts of the body that are
difficult to reach. Thus, minimally invasive procedures are used, including fine needle aspiration
(FNA), to sample cellular material. Tumor cells should be identified for prognostically important
features for optimal care. FNA and exfoliative cytology are used to examine primary and metastatic
neoplasms, as well as individual disseminated cells in solid tumors. Immunochemistry and PCRbased molecular studies help in the identification and genotyping of tumor cells. Immunostaining,
in particular, necessitates laboratory procedures tailored to cytology samples. Cell image analysis,
particularly for DNA ploidy and chromosomal fluorescence in situ hybridization (FISH) of interphase
cells, might add predictive value to morphological data. Immunochemistry and PCR of cytological
materials are used to investigate prognostic tumor cell markers. For dissociated solid tumor cells,
cytology must promote translational research and validate the effects of molecular cytogenetics,
such as comparative genomic hybridization (CGH) and complementary DNA (cDNA) microarray
techniques. Newly discovered genetic variations could be assessed for their functional significance
and linked to structural changes in tumor cells [175]. The high sensitivity of array-based technologies,
as well as the identification of panels of molecular fingerprints that are unique to each disease, is
expected to aid pathologists in evaluating cytological samples and tissue biopsies in conjunction
with morphological parameters in the future [176]. This method could usher a new era in diagnosis
and patient care, where each patient would receive individualized treatment based on the
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molecular characteristics of the disease, which could be extracted from a small sample of tissue
[177].
As we have seen, Pap smear is hampered by weak inter-and intra-observer agreement due to
arbitrary test requirements. More reproducible assays might enhance the quality of the current
screening process and prevent unnecessary medical intervention and psychological distress among
individuals. Evidence indicates that HPV infection alone is insufficient to cause malignant changes
and that other host genetic variations play a role in the growth of cervical cancer. Despite the
introduction of screening programs for HPV-related cancers, especially cervical cancer, researchers
continue to discover viral and host biomarkers that might help to identify individuals with precancer
or cancer more efficiently. In both primary screening and triage settings, novel biomarkers that
enable monitoring of these critical molecular events in histological or cytological specimens could
improve the identification of lesions that have a high risk of progression. Biomarker discovery and
detection of molecular targets linked to carcinogenesis have entered a new age owing to advances
in molecular biology and high throughput gene expression profiling technologies. These
breakthroughs have strengthened our understanding of carcinogenesis and will make screening,
early detection, management, and tailored targeted therapy more accessible. Several novel genes
that are differentially expressed in cervical cancer, including some genes involved in cell cycle
control, have been identified using high-density microarrays to determine gene expression profiles
in cervical cancer; p16INK4a, MCM 3, MCM 5, CDC6, Geminin, Cyclins A-D, topoisomerase 2-alpha
(TOPO2), cadmium-containing carbonic anhydrase 1 (CDCA1), and baculoviral inhibitor of apoptosis
repeat-containing 5 (BIRC5) are among them. Real-time PCR has been used to confirm mRNA
expression, and immunohistochemistry has been used to confirm protein expression [178, 179]. To
induce and sustain cervical carcinogenesis, epithelial stem cells must produce two viral oncogenes,
E6 and E7, which results in substantial overexpression of the cellular protein 16-cyclin-dependent
kinase 4 inhibitor (p16INK4a). Since this protein is not expressed in regular cervical squamous
epithelia, searching for p16INK4a overexpressing cells allows one to more precisely identify
dysplastic lesions and eliminates inter-observer variability in traditional cytological or histological
tests. Extensive recombination of the viral and cellular genomes is correlated with the progression
of preneoplastic lesions to invasive cancers, which can be tracked by the detection (amplification)
of HPV oncogene transcripts (APOT assay) derived from combined viral genome copies. Detection
of integrated type oncogene transcripts indicates advanced dysplasia or invasive cancers and thus,
serves as a marker for the progression of cervical lesions [180]. Nonrandom host somatic
chromosomal variations are commonly seen in HPV-related cancers but at varying rates and might
have functional implications. In the case of the 3q26 mutation, there is strong preliminary evidence
that this genomic change can be used as a biomarker for cervical cancer disease progression [181].
The FISH-based HPV-associated cancer test detects genomic imbalance at four loci (3q26, 5p15,
20q13, and centromere 7) on a cell-by-cell basis in cytology specimens in a single hybridization [182].
The FISH-based HPV-associated cancer test, when used as a secondary screening assay, might aid in
the identification of clinically significant HPV-associated diseases and help in patient management
[183].
Since the discovery of the HPV oncogenes E6 and E7, which result in cancer cell senescence,
cervical cancer has been an appealing model to test gene-specific therapies. Antisense
oligonucleotides, ribozymes, and, more recently, small interfering RNA (siRNA)-based therapies
have all been studied as oligonucleotide-based therapies. Cancers, genetic disorders, and viral
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infections have all been subjected to siRNA-based therapies, which have several advantages over
antisense and ribozyme technologies. In vitro testing of siRNA against cervical cancer has yielded
promising results, but the same issues that hampered the clinical development of ribozymes and
antisense oligonucleotides are now posing problems for the siRNA field: target selection, specificity,
and delivery. If these problems are resolved, a variety of new and effective cervical cancer
treatments could be available [184-194].
5. Conclusions
Genetic screening, and its various aspects, has proven to be a valid medical process, as it can
prevent the emergence of potentially serious genetic diseases and/or can help prevent the birth of
newborns with fatal diseases. In the next few years, it is expected that genetic screening will be
extended to primary and secondary prevention of complex diseases and the identification of the
efficacy and possible side effects of drugs, thus allowing the formulation of personalized medicine.
For the medical procedure to be successful and not lead to negative effects, it must be preceded
and followed by a thorough genetic consultation that illustrates its advantages and disadvantages
[195]. The latest guidelines of the American Cancer Society (ACS) for early detection of cancer in
asymptomatic individuals, which have been updated almost 40 times, provide screening
recommendations for breast, colorectal, prostate, and cervical cancers, among other cancers, based
on patient age, experience, environmental and/or occupational exposures, and other factors. The
differences between the public health guidelines for screening and the individual decisions about
early detection tests are an important matter for both the general public and health care providers.
While newer technologies, such as genetic and molecular markers of risk and disease, are likely to
supplant current screening protocols, a greater use of the technologies available now can
strengthen the efforts to develop a coordinated and systematic approach to early cancer detection
[196].
In gynecological oncology, molecular pathology currently has a limited role in enhancing patient
outcomes. Molecular research, on the other hand, is shedding light on the epidemiology,
pathogenesis, and development of female genital cancers. Prediction of poor outcome in low-risk
cases, more precise staging of multifocal tumors, detection of new precursor lesions, and prediction
of response to various therapeutic regimens should all be part of the future roles. Any patient with
a malignant tumor will benefit from gene therapy in the future. However, the most important task
of molecular pathology will be in the screening and triage of putative cervical cancer precursors, as
well as the prophylaxis of these lesions with HPV vaccines [197]. Cervical cancer is a complex disease
that has sparked research in many areas related to its basic diagnostic and clinical aspects due to its
connection to HPV [198-200]. This association is complicated not only because of the fundamental
nature of the relationship between virus and cancer but also because of how it translates to
pathological diagnosis and clinical management [201]. Studies on the association between HPV
infection and cervical epithelial abnormalities, the molecular epidemiology of HPV infection, and
the possible use of HPV testing as a screening technique, or a method for treating women with Pap
smear abnormalities, are all offshoots of the virus-pathology relationship [202]. The cervical
transformation zone is another important factor in the pathogenesis of cervical neoplasia. The
broad range of invasive and noninvasive lesion phenotypes linked to HPV infection in this area
suggests that not only the virus but also the unique target epithelial cells of the host in the
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transformation zone play a role in the growth of cervical neoplasia. Determining the subtypes of
epithelial cells in the transformation region and their phenotypic response to infection would help
researchers better understand the relationship of the virus with the host epithelium. The complexity
of the molecular interactions contributing to the multiplicity of tumor phenotypes associated with
HPV infection in the uterine cervix will be clarified, if not resolved, by new technologies such as
expression arrays [203-215].
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Abstract
“Epigenetics is the study of how your behaviors and environment can cause changes that
affect the way your genes work. Unlike genetic changes, epigenetic changes are reversible
and do not change your DNA sequence, but they can change how your body reads a DNA
sequence”
(https://www.cdc.gov/genomics/disease/epigenetics.htm).
Epigenetic
interactions, along with the genetic expression in innate cells, change the structure and
function of chromatin, and thus, turn the genes on and off. Epigenetic changes influence
disease load and resistance and play an important role in health maintenance and almost all
medical disorders, and differs significantly with sex and ethnicity. Epigenetic changes may
have either positive or detrimental effects on the immune system. They are long-lasting,
increase a host’s susceptibility to infections and medical pathologies, and affect the efficacy
of vaccines. Recent studies have indicated that detrimental epigenetic changes can be
mended. Safe and effective mechanisms to reverse detrimental epigenetic scars will have
broad medical implications, decrease mortality after infections, and protect the elderly
against infections, autoimmune diseases, and cancer. These therapies might be useful for the
successful application of vaccines in countries where HIV, parasite infestation, malaria, and
other chronic diseases are endemic, and also for a better effect of vaccines in geriatric patients.
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1. Introduction
There is a constant interaction between the external and internal environments of living
organisms and is essential for the normal development and maintenance of health, as well as for
influencing disease load and resistance [1, 2]. The immune system, along with its genetic and
epigenetic components, is essential for survival. In eukaryotes, DNA forms a stable structure with
octamers of histone proteins called nucleosomes and is organized in the cellular nucleus into a
three-dimensional structure. This stable structure is known as chromatin. The opening of the
chromatin structure affects the accessibility of DNA to transcription factors and RNA polymerase II
and is a key factor in determining the rate of mRNA expression [1-4]. The ability to activate a specific
promoter during the genetic expression of DNA depends on its location within the chromatin
network [1-4]. Antigens induce long-lasting immune responses by the activation of specific innate
cells (monocytes and dendritic natural killer cells), which play a central role in immunity. During the
lifetime of organisms, they are exposed to dynamic environmental conditions that might trigger
chemical changes to activate or silence genes. These changes occur above (in Greek, epi, ἔπι) the
DNA and are therefore referred to as epigenetic. This paper reviews the role of epigenetics in
common clinical conditions.
1.1 Definition and Role of Epigenetics in Medicine
Epigenetics refers to the study of the regulation of gene expression not caused by underlying
changes in the DNA sequence. The interactions with the genetic expression of innate cells change
the structure and function of chromatin, turn the genes on and off and control various biological
phenomena [1-4]. Epigenetic changes influence disease load and resistance and play an important
role in health maintenance and almost all medical disorders, such as cardiovascular pathologies [5,
6], diabetes mellitus [7, 8], rheumatoid arthritis [1, 9, 10], obesity [1, 2, 11], and infections [1-4, 12,
13]. Moreover, some epigenetic changes occur in utero and can affect the risk of developing
atherosclerosis later in life [14]. The effects of the immune system differ significantly with sex and
ethnicity [1-4, 15].
1.2 Historical Data
The existence of a specific humoral immunity was detected at the end of the 18 th century [16]
when it was observed that inoculating rabbits with killed Streptococcus pneumoniae (SP) protected
them against infection with SP of the same strain and that infused serum from immune animals
protected non-immune rabbits against infection with the same SP strain, but not from infection with
other SP strains. Tuberculin is a set of proteins extracted from Mycobacterium tuberculosis (M). The
attempt to protect tuberculosis patients with tuberculin was a failure, but it was noted that in these
patients, the inoculation of tuberculin caused a delayed, antigen-specific local inflammation
characterized by the accumulation of lymphocytes and macrophages. The Bacillus Calmette-Guérin
(BCG) is an attenuated strain of Mycobacterium bovis. It was discovered that mice infected with BCG
also developed resistance to M. fortuitum and Staphylococcus aureus (SA) [17]. Other experiments
proved the existence of non-specific protection against infections. Mice infected with BCG or with
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Brucella melitensis also developed resistance to antigenically unrelated bacteria, such as Listeria
[18-20]. Mice infected with BCG were protected against the influenza viruses [21]. Mice infected
with Listeria were protected against the extracellular organism SP [22], against Babesia and
Plasmodium malariae [23], Leishmania donovani [24], and Toxoplasma [25]. All these experiments
demonstrated the existence of non-specific immunity, which was called acquired cellular resistance.
It was suggested that this effect was due to an enhanced, non-specific bactericidal capacity of
macrophages, which had been activated by antigen-specific stimulation. However, some results of
these experiments were not explained. Macrophages from mice that were previously infected with
BCG, Brucella, or Listeria maintained enhanced antimicrobial activity after the infecting organisms
had been eradicated. Also, the acquired resistance persisted without reintroduction of the
sensitizing antigens and was independent of lymphocytes. It has now been established that this
immunological protection is due to long-lasting epigenetic changes in macrophages.
2. Mechanism of Epigenetic Changes
The genetic expression can be altered by direct and indirect epigenetic pathways [1-4, 26]. The
direct pathway can operate in two ways. In type 1 direct pathway, the epigenetic factor directly
exerts an effect on the epigenetic enzymes such as DNMTs, HDACs, HATs, HMTs, HDMs, etc., and
alters the bioavailability of these enzymes in the cells. In type 2 direct pathway, an epigenetic factor
interferes with a biochemical pathway by altering the availability of the metabolites required for
constituting an epigenetic tag. Both forms of the direct pathway can result in aberrant or inadequate
recruitment of epigenetic tags to non-specific promoters randomly, ultimately establishing an
altered epigenetic profile. In the indirect pathway, the epigenetic factor indirectly exerts an effect
on the epigenome by first interfering with any signaling pathway in the cell. Acute exposure to the
epigenetic factor can cause altered expression of growth factors, receptors, ion channels, etc.,
resulting in non-homeostatic cellular processes, thus altering the state of the transcriptional
machinery (bound or unbound to the promoter/enhancer) and its bioavailability in cells. Chronic
exposure to the epigenetic factor might lead to retention of the transcriptional machinery, causing
altered gene expression, as well as aberrant recruitment of epigenetic enzymes. This might
permanently add or remove epigenetic tags at specific promoters and establish an altered
epigenetic profile. Several major epigenetic mechanisms have been described, two of which exert
their effect by influencing chromatin compaction [3, 4]. These may be a) by the acetylation or
methylation of histones associated with DNA; b) by the methylation of the 5′ cytosine residues of
DNA; c) by the release of non-coding RNAs, which also regulate the transcription of DNA; and d) by
the transcriptional processes in DNA that might also be modified by methylation of DNA, where the
binding of transcription factors to the gene promoters is affected. The described epigenetic changes
interfere with the genetic accessibility to promoters and gene transcription in the stimulated innate
cells; chromatin accessibility is increased, and innate cells respond faster and stronger to a second
stimulus. These long-lasting epigenetic changes are antigen non-specific, cross-protective, and are
the basis for trained immunity. Of note, the epigenetic changes may either stimulate or inhibit
genetic expression [1-4, 26].
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3. Epigenetic Clock
The strong effects of aging on DNA methylation levels have been known since the late 1960s, and
the first description of an epigenetic clock was presented in 2009 [27, 28]. A set of differentially
methylated loci can be used to predict aging and the onset of diseases in aging mouse models. Since
age is a fundamental characteristic of most organisms, biological aging clocks and biomarkers of
aging find many uses in research. In 2010, a unifying model of aging and the development of
complex diseases was proposed, incorporating classical aging theories and epigenetics. Horvath and
Raj [28] proposed an epigenetic clock theory of aging with the following tenets: a) biological aging
results as an unintended consequence of developmental and maintenance programs, the molecular
footprints of which give rise to DNA methylation age estimators, b) the precise mechanisms linking
the innate molecular processes (underlying DNAm age) to the decline in tissue function probably
are related to intracellular changes (leading to a loss of cellular identity) and subtle changes in cell
composition, for example, fully functioning somatic stem cells; and c) at the molecular level, DNAm
age is a proximal readout of a collection of innate aging processes that, along with other
independent root causes of aging, lead to the deterioration of tissue function. Horvath's clock [27,
28] was defined as an age estimation method based on 353 epigenetic markers of DNA that measure
the CpG dinucleotides of methylated DNA. The Hannum epigenetic clock, published in 2013, consists
of 71 markers that accurately estimate age based on blood methylation levels [29]. It allows genetic
studies of epigenetic aging, lifestyle factors, obesity and metabolic syndrome, female breast tissue,
cancer tissue, trisomy 21, Alzheimer disease-related neuropathology, several neurologic
pathologies, HIV-infection, developmental disorders, and menopause, and it is also applied for
studying the effects of sex and ethnicity.
4. Epigenetic Changes
The existence of epigenetic changes has been proven in several experiments. Within five days of
initial exposure to BCG or β-glucan (BG), innate cells begin to exhibit more robust responses that
persist for at least one year, long after the disappearance of the initial stimulus [6, 30]. Mice
vaccinated with BG survived the administration of a lethal dose of SA and SP [30-32], Escherichia
coli [33-38], Plasmodium [38], and influenza and yellow fever viruses [2, 36]. Laboratory
experiments have proven that trained immunity is independent of lymphocytes, since mice lacking
B or T lymphocytes, who received pretreated macrophages and were later infected with BCG and
lethal doses of Candida, had robust, antigen-non-specific secondary responses and survived [31, 32].
The epigenetic response is due to increased chromatin accessibility and histone 3 lysine
trimethylation (H3K4 me3) in tumor necrosis factor (TNF) and interleukins (IL), such as IL-β and IL-6.
Consequently, this increases glycolysis, glutaminolysis, and cholesterol synthesis in innate cells, thus
affecting the nucleotide-binding oligomerization domain-like receptors, C-type lectin receptors, and
other pattern-recognition receptors [4, 13, 31-35]. The strong relationship between epigenetic
changes and trained immunity was demonstrated by the finding that the chemical inhibition of
methylation blocked BCG-induced epigenetic changes and trained the immune system [32-34]. The
experimental results were confirmed in humans. Patients were vaccinated with BCG and three
months later were exposed to Candida or SA; their macrophages generated large amounts of IL-6
and TNF [32]. Differentiated innate cells were thought to live only for a few weeks, but trained
immunity was still detected one year after the initial epigenetic-mediated sensitization [6, 13].
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Furthermore, the existence of the long-lasting nature of antigen-non-specific training was proven
by detecting terminally differentiated monocytes with an increased antimicrobial capacity of
hematopoietic stem cells [34-42]. These experiments demonstrated that macrophages could
acquire antigen-non-specific, cross-protective, trained immunity against an array of pathogens. The
pathway was associated with increased glycolysis, glutaminolysis, and cholesterol synthesis in
innate cells with effects on the nucleotide-binding oligomerization domain-like receptors, C-type
lectin receptors, and other pattern-recognition receptors. These changes were due to increased
chromatin accessibility and histone 3 lysine trimethylation (H3K4 me3) in TNF. The strong
relationship between epigenetic changes and trained immunity was demonstrated by the finding
that the chemical inhibition of methylation blocked BCG-induced epigenetic changes and trained
the immune system [33-35]. Many epigenetic changes in sepsis have been described in a recent
review [3]; lipopolysaccharide (LPS) treated monocytes fail to accumulate active histone marks at
the promoters and enhancers of genes associated with the lipid metabolism and phagocytic
pathways. Transcriptional inactivity, in response to a second LPS exposure in tolerized macrophages,
is accompanied by a failure to deposit active histone marks at promoters of tolerized genes. Of note,
exposure to low concentrations of LPS can cause priming, while exposure to high LPS concentrations
results in suppressed responses. Briefly, a high bacterial burden in sepsis can lead to a change in the
state of chromatin and an associated deviation from steady-state function, a phenomenon known
as innate immune memory. The best-characterized outcomes are endotoxin tolerance or trained
innate immunity. Trained immunity can have beneficial effects through the priming of macrophages
for stronger responses to subsequent infections.
5. Detrimental Epigenetic Effects
The epigenetic rewiring of chromatin usually does not induce exuberant or abnormal immunologic effects but might either turn on (stimulate) or turn off (inhibit) genetic expression. Persistent
epigenetic changes after an infection or in some pathologies might induce a detrimental antigen
non-specific immune suppression and make the host susceptible to some microbial pathogens, thus
increasing the risk of future antigen non-specific infections [3-5, 26]. Indeed, detrimental epigenetic
changes play a key role in several medical conditions, such as autoimmune pathologies and cancer
[1-10, 43-46]. In the early 1900s, it was found that clinical flares of tuberculosis occurred during
recovery from measles, and this situation was correlated with suppressed responses to tuberculin
on delayed-type hypersensitivity skin tests [4, 42]. Many observations have proven the biological
impact of detrimental epigenetic changes. Measles-induced immunosuppression increases the risk
of secondary bacterial otitis media, tracheitis, and pneumonia [44-47]. Hepatitis B and C viral infections are associated with an increased risk of SA [45-48] and SP infections [49]. Chronic helminthic
infestations increase the risk of HIV infection by a factor of 2 to 6 [50, 51] and the risk of tuberculosis
by a factor of 4 [52]. Antenatal parasite infestation reduces the efficacy of vaccination in children
[53]. Six months after the successful treatment of schistosomiasis in children, reduced immunologic
responses to BCG occur in the CD4+ T cells due to detrimental DNA hypermethylation [54, 55]. The
infection-related and non-infection-related deaths from all causes are increased after the successful
treatment of tuberculosis [54-56]. An infection with SP is followed by a persistent increase in the
risk of death that is proportional to the severity of the initial infection [57]. After recovery from
sepsis, the risk of death is increased by up to 22% [53], with a prolonged increased risk of secondary
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bacterial infections [52, 55-61]. It was hypothesized that the initial infection is a marker of increased
susceptibility, but it is now known that the suppressed immune response is due to detrimental epigenetic changes in both innate and adaptive immune cells. Persistent detrimental epigenetic
changes have been confirmed by finding that two years after effective antiretroviral therapy, HIVinfected patients retain detrimental epigenetic marks in the genes encoding IL-2 and programmed
death in CD8+ T lymphocytes [54]. Many laboratory experiments have proven the existence of detrimental epigenetic changes. Exposure of monocytes to high LPS concentrations induces a closed
chromatin pattern that epigenetically silences the gene encoding IL-6 with decreased production of
IL-6 and other proinflammatory cytokines on re-stimulation [3, 31, 32]. The monocytes fail to accumulate active histone marks at the promoters and enhancers of genes in the lipid metabolism and
phagocytic pathways. Transcriptional inactivity, in response to a second LPS exposure in tolerized
macrophages, is accompanied by a failure to deposit active histone marks at the promoters of tolerized genes. Macrophages of mice infected with Escherichia coli or the influenza viruses show epigenetic changes with an antigen non-specific decreased capacity to phagocytize unrelated bacteria for
at least six months after the initial infection [57]. In mice, chronic Mycobacterium avium infection
induces dysfunction in stem-cell differentiation [60], and on secondary stimulation, their macrophages have a decreased production of TNF [61]. In mice, chronic lymphocytic choriomeningitis virus (LCMV) infection decreases the production of IL-2, interferon-γ, and TNF in lymphocytes, decreases T-cell proliferative capacity, delays hypersensitivity, reduces antigen non-specific microbial
killing capacity, and reduces immunologic activity by inducing DNA hypermethylation at the promoter region of IFNG that inhibits CD8+ T-lymphocyte immunity [62, 63]; T lymphocytes show exhausted memory [9, 64-66]. Finally, in animal models of sepsis (12 weeks after ligation of the colon),
persistent epigenetic modifications inhibit IL-12 production in dendritic cells, diminish type 1 helper
T-lymphocyte immunity, and skew immunity towards a type 2 helper T-lymphocyte response with
decreased interferon-γ and increased IL-4, IL-5, and IL-13 production [32, 67]. These experimental
data provide strong evidence for the argument that long-lasting epigenetic scarring causes detrimental changes in stem cells.
6. Epigenetics and Aging
Aging induces detrimental epigenetic changes and reduces new immune memory [4, 8, 13, 27].
Immune cells in old people show global DNA hypermethylation and a more closed chromatin pattern at the T-lymphocyte factor 1. This reduces the memory for the formation of immunity and
alters the function of the IL-7 receptor that is required for the survival of memory cells [4, 13, 27,
67]. These changes might explain why the elderly have increased susceptibility to infections, decreased response to immunization, and increased risk of cancer and autoimmune diseases [1, 13,
27, 68].
7. Epigenetics and Medical Pathologies
The pathogenesis of autoimmune diseases has not been fully elucidated, but through genetic
mapping, several candidate variants in autoimmune pathologies have been identified [1-6, 27].
Epigenetic changes interact with DNA transcription factors and play an important role in the
pathogenesis of many diseases, such as arteriosclerosis, cancer, type 1 diabetes, multiple sclerosis,
rheumatoid arthritis, systemic lupus erythematosus, and systemic sclerosis [1-6, 67-74]. Oncologists
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have established the Cancer Genome Atlas and Gene Expression Omnibus public database
repositories to aid in the identification of new therapeutic strategies. Because of the similarities
between induced immune suppression in cancer and chronic infections, the tools identified to
reverse cancer-induced detrimental epigenetic scars also could reverse detrimental post-infectious
epigenetic scars [28, 29, 68-75].
8. Mending Detrimental Epigenetic Changes
A deleterious tolerance after an initial inflammation phase may be reversed. In mice with chronic
LCMV infection, the hypomethylating agent decitabine reversed the detrimental DNA hypermethylation marks in CD8+ T lymphocytes and restored immune functionality [18-20,22-25,64]. In ex vivo
studies, exposure to BG human monocytes with detrimental epigenetic chromatin marks decreased
responsiveness to lipopolysaccharide and restored the production of TNF [71]. In vivo, the LPS-exposed monocytes were rescued through exposure to BG by inducing early active histone dynamics.
Generally, H3K27ac accumulation is accompanied by H3K4 me1 accumulation, mostly at the BGinduced enhancers [28, 30]. These studies showed that the mechanisms controlling monocyte tolerance could also be reverted in vivo to a more responsive phenotype. However, contrary to this
general pattern, LPS-induced active enhancers, associated with inflammatory responses, showed
discordance in time with the accumulation of H3K4 me1, which remained at a higher level in LPSmacrophages compared to their levels in naive-macrophages and BG-macrophages [30-32]. In a
study [30], more than 3,000 de novo macrophage enhancers were found that were modulated in
the opposite direction by BG or LPS exposure. Deposition of H3K27ac and H3K4 me1 at these regions
was accelerated by BG exposure and delayed or completely blocked by LPS exposure. Accordingly,
expression of genes near these elements was induced by BG, peaking 24 hours post-exposure, while
the expression of these genes remained low in the LPS-exposed monocytes. These genes were involved in lipid metabolism and biosynthesis, phagocytosis, and lysosome maturation. The response
of macrophages to infections requires a substantial amount of energy with shifts in metabolism and
energy production, which changes macrophage polarization to M1 or M2 subtypes and establishes
trained immunity [30-32].
Immunometabolic processes are abnormal in atherosclerosis [1-6, 13, 69]. Efferocytosis (the
removal of inflamed and dying cells by phagocytosis) is recognized as a hallmark of atherosclerosis
and is caused in part by the pathologic upregulation of the antiphagocytic signal molecule CD47 [69,
74, 75]. In preclinical studies, CD47 downregulation therapy was shown to reduce atherosclerotic
burden and plaque rupture [74], and the humanized anti-CD47 antibody magrolimab might reduce
vascular inflammation, as quantified by 18F-FDG uptake in the carotid arteries [75, 76]. Some drugs,
such as HMG-CoA reductase inhibitors (statins), reduced the risk of adverse cardiovascular effects
by counteracting detrimental epigenetic modifications that might have occurred in monocytederived macrophages [77]. In elderly patients, BCG vaccination decreased infections (especially
respiratory infections) from all causes and increased cytokine production induced by Candida, and
these positive effects were due to the correction of detrimental epigenetic rewiring [78-80]. In
contrast, BG partially reversed the LPS-induced tolerance in vitro. Importantly, ex vivo BG treatment
of monocytes from volunteers with experimental endotoxemia reinstated their capacity for
cytokine production [28]. The tolerance was reversed at the level of distal element histone
modification and transcriptional reactivation of otherwise unresponsive genes [4, 5]. These findings
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are important steps toward understanding how the tolerized phenotype might be reversed and
ultimately provide the framework for future therapeutic developments in many diseases.
9. Epigenetics and Vaccines
Many available vaccines were developed with an exclusive focus on the infecting agents, the
vaccines, and the adjuvants, but little attention was given to the vaccinated host [81]. Response to
a vaccine depends not only on the nature of the antigen but also on the immune system of the
recipient [82]. We have attenuated live and dead vaccines. Examples of live vaccines include yellow
fever and polio vaccination. A live vaccination can last a lifetime while a dead vaccination requires
regular booster shots throughout life; live vaccines can also be stored without refrigeration [80].
With live vaccines, there is an increased risk for adverse events in individuals with a compromised
immune system, such as patients with AIDS, those treated with drugs that prevent the rejection of
organ transplantation, or those undergoing chemotherapy [82,84]. Multiple mRNA platforms for
vaccination against infectious diseases and several types of cancer have provided encouraging
results and represent a valid alternative to conventional vaccines due to their high potency, capacity
for rapid development, and the potential for low-cost production and safe administration [83]. The
rapid progress in the development of mRNA vaccines would not have been possible without recent
major advances in the areas of innate immune sensing of RNA and in vivo delivery methods. These
vaccines have played a central role in the prevention of the COVID-19 infection, and their efficacy
was related to the induced epigenetic changes in the recipient [84]. Ideally, vaccinations should
simultaneously stimulate classic B-cell and T-lymphocyte adaptive immunity, as well as induce
antigen non-specific innate immune training. Vaccination with the specific antigens Rv0125 and
Rv119 of M. tuberculosis, together with the adjuvant AS01E, induces robust responses in the innate
and adaptive immune cells and provides substantial protection against the progression of
tuberculosis [85]. The vaccine MTBVAC might enhance T-lymphocyte immunity and induce
epigenetically mediated trained immunity, and a study [86] is assessing its effect in SP. The
VPM1002 strain of BCG is bioengineered to lack urease production and includes listeriolysin O, a
toxin that enables Listeria to escape the phagosome. Previous administration of a live vaccine
augmented humoral responses to vaccines against influenza and hepatitis B viruses, SP, and
meningococcus [13]. However, in children, especially in girls, the administration of some dead
vaccines was shown to increase the risk of unrelated, antigen non-specific infections and reduced
the efficacy of some live vaccines. On the other hand, previous administration of a live vaccine
augmented the humoral responses to vaccines against influenza and hepatitis B viruses,
meningococcus, and SP [86]. Also, a study with adolescents [13] found that in the year after BCG
vaccination, the risk of upper respiratory tract infections was reduced by 72%. In the elderly, BCG
vaccination was shown to induce positive epigenetic changes, consequently augmenting the antigen
non-specific innate immunity with a 75% decrease in respiratory infections. Follow-ups from eight
months to five years have proven that BCG, oral polio, and measles vaccines decreased non-targetrelated infections and mortality from all causes [78, 79]. Of note, the effect of BCG vaccination
inhibited systemic inflammation in a sex-dependent manner [88]. Ongoing studies are assessing
whether BCG, oral polio, and measles vaccines might exert an antigen-unrelated immunity and
decrease non-specific infections during the COVID-19 pandemic [83].
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10. Discussion
Modern studies have outlined the key role of epigenetic changes for immunity in innate and
adaptive immune cells in all living organisms. In humans epigenetic effects differ significantly with
the sex, ethnicity, and age. Antigen-specific and non-antigen-specific mechanisms interact and play
a central role in health and diseases. Epigenetic changes may be both beneficial and detrimental.
Identifying the metabolic processes that drive epigenetic changes would help to determine the
methods to interact with the system. Research is walking on the long learning road of epigenetics.
At least some detrimental epigenetic changes can be mended. Innate cells may be reprogrammed
to recover from detrimental changes due to aging and infections. The effect of vaccines may depend
on previous pathologies, the age of the person, the type of the vaccine, and the order in which they
are administered. Safe and effective mechanisms to reverse detrimental epigenetic scars will have
broad medical implications, decrease mortality after infections, and protect the elderly against
infections, autoimmune diseases, and cancer. These therapies might be useful for the successful
application of vaccines in countries where chronic infections are endemic and also for a better effect
of vaccines in geriatric patients.
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Abstract
The methylation effects on protein-DNA interactions, which can be perceived as a special kind
of specificity of transcription factors, have been successfully quantified in the last years by
various methods. In this work, I give a summary about the sequence encoding scheme, the
underlying additive model about specificity and methylation sensitivity, and the regression
strategy to analyze Methyl-Spec-seq data. Then I explain why given the current experimental
setup, it is more appropriate to model the methylation effects based on pairwise comparison
between individual unmethylated and methylated site, rather than the combined regression
of all model parameters together. I also developed a computational package TFCookbook to
demonstrate the analysis procedures step-by-step. At last, it is possible to classify the various
types of methylation effects based on whether or not the consensus site contains CpG
dinucleotide and whether methylation increase or decrease the binding affinity. Additionally,
this specificity modeling and analysis strategy, can be extended to study other types of DNA
modifications in general.

