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Abstract
Background: It is well known that radiosensitivity varies substantially from individual to
individual. This may influence the tumor response and also cause side effects in normal
tissues following the radiotherapy treatment for cancers. Therefore, we aimed to analyze
the sensitivity of a lung cancer cohort to see whether patients display similar radiosensitivity
distribution as compared to healthy individuals.
Methods: Blood samples of healthy individuals (n = 244) and a small group of lung cancer
patients (n= 38) were irradiated ex vivo and chromosomes # 1, 2 and 4 were analyzed by the
3-color fluorescence in situ hybridization (FISH) technique. Additionally, the data from 400
individuals from previously published studies were also analyzed, which included a healthy
cohort as well as rectal cancer patients. Chromosomal aberrations were counted and
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expressed as breaks per metaphase (B/M). The chromosomal aberrations in the control
sample (background) were subtracted to obtain only the radiation-induced aberrations.
Results: The lung cancer cohort had significantly increased background B/M values (p<0.001).
Increased radiosensitivity was stated if the B/M value exceeded 0.55. The percentage of
individuals with increased radiosensitivity was slightly higher in the patient groups compared
to that in healthy individuals.
Conclusions: Individualizing treatment by adjusting the radiation dose can help in reducing
side effects, as cancer patients have a broader range of individual radiosensitivity.
Keywords
Three color fluorescence in situ hybridization; lung cancer; rectal cancer; individual
radiosensitivity; chromosomal aberrations; breaks per metaphase

1. Introduction
For many years now it has been known that every individual has a distinct sensitivity to ionizing
radiation. These individual differences are especially important when it comes to the use of
radiation for cancer treatment.
Some patients with increased radiosensitivity experience extreme side effects during and even
years after radiation therapy. In rare cases, these may even cause death [1].
Therefore, testing the individual sensitivity beforehand can offer a major improvement in the
therapy. It can help reduce the side effects without decreasing tumor response, by individualizing
the treatment dose.
Nevertheless, testing radiation sensitivity poses some difficulties too [2]. While some of the
available testing methods cannot really be replicated, yet the biggest problem encountered is
transferring of the various tests across different laboratories. There are some standard procedures
that have been established for radiosensitivity testing [3]. Dicentric and micronuclei assays are
widely accepted tests for the same, though they only take a limited amount of aberrations into
account. This, in our opinion, is a clear limitation. Therefore, the 3-color Fluorescence in situ
Hybridization (FISH) was preferred, as it represents 23% of the whole genomic DNA and involves
about 34% of all aberrations. This assay is a tradeoff between using only three easily evaluable
chromosomes and simultaneously having a high amount of aberrations [4].
It has been well documented that there are large inter-individual variations in chromosomal
aberrations, which can be used as indicators for radiation sensitivity [5-7]. There have been many
different approaches like using conventional stain of the chromosomes or the FISH-technique, G0
or G2 assays and many others. Even though the tests did differ in many ways, the data collected
from chromosomal aberrations could predict individual radiosensitivity in a majority of the studies
[8-15].
We used a G0-assay in combination with the 3-color-FISH technique to examine the radiationinduced chromosomal aberrations after ex vivo irradiation of lymphocytes in hundreds of
individuals including both healthy people and cancer patients. A lung cancer cohort was also
studied and the sensitivity was compared with the healthy individuals and an additional rectal
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cancer cohort. We aimed to determine, whether there is any correlation between the
radiosensitivity of patients with lung cancer, those with rectal cancer, and healthy individuals.
2. Materials and Methods
2.1 Patients
Lymphocytes from 38 patients who had received radiotherapy in some parts of the lungs were
examined and compared to a cohort of 244 healthy individuals divided into two subgroups, one
was gender and age-matched, while the other was not (Table 1). In addition, the results of this
study were compared to the previously acquired data on a cohort of 220 rectal cancer patients
and 180 healthy individuals [3, 5]. Increased radiosensitivity was acknowledged if the value of the
chromosomal aberrations exceeded 0.55 B/M. Blood samples (heparinized) were drawn prior to
the beginning of the treatment.
Table 1 The demographic and clinical characteristics of patients (percentage).
Patients
n

38

Age matched
Non-matched
healthy individuals
31
213

Gender (%)
Male
Female

29 (76)
9 (24)

22 (71)
9 (29)

94 (44)
119 (56)

Age (years)
Mean age
Range

65.2
49 - 83

65.8
50 - 81

50.7
9- 81

Type of therapy (%)
only RT
sim. RCT
CT before RT/RCT

3 (8)
35 (92)
6 (13)

Pre-RT (%)

16 (35)

2.2 Chromosomal Preparation
The blood sample of each individual was divided into two parts; one was irradiated with a dose
of 2 Gy by a 6-MV linear accelerator (Mevatron, Siemens, Germany), while the other was left as a
control. Lymphocytes were then stimulated with phytohemagglutinin and incubated for 48 h.
Mitosis was blocked by the addition of colcemid and chromosome preparation was performed, in
accordance with the standard protocol. Subsequently, chromosomes # 1, 2 and 4 were stained
with different fluorescent dyes and the whole DNA was counterstained with DAPI. The
fluorescence in situ hybridization (FISH) was carried out as described previously [7, 16, 17].
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2.3 Image Acquisition and Analysis
The chromosomal aberrations were scored using a fluorescence microscope (Zeiss, Axioplan 2,
Goettingen, Germany) and the Metasystem software (Metafer 4 V3.10.1, Altlussheim, Germany),
both of which were used to search for and acquire an image of every metaphase. These images
were then analyzed with the help of an image analyzing software (Biomas, Erlangen, Germany)
and the different aberrations evident within the stained chromosomes were scored on the basis of
the number of underlying chromosomal breakages according to Savage and Simpson [17]. For a
better comparison, these were expressed as breaks per metaphase (B/M) [18]. The B/M value of
the irradiated blood sample was then corrected by the way of subtraction of the breaks per
metaphase in the control sample (background).
2.4 Statistical Analysis
Statistical analysis of the data was performed using the SPSS Statistics 21 software (IBM,
Armonk, NY, USA). Statistical significance was tested using t- and Levene's tests. The graphs were
plotted in MS-Excel (Microsoft Corporation, Redmond, WA, USA).
This study was approved by the ethics review committee of the Friedrich-AlexanderUniversitaet Erlangen-Nuernberg (No. 2725). Written informed consent was obtained from all the
patients.
3. Results
The irradiation-induced aberrations in the stained chromosomes #1, 2 and 4 were thoroughly
studied by the authors, as these chromosomes alone make up 22% of the entire genome and thus
have high explanatory power (Figure 1a). The use of the three color fluorescence in situ
hybridization (FISH) of these chromosomes provides the opportunity to distinguish not only
aberrations like di- or acentric chromosomes but also translocations or insertions, which would
have otherwise been missed [19-25] (Figure 1b). The number of breaks per aberration was
summed up, as described by Savage et al., and divided by the number of all scored metaphases
(B/M) [17, 18]. The analyzed number of metaphases per individual varied quite widely, ranging
from 47 to 504 metaphases analyzed per individual. Overall, the average number of metaphases
scored and analyzed came out to be 183 for each person.
The reason for using the G0 assay is that all lymphocytes are located in the G0 phase of the cell
cycle. Thus all the cells examined were independent of the cell cycle phase-dependent
radiosensitivity, which varies by a factor of 2.5 between late S phase and G2 phase (Figure 1c).
After irradiation, cell division was stimulated by phytohemagglutinin. This means that the cells
repair the induced DNA damage mainly in the G0 phase and to a lower extent, after entering the
cell cycle. The cells have to pass all the checkpoints during this assay and if DNA damage is not
sufficiently repaired, they can either be arrested or inactivated. If not so, the cells are arrested by
colcemid at the first entry into mitosis phase, after the irradiation and stimulation.
At first, a cohort of healthy individuals, called healthy individuals I, and rectal cancer patients
was analyzed for better comparison in order to identify a cut-off value for increased individual
radiosensitivity. The non-irradiated samples were used only to subtract the background from the
ex vivo irradiated samples. Nevertheless, it is obvious that cancer patients have more
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chromosomal aberration background rates compared to healthy individuals (Figure 2a). In the ex
vivo irradiated sample, the Gaussian distributions of healthy individuals were very similar to those
of the rectal cancer patients (Figure 2b). To specify which patients are rated as having an increased
radiosensitivity, a threshold for increased radiosensitivity is required. Using the 1.5-time standard
deviation, a B/M value of 0.55 can be used as an adequate cut-off for increased radiosensitivity in
individuals (Table 2). Considering this fact, the study included a total of 30 (13.6%) rectal cancer
patients with increased radiosensitivity; whereas, within the healthy cohort I, only 14 (7.8%)
individuals displayed B/M values above 0.55.

Figure 1 Three-color fluorescence in situ hybridization. Metaphase spreads of human
blood lymphocytes with chromosomes # 1 (red), # 2 (green) and # 4 (yellow) stained
with a chromosome-specific probe. DNA was counterstained with DAPI (blue) (a+b).
Normal metaphase spread (a). Metaphase spread with two translocations of
chromosome #1 and #2 with a blue chromosome (b). This was scored as four breaks.
Cell cycle illustration with checkpoints and radiation sensitivity during the different cell
cycle phases (c). The time point when the blood lymphocytes get irradiated (orange
arrow) and the phases and checkpoints that the cells have to pass through during the
cell cycle (red arrow). Cell cycle arrested using colcemid to perform the 3-C FISH
(purple arrow).
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Figure 2 Comparison of the frequency of individuals having a distinct B/M value from a
group of healthy individuals with a group of rectal cancer patients. B/M in the
untreated background blood sample (a) and after ex vivo irradiation with 2 Gy.
Background values are subtracted (b). A cut-off value of 0.55 B/M is marked with a
purple bar (b). Matching of distinct B/M values with the corresponding radiosensitivity.
The comparison of the B/M values and the dose effect of irradiating with 2 Gy on the
individual, along with the necessary dose adjustment to achieve the desired effect of 2
Gy (c).
Table 2 Mean value and standard deviation of the Gaussian distributions.
Untreated

2 Gy
Mean +

Healthy individuals I
Cancer patients
Healthy individuals II
Matched healthy
individuals
Lung cancer patients

Mean +

B/M

SD

1.5 x SD

B/M

SD

1.5 x SD

0.017
0.031
0.034
0.042

0.014
0.021
0.009
0.016

0.038
0.063
0.048
0.067

0.39
0.40
0.407
0.449

0.09
0.10
0.095
0.088

0.54
0.56
0.55
0.58

0.090

0.039

0.149

0.382

0.139

0.59
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The patients having an increased radiosensitivity attain a higher amount of non-processed or
misprocessed damage to their cells as compared to the patients with an average radiosensitivity.
Thus there is an increased risk of unwanted effects from therapeutic treatment. In order to
overcome this problem, empirical values were used to create a calibration curve for
radiosensitivity (Figure 2c). This was established by using known radiosensitivities from different
cohorts. In one case, the data from patients with heritable radiosensitivity syndromes such as
‘ataxia telangiectasia’ and ‘Nijmegen breakage syndrome’ were used, which at one B/M has an
assumed radiosensitivity of 2. This means that any irradiation would have double the effect on
such patients than it would have on an average healthy individual. In addition, the data from
healthy individuals and cancer patients were also taken into consideration to have a score for an
average radiosensitivity. This equivalent was considered as the mean value (0.4 B/M). A threshold
for the adjustment of radiotherapy dose at the mean B/M of +1.5 times standard deviation,
resulting in 0.55 B/M was adopted. It was assumed that below this threshold, the sensitivity is
rather moderate in variation and B/M rises only slightly. Consequently, the slope has to be steeper
between the 0.55 B/M threshold and the 2 times increased radiosensitivity at 1 B/M. This
radiosensitivity factor, derived from the curve, multiplied by the treatment dose, provides the
actual dose taking effect on the cells of a radiosensitive individual as compared to that of an
average sensitive individual. In order to determine the needed dose, the reciprocal value of the
factor multiplied by the desired dose is taken as the adapted dose (Figure 2c).
This adequate dose adaptation is important, especially in radiation therapy of cancer. All the
lung cancer patients participating in this study received this treatment as we wanted to know if
this cohort displays a higher rate of radiosensitive individuals who would need a dose adaptation.
In comparison to the second analyzed group of the healthy individuals, cohort II, who was divided
into age-matched and a non-matched healthy control groups, the first noticeable difference was
the much higher rate of background chromosomal aberration (p<0.001) (Figure 3a). This was
similar to the rectal cancer cohort mentioned earlier, though at a much higher level. Both the
cohorts of healthy individuals showed fewer metaphase breaks while the non-matched cohort
presented the lowest number of metaphase breaks. In the ex vivo irradiated sample, the
distribution within the cancer patients' cohort was broader in comparison to each of the healthy
individuals' cohorts (Figure 3b). The age-matched control group displayed slightly higher values
than the non-matched group, while their distributions were still narrower than the cancer patients’
cohort. The percentage of individuals with increased radiosensitivity among the cancer patients
was 16%, with 6 out of 38 individuals having B/M above 0.55. In the age-matched healthy cohort,
there were 13% radiosensitive individuals while in the unmatched cohort, 10% (22 out of 213)
individuals were radiosensitive.
The lung cancer cohort had a significantly higher mean B/M value and a much broader range in
the un-irradiated control sample (matched: 0.035 B/M; non-matched: 0.025 B/M; BC: 0.109 B/M;
p<0.001) (Figure 3c). The healthy individuals, on the other hand, had a slightly higher though not
significant B/M value after irradiation (matched: 0.457 B/M; non-matched: 0.422 B/M; BC: 0.403
B/M) (Figure 3b).
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Figure 3 Comparison of the B/M values in the cohort of lung cancer patients with
healthy age-matched and non-matched individuals in non-irradiated lymphocytes (a)
and in lymphocytes ex vivo irradiated with 2 Gy (b). The cut-off value of 0.55 B/M is
marked in purple. The spontaneous breaks per metaphase were subtracted from the
latter. Boxplot of the scored B/M values in the same groups (c+d). Significant
differences in the control blood sample, no significant differences after irradiation.
4. Discussion
Since there is a high inter-individual difference in sensitivity to ionizing radiation, it is important
to find a reliable and standardized test for its evaluation, especially before implementing any kind
of treatment, including radiation therapy. Different methods have been employed for this purpose
and several studies have used lymphocytes as a predictor [2, 8, 12, 13, 15, 26]. It has been
previously stated that the difficulty with testing for sensitivity is that no standardized protocol has
been established as yet [2].
One method that has been demonstrated for testing individual radiosensitivity is the 3-colorFISH, which has been proven to be very reliable [6, 16]. Its advantage is that the lymphocytes can
be appropriated from peripherally drawn blood. In addition, the cells are irradiated in the G0
phase, which can anticipate any difference in the cell cycle-dependent radiosensitivity. Even
though chromosomal aberrations are induced by radiation, an equal amount of cells go into
mitosis as compared to the non-irradiated ones [7]. After receiving a dose of ionizing radiation, the
lymphocytes have to repair the induced DNA damage and pass through the entire cell cycle to get
into mitosis phase (Figure 2c). Therefore, any impairment in the DNA repair proteins may cause
residual chromosomal aberrations which can be detected via the 3-C-FISH. Consequently,

Page 8/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902082

individual B/M value can be used as a good predictor of radiation sensitivity. The advantage of
using fluorescent dyes for chromosome #1, 2 and 4 is that, in addition to the acentric and dicentric
chromosomes, translocations and minor insertions of about 5 Mbp can also be identified [23]. The
three chromosomes account to 22% of the whole genome and can carry up to 34% of all
aberrations [21, 25]. Further, the most suitable dose for identifying any sensitive patient is
supposed to be 2 Gy. ‘Breaks per metaphase’ is the parameter having the highest statistical power
for its detection [7]. Staining of all 24 chromosomes would be too challenging and analysis of the
aberrations would be far too complex, considering the purpose as only to develop a simple tool for
evaluation of radiosensitivity [25]. This test has been validated by examining hundreds of
individual samples over many years [6, 16]. In comparison, other tests attempting to measure the
individual response to ionizing radiation do not seem to be able to be replicated as yet [27]. The
sole disadvantage of this approach is that the procedure is time-consuming, apart from the fact
that the evaluation of the metaphases requires some experience.
In order to measure B/M values in a radiotherapeutic treatment, it is important to know the
correct interpretation of specific data. Therefore, a dose adjustment curve was introduced in this
study, by analyzing patients with heritable increased radiosensitivity as well as healthy individuals
(Figure 2c). An important fact to be understood is that the adjustment cannot be done in a linear
manner, but has to be either decreased or increased gradually (Figure 2c). Since it is based on
empirical values there is a slight uncertainty but within an acceptable range. This enables the
possibility of adjustment of the applied dose in radiotherapy according to individual response. In
this way, the tumor response is maintained while the side effects are minimized. By using this
dose adjustment and individualizing therapy, a decrease in the incidents of acute and chronic side
effects arising from ionizing radiations can be established. Also, the non-cancer effects of this
treatment such as cardiovascular diseases and secondary malignancies may be prevented [28].
As a higher incidence of chromosomal aberrations was found in cancer patients of younger age
as compared to a healthy cohort, the latter particularly is very important in younger individuals [3].
An impairment in certain repair proteins may cause genomic instability due to incorrectly repaired
DNA [27], which may lead to accumulation of mutations and chromosomal aberrations in
particular, which in turn may increase the occurrence of malignancies [8, 29]. Up to 20% of all
cancers are thought to be having a genetic background, either caused by high penetrance or low
penetrance genes with polygenetic mechanisms [30]. Thus, there exists a link between
chromosomal aberrations and the development of cancer. It was postulated that up to 35% of the
genes responsible for radiation sensitivity are also accountable for tumorigenesis [3, 5]. This
explains why the individual inability to prevent chromosomal aberrations is an important
disposition for the development of malignant cells [5, 27]. Furthermore, this may be an
explanation for the increased rate of spontaneous B/M in the lung cancer cohort in comparison to
the healthy individuals, observed in this study. Other studies have also investigated an increased
rate of accumulated chromosomal aberrations in their cohorts of prostate and breast cancer
patients [29, 31].
Since the processing of impaired DNA damage makes individuals more susceptible to cancer, a
higher number of sensitive patients above the cut-off of 0.55 B/M was expected [32]. Certainly, a
slightly higher percentage of lung cancer patients with increased radiosensitivity was detected in
comparison to healthy individuals. However, these differences were lower than expected, as other
cancer cohorts like breast cancer patients demonstrated more individuals above the cut-off value
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[29]. Yet, it cannot be said that only genes are important in determining individual radiosensitivity.
It is well-known that radiation response is also influenced by other factors such as age, smoking,
and diabetes [33]. These environmental and lifestyle factors also have the ability to induce
chromosomal aberrations and may lead to tumor induction [5].
Keeping this in mind, the clearly increased mean B/M value within the lung cancer patients in
non-irradiated blood samples could be a clue for the influence of lifestyle factors such as tobacco
use. Smoking tobacco is closely associated with the development of lung cancer and has an
increased mutation rate, not only in smoking-related cancers but even in the non-cancerous lung
tissues of smokers [34, 35]. This supports the idea that lung cancer patients are less radiosensitive
than patients with other types of cancers. The reason may be that, even in individuals with a
genetically good disposition, mutations and, as a consequence, cancer is caused by the presence
of high amounts of noxious substances.
The slightly lower B/M values after irradiation in the patients in this study could be explained
by the aforementioned fact as the background chromosomal aberrations prior to irradiation were
subtracted. Nevertheless, it may also be possible that the ionizing radiation induces several
additional aberrations so that the lymphocytes are not able to pass the cell cycle checkpoints
(Figure 1c) and eventually go into apoptosis. Therefore, fewer cells with high aberration counts
would be included.
However, it is not that only genetic or environmental factors have an impact on the number of
chromosomal aberrations. The age-matched group of healthy individuals had a slightly increased
B/M rate as compared to the overall control group. The reason might be that on an average, the
matched controls were older (66 vs. 51 years) than the general healthy cohort and the fact that
the radiosensitivity seems to increase with age in cohorts of healthy individuals [3].
5. Conclusions
Among cancer patients, a certain subgroup is distinctly more sensitive to ionizing radiation than
the average radiosensitive patients. Thus, individualized treatment by testing sensitivity
beforehand could help achieve a better outcome in every patient. Using a standardized test like
the 3-C-FISH could be a reliable way of implementing this process. Furthermore, the influence of
noxious substances rather than increased radiosensitivity, especially within lung cancer cohort,
may be the determining factor in tumorigenesis. Since only a small sample size was examined in
this study, further evaluation of these findings with more patients is warranted.
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Abstract
Background: The aggressive T-cell acute lymphoblastic leukemia (T-ALL) is one of the
frequently occurring malignancies of the thymocytes. T-ALL is observed in 15% and 25% of
all new diagnosed ALL cases in children and adults, respectively. Notably, T-ALL has a 3-fold
higher incidence in males than in females. In nearly half of T-ALL cases, structural and/or
numerical chromosomal abnormalities are detected, which have an important prognostic
significance. A well-known genetic subtype of B-ALL, high hyperdiploidy (HeH) (51-65
chromosomes) is associated with good survival and an excellent outcome. The commonly
acquired chromosomes in HeH are +4, +6, +10, +14, +17, +18, +21 and +X. However, how
© 2019 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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chromosomal gains evolve and their roles in ALL, in general, are still far from being
understood.
Methods: Banding cytogenetics, molecular cytogenetics applying whole chromosome paints
(WCP), array-proven multicolor banding (aMCB), and immunophenotyping on patient’s bone
marrow cells were performed.
Results: A HeH karyotype including a balanced translocation t(X;5) was detected, which is
classified as a de novo childhood cortical-T-ALL case, according to the World Health
Organization (WHO) guidelines.
Conclusions: This is the first report of a childhood T-ALL case associated with HeH karyotype.
Although the involvement of cytoband Xq26 in disease-specific rearrangements has already
been reported, here, a corresponding aberration was observed for the first time in a male
patient, suggesting a gender association, but not limited to this cytogenetic ALL subgroup.
Keywords
T-cell acute lymphoblastic leukemia (T-ALL); high-hyperdiploidy (HEH); cytogenetics;
translocation t(X;5); Xq26; fluorescence in situ hybridization (FISH); prognostics

1. Introduction
T-cell acute lymphoblastic leukemia (T-ALL) is a highly aggressive malignancy derived from Tcells and is known to present multiple chromosomal abnormalities. It is observed in children as
well as in adults as 15% and 25% of the new diagnosed ALL cases, respectively. Interestingly, a 3fold higher incidence of T-ALL has been observed in males. Compared to the precursor B-ALL, TALL is often associated with unfavorable clinical outcomes, such as high white blood cell (WBC)
count, central nervous system infiltration, and bulky adenopathy [1-2]. The current intensive
therapy that may be combined with hematopoietic stem cell transplantation improves the
outcome at a rate of nearly 10% in children with T-ALL [3-6] but 37% of adult T-ALL patients show
relapse, leading to death in due course [7]. Thus, in adult cases, the approach is not much
promising.
Structural and/or numerical chromosomal aberrations with prognostic significance are
observed in nearly 50% of ALL cases [8-10]. High hyperdiploidy (HeH) (51-65 chromosomes) is an
established subtype of B-cell (B-ALL) and associated with good survival and excellent outcome [1013]. HeH has been seen in 40% of children (young, 1-4 years) with B-ALL, which decreases with age
to a frequency of 10% among adults (25-59 years) [10]. Furthermore, the chromosomes acquired
most commonly are +4, +6, +10, +14, +17, +18, +21, and +X [14]. However, neither the mechanism
for chromosomal gains in ALL nor their roles in leukemogenesis are yet fully understood [15-16].
Most frequently observable chromosomal abnormalities in T-ALL are deletions del (6) (q) and
balanced translocation t(10;14). An involvement of the T-cell receptor (TCR) gene, localized in
14q11, in rearrangements such as translocations t(1;14) (p31;q11), t(10;14)(q24;q11), or
t(8;14)(q24;q11) are frequently reported. Terminal deletions like del (9) (p21) and del (1) (p32)
have also often been repeated [11, 17-20]. Better survival rates have been observed in childhood
T-ALL with normal karyotype or with translocation t (10; 11) (q24; q11.2), than in cases with the
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presence of any derivative chromosome [20]. Nonetheless, cryptic chromosomal aberrations are
still a big challenge in the cytogenetic characterization of T-ALL and the most important step for
accurate diagnosis is karyotyping. Additionally, new insights into T-ALL pathogenesis may also be
derived from new molecular (cyto) genetic data.
Here, we first time report a new case of cortical-T-ALL in a male patient with HeH karyotype
including a balanced translocation t (X;5).
2. Materials and Methods
2.1 Case Report
A 19-year-old male patient without any family history of malignancies presented with a onemonth history of fatigue, weight loss, fever, and pleural effusion in his left lung. On physical
examination, hepatomegaly and several skin nodules (1-1.5 cm) in different locations such as neck
and armpit were diagnosed (data not shown). Initial complete blood count revealed WBC at 74.2 x
109/L (62% lymphocytes and 10% of cells were blasts), red blood cells (RBC) 2.48 x10 6/mm3,
hemoglobin (Hgb) level of 7.6 g/dL, and platelet count of 171x10 9/L. Lymphobalsts percentage in
BM were = 80% of all cells in BM. Biochemical analyses revealed the serum lactate dehydrogenase
(LDH) value of 766 U/L (normal value is nearly 480 U/L), and serum alkaline phosphates value of
390 U/L (normal value nearly 128 U/L). The patient received chemotherapy treatment after
cytogenetic analysis. He relapsed twice during DHAP/ABVD treatment (ABVD included doxorubicin,
bleomycin, vinblastine, dacarbazine; DHAP included: dexamethasone, cytarabine, and cisplatin)
and his hematological parameters were WBC 3.9x109/L, RBC 3.22x106/mm3, Hgb level of 10.6 g/dL,
platelet count of 84x109/L, and LDH value of 642. He additionally suffered from fatigue, facial
seventh cranial nerve palsy, and pain in the lower extremities.
2.2 Chromosomal Analysis
The GTG-banding analysis, according to standard procedures [21], was done prior to
chemotherapy. At least 20 metaphases derived from unstimulated and cultivated bone marrow
cells were studied. Karyotype was described using the International System for Human
Cytogenetic Nomenclature (ISCN 2016) [22].
2.3 Molecular Cytogenetics
Fluorescence in situ hybridization (FISH) using whole chromosome painting (WCP) probes for
chromosomes 5, 8, 11, 13, 19, 20, and X (MetaSystems, Altlussheim, Germany) was carried out
following the manufacturer's instructions [20]. Array-proven multicolor banding (aMCB) probes
based on microdissection derived from region-specific libraries for chromosomes 5 and X were
performed as described earlier [23]. A minimum of 10 metaphase spreads were studied, using a
fluorescence microscope (AxioImager.Z1 mot, Carl Zeiss Ltd., Hertfordshire, UK) and appropriate
filters to discriminate between a maximum of five fluorochromes plus the counterstain DAPI (4',6diamino–2-phenylindole). Image capture and FISH processing were performed using an ISIS
imaging system (MetaSystems, Altlussheim, Germany).
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2.4 Flow Cytometric Immunophenotyping
Immunophenotyping using a general panel of fluorescent antibodies against the following
antigens distinctive for different cell lineages and cell types was performed: CD1a, CD2, , CD4, CD3,
CD5, CD8, CD10, CD11c, CD11b, CD13, CD14, CD16, CD15, CD19, CD20, CD22, CD23, CD32, CD33,
CD34, CD38, CD41a, CD45, CD56, CD57, CD64, CD103, CD117, CD123, CD138, CD209, CD235a, and
CD243. In addition to Kappa and Lambda light chain antibodies, IgD, IgM, and HLADr were tested.
All antibodies were purchased from BD Biosciences. Samples were scored using a BD
FACSCalibur™ flow cytometer. Autofluorescence, isotype controls, and viability were included.
Data acquisition and Flow cytometric analysis were conducted by BD Cellquest™ Pro software.
3. Results
GTG-banding performed exclusively before chemotherapeutic treatment revealed a karyotype
of 51,XY,t (X;5)(?;?),+8,+11,+13,+19,+20 [20] (Figure 1).