© 2021 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.

OBM Genetics 2021; 5(3), doi:10.21926/obm.genet.2103134

Keywords
Nucleotide encoding; methylation sensitivity; Spec-seq; Methyl-Spec-seq; TFCookbook; CTCF

1. Introduction
The DNA-binding specificity of some transcription factor (TF) refers to the information about its
binding energy (𝛥𝐺) or affinity (𝐾𝐷 ) to one sequence relative to all other possible DNA sequences.
Given this information, we can predict where this TF binds in vivo within the genome, and more
importantly, when some mutations or variations occur within the DNA binding domain of the TF or
cis-regulatory elements (CREs), we can know how the underlying binding patterns change and what
would be the functional consequences. Since there are different types of DNA modifications, e.g.
methylation (mC), hydroxyl methylation (hmC), formylation (fC), carboxylation (caC), and
adenylation etc., the specificity profile should not be restricted to four bases only. Cytosine
methylation within CpG dinucleotide, as one of the most extensively studied modifications in
vertebrates, drew lots of attention in the last decades for its diverse biological functions in
epigenetic silencing [1, 2], imprinting control [3], and genome architecture maintenance [4, 5]. In
the last years, multiple groups have developed high-throughput techniques to discover and quantify
the methylation effects of many different TFs to their underlying binding sites, which seem to be a
ubiquitous phenomenon among many human TFs [6, 7]. One of these methods, Methyl-Spec-seq
[8], developed by the author of this work, can quantitatively assay methylation effects for a few
thousand DNA sequences within one run and exhibits very good reproducibility with resolution
down to ~0.2kT. The original Methyl-Spec-seq paper described the experimental procedures and
the results for a few TFs, but did not present the data analysis protocol to model the methylation
effects in detail. In this work, I give a summary about the sequence encoding scheme, specificity and
methylation model, and regression strategy. Using CTCF as case example, I show that it is more
realistic to model the methylation effects based on pairwise comparison between individual
methylated and unmethylated site, instead of the combined regression of all sequences together,
which would produce biased results even in the absence of methylation effect at all. To implement
such two-step modelling strategy, I developed a computational package TFCookbook to
demonstrate the protocol step-by-step for CTCF and HoxB13. At last, it is feasible to classify the
various types of methylation effects based on the underlying consensus site and the direction of
affinity change. Overall, our experimental method and analysis strategy can be extended to study
other types of DNA modifications in general.
2. Results
2.1 The Canonical 3L+1 Coding Scheme is Used to Model the Specificity of Protein-DNA Interactions
Often people present specificity profile of a TF as position weight matrix (PWM) [9] and visualize
it as some logo, either in terms of information content or log-odds ratios, which are correlated with
but not directly proportional to the binding energy or affinity of each DNA sequence. As highthroughput biophysical measurements become increasingly available, it is advantageous to directly
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model and present the specificity in terms of Gibbs-free energy (𝛥𝐺) with kT or kcal/mol as units,
which we call position energy matrix (PEM). All such models natively assume position-independence
and additivity, i.e., the binding energy of each sequence can be estimated by the sum of
contributions of individual bases at each position, thus for any sequence of length L, we can build
some parametric PEM with 4L independent parameters (𝛽1𝐶 , 𝛽1G , 𝛽1A , 𝛽1T , 𝛽2𝐶 , 𝛽2𝐺 , etc.) to estimate
its binding energy, which we call 4L model. For example, for sequence TACG, we can estimate its
energy as
4L model:
𝛥𝐺̂𝑇𝐴𝐶𝐺 = 𝛽1𝑇 + 𝛽2𝐴 + 𝛽3𝐶 + 𝛽4𝐺

(1 )

Here the 𝛽1T is interpreted as the energy contribution of base T at position 1, and so on. However,
the drawback is that there exists more than one equivalent models to predict the exact same energy
for every site [10], e.g., we can subtract a fixed number 𝛿 from each parameter at position 1 and
add it back to each parameter at position 3, and now the new model gives exactly the same
predictions as the original one.
Equivalent 4L model:
𝛥𝐺̂ 𝑇𝐴𝐶𝐺 = (𝛽1𝑇 − 𝛿 ) + 𝛽2𝐴 + (𝛽3𝐶 + 𝛿 ) + 𝛽4𝐺
= 𝛽 ′ 1𝑇 + 𝛽2𝐴 + 𝛽 ′ 3𝐶 + 𝛽4𝐺

(2 )

To fix such redundancy and make each model unique, we can pick some site as reference,
introduce an intercept parameter ε as the energy level for this reference site, and have parameters
that quantify the energy contribution of other bases relative to the corresponding base within the
reference site, e.g., if we choose CCCC as the reference site, then the energy of TACG can be
predicted as:
(3L+1) model:
𝛥𝐺̂𝑇𝐴𝐶𝐺 = 𝜀𝐶𝐶𝐶𝐶 + 𝛽1𝐶𝑇 + 𝛽2𝐶𝐴 + 𝛽4𝐶𝐺

(3 )

Here 𝜀𝐶𝐶𝐶𝐶 is the estimated energy for reference site CCCC, whereas 𝛽1𝐶𝑇 can be interpreted as
the energy cost to switch base C to T at position 1, and so on. Note that 𝛽1𝐶𝐶 , 𝛽2𝐶𝐶 , 𝛽3𝐶𝐶 , 𝛽4𝐶𝐶 are
all zeros, thus each position x has three independent parameters (𝛽𝑥𝐶𝐺 , 𝛽𝑥𝐶𝐴 , 𝛽𝑥𝐶𝑇 ), so there are
totally 3L+1 parameters for any model for sequences of fixed length L, which is why we call it 3L+1
model. Under this model, we can encode any sequence of length L into some unique binary vector
of length 3L, and predict its energy as the inner product of this binary coefficient vector ⃗X with
corresponding PEM model parameters plus the reference site energy, e.g.
𝛥𝐺̂𝑇𝐴𝐶𝐺 = 𝛥𝐺̂001 010 000 100 = 𝜀𝐶𝐶𝐶𝐶 + 𝑋 · 𝛽
= 𝜀𝐶𝐶𝐶𝐶 +
0 ⋅ 𝛽1𝐶𝐺 + 0 ⋅ 𝛽1𝐶𝐴 + 1 ⋅ 𝛽1𝐶𝑇 + 0 ⋅ 𝛽2𝐶𝐺 + 1 ⋅ 𝛽2𝐶𝐴 + 0 ⋅ 𝛽2𝐶𝑇 +
0 ⋅ 𝛽3𝐶𝐺 + 0 ⋅ 𝛽3𝐶𝐴 + 0 ⋅ 𝛽3𝐶𝑇 + 1 ⋅ 𝛽4𝐶𝐺 + 0 ⋅ 𝛽4𝐶𝐴 + 0 ⋅ 𝛽4𝐶𝑇
= 𝜀𝐶𝐶𝐶𝐶 + 𝛽1𝐶𝑇 + 𝛽2𝐶𝐴 + 𝛽4𝐶𝐺

(4 )
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If we perform some high-throughput biophysical experiment, e.g., PBM, HT-SELEX, Spec-seq, and
MITOMI, and get the relative binding affinity or energy values 𝛥𝐺𝑆𝑖 for a collection of sequences 𝑆𝑖 ,
we can define the residual sum of squares (R.S.S.) as in Equation 5 to characterize the total deviation
between observed and predicted energy values by any particular PEM model.
2

Residual Sum of Squares (R.S.S.) = ∑ (

𝛥𝐺𝑆𝑖
Observed Energy

−

̂

𝛥𝐺𝑆𝑖
)
Predicted Energy

𝑆𝑖
3𝐿

2

(5 )

= ∑ (𝛥𝐺𝑆𝑖 − 𝜀𝐶𝐶𝐶𝐶 − ∑ 𝑥𝑖𝑗 𝛽𝑗 )
𝑗=1
𝑆𝑖

where 𝑥𝑖𝑗 is the binary coding coefficient of sequence 𝑆𝑖 onto parameter 𝛽𝑗
Under this 3L+1 coding scheme, it becomes feasible to use least-square-fit to find a unique,
optimal model or one set of parameters such that the R.S.S gets minimized, which is usually
visualized in energy logo format (To make the reference base C visible in the logo, we usually shift
PEM parameters within the same position by a fixed amount so that all bases add up to zero).
Intuitively, we can interpret the parameters of this optimal PEM as the best estimate of contribution
of each base at corresponding position. It is easy to show that the prediction by this optimal PEM
does not depend on the choice of reference site, and the reference site does not even need to be
included in the measurement series. This 3L+1 encoding and regression strategy is the default
method for modelling the specificity in our regular Spec-seq work, and the software package
TFCookbook is developed on this premise.
2.2 (3+2)L+1 Coding Scheme Can be Used to Model CpG Methylation Effects of Transcription
Factors
When some cytosine base gets methylated, we can represent it either as M or W, depending on
whether it is in the upper or lower strand of the DNA duplex. Given a TF of interest, the methylation
effects for some CpG dinucleotide within its binding site can be defined as the binding energy
difference between the methylated and unmethylated sites. The most intuitive way to model
methylation effects is to introduce two extra parameters 𝛽𝑥𝐶𝑀 and 𝛽𝑥𝐺𝑊 at each position x, and
interpret them as the extra amount of energy cost when the upper base C gets converted to
methylated C (or M), and the lower base C (upper G) gets converted to methylated C (or W)
respectively, as in Equation 6. With 2L extra parameters (𝛽1𝐶𝑀 , 𝛽1𝐺𝑊 , 𝛽2𝐶𝑀 , 𝛽2𝐺𝑊 , etc.), we name
the new model as (3+2)L+1 model. In some Methyl-Spec-seq experiment like CTCF, we used
methyltransferase M.SssI alone to methylate CpG dinucleotide, so CpG dinucleotides are always
methylated together to MW. There is no way to distinguish strand-specific methylation effects, so
we can simplify above model using only one extra parameter 𝛽𝑥𝑀𝑊 at position x, representing the
energy cost to substitute CG to MW at position (x, x+1), as in Equation 7. For such (3+2)L+1 and
(3+1)L+1 models, we can extend the binary coding vector correspondingly as in Table 1, and perform
multiple linear regression over measurement results the same way as 3L+1 case to fit the data.
(3+2)L+1 model:
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̂ TAMW = ΔG
̂ 00100 01000 00010 10001
ΔG
=εCCCC +
0⋅β1CG +0⋅β1CA +1⋅β1CT +0⋅β1CM +0⋅β1GW +
0⋅β2CG +1⋅β2CA +0⋅β2CT +0⋅β2CM +0⋅β2GW +
0⋅β3CG +0⋅β3CA +0⋅β3CT +1⋅β3CM +0⋅β3GW +
1⋅β4CG +0⋅β4CA +0⋅β4CT +0⋅β4CM +1⋅β4GW
=εCCCC +β1CT +β2CA +β3CM +β4CG +β4GW
̂ TACG +β3CM +β4GW
=ΔG

(6 )

(3+1)L+1 model:
𝛥𝐺̂𝑇𝐴𝑀𝑊 = 𝛥𝐺̂0010 0100 0001 1000
=𝜀𝐶𝐶𝐶𝐶 + 𝛽1𝐶𝑇 + 𝛽2𝐶𝐴 + 𝛽3𝑀𝑊 + 𝛽4𝐶𝐺
= 𝛥𝐺̂ 𝑇𝐴𝐶𝐺 + 𝛽3𝑀𝑊

(7 )

Table 1 Binary coefficient vectors for some representative sequences under different
coding schemes.
Sequence

4L encoding

TACG

0001
0100

0010

1000

AACG

0010
0100

0010

1000

TAMW

N/A

3L+1 encoding

(3+2)L+1 encoding

(3+1)L+1 encoding

001 010 000 100

00100
10000

01000

00000

0010 0100 0000 1000

010 010 000 100

01000
10000

01000

00000

N/A

00100
10001

01000

00010

0100 0100 0000 1000

0010 0100 0001 1000

2.3 Regression of CTCF Methyl-Spec-Seq Data with 4L+1 Parameters All in Once Produces
Inaccurate Estimates about Methylation Effects of CTCF
CTCF is known to be sensitive to mCpG within its core binding site [5], which was reported to be
important for imprinting maintenance [4]. In our previous Methyl-Spec-seq experiment for CTCF(F1F9), we designed tandem random dsDNA libraries to cover the core CTCF binding site recognized by
fingers 3 to 7 of mouse CTCF, as in Figure 1A. In the meantime, we included M.SssI treated DNA
libraries with an alternative barcode at flanking position 19, therefore for each sequence 𝑆𝑖 in the
untreated libraries, there is one corresponding sequence 𝑀𝑖 in the M.SssI treated libraries, where
CpG gets methylated to MpW. A simple comparison between all such pairs (Figure 1B) reveals that
among all tested low binding energy or high affinity sites, only site CCGGTAGGGGGCACTA shows
significantly increased binding energy up to 1kT when its CpG at position 2 gets methylated, whereas
other positions show small effects that cannot be definitively determined by current measurement
resolution of Spec-seq around 0.2kT, thus we expect a realistic PEM model should have some nonPage 56/139
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zero, positive 𝛽2𝑀𝑊 parameter, and all other methyl parameters are negligible. Nonetheless, when
we perform multiple linear regression over 4L+1 parameters altogether to find a set of parameters
minimizing the deviation between predicted and observed results, we end up with non-zero methyl
parameters at many different positions, and most surprisingly, 𝛽2𝑀𝑊 are significantly smaller than
what we expect (Figure 1D).

Figure 1 A) Methyl-Spec-seq libraries design. R1-R5.Un are not treated by M.SssI
methyltransferase, whereas R1-R5.M.SssI are treated by M.SssI and those CpGcontaining sites get methylated. B) Comparison of observed binding energy values
between M.SssI treated and untreated sequences. Dashed lines are 0.25kT deviation
bounds. C-E) Energy logos produced by regular 3L+1 model, all-in-one 4L+1 model, and
composite (3+1)L+1 model respectively. F) Comparison of observed binding energy with
predicted values by 4L+1 model for methylated/unmethylated pairs of sequences at
different CpG positions (1, 2, and 11). G) Overview of the workflow to build different
kinds of specificity and methylation effects models.
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To figure out what causes this discrepancy, we can draw diagrams showing the predicted versus
observed binding energy values for CpG-containing sites at different position, as in Figure 1F. We
think that two reasons explain this discrepancy. First, among all sites containing CpG at position 2,
only sequence CCGGTAGGGGGCACTA shows a strong methylation effect up to 1kT, whereas other
ones at the same position give relatively insignificant results, possibly due to various reasons, e.g.,
context-dependent methylation effects or incomplete methyltransferase efficiency. So overall, this
significant, single site methylation effect is ‘buried’ inside other insignificant ones and thus did not
show up in the direct 4L+1 PEM model. Second, the all-in-one regression method aims to find a set
of 4L+1 parameters so that the total R.S.S. gets minimized, which doesn’t aim to fit the methylation
effects alone. So very often, the model uses non-zero methylation parameters to fit any unexplained
portion between the observed and predicted values, even though those unexplained portions are
just intrinsic limitations of position-independent, additive models and there is no methylation effect
involved, which are the cases for CTCF at position 1 and 11 (Figure 1F). To illustrate this point more
intuitively, we can even create some artificial data set for CTCF by setting every M.SssI methylated
site exactly to the same value as the untreated one. Under this circumstance, there should be no
methylation effect at all, but when we perform all-in-one regression over this artificial dataset, we
still get non-zero methyl parameters at many different positions, highlighting the intrinsic limitation
of this all-in-one modelling strategy (Supplemental S1).
2.4 Separate Regression of Methylation-Specific Parameters over Pairwise Compared Data Gives
Good Estimate about Methylation Sensitivity of CTCF
Since methylation sensitivity is a special kind of specificity and have important biological
functions, it is worth performing separate regression to better estimate it at individual position. We
can construct a methyl-specific R.S.S. (Equation 8) to quantify the total deviation between the
observed and predicted methyl effects by any particular (3+1)L+1 PEM model. Note that this
R.S.S.Methyl operates on a set of pairwise compared data between corresponding methylated and
unmethylated sites, e.g., between CCGGATC and CMWGATC, which matches our experiment design
of Methyl-Spec-seq well. For each pair of sequences (𝑀𝑖 , 𝑆𝑖 ), all parameters unrelated to methyl
effects cancel out against each other so overall this metric only involves methyl parameters.
2

R.S.S.Methyl = ∑ [ (𝛥𝐺𝑀𝑖 − 𝛥𝐺𝑆𝑖 ) − (𝛥𝐺̂𝑀𝑖 − 𝛥𝐺̂𝑆𝑖 ) ]
Observed Methyl effect

Predicted Methyl effect

(𝑀𝑖 ,𝑆𝑖 )
𝐿

2

(8 )

= ∑ (𝛥𝐺𝑀𝑖 − 𝛥𝐺𝑆𝑖 − ∑ 𝑥𝑖𝑗 𝛽𝑗𝑀𝑊 )
𝑗=1
(𝑀𝑖 ,𝑆𝑖 )

where 𝑀𝑖 is the M.SssI methylated site of 𝑆𝑖 , and 𝑥𝑖𝑗 is the binary coding coefficient depending on
whether sequence 𝑆𝑖 has CpG dinucleotide at position (j, j+1).
It is easy to perform regression of non-methyl parameters over unmethylated sites only to derive
a regular 3L+1 model to characterize specificity. Regression of methyl parameters over pairwise
compared data allows us to derive a methylation effects model with L extra parameters separately.
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By combining these two models we are able to construct a composite (3+1)L+1 model for CTCF and
visualize it as in Figure 1E. Since our measurement resolution is around 0.25kT, it is legitimate to set
a cut-off value at 0.25kT and drop those methyl effects below this threshold, so only those
significant methyl effects show up in our final result. The end result matches our expectation quite
well and clearly shows that CTCF is negatively regulated by methylation of CpG dinucleotide at
position 2, which is also consistent with existing literatures. In Supplemental Material, we use
(3+2)L+1 model and the same strategy to analyze the specificity and methylation effects of HoxB13,
which was tested by both strand-specific methylation and M.SssI-mediated methylation, and found
that HoxB13 contains two independent motifs (or mode of recognition) and exhibits strand-specific
methylation effect only on the upper strand.
2.5 Classification of Different Types of Methylation Sensitivity of Transcription Factors
Since there have been numerous established examples of methylation-dependent TF binding, we
can classify them based on two criteria---Does methylated CpG increase or decrease binding affinity?
Is CpG dinucleotide the optimal binding site for the unmethylated sequence? Clearly for TFs like
Kaiso [11], YY1 [12], and Gli1 (internal position 13, 14) [8], despite CpG is not the strongest
unmethylated binding site at relevant positions, methylation still can modulate binding affinity
when those positions have CpG as suboptimal sequence (Table 2). Thus, our study for methylation
effects of TFs should never be restricted to those TFs with CpG within their logos and a lot more
needs to be explored.

Table 2 Types of Methylation effects.
Is CpG the optimal binding site?
Yes

No

Increase affinity upon methylation

Type I (ZFP57, HoxB13)

Type II (Kaiso)

Decrease affinity upon methylation

Type III (CTCF, AP1)

Type IV (YY1, Gli1)

3. Discussion
As George Box said, “All models are wrong, but some are useful.” Ideally, we want to have one
simple model to explain everything we observed, but in reality, a ‘good’ model involves rational
experimental design, proper knowledge about the measurement resolution, and most importantly,
clear understanding about what we want to learn. In this work, we showed that all-in-one linear
regression does not give the proper answer about the methyl effects of CTCF, primarily because the
model ‘squeezes’ some unexplained portion of data onto the methylation dimension, which ends
up in a sub-optimal result for methylation effects, therefore separate modeling of methylation
effects is required. There are other scenarios that linear, additive model fails for alternative reasons.
For example in the HoxB13 case, we and Taipale group [6] notice that single PWM is insufficient to
explain the observed data, particularly for small portions of sequences, thus there must be
alternative structural conformation or recognition mode to explain that unexplained portions of
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sequences, which is proved by structural studies later on [13]. Actually, this is not unique case and
similar observation are made in other TFs, like FoxN3 [14], thus this insufficiency of model helps us
learn more about how TFs work.
Overall, we want to use this work to show the importance of clear understanding about the
limitation of one type of modeling and careful interpretation about experimental results. Similar
encoding and analysis strategy should be able to be extended to study of other types of DNA
modifications [15] without much difficulty.
Additional Materials
The following additional materials are uploaded at the page of this paper.
1. Supplemental S1: Step-by-step procedures for the analysis of CTCF and HoxB13. The source
code
of
TFCookbook
package
can
be
accessed
through
GitHub
at
https://github.com/zeropin/TFCookbook.
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Abstract
Cryptic balanced chromosomal aberrations can be an underlying cause of infertility. In 2003
Cockwell and coworkers highlighted the relevance of euchromatic pericentric regions of
acrocentric chromosomes that may be a yet ignored genomic region hosting cryptic
rearrangements. Here we offer the first follow-up study to further explore this idea. Two
specific molecular cytogenetic probe sets were established to elucidate such cryptic
rearrangements together with chromosomal heteromorphisms of acrocentric centromeres.
In 28 infertile couples and 20 controls, the rate of centromeric heteromorphisms was almost
comparable in both groups and one heteromorphism was noted in ~30% of the cases, and two
heteromorphisms in ~15% and three heteromorphisms 5%. However, none of the studied
groups revealed any cryptic euchromatic pericentromeric abnormalities of the acrocentrics.
Nonetheless, in parallel an infertile case with an inv(13)(p12q12.1?2) was uncovered, being
not part of the systematically studied group of infertile. As unbalanced products of meiosis
with such or similar karyotypes can potentially contribute to abortions, the existence of rare,
© 2021 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.
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cryptic pericentromeric euchromatic abnormalities in the acrocentrics thus needs to be still
expected in banding cytogenetic diagnostics. Accordingly, this study reflected that suspicious
acrocentric short arms in infertile need special attention and further characterization by
fluorescence in situ hybridization.
Keywords
Cryptic abnormalities; acrocentric chromosomes; infertile; molecular cytogenetics

1. Introduction
Gross and subtle chromosomal aberrations are known to indulge in adverse consequences for
the carriers in their ability to reproduce. Therefore to rule out these possibilities, infertile patients
are routinely examined by banding and molecular cytogenetics. Moreover, repeated and/or early
abortions in infertile couples can result from gonosomal numerical and/or structural alterations,
especially balanced chromosomal rearrangements [1]. The latter may be detected by banding
cytogenetics, i.e., characterizable as gross balanced translocations, inversions, insertions, complex
rearrangements, or the presence of supernumerary marker chromosomes [1-3]. Also, in such cases,
fluorescence in situ hybridization (FISH) is recommended to screen for subtelomeric
rearrangements that are invisible in banding cytogenetics [4]. Furthermore, mutation in AZF genes
on the Y-chromosome, as well as CFTR-gene mutations in chromosome 7 can contribute to male
infertility [5].
In 2003 Cockwell and coworkers [6] proposed the presence of other cryptic rearrangements,
besides subtelomeric in the euchromatic pericentric regions of acrocentric chromosomes. They
reported, a substantial part of infertile couples, specifically those with repeated abortions, may be
the carrier of (un)balanced translocations involving chromosomes 13, 14, 15, 21, and 22 with
breakpoints in euchromatic proximal long arms. They picked up two times a
der(15)t(13;15)(q1?1;q11.2) karyotype among 50 chromosomally normal couples (i.e., 100 persons).
Furthermore, three cases were documented with distinct chromosomal heteromorphisms, such as
loss of subband 22p11.2 (indicated by loss of D22Z4 sequences) and presence of a
der(21)t(Y;21)(q12;p11.2). Even though “a prospective study to include many more couples in which
full family studies will be carried out” was announced by the authors [6], to the best of our
knowledge, there was no subsequent follow-up study published.
To characterize chromosomal centromeric heteromorphisms of acrocentric short arms, and at
the same time to screen for translocations involving the proximal part of acrocentric chromosomes’
long arms, we developed two specific probe sets and tried to close this gap. This probe set was
applied in 28 infertile couples and 20 controls studied cytogenetically for other reasons. Parallel to
this, one patient, with a cryptic chromosomal rearrangement in the euchromatic pericentromeric
region of chromosome 13, not included in the systematic study, was picked up.
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2. Materials and Methods
2.1 Patients
Standard procedures were followed to prepare the peripheral blood for cytogenetic assessment
[7]. Overall, 28 infertile couples, i.e. 56 patients, 20 controls investigated cytogenetically in parental
studies, and one additional patient with infertility (Table 1) were evaluated by molecular
cytogenetic probe sets as described below. All patients were phenotypically normal. For the
majority of infertile patients molecular genetic analyses were conducted to exclude males
mutations in CFTR- and AZF genes (see Table 1); these studies were done based on the literature
using multiplex ligation-dependent probe amplification (MLPA – kit SALSA® MLPA® probemix P091
CFTR - MRC Holland) [8] and multiplex-polymerase chain reaction (PCR) detecting 3 to 4 loci in AFZc
and AFZa and AZFb genes [9].
Table 1 Results obtained from the study population with an in banding cytogenetics
normal karyotype. abbreviations: C = control; d. by = detected by; E = extra case; F =
female; FISH = fluorescence in situ hybridization; I = infertile; M = male; n.a. = not
applicable; n.t. = not tested; rear. = rearrangement; - = none detected.
Case
number
I-1 M
I-1 F
I-2 M
I-2 F
I-3 M
I-3 F
I-4 M
I-4 F
I-5 M
I-5 F
I-6 M
I-6 F
I-7 M
I-7 F
I-8 M
I-8 F
I-9 M
I-9 F
I-10 M
I-10 F
I-11 M
I-11 F
I-12 M
I-12 F

AZF genes
normal
yes
n.a.
n.t.
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
n.t.
n.a.

CFTR gene
normal
yes
yes
n.t.
n.t.
n.t.
n.t.
yes
yes
yes
yes
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
n.t.
n.t.

rear.
FISH
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no

d.

by Chromosomal heteromorphisms (d.
by FISH)
cen13hcen21hcen21hcen15hcen22hcen13hcen13hcen21hcen13hcen14hPage 64/139
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I-13 M
I-13 F
I-14 M
I-14 F
I-15 M
I-15 F
I-16 M
I-16 F
I-17 M
I-17 F
I-18 M
I-18 F
I-19 M
I-19 F
I-20 M
I-20 F
I-21 M
I-21 F
I-22 M
I-22 F
I-23 M
I-23 F
I-24 M
I-24 F
I-25 M
I-25 F
I-26 M
I-26 F
I-27 M
I-27 F
I-28 M
I-28 F
E-1 F

n.t.
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
yes
n.a.
n.t.
n.a.
n.t.
n.a.
yes
n.a.
yes
n.a.
n.t.

n.t.
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
n.t.
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
yes
n.t.
n.t.
n.t.
n.t.
n.t.
yes
n.t.
n.t.
n.t.
n.t.

C-1
C-2
C-3
C-4
C-5
C-6
C-7
C-8
C-9
C-10

n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.

n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.

no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
no
inv(13)
(p12q12.1?2)
no
no
no
no
no
no
no
no
no
no

cen13hcen22hcen13hcen15hcen13hcen21hcen13hcen21hcen22hcen21hcen21hcen14hcen13hcen13h+
cen13hn.t.

cen13hcen21hcen22hcen22hcen21hcen22hcen21hcen21hn.t.

cen14hcen22hn.t.

cen13hcen15hcen15hcen15hcen14h-

cen21hcen21h-

cen22hPage 65/139
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C-11
C-12
C-13
C-14
C-15
C-16
C-17
C-18
C-19
C-20

n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.

n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.
n.t.