Figure 1 GTG-banding result shows a high hyperdiploidy karyotype with a translocation
51,XY,t (X;5)(q26;q31.3~32),+8,+11,+13,+19,+20. Derivative chromosomes are
indicated by arrowheads.
Dual-color-FISH (D-FISH) using specific WCP probes for chromosomes 5, 8, 11, 13, 19, 20, and X
confirmed the gain of chromosomes +8, +11, +13, +19, +20, and translocation t(5;X) (data not
shown). aMCB (Figure 2) together with WCP data revealed a final karyotype 51,XY,t
(X;5)(q26;q31.3~32),+8,+11,+13,+19,+20 [20].
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Figure 2 Karyotype and chromosomal aberrations were confirmed using molecular
cytogenetic approaches. aMCB results are shown here. The normal chromosomes (if
present) are mentioned in the second column and their derivatives on the right side of
normal chromosomes. The unstained regions, when using chromosome-specific aMCBprobesets on the derivative chromosomes, are shown in gray. Abbreviations: der =
derivative chromosome.
As per the WHO classification, the immunophenotyping of bone marrow specimen
characterized this case as Cortical-T-ALL. The blast cell population was positive for CD45 dim, CD10,
TdT, CD7, CD1a, CD2, CD4, CD8, CD5dim, and cCD3. This cell population was negative for CD19,
CD34, HLA-DR, CD33, TCR α/β, TCR γ/δ, and sCD3.
4. Discussion
A de novo childhood cortical-T-ALL male patient with HEH karyotype including a balanced
translocation t (X;5)(q26;q31.3~q32) was characterized in detail by (molecular) cytogenetics.
According to the literature, HeH (>51 chromosomes) is commonly found in B-ALL patients [10–13]
and is an uncommon event in T-ALL. To date, approximately 117 ALL cases with HeH have been
reported in the Mitelman Database [24]. Trisomy for chromosome 8 has been reported in 36 ALL
with HeH cases (see [24]). Also, trisomy of chromosomes 11, 13, 19, and 20 was reported
previously in 5, 9, 5 and 11 ALL cases, respectively with HeH [24]. In addition, chromosomal bands
such as Xq26 and 5q31 were reported to be involved in chromosomal rearrangements in 16 and
109 cases, respectively [24]. However, translocation t(X;?) including short and/or long arms of
these chromosomes has been seen previously only in two B-ALL cases with HeH [24]. Interestingly,
while all such reported ALL cases involving Xq26 (16 cases) were in females, the present case was
observed in a male patient; the majority of these cases were of B-ALL (7 out 16 cases), four of
these cases were of T-ALL, and the remaining cases were unclassified. To the best of our
knowledge, this is the first report to observe HeH with translocation t(X;5)(q26;q31.3~q32) in a
male T-ALL patient [24].
As a specific cytogenetic subgroup of ALL, HeH has a reported frequency of 5–10% [25-26]. The
pattern observed is nonrandom; however, chromosomes X, 4, 6, 10, 14, 17, 18 and 21 are found to
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be the most frequently gained ones [11, 14]. Thus, this subgroup has a cytogenetic profile very
similar to that observed in pediatric ALL [14, 27].
Univariate analysis revealed moderately strong evidence of heterogeneity in patient’s outcome
with respect to the gain of the chromosomes 4, 5, 10, 14, 17, 20, 21, and X [11]. Interestingly, all
chromosome acquisitions, apart from chromosome 20, have prognostic significance in pediatric
ALL [14, 27, 28]. On the other hand, adverse prognostic effects even in the presence of  extra
chromosome 20 in our case is a novel finding. In HeH, the gain of chromosome 20 is less
frequently seen in children (only in 6%), thus, an adverse effect may have been hidden. However,
in an adult cohort and in the case of the adolescent reported here, +20 had an extremely poor
outcome, which was mainly caused by early relapse [11].
Interestingly, in Ewing’s Sarcoma as well, +20 has been associated with adverse outcomes,
where it is present along with the gain of other chromosomes [29]. Overall, the mechanism and
consequences for tumor development in terms of simultaneous gain of multiple chromosomes is
not yet understood [15-16]. The overexpression of one or more genes on each of the gained
chromosomes may potentially be the cause of the disease [16]. This idea is supported by the fact
that the accumulation of methotrexate polyglutamate is higher in blast cells of HeH patients when
compared to that in non-HeH patients [30] and may thus explain the favorable outcome of
pediatric HeH patients [11].
Somatic deletions and other inactivating mutations of the plant homeodomain (PHD)-like finger
6 (PHF6) gene in Xq26.2 has been identified in 16% (14 of 89) of pediatric and in 38% (16 of 42) of
adult T-ALL samples. Interestingly, most of them were derived from males [31].
Immunohistochemical analysis showed a complete loss of the PHF6 protein in all T-ALLs with a
mutation. Loss of PHF6 was observed in leukemia driven by aberrant expression of the homeobox
transcription factor oncogenes TLX1 and TLX3. Altogether this indicates PHF6 as an X-linked tumor
suppressor in T-ALL. Also, Kraszewska et al. [32] proposed that PHF6 could be a tumor suppressor
gene and that mutations result in loss of its function. This would be consistent with silencing of the
PHF6 promoter by DNA methylation in some T-ALL cases.
Overall, prognostic factors have been clearer for patients with B-ALL than for patients with TALL. HeH is an established genetic subtype of B-ALL, which is associated with good survival and
excellent outcome [10-13]. Adverse prognosis in T-ALL is accompanied with hyperleukocytosis,
enhanced mediastinal mass, male gender, central neural system involvement, and advanced age
[8]. Also, T-ALL patients who were CD1a positive in the trial of Medical Research Council
(MRC)/Eastern Cooperative Oncology Group (ECOG) had an overall five years survival of 64% (95%
CI, 48-80%), which was better than that for CD1a-negative patients [39%(26-52%) in (P=0.01)]. This
may possibly be caused by a higher risk of relapse in CD1a-negative patients (50%; 36-65%) in five
years, compared to that (23%; 8–38%) in CD1a-positive patients (P = 0.02) [7].
5. Conclusions
In conclusion, we presented here a de novo case of childhood cortical-T-ALL in a male patient
with HeH karyotype, which included a balanced t(X;5)(q26;q31.3~q32), trisomy 20 and CD1a
positivity. These may be indicators for poor prognosis in T-ALL with adverse effects and relapse
during chemotherapy.
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Abstract
Pneumocystis pneumonia (PCP) is the most frequent AIDS-defining disease among HIVinfected individuals in developed countries, and also affects immunocompromised non-HIV
patients. Experimental studies on rodent models carried out in the early eighties have shown
that Pneumocystis spp. can be transmitted via the airborne route. Unfortunately, this mode
of acquisition and transmission has long been overlooked by physicians because PCP in
immunosuppressed patients was considered to result from reactivation of a latent
endogenous infection. This hypothesis was further investigated and, at present, PCP is
considered to frequently result from the de novo acquisition of the fungus. This paradigm
shift is correlated with the development of highly sensitive detection techniques and
molecular characterization of Pneumocystis spp. in animal models and humans. This review
article describes the milestones that have been achieved on the knowledge on the airborne
interindividual transmission of Pneumocystis jirovecii.
© 2019 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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1. Introduction
Pneumocystis jirovecii is an opportunistic, transmissible fungus that infects humans [1]. It
causes severe pneumonia (Pneumocystis pneumonia or PCP) in immunocompromised patients.
PCP is the most frequent AIDS-defining disease in developed countries and approximately 30% of
the AIDS cases (1,200) in France were related to PCP during 2013 [2]. These data are consistent
with the report on opportunistic infections in a multicohort analysis of 63,541 North-American
HIV-infected patients between 2000 and 2010. During this period, PCP was the most frequent
AIDS-defining disease. There were about 1,000 PCP cases per 100,000 person-years between 2000
and 2004 regardless of the immune status or antiretroviral therapy. This incidence decreased
gradually to about 250 PCP cases per 100,000 person-years in 2010 [3]. PCP incidence in the world
might have exceeded 400,000 cases per year in 2012 with more than 52,000 deaths per year [4].
Patients with other immune deficiencies also develop PCP. The patients who are receiving
cytostatic and immunomodulatory treatments and those with solid organ transplants or with
malignancies are at the highest risk [5]. The number of PCP cases in France is estimated to be 300
per year in HIV-infected patients and 600 per year in other immunocompromised patients [2, 6].
The fatality rate of PCP in France increased from 5% to 15% between 2001 and 2010 [7]. Moreover,
according to the national database of the Medicalization of Information Systems in Medicine,
Surgery, and Obstetrics, the number of inpatient hospitalizations due to PCP increased by 60%
between 2010 and 2017, from 526 to 846, mostly due to PCP in non-HIV patients [8]. Torpid P.
jirovecii infections may occur in patients with chronic bronchial and pulmonary diseases, such as
chronic obstructive pulmonary disease (COPD). Moreover, P. jirovecii infections have been linked
to severe COPD [9]. Therefore, P. jirovecii infection is a public health issue.
Pneumocystis is an atypical fungus that cannot be routinely cultured, and therefore, animal
models are to be used to study the transmission mode and pathogenicity. Moreover, animal
models are worth investigating since the clinical presentation of PCP is similar in animals and in
humans. The experimental studies on rodent models have shown that Pneumocystis spp. can be
transmitted via the airborne route [10, 11]. Despite these studies, this mode of acquisition and
transmission has long been overlooked by physicians due to PCP infection in
immunocompromised adult patients was believed to be mostly from endogenous latent P. jirovecii
organisms that are carried within alveoli since childhood [12]. However, recent studies have
indicated that PCP occurs due to de novo acquisition rather than reactivation of latent infection
[12]. Host specificity of Pneumocystis spp. has led to the naming of different species in the genus
according to the binominal system [13]. For instance, Pneumocystis carinii, Pneumocystis murina,
and Pneumocystis jirovecii infects rats, mice, and humans, respectively [13]. Considering this host
specificity, an animal reservoir for P. jirovecii was excluded.
In this context, our aim was to compile the latest available information on the epidemiology of
Pneumocystis spp. established in rodent models and humans, specifically on the airborne
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interindividual transmission of the fungus and to provide a rationale for hygiene measures to
prevent P. jirovecii transmission in hospitals.
2. Contribution of Rodent Models
The results of the main studies on Pneumocystis sp. airborne acquisition and/or transmission
using rodent models are summarized (Table 1).
Airborne acquisition and transmission of P. carinii were established in the 1980s [11,14]. Later,
Choukri and colleagues. described the kinetics of P. carinii exhalation by the immunocompromised
rats developing PCP [15]. A correlation between lung fungal burdens of rats and air fungal burdens
was highlighted during the first month of PCP development with a ratio of approximately 10 6:1.
The kinetics of P. carinii exhalation in immunocompetent rats developing primary infection and
reinfection was also investigated, which suggested that the immune response impacts the
pulmonary fungal burden as well as P. carinii exhalation [16]. Further investigation on the
relationship between P. carinii pulmonary burden and the immune status [17] suggested a
correlation between the airborne acquisition of P. carinii and the level of immunosuppression.
Some experiments in mice [11, 18, 19] revealed that immunocompromised mice developing
PCP can transmit P. murina via the airborne route to other susceptible immunosuppressed mice
and to immunocompetent mice. Immunocompetent mice can be colonized by P. murina that can
transmit P. murina to immunosuppressed susceptible mice as well as to other immunocompetent
mice [18, 19]. In order to identify the putative infectious stage of Pneumocystis sp., experiments
were conducted with echinocandin-treated mice, and the findings showed that ascus is necessary
for P. murina transmission [20]. A recent study on Pneumocystis life cycle suggested that the
ascospores located in the asci could be the putative infectious stage [21].
In summary, both immunosuppressed rodents and immunocompetent rodents can acquire
Pneumocystis sp. and exhale the fungus into the surrounding air. Nonetheless, the level of
Pneumocystis sp. acquisition and exhalation seems to be correlated to the level of
immunosuppression and the severity of the infection. The putative infectious stage may be the
ascus or the ascospore.
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Table 1 Main studies on Pneumocystis sp. airborne acquisition and/or transmission using rodent models.
Model
References
Rats
Hughes WT [10]
Hughes et al. [14]

Immune status
Immunosuppression
(corticosteroid
treatment)

Choukri et al. [15]

Immunosuppression
(Lou nu/nu rats,
corticosteroid
treatment)

Menotti et al. [16]

Immunocompetency

Khalife et al. [17]

Immunosuppression
(Lou nu/nu rats,
corticosteroid
treatment)

Main points
The rats did not acquire P. carinii when maintained in filtered air conditions, but
acquired P. carinii and developed PCP when they were exposed to the air from the
animal facilities. They also acquired P. carinii and developed PCP when exposed to
the exhaled air from conventional Sprague-Dawley rats.
The objective was to describe the kinetics of P. carinii exhalation by athymic Lou
nu/nu rats developing PCP after intratracheal inoculation of the fungus. The Coriolis®
µ air sampler (Bertin Technologies, France) was used to collect air samples from a
HEPA-filtered air chamber containing one rat developing PCP. P. carinii was detected
and quantified using a qPCR assay at the mtLSUrRNA gene in air samples over a
period of at least 7 weeks after inoculation. The results showed that the P. carinii
quantity in the air increased for up to 4-5 weeks. Moreover, there was a correlation
between P. carinii burdens in the lungs and in air samples during the first month of
PCP development with a 106/1 ratio.
The objective was to describe the kinetics of P. carinii exhalation by
immunocompetent Sprague-Dawley rats developing primary infection and reinfection. P. carinii was detected in the air surrounding the rats developing primary
infection between the 2nd and 3rd weeks of infection, with a correlation between P.
carinii burdens in air and pulmonary samples. P. carinii was not detected in the
surrounding air of re-infected immunocompetent rats, which harbored low fungal
burdens.
Sprague Dawley rats were treated with different doses of dexamethasone (receivers)
and cohoused during 2 weeks with athymic Lou nu/nu rats developing PCP (seeders).
The first population of rats undergoing gradual immunosuppression levels acquired P.
carinii from the second one. In receiver rats, there was an inverse correlation
between P. carinii pulmonary burdens and the CD4+ cell and CD8+ cell counts in
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Mice

Soulez et al. [11]

Immunosuppression
(SCID mice,
corticosteroid
treatment)

Dumoulin et al. [18]

Immunosuppression
(SCID mice)
Immunocompetency
(Balb/c mice)

Gigliotti et al. [19]

Immunocompetency
(Balb/c mice)

Cushion et al. [20]

Immunosuppression
(CH/HeN mice
corticosteroid
treatment)

blood. The results suggested a correlation between the airborne acquisition of P.
carinii and the level of immunosuppression.
A colony of twenty P. murina-free SCID mice shared the same air during one day with
a Balb/c mouse developing corticosteroid-induced PCP. The colony acquired P.
murina and later developed PCP. The results showed P. murina is highly transmissible
in mice.
P. murina-infected SCID mice were co-housed with P. murina-free Balb/c mice for 1,
5, or 20 days. These immunocompetent Balb/c mice acquired P. murina, were
transiently colonized by the fungus, but did not develop PCP. They were then cohoused with P. murina-free immunosuppressed SCID mice which then acquired P.
murina and later developed PCP. Thus, immunocompetent mice were able to
acquire, to be transiently colonized, and to transmit P. murina to susceptible
immunosuppressed P. murina-free mice.
P. murina-exposed Balb/c mice were co-housed with P. murina-free Balb/c mice. The
latter mouse population seroconverted to P. murina antigens secondarily to the
exposure which is consistent with P. murina acquisition.
The echinocandins inhibit (1,3)-ß-D-glucan synthesis, which is the major component
of the cell wall of most fungi, including the asci of Pneumocystis sp. Infected mice
treated with anidulafungin only harbored P. murina trophic forms since (1, 3)-ß-Dglucan is assumed to be absent in these stages. In this study, infected mice treated
with echinocandins were not able to transmit P. murina to susceptible
immunosuppressed mice, while untreated mice developing PCP and harboring both
asci and trophic forms were able to do so. These results strongly suggest that the
ascus was necessary for Pneumocystis sp. transmission.
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3. Transmission of Pneumocystis jirovecii in Hospitals
PCP outbreaks occurring in hospitals over the past 60 years favor the hypothesis of
interindividual transmission of P. jirovecii. Between 1968 and 2019, almost 60 outbreaks were
described worldwide, mainly in renal transplant recipients as well as in HIV-infected and cancer
patients [22-41]. Although interindividual transmission of P. jirovecii was suggested, it remained
hypothetical until 1998 due to the absence of genotyping methods. Several other studies of
outbreaks, which combined the concordance of P. jirovecii genotypes in index patients and
susceptible patients with the analysis of patient encounters, supported the nosocomial acquisition
and interindividual transmission of the fungus. In 2012, Le Gal and colleagues showed that both
PCP patients and P. jirovecii colonized patients may be possible infectious sources of the fungus
[23]. These results were confirmed by two other investigations on P. jirovecii outbreaks, one in
renal transplant recipients and another in heart transplant recipients [29, 32]. Interestingly, during
the course of the latter outbreak, a P. jirovecii cytochrome b mutant was observed exclusively in
the heart transplant recipients and not in the control patients; the mutation may provide putative
resistance to atovaquone, an anti-infectious agent targeting the cytochrome b [28]. Outbreaks in
liver transplant recipients have also been investigated, which provided additional information on
the putative interindividual transmission of P. jirovecii [35, 42].
The main findings on P. jirovecii exhalation from PCP patients and colonized patients into the
surrounding air in hospitals are summarized in Table 2.
By the end of the 1990s, two important studies detected and identified P. jirovecii genotypes
from patient rooms [43, 44]. A perfect or partial similarity was observed in P. jirovecii genotypes of
clinical and air samples. These results are consistent with the findings on P. jirovecii exhalation
from PCP patients and the subsequent putative airborne transmission of P. jirovecii. Another study
demonstrated P. jirovecii exhalation in an intubation system by a patient developing PCP and
monitored in an Intensive Care Unit [49].
In 2010, P. jirovecii DNA was detected at 1, 5, and 8 m distance from PCP patients and P.
jirovecii DNA burdens in air samples decreased with the distance of sampling [45]. A perfect or
partial similarity was observed in P. jirovecii genotypes of clinical and air samples [46]. The spread
of P. jirovecii from both PCP patients and colonized patients was investigated using the same
method [47, 48]. P. jirovecii burdens in the air samples from colonized patients appeared lower
than those collected from the air surrounding PCP patients. This indicates that P. jirovecii can be
exhaled and spread from both PCP patients and colonized patients. However, whether colonized
patients represent infectious sources at the same level as PCP patients is still an open question
considering the difference in pulmonary fungal burden [47, 50]. The major findings of P. jirovecii
genotyping clinical samples and air samples are summarized (Table 2).
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Table 2 Main studies on Pneumocystis jirovecii genotyping in clinical and air samples.
References
Bartlett et al.[43]

Clinical presentation of P.
jirovecii infection
Pneumocystis pneumonia

Olsson et al. [44].

Pneumocystis pneumonia

Choukri et al. [45].
Damiani et al. [46].

Pneumocystis pneumonia

Main points
P. jirovecii DNA was amplified by PCR with primers specific for the internal
transcribed spacer (ITS) regions of rRNA. P. jirovecii DNA was found in 17 of 30 air
samples (57%) from the rooms of Pneumocystis-infected patients. It was also found
in 6 of 21 other hospital rooms sampled (29%) but was not found in any of the
offices, storage areas, or control homes. Genotyping results were available for 14
pairs of clinical/air samples with a perfect match in 10 of 14, a partial match in 2 of
14, and a discordance in 2 of 14. The results suggested the airborne presence of P.
jirovecii organisms within the hospital environment.
P. jirovecii DNA was amplified by PCR with primers specific for the mitochondrial
large-subunit rRNA (mtLSU rRNA) gene in pulmonary samples from seven PCP
patients and in some air samples (five out of seven PCP patients’ rooms and two of
four air filtrations from the ward corridors). The P. jirovecii genotypes at the ITSs
were available for five pairs of clinical/air samples, resulting in a perfect match in 3 of
5, a partial match in 1 of 5, and discordance in 1 of 5. The results suggested a risk of
person-to-person transmission of P. jirovecii from PCP patients and airborne presence
of P. jirovecii organisms within the hospital environment.
The experiments were conducted using the Coriolis µ air sampler (Bertin
Technologies, France), which concentrates aerial particles in a liquid medium to
facilitate the DNA extraction process and consequently the subsequent PCR assays. P.
jirovecii DNA was amplified using a real-time PCR assay with primers specific for the
mtLSU rRNA gene in 4 of the 12 air samples collected at an 8-meter distance, in 5 of
the 12 samples collected at a 5-meter distance, 9 of the 13 samples collected at a 3meter distance, and 15 of the 19 samples collected at a one-meter distance from PCP
patients' heads. P. jirovecii DNA quantities decreased with distance from the patients
(P < .002). Forty control samples were collected and remained negative. In a second
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Le Gal et al. [47]

Pneumocystis pneumonia
Pulmonary colonization

Fréalle et al. [48]

Pulmonary colonization

study investigating the same patients and air samples, P. jirovecii genotypes at the ITS
and DHPS loci were available for 6 of 7 pairs of clinical samples and air samples with a
perfect match in 4 of 6, and a partial match in 2 of 6. These studies provided the first
quantitative data on the spread of P. jirovecii in exhaled air from PCP patients.
In this study, P. jirovecii was detected and characterized in the air surrounding the
patients with Pneumocystis pulmonary colonization. Using the same methods as
described by Choukri and colleagues. P. jirovecii DNA was detected in 5 of 10 air
samples collected at 1 m from patients’ heads and in 5 of the 10 other air samples
collected at 5 m from patients’ heads. P. jirovecii genotypes at the mtLSU rRNA gene
were available in 4 pairs or triplets of air and pulmonary samples. Full genotype
matches were observed in 3 of the 4 pairs or triplets of air and pulmonary samples. P.
jirovecii burdens in the air samples from colonized patients appeared lower than
those from PCP patients. These results provided original data supporting P. jirovecii
exhalation from colonized patients and hypothesized the risk of P. jirovecii
nosocomial transmission from this patient population.
P. jirovecii DNA was detected using the same methods as described by Choukri et
al. in 3 of 17 air samples at a one-meter distance, and in none of 17 air samples at a
5-meter distance from three colonized patients. P. jirovecii genotypes at the mtLSU
rRNA gene were available in the three couples of clinical and air samples with a
perfect match. These data brought additional arguments for putative exhalation of P.
jirovecii by colonized patients.
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4. Prevention of Pneumocystis jirovecii Transmission in Hospitals
High pulmonary tropism of P. jirovecii combined with the data on P. jirovecii exhalation from
infected patients as well as the occurrence of clusters of PCP cases are consistent with the airborne
acquisition in humans and emphasize the risk of patient-to-patient transmission through this mode.
Chemoprophylaxis is essential to prevent P. jirovecii infection. However, the measures based on
chemoprophylaxis alone may not be sufficient to ensure PCP prevention.
Measures to prevent healthcare-associated infections are usually classified as standard, droplet, or
airborne. This classification is based on transmission mode, transmitted particle size, and
microorganism infectivity over time and distance. Droplet precaution procedures consist of i) placing
the patient in a single room, ii) use of surgical masks by health-care workers and visitors, iii) limiting
patient movement out of the room, and iv) use of masks by patients when out of their rooms [51].
Airborne precaution procedures consist of i) placing the patient in a single room with doors closed or
with special air treatment, ii) use of respirator masks (e.g., N95) by health-care workers, iii) limiting
patient movement out of the room, and iv) use of masks by patients when out of their rooms [51].
Centers for Disease Control and Prevention recommend chemoprophylaxis for susceptible persons
to prevent PCP [52]. It is also recommended to implement standard precautions and avoid placement
of a PCP patient with an immunocompromised patient in the same room [51]. Considering the
knowledge gained on Pneumocystis transmission over the past ten years, these recommendations
should be updated. The transmissible stage of P. jirovecii is assumed to be the ascus or the ascospores
[20, 21]. Unfortunately, the median size of the ascus (5 µm) is precisely the threshold value for
distinguishing droplet and air precaution measures. Moreover, whether Pneumocystis transmission
occurs through Flügge droplets or because Pneumocystis aerosolizes itself through the ascospores
remains unknown.
Nonetheless, the data pertaining to the transmission of Pneumocystis spp. in rodent models and
humans are now sufficient to recommend preventive measures, either airborne or droplet. P. jirovecii
detection in the surrounding air at 5 m (or even 8 m) distance [45, 47] favors air precautions.
However, air precautions are tough to implement. When the engineering resources are limited,
preventing airborne transmission consists of placing a patient in a single room with doors closed and
wearing respirator masks when in contact with the patient [51].
The application of droplet precautions was proposed in France in the late nineties [53, 54].
However, these recommendations have been poorly applied and at least 10 clusters of PCP cases
occurred in France over the past two decades [23, 29, 30, 32, 33, 35, 40, 41, 55, 56]. Since the
exhalation of P. jirovecii by infected patients can be observed beyond 1 m distance [45, 47, 48],
airborne precautions may be more suitable.
Nonetheless, whichever precaution is implemented, no study has reported their duration. As an
initial approach to address this issue, we investigated the longitudinal P. jirovecii air exhalation by a
patient developing PCP and efficiently treated with cotrimoxazole [57]. Five air samples were
collected after treatment initiation on five consecutive days in the patient's room at 1 m distance
from the patient head. P. jirovecii DNA was detected in the five air samples. This study showed that
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PCP treatment dramatically decreased P. jirovecii exhalation, which suggests maintaining preventive
measures, whatever they may be, for at least five days following PCP treatment initiation [57].
Further, precautions should be proposed to prevent P. jirovecii transmission from patients
developing PCP who may be highly contagious. Whether precautionary measures should be
implemented for colonized patients or healthcare workers who may have a role in the transmission
chain remains a subject of debate [33, 50, 58]. Through In a different approach, the French Hygiene
Society recommends that susceptible patients should wear a mask when encountering all other
patients [59].
In conclusion, P. carinii and P. murina transmission via the airborne route has been clearly
established in rodents, and P. jirovecii airborne transmission is highly probable in humans.
Chemoprophylaxis is essential in susceptible patients; however, it may not be sufficient to completely
prevent P. jirovecii infection. Measures must be implemented to prevent interindividual transmission
of P. jirovecii specifically from PCP patients in hospitals who seem to be highly infectious. At present,
there are strong arguments in favor of air precautions. However, considering the challenges in their
implementation, at least droplet precautions must be implemented. Nonetheless, these measures are
still subject to debate; therefore, an update through a consensus conference is recommended.
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Abstract
In order to successfully recover from damage, skeletal muscle tissue requires proper activation
of a tightly orchestrated repair program. Non-coding RNAs actively participate in this complex
process of demolition and rebuilding. In this review, the contribution of dysregulated noncoding RNA expression to disease-associated pathological changes is explored in hereditary
muscular dystrophies and idiopathic inflammatory myopathies. Disturbances in spatiotemporal
expression of non-coding RNAs appear to be key factors in disease progression, functioning
both in favor of and opposed to recovery. They regulate regeneration and survival of muscle
fibers as well as codetermine the severity of tissue fibrosis and inflammation. Non-coding RNAs
display individual or pleiotropic effects, and strongly influence each other’s activities. The
described altered expression patterns can be exploited as biomarkers for diagnosis and to
evaluate therapeutic success. In addition, common signatures of these non-coding RNAs often

Page 37/172

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902079

present in different muscle disorders point to their manipulation as an approach for potentially
broader therapeutic use.
Keywords
Muscular dystrophy; inflammatory myopathies; non-coding RNAs; micro RNAs; long non-coding
RNAs; muscle regeneration; myositis

1. Introduction
In humans, dysfunction of the skeletal muscle system can cause progressive weakness, loss of
muscle mass, and serious disability. Functional deficits can be the result of genetic defects, toxins, or
idiopathic etiology. This review will focus on hereditary muscular dystrophies and acquired
inflammatory myopathies.
1.1 Muscular Dystrophies
Muscular dystrophies are a group of conditions in which muscle dysfunction is either due to
defective structural proteins or to genetic mutations affecting signaling molecules and enzymes.
Defects in components of the large dystrophin-associated oligomeric complex of glycoproteins cause
disruption of the linkage between the subsarcolemmal cytoskeleton and the extracellular matrix,
which renders muscle cells vulnerable to contraction-induced damage. In Duchenne muscular
dystrophy (DMD; OMIM 300677) and the milder Becker muscular dystrophy (BMD; OMIM 300376),
mutations in the dystrophin gene itself are responsible [1]. An expansive and heterogeneous group of
dystrophies comprise the limb-girdle muscular dystrophies (LGMDs), with a variety of mutations that
cause weakness and wasting of the muscles in the arms and legs, of which proximal muscles are most
severely affected. LGMDs are classified based on their inheritance pattern as either type 1 (autosomal
dominant) or type 2 (autosomal recessive) and by their causal mutation (A to X). The severity, age of
onset, and features of LGMD vary among the many subtypes and may be inconsistent even within the
same family [2]. Facioscapulohumeral muscular dystrophy (FSHD; OMIM 158900) typically presents
before age 20 with weakness of the facial muscles and the stabilizers of the scapula or the
dorsiflexors of the foot. Weakness is slowly progressive and of variable severity [3]. Myotonic
dystrophy (MD), the most common form of muscular dystrophy that begins in adulthood, is a chronic,
slowly progressive, multi-system disease with symptoms including loss of muscle strength and fatigue
[4]. There are two major types of the disease. Type 1 (OMIM 160900) and type 2 (OMIM 602668) are
caused by mutations in dystrophia myotonica protein kinase and zinc finger protein-9, respectively. In
muscular dystrophy, repeated cycles of muscle damage and regeneration deplete the tissue of its
regenerative capacity.
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1.2 Inflammatory Myopathies
Idiopathic inflammatory myopathy represents a heterogeneous group of rare diseases
characterized by autoimmune reactions within the skeletal muscle tissue [5]. Dermatomyositis (DM)
presents with muscle weakness in the shoulders, upper arms, hips, thighs, and neck, often alongside
typical skin lesions which include Gottron's sign (red scaly papules on finger joints), heliotrope rashes,
and swelling around the eyes and on the upper chest or back (V-sign). Patients’ skeletal muscle
biopsies display complement-mediated blood vessel destruction, perimysial inflammation, and
perifascicular muscle fiber atrophy [6]. Sporadic inclusion body myositis (IBM) is a chronic, slowly
progressive muscle disease. Patients develop distal asymmetric weakness affecting finger flexors and
proximal lower extremity weakness of the quadriceps, which later progresses to other proximal and
distal muscles. Patients are predominantly men over 50 years of age. Polymyositis (PM) is a rarer
condition with female predominance, often presenting as corticoid-responsive acute or subacute
symmetric proximal muscle weakness. DM and PM can be subclassified on the basis of the
autoantibodies present; in anti-synthetase syndrome (ASS) for instance, antibodies directed against
aminoacyl tRNA synthetases can be detected. PM and IBM biopsies are both characterized by the
invasion of non-necrotic muscle fibers by auto-aggressive cytotoxic T-cells and macrophages, with
inflammation building up mostly at endomysial sites [7]. Muscle fibers in IBM tissue additionally
develop degenerative damage, with rimmed vacuoles and inclusions containing aggregates of ectopic
proteins [8]. Immune-mediated necrotizing myopathy (IMNM) presents as acute or subacute proximal
muscle weakness, displaying predominant necrosis of skeletal muscle fibers [9]. The inflammatory
myopathies are generally characterized by persisting inflammatory reactions that damage the skeletal
muscle tissue.
1.3 Skeletal Muscle’s Damage Recovery System
The skeletal muscle tissue has an impressive ability to regenerate after damage, accomplished
through activation of the tissue’s satellite cell pool. In unharmed muscle, these cells lie quiescent
underneath the basal lamina. In response to injury, immune cells are recruited to help clear the
damaged muscle fibers, and satellite cells start to proliferate and differentiate to fuse with damaged
fibers and form new fibers. Muscle regeneration is a highly coordinated process that resembles
embryonic muscle development. This ingenious recovery mechanism gets compromised in muscle
disorders, and a multitude of non-coding RNAs appear to be implicated [10]. The non-coding RNAs are
grouped based upon their length as small or long non-coding RNAs. Non-coding RNAs shorter than
200 nucleotides are termed miRNAs, and function downstream of transcription factors by repressing
the target mRNA after it has been transcribed. miRNA–mRNA interactions lead to translational
repression and/or mRNA destabilization. On the other hand, long non-coding RNAs (lncRNAs) can
display diverse regulatory activities. They accomplish epigenetic modifications by recruiting
chromatin-remodeling complexes to specific chromatin loci, act as co-factors, or modify the activity of
transcriptional factors. The ability of lncRNA to identify complementary sequences also allows specific
interactions with mRNA, regulating the latter’s post-transcriptional processing such as capping,
splicing, and editing, which influences mRNA transportation, translation, degradation, and stability. In
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addition, miRNAs and lncRNAs do not behave as separate entities as they can complexly regulate each
other's activities.
2. Non-Coding Changes in Muscular Dystrophy and Inflammatory Myopathy
Table 1 summarizes main changes to the non-coding RNAome that have been reported in muscular
dystrophy and inflammatory myopathy. For studies that carried out statistical analyses, only
significant changes have been indicated.
Certain aspects of the non-coding RNA regulation in muscle disease seem to represent an
adequate response instated to minimize tissue damage and optimize tissue recovery. However, other
changes appear to be an inappropriate response that aggravates muscle tissue damage. The impact of
regulated non-coding RNA expression on muscle fiber regeneration, survival, tissue fibrosis, and
inflammation is discussed under section 2.
Table 1 Reported non-coding RNAs differentially expressed in muscular dystrophies and in
idiopathic inflammatory myopathies, with upregulation (↑) and downregulation (↓)
indicated.
Non-coding
RNA
miRNAS
miR-1

Molecular targets

Muscular Dystrophies

Inflammatory
myopathies

G6PD, FST, UTRN, CCND1,
PAX3, PAX7

↓ DM PM IBM *20+

miR-7
miR-10

EGFR
TIAM1

miR-15a
miR-16
miR-17 3/5p
miR-18a/b
miR-19a
miR-19b
miR-20a/b
miR-21

miR-22

RASSF5, MKK3, LRIG1
MAP7, CDS2
ERα, SRC3
HSF2, SOCS5
YB1, TRIAP1
PP2A
SDC2, KIF26
MEF2C, TPM1, TGFBR2,
PTEN, SMAD7, STAT3,
PPARα
HER3, MLCK2

miR-23

CCNG1

↓ DMD *11,12+ ↑ DMD
*13,14,15,16+ ↑ DMD,
BMD, LGMD, FSHD [17]
↓ MD *18,19+
↓ MD *21+
↑ FSHD LGMD *23+ ↓
MD [21]
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ LGMD *23+
↑ LGMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↓ DMD *24+ ↑ DMD
*25+ LMGD *26+ ↑ DMD
FSHD LGMD [23]
↑ DMD *13+ ↓ DMD
[23]
↓ DMD *24+

miR-26a

EZH2, SMAD1, SMAD4

↓ DMD *23+

↓ DM *22+

↑ PM *23+
↑ PM *23+
↑ DM PM IBM
[23,27]
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miR-26b

PTEN

↑ LGMD *23+

miR-27a

PINK1, AFF1

↑ LGMD [23]

miR-28

NFE2L2

↑ LGMD *23+

miR-29

COLs, ELN, Akt3
YY1, Mfap5, ASB2, FBN,
PDGFR
MTDH12, SMAD1, CCNE2,
CELSR3, EGFR, MDM2,
TIMP3
MYF5

↓ DMD *11,12,23,24+
↓ mdx *28+ ↓ MD
*18,29+ ↑ FSHD *23+
↓ DMD *12,23+

miR-30

miR-31
miR-33
miR-34a

CPT1, HADH, SIRT6,
AMPKα1, PPARα
HMGB1, SIRT1, MMP2

miR-92
miR-93
miR-95
miR-99a
miR-99b
miR-100
miR-101
miR-103
miR-106
miR-107
miR-125a
miR-126
miR-127
miR-128
miR-130a

PTEN
VEGF, IL8
SGPP1
IGF1R, mTOR
mTOR
SMARCA5
CREB1
PTGS2, CCNE1
MMP2, ETS1
NF1, EP1
TNFAIP3
EGFL7
BCL6
MAFG
SMAD4

miR-130b
miR-132
miR-133

PTEN
AChE
MAML1, MEF2C, COLs

miR-134
miR-135a
miR-140
miR-142

ITGB1, FBM1
JAK2, MAML1, MEF2C
SOX4, PDL1
SOCS1

miR-143

AR2B

↑ DMD *11,30+ BMD
[31]
↓ MD *18+
↑ DMD FSHD LGMD
[23]
↓ DMD*23+
↑ FSHD LGMD *23+
↓ DMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD [23]
↑ FSHD LGMD *23+
↓ DMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23]
↑ FSHD LGMD *23+
↑ DMD *23+
↑ DMD *13+
↑ DMD FSHD LGMD
[23]
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↓ DMD *12+ ↑ DMD
*14,15,16+ ↑ DMD
BMD [17]
↑ DMD LGMD *23+
↓ DMD *11+
↑ FSHD LGMD *23+
↑ mdx *33+ ↑ LGMD
[23]
↑ FSHD LGMD *23+

↑ DM PM IBM *23+

↑ DM PM *23+

↑ IBM *23+
↑ IBM *23+
↑ IBM *23+
↓ DM *32+
↑ PM *23+
↑ DM PM *23+
↑ PM *23+
↑ DM PM *23+
↓ DM PM IBM *20+

↑ PM IBM *23+
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miR-145
miR-146a
miR-146b

MUC1
Camk2D, PPP3R2
IRF6

miR-148a
miR-148b
miR-149
miR-150
miR-151
miR-152
miR-154

HER3

miR-155

MEF2A, SOCS1, TSPAN13,
LRP1B
SRCIN1, HOXA11
CRY2, FBXL3
AKAP12, FOXK1, HIF1α
EGFR1, NFκB
DLG5, ALCAM
ERα, IGFBP5
EGFR
PMAIP1
FZD4, JAG1, WNT2, CAV1,
DYRK1A
Pax3, Pax7; Notch3;
IGFBP5, FST, UTRN, CNND1

miR-181 a/b
miR-181d
miR-186
miR-191
miR-192
miR-193b
miR-195
miR-197
miR-199a
miR-206

Oct-2
Notch3
TWIST1
WNT1, MMP3

miR-208b
miR-210

CDKN1A
HIF1α

miR-214

TRAF, EZH2, N-ras, CTGF

miR-221

SNTB1, Kip1, TSPAN13

miR-222

MyoD

miR-223

TNFR1, DR6

miR-224
miR-279
miR-299 3p
miR-299 5p
miR-301

HOXD10, SMAD4
Notch
SHOC2
SHOC2
NFRF

↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ BMD *31+ ↑ mdx
*33+ ↑ DMD BMD FSHD
LGMD [23]
↑ DMD LGMD *23]
↑ LGMD *23+
↑ DMD *13+
↑ FSHD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ DMD FSHD LGMD
[23]
↑ mdx *33,35+ ↑ DMD
FSHD LGMD [23]
↑ LGMD *23+
↑ DMD *23+
↑ LGMD *23+
↑ LGMD *23+
↑ FSHD LGMD *23]
↓ DMD *23+
↑ FSHD LGMD *23+
↓ DMD LGMD *23+
↑ DMD FSHD LGMD
*23+ ↑ mdx *36+
↑ DMD *11,13,15,16+
↑ DMD, BMD *14,17+
↑ MD *37+
↑ DMD *15+
↑ DMD FSHD LGMD
[23]
↑ DMD FSHD LGMD
[23]
↑ DMD BMD FSHD
LGMD [23]
↑ DMD FSHD LGMD
[23]
↑ DMD *11+ ↑ BMD
*31+ ↑ LGMD *23+
↑ LGMD *23+
↑ FSHD LGMD *23+
↑ DMD *23+
↑ DMD LGMD *23+
↑ LGMD *23+