no
no
no
no
no
no
no
no
no
no

cen15hcen13hcen13hcen15hcen15hcen14hcen15h-

cen22hcen21h-

-

In accordance with the local legislation and institutional requirements, ethical review and
approval were not required for the present study on human participants as data presented here
were obtained during routine diagnosis, which was supported by informed consent from patients.
2.2 Molecular Cytogenetics
FISH was executed following standard procedures [10]. To address the problem in the present
study, two probe sets covering centromeres and centromere-near regions of all acrocentric
chromosomes were developed. The probe sets were deduced from chromosome-specific previously
reported subcentromere-specific multicolour-FISH (subcenM-FISH) [10] and cenM-FISH probes sets
[11]. Figure 1 illustrates the schemes of the two acrocentrics oriented probe sets together with
corresponding typical results in normal chromosome sets. Besides centromeric probes obtained
from Prof. Mario Rocchi (Bari, Italy), commercially available centromere-near bacterial artificial
chromosome (BAC) probes were also applied, as specified in Figure 1. These probes were labeled
by SpectrumGreen, SpectrumOrange, SpectrumRed, Dietylaminocoumarin, and biotin; the latter
was detected by avidin-Cyanin5 (for labeling, see also [12]). A homemade probe specific for all
acrocentric short arms was also applied in the case of E-1 F [12]. For each probe set and patient, 20
metaphases were evaluated using a fluorescence microscope (Axioplan 2 MOT, Zeiss, Jena,
Germany) equipped with appropriate filter sets to discriminate between a maximum of five
fluorochromes and the counterstain DAPI (diaminophenylindol). Isis imaging system (MetaSystems,
Altlussheim, Germany) was employed for image capturing and processing.
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Figure 1 Probe sets 1 and 2 are illustrated schematically in (A), and the typical FISH
results obtained after sorting all acrocentric chromosomes in a partial karyogram are
represented in (B). Localization of the probes and their names are denoted in parts A
beside their corresponding idiograms.
3. Results
3.1 Probe Sets
On applying the two probe sets (shown in Figure 1) separately on the 20 control persons,
evaluable signal patterns were revealed reliably. Thereafter, the probe set was applied successfully
in the 28 infertile couples with 56 individuals. Probe set 1 was solely applied to patient E-1, who was
studied separately by FISH.
3.2 FISH-Results
Table 1 summarizes the FISH results. Cryptic acrocentric pericentromeric abnormalities involving
euchromatin could be observed in neither any of the 20 controls nor in any of the 56 tested infertile
patients (Table 1). However, while performing this study, a corresponding half-cryptic acrocentric
pericentromeric abnormality was detected in one case with unexplained infertility: here a karyotype
46,XX,inv(13)(p12q12.1?2) was found (Figure 2).
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Figure 2 Probe set 1 was employed in the case of E-1 F for chromosome 13 and
accompanied by a homemade probe for all acrocentric p-arms. Thus, the
inv(13)(p12q12.1?2) could be clearly characterized.
Furthermore, FISH results (Table 1) revealed zero to three centromeric heteromorphisms per
case. The rates of heteromorphism in infertile and non-infertile were as follows: no
heteromorphism was detected in 33/56 (59%) and 8/20 (40%) cases, one heteromorphism was
observed in 14/56 (~25%) and 7/20 cases (~35%), respectively; and there were two
heteromorphisms in 7/56 (~12%) and 4/20 (~20%), and three heteromorphisms in 2/56 (~4%) and
1/20 (~5%) cases, each. Heteromorphisms observed were weaker or (almost) absent centromeric
signals on a chromosome (= cen13h-, cen14hg-, cen15h-, cen21h-, cen22h-), or massively stronger
than to be expected, as witnessed in the case for the chromosome 13 (cen13h+).
Figure 3 summarizes the distribution of heteromorphisms per chromosome. Interestingly,
compared to the control group, the frequency of heteromorphisms in chromosome 15 was found
to be lower in the infertile group, while the other ones – considering the relatively small case
numbers in both groups – were more or less equal.
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Figure 3 Distribution of heteromorphisms per chromosome is represented in absolute
numbers (A) and in relation to each other (B). Abbreviations: het = heteromorphism; inf
= infertile; n = number of cases; # = chromosome.
4. Discussion
In 2003 Cockwell and coworkers [6] reported that around 2-5% of the infertile or persons in
couples with repeated abortions might be carriers of a cryptic pericentromeric euchromatic
abnormality in the acrocentrics. These statistics were derived from a pilot study with 100
participants, in which three had a chromosomal heteromorphism and two an unbalanced
der(15)t(13;15).
Till date, ~550 chromosomal heteromorphisms are known in humans [13]. These include loss or
diminishing of subband 22p11.2 (indicated by loss of D22Z4 sequences) and derivatives of all 5
acrocentric chromosomes with Yq12 sequences at subband p11.2 [14], as both reported in an earlier
study [6]. Moreover, as documented in the present study, comparable rates of chromosomal
heteromorphisms for alphoid sequences are obtained among infertile and non-infertile patients
[13]. All of these chromosomal heteromorphisms are still suggested to be mostly irrelevant copy
number changes of heterochromatic repetitive DNA-stretches. However, such alphoid DNA is also
known to be expressed as non-coding RNA in embryogenesis and tumor cells [15].
The present study failed to provide any hint on cryptic pericentromeric euchromatic
abnormalities in the acrocentrics. Though this preliminary work encompasses a small study
population, it is also noteworthy that, to the best of our knowledge, since 2003, no cryptic
pericentromeric euchromatic abnormality for the acrocentrics has been reported in the literature.
Nonetheless, being rare, case E-1 F with inv(13)(p12q12.1?2) supports the existence of such
incidences. This rationalizes the necessity to explore the acrocentric short arms and pericentric
regions, as unbalanced products of meiosis are possible, which potentially could result in abortions.
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5. Conclusions
Even though being rare, cryptic pericentromeric euchromatic abnormality in the acrocentrics
needs to be considered in banding cytogenetic diagnostics. It is highly recommendable to
investigate the suspicious short arms of acrocentrics in cytogenetic preparations of infertile persons
by FISH. Furthermore, as recently highlighted, proper elucidation of the etiology of chromosomal
rearrangements on cytogenetic bases often aid in the correct interpretation of the results of modern
high throughput diagnostic schemes [16]. Accordingly, data from molecular karyotyping of
abortions with centromere-near euchromatic copy number variations of acrocentric chromosomes
should also indulge in parental follow-up studies for cryptic inversions, translocations, or other
rearrangements by cytogenetics and FISH.
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Abstract
The goals of prenatal testing remain controversial and reflect competing interests of public
health, patient rights, disability activists, scholars, feminist critics, commercial laboratories,
judiciary/legislative trends, and medical science. This paper reviews and critiques the most
common justifications of prenatal testing for fetal aneuploidy that have been put forth over
the half century of its existence: reducing the medical and economic burden to society of
genetic disease through selective abortion, allowing parents to avoid raising a child with
disabilities, preventing the suffering associated with chromosomal and genetic disorders,
emotional reassurance about the health of the baby, and medical and emotional preparation
for the birth of a baby with a disability. Each of these goals has problematic aspects, as do
some of the criticisms of these goals. The most striking shortcoming of the justifications for
prenatal testing is a dearth of research about potential medical, psychological, or adaptational
benefits of prenatal testing, especially for aneuploidy, for babies and families, beyond the
option of pregnancy termination.
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1. Introduction
The first report of a prenatal diagnosis appeared over a century ago [1] but the modern era of
prenatal testing began in the 1960s and early 1970s and was made possible by advances in cell
culturing and karyotyping, the introduction of amniocentesis and ultrasonography, and the legal
availability of safe abortion [2]. Over the ensuing decades, prenatal testing expanded in scope and,
in various forms, is now widely available in many countries. Yet the goals of prenatal testing are not
always clear, may rest on questionable assumptions, and are open to ethical debate. In this paper I
review and critique the justifications offered for prenatal testing.
2. Background
Prenatal diagnosis consists of procedures used to diagnose a condition in an embryo or fetus and
commonly include amniocentesis, chorionic villus sampling (CVS), or ultrasonography. Prenatal
screening identifies women who are candidates for undergoing prenatal diagnosis because of some
factor that puts them at greater risk of having a baby with a chromosomal, genetic, or congenital
condition. Examples of prenatal screens include measurement of analytes in maternal serum (AFP,
hCG, etc.); analysis of cell-free placental DNA in maternal serum, usually referred to as non-invasive
prenatal testing (NIPT); ultrasonography (which can be both a screening and a diagnostic tool,
depending on the condition); parental age; family or reproductive history of a child with a genetic
or congenital condition; and carrier screening of parents to determine if they carry pathogenic
variants of monogenic conditions (which may also take place prior to conception). In this paper, I
use the term prenatal testing to generally refer to both prenatal screening and prenatal diagnosis
Prenatal testing has traditionally been centered on the detection of fetal aneuploidy, primarily
Down syndrome, trisomy 18, trisomy 13, and, to a lesser extent, sex chromosome aneuploidies.
Other than maternal age there are no significant risk factors for giving birth to a child with
aneuploidy, such as environmental exposures or family history, i.e., it usually comes “out of the blue”
(only a very small percentage of babies with Down syndrome is due to a parental balanced
chromosomal translocation).
Of the autosomal trisomies, Down syndrome is the most common, the most widely known,
straight-forward to diagnose, and associated with intellectual disability, although prognosis is
variable and unpredictable and public understanding of the syndrome is poor [3]. It is the only
autosomal trisomy associated with significant rates of survival beyond early childhood, and, as such,
can be viewed as more of a “public health issue” and a long-term commitment for families
compared to the other autosomal aneuploidies [4, 5]. People with Down syndrome have a
characteristic facial appearance such that the condition is readily apparent, unlike some other
conditions such as autism or non-specific developmental disabilities that may have no physical
attributes or are obvious only to someone with professional training. This characteristic appearance
can add to the perceived stigma of having a child with Down syndrome and for some parents is a
narcissistic threat [6]. For many people, Down syndrome is literally the face of intellectual disability
[7-9]. For these reasons, Down syndrome has been the critical driver of the prenatal diagnosis
engine.
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The most common sex chromosome aneuploidies – Turner syndrome, Klinefelter syndrome, XYY,
and XXX – are associated with learning disabilities and psychiatric issues. They are not generally
associated with significant developmental or physical disabilities to the extent that autosomal
trisomies generally are. Turner syndrome is associated with a variety of physical findings such as
heart defects, streak ovaries, and renal anomalies, but these are not usually life-threatening
(although prenatally ~99% of conceptions with Turner syndrome are spontaneously miscarried,
typically in the first trimester [10]). Turner syndrome and Klinefelter syndrome are associated with
impaired fertility. NIPT can detect sex chromosome aneuplodies, potentially at high rates, but
further studies are necessary to more closely evaluate test performance, especially in average risk
pregnancies [11].
To be sure, many monogenic and congenital conditions are also identifiable through routine
prenatal testing. But individually these other conditions are rare except in select populations as a
result of founder mutations, selective evolution, genetic drift, and inbreeding, such as the
thalassemias in Cyprus or Tay-Sachs disease among Ashkenazi Jews [12, 13]. They comprise a small
portion of all prenatal tests, and, for the most part, are limited to pregnancies where the couple has
been identified at higher risk due to family history, or carrier screening for monogenic disorders. Of
course, if a woman has had a positive aneuploidy screen and then undergoes a diagnostic test, the
fetus may incidentally be tested for a number of conditions beyond aneuploidy [14]. But it was the
positive aneuploidy screen that led to the additional diagnostic testing to begin with.
Beyond aneuploidy screening, prenatal diagnosis is also performed when an ultrasound scan
detects structural anomalies that are associated with a wide range of causes that often require
microarrays or genomic testing for detection [15, 16]. Some of these conditions can impact
pregnancy management decisions beyond termination [17]. The scope of routine prenatal testing
will expand if routine wide-scale prenatal genome analysis becomes feasible, but for a variety of
technical, economic, and social reasons it seems unlikely in the near future that all pregnant women
will be offered prenatal testing with sequencing of a large portion of the fetal genome.
In the 1970s and early 1980s, amniocentesis and, eventually, CVS were offered only to a very
limited number of women deemed to be at higher risk of having a baby with an aneuploidy due to
maternal age, if ultrasound detected fetal problems, or, sometimes, family history. From the 1980s
to the 2000s, maternal serum screening for fetal aneuploidy using various combinations of analytes
such as hCG, AFP, and estriol, along with first and second trimester sonography, became
incorporated into prenatal testing and were offered to a wider range of women other than only
those 35 and older. These technologies had better sensitivity in detecting aneuploidy than maternal
age alone, but had fairly high false positive rates and low positive predictive values [18]. Noninvasive prenatal testing (NIPT) using placental DNA circulating in maternal blood to screen for
aneuploidy and other conditions entered into clinical practice in the second decade of the 21 st
century[2]. NIPT can detect well over 90% of aneuploid pregnancies with a much lower false positive
rate, though the detection rate and positive predictive value vary with maternal age and other
factors [19].
In many High Income Countries prenatal testing is no longer a niche service offered to a select
percentage of “eligible” women [20]. Ultrasonography, maternal serum screening, and NIPT have
become routinized into pregnancy care, although some countries do not offer all of these modalities
to all pregnant women [20, 21]. The high detection rate of NIPT for fetal aneuploidy, along with the
high termination rates of affected pregnancies in select populations, has raised concerns among
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disability rights activists and disease-advocacy groups about a potential dramatic reduction in the
birth of people with Down syndrome [22]. And, because prenatal testing is more commonly utlized
by upper income women, a disproportionate number of babies with Down syndrome are born to
poorer women who may not have the financial, medical, and societal resources to care for children
with physical and cognitive disabilites [5].
3. Why Do Prenatal Testing?
Prenatal testing has at least 5 stated goals:
1) Preventing the economic and medical burden of genetic disease to society through selective
abortion.
2) Abortion of fetuses diagnosed with aneuploidy and other conditions so parents can choose to
avoid raising a child with a disability. This goal overlaps with the above goal of prevention in
that the outcome may be the same but the intent is different in viewing the decisions through
the lens of the impact on the family rather than through a public health perspective.
3) Avoiding suffering associated with genetic disease in the future child.
4) Provide reassurance to parents about the health of their baby when results are normal.
5) Emotional and medical preparation for the birth of a child to improve medical outcomes for
the child and psychological adaptation of the parents to raising children with cognitive and
physical disabilities.
Below I critique each of these goals and examine some of the criticisms of those goals.
3.1 Preventing Genetic Disease: A Public Health Perspective
Prenatal testing and abortion of affected fetuses can result in the prevention of certain
chromosomal, genetic, and congenital conditions. The net effect is the avoidance of certain
disabilities as well as reducing national health costs.
Genetic counselors are usually reluctant to make the link between prenatal diagnosis and the
prevention of genetic disease through abortion, probably to distance themselves from eugenic
criticisms and to avoid contentious abortion debates [23]. But from the start, amniocentesis was
offered with the often explicit understanding that, although it should unquestionably be a free
choice of parents, most women would choose to terminate a pregnancy in which a trisomy or other
serious condition has been identified, as this quote from a 1970s paper illustrates:
We are less certain about the balance and costs [of amniocentesis] at current rates of screening
the whole pregnant population. But is a detailed estimate of the costs required? The lifelong care of
severely retarded persons is so burdensome in almost every human dimension that no preventive
program is likely to outweigh the burden [24].
When amniocentesis was introduced into obstetric care in the 1970s in the US and the UK, it was
often stated that the primary justification for using a specific age cut-off, typically about age 35, was
that by the time a woman was in her mid-30s, the probability of aneuploidy exceeded the
procedure-related loss rate of amniocentesis. In fact, a closer examination of the literature from
that time reveals that age cut-offs were based more on economic rather than medical criteria, i.e.,
the age at which the cost of prenatal testing was less than the projected economic cost to society
of caring for individuals with Down syndrome [25]. Prenatal testing, at least in the US and the UK,
was predicated on the basis of economic cost-benefit analysis and the belief that most women who
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underwent testing would not want to raise a child with a significant disability. This occurred during
a time, particularly in post World War II America, when prevention of all types of disability was a
widely accepted goal of medicine and society [26].
In the United States in the late 1970s, about 5% of all pregancies occurred to women 35 and
older, though in practice amniocentesis was utilized by a much lower percentage of these “eligible”
pregnant women [27, 28]. But even in the theoretical scenario wherein all of the ~5% of eligible US
women had undergone amniocentesis at that time and chose to terminate all pregancies with Down
syndrome, this would have avoided the birth of about 20% of all babies with Down syndrome [27].
Thus, although critics in the 1980s raised ethical concerns about the eugenic implications of
amniocentesis for people with disabilities [29, 30], in practice, given the small percentage of women
who actually underwent amniocentesis at that time, prenatal diagnosis did not represent a
significant existential threat to the population of people with Down syndrome. The goal of prenatal
testing seemed to be preventing just enough births of babies with Down syndrome to save money
but with no stated intention of eliminating Down syndrome altogether, the above comments of
Stein et al. not withstanding.
Cost-savings may play a less prominent role in justifying prenatal diagnosis today but it has not
disappeared, as this opening sentence from a recent article by Italian authors illustrates:
The purpose of prenatal diagnosis is to reduce both the incidence and prevalence of inherited
conditions, which have a strong impact on both the psychological and economic aspects of people’s
lives, whether the ill ones or their parents, as well as being an economic burden for national health
systems [31].
In addition, several articles about prenatal testing published over the last few years from China,
the UK, Belgium, the US, Thailand, and Canada have included cost/benefit analysis as a justification
for aneuploidy screening in their analyses and/or discussions [32-38].
In practice, the majority of women who undergo prenatal testing in most, but not all, western
European countries, the US, Canada, and Australia choose to terminate a pregnancy in which an
autosomal trisomy has been diagnosed. To some extent termination reported rates are biased
upwards because many women who would not consider undergoing a termination may be less likely
to undergo prenatal testing to begin with. Termination rates vary geographically, over time, with
attitudes toward disability, with religious beliefs, by socioeconomic status, the availability of
abortion, the severity of the condition, and other factors. A 2012 literature review of termination
following a diagnosis of Down syndrome in the US found an average termination rate of 67% (range,
50-85%) [39]. Earlier studies based in the US and abroad had found termination rates for Down
syndrome to be greater than 90% [40]. The termination rate for spina bifida has been reported as
63% (range, 31-97%) and 83% for anencephaly (range, 59%-100%) [41]. However, the pregnacy
termination rate after a autosomal aneuploidy diagnosis is highly variable geographically and among
select groups, and in some regions has dropped over time [42-44].
The termination rates for the sex chromosome aneuploidies are also highly variable between and
within countries but are generally lower than the termination rates for autosomal aneuploidies,
with the exception of Turner syndrome. For example, a survey over of 21 French cytogenetic
laboratories over a 22 year period found that the termination rate for Turner syndrome was about
90% in the earlier years but 80% more recently [45]. A Welsh survey of pregnancies with Turner
syndrome found a termination rate of 66% over 10 years. A Chinese study of sex chromosome
aneuploidies detected through NIPT screening reported termination rates of 85%, 73%, 20%, and
Page 76/139

OBM Genetics 2021; 5(3), doi:10.21926/obm.genet.2103136

10% for Turner syndrome, Klinefelter syndrome, XXX, and XYY, respectively [46]. In a study from
Hong Kong, the overall termination rate for sex chromsome aneuploidies was 55.6%, with specific
rates of 91.7%, 48.0%, 23.4%, and 4.8%, for 45,X, 47,XXY, 47,XXX, 47,XYY, respectively [47]. The
EUROCAT network reported termination rates for sex chromosome trisomies (de facto excluding
Turner syndrome) that ranged from 13%-67%, with average rates across countries of about 30-40%
for XXX, XXY, and XYY combined [48].
To fully appreciate the impact of these termination rates on the incidence of Down syndome and
other aneuploidies, it is important to remember that many women do not undergo diagnostic
testing or screening. Consequently, these percentages do not reflect the percentage of all
pregnancies with these conditions, only those undergoing diagnostic testing. Thus, many babies
with Down syndrome are still being born. While the incidence of Down syndrome at birth has
decreased in the US and Europe, due primarily to prenatal diagnosis and selective termination, this
decrease has been partially offset by a parallel increase in the population frequency of Down
syndrome across the age spectrum as the result of more pregnancies to woman 35 and older,
combined with longer survival of people with Down syndrome due to improvements in their medical
care, increasing social stigmatization of, and increasing difficulty in obtaining, abortion [5, 42, 44,
49-51]. Prenatal testing can result in a significantly lower occurrence of Down syndrome in any given
country or region but it currently does not pose an existential threat to the frequency of Down
syndrome on a global level.
The economic benefit to society of avoiding births with Down syndrome is ethically complex and
difficult to justify today, as several commentators have noted [20, 52-54]. Most of the medical costs
due to Down syndrome occur in the first year of life when surgeries are most likely to be performed
[55]. The costs are roughly on par with the medical costs related to the obstetric and neonatal
complications resulting from Assisted Reproductive Technologies, such as cesarean section, low
birth weight, and prematurity [56]. Many people with Down syndrome and other conditions now
lead more fulfilling and economically productive lives, due in part to the efforts of advocates to
provide better education, medical care, job opportunities, social support, and social acceptance for
people with disabilities [5, 42]. It is likely that in countries where they are given these advantages,
people with Down syndrome are far less of an economic “drain” on society than other more
common and chronic conditions such as diabetes, stroke, or lung and other diseases resulting from
tobacco use. And, on a fundamental ethical level, economic cost-benefit analysis deprives people of
their essential humanity and reduces their value as human beings to their financial worth. Prenatal
screening saves money - but at what cost?
That being said, prenatal testing should be conducted using the most cost-efficient technology
and screening strategies that are feasible for any given testing program. Nor is it ethically
objectionable if prenatal testing eventually proves to save money incidental to avoiding some births
of children with disabilities, as long as the cost-savings is not the fundamental aim of the program.
For trisomy 18 and trisomy 13, the societal economic impact is fairly small, given that the
conditions are uncommon and have a high – but not absolute – mortality rate in the first year of life
[57]. Of course, the economic impact on individual families can be high, depending on the
availaiblity and extent of health insurance coverage and social support [58].
Given the lesser physical and cognitive impact of the sex chromosomal aneuploidies, it is even
more difficult to suggest that cost-benefit savings and disability avoidance can justify prenatal
screening for these conditions.
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Critics of prenatal testing, particularly scholars engaged in disability studies and advocates for
people with disabilities, have asserted that the very offer of prenatal screening is discriminatory
because it devalues the lives of people with disabilities and, because the high abortion rates,
amounts to a modern form of eugenics [29, 30, 59]. This is not to imply that all people with
disabilities, their families, supporters, and scholars condemn prenatal testing. As in the general
population, this group includes a wide range of opinions and reproductive choices and the voices of
outspoken critics do not necessarily reflect the varied views within this population [44, 60].
This tension among viewpoints remains contentious and has resulted in some uneasy and
unusual alliances between disability activists and pro-life interests [61]. These alliances have
produced some legislative headway. Some states in the US have passed legislation banning
abortions for the specific reason of a diagnosis of Down syndrome [62]. Similar trends have been
seen in Europe [63]. These laws may have been passed in part as a general strategy to make any
abortion unavailable, rather than an effort to protect people with Down syndrome per se.
Limiting abortion for this specific indication further erodes the abortion options for all women.
If abortion is available, it should be an option for all women, regardless of their motivations. Having
an abortion because it may not be the best time in one’s life to have a baby or because a woman is
in an abusive realtionship are no more or less ethically compelling reasons than wanting to avoid
raising a child with disabilities. In addition, many anti-abortion groups are also ultra-conservative
opponents of homosexuality, transgender people, and even contraception. By aligning with these
groups, disability critics and disease advocacy groups wind up implicitly supporting a wide range of
ethically questionable and unrelated policies.
Many states and countries that pass legislation to impose limits on termination are those that
offer the least amount of social and medical services to families, especially lower income families.
Along those same lines, many anti-abortion supporters are opposed to government programs that
offer economic, medical, and other support to poor women [63-65]. Thus, from an ethical and social
justice standpoint, it is difficult to justify opposition to abortion without a concommitantly
passionate support of governmental and other support to make sure that all children have adequate
medical, educational, nutrional, and economic resources.
3.2 Avoiding Suffering
Some parents choose to undergo prenatal testing in order to avoid future suffering that a child
with disabilities might experience [66, 67]. Babies with autosomal trisomies often have significant
physical impairments that may or not be treatable, such as serious heart defects, and often need to
undergo multiple medical procedures as infants and children (these are less common among
children with sex chromosome aneuploidies). Some rare conditions can impose significant prenatal
suffering for fetuses, such as some severe skeletal dysplasias that can cause in utero skeletal breaks,
severe genodermatoses that can cause prenatal blistering and skin loss, or limb-body wall defect
characterized by multiple major malformations.
What is unclear, except in some very serious conditions, is just how much suffering is experienced
by people with many chromosomal genetic and congenital conditions. It is very difficult for anyone
to imagine life with a chromosomal, congenital, or genetic condition and, conversely, it is difficult
for people with a congenital or genetic condition to imagine what life is like without the condition,
especially if the condition involves cognitive impairment [68]. Furthermore, people with disabilities
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who participate in research tend to be higher functioning, and thus not necessarily representative
of all people with the condition. This limitation is particularly critical in Down syndrome, where the
impairment can range from significant to moderate. Overall, though, people with Down syndrome
and their families generally feel like they are not experiencing constant suffering or leading
uniformly unhappy lives, while still acknowledging the associated medical, familial, and social
challenges [69-73].
For infant with other autosomal trisomies, while not downplaying the trials of multiple surgeries
or tube feeding for adequate nutrition, it is difficult to know just how much suffering they are
experiencing when they are not undergoing surgery or other treatment. At least some families find
that having a child with trisomy 18 or 13 is an overall positive experience and for some children with
these conditions surgery may extend their lives [74-77].
Children and adults with sex chromosome trisomies do not have a particularly high incidence of
physical defects that require extensive medical intervention. Although social and psychological
problems are common among people with the sex chromosome trisomies, overall quality of life is
generally positive [78-80]. Girls and women with Turner syndrome may need surgery for heart
defects and can have emotional, psychological, and social difficulties as a result of their condition,
but they do not seem to be experiencing significant physical suffering [81]. Turner syndrome and
Klinefelter syndrome are associated with impaired fertility, which, for some individuals, may cause
emotional suffering.
People with monogenic conditions and non-trisomic conditions have varying perspectives on
their conditions and on prenatal testing. Some view genetic impairment as part of their identity and
support policies of removing physical and social barriers and improving clinician knowledge of their
conditions over prenatal testing while others report more negative experiences with their
conditions [82, 83].
Ultimately, with some exceptions, because it is difficult to know how much suffering is
experienced by people with most chromosomal, monogenic, and congenital conditions, it is hard to
know what moral weight to give to it as a justification for prenatal testing. How can we know if
prenatal testing reduces suffering if we don’t know if people with any given condition actually suffer
or to what extent?
3.3 Supporting Parental Choices to Avoid Raising a Child with a Disability
Advocates of prenatal testing have argued that the ethos of testing has shifted from the public
health perspective of cost-savings and disability avoidance to permitting parents to make choices
about whether to continue – or not – a pregnancy in which a fetus has been diagnosed with Down
syndrome or other condition [84]. Abortion following prenatal diagnosis allows at least some
women to make difficult and highly situated choices about continuing a pregnancy and whether to
raise a child with disabilities. While respecting the essential humanity of people with disabilities, the
impact of raising a child with a significant disability can vary with factors such as socioeconomic
status, the nature of a woman’s relationship with her partner if she has one, parental age, parental
health, familial and social support, and the availability of societal resources. Essentially, some
parents are better situated than others to care for and raise a child with physical and/or cognitive
disabilities. In a less than perfect world, this justification for prenatal testing carries significant
ethical weight.
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Critics of this view counter that whatever the intentions of parents, the net effect is still eugenic
because the net result is a reduction in the number of people with disabilities, even if it not statesponsored or otherwise intended as such. But this labelling amounts to name calling, rather than
acknowledging the challenging, resource-poor situations parents can find themselves in. There is no
evidence that the availability of abortion is associated with more negative attitudes toward people
with disabilities or a reduction in available resources for them. In fact, generally speaking, the
opposite trend appears to be true [63].
But as I discuss below, while this is a compelling reason to offer prenatal testing, it would be on
firmer ethical ground if, in addition to allowing parents to make difficult choices, it could be shown
that prenatal testing also improves medical and other outcomes for people with disabilities and
their families.
3.4 Reassurance about the Health of the Fetus
A common reason to undergo prenatal screening is reassurance about the health of the fetus, at
least as far as aneuploidy is concerned [85, 86]. While this may be true, it is also true that the very
offer of prenatal screening itself generates anxieties that lead to the need for reassurance. In a
world where prenatal screening was not available, pregnant women would likely have typical
generalized concerns about the physical and cognitive health of their babies. But it seems unlikely
that most pregnant women would focus their anxiety specifically on Down syndrome unless the
possibility of the baby having Down syndrome had been raised by their care providers or a parent
has had personal experience with the condition. Even for a 35-year-old woman, the chance of giving
birth to a baby with Down syndrome is less than 1%. As genetic counselors know, re-framing can be
a powerful counseling strategy. If a 35-year-old woman was instead told that there is over a 99%
chance that at her age she will not have a baby with Down syndrome, she would likely find that a
very reassuring statistic and may not even consider prenatal testing. Prenatal testing can thus be
viewed as a self-fulfilling prophecy – it’s offer creates anxiety about a specific relatively uncommon
problem in the baby and undergoing prenatal testing can potentially alleviate that anxiety.
In addition, aneuploidy is only one of many problems a baby may have, and overall makes up
only a small portion of all genetic and congenital conditions. A normal prenatal test leaves
unanswered the status of a whole host of conditions that can affect a child - cerebral palsy,
prematurity, low birth weight, most forms of cognitive impairment, most genetic conditions, and
autism, to name just a few. In practice, prenatal screening offers only very limited reassurance. If
prenatal testing expands to include genomic testing, the number of conditions detectable will
increase, and in that future scenario parents may justifiably get greater reassurance from prenatal
testing.
This narrow reassurance is glossed over in the online advertising of many prenatal testing
laboratories. Their websites usually present graphics of beautiful, smiling, healthy babies alongside
their equally beautiful and smiling parents, and broad statements about the value of the test and
patient testimonials, as these quotes taken from 3 different lab websites illustrate:
…the most reliable way of non-invasively assessing a baby’s health…
(https://www.natera.com/womens-health/panorama-nipt-prenatal-screening/patients/, accessed
6/5/2021)
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NIPT
is
incredible.
It
offers
you
so
much
information…
(https://www.illumina.com/clinical/reproductive-genetic-health/nipt.html, accessed 6/5/2021)
Taking it has helped me sleep better because getting answers is a huge relief.
(https://myriadwomenshealth.com/patient-prequel/, accessed 6/5/2021)
THERE'S
POWER
IN
BEING
PREPARED
(Upper
case
in
original);
(https://myriadwomenshealth.com/patient-prequel/, accessed 6/5/2021)
Commercial laboratories have recognized that prenatal testing can be a significant source of
revenue [87, 88]. By one estimate, the worldwide market for NIPT is expected to be at least eleven
billion dollars (US) by the year 2030 [89]. To appeal to the market of pregnant women, this
advertising emphasizes the reassurance aspect of prenatal testing, while not making it clear just
how much reassurance women should receive from their products [90]. Notably, the websites rarely
mention abortion and usually do not prominently display photographs of babies with Down
syndrome or trisomy 18. Presumably a mention of abortion or a photograph of a child with Down
syndrome would not reinforce a message of reassurance or help sell a test.
3.5 Medical and Emotional Preparation
A common reason for women to undergo prenatal testing is to have emotional, psychological,
and medical preparation if the baby has Down syndrome or other condition [91], a justification I
frequently heard during my 22 years working as a genetic counselor in a busy prenatal diagnosis
clinic. Interestingly, one study reported that most women who chose to continue a pregnancy with
Down syndrome experienced an increase in anxiety during the pregnancy, although many women
said they if they could do it over, they would still choose to undergo prenatal diagnosis again [92].
In 2017, participants from a variety of specialties such as obstetrics, maternal fetal medicine,
genetics, and other prenatal testing experts met to develop a framework for introducing new
prenatal tests, criteria for providing genetic counseling and consent, and guidelines for the use of
existing prenatal genetic tests. A summary of the workshop’s findings in terms of the purpose of
prenatal testing suggested that improving fetal and maternal outcomes (without defining what
constitutes an improved outcome) should be a primary goal of prenatal testing:
The participants of this workshop were in agreement that the goal of prenatal genetic testing
should be focused on improving outcomes for women and families [84].
However, the workshop summary also reported that it was not clear that prenatal diagnosis of
most conditions had measurable benefit:
For many genetic disorders, more information will not change the outcome directly [84].
There is some limited evidence that prenatal diagnosis can improve fetal outcomes and prevent
some maternal complications. Some fetal anomalies are associated with complications of labor and
delivery such as shoulder dystocia, c-section, and hypertension [93, 94]. For a few uncommon
conditions, some infants may derive medical benefit, e.g., gastroschisis, isolated low lumbar
meningomyelocele, some cases of isolated diaphragmatic hernia, all conditions usually detected by
ultrasonography and maternal serum screening.
A majority of babies with Down syndrome require intensive care as newborns, usually due to
structural anomalies such as heart defects or duodenal atresia [95, 96]. Thus, there is reason to
believe that prenatal diagnosis of Down syndrome could result in medical benefit for some babies
if the delivery occurs in a hospital with a Neonatal Intensive Care Unit (NICU). But tellingly, almost
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no studies have been performed on babies with Down syndrome or any autosomal aneuploidy
diagnosed prenatally and carried to term to determine whether they have better medical outcomes
than those diagnosed at birth. It is also unclear what emotional benefits families obtain from
foreknowledge of an affected child via prenatal testing. While many women undergo testing for
emotional preparation, there is no proven measurable and concrete benefit [91]. Such empirical
data would be very helpful to women who are trying to decide whether to undergo prenatal testing,
particularly women who would not consider abortion.
What is particularly striking is that even though prenatal testing, particularly for aneuploidies,
has been available for more than half a century, there has been very little research on direct
measurable medical, psychological, adaptational, or familial benefits for affected children and their
families [97]. Why hasn’t the research been done? This paucity of such research reinforces the
criticism that the abortion of affected fetuses is, from a medical and public health perspective, still
the primary reason for the offer of prenatal diagnosis.
Beyond aneuploidy, genomic testing can be helpful in diagnosing conditions that may influence
obstetric and neonatal management, especially when an ultrasound has revealed fetal anomalies
[17, 98-101]. In addition, if prenatal genomic testing yields a positive diagnosis, neonatal
management decisions could be made immediately at birth, rather than having to wait for test
results after delivery, which could take several weeks. However, these studies typically consist of
small case series with no matching controls. In addition, genomic testing often yields variants of
uncertain clinical significance, which can create greater decision-making dilemmas for parents and
add to their anxieties [102].
Another potential advantage of prenatal diagnosis for women who would not or cannot consider
pregnancy termination is in situations in which the baby will be born with a condition associated
with very poor neonatal survival, such as anencephaly, triploidy, or if genomic testing yields a
diagnosis of severe monogenic condition. Different families may have different preferences and
values regarding the types of medical care the baby should receive at birth, such as palliative care
or aggressive intervention with surgery and placement in a NICU. Hospitals and care providers may
have different policies about what they consider appropriate care in these situations. Prenatal
knowledge of a condition could allow a family to choose a delivery location and care providers who
will respect the family’s wishes as much as is legally possible [99].
4. Conclusion
Prenatal testing can no longer be ethically or practically justified by the economic benefits to
society. Offering prenatal testing to reduce anxiety is also a weak justification, other than situations
where couples have a reproductive or family history of a specific disease, since the offer of testing
itself plays a major role in engendering the specific anxieties said to be alleviated by prenatal testing,
and because prenatal testing covers only a very limited number of disabilities and conditions. It is
also unclear just how much suffering is experienced by individuals with most chromosomal, genetic,
and congenital disorders and thus it is hard to know to what extent avoiding a birth of a child with
such a condition avoids suffering.
Two compelling reasons for offering prenatal testing are that it allows parents to make the
extraordinarily difficult and personal choice about whether to raise a child with disabilities and, if
they choose to carry the pregnancy to term, to have medical and emotional preparation for caring
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for a child with disabilities. Unfortunately, almost no research has been conducted to either prove
or disprove that prenatal testing actually does improve outcomes for affected children or their
families, particularly for chromosomal conditions. In order for routine prenatal testing to be
justifiable in the future, there is a pressing need to conduct short and long term research on a large
scale to determine what benefits prenatal testing offers, if any, beyond pregnancy termination, and
for which conditions. Women who are trying to make a choice about whether to undergo prenatal
testing should have knowledge about all of its potential benefits and downsides. Prenatal testing
can create significant anxiety and there is a possibility that women may eventually have to undergo
a diagnostic procedure that carries a small but real risk of fetal loss. If there is no measurable medical
or other benefit to prenatal diagnosis of Down syndrome other than termination of pregnancy, then
parents can make a better decision that is more consistent with their personal beliefs, desires, and
specific situations.
From a social justice standpoint, people with disabilities and their families should also obtain
some benefit from prenatal testing, beyond the option of pregnancy termination. If it can be
demonstrated that people with disabilities or their families have better outcomes as a result of
undergoing prenatal testing, if everyone benefits regardless of individual parent’s choices, then
prenatal testing stands on firmer ethical ground.
In some – but by no means all - observant Jewish communities, the decision about pregnancy
termination following prenatal diagnosis is made by rabbis, after considering the woman’s unique
circumstances. At least for this population, it shifts the responsibility for decision making from
pregnant women to the rabbis [103]. But for many women around the world the choice of whether
to continue a pregnancy is a false one because many women do not have access to abortion as the
result of economic, social, legislative, familial, or religious factors. Women need to have unrestricted
economic and physical access to safe, legal abortion and should be available to all women,
regardless of the reason they choose to terminate a pregnancy. Limits on abortion for specific
reasons, such as Down syndrome, will only serve as a step to put further restrictions on all abortions
and other aspects of people’s reproductive and sexual choices.
Presently, most professional societies and national health services recommend that NIPT be used
to screen only for aneuploidy, though the tests offered by some laboratories include a few
microdeletion syndromes. In the future, in addition to aneuploidy screening, prenatal testing will
likely expand to routinely include more extensive coverage of the genome, and not just in a higher
risk pregnancies. This could have the potential to diagnose more conditions that might alter
pregnancy and neonatal management, improve the medical and developmental outlook for the
child, and provide the family with psychological and adaptational benefits. Thus, in addition to
studying the technical aspects of expanded prenatal genomic testing such as validity and accuracy,
there should be simultaneous research into the impact and outcomes for the child and family.
Furthermore, routine prenatal genomic testing will raise legitimate questions about negative
eugenic implications. Although developed in the context of reproductive carrier screening, the
recommendations of Dive and Newson [104] can serve as a framework for considering the
incorporation of genetic conditions into a prenatal screening program. This will ensure that the
greatest number of people will reap the benefits of prenatal genomic testing.
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Abstract
Plant breeding programs have used conventional breeding methods, such as hybridization,
induced mutations, and other methods to manipulate the plant genome within the species'
natural genetic boundaries to improve crop varieties. However, repeatedly using conventional
breeding methods might lead to the erosion of the gene reservoir, thereby rendering crops
vulnerable to environmental stresses and hampering future progress in crop production, food
and nutritional security, and socio-economic benefits. Integrating innovative technologies in
breeding programs to accelerate gene flow is critical for sustaining global plant production.
Genomic prediction is a promising tool to assist the rapid selection of premiere genotypes and
accelerate breeding gains for climate-resilient plant varieties. This review surveys the annals
and principles of genomic-enabled prediction. Based on the problem that is investigated
through the prediction, as well as several other factors, such as trait heritability, the
relationship between the individuals to be predicted and those used to train the models for
prediction, the number of markers, sample size, and the interaction between genotype and
© 2021 by the author. This is an open access article distributed under the
conditions of the Creative Commons by Attribution License, which permits
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environment, different levels of accuracy have been reported. Genomic prediction might play
a decisive role and facilitate gene flow from gene bank accessions to elite lines in future
breeding programs.
Keywords
Breeding values; genomic prediction; genetic gains; machine learning methods

1. Introduction
The selection of high-yielding plants to satisfy the continuously growing human population dates
back to 10,000 years, although the process has been fundamentally modified over the last hundred
years [1]. Most of the food products available to consumers are produced using modern and
conventional breeding programs [2]. In conventional plant breeding programs, various methods are
applied to the natural genetic structure of a species [3] for improving cultivars using genes from
different plant species. The principles of conventional plant breeding programs are based on the
development of new plant cultivars using old equipment and involving natural events [4].
Additionally, feeding the rapidly expanding world population requires the latest agricultural
research. According to many researchers, in conventional plant breeding programs, desired traits in
the plants are expressed without introducing a new gene in the plant [5, 6]. Progress in the fields of
plant genetics and plant nutrition, as well as advances in the chemical industry, have significantly
accelerated the advancement of agricultural innovation. The development of modified crops and
the use of chemical fertilizers and other modern inputs significantly increased agricultural
productivity in the United States and Europe in the second half of the twentieth century [6]. Given
that the challenges of climatic change, human population growth, decrease in arable land, and
pollution are expected to spread to many agricultural areas, innovative and cost-effective
technologies might play a decisive role in dealing with the problem of crop adaptation, especially
when global food production is severely limited by agricultural land, water, and energy shortages
[1, 7, 8]. Successfully breeding conventional plants to improve or develop new crop varieties is highly
time-consuming, as many phases of crossing, selection, and testing need to be performed. Also,
traditional plant breeding cannot solve the problems caused by intense agriculture and climate
change, e.g., improper use of chemical fertilizers along with unsustainable farming methods.
Therefore, innovative molecular tools, marker-assisted selection (MAS), molecular marker-assistedbreeding (MAB), and gene-editing are needed for the rapid development of new cultivars to
alleviate food scarcity and promote food security [10]. Due to several stages of crossing, selection,
and testing required in the traditional production of new plant varieties, creating a new cultivar
might take two decades [9]. Hence, novel molecular techniques, integrated with predictions based
on the genome, might provide new strategies to breed plants more efficiently [10]. In this review,
the tenets and privileges of genomic-enabled -predictions, some of the complexities of applying
such -predictions in crop breeding programs, and the problems that arise due to the interaction
between the genotype and the environment have been discussed.
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2. Plant Breeding Methods
Plant breeders choose plant varieties with the highest edible quality, followed by cultivation,
harvesting, and processing, along with the highest resistance to biotic and abiotic stressors [12].
Plant breeding approaches are divided into three parts. First, high-yielding and sustainable varieties,
and those with high-quality oil, in case of rapeseed breeding [11, 12], are selected from the naturally
occurring organic or conventional varieties.
Second, controlled pollination in selected plants is performed to recombine desirable genes from
different parents. Third, molecular techniques are used to select the marker profiles or preferred
genes to detect any alterations in the genome [12]. In the 1970s plant breeding demonstrated a
major impact on the accessibility of enhanced varieties of plants for some traits such as high-yielding,
semi-dwarf varieties worldwide [13]. However, conventional breeding is based on phenotypic
selection and has less impact on low heritable -multi-genic quantitative attributes such as biotic and
abiotic stresses, which are significantly affected by gene-environment interactions. It is timeconsuming, laborious, requires a large area, expensive, has a large population size, is less precise,
reliable, and requires an immediate, rapid, and more efficient selection system [14]. We have
discussed important traditional breeding methods, including hybridization, doubled haploid
breeding, pure line selection, mutation induction, and molecular marker-assisted breeding (MAB).
2.1 Hybridization
In hybridization programs, plant breeders produce new cultivars with desirable traits of different
plants by crossing those plants that usually have traits close to that of the new cultivar [15].
Hybridization is performed by controlled pollination that might be influenced by artificial
alternatives [16]. Numerous well-regulated pollination techniques are used to facilitate
hybridization in five ways, which include the emasculation of bagged flowers and pollination of
succeeding receptive stigmas, emasculation of the stigmas and instant pollination through induced
receptivity that is followed by bagging (One Stop Pollination), and pollination using cut styles with
no bagging and emasculation (Artificially Induced Protogyny) [3, 17]. Carputo et al. [18] reported
that interspecific crosses with wild relatives resulted in the generation of variants with high genetic
diversity and resistance against biotic or abiotic stress. For hybridization, significant diversity is
present in existing combinations without the need for new genes. [3]. During artificial hybridization,
pollen grains are collected from plants with desirable traits for pollination and fertilization, and
subsequently, used in plant breeding programs [19] However, sexual incompatibility often occurs
while producing hybrids and is a challenge that needs to be overcome by asexual propagation and
in vitro methods, such as protoplast fusion, somatic cell hybridization, or embryo rescue [16]. A
widely used technique, free from GMO, in crop breeding programs is somatic hybridization, which
is performed for improving crop yield. Somatic hybridization can effectively induce hybrid vigor,
through which the hybrid offspring displays greater size, fertility, biomass, and enhanced resistance
to diseases. However, certain genomic shocks in progenies, e.g., chromosomal rearrangements,
alterations in genome size, transpositions, and other chromatin results, might interfere with somatic
hybridization [20]. Several plants, including citrus, benefit from the use of molecular markers during
somatic hybridization [21]. Somatic hybrids were used as pollen parents in interploidy sexual
crossing. As a result, high-quality triploid plants were obtained using flow cytometry, embryo rescue,
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and SSR marker analysis [21]. According to Bashir et al. [20], hybridization could alter the somatic
mutation rates in plants.
2.2 Doubled Haploid Breeding
Doubled haploid breeding involves the production of haploid plants by culturing anthers,
microspores, ovaries, and interspecific hybridization, followed by doubling the chromosome
numbers with colchicine treatment to obtain diploid plants, in which, consequently, every gene is
homozygous [22]. Producing completely homozygous plants in the first generation is a very
important step in plant breeding programs [23] since it reduces the breeding time and the cost of
developing a new cultivar [24, 25]. Lolium perenne L. and other essential forage species have been
effectively bred using double haploids [26]. However, when creating double haploids, cost efficiency,
stabilization of rare and useful alleles, retention of genetic diversity in their lines, as well as
distinctiveness, uniformity, and stability of new species must also be considered. Double haploids
possess both negative and positive effects regarding the above-mentioned conditions [26]. Rare
alleles, obtained by producing doubled haploids, might control various essential characteristics in
plant breeding. The double haploid method assists while crossing for desirable genotypes, thus
resulting in hybrids with chromosome sets from both parents. Recombination leads to the
development of novel genomic amalgamations through the formation of gametes that could then
be corrected during the induction of doubled haploids. Therefore, a reasonable level of genetic
diversity is needed to preserve rare alleles for future breeding purposes [27, 28]. Doubled haploids
could be used in conjunction with molecular breeding to enhance gene frequencies and strengthen
qualitative traits. By adding markers to haploid plants, highly efficient molecular breeding can be
achieved by developing doubled haploids [29, 30]. As an example, for haploid recognition, novel
haploid inducers were obtained by combining novel molecular marker systems, such as the high oil
marker and the red root marker, that were used to create a doubled haploid technique from
germplasm [31].
2.3 Pure Line Selection
Self-pollinated plant species are usually improved via pure line selection [1]. Due to selfpollination, the genetic structures of pure line varieties (inbred lines) are homogeneous and
homozygous [32]. They have a very narrow genetic base and are mostly used as parents while
developing new cultivars [3, 15, 16]. Pure line selection is rapid and easy to perform, especially for
selected genotypes obtained from a variable population [33]. Farmers perform pure line selection
and then multiply the plants as a new cultivar under natural conditions [34]. To determine the
performance of the selected plant, progeny testing is essential in pure line selection. If the selected
line is superior, the population is released as a variety [34]. Pure line selection was used effectively
to assess genetic and phenotypic components and select preferable genotypes that expressed traits
of interest that performed well in a heterogeneous population of soybean cultivars [35].
2.4 Mutation Breeding
Plant breeders have been using mutation breeding to improve plants since the 1920s [36].
Thereafter, most induced mutations were performed during the 1950s and the 1960s, and to date,
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a significant number of mutant plants have been developed for desired modified traits [37]. Induced
mutations have been effectively used to improve plants. Several mutants have also been detected
and reported in many countries such as China, India, the USA, Japan, the Netherlands, and Russia.
Induced mutants are produced randomly; therefore, an accurate prediction of the desired outcome
is relatively difficult [38-40]. However, the genomic aspects of mutations, from a molecular point of
view, could be useful in selecting the appropriate mutation induction techniques for gene function
analysis. Thus, creating plant mutant reservoirs could help basic and applied research, e.g., gene
mapping and functional genomics [40].
2.5 Problems While Breeding for Crop Improvement and Sustainability
Scientists have focused on being able to feed the ever-growing global population for a long time,
but in recent years, sustainable food production has received increased attention due to the impact
of climate change [41, 42]. Fortunately, the development of improved cultivars has led to faster
global food production, which has led to a steady decline in food prices. The continuous production
of high levels of biomass to minimize external inputs of non-renewable resources such as water,
fuel, agricultural land, and fertilizers, to potentially reduce greenhouse gas emissions during
cultivation, along with the production of plants that have high resistance to biotic and abiotic
stressors that are well-adapted to potential climate change, are some of the challenges for future
plant growers [42, 44]. Plant breeding programs should be one of the highest priorities of the
government to ensure the availability of high quality and quantity of food worldwide [43].
Hybridization using different parents, and the subsequent selection following consecutive
generations, has several limitations, including a long period required to develop novel varieties and
inadequacies in multifaceted traits with low heritability [44].
Thus, to overcome the limitations of conventional plant breeding methods, molecular markerassisted breeding techniques, which require less phenotypic information for indirectly selecting
desirable traits in plants, can be used [45]. Performing whole-genome predictions is a good strategy
to conduct phenotypic selection or marker-assisted breeding [46].
3. Molecular Marker-Assisted Breeding
Plant breeders face two main challenges: efficient selection and accelerating the breeding phase.
Jiang [47] proposed a new method for improving plants using molecular marker-assisted breeding
(MAB). Molecular breeding was shown to greatly enhance selection efficacy, elevating genetic
diversity, explaining the genetic architecture, and adjusting gene function [48]. Marker-assisted
selection (MAS) can be used in genotyping and choosing complementary parents for early crossing,
and selecting superior genotypes. For this, tissue culture allows the production of disease-free stock
plants with a high rate of multiplication, which plays a critical role in the crops’ yield and quality [49].
Marker-assisted selection could improve the efficacy of plant breeding [46]. Using F2 and backcross
populations, recombinant inbred lines, and doubled haploids, molecular-assisted breeding allows
the selection of various characters of interest [50]. Genomic prediction and selection are beneficial
for the attributes that are governed by fewer quantitative trait loci (QTLs). Genomic prediction
patterns compute the impact of all molecular markers at all loci and capture small QTL effects [46,
51]. The invention of various marker-QTL systems has improved the quantitative attributes of
economic importance. Although QTLs can successfully detect simple traits, there are no reports of
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them improving complex quantitative attributes. Due to the interaction between QTL and the
environment, finding the same QTL across multiple environments seems difficult. Due to low rates
of recombination in chromosomes, linkage analysis for QTL mapping in parental populations has
failed. As the cost of high-throughput SNP (single nucleotide polymorphism) genotyping for QTL is
low, it is possible to use high-density SNP arrays to develop statistical models for predicting markertrait associations, which depend on the genetic architecture of the predicted traits [52].
4. Benefits and Challenges of Genomic-Enabled Prediction in Plant Breeding
The increase in crop productivity is due to both conventional and marker-assisted breeding (MAB)
programs [11]. High-density single nucleotide polymorphism markers are used in genomic
prediction across the whole genome to predict genetic values beneficial to plant breeding programs
[46, 53-55]. They not only improve selection efficiency but also reduce breeding costs and unify
breeding methods, biological discovery, as well as, tools and methods of selection [56]. This method,
besides helping in identifying plants with complex traits, also makes plant breeding programs
extremely efficient [14]. Meuwissen et al. [53] presented the idea of genomic selection as an
efficient technique to predict complicated traits in plants and animals and has been widely used in
breeding crops. The use of genetic prediction has allowed the selection of new genotypes in plant
breeding programs based on genomic data without the need for phenotyping [52, 57]. However, it
requires the construction of a prediction pattern by integrating marker information with a
phenotypic database in a model training step [53] and has led to fundamental changes in plant
breeding programs [58]. Genetic progression is improved by genomic selection in crop breeding
programs via phenotypic predictions to select ideal phenotypes, based only on their genomic
information [59].
The cost of genotyping, especially for next-generation sequencing, is usually much lower than
phenotyping [46, 54]. Moreover, the use of genomic prediction does not acquit phenotyping but
replaces many of the steps of selection that are associated with phenotyping, based on wholegenome prediction [46, 54]. Most studies on genomic prediction have preferentially predicted the
validation set using cross-validation to predict the validation complex [46, 54]. However, two factors,
which include the cost of genotyping and the ambiguous protocols to efficiently apply genome
selection restrict the use of genomic prediction in breeding programs. Genomic prediction focuses
on two procedures, A) predicting additive impacts in the early generations of a breeding process for
a fast selection cycle at a short interval and B) predicting the perfect genetic values of individuals,
considering both additive and non-additive effects, to estimate the efficiency of the desired cultivars
[52]. Generally, genetic gains are enhanced by increasing the selection intensity and boosting the
breeding cycle using genomic prediction [60-62].
5. Accuracy of Genomic Prediction and Genomic Selection-Assisted Genetic Gains
Several genetic and statistical limitations make genomic prediction inefficient. These limiting
factors arise from the size and diversity of the training population and the heritability of the
attributes to be predicted. Statistical limitations arise due to the high dimensionality of marker data,
where the number of markers is considerably more than the number of observations and due to
the multicollinearity among markers, as adjacent markers are highly correlated [52]. Different levels
of genomic prediction accuracy have been reported in crops, which depend on the evaluation of the
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prediction problem, character heritability, the correlation between the individuals to be anticipated
and those applied to train the patterns for prediction, the number of markers, sample size, and the
genotype-environment interaction [62]. Crossa et al. [62] performed genetic predictions for maize
and wheat. They concluded that pedigree (population structure) accounted for a significant portion
of prediction accuracy when the assessment for the global population demonstrated a predictive
problem. The precision of genomic prediction might be enhanced by incorporating data from the
associated environments while modeling the relationship between genotype and environment.
Several studies have reported the usefulness of genomic prediction in plant breeding programs
[63-65]. Genomic prediction can improve selection, lower costs, and provide a way to combine
reproductive techniques and biological discovery [56]. Some important characters, including grain
yield, biomass accumulation, resistance against diseases, and events that are involved in the
flowering processes under various environmental conditions, have been predicted with various
degrees of accuracy, which depend on the hereditability of the character, the size of the training
population, the number of markers, the correlation between the training and testing cycles, and the
interaction between genotype and environment [14, 46, 52, 60, 61, 66-73]. Windhausen et al. [60]
applied marker effects, estimated in 255 diverse maize (Zea mays L.) hybrids, to anticipate grain
yield, anthesis date, and anthesis-silking interval within the diversity panel and testcross progenies
of 30 F2-derived lines from each of five populations. They reported that predictions were made
based on the differences in the average performance of breeding populations and were less related
to the relationship between training and accreditation sets or linkage disequilibrium, with causal
variants underlying the predicted traits. Potential uses of genomic prediction in maize hybrid
breeding include having a clear breeding event in which genomic prediction should be applied, a
detailed analysis of the population structure before cross-validation, and large training sets with a
strong genetic relationship to the validation set [60]. In maize, up to three generations are
conceivable per year, selection speed is high and, consequently, genomic selection is very promising
for breeding programs [61]. As a cost-effective and efficient breeding approach, genomic selection
and prediction can have small and large impacts on genetic factors, and therefore, achieve higher
genetic gains for complex traits, such as the yield of the oil content in groundnut [73]. Integration
of genomic prediction with rapid generation advancement technology, such as speed breeding, can
significantly and positively impact breeding programs, including those for maize and wheat [62, 72],
groundnut [73], sorghum [74], and apple [75]. Roth et al. [75] identified key genetic parameters to
consider while performing genomic prediction for the texture of apples. Zhang et al. [76] provided
beneficial information to maize breeders regarding genomic selection activities for future breeding
programs. There are few reports on genomic prediction for some traits of soybean, including seed
yield [77], seed weight [78], and resistance to biotic stresses [79, 80]. Recently, Haikka [81] reported
the applicability of genomic prediction in the breeding program of oat and barley. The study
predicted that the yield of those crops was improved by using multi-trait prediction. Haikka [81] also
estimated the benefits of trait-assisted prediction for oat and barley, and the prediction of grain
yield was improved by 4% and 9%, respectively, with multi-trait prediction, and by 9-14% and 1128% with trait-assisted prediction, compared to the prediction of grain yield alone. Batista et al. [82]
developed and applied a methodology for genomic prediction for autotetraploids and even for
higher (and mixed) ploidy levels. They used the models to build covariance matrices of both additive
and digenic dominance effects that were subsequently applied in genomic prediction models.
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In general, for the analysis of genomic prediction in crop breeding, the incorporation of multiomics data, comprising epigenomics, genomics, proteomics, transcriptomics, and metabolomics,
appears to be critical to predict complex traits using molecular genetic information (Figure 1). Many
types of -omic data, such as transcriptomics, epigenomics, proteomics, and metabolomics, have
become readily available. Therefore, evaluating the utility of this huge amount of information in
predicting complex traits would be interesting [83].