↑ IBM *23+
↑ PM IBM *23+
↑ DM PM IBM
*20,23,27+ ↑ DM PM
[34]
↑ DM *23+

↑ IBM *23+

↑ DM PM *23+
↑ DM PM IBM
[20,23,27]

↑ PM *23+

↑ IBM *23+
↓ IBM *23+
↑ DM PM *23+
↓ DM PM IBM *20+ ↓
DM *38+ ↑ PM *23+

↑ DM PM *23+
↑ DM PM IBM *23+
↑ DM PM IBM *23+
↑ DM PM IBM *23+
↑ DM IBM *23+ ↓
DM [39]

↑ DM *23+
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miR-320
miR-331
miR-324

SOX4
RALA, ELF1
NFĸB

miR-335

ICAM1

miR-342
miR-361
miR-362
miR-369 5p
miR-376a
miR-376c

DNMT1
STAT6, SH2B1
GADD45α
TNFα
Ago2, CDK2
CCND1

miR-378

MyoR, CASP9, PDK1

miR-379

IL18

miR-381
miR-382
miR-409 3p
miR-423
miR-432
miR-452
miR-455
miR-483
miR-485 3p
miR-485 5p
miR-486
miR-487b
miR-491
miR-493 3p
miR-495
miR-497

LRP1B
GOLM1, MMP10
RSU1, STAG2
RFVT3
KEAP1
WWP1
ROCK2
Notch3, MAPK3
PGC1α
PGC1α
ICAM1, PAX3, PAX7, PTEN,
DOCK3
IRS1
WNT3a
TSPAN1, WNT3a
PBX3
IKKβ

miR-499

SOX6

miR-500
miR-501
miR-502
miR-510
miR-517
miR-518a

LRP1B
GAN
SET
PRDX1
Pyk2
NFĸB

↑ LGMD *23+
↑ PM IBM *23+
↓ DMD *23+
↑ mdx *33+ ↑ LGMD
↑ PM *23+
[23]
↑ DMD *11+ ↑ MD *18+ ↑ DM *23+
↑ DMD FSHD LGMD
[23]
↑ PM *23+
↓ DMD *23+
↑ LGMD *23+
↑ DM PM *23+
↑ DMD FSHD *23+
↑ DM *23+
↑ DMD LGMD *23+
↑ DMD FSHD LGMD
↑ DM [23]
[23]
↑ DMD *13+ ↓ DMD
↓ DM PM IBM *20+
BMD [40]
↑ DMD FSHD LGMD
↑ DM PM *23+
[23]
↑ DMD LGMD *23,41+
↑ DM IBM *23+
↑ DMD LGMD *23+
↑ DM PM *23+
↑ DMD *23]
↑ DM *23+
↓ DMD *23+
↑ DMD LGMD *23+
↑ DM PM IBM *27+
↑ DMD LGMD *23+
↑ DM *23+
↑ mdx *33+ LGMD *23+
↑ DMD *13+
↑ LGMD *23+
↑ DMD *23]
↓ DMD *23+ mdx *42+
↑ DMD LGMD *23+
↑ LGMD *23+
↑ DMD *23+
↑ DMD LGMD *23+
↑ mdx *33+ ↑ FSHD
LGMD [23]
↑ DMD *11+ ↑ DMD,
BMD [15]
↑ LGMD *23+
↑ LGMD *23+
↑ LGMD *23+
↓ LGMD *23+
↑ FSHD *23+
↑ DMD LGMD *23+

↑ DM *23+

↑ DM *23+
↑ PM [23]

↑ PM *23+
↑ DM PM *23+
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miR-518c
miR-542 5p
miR-562
miR-652
miR-693
miR-2537
miR-2837
miR-4442
miR-4983
miR-5021
miR-7058
miR-7070
miR-7075
miR-7083
miR-7089
miR-7105
miR-10617
miR-11040
miR-13145
miR-13156
miR-13190
miR-13205
miR-13232
miR-13258
miR-13268
Let-7b/c/e/i
Let-7g
lncRNAs
H19
Linc- MD1
Lnc-MyoD
MALAT-1

PTEN, TP53
BMP7
HGFR
Lgl1

↑ LGMD *23+
↑ LGMD *23+
↑ LGMD *23+
↑ mdx *33+
↓ LGMD *23+
↑ DMD LGMD *23+
↑ LGMD *23+
↑ DMD LGMD *23+
↑ DMD LGMD *23+
↑ FSHD *23+
↑ LGMD *23+
↓ DMD *23+
↑ LGMD *23+
↓ LGMD *23+
↑ FSHD *23+
↓ LGMD *23+
↓ DMD LGMD *23+
↑ DMD FSHD LGMD
[23]
↓ DMD *23+
↑ LGMD *23+
↑ LGMD *23+
↑ FSHD LGMD *23+
↑ DMD LGMD *23+
↑ FSHD LGMD *23+
↑ FSHD LGMD *23+
↑ LGMD [23]

let-7
MAML1, MEF2C
IMP2
MYBL2, MyoD

↑ DM *23+
↑ DM PM *43+
↑ DM PM *23+

↓ DM IBM *23+
↑ DM *23+

↑ DM *23+
↑ PM *23+
↑ PM *23+

↑ ASS IBM *44+
↓ DMD *45+
↑ ASS IBM *44+
↑ ASS IBM *44+

Abbreviations: acetylcholinesterase (AChE); AF4/FMR2 family member 1 (AFF1); argonaute 2 (Ago2); A-kinase
anchor protein 12 (AKAP12); protein kinase B 3 (Akt3); activated leukocyte cell adhesion molecule (ALCAM);
AMP kinase subunit α (AMPKα1); autophagy-related 2B (AR2B); ankyrin repeat and SOCS box containing 2
(ASB2); antisynthetase syndrome (ASS); B-cell lymphoma 6 (BCL6); Becker muscular dystrophy (BMD); bone
morphogenetic protein 7 (BMP7); calcium/calmodulin-dependent protein kinase II delta (Camk2d); caspase 9
(CASP9); caveolin 1 (CAV1); cyclin (CCN); cyclin-dependent kinase 2 (CDK2); cyclin-dependent kinase inhibitor
1A (CDKN1A); CDP-diacylglycerol synthase 2 (CDS2); cadherin EGF LAG seven-pass G-type receptor 3 (CELSR3);
collagen (COL); carnitine palmitoyltransferase 1A (CPT1); cAMP responsive element binding protein 1 (CREB1);
connective tissue growth factor (CTGF); cryptochrome 2 (CRY2); discs large homolog 5 (DLG5); dermatomyositis
(DM); Duchenne muscular dystrophy (DMD); DNA methyltransferase 1 (DNMT1); dedicator of cytokinesis 3
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(DOCK3); death receptor 6 (DR6); dual specificity tyrosine-phosphorylation-regulated kinase 1A (DYRK1A);
epidermal growth factor like-7 (EGFL7); epidermal growth factor receptor (EGFR); E74-like factor 1 (ELF1);
elastin (ELN); endophilin 1 (EP1); estrogen receptor α (ERα); enhancer of zeste homologue 2 (EZH2); forkhead
box M1 (FBM1); fibronectin (FBN); F-box and leucine-rich repeat protein 3 (FBXL3); forkhead box protein K1
(FOXK1); facioscapulohumeral muscular dystrophy (FSHD); follistatin (FST); frizzled 4 (FZD4); glucose-6phosphate dehydrogenase (G6PD); growth arrest- and DNA damage-inducible gene 45α (GADD45α); gigaxonin
(GAN); Golgi membrane protein 1 (GOLM1); Hydroxyacyl-Coenzyme A dehydrogenase (HADH); human
epidermal growth factor receptor 3 (HE R3); Hepatocyte growth factor receptor (HGFR); hypoxia-inducible
factor 1α (HIF1α); high-mobility group box 1 (HMGB1); homeobox (HOX); heat shock factor 2 (HSF2); sporadic
inclusion body myositis (IBM); intercellular adhesion molecule 1 (ICAM1); insulin-like growth factor-binding
protein-5 (IGFBP5); insulin-like growth factor 1 receptor (IGF1R); inhibitor κB kinase β (IKKβ); interleukin (IL);
IGF2-mRNA-binding protein 2 (IMP2); interferon regulatory factor 6 (IRF6); insulin receptor substrate 1 (IRS1);
integrin beta 1 (ITGB1); jagged 1 (JAG1); janus kinase (JAK); Kelch-like ECH-associated protein 1 (KEAP1); lethal
giant larvae 1 (Lgl1); kinesin family member 26B (KIF26B); kinesin-like protein 1 (Kip1); lethal (Let); limb girdle
muscular dystrophy (LGMD); leucine-rich repeats and immunoglobulin-like domains 1 (LRIG1); low-density
lipoprotein receptor-related protein (LRP1B); v-Maf avian musculoaponeurotic fibrosarcoma oncogene
homolog G (MAFG); metastasis-associated lung adenocarcinoma transcript 1 (MALAT-1); mastermind-like 1
(MAML1); microtubule-associated protein 7 (MAP7); metadherin (MTDH); microfibrillar-associated protein 5
(Mfap5); mitogen-activated protein kinase (MAPK); myotonic dystrophy (MD); mouse double minute 2
homolog (MDM2); muscle differentiation 1 (MD1); mitogen-activated protein kinase kinase 3 (MKK3); matrix
metalloproteinase (MMP); mammalian target of rapamycin (mTOR); Myb-related protein B2 (MYBL2); myocyte
enhancer factor (MEF); myogenic differentiation D (MyoD); myogenic differentiation repressor (MyoR);
myogenic factor 5 (MYF5); myosin light chain kinase 2 (MLCK2); metadherin 12 (MTDH12); mucin (MUC);
nuclear factor 1 (NF1); nuclear factor (erythroid-derived 2)-like 2 (NFE2L2); nuclear factor ĸB (NFĸB); nuclear
factor ĸB repressing factor (NFRF); octamer-binding protein 2 (Oct-2); paired box protein (PAX); pre-B-cell
leukemia homeobox 3 (PBX3); phosphoinoside-dependent protein kinase 1 (PDK1); programmed death-ligand
1 (PDL1); platelet derived growth factor receptor (PDGFR); peroxisome proliferator-activated receptor coactivator 1α (PGC1α); PTEN-induced putative kinase 1 (PINK1); polymyositis (PM); phorbol-12-myristate-13acetate-induced protein 1 (PMAIP1); protein phosphatase 2A (PP2A); peroxisome proliferator-activated
receptor (PPAR); protein phosphatase 3 regulatory subunit B beta isoform (PPP3R2); peroxiredoxin 1 (PRDX1);
phosphatase and tensin homolog deleted on chromosome 10 (PTEN); prostaglandin-endoperoxide synthase 2
(PTGS2); proline-rich tyrosine kinase 2 (Pyk2); RAS Like proto-oncogene A (RALA); Ras association domaincontaining protein 5 (RASSF5); riboflavin transporter 3 (RFVT3); rho-associated protein kinase 2 (ROCK2); Ras
suppressor 1 (RSU1); syndecan 2 (SDC2); sphingosine-1-phosphate phosphatase 1 (SGPP1); suppressor of clear
C. elegans Homolog 2 (SHOC2); SWI/SNF-related matrix-associated actin-dependent regulator of chromatin
subfamily A member 5 (SMARCA5); sex-determining region Y-box (SOX); Src-homology2(SH2)B (SH2B1); sirtuin
(SIRT); small mothers against decapentaplegic (SMAD); syntrophin B1 (SNTB1); suppressor of cytokine signaling
(SOCS); steroid receptor coactivator 3 (SRC3); SRC kinase signalling inhibitor 1 (SRCIN1); stromal antigen 2
(STAG2); signal transducer and activator of transcription (STAT);; tissue inhibitor of metalloproteinases-3
(TIMP3); transforming growth factor β receptor 2 (TGFBR2); T lymphoma invasion and metastasis 1
(TIAM1)tumor necrosis factor α (TNF α); tumor necrosis factor α -induced protein 3 (TNFAIP3); tropomyosin 1
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(TPM1); Tumor necrosis factor receptor associated factor (TRAF), tetraspanin (TSPAN); tumor necrosis factor
receptor 1 (TNFR1); tumor protein p53 (TP53); TP53 regulated inhibitor of apoptosis 1 (TRIAP1); twist-related
protein 1 (TWIST1); utrophin (UTRN); vascular endothelial growth factor (VEGF); wingless-type (WNT); WW
domain containing E3 ubiquitin protein ligase 1 (WWP1); Y-box binding protein 1 (YB1); Yin Yang 1 (YY1).