Figure 1 Multi-omics data integration in the genomic prediction analysis of breeding
programs.
5.1 Comparison between Single- and Multiple-Trait Genomic Models in Genomic Prediction
Multiple-character models for genomic prediction were recently reported [84-88]. A multiplecharacter genomic model (MTGM) had higher accuracy of prediction than a single-trait genomic
model (STGM) [89, 90]. Comparing the results of the single-character genomic model (STGM) with
those of the multiple-character genomic model (MTGM) for genomic prediction of high and low
heritability traits demonstrated that both MTGM and STGM had similar validity for the genomic
predictions for the high heritability traits, while for the low heritability traits, MTGM was more
efficient than STGM [89].
5.2 Genomic Prediction for Interaction between Genotype and Environment
The interaction between genotype and environment (G × E) strongly affects the yield of crop
plants. In genomic prediction models, G × E can boost the accuracy of prediction and assist the
selection of lines across target environments [91-94]. Genomic predictions have sufficiently
improved the yield and other important traits in different crops when applied during breeding
programs [51, 60, 95]. However, G × E complicates the screening of fixed pure lines and negatively
affects the heritability of the characters. It is represented as a change in the plant line's performance
from one environmental condition to another. Hence modeling for G × E during genomic prediction
could be beneficial for breeders to select the lines with optimal overall performance across
environments, as well as in specific target environments [92]. One of the models can link genotypes
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in different locations, even in cases where plant lines are not present in all locations. This model has
the advantage of applying genetic covariance matrices in G × E mixed models [96]. In all genomic
prediction models that incorporated G × E, the accuracy of single-environment analyses was
reported to be higher than the models without the G x E factor in bread wheat, maize, barley, and
legumes [91, 93, 96-100]. The main patterns applied to evaluate genomic prediction accuracy by
incorporating G × E are as follows:
Burgueno et al. [91] were the first to report the application of marker-based and pedigree-based
linear models of genomic prediction for investigating G × E. Crop-modeling data was also
incorporated to investigate G × E by Heslot et al. [101]. Several models, possessing the main effects
of environment and lines, were coordinated to determine prediction accuracies in chickpea. The
results demonstrated that accurate and precise prediction depends on improving genomic
prediction models and applying various genotyping platforms, which leads to the selection of
valuable candidates [92]. Bohlouli et al. [102] assessed the accuracy of genomic prediction across
several scenarios applying single-character and multiple-character genomic models to detect G × E.
They concluded that G × E contributes to perceptual variability in quantitative characters and
enhances the accuracy of genomic prediction. Hence, the interaction must be considered while
selecting different genotypes. With the appearance of molecular markers, linear mixed models,
associated with the differential sensitivity of genotypes to environments to particular regions of the
plant genome and specific biological mechanisms, were used in new procedures of G × E analysis
[103, 104]. Hassen et al. [105] reported the first study that explored the feasibility of breeding rice,
adapted to alternate wetting and drying, using genomic prediction methods that accounted for
genotype by environment interactions. Mageto et al. [106] evaluated genomic prediction with G ×
E analysis for the level of Zn in the kernel of tropical maize germplasm and demonstrated the
capability of genomic prediction to boost the breeding of plants for enhanced Zn levels in the kernel
of the selected superior genotypes. Multi-environment analysis can influence G × E by applying
genetic and remaining covariance roles, markers and environmental covariates, or marker with G ×
E [91, 97, 107]. Keller et al. [57] demonstrated the potential of genomic selection to enhance the
genetic gain in agronomic traits of common bean (Phaseolus vulgaris l.) bred under environmental
stress. However, change in the responses of each cultivar with climatic conditions is a major
challenge for breeders and can have a stronger effect on heritability and genotype ranking
compared to the effect of the different environments [96].
6. Prediction Methods for Additive Genetic Effects
Genomic prediction using marker and phenotype information from observed populations is
useful to make connections between markers and phenotypes. Genomic prediction applies
genome-wide markers to measure the impacts of all loci and ultimately predicts the genetic values
of untested populations to perform more inclusive and reliable selection and to accelerate genetic
progress in crop breeding. However, genomic prediction models might have a problem when the
number of markers is much higher than phenotypic observations. To solve this problem and increase
the accuracy of genomic prediction, many models, such as parametric procedures, as well as nonparametric methods such as machine learning algorithms, including gradient boosting machine
(GBM) and extreme gradient boosting method (XgBoost), reproducing kernel Hilbert space (RKHS),
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random forest (RF), and radial basis function neural network (RBFNN), have been used for genomic
prediction in breeding programs [108].
In genomic best linear-unbiased prediction (GBLUP) method, the impacts of all the loci possess a
joint discrepancy that makes these loci more fit for characters affected by many minor genes [108,
109]. The Bayesian method is efficacious and pliable for phenotypic prediction and breeding value
estimation. In the Bayesian method, variance components are calculated with genomic breeding
values. It is based on differences calculated from data, and therefore, are novel and specific to the
analyzed character, allowing skepticism of the variance components to be included in the breeding
values [110, 111]. Several Bayesian methods of phenotype and genomic prediction, according to
multi-locus aggregation patterns, have been considered [111]. The least absolute shrinkage and
selection operator (LASSO) is a regression model presented by Tibshirani [112]. This method is a
constrained version of the usual least squares. It is slightly ineffective for the strongly correlated
markers and tends to pick one trait and ignore the others [108]. Machine learning, as a nonparametric method, has also been successfully adopted in genomic prediction [108, 113]. Machine
learning methods have been recently adopted in genome-wide association studies for detecting
candidate genes and epistasis, analysis of the gene network pathway, and genomic prediction of
phenotypic values [114]. Non-parametric methods are more efficient than parametric methods
when the underlying genetic architecture is quiet because of epistasis. The non-parametric methods
have smaller genomic prediction errors and enhanced prediction accuracy of phenotypic values
[115]. Among machine learning methods, RF is a commonly used tree-based ensemble procedure
for regressing multiple variables [116-118]. Gradient boosting machine (GBM) is an efficacious
method that can refine SNPs and reduce complex models in the analyses of multivariate phenotype
genome-wide association studies [114, 119]. Another machine learning method known as extreme
gradient boosting (XgBoost), introduced by Chen and He [120], is based on a similar principle as
GBM, but applies a more regularized model than GBM to control over fitting.
Analysis of genome-wide loci and their interaction involves many variables [95], for which, the
above-mentioned statistical methods of omics data analysis have been associated with benefits in
genomic prediction. However, using an inappropriate model in breeding practices might obscure
some genetic variances, resulting in a biased and unreliable genomic prediction. Accurately
analyzing the interactions among many genes and examining the intensity of their effects is an issue
that needs to be addressed in the future [108].
7. Factors Affecting the Accuracy of Genomic Prediction for Agricultural Economic Traits
The accuracy of predicting attributes that possess complex genetic architecture can be improved
by enhancing the marker density [121]. In cases where simple attributes are governed by one or
several genes with large effects, higher marker density might lower the accuracy of the prediction
if the quantitative trait nucleotide (QTN) is included but lead to a higher prediction accuracy if the
QTN is excluded [121]. Some important agents, including marker density, statistical method, minor
allele frequency (MAF), trait heritability, training population size, and genetic architecture, have a
significant impact on the accuracy of genomic prediction [76, 121, 122]. The accuracy of genomic
prediction for agricultural economic traits is enhanced with marker density, although, in some cases,
it may be accompanied by a decrease [121].
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In agriculture science, an outlier may be generated because of wrong data imputation. Although
statistical procedures are reported in the literature for the identification of outliers [123], the
identification of true outliers is still a challenge, especially for high-dimensional genomic data. The
predictive efficiency of genomic prediction techniques might be negatively affected in the presence
of outliers. [124]. Budhlakoti et al. [124] efficiently detected outliers in high-dimensional genomic
data and observed a significant improvement in genomic prediction. Zhu et al. [125] measured the
estimated values of genomic reproduction by providing different subsets of mononucleotide
polymorphisms (SNPs) based on different marker densities and MAF to evaluate the effect of marker
density and MAF on predictability. They concluded that a low-density chip, by adapting lowfrequency markers with large SNP effect sizes, should be designed for genomic prediction. It works
better for traits with high heritability than for traits with low heritability [121]. The size and
composition of the training population affect the efficacy of genomic prediction in breeding
programs. By comparing optimization techniques to select individuals from the training population
with higher predictive ability, Berro et al. [126] demonstrated benefits in considering the training
population when designing an optimal training population for genomic prediction. Furthermore,
they found that a weighted relationship matrix with stratified sampling was the best procedure for
submitting quantitative character predictions in different populations several generations apart.
The accuracy of prediction for characters possessing a complex genetic architecture can be
enhanced by the density of a specific marker. For simple characters that are governed by one or
several genes with large effects, higher marker density can also increase the prediction accuracy if
the QTN is unspecified and not included [121]. Thus, it can be concluded that a combination of all
the above-mentioned factors that affect prediction accuracy will always generate a high and fixed
prediction accuracy with acceptable breeding and computational costs.
8. Perspectives of Genomic Prediction in Plant Breeding
Advancement in plant breeding programs is essential to boost genomic prediction. In addition to
reducing the cost of creating new variability, the combined application of genomic prediction
associated with high-throughput phenotype in plant breeding must be determined. Furthermore,
the use of genomic prediction in germplasm enhancement, and the ability to anticipate the
performance of a line in an unobserved environment is very important in breeding programs and
needs to be addressed in future plant breeding plans [52]. Omics data have indicated the role of
genomic prediction in future plant breeding programs. Therefore, aligning genomic predictions for
targeted plant breeding programs in the era of climate resilience, where predictions are also based
on historical weather data available at the time of prediction, significantly improves predictive
accuracy; moreover, the inclusion of G × E causes selection for stress-tolerant lines to maintain food
security under changing climatic conditions. However, regardless of the interaction of
environmental factors with the genotype (G × E), the accuracy of genomic predictions for low
heritability attributes and characters with only a small amount of phenotype data could be
improved by MTGM. The estimated response variables for the breeding values obtained from the
multiple-character and single-trait models insignificantly affected the reliability of the estimated
breeding values for characters with no missing genomic data. However, for traits with missing data,
the response variable obtained from the multiple-trait model gave better genomic predictions than
the response variable obtained from the single-trait model. Furthermore, the use of various
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genomic prediction models seems promising for genomic prediction in populations, although
choosing a suitable model significantly affected genomic prediction in the ongoing plant breeding
programs.
9. Conclusion and Future Prospects
The successful implementation of genomic prediction to establish an effective plant breeding
program requires a strategic approach in designing breeding programs for sustainable production,
better cooperation, a new association between the public and private sectors, and acquiring new
skills. Furthermore, the effect of genomic prediction must be extended beyond the creation of new
crop varieties and follow an integrative framework. Adjusting genomic prediction to mitigate the
risks of genetic losses in breeding programs might represent the biggest incentive for the enhanced
coordination of funding to support modern plant breeding programs globally.
Studies to determine the implementation of genomic prediction for the selection of future
phenotypes are inadequate. Hence, predictions for the whole genome must be further highlighted
in plant breeding. Detailed studies to integrate G × E into proper models might determine whether
genomic prediction could be a good strategy to determine efficiency under changing climatic
conditions to feed the ever-growing global population.
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Abstract
Cell-free DNA has emerged as the most reliable, non-invasive prenatal screening tool for fetal
aneuploidies. It has come to replace the previously widely used quadruple screen offered in
the second trimester of pregnancy. This change comes with improved detection for
aneuploidy but also presents potential gaps in prenatal diagnosis including detection of open
fetal defects and emerging data on prediction of adverse pregnancy outcomes. This review
article provides a historical summary of the quadruple marker screen and evaluates the
intersection of this screen with cell-free DNA. Furthermore, it discusses points to consider as
providers trend toward cell-free DNA testing alone and reviews potential options to remedy
any disparities.
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1. Introduction
The American College of Obstetrics and Gynecology (ACOG) recommends that all pregnancies be
screened for fetal aneuploidy, particularly those of higher risk, including advanced maternal age and
prior family history [1]. The quadruple (“quad”) screen is one non-invasive tool available for
pregnancy screening [1]. The test is conducted in the second trimester of pregnancy and uses four
markers: alpha-fetoprotein (AFP), human chorionic gonadotropin (hCG), unconjugated estriol, and
dimeric inhibin-A [1]. The screen is used to help determine the risk of fetal aneuploidy and
subsequently guide pregnancy management. The quadruple screen has become ubiquitous in its
use across obstetrics providers, with continued discovery of additional applications.
Recently, technology that utilizes circulating fetal DNA in maternal serum, termed cell-free DNA
testing, has increasingly become the gold standard in prenatal aneuploidy screening, due to its
improved sensitivity and specificity for these conditions [1]. By its nature as a genetic test, cell-free
DNA is only able to evaluate genetic risks, thereby leaving potential gaps in prenatal testing that the
quad screen had previously been able to address.
2. A History of the Quadruple Screen for Aneuploidy Screening
The development of the quadruple screen for aneuploidy risk, particularly Trisomy 21, spanned
decades, as understanding of maternal serum markers improved over time [Figure 1]. Trisomy 21
(“Down syndrome”) is a common fetal aneuploidy syndrome, characterized by such physical
abnormalities as hypotonia, a flat nasal bridge and upward slanting palpebral fissures [2]. Children
with Trisomy 21 also have an increased risk of cognitive impairment, hearing loss, congenital heart
defects, and other lifelong medical conditions [2]. As early as the 1930s, the risk of fetal aneuploidies
was known to increase with maternal age, which we now understand to be secondary to increased
meiotic nondisjunction events resulting in additional chromosome 21 material [3]. Prior to the
1980s, advanced maternal age was the only screening modality used to recommend further
diagnostic testing (amniocentesis at the time) for trisomy 21 [4].
However, in 1984, a relationship between AFP and trisomy 21 was presented by Cuckle et al [5].
Pregnancies affected by this aneuploidy were shown to produce less AFP, a protein produced by the
fetal liver, leading to reduced maternal serum levels [5]. Refinement of the AFP screening strategy
accounting for maternal age and ultrasound-confirmed dating was proposed in 1987, with
sensitivity for trisomy 21 reaching 40% [4].

Figure 1 A timeline of the development of the quadruple screen.
Within the same year, the addition of hCG to the fetal chromosomal abnormality algorithm was
proposed [6]. By this time, it had been known for decades that abnormal levels of hCG were
associated with adverse pregnancy outcomes, namely spontaneous abortions [7]. It was also
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understood at the time that a majority of spontaneous abortions are due to chromosomal
abnormalities [6]. In the case of Trisomy 21, hCG levels were demonstrated to be elevated compared
to unaffected pregnancies [6]. By combining AFP and hCG, the detection rate for any chromosomal
abnormalities (including trisomy 21, 18, 13, and monosomy X) was improved to up to 75% of cases
from 20% with AFP alone in their cohort [6].
The earliest proposal of what is now referred to as the triple screen included AFP, hCG and
unconjugated estriol (the primary estrogen produced by the placenta) and was introduced in 1988.
Wald et al. identified that the combination of the three markers, in addition to maternal age was
able to improve detection rate and reduce false positives in the screening of trisomy 21 [8]. Further
studies confirmed that low estriol, in combination with low AFP, high hCG and advanced maternal
age, provided a positive predictive value 50-300% higher than simply AFP alone in the detection of
trisomy 21 [9].
By 1994, the standard of care was still offering amniocenteses to all pregnant women over the
age of 35 [10], as 1 in 294 pregnancies are affected by Trisomy 21 at this age [1]. Although invasive
diagnostic testing, including amniocentesis and chorionic villus sampling (CVS), is generally regarded
as safe, it carries risks, the most significant being the risk of pregnancy loss [11]. The use of maternal
aneuploidy screening is an attractive alternative to avoid unnecessary invasive diagnostic testing. In
a large study of over 5000 women, Haddow et al. demonstrated that the rates of invasive diagnostic
procedures could be reduced through use of the triple screen. In this study, researchers found that
if amniocentesis were only offered in pregnancies with a greater than 1 in 200 chance of being
affected by trisomy 21 per the triple screen, the number of unnecessary procedures would
dramatically decrease, while maintaining a detection rate of 89% of the cases of trisomy 21 [10].
In 1996, Wald et al. introduced the concept of the quadruple screen, adding inhibin-A to the
established triple screen protocol. Given that hCG levels are increased in the setting of trisomy 21,
it was hypothesized that elevations of another placentally-produced hormone, inhibin-A, may
further improve the sensitivity and specificity of the screening test for Trisomy 21 [12]. With further
optimization by adjusting for ultrasound-confirmed gestational age and maternal weight, the quad
screen improved detection rates to 79% 1 [12].
Until the early 2000s, most of the research focused on the ability to detect trisomy 21, with little
data regarding other fetal aneuploidies. The First and Second Trimester Evaluation of Risk (FASTER)
trial was a multicentered study aimed at comparing the available screening methods for Trisomy 21,
which included the second trimester quadruple screen serum markers, as well as first trimester
markers (PAPP-A, free beta-hCG and nuchal translucency) [13]. It also evaluated the success of these
screening modalities for chromosomal abnormalities other than trisomy 21 [14]. In a cohort of
around 35,000 women who received quad screening during the second trimester of their pregnancy,
the detection rate of pregnancies complicated by trisomy 18, trisomy 13 or monosomy X was 69%,
with a false positive rate of 8.9% [14].
As the data behind the quad screen increased, so too did adoption rates by obstetricians. By 2004,
second trimester quadruple screening was adopted by around half of American obstetricians [15].
By 2008, 86% of American general obstetricians offered this screen [16]. Another study found a 10fold increase in the use of the quad screen by maternal-fetal medicine specialists, increasing from
1

Of note, some researchers have proposed a “penta” screen, which aims to improve the quad screen by
incorporating hyperglycosylated hCG [1]. Clinical studies using this screen are still limited [1].
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8.5% in 2001 to 85.6% in 2007 [17]. The same study also identified a predicted 20% decrease in the
number of invasive procedures during this time [17].
3. Enter Cell-Free DNA
Non-invasive prenatal testing (NIPT) in modern times has largely come to mean the use of
circulating cell-free DNA for prenatal screening of chromosomal abnormalities. Early on, researchers
were primarily interested in the presence of whole fetal cells in maternal DNA, spurring the National
Institutes of Health Fetal Cell Study (NIFTY) [18]. Initial data was promising, with false positive rates
in aneuploidy screening lower than the 5% rate observed in serum analyte screening at the time
[19]. However, isolation of sufficient free cells for testing proved to be challenging, particularly in
pregnancies with cytogenetically normal fetuses [20]. While optimization efforts were underway,
Lo et al. identified that cell-free DNA was also present in the maternal serum, opening a new line of
research [21].
This field of study rapidly progressed, as it was determined that fetal DNA was present in high
concentrations, with detectable levels as early as the 7th week of pregnancy [22]. Early on, the
benefit was believed to be limited to determination of sex, sex-linked disorders, and Rh status, given
the need for a fetal specific marker (ex. Y chromosome) to distinguish from background maternal
DNA [23, 24]. However, advancements in alternative fetal markers including epigenetic markers [25,
26] and use of highly polymorphic single nucleotide variants within regions of interest [27, 28] has
allowed for the technology to detect common aneuploidies.
A 2017 meta-analysis by Gil et al. estimates that cell-free DNA has a detection rate for trisomy
21 of 99.7% and a false positive rate of 0.04% [29], far superior to second trimester quad screening,
which estimates a detection rate of 81% of pregnancies affected by trisomy 21 and a false positive
rate of 5% [14]. The meta-analysis also found weighted detection rates for trisomy 18, trisomy 13,
and monosomy X to be 98%, 99%, and 96%, respectively [29]. Aneuploidy screening through cellfree DNA is now endorsed as the most sensitive and specific screening test for this purpose by ACOG
and the Society for Maternal-Fetal Medicine (SMFM) [1]. These societies recommend all patients be
offered aneuploidy screening, regardless of maternal age [1]. Cell-free DNA may also have future
benefits in prenatal diagnosis of single gene disorders, as the technology develops, further setting
its capabilities apart from the serum analyte screens [30].
4. What Cell-Free DNA misses
There is no debate that cell-free DNA is superior to the quadruple screen in its ability to screen
for fetal aneuploidy [29]. However, cell-free DNA has distinct disadvantages to the quad screen. The
first is in the detection of open fetal defects, including neural tube defects (NTDs) and abdominal
wall defects. The second stems from the relative newness of this technology. Components of the
quadruple screen have been studied for decades, with continued discoveries of novel and
alternative applications.
4.1 AFP and Open Fetal Defects
Well before the discovery of AFP as a screening tool for trisomy 21, it was widely used to identify
pregnancies affected by neural tube defects (NTDs) or abdominal wall defects. AFP, first identified
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in the 1950s [31], is elevated in maternal serum in pregnancies affected by these open fetal defects.
In such pregnancies, it is believed that these lesions result in the lack of a complete barrier between
fetal serum or cerebrospinal fluid and amniotic fluid [32]. This allows the protein to leak into the
amniotic fluid, subsequently crossing over into maternal serum at elevated concentrations [32]. This
relationship was first discovered by Brock et al. in 1972 [33], and its use as a screening tool was
further characterized in 1977 by a U.K. collaborative study of over 18,000 pregnancies [34]. One
meta-analysis finds that the use of noninvasive maternal serum AFP screening is 75.1% sensitive
and 97.7% specific for the detection of neural tube defects [35]. Similarly, detection rate of
abdominal wall defects resulting in herniation of abdominal contents both with an overlying
membrane (omphalocele) and without (gastroschisis) using AFP screening has been demonstrated
to be 78% and >99% respectively, when using a cut off of ≥2.0 multiples of the median (MoM) [36].
Early in the implementation of cell-free DNA, the 2015 committee opinion published by ACOG
recommended providers also offer AFP testing to identify pregnancies at risk for open neural tube
defects [37]. Further studies have since demonstrated that routine second trimester
ultrasonography of fetal anatomy has a 100% sensitivity and specificity in the diagnosis of both
neural tube and ventral wall defects using an anatomy ultrasound scan [38]. This practice is now
recommended by ACOG [39] and has been demonstrated to be more effective than AFP screening
alone in detecting neural tube defects [40].
It is worth noting, however, that this combination of cell-free DNA with US testing is not without
its own limitations. ACOG currently endorses the optimum gestational age of obtaining the anatomy
scan to be 18-22 weeks in the absence of earlier indications [39], in part due to data that suggests
earlier scans may be less effective in detecting neural tube defects [41]. Historically, abnormalities
in maternal AFP levels early in pregnancy indicated the need for an earlier anatomic scan, given the
associated increased risk for anatomical defects. Therefore, moving away from quad screening or
AFP testing entirely may result in later diagnosis of these complications.
4.2 Other Quadruple Screen Applications
In addition to chromosomal abnormalities and open fetal defects, there is a growing body of
evidence that abnormal results from multiple quadruple screen serum markers may indicate a
greater risk for adverse pregnancy outcomes, including placental abruption, intrauterine growth
restriction (IUGR), fetal death and preterm birth [42, 43]. The link between these pregnancy
outcomes and abnormalities in these markers likely stems from placental malfunction [42]. Data
from the FASTER trial demonstrate a significant association between elevations in three serum
markers (specifically hCG, AFP, and inhibin A) with preterm birth (OR 5.51 [95% CI: 2.23-13.62]),
preeclampsia (OR 7.04 [95% CI 3.90-12.73]) and fetal loss ≤ 24 weeks (OR 16.34 [95% CI: 7.56-35.33]),
among others [43]. However, the sensitivity of this screen for these conditions is low (15.95%,
11.74%, and 24.74%, respectively) which limits the predictive value in the general population [43].
A Cochrane review of the use of serum markers as a screen for small for gestational age neonates
also found that quad screening alone may not be a sufficient screen [44].
Despite this, information from the quad screen could be valuable in directing further testing or
antenatal surveillance. Abnormal levels of both AFP and Inhibin-A have been associated with an
increased risk of stillbirth [45]. One study found that AFP levels greater than 2.5 MoM demonstrated
a relative risk of spontaneous abortion of 12.5 [95% CI: 9.7-16.1] compared to AFP levels of 0.75-
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1.24 MoM, but this association did not persist when adjusted for low birth weight [46]. However,
rates of stillbirth with Inhibin-A values greater than 2.0 MoM on second trimester serum analyte
screening are as high as 9.4 per 1,000, despite adjusting for low birth weight. This has prompted a
recent update to the committee opinion published by ACOG and SMFM on the topic recommends
that providers consider weekly fetal surveillance starting at 36 weeks gestation for these
pregnancies [45].
Additionally, the 2008 recommendations from the Society of Obstetricians and Gynaecologists
of Canada (SOCG) recommend that an unexplained increased AFP in the setting of placenta previa
warrants additional imaging and altered delivery planning due to the high association with an
invasive placental pathology (ex. placenta accreta) [47]. Yet another practical example involves a
case study, wherein a team identified a pregnancy with IUGR and used the quad screening to
determine the likely etiology to be related to placental pathology [48]. The clinicians used this
information to initiate prophylactic enoxaparin and aspirin in an attempt to normalize umbilical
artery blood flow prior to delivery [48].
While studies of the predictive value of quadruple screen markers are ongoing, it is worth noting
that there are additional investigational studies assessing the correlation between an abnormal
level of cell free DNA in maternal serum and adverse pregnancy outcomes. A recent systematic
review of retrospective cohort studies by Scheffer et al. finds that low levels of circulating fetal DNA
in maternal serum is associated with pregnancy complications, including hypertensive diseases of
pregnancy, preterm birth, and small for gestational age neonates [49]. The utility of any of these
markers as predictors of adverse pregnancy outcomes will require further investigation.
5. Conclusions
The development of the quad screen helped to identify pregnancies at the highest risk of body
wall defects and fetal aneuploidy, allowing for a reduction in the amount of invasive diagnostic
testing. NIPT has since emerged as a more sensitive and specific means of identifying possible fetal
aneuploidy. As we move more towards this means of screening, it is important to recognize the
potential gaps that this testing alone leaves. The largest of these gaps is the detection of NTDs and
abdominal wall defects, making routine second trimester US a critical component of the prenatal
testing algorithm. Additionally, there is ongoing investigational research that might suggest a
further benefit of serum screens in obtaining additional information about placental function and
adverse pregnancy outcomes.
Prenatal screening modalities are rapidly evolving, highlighting the importance of counseling by
obstetrics providers. Per ACOG recommendations, all patients should be counseled on the available
prenatal aneuploidy screening options, regardless of baseline risk [1]. Cell-free DNA is the superior
aneuploidy test with regards to sensitivity and specificity and should be offered to patients starting
at 9-10 weeks of pregnancy [1]. Additionally, routine second-trimester ultrasound screening for fetal
anomalies should be offered to all pregnant patients, with the optimal screening timing of 18-22
weeks [39].
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Abstract
This article uses cystic fibrosis as a case study to examine how physicians and scientists have
navigated uncertainty following newborn screening. Despite the many benefits of newborn
screening, including earlier diagnosis, therapeutic intervention, and a reduced diagnostic
odyssey, this public health approach also comes with challenges. For example, physicians
began to document infants with indeterminate diagnoses - those with a positive screen who
did not clearly fit into the cystic fibrosis or “normal” categories - by the early twenty first
century. As a means of addressing this uncertainty and to facilitate long-term follow up of
such infants, the U.S. Cystic Fibrosis Foundation recommended in 2009 that a new diagnostic
term, CFTR-related metabolic syndrome (CRMS), be used. However, the CRMS label was not
favored in Europe and a different term, cystic fibrosis screen positive, inconclusive diagnosis
(CFSPID), was adopted in 2015 instead. Efforts to address the uncertainty associated with
indeterminate diagnoses have been complicated, as stakeholders have held differing views
about whether the screening algorithms should aim to maximize or minimize CRMS/CFSPID
cases. Many who favor the identification of babies with CRMS/CFSPID note that they are at
increased risk of developing symptoms and signs consistent with a cystic fibrosis diagnosis. In
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contrast, those who support algorithms that reduce CRMS/CFSPID cases point to iatrogenic
harms associated with the medicalization of children who may remain healthy into adulthood.
Furthermore, investigators have grappled with how best to ensure equity in newborn
screening among different racialized groups while concomitantly attempting to minimize false
positive results. These issues are applicable beyond the context of cystic fibrosis, especially as
programs contemplate the incorporation or expanded use of next generation sequencing in
algorithms for a wide range of diseases, and this history highlights how efforts to reduce
uncertainty in one setting can lead to new and persistent sources of uncertainty in other areas.
Keywords
Diagnostic uncertainty; newborn screening; cystic fibrosis; CRMS; CFSPID