2.1 Changes Linked to Muscle Fiber Regeneration
Skeletal muscle regeneration is marked by satellite cell activation and expansion, which requires
regulated temporal and spatial expression of muscle-specific transcription factors termed myogenic
regulatory factors (MRFs). This system allows undifferentiated muscle precursor cells to transform to
fully functional multinucleate muscle fibers [46]. Transcription factors MRF4, myogenin, MyoD, and
myogenic factor 5 (Myf5) cooperatively establish this phenotypic transition through their regulation
of proliferation, cell cycle arrest, and regulated activation of sarcomeric and muscle-specific genes.
Spatiotemporal expression of non-coding RNAs cooperates with these processes [10], with sequential
non-coding RNA systems aiding progression through the differentiation stages that transform
progenitor muscle cells to fully functional terminally differentiated muscle fibers. For instance,
skeletal muscle-specific miR-206 is strongly connected with muscle regeneration. miR-206 functions
as a stress-induced suppressor of tissue destruction through its ability to activate compensatory
mechanisms that promote the formation of new muscle fibers, an activity it accomplishes by
suppressing expression of PAX7, NOTCH3, and histone deacetylase 4. Deletion of miR-206 delays
regeneration after cardiotoxin injury in mice [47]. Metastasis-associated lung adenocarcinoma
transcript 1 (MALAT-1) prevents differentiation of myoblasts to myotubes. Its expression is
dynamically regulated during skeletal muscle differentiation. It is highly abundant in proliferating
myoblasts, in which it represses MyoD expression. MALAT-1 recruits Suv39h1 to MyoD-binding loci,
subsequently allowing formation and stabilization of the Suv39h1/HDAC1/HP1β complex and the
trimethylation of Histone 3 lysine 9, leading to the repression of target genes. At the onset of
differentiation, miR-181a expression is induced, causing MALAT-1 degradation through direct
interactions and by the Ago2-dependent RNA-induced silencing complex machinery in the nucleus.
The repressive complex destabilizes and gets replaced by the Set7-containing activating complex,
allowing MyoD trans-activation [48]. On the other hand, lnc-MyoD is required for terminal muscle
differentiation. At a certain moment, MyoD blocks proliferation to create a state permissive to
differentiation, engaging lnc-MyoD to interact with IGF-2-mRNA binding protein 2, preventing it from
inducing proliferative genes [49].
Reduced muscle fiber maturation can be observed in muscular dystrophies, and is associated with
changes in miRNA and lncRNA expression patterns. While miR-31 is highly expressed at the early
stages of differentiation of satellite cells in vitro, the levels in satellite cells derived from the standard
DMD model, the mdx mouse, remain high, delaying muscle differentiation [30]. Muscle regenerationassociated miR-31 appears to exhibit a specific role in DMD, and miR-31 expression is more abundant
in DMD biopsies than in those from healthy controls and from BMD patients. While miR-31 levels
decrease during healthy muscle differentiation, levels remain high in differentiation-induced DMD
myoblasts. Locked nucleic acid oligonucleotides against miR-31 are able to rescue dystrophin protein
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expression in human DMD myoblasts [30], indicating that the increased miR-31 observed in muscular
dystrophy aggravates the pathology. Downregulation of linc-MD1 in DMD coincides with the reduced
ability of myoblasts to undergo terminal differentiation [45]. Muscle recovery-associated miR-206 is
strongly upregulated in regenerating muscle fibers in DMD in an attempt to restore muscle fiber
damage. In this respect, ectopic miR-206 was shown to rescue deficient myogenesis in an MD1 cell
model, likely by promoting MyoD expression [50]. In DM, decreased miR-206 levels have been
described [20,38], which might compromise skeletal muscle regeneration.
Dystrophin is a protein required for sarcolemmal integrity and functions as an epigenetic
modulator through its effects on the neuronal nitric oxide synthase/histone deacetylase 2 pathway. In
muscular dystrophy, several miRNAs that inhibit dystrophin translation in vitro are upregulated, which
includes miR-31, miR-146, and miR-223. For instance, miR-31 levels are increased 50-fold in muscle
from mdx mice compared to the control strain [30]. Chronic activation of this system presumably
accelerates disease progression, and expression of dystrophin-inhibiting miRNAs inversely correlates
with exon skipping success in the mdx model [31]. However, this process is complexly regulated, with
certain non-coding RNAs such as miR-133b and miR-206 repressing the dystrophin compensatory
protein utrophin [51], while others including miR-195 and miR-758 enhance dystrophin protein
expression [31].
2.2 Changes Influencing Muscle Fiber Survival
Muscle mass is dependent upon the relative balance between muscle fiber biosynthesis and
degradation; in muscle disorders the scales often tip towards the latter. Muscle atrophy develops
through downregulation of protein synthesis and activation of the ATP-dependent ubiquitin–
proteasome pathway. Proteins become poly-ubiquitinated, which sentences them to destruction by
the proteasome. Damaged muscle fibers that are beyond repair become necrotic and are cleared by
tissue-infiltrating immune cells. In addition, apoptotic cell death mechanisms contribute to muscle
fiber loss in a wide spectrum of neuromuscular disorders [52].
Non-coding RNA expression is regulated in the active phase of muscle fiber necrosis and
degeneration that develops at 4 to 6 weeks of age in the mdx mouse model. These processes involve
linc-MD1, miR-1, and miR-133a, displaying complex expression patterns that change over time [53].
The decreased levels of miR-378 in DMD and BMD lead to increased levels of its targets
phosphoinositide-dependent kinase-1 and caspase 9, which results in excessive apoptosis [40]. miR455, an inducer of muscle wasting and atrophy, is also increased in muscular dystrophy [23,33]. For
miR-21, which is associated with resistance to apoptosis [54], mixed results have been obtained in the
study of muscular dystrophy, with studies reporting both up- [25, 26] and down- [24] regulation.
In regard to IBM, decreased levels of miR-206 have implications for the muscle tissue’s interactions
with the RNA-binding protein TAR DNA binding protein 43 (TDP-43). TDP-43 is a component of the
protein aggregates present in IBM muscle fibers [55], and has been linked with neurodegeneration
[56]. Reduced miR-206 levels potentially dampen TDP-43 activity, compromising its role as a
maintenance factor of the autophagy system [57], which could contribute to the characteristic
disturbed clearance of damaged muscle proteins in IBM muscle fibers.
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2.3 Changes Linked to Muscle Tissue Fibrosis
If damaged fibers cannot be replaced by new ones, the void is filled by extracellular matrix
components and fatty tissue. This is a reparative process, yet yields no functional benefit to the
skeletal muscle tissue. Transforming growth factor-β, the key regulator driving fibrosis, regulates
miRNA expression and steers the activation of intracellular pro-fibrotic signalling cascades. Many
miRNAs are pro-fibrotic, but miR-29 in particular has surfaced as a major player. Downregulation of
miRNA-29a and the resulting de-repression of its pro-fibrotic targets appears in multiple organs when
they develop fibrosis.
The progressive muscle damage associated with muscular dystrophy leads to accumulated
deposition of excessive fibrous connective tissue, and many have described reduction of miR-29
expression levels in muscular dystrophy [11, 12, 18, 28, 29]. In MD, decreased miR-29 leads to
increased levels of the pro-fibrotic protein ankyrin repeat and suppressor of cytokine signaling boxcontaining 2 (ASB2) [24]. ASB2, a subunit of the E3 ubiquitin-ligase complex, is a negative regulator of
muscle mass. Supplementation by intramuscular injection of miR-29 in mdx muscle downregulates
the expression of fibrotic markers, including collagens 1 and 3 and vimentin [28]. In addition, miR-29
expression levels return to normal in mdx mice treated with exon skipping [12, 13].
For the pro-fibrotic mediator miR-21, mixed results have been obtained. Upregulation was
observed in the DMD mdx mouse model [25] while significant downregulation in the urine of nonambulant DMD patients was detected [24]. Treatment with antagomirs leads to improvement of the
mdx disease phenotype, and vice versa, overexpression leads to more severe muscle pathology [58].
However, knocking out miR-21 in a mouse model for laminin-deficient congenital muscular dystrophy
does not improve the muscular phenotype [59]. In inflammatory myopathies, increased pro-fibrotic
miR-21 has been reported [23, 27].
2.4 Changes Influencing Muscle Tissue Inflammation
Muscle injury causes muscle fiber membrane damage, releasing cellular content and chemotactic
factors to the extracellular space. This process induces infiltration by specific subtypes of immune
cells, aimed to clear the tissue of damaged material and make room for fresh fibers. Consecutive
waves of immune cells infiltrate the muscle tissue, composed first of mast cells and neutrophils
followed by macrophages and T-cells. At an early stage, cytotoxic M1 macrophages remove the
muscle debris generated by the trauma. Later on, T cells are recruited and monocytes differentiate to
M2 macrophages. This way, the pro-inflammatory microenvironment at the muscle lesion gradually
transforms to an anti-inflammatory microenvironment, allowing muscle tissue remodeling. However,
in many muscle diseases, inflammation persists beyond its protective use. An expansive list of miRNAs
display pro-inflammatory activities and many are implicated in chronic muscle inflammation. They are
either directly regulated by the transcription factor nuclear factor ĸB (NFĸB), or target other factors
within the NFĸB signaling pathway.
In muscular dystrophies, inflammation develops secondary to the primary genetic defect.
Nonetheless, chronic inflammation represents an important aspect of these diseases, and
immunosuppressive treatment is still the mainstay of therapy for DMD today. Pro-inflammatory miRPage 48/168
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222 and miR-223 are expressed in the damaged muscle tissue areas, strongly correlating with
inflammatory cell infiltration [11]. miR-155, a non-coding RNA that facilitates appropriate activation
of macrophages by regulating transition and balance of M1 and M2 macrophage phenotypes, is
upregulated in mdx muscle, illustrating the tissue’s attempt to regenerate *33, 35+. However, a set of
miRNAs involved in pro-inflammatory signaling gets strongly upregulated in DMD. miR-142, miR-146,
miR-301, miR-324, miR-455, miR-497, and miR-652 levels are significantly increased in the mdx mouse
model. Levels normalize when mice are treated with vamorolone and prednisone [33]. The resultant
activities of these miRNAs, however, need to be regarded as a dynamic balance effect. For instance,
miR-146a initially dampens inflammation, but exacerbates inflammation after prolonged induction
[60].
In inflammatory myopathies, infiltration by auto-aggressive immune cells that target muscle
constituents is a primary disease mechanism. miR-146 is especially associated with inflammatory
myopathies and becomes induced in immune cells and in muscle fibers [34]. miR-146a has been
observed to negatively regulate the type 1 interferon pathway [61]. Marked overproduction of type 1
interferon-inducible transcripts and proteins is characteristic of DM with perifascicular atrophy [62].
The expression of several interferon-stimulated genes, such as myxovirus resistance protein 1,
interferon-stimulated gene 15, and retinoic acid-inducible gene I, has been confirmed at the protein
level in perifascicular regions and on the capillaries of the muscle biopsies [63, 64, 65]. DM patients
also have high levels of circulating type 1 interferon cytokines [66, 67], and disease activity correlates
with interferon-stimulated gene transcript levels in the blood [68]. Type 1 interferon pathway
blockade is therefore a therapeutic route worth exploring, and strategies that are able to increase
levels of miR-146 could be of benefit in DM by attenuating type 1 interferon-induced reactions.
3. Discussion
Genome transcripts that do not code for protein represent the vast majority of the mammalian
transcriptome, and the time they were put aside as useless now lies long behind us. Highly
deregulated expression patterns in muscular dystrophy and inflammatory myopathy contribute to
disease progression. Their up- or downregulation represents the tissue’s response, which can either
be good or bad for the muscle tissue’s integrity: an appropriate response accelerating tissue damage
recovery or a misplaced response leading to increased muscle damage. Muscle non-coding RNAs are
involved in many aspects relevant to muscle pathology through regulation of the muscle tissue’s
regenerative capacities, muscle fiber survival, and the build-up of inflammation within the skeletal
muscle tissue. Many studies describe miRNA levels, but, as is obvious from table 1, the lncRNAs
remain under-represented. Also, it appears that most research has focused on muscular dystrophy,
and that, in comparison, other muscle diseases have not yet received due attention.
From what we know now, one can conclude that non-coding RNAs are plausible disease markers.
They could represent useful diagnostic markers which could potentially replace invasive muscle
biopsy. The miR-483 increase, for instance, is equally detectable in muscle tissue and in serum
samples from DMD patients [13]. miRNA profiling appears a useful strategy to monitor DMD disease
progression [14,69]. However, caution is warranted as dysregulation of non-coding RNAs may
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represent a common signature of diseased muscle. Yet, distinctive expression patterns could still be
associated with individual muscle disorders. In this respect, miR-208b levels have been put forward as
a potent biomarker to distinguish DMD from BMD [15]. miRNA typing could speed up differential
diagnosis in patients that carry a dystrophin variant with yet unknown pathological repercussions. In
addition, non-coding RNAs could be exploited as objective markers to evaluate therapeutic responses
in clinical trials. miR-1, miR-29, and miR-149 expression levels have been described to return to
normal in mdx mice successfully treated with exon skipping [12, 13].
Non-coding RNAs could be an amenable therapeutic target in muscle disease, regardless of
whether the changed expression patterns are causal to the disease or merely reflecting secondary
degeneration/regeneration responses of the muscle tissue. Their precise involvement would, in this
respect, appear of secondary importance to their universal potential for therapeutic innovation. Many
muscle disorders display common signatures of non-coding changes, allowing selection of potential
targets with broader therapeutic use. Strategies for interventions targeting miRNAs are to administer
oligonucleotides that inhibit miRNA activity (antagomirs) or regulate the biological function of its
target genes (agomirs). Many muscle diseases remain non-treatable to this day, and subgroups of
inflammatory myopathy patients are refractory to immunosuppressive treatment. For IBM in
particular, no satisfactory treatment option is available at the moment. As miRNAs are important
regulators of inflammatory reactions, therapeutics in the form of miRNA mimics of antagonists would
be able to control the rampant progress of inflammation in inflammatory myopathies [70]. Also,
targeting non-coding RNAs could be developed as ancillary therapeutics in support of molecular
therapies. In DMD, where exon skipping techniques have not lead to the hoped-for improvements,
combination therapies might boost the therapeutic outcome.
4. Conclusions
The dysregulated non-coding RNA profile of muscular dystrophy and inflammatory myopathy has
both beneficial and detrimental potential. Altered expression levels can represent an appropriate
response accelerating tissue damage recovery, or a misplaced response leading to increased muscle
damage. The ever-increasing number of reports describing the complex involvement of non-coding
RNAs in muscle disease mechanisms aid us to distinguish friend from foe. In addition, studies
describing the RNAome have substantially increased our knowledge of muscle disease mechanisms,
and can provide us with useful biomarkers for further development for diagnostic purposes or to
monitor experimental therapy effectiveness in clinical trials. Also, they represent attractive ancillary
therapeutic targets.
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Abstract
Pneumocystis spp. are a group of fungi that are known for causing opportunistic infections in
immunocompromised individuals. It was only at the end of the 20th century that the
scientific community challenged the notion of a unique species in the genus Pneumocystis
(i.e., Pneumocystis carinii) that drastically changed the understanding of the natural history
of pneumocystosis. It is now accepted that the Pneumocystis genus comprises a group of
heterogenous fungi having multiple stenoxenic biological entities. These are widely
distributed in the ecosystems and closely adapt to the mammalian species they colonize.
The infection is transmitted via airborne route, allowing them to successfully dwell in the
lungs of infected individuals. This article reviews some of the atypical features of these
fungal microorganisms, namely host specificity and their parallel history with the
mammalian hosts in which they co-evolve. Pneumocystis organisms can serve as powerful
tools for phylogenetic and phylogeographic studies in mammals. Finally, the review
challenges the genetic markers used historically to study the genetic diversity of
© 2019 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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Pneumocystis spp. to improve our understanding of Pneumocystis co-evolution with their
hosts.
Keywords
Pneumocystis spp.; mammals; host specificity; co-evolution

1. Pneumocystis Organisms as Stenoxenic Organisms with A Long History Parallel to that of Their
Mammalian Hosts
Advancements in the fields of phylogeny and genetics have drastically changed our
understanding of the biology and evolutionary history of Pneumocystis organisms in the past 30
years. We now know that the genus Pneumocystis comprises highly diversified fungal organisms
with a very high degree of host specificity [1]. Pneumocystis organisms have been detected in all
mammalian species studied till date [1-6], owing to their unique mechanisms of adaptation to
proliferate and survive exclusively in mammalian hosts [7-10]. Moreover, the genus consists of a
group of parasitic microorganisms infecting a vast diversity of hosts in various ecosystems [2-6].
A high level of host specificity (stenoxenism) is a condition that allows cospeciation. Frenkel
was the first one to describe in 1976 that rat- and human-derived Pneumocystis were different
entities due to differences in their host specificity and antigenicity [11]. Therefore, he suggested a
new taxonomic nomenclature for these organisms. However, his proposition to use a new specific
name for human Pneumocystis organisms was not taken into consideration. An important
observation that confirmed stenoxenism in these organisms was the systematic failure of crossinfection experiments [12-16]. Genomic and phenotypic divergence made possible the description
of several Pneumocystis species [17-20] such that at the end of the 20th century, the unique
taxonomically enigmatic entity called "Pneumocystis carinii" suddenly became a group of
stenoxenic species. Another aspect of host specificity is that Pneumocystis species are mostly
obligate biotrophs [9, 21-23]. Indeed, Pneumocystis organisms secrete low amounts of lytic
proteases and cause little damage to their hosts. These are two hallmarks of biotrophy, where, in
a parasitic relationship, the parasite obtains food from living host cells [21, 23]. Moreover, most
biotrophs are obligate parasites, meaning they cannot survive without their hosts and cannot be
cultured axenically in the laboratory [24]. In addition, data obtained from the genome analysis of
Pneumocystis species revealed very compact genomes, suggesting that these organisms have lost
several families of genes and metabolic pathways during the course of evolution, and whose
products they scavenge from the lung environment of the host [7, 9, 22, 25, 26]. Consistently,
Pneumocystis pneumonia seems to be rare in wild mammals and only low rates of Pneumocystis
organisms are usually detected in their lungs [1-6].
Although several recent studies have described the existence of hybrid Pneumocystis using
multiple genetic markers [27], isoenzymatic and first genetic data suggested that speciation in the
Pneumocystis genus resulted from long genetic isolation and a potential co-speciation process [28,
29]. The approximate time of Pneumocystis speciation was estimated by Keely et al. [30], who
examined the genetic variations at rRNA and DHFR loci between different Pneumocystis species.
The speciation time was confirmed by a recent study by Cissé et al. in 2018 [10] using a different
methodology. Accordingly, rat-derived Pneumocystis organisms diverged from the human-derived
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Pneumocystis approximately 90 to 100 million years ago. Interestingly, this estimation matches
well with the divergence time of rodents and primates [31].
Assessing the congruence between phylogenetic trees from two groups of organisms
(Pneumocystis species and mammals in the present case) is a major step to check for co-speciation.
This has been performed for the first time between primates and primate-related Pneumocystis [4,
32, 33]. A global study based on the analysis of lung tissues from different kinds of mammals
confirmed the results obtained in primates, i.e., Pneumocystis phylogenetic trees resemble the
phylogeny of corresponding mammalian host species or groups [6]. However, as the congruence in
the time of divergence has not been formally tested in these studies, it is difficult to state with
certainty that the congruence of phylogenetic host and parasite trees is the result of co-speciation
[4, 33] or host shifts events, as recently suggested [10, 34]. Moreover, it is known that both cospeciation and host-shift speciation can result in congruent phylogenies and that co-phylogenetic
methods often overestimate the occurrence of co-speciation events [35].
2. Pneumocystis Organisms as Powerful Tools for Phylogenetic and Phylogeographic Studies in
Mammalian Hosts
A study conducted in primate-derived Pneumocystis reported specific DNA sequence
divergence among Pneumocystis species to be clearly correlating with the phylogeny of their
corresponding hosts [4, 33] (Figure 1). To collect original material, postmortem lung tissues from
non-human primates were obtained from the French zoological parks and from the French
Primate Research Center in Strasbourg, France. Additional lung tissues from wild monkeys were
collected from French Guyana. The genetic diversity of Pneumocystis from primates was examined
by analyzing mitochondrial large subunit (mtLSU) rRNA and dihydropteroate synthase (DHPS) gene
sequences, both of which are highly conserved. Each of the 18 non-human primate species or subspecies that was proved to harbor Pneumocystis had its own type of organism with specific mtLSU
rRNA or DHPS sequence (Figure 1). Furthermore, it is interesting to note that in the case of the
red-handed tamarin (Saguinus midas), positive PCR amplifications were obtained from both
captive and wild animals (three samples from a French zoological park, and one sample from
French Guyana), and the corresponding mtLSU rRNA sequences were identical [4]. No humanderived Pneumocystis (P. jirovecii) was found in non-human primate lung tissues or air samples
examined. A detailed comparison of Pneumocystis and primates phylogenies was performed using
TreeMap 1.0b [36] (Figure 2). The molecular phylogeny of Pneumocystis was compared with
different controversial phylogenies (according to the mitochondrial and/or nuclear markers, and
morphological characters that were used) for the hosts. This comparison demonstrated that
depending upon which topology was accepted for the hosts, at least 61% and up to 77% of the
homologous nodes of the respective cladograms of the hosts and parasites could be interpreted to
result from co-divergence events [33].
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Figure 1 Phylogenetic tree of Pneumocystis mtLSU rRNA sequences obtained from 19
non-human primate species (from Demanche et al., 2001).

Figure 2. Comparison of Pneumocystis and primate's phylogenies with TreeMap 1.0b
(from Demanche, 2003).
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The phenomenon of co-speciation was also reported in bats. This group of mammals is
particularly interesting because of its high biodiversity, in terms of species and ecological
characteristics. Bats are widely distributed in various ecosystems and constitute one of the largest
groups of mammals, second in the number of species after rodents and first in the number of
individuals [37]. The genetic diversity of Pneumocystis was studied in lung samples from 19 bat
species that were collected from diverse biotopes in New and Old Worlds [2]. Pneumocystis was
detected by nested PCR at both mtLSU and mitochondrial small subunit (mtSSU) rRNA loci. This
study yielded valuable information on Pneumocystis biology and transmission. Indeed, ecological
and behavioral factors (elevation, crowding, and migration) seemed to influence the Pneumocystis
carriage. Eleven bat species belonging to five families were found to harbor Pneumocystis DNA.
For each bat species carrying Pneumocystis DNA, at least one novel sequence was amplified at one
and/or both loci, suggesting that each species of bats could be harboring a specific species of
Pneumocystis. Similarly, the data showed that genetic divergence in bat-derived Pneumocystis
organisms paralleled the phylogenetic divergence existing among corresponding hosts,
Pneumocystis phylogeny mirrored its host phylogeny, also suggesting co-evolution (Figure 3).
Moreover, the link between genetic variability of Pneumocystis isolated from populations of the
same migrating bat species Tadarida brasiliensis and their geographical area could be exploited in
terms of phylogeography [2, 38]. In this case, Pneumocystis species genotypes were used as
proxies at the phylogeographical scale.

Figure 3 Parallel phylogenies of Pneumocystis mtSSU rRNA sequences and their bat
hosts (from Derouiche et al., 2009).
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Similar findings were obtained at the Pneumocystis infra-specific level for Apodemus sylvaticus,
the common wood mouse [5]. The presence of Pneumocystis DNA was assessed by nested PCR at
mtLSU and mtSSU rRNA loci. The results demonstrated a very high variability among wood mousederived Pneumocystis organisms with a total number of 30 distinct combined mtLSU and mtSSU
sequence types. However, the genetic divergence among these sequence types was very low (less
than 3.9%), and the presence of several Pneumocystis species within A. sylvaticus was considered
unlikely. The analysis of the genetic structure of wood mouse-derived Pneumocystis revealed two
distinct groups: the first group comprised Pneumocystis from wood mice collected from
continental Spain, France, and the Balearic Islands, and the second group included Pneumocystis
from wood mice collected from continental Italy, Corsica, and Sicily. These two genetic groups
were in accordance with the two lineages currently described within the host species A. sylvaticus.
Pneumocystis DNA polymorphism seems to be related to the geographical distribution of wood
mice, and the analysis of Pneumocystis genetic diversity is thus in agreement with the evolutionary
history of A. sylvaticus in Europe. Pneumocystis organisms are known to be possibly carried by
their specific hosts during their migration and evolution [5]. Many micro-organisms can be used as
a proxy at a phylogenetic or phylogeographical scale to gain insights into the host phylogeny or
migrations [39-43]. However, to our knowledge, Pneumocystis is the only organism that can
simultaneously serve as a good phylogeographical and evolutionary marker for its hosts.
3. Some Exceptions that Prove the Rule
Till date, only five Pneumocystis species have been formally described and accepted based on
the requirements of the International Code of Botanical Nomenclature (ICBN). Pneumocystis
jirovecii [11] is present in humans; P. oryctolagi [18] has been described in rabbits (Oryctolagus
cuniculus); P. murina [19] is the sole species described in laboratory mice (Mus musculus), whereas
two species have been described in the laboratory rats (Rattus norvegicus), namely P. carinii [20]
and P. wakefieldiae [17].
In order to determine whether the strains of Pneumocystis infecting wild rats differ from those
in laboratory rats and thus avoid biases derived from conventional breeding, a study looked for
Pneumocystis spp. that could be encountered in wild rats (R. norvegicus) in Thailand. Pneumocystis
DNA was detected in 57.7% of these animals, although the presence of Pneumocystis organisms
was never associated with typical Pneumocystis pneumonia [3]. The two Pneumocystis species P.
carinii and P. wakefieldiae were found in wild rats from Thailand. P. carinii and P. wakefieldiae
were found alone in 19% and 23% of rats, respectively, and 7.7% of the rats were colonized by
both species. In this work, a new variant sequence of P. wakefieldiae was also identified in wild
rats in the same geographical area [3].
Interestingly, Southeast Asia is considered to be the center of origin and diversification of
Murinae rodents, from where they have been known to spread to other parts of the Old World
[44]. Murid rodents belong to the most diverse mammalian family (Muridae) and comprise over
700 species [45]. In addition, they occupy a wide range of ecological niches in diverse habitats,
ranging from cities to agricultural fields and primary forests. Thus, due to their high taxonomical
and ecological diversity and the high prevalence of Pneumocystis described in wild rodents [3, 5,
28, 29, 46, 47], murid rodents in Southeast Asia are considered to be extremely relevant models
for understanding the evolutionary interactions of Pneumocystis species and their mammalian
hosts. This was precisely the subject of a recently published study [34], in which the genetic
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diversity and host specificity of Pneumocystis organisms infecting wild Southeast Asian murid
rodents was investigated through PCR sequencing of two mitochondrial genes (mtLSU rRNA and
mtSSU rRNA) followed by checking the co-phylogeny hypothesis among Pneumocystis spp./ strains
and their rodent hosts. Pneumocystis organisms were detected in 48.3% (215/445) of these wild
rodents belonging to 18 Southeast Asian murid species and 8 genera [34]. In total, 69 distinct
Pneumocystis sequence types were identified for mtLSU rRNA and 43 for mtSSU rRNA.
Interestingly, some Pneumocystis sequence types could be shared between several host species
and genera. For example, although most sequence types of two loci were specific to a murid
species, it was surprising to observe that 7 mtLSU rRNA sequence types were common to several
Rattus species or were found in two Berylmys species. Similarly, of the 43 types of mtSSU rRNA
sequences identified, 4 were common to several Rattus species or shared between Maxomys
surifer and Leopoldamys herberti. It should be noted that these types of shared sequences have
been isolated at different time points and in different locations, thus confirming the relevance of
these results. Also, the three Pneumocystis species already described in rats and mice can infect
several rodent species. P. murina can be recovered from the lungs of various species of the Mus
genus, and both P. carinii and P. wakefieldiae can be found alone or together in the lungs of
various Rattus species. Co-phylogenetic analyses revealed a complex evolutionary history among
Pneumocystis species/lineages and their rodent hosts. Even if a significant global co-speciation
signal has been detected, it is alone insufficient to explain the observed co-phylogenetic pattern,
suggesting that several host switches have probably occurred. These results, therefore, suggest a
lower host specificity of Pneumocystis species than what was previously thought in rodents.
The lower host specificity of Pneumocystis species/lineages colonizing wild rodents than that of
primates and bats could be attributed to similarities in physiological, cellular architecture, and/or
immune systems among these closely related rodent species that diverged quite recently. Indeed,
the origin of the Rattus genus, that contains 66 species [45], is relatively recent, estimated at
approximately 2 to 3 million years, and its diversification rate is more than three times higher than
that for other Murinae rodents [48], suggesting that these rodents are still in the process of
speciation.
In the coevolution theory, parasites infecting micromammals (small-bodied with short lifespans,
high reproduction rates, and high population densities) have lower host specificity than those
adapted to long-lived hosts with more stable population densities [49]. It is interesting to note
that humans are infected by only one Pneumocystis species, whereas wild rats, according to the
results mentioned above, may be co-infected by two or more Pneumocystis species [3, 34]. These
results may indicate a relaxation of strict host specificity in small mammals colonized by these
fungi.
Another exception regarding the strong host specificity of Pneumocystis has been reported in
macaques. The circulation of Pneumocystis organisms within a social organization of healthy crabeating macaques (Macaca fascicularis) living in a natural setting in France was studied for two
years with biological samples collected monthly [50]. Pneumocystis DNA was detected every
month in several animals within the colony. The study demonstrated a relatively high prevalence
of Pneumocystis DNA in the upper respiratory tract of healthy macaques (33.6% of PCR-positive
nasal swabs). Moreover, the presence of Pneumocystis DNA was frequently detected from nasal
swab samples by nested PCR at mtLSU and mtSSU rRNA loci throughout the study. The fungi are
always aerially transmitted; the transmission being favored by co-housing with transiently infected
healthy animals. Specific Pneumocystis DNA sequence types were harbored by M. fascicularis. No
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Pneumocystis from other primate species including humans was found despite co-housing with
other primate species. However, it is important to note that one sequence type was common to
samples from Macaca mulatta and Macaca fascicularis from the same research center. Three
nasal swab samples from three different individuals of the Macaca fascicularis colony and one
Macaca mulatta lung tissue sample were similar [51]. A study about phylogenetic relationships
among Pneumocystis from Asian macaques using mitochondrial rRNA sequences demonstrated
that two genetic macaque-derived groups could be considered as distinct Pneumocystis species.
Surprisingly, these Pneumocystis species were recovered from both M. mulatta and M. fascicularis.
The lack of host specificity in macaque-derived Pneumocystis could be explained by the hypothesis
that the rhesus and crab-eating macaques belong to the same entity (maybe species?) or that they
have not speciated completely and are still in the process of speciation like murid rodents from
South Asia. This hypothesis is strongly supported by several investigations related to the
classification of the genus Macaca and the possibility of natural hybridization between the rhesus
and crab-eating macaques [52-55]. The divergence time between the two species is also very
recent and has been estimated to be 1.3 million years [55].
The last example challenges the strict stenoxenism of Pneumocystis at the host intra-generic
level. Indeed, an identical Pneumocystis lineage (based on mtLSU rRNA sequence) was found in
the lungs of Apodemus flavicollis and A. sylvaticus [46].
4. Challenging mtLSU and mtSSU rRNA Genetic Markers to Study Pneumocystis Genetic Diversity
Only two mitochondrial genes, i.e., mtLSU and mtSSU rRNAs have been historically used in all
epidemiological and phylogenetically related studies to explore the genetic diversity of
Pneumocystis in mammals. To strengthen and confirm the obtained results, additional markers
such as nuclear genes (found in a single copy in Pneumocystis genomes) could be used; these
could also confirm the hypothesis for Pneumocystis species delineation and co-speciation.
However, it should be kept in mind that wild animals carry very low fungal load in their lungs, i.e.,
they usually do not develop Pneumocystis pneumonia [3] and that the amplification of single-copy
genes could be problematic. To overcome the difficulty of obtaining the sufficient quantity of
Pneumocystis micro-organisms and high purity of genomic DNA for genome sequencing, two
approaches, namely purification of parasites and a Whole Genome Amplification (WGA) before
next-generation sequencing (NGS), could be implemented. One of the major problems
encountered is the removal of host cells and DNA in the purification step, a problem that was also
faced by several authors while sequencing Pneumocystis genomes [7, 10, 26, 56, 57]. However,
Martinez et al. [58] described an original, reproducible, and efficient method for separating
trophic and cystic forms of P. carinii using a high-speed cell sorter. Large amounts of highly
purified (99.6 ± 0.3%) Pneumocystis trophic and cystic forms were thus obtained. Therefore,
combining this purification approach with a WGA of Pneumocystis organisms present in the lungs
of wild mammals would certainly be a good approach to sequence these Pneumocystis genomes.
Moreover, reports on mitochondrial gene dynamics during P. jirovecii infection have shown
Pneumocystis mitochondrial genomes to be significantly plastic in terms of variation in copy
number [59] and genetic diversity, including heteroplasmy [60]. Thus, the interpretation of results
of Sanger sequencing from lung samples of these infected rodents could be questioned. Indeed,
Sanger sequencing is not the optimal method for identifying mixed Pneumocystis infections owing
to its inability to detect minority alleles. Application of other methods such as NGS would make it
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possible to overcome this shortcoming and to study precisely Pneumocystis co-infection patterns
in animals.
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Abstract
Background: Fetal exome sequencing is becoming a crucial modality for genetic
investigation whenever fetal malformations are documented in the context of normal
chromosomal microarray analysis (CMA). When ultrasound findings are non-specific, the
robustness of exome sequencing may be the only way to achieve a molecular diagnosis
during pregnancy.
Case: We describe a case of multiple non-specific fetal findings with the eventual diagnosis
of fetal Kabuki Syndrome by exome sequencing.
Conclusions: This case stresses the importance of fetal exome sequencing when sonographic
fetal abnormalities are visualized, without any specific candidate diagnosis. The multi-organ
findings raised the index of suspicion; exome sequencing was performed following a normal
© 2019 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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CMA. Most Kabuki Syndrome patients have a recognizable facial dysmorphism that generally
cannot be observed prenatally.
Teaching Points: 1. Syndromes that are easily characterized postnatally, such as Kabuki, may
be very difficult to diagnose prenatally using ultrasound alone. 2. Fetal exome sequencing
may reveal the molecular diagnosis when non-specific findings are encountered by
sonography.
Keywords
Prenatal diagnosis; chromosomal
malformations; Kabuki syndrome

microarray

analysis;

exome

sequencing;

fetal

1. Introduction
The complexity of prenatal diagnosis stems from our inability to directly examine the patient.
Fetal malformations observed by ultrasound often prompt genetic investigation, and couples may
be counseled on the basis of ambiguous findings, such as increased nuchal translucency or nonspecific fetal malformations. Traditional G-banded chromosome analysis for evaluation of fetal
malformations identifies aneuploidy or unbalanced chromosomal rearrangements in up to 18-35%
of such cases [1, 2]. Chromosomal microarray analysis (CMA), which enables the diagnosis of
microdeletion/duplication syndromes, contributes an additional 2.5-6% of diagnoses, depending
on the clinical indications [1]. Fetal exome sequencing may contribute 8.5-10% additional
diagnostic yield [3, 4] but even as high as 80% in small cohorts, and thus should be considered
when other investigations are negative [5, 6]. The time frame of ongoing pregnancy presents a
major challenge. Exome sequencing has the advantages of rapid turnaround of results, increased
robustness of variant calling and interpretation, and steadily declining cost, making this option a
very attractive modality for genetic testing of the fetus, especially in the context of unclear
sonographic findings. Here we present a case of nonspecific fetal sonographic findings that were
eventually provided a diagnosis by fetal exome sequencing.
2. Case
A 28 year old pregnant woman was referred for genetic evaluation upon diagnosis of several
fetal sonographic findings. She and her husband were healthy, of Ashkenazi Jewish ancestry. They
had a healthy offspring and this was their second pregnancy. Pre-gestational screening tests,
according to the recommendations regarding their ancestry, were all negative. Using maternal
serum markers and nuchal translucency measurement, the integrated risk for Down Syndrome
was very low (1:10,000). Second trimester early anomaly scan at 15 weeks demonstrated a slightly
smaller than normal left cardiac ventricle, suspected agenesis of the left kidney and right double
collecting system. A second early anomaly scan raised suspicion of aortic coarctation and
demonstrated a small, echogenic left kidney. Fetal echocardiography demonstrated both a small
left ventricle and aortic coarctation. After genetic counseling, amniocentesis was performed. CMA
was normal (Gene by Gene’s GxG ComprehensiveArray v1.0 BeadChip). The midtrimester anomaly
scan at 23 weeks confirmed the above cardiac findings (Figure 1) as well as an aberrant right
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subclavian artery. In addition, this scan revealed other fetal findings, including small pelvic kidneys
with unilateral renal cyst (Figure 2), low set ears, and fetal biometry consistent with a
symmetrically small fetus (i.e. measures >1 standard deviation from the mean parameters for
gestational age). Fetal exome sequencing was then recommended and trio-exome was performed
by Centogene laboratories. It demonstrated a de novo nonsense mutation c.5707C>T;
p.Arg1903Ter in KMT2D, compatible with Kabuki Syndrome. This variant creates a premature stop
codon and was previously described as disease causing by Miyake et al in one patient [7] and in
one fetus by Normand et al [8]. It is classified as pathogenic according to ACMG (American college
of medical genetics) recommendations. This finding was confirmed by Sanger sequencing.
Prognostic information regarding variable expression of Kabuki Syndrome, including risk of
intellectual disability and structural anomalies, not all of which can be diagnosed by sonography
scanning alone, was a critical aid in the couple's decision to terminate the pregnancy. Termination
of pregnancy was performed at 28 weeks after approval of a specific committee according to the
state law. Recurrence risk was estimated to be low.