1. Introduction
Newborn screening (NBS) has been associated with numerous benefits, including potentially
sparing parents “diagnostic odysseys,” the possibility of early therapeutic intervention, and
improved outcomes [1-3]. In the case of phenylketonuria (PKU), the first condition to be widely
screened for in the U.S. and other jurisdictions in the 1960s, early detection allowed for the initiation
of a special diet to prevent the cognitive disability seen in individuals with untreated disease [4].
With the introduction of tandem mass spectrometry into NBS algorithms in the 1990s, many more
diseases could be detected prior to symptom development [5, 6]. Recent advances in genetic and
genomic technologies have expanded NBS even further, including pilot programs to apply whole
genome sequencing to screening protocols [7-9]. Yet, despite the ability to screen for an increasing
number of conditions, attempts to reduce uncertainty through NBS have led to “new uncertainties
in unanticipated arenas,” further prompting debates about the goals and appropriate targets for
screening programs [1, 3, 10].
In the setting of discussions about strategies for newborn screening over the past several
decades, many have pointed to James M. G. Wilson and Gunnar Jungner’s 1968 criteria for screening
for disease. Asked by the World Health Organization to develop principles and practices for
screening programs, Wilson and Jungner noted that “the object of screening for disease is to
discover those among the apparently well who are in fact suffering from disease” so that
preventative measures could be put in place [11]. They laid out ten principles of early disease
detection, the first two of which stipulated that “the condition sought should be an important health
problem” and that “there should be an accepted treatment for patients with recognized disease”
[11]. However, as Diane Paul and Jeffrey Brosco have noted, Wilson and Jungner’s tenet that a
therapeutic intervention be available “was being described by some as outmoded” by the 1990s [4].
Those who were opposed to strict adherence to Wilson and Jungner’s principles suggested that
newborns could benefit from early diagnosis even in the absence of an effective treatment and
some felt that “the family as a whole, and not only the child, should be considered a legitimate
beneficiary of NBS” [4]. In contrast, those who favored screening algorithms that more closely
followed Wilson and Jungner’s principles expressed concern that expanded screening had the
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potential for harm [4]. In the twenty first century, numerous investigators have suggested
modifications to the Wilson-Jungner criteria [12, 13].
In this paper, I use cystic fibrosis (CF) as a case study to examine how physicians have evaluated
different screening algorithms and grappled with uncertainty in newborn screening. CF is an
autosomal recessive genetic disease associated with a wide range of symptoms, including those
affecting the respiratory and gastrointestinal systems. Prior to NBS, CF was typically diagnosed in
the setting of symptoms, yet babies diagnosed following a positive newborn screen are often
asymptomatic, resulting in uncertainty about symptom development and long-term prognosis [3].
Based on interviews with parents whose children received a diagnosis of CF following a positive
newborn screen, Rachel Grob documents how challenging such uncertainty can be [1]. As one
mother explained, her son “could be fine for the rest of his life” or “something terrible could happen”
[1]. Although most individuals diagnosed with CF through NBS will go on to develop symptoms, this
can be difficult for parents to come to terms with, especially if their child appears healthy. This type
of ambiguity following newborn screening and a subsequent diagnosis can result in what Stefan
Timmermans and Mara Buchbinder have termed “patients-in-waiting,” defined “as an umbrella
concept for those under medical surveillance between health and disease” [3, 14]. Reflecting on the
history of PKU, Diane Paul and Jeffrey Brosco have noted that “in a sense, NBS programs have always
created patients-in-waiting” [4]. Furthermore, uncertainty associated with a diagnosis in the
absence of symptoms has also been described outside of NBS, in the context of such diagnoses as
breast cancer, high blood pressure, and elevated cholesterol [15-19].
In addition to uncertainty about the nature and timeline of symptoms that will develop following
a diagnosis, confusion may also exist when a child with a positive newborn screen does not fall into
a clear diagnostic category [1, 4, 20-23]. Since at least 2005, investigators noted that there were a
number of babies who did not meet the strict diagnostic criteria for CF following a positive screen,
yet they did not clearly fit into the “normal” category either [24]. Based on ethnographic and
historical work examining newborn screening in France, Joëlle Vailly argued that patients with an
indeterminate diagnosis following NBS for CF are “typical of the ‘patients-in-waiting’ living between
illness and health after screening” that Timmermans and Buchbinder described [20, 21]. Since some
of these babies who received an indeterminate diagnosis were later reclassified and given a CF
diagnosis, many investigators felt that it was important to monitor these infants for signs of CFrelated disease. However, others argued that the identification of these children was not in line with
the intended goals of newborn screening and could lead to tangible harms resulting from their
medicalization.
As a means of addressing this uncertainty and to facilitate long-term follow up, the U.S. Cystic
Fibrosis Foundation recommended in 2009 that such infants be given a new diagnostic label, termed
CFTR-related metabolic syndrome (CRMS) [25]. As physicians Hara Levy and Philip Farrell noted
years later, the CRMS diagnostic category was “literally invented” during a consensus conference
that resulted in the 2009 guidelines [26]. While investigators in Europe initially opted not to provide
these infants with a diagnostic label, by 2015 the term cystic fibrosis screen positive, inconclusive
diagnosis (CFSPID) was formally proposed [27]. Soon after, the two terms were merged to
CRMS/CFSPID to facilitate international collaboration and long-term follow up of these infants [28].
Analysis of the CRMS/CFSPID category provides insight into how physicians have navigated the
perceived benefits and drawbacks of different NBS algorithms, with important implications for
newborn screening more generally, including how the composition of mutation panels can affect
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who gets diagnosed. The subsequent section includes a brief overview of the early years of newborn
screening for CF, which provides important context for understanding how physicians responded to
uncertainty following NBS.
2. The Early Years of IRT-Based Newborn Screening for Cystic Fibrosis
During the 1970s, investigators in New Zealand developed a screening test that is still used today
to detect newborns with CF. As described in the March 2, 1979 issue of The Lancet, Jeanette Crossley
and colleagues from the University of Auckland School of Medicine provided evidence that the
digestive enzyme trypsin was elevated in the blood of young children with CF [29]. At that time, the
investigators knew that digestive enzymes were produced by the pancreas and released into the
intestine in healthy individuals, yet the enzymes were unable to leave the pancreas in many people
with CF. As one of the 1979 coauthors reflected on their approach to newborn screening years later,
“The rationale was quite simple. We knew the ducts draining the pancreatic juices into the intestine
are blocked in CF, so where were all the enzymes going? Were the dammed up enzymes flowing
back into the blood?” [30]. Subsequent work documented that the enzymes were entering the
blood as predicted, “and this could be easily detected in the same dried blood spots collected for
other diseases from all newborns in NZ” [30].
After demonstrating that the pancreatic enzyme immunoreactive trypsin (IRT; later referred to
as immunoreactive trypsinogen, the precursor to trypsin) was elevated in the serum of children with
CF, Crossley and colleagues developed an assay for dried blood spots. In particular, they used
Guthrie cards from newborn screening that had been conducted for other conditions such as PKU,
including eleven from children who were later diagnosed with CF. While the cost of the assay was a
potential drawback, they argued that IRT screening using dried blood spots was preferred over
existing screening methods because “the sample is already collected for other purposes in countries
conducting Guthrie testing of the newborn” and “the test gives an abnormal result even for C.F.
children with residual pancreatic function” [29]. Since these children with at least some pancreatic
enzymes available for food digestion would not be detected using the stool trypsin and other
screening tests that were already available, the IRT bloodspot screening test would be able to detect
children with a wider range of disease manifestations [31-33]. By 1981, Crossley and colleagues
provided evidence that the IRT method of newborn screening for CF was highly sensitive in the
context of both retrospective and prospective studies, noting that “no false negatives are yet known”
[34].
The use of the terms sensitivity and specificity in diagnostics can be traced to the early 20 th
century, in the context of immunological concepts stemming from the development of serologic
tests for syphilis [35, 36]. The sensitivity of a test, such as IRT screening for CF, refers to the
proportion of people who have the disease who test positive, and specificity indicates the
proportion of people who don’t have the disease who test negative [11]. Ideally, sensitivity and
specificity will be high, and, correspondingly, the false positive and false negative rates will be low
[11]. However, as Wilson and Jungner note, “a relatively high proportion of false positives can be
accepted” in the context of a screening test, as a diagnostic test will follow [11]. In contrast, scholars
have noted that a high false positive rate in a compulsory diagnostic test, such as for HIV or syphilis,
is not acceptable because of the associated stigma that can result from such a finding [37, 38]. When
considering the appropriate level of specificity for the newborn screening test for CF, Crossley and
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colleagues opted for lower specificity, and a correspondingly higher false positive rate, as they did
not want to miss any infant with CF. Explaining their rationale for a lower IRT cutoff level, and a
resultant increase in the false positive rate, Crossley and colleagues noted that “we prefer to err on
the side of caution, and to accumulate information on those babies who are therefore designated
‘false positives’”[34].
Shortly after the 1979 report by Crossley and colleagues, described by Philip Farrell as “the shot
heard around the world,” IRT-based newborn screening began in many countries, including Italy,
Australia, and the United States [39, 40]. Colorado was the first state to implement screening in
1982, followed by Wisconsin and Wyoming over the next several years [41]. Also around this time,
in the mid-1980s, trials were initiated in the UK and Wisconsin to evaluate the clinical efficacy of
NBS [33]. By 1997, the CDC recommended that pilot programs be implemented in the U.S. at the
state level [39]. Noting that the “most convincing evidence of health outcomes from screening for
CF is in the area of nutrition and growth,” the CDC recommended CF NBS in 2004, followed by the
CF Foundation’s recommendation in 2005 [32, 41, 42]. By 2010, newborn screening for CF had
extended to all 50 states in the U.S., covering virtually all newborns regardless of perceived risk of
disease [43]. At that time, evidence had continued to accumulate about the clinical benefits of early
diagnosis, especially in terms of nutrition and growth, yet the pulmonary benefits of CF NBS were
“more controversial” [41, 44-50].
While the exact protocol for newborn screening has varied over time and in different locations,
all tests include an initial IRT measurement [51-53]. After the gene associated with CF (CFTR; cystic
fibrosis transmembrane conductance regulator) was described in 1989, some state screening
programs (and those in other jurisdictions) began to include a DNA testing component as well [24,
54-57]. By 2002, investigators from Wisconsin and the Czech Republic reflected on the two-tier
IRT/DNA approach to newborn screening, pointing to the challenges that DNA analysis posed in
reaching the 100% sensitivity needed to detect all babies with CF [58]. At that time, close to 1,000
mutations had been identified in the CFTR gene, yet it was not technically feasible to detect all
mutations in screening programs [58]. In fact, some programs only tested for a single mutation,
∆F508 (F508del), which had been found in the majority of CF chromosomes initially analyzed [59].
Since the distribution of CFTR mutations varied across locations and between different racialized
groups, the composition of a mutation panel could have important implications for the sensitivity
of the test [41]. As the Wisconsin and Czech Republic investigators cautioned in 2002, there was a
“great risk of introducing an internal bias into any screening program that does not properly select
the correct mutational array associated with the population or populations that it is servicing” [58].
Of relevance to this debate about mutation selection, states with a DNA testing component included
between one and approximately 27 mutations in 2004 [41]. This concern about false negatives due
to the DNA mutation panel component of newborn screening programs for CF has continued to
receive attention. In an attempt to increase the sensitivity of CF NBS in 2007, California began
including a DNA sequencing component to their protocol. The resulting three-tiered algorithm
included an initial IRT measurement, followed by mutation panel analysis in the setting of an
elevated IRT, and, finally, CFTR gene sequencing if one disease-causing mutation was detected [51,
60].
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3. Addressing Diagnostic Uncertainty with a New Diagnostic Label
While many physicians were concerned about the possibility of false negative NBS results
because of the inability to detect all CF mutations, investigators from the New England Newborn
Screening Program directed attention to an additional source of diagnostic uncertainty in 2005 [24,
61, 62]. Based on analysis of results from a two-tier IRT/DNA screening algorithm in Massachusetts
between 1999 and 2003, physician Richard Parad and Anne Marie Comeau, Deputy Director of the
New England Newborn Screening Program, identified “four problematic diagnostic categories
generated by CF NBS” [24]. In Massachusetts, as in other jurisdictions, infants who screened positive
following the two-tier IRT/DNA test were referred for a sweat test, widely described as the “gold
standard” diagnostic for the disease [63]. The sweat test takes advantage of the observation, initially
made in the late 1940s, that people with CF generally have elevated levels of chloride in their sweat
compared to those without the disease [64-66].
When a positive newborn screen was followed by a positive sweat test, the diagnosis of CF was
straightforward. However, some infants with a positive newborn screen did not have an elevated
sweat chloride level that was diagnostic for CF, yet they did not fit clearly into the “normal” category
either. The diagnostic challenges characterized by the New England investigators each stemmed
from a mismatch between the newborn screening and diagnostic test results. In particular, infants
in Group I had an elevated IRT level, 2 CFTR mutations, and sweat chloride in the borderline range;
Group II infants also had an elevated IRT and 2 CFTR mutations, but a negative sweat test; Group III
was characterized by an elevated IRT, 1 CFTR mutation, and a borderline sweat test; and Group IV
newborns had a highly elevated IRT in the absence of any detectable CFTR mutations and a
borderline sweat test [24]. While infants in each of these four categories did not meet the diagnostic
criteria for CF in place in the U.S. at that time, investigators were hesitant to place them into the
“normal” category. Similar challenges with indeterminate diagnoses following NBS had also been
seen in the context of PKU [4].
In referring to these infants that presented a “diagnostic dilemma,” the New England
investigators noted that some “might go on to have severe, life-threatening, morbidity-causing
ramifications of their CFTR abnormalities” and others might “go on to have such minimal mild
phenotypes that they would never cross the threshold to come to clinical attention as part of the
CF spectrum” [24]. The detection of such infants, labeled as having “atypical CF,” was not the
intended goal of newborn screening, which instead sought to identify babies with “classic CF…in
whom early severe disease will develop” [24]. However, the New England investigators pointed to
existing evidence that suggested that “early intervention could affect outcome” in some babies with
“atypical CF” [24]. Based on the input of others involved in CF NBS, as well as CF Center directors,
Parad and Comeau recommended that physicians “withhold a definitive diagnosis of classic CF, but
explain to parents that a CF diagnosis may surface with time” [24]. In other words, they felt the
benefits of identifying and monitoring infants with an uncertain diagnosis outweighed the potential
harms.
Concerns about diagnostic uncertainty in the setting of CF NBS prompted the CF Foundation to
sponsor a consensus conference on the topic in 2007 [26]. Based on recommendations from this
conference, the CF Foundation published practice guidelines in 2009, in which they proposed that
the term CFTR-related metabolic syndrome (CRMS) be used as a new diagnostic label for babies
with an indeterminate diagnosis following NBS [25]. The CRMS diagnosis applied to infants with
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elevated IRT levels who fell into one of two categories. Category 1 infants had at least two sweat
tests with an intermediate sweat chloride level and less than two CF-causing mutations in the CFTR
gene; Category 2 infants had normal sweat chloride levels and two CFTR mutations, only one of
which was known to be disease-causing [25]. In addition to diagnostic criteria, the practice
guidelines also included specific recommendations about the management of children with CRMS,
including repeat sweat testing and follow up visits with a CF specialist [25]. While CRMS was not
considered to be a metabolic disorder, the CRMS diagnostic label was agreed upon in part because
it provided a “clear name to families” that was distinct from CF and allowed “for US healthcare
delivery system follow-up and billing purposes” [25, 67]. Furthermore, the guidelines published in
2009 indicated the specific International Classification of Disease (ICD) codes that physicians could
use in conjunction with the CRMS diagnosis [25, 68].
As Geoffrey Bowker and Susan Leigh Star have noted, the ICD nomenclature began in the late
nineteenth century and has subsequently undergone many revisions [69]. While ICD codes might
seem “mundane,” Anne Kveim Lie and Jeremy Greene argue that “the systems we use to classify
disease shape the nature of medicine and public health in substantial and powerful ways” [70].
Charles Rosenberg has also documented how disease definitions have been influenced by insurance
reimbursement considerations [17]. In fact, reflecting back on the CRMS label years later, Phillip
Farrell and colleagues noted that “this consensus-producing effort led to the general recognition
that ICD coding was not included as part of the diagnosis considerations in previous CF Foundationsponsored consensus conferences,” and they suggested that consideration of ICD codes should be
taken into account in the future [71]. In March 2010, shortly after the CRMS label had been
proposed, the CF Foundation added this diagnostic category to their patient registry [62]. As noted
in the 2011 CF Foundation Patient Registry Data Report, the “collection and analysis” of data on
individuals with CRMS “will hopefully provide new information on this important group of patients”
[72].
The same year that the CRMS label was proposed, European guidelines were also published, yet
they focused exclusively on the management of children with an indeterminate diagnosis and did
not recommend that a specific diagnostic label be used [73]. However, by 2015, the European Cystic
Fibrosis Society Neonatal Screening Working Group organized a consensus process and came up
with the term CF Screen Positive, Inconclusive Diagnosis (CFSPID) to designate infants with an
unclear diagnosis following CF NBS [27, 74]. Although the CRMS label was considered during
discussions, those involved did not favor its use because they felt that the terms metabolic and
syndrome were not appropriate descriptors for this group of asymptomatic infants because they
did not have a clear disease and because of concerns that the CRMS label might result in the “overmedicalization of these children” [68]. Australian investigators had also expressed concerns about
the CRMS label and recommended that it be dropped completely, pointing out that it “may not be
so helpful to the parents whose child now has a very elaborately named condition, that might not
turn out to be a condition at all” [75].
Like CRMS, the CFSPID category included infants in two groups: those in Group A had a “normal
sweat chloride and two CFTR mutations, at least one of which has unclear phenotypic consequences”
and Group B was defined by an “intermediate sweat chloride and one or no CFTR mutations” [27].
CFSPID was characterized as “a descriptive term rather than a diagnostic label, as these infants do
not have a disease but have a number of risk factors for developing CF related issues in the future”
[27]. The investigators also hoped that the CFSPID designation would facilitate long-term study of
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these infants to better understand outcomes [27]. In fact, the guidelines recommended that
children with CFSPID undergo repeat sweat testing and follow up monitoring at a CF clinic [27].
However, in 2016, Juerg Barben and colleagues from Switzerland argued that “children with
inconclusive CF diagnosis (CFSPID) should not be detected, as there is no evidence for improvement
through early treatment” [76].
Shortly after CFSPID was proposed, an international group of investigators collaborated to
integrate the CFSPID and CRMS labels to “allow for collection of data from populations around the
world and increase our understanding of the epidemiology and outcomes of CRMS/CFSPID” [67].
The collaboration culminated in recommendations for how to characterize and monitor infants with
an inconclusive diagnosis following CF NBS [26, 67, 68, 77, 78]. As the resulting 2017 consensus
guidelines note, “the term CRMS is used in the US for healthcare delivery purposes and CFSPID is
used in other countries, but these both describe an inconclusive diagnosis following NBS” [28]. The
CRMS/CFSPID label was used to describe an individual with a positive newborn screen and either a
normal sweat chloride with 2 CFTR mutations, “at least 1 of which has unclear phenotypic
consequences OR…an intermediate sweat chloride value…and 1 or 0 CF-causing mutations” [28].
In addition to integrating the CRMS/CFSPID label, the diagnostic guidelines published in 2017
also cautioned physicians against using other terms to designate uncertain diagnoses. In particular,
physicians were urged to “avoid the use of terms like classic/nonclassic CF, typical/atypical CF,
delayed CF, because these terms have no harmonized definition and could be confusing for families
or caregivers” [28]. Although the 2017 diagnostic guidelines cautioned against the use of terms such
as nonclassic or atypical CF following inconclusive diagnostic testing in the setting of a positive
newborn screen, the favored CRMS/CFSPID label did not eliminate confusion or uncertainty.
4. The CRMS/CFSPID Diagnostic Label and Continued Uncertainty
Shortly after the term CRMS was coined in 2009, investigators began carrying out studies to
examine outcomes in individuals with this diagnostic label. In 2011, physician Clement Ren and
colleagues published the results of a retrospective study that examined the clinical characteristics
of individuals who would have qualified for a CRMS diagnosis following newborn screening for CF in
New York from 2002 to 2010. While most children with CRMS “remained well and free of signs of
CF disease,” the study found that some individuals “did develop features of CF disease,” including
25% who tested positive for a respiratory microorganism often seen in individuals with CF [61, 79].
Furthermore, one child who would have been given the CRMS label at birth went on to develop a
sweat chloride level consistent with a CF diagnosis [61].
Based on these data, the investigators felt that the creation of the CRMS label was justified and
that such children should be followed due to their increased risk of developing “signs of CF disease”
[61]. However, given that outcomes associated with CRMS varied, they also expressed concern
about the risks of such an approach, including the possibility of “vulnerable child syndrome” in those
with a CRMS label [61]. First described by physicians Morris Green and Albert Solnit in 1964,
vulnerable child syndrome originally referred to an altered child-parent relationship seen in families
with children “with a history of an illness or accident from which they were not expected to recover”
due to the persistent belief that the child was “uniquely vulnerable” [80, 81]. The New York
investigators predicted that newborn screening for CF would result in the identification of a
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“substantial number of CRMS infants,” with conversion from the CRMS to CF label dependent on
the screened population and NBS protocol employed [61].
In fact, studies conducted in different regions did confirm that the ratio of CF to CRMS infants
identified following NBS varied, as did the conversion from a CRMS to a CF diagnosis. As
demonstrated in the New York study, 30 infants qualified for a CF diagnosis and 15 qualified for a
CRMS diagnosis between 2002 and 2010, corresponding to a CF to CRMS ratio of 2:1 [61]. In contrast,
as documented in a retrospective study examining individuals with a positive newborn screen in
California from 2007 to 2010, investigators identified 248 infants with CF and 279 with CRMS, for a
ratio of 1:1.1 [60]. In other words, the ratio of infants with CRMS to CF was much higher in California
compared to New York, which meant that one’s chance of being labeled with CRMS, including the
corresponding medical surveillance, was dependent in part on what state they were born in. While
the New York program used a two-tier IRT/DNA algorithm, California used a three-tier system that
included an additional DNA sequencing step [60].
Numerous investigators have noted that California’s “ethnically and racially diverse population”
prompted the state to include a DNA sequencing component into their NBS program to reduce the
number of false negative test results [79]. Since early DNA mutation panels were based on studies
done in people who were predominantly characterized as white, the tests were less likely to detect
mutations more common in other racialized groups [82-84]. As Philip Farrell explained in a 2021
interview, “the dogma is that CF is a disease of white people; that’s not true, never has been true,
but it’s part of the dogma in CF that lingers” [40]. Along these lines, historians Keith Wailoo and
Stephen Pemberton have documented how descriptions of CF, as either a white disease or a
panethnic disease, have changed according to social and cultural contexts, and Dorothy Roberts has
illustrated the harms associated with “medical stereotyping” based on race [85, 86]. Reflecting on
the retrospective New York and California studies, physicians Hara Levy and Philip Farrell noted
“that the number of CRMS cases identified in NBS programs varies depending on the screening
protocol being used, the IRT method and cutoff values, and perhaps the region being screened” [26].
These differences in CRMS incidence would have important implications for the long-term follow up
of certain babies following NBS.
Several years later, the proportion of CRMS diagnoses increased even further in California. Based
on the analysis of newborns with a positive screen in California from July 2007 to June 2012, the
ratio of CF to CRMS diagnoses was 1:1.5 [43]. During that period, the California program continued
to employ a 3-step NBS program for CF, in which an elevated IRT prompted DNA testing using a
mutation panel (from 28-40 mutations), followed by DNA sequencing of the CFTR gene if 1 CFTR
mutation was detected using the panel [43]. As the California investigators pointed out at the time,
they used a “broad definition of mutation” in the sequencing component of their NBS algorithm,
resulting in “enhanced sensitivity” and an increase in CRMS diagnoses [43]. They felt that this
increase was warranted, however, because “a lack of comprehensive genotyping” resulted in
misdiagnosis of “CRMS cases and others” as carriers [43]. While physicians Patrick Sosnay and Philip
Farrell note that California “yields the highest positive predictive value ever observed in CF NBS,”
they expressed concern in 2015 about the increase in CRMS diagnoses, which they felt created “an
unmeasured ‘burden’ for families and CF centers” [87]. By that time, investigators had already
pointed to the possible medicalization of children with CRMS [61, 88].
In the setting of debates about the identification of cases and the use of the CRMS label,
physicians from various regions in the U.S. published a report in 2015 on outcomes associated with
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CRMS [62, 79]. Drawing from CF Foundation (CFF) registry data of infants diagnosed following NBS
from 2010-2012, they found that individuals with CRMS generally had “normal growth and nutrition”
[62]. However, the incidence of Pseudomonas aeruginosa and Stenotrophomonas maltophilia
infection in children with CRMS “was much higher” during their first year compared to children
without a CF diagnosis [62]. Of particular interest, over 40% of infants who should have been given
a CRMS diagnosis based on the consensus guidelines had actually been given a diagnosis of CF
instead, further contributing to diagnostic uncertainty [62, 89]. While the cause of this discrepancy
was unclear, the investigators postulated that it may have been a result of “misclassification” due
to misinterpretation of diagnostic guidelines, “reliance on NBS as a diagnostic test,” and the
“reluctance among CF clinicians to accept the use of CRMS as a diagnostic category” [62]. As another
possibility, clinical data not included in the registry may have prompted physicians to label a child
with CF instead of CRMS [62].
Also in 2015, investigators outside of the U.S. published outcomes data on children with an
inconclusive diagnosis following NBS [90]. For example, a study carried out in Canada and Italy found
that 11% of individuals with a CFSPID label were reclassified as having CF within three years of age
[91]. In addition, a retrospective study carried out on NBS positive infants in Australia with
intermediate sweat chloride levels found that 48% went on to be reclassified as having CF [90].
However, some have questioned the diagnostic criteria used for CF in this study, suggesting that the
actual conversion rate may have been lower [46]. Nevertheless, data accumulating from studies
provided evidence that some babies with the CRMS/CFSPID label were at risk of developing either
CF or CF-like symptoms, whereas others did not have any detectable clinical consequences.
However, at that time, physicians were unable to definitively predict outcomes for specific
individuals labeled with CRMS.
In addition to debates about the significance of the CRMS/CFSPID label, investigators also noted
variation in the incidence of CRMS/CFSPID in different racialized groups, with important implications
for equity in newborn screening for CF. For example, the 2015 U.S. CF Foundation patient registry
study described earlier found that “infants with CRMS were significantly more likely to be nonwhite
(African American, Asian, Native American, or mixed race)” [62]. Of possible relevance, in a 2016
Children’s Hospital Los Angeles report highlighting the DNA sequencing component of the California
program for identifying babies with CF, physician Danieli Salinas explained that “if only a commercial
panel is applied, a large number of diagnoses are missed among African Americans and Hispanics,”
resulting in the “devastating consequence of not detecting CF in these individuals until later in life,
when lung damage is already irreversible” [92]. Furthermore, a California study published in 2016
stressed how “the CFTR variant spectrum and prevalence in black, Asian, Native American, and
Middle Eastern CF patients have not been elucidated completely,” possibly leading to “racial-ethnic
disparities in the clinical sensitivity of neonatal screening algorithms” [93]. Reiterating the need for
“more inclusive test approaches” that would detect a comparable number of mutations in all
racialized groups, investigators from California suggested in 2017 that “a screening approach that
includes comprehensive sequence analysis…is expected to miss the smallest number of patients”
[94]. Reflecting on CF NBS in a 2021 interview, Philip Farrell noted that “we have a major problem
with a lack of equity in CF newborn screening in this country” and Farrell explained that “we need
to have newborn screening protocols, algorithms that cover the minority populations” [40].
While many agreed that NBS algorithms should include extended DNA analysis from an equity
standpoint, others expressed concern about the harms associated with concomitantly identifying
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so many babies with CRMS/CFSPID [28, 67, 77, 78, 95-99]. For example, while acknowledging that
some newborns with CRMS had been reclassified with CF, investigators from Colorado, Wyoming,
and Texas nevertheless asserted that “the number of newborns with an ambiguous diagnosis of
CRMS remains troubling, and the long-term psychosocial, medical, and financial impacts need to be
carefully studied” [100]. Referencing the Wilson and Jungner criteria, the investigators noted that
“Colorado, Wyoming, and Texas have remained committed to identifying newborns following the
underlying principles of screening, namely the condition sought should be an important health
problem and the infants who require treatment should be agreed upon” [100]. In fact, based on a
retrospective study of pooled data from the three states, where a two-bloodspot IRT/IRT/DNA
screening protocol was used, the ratio of CF to CRMS was 10.8:1 from 2008/2009 to 2012, and this
lower incidence of CRMS cases identified following NBS was more in line with Wilson and Jungner’s
principles than algorithms such as California’s [100]. However, reflecting on the Colorado, Wyoming,
and Texas study in 2016, Martin Kharrazi of the California Department of Public Health reiterated
the possible benefit of a less strict adherence to Wilson and Jungner’s principles and the resulting
identification of more babies with CRMS, noting that some “develop CF symptoms as they age and
ultimately obtain a CF diagnosis” [95]. In fact, in a recent report of individuals with a CRMS/CFSPID
label at six centers in Italy, Vito Terlizzi and colleagues noted that 5.3% converted to a CF diagnosis
during the study period (2011-2018), and the vast majority of those cases were due to an increase
in sweat chloride concentration [101].
5. Conclusion
As the history of newborn screening for CF makes clear, it has been “extremely challenging” for
investigators to reach consensus about the most suitable algorithm to detect infants with the
disease [46]. Decisions about sensitivity and specificity, as well as adherence to Wilson and
Jungner’s criteria for screening programs, are not straightforward. As Wilson and Jungner
themselves pointed out in 1968, “in theory…screening is an admirable method of combating disease,
since it should help detect it in its early stages and enable it to be treated adequately,” but “in
practice, there are snags” [12, 102]. And the “snags” associated with CF NBS have arisen alongside
its successes.
While programs with expanded CFTR sequence analysis have the advantage of promoting equity
by detecting mutations in a wider range of racialized groups, the increased ability to detect CFTR
variants has been associated with an elevated CRMS/CFSPID detection rate as well [45, 46]. Some
investigators view this as advantageous, since certain individuals with CRMS/CFSPID have gone on
to develop signs and symptoms consistent with CF, yet other investigators have described the
detection of such infants as concerning due to the associated parental anxiety and medicalization
of children because many “may never develop the disease” [47, 103-105]. In fact, reflecting on
parental anxiety in the setting of the COVID-19 pandemic, physician Danieli Salinas recalled that “a
lot of them contacted us for guidance, asking specifically about CRMS being a pre-existing condition
that would put their child at a higher risk of dying from COVID” [106].
To further complicate the situation, evidence suggests that some babies with CRMS/CFSPID are
at increased risk of being diagnosed, perhaps as adults, with a CFTR-related disorder (CFTR-RD) [45,
74, 79, 101, 107-111]. Distinct from CF, those with CFTR-RD typically have reduced CFTR protein
function with symptoms in one organ system, resulting in conditions such as chronic pancreatitis,
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chronic sinusitis, or infertility due to congenital bilateral absence of the vas deferens (CBAVD) [112114]. To add even more complexity, a recent retrospective study provided evidence that CF carriers
are at significantly increased risk of 57 CF-related conditions, including pancreatitis, bronchiectasis,
diabetes, and cholelithiasis, compared to controls [115]. While the individual risk for most of these
conditions is low, Aaron Miller and colleagues noted in 2020 that “the morbidity attributable to the
CF carrier state is likely substantial…given that there are more than 10 million CF carriers in the
United States alone” [115]. Referring to this and other studies, Philip Farrell and colleagues
suggested that genetic counseling following CF NBS “may eventually need to include the possibility
that heterozygote infants have a higher risk of CFTR-RD conditions” [32, 116]. Consistent with this
suggestion, Maria Valeria Esposito and colleagues from Italy provided evidence that some CF
carriers are living with “undiagnosed CFTR-RD” and suggested that more extensive genetic testing
of carriers could help to identify such cases [117]. However, Farrell and colleagues felt that
“incidental detection of carrier status in false-positive infants does not yet seem actionable for the
child because of the low absolute risks and thus the expectation that most CF heterozygotes will be
healthy – at least until later in life” [32].
In an attempt to further refine newborn screening for CF, some investigators have explored the
use of next generation sequencing (NGS) technologies given their increased ease and affordability
compared with other methods of DNA analysis such as Sanger sequencing [52, 118]. For example,
hoping “to address the shortcomings” of the IRT/DNA algorithm used in the Wisconsin NBS program,
which targeted the 23 ACMG-recommended CFTR mutations, investigators carried out a
retrospective study to evaluate an NGS assay capable of identifying 162 CFTR variants “for which
clinical consequences have been described” [119]. Based on their analysis, they argued in a 2016
publication that an IRT/NGS algorithm could result in “high sensitivity” and “better specificity and
positive predictive value” compared to the IRT/DNA algorithm in place at that time [119]. In April of
2016, Wisconsin switched to an IRT/NGS algorithm, in which the presence of at least one CF-causing
variant (as determined by the CFTR2 project) prompted sweat testing. In infants with a sweat
chloride over 30 mmol/L, the investigators would then reanalyze the NGS data by “removing preset
panel restrictions and viewing all variants” [32]. In the same year, investigators from New York also
explored the use of an NGS platform capable of detecting 139 mutations. While sensitivity was
improved over the 39-mutation panel used in New York at that time, inequity across racialized
groups still remained. As the investigators explained, “sensitivity was highest in Whites and lowest
in the Black population” [120]. Thus, even with NGS, inequity was still a concern because the specific
mutations targeted were more prevalent in individuals characterized as white.
While the Wisconsin and New York studies had used NGS to examine more than one hundred
mutations, Martina Lefterova and colleagues in California and Texas reported in the same year that
their CFseq NGS assay could identify a much larger set of variants in “all exons, flanking intronic
regions, and key noncoding regions of the CFTR gene” [121]. At that time, more than 2,000 variants
had been detected in the CFTR gene, although not all of them had been documented as diseasecausing. Yet in response to this study, and consistent with long-standing debates about the ideal
algorithm for CF NBS, Lawrence Silverman of Virginia pointed to the potential drawbacks of
incorporating next generation sequencing into CF NBS [122]. Given that the California NBS program
for CF, which included Sanger sequencing, resulted in an increase in CRMS diagnoses, Silverman was
concerned that the number of CRMS diagnoses could increase even further with NGS. As Silverman
pointed out, “the existing problems associated with sequenced-based NBS should be addressed
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before using NGS in routine newborn screening” [122]. As noted earlier, it is possible to mask CFTR
variants that are non-disease-causing or of unknown clinical significance using NGS technology, an
approach some investigators have favored to address these complexities.
As investigators consider expanding newborn screening further, including the possible use of
whole genome sequencing to detect a wider range of conditions, the history of NBS for CF can
provide important insights about the advantages and drawbacks of various NBS algorithms.
Furthermore, this history makes clear how the same outcome, such as the detection of individuals
with CRMS/CFSPID, can be viewed as a benefit by some and as an iatrogenic harm by others. And,
as the CF case shows, efforts to reduce uncertainty in one area can lead to new and persistent forms
of uncertainty in another.
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