Figure 1 Cardiac left ventricle (black arrow) is very narrow comparing to the right
ventricle (white arrow). This may represent aortic coarctation.

Page 70/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902077

Figure 2 Pelvic kindney (black arrow) with renal cyst (white arrow).
3. Discussion
We report of a case in which a family with a fetus with multiple non-specific fetal abnormalities
only received a definitive diagnosis through fetal exome sequencing. Kabuki Syndrome is a rare
multi-system disease that is mostly caused by deleterious mutations in the KMT2D gene (encoding
H3K4 methyltransferase 2D, and in the minority of patients, in KDM6A, which encodes H3K27
demethylase) [7]. These proteins are important for the chromatin state and transcription
activation that are critical in early vertebrate development. Their reduced expression results in
repressed transcription and thus multi-organ abnormalities [9]. Kabuki Syndrome is characterized
by variable degrees of intellectual disability, seizures, vision and hearing problems, minor skeletal
abnormalities, and growth deficiency. Other findings may include cardiac malformations,
genitourinary anomalies, cleft lip and/or palate, gastrointestinal anomalies including anal atresia,
ptosis and strabismus, and widely spaced teeth and hypodontia [10]. The most striking feature of
the syndrome is the unique facial dysmorphism that includes elongated palpebral fissures with
eversion of the lateral third of the lower eyelid, arched and broad eyebrows, short columella with
depressed nasal tip and large, prominent, or cupped ears [10]. Persistence of fetal fingertip pads is
also a unique, though not pathognomonic, feature of Kabuki Syndrome. This gestalt makes the
postnatal clinical diagnosis of Kabuki Syndrome quite clear in most cases, followed by KMT2D
sequencing or exome sequencing, since only the minority of cases are result of KDM6A mutations
[11]. Even in cases of clinical features of Kabuki Syndrome, some differential diagnosis may be
considered, especially CHARGE Syndrome, but there may be other multi-organ candidate
syndromes. Naturally, most of the unique features of Kabuki Syndrome cannot be visualized
prenatally. This case highlights the importance of fetal exome sequencing when fetal
abnormalities are visualized but do not suggest a specific candidate diagnosis. Otherwise, when
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cardiac malformations are observed, next generation sequencing panel may be advised, as
described by Hu et al [12]. They diagnosed two fetuses with Kabuki Syndrome by targeted 77-gene
panel following the observation of cardiac and renal malformations in these fetuses. A postmortem genetic analysis is another way to approach fetal malformations as described by QuinlanJones et al [13]. When malformations are severe, the couple might opt for termination of
pregnancy followed by genetic investigation, assuming grave prognosis anyway or even health
conditions that are non-compatible with life. They describe a cohort of 27 fetuses that were
terminated following a severe sonographic phenotype. Two of which (one with complex heart
malformation and cleft palate; the other with Hydrops fetalis, cleft palate, micrognathia and
dysplastic kidneys) had a post-mortem diagnosis of Kabuki Syndrome by exome trio.
In our case, some of the findings would not be termed fetal malformations (pelvic kidneys and
mild growth restriction) but their association with multi-organ findings raised the index of
suspicion. 3D sonography may allow, in the future, identification of the characteristic fetal facial
dysmorphism of Kabuki Syndrome, as was described in some cases of Cornelia de Lange Syndrome
and others [14, 15].
Regarding the specific variant found in the fetus described, its pathogenicity was consolidated
by observing how it creates a premature stop codon in a gene with loss of function intolerance
(pLI=1). It was described before as disease causing [7, 8] and is not described in healthy population
cohorts like ExAC.
Of note, there are some limitations of whole exome sequencing in the prenatal setting. They
include the possibility of finding variants of uncertain clinical significance which pose stress
without a clear diagnosis. Another issue is the potential for clinically significant secondary findings
like late onset diseases. All of these issues emphasize the importance of skilled genetic counseling
prior to undergoing prenatal exome sequencing.
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Abstract
The human brain has been repeatedly shown to exhibit intercellular/somatic genomic
variations at the chromosomal level, which are involved in the neuronal diversity in health
and disease. Brain-specific chromosomal mosaicism (aneuploidy) and chromosome
instability play a role in the normal and pathological neurodevelopment, neurodegeneration
and aging of the central nervous system. Regardless of achievements in somatic cell (singlecell) genomics, there is still no consensus on the amounts of chromosomally abnormal cells
in the normal and diseased brain. Actually, the results of single-cell whole genome analysis
seem to be different from molecular neurocytogenetic data obtained by fluorescence in situ
hybridization (FISH). In this context, a review of FISH-based approaches to chromosomal
mosaicism/instability in single neural cells appears to be important in the so-called postgenomic era. Looking through the literature highlighting the patterns of chromosomal
mosaicism/instability in the diseased human brain, we have found that FISH-based
techniques for studying interphase chromosomes represent a unique methodology for
© 2019 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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uncovering structural and behavioral genome changes in single neural cells. More
importantly, interphase FISH techniques applied for molecular neurocytogenetic analysis are
not interchangeable (i.e. each one is developed to solve a specific task). Therefore, it is
highly likely that molecular neurocytogenetic studies will benefit from the application of
FISH, leading to discoveries of neurogenomic mechanisms of human neuronal diversity and
brain diseases.
Keywords
Aneuploidy; brain; chromosome instability; fluorescence in situ hybridization; somatic
mosaicism

1. Introduction
The studies of chromosomes within the central nervous system have long been recognized as
an important part of neuroscience and genetic research [1, 2]. A growing body of research on
chromosomal variations in the human brain forms the theoretical and empirical basis of the
emerging field of molecular neurocytogenetics [3]. Currently, intercellular genome variations at
the chromosomal level are generally accepted to be a causative mechanism for brain diseases and
neuronal diversity [4, 5]. Taking into account the immense diversity of neuronal cells populating
the human brain [6], it is not surprising that somatic mosaicism has become the focus of molecular
cytogenetics and genomics [7-9]. Furthermore, somatic changes of the cellular genome occur
throughout the ontogeny, being implicated in development and aging [10, 11]. Apparently, the
human central nervous system is also affected by the ontogenetic genomic/chromosomal
variations despite the post-mitotic nature of brain cells [3, 10]. Regardless of the achievements in
molecular neurocytogenetics, the questions surrounding the way to uncover chromosomal
abnormalities in single cells remain unanswered [3, 12, 13]. More precisely, whole genome scan
data (including data of single-cell analyses) are matched against those obtained by molecular
cytogenetic visualization techniques (i.e. fluorescence in situ hybridization or FISH) [3, 12-14]. In
light of this problem, we have suggested that a review dedicated to molecular cytogenetic aspects
of studying cellular genomes in the human brain is required.
2. Single-Cell Molecular Cytogenomic Analyses of the Human Brain
Somatic mosaicism seems to possess specific effects on brain development and function. A
genetically abnormal neuron may form up to ten thousand connections with other neurons
altering their functions. This ability of neuronal cells has been suggested to underlie the effect of
somatic genome variations (mainly, aneuploidy) on brain function in health and disease [1, 5, 15].
Since aneuploidy involves from hundreds to thousands of genes, such genomic variations can
dramatically alter cellular homeostasis [16-18]. Thus, there is a strong theoretic background for
uncovering genomic variations in single brain cells or, in other words, molecular neurocytogenetic
research.
FISH-based molecular cytogenetic studies revealed the developing brain to be the fetal tissue
featured by confined chromosomal mosaicism. The developing human brain was additionally
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featured by chromosome instability or sporadic aneuploidy affecting more than 30% of cells [1921]. In the adult brain, aneuploidy seemed to affect up to 10% of cells [22-26]. Interestingly, the
rate of decrease in cellular populations of the brain during the early ontogeny correlated with the
rate of decrease in the amount of aneuploid cells in the developing human central nervous system,
allowing for the speculations about the role of chromosomal instability/aneuploidy in regulating
cellular populations in the human brain [6, 10, 17, 20, 27]. These ontogenetic genomic variations
were later considered an empirical basis for designing forthcoming studies of somatic mosaicism
in the human brain [27-29]. However, since single-cell genome scanning techniques demonstrated
<3% of aneuploidy cells in the normal adult human brain [14, 21, 26, 30], addressing technological
aspects of molecular neurocytogenetics were required.
Somatic mosaicism is recognized as a genetic mechanism for a variety of brain diseases [7, 15,
31, 32]. More importantly, somatic mosaicism and genome (chromosome) instability mediates
neurodegeneration [25, 33-35], suggesting that these phenomena are a molecular link between
neurodegeneration, cancer and aging [25, 36]. In this context, it is to mention that the
contribution of somatic mosaicism and chromosome instability to brain aging remains a matter of
conjecture, mainly due to data differences between single-cell whole genome analysis and
molecular cytogenetic studies [37-40].
At the beginning of molecular neurocytogenetics, observations demonstrating functional
activity and integration of genomically abnormal neurons into brain circuitry suggested brain
specific chromosomal mosaicism/instability as a mechanism for psychiatric and neurological
disorders (for more details, see [41]). Thus, schizophrenia and comorbid psychiatric disorders were
associated with mosaic aneuploidy [42-44], chromosome-1-specific instability [43] and brainspecific copy number variations [45] in a significant proportion of cases. Appreciable number of
autism cases was suggested to be also associated with mosaic aneuploidy [46, 47]. These findings
were recently used for proposing a cytogenomic hypothesis, which suggested behavioral
variability to be mediated by fluctuations of somatic mosaicism rates [48]. Probably, interphase
chromosome breaks, which are exclusively uncovered by FISH-based molecular neurocytogenetic
approaches, might contribute to the behavioral changes highlighted in the cytogenomic
hypothesis.
Alzheimer’s disease was also repeatedly associated with high rates of mosaic aneuploidy (for
more details, see *23, 24, 33, 49+). For instance, the Alzheimer’s disease brain exhibited high rates
of X chromosome aneuploidy, which suggest a link between brain aging (aging is commonly
associated with X chromosome aneuploidy) and this devastative neurodegenerative disorder [50].
The disorder was also associated with regional mosaic genomic heterogeneity [51] and
chromosome/genome instability [24, 52, 53]. However, single-cell genomic analyses questioned
the amount of aneuploidy cells in the Alzheimer’s disease brain *14+. Additionally,
aneuploidization was shown to be likely involved in the pathogenesis of Lewy body diseases [54]
and frontotemporal lobar degeneration [55]. Finally, the aforementioned neurocytogenetic
discoveries appeared to be important for developing therapeutic strategies for brain dysfunction
[56], molecular diagnostic approaches to brain pathology [28, 57, 58], and unraveling molecular
and cellular pathways for mental illness [3, 17, 52, 58, 59]. In total, single-cell molecular
cytogenomic analyses of the human brain are an important part of current biomedicine. The
following part is dedicated to advantages/disadvantages of FISH-based approaches and their
possible applications in the post-genomic era.
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3. Molecular Neurocytogenetics: Technological Issues
Technological aspects are hard to overestimate in reviewing neurocytogenetic studies. The
development of FISH-based approaches to the visualization of specific chromosomal regions or
whole interphase chromosomes in their integrity during all stages of the cell cycle has initially
launched the molecular neurocytogenetic analysis of the human central nervous system (for more
details, see [20, 22, 24, 25]). Alternative platform for studying brain specific intercellular genomic
variations in the brain is based on newly developed techniques of single-cell whole-genome
analysis by next-generation sequencing (for more details, see [14, 21, 30]). Since the latter
platform is generally recognized to be superior to single-cell molecular cytogenetic (microscopic)
analysis, there is a need for consistent re-evaluation of the role FISH-based approaches play in
single cell genomics.
Although molecular genetic techniques are able to uncover mosaic chromosomal abnormalities
and copy number variations in whole fractions of DNA isolated from large cellular populations [4,
13, 27, 60], molecular (interphase) cytogenetic techniques offer numerous additional
opportunities for singe-cell chromosomal analysis (for more details, see [12, 61]). It is important to
mention that a number of molecular cytogenetic FISH-based methods have been the results of
technological developments in molecular neurocytogenetics [3, 61].
Initially, molecular cytogenetic studies were technologically based on multiprobe FISH with
chromosome-enumeration DNA probes [1, 15, 19]. Unfortunately, human brain cells exhibit
specific nuclear organization referred to high rates of interphase chromosome associations [1, 22],
which are not discriminated by multiprobe FISH. To solve this problem, quantitative FISH (digital
quantification of FISH results allowing the differentiation between chromosome loss and
chromosomal associations) may be applied [62]. Multiprobe FISH with quantitative FISH are
unable to depict the whole interphase chromosome in its integrity [12, 61]. To see an interphase
chromosome in its integrity and in any cell type with molecular resolutions, interphase
chromosome-specific multicolor banding has been developed [22, 63]. This is the only visualization
(microscopic) technique offering the possibility to detect interphase chromosome instability
without unbalanced genome changes (i.e. chromosomal breaks, fragility etc.) [25, 61]. Despite
possibilities for detecting recurrent DNA break clusters [64], a comprehensive alternative to
interphase chromosome-specific multicolour banding for uncovering all types of chromosomal
instability does not exist.
As it was already mentioned, data on brain-specific aneuploidy obtained by molecular
(interphase) cytogenetic techniques are appreciably different from those obtained by single-cell
molecular genetic methods. Interphase FISH approaches to molecular cytogenetic analyses of the
human brain have high cell scoring potential (more than 5,000-10,000 interphase nuclei per
sample/probe set) [1, 4, 8, 61]. However, these techniques are unable to uncover whole spectrum
of genomic variations detectable by single-cell next-generation sequencing. The latter, on the
other hand, has very low cell scoring potential (i.e. less than 100 cells per sample) [21, 30]. High
cell scoring significantly contributes to the success of molecular neurocytogenetic studies, because
aneuploid brain cells are extremely rare in cases of chromosome-specific aneuploidy [19-24]. In
addition, it is to note that interphase FISH is not free from false-positive/false-negative artifacts
produced by unusual signal appearance due to specific nuclear chromosome organization [1, 3,
22]. As mentioned before, to solve this problem, interphase cytogenetic approaches to
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chromosome instability in the human brain appear to require the application of quantitative FISH
and interphase chromosome-specific multicolor banding.
There are several disadvantages leading to false-positive/false-negative results of both
molecular (interphase) cytogenetic (for review, see [1-5]) and single-cell whole-genome scanning
techniques (i.e. impossibility to correlate the results of whole genome amplification and the true
genome variations in a cell; moderate/low cell scoring potential; for more details, see [3-5, 13]).
Accordingly, the rationale for successful analysis of genomic variations in the human brain is to
combine data acquired by FISH-based techniques with whole-genome data on individual cells or
whole fraction of DNA isolated from large cellular populations. Table 1 summarizes the molecular
neurocytogenetic findings and technological issues.
Table 1 Molecular neurocytogenetic findings in the technological context.
Methods
Multiprobe FISH

Findings
Aneuploidy have
been shown to affect
cell populations in
the normal human;
single cases of
devastative brain
diseases exhibited
high rates of
aneuploidy have
been reported

Advantages
The possibility to
study specific
chromosomal loci
in interphase
nuclei of the
human brain is
offered

Multiprobe FISH +
Quantitative FISH

Aneuploidy rates
have been narrowed;
additional cases of
brain-specific
aneuploidy have
been reported

Interphase
chromosomespecific
multicolour
banding

Aneuploidy,
structural
chromosome
imbalances and
instability (i.e.
interphase
chromosomal breaks)

A number of types
of intranuclear
spatial
chromosome
arrangement (i.e.
chromosomal
associations) are
discriminated;
false-positive
monosomies are
discriminated, as
well
Interphase
chromosomes are
visualized in their
integrity at
molecular
resolutions;
specificity of

Disadvantages
Single chromosomal
loci are only
visualized; specificity
of intranuclear spatial
chromosome
arrangement (i.e.
chromosomal
associations) are not
discriminated; falsepositive monosomies
may be reported
Single chromosomal
loci are only
visualized/digitalized;
integral view of an
interphase
chromosome is not
possible

Refs
[19, 23, 42]

Cell scoring potential
is lower as to
multiprobe FISH +
quantitative FISH;
defining interphase
chromosome
structure requires

[20, 22, 24,
25, 43, 50,
63]

[20, 24, 25,
43, 44, 46,
47, 50, 62]
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Single-cell
genome scanning
techniques (i.e.
next generation
sequencing)

have been shown to
affect the diseased
human brain;
aneuploidy rate in
the unaffected
human brain have
been found to be
lower than previously
estimated by
multiprobe FISH
Large-scale genomic
variations
manifesting as
chromosomal and/or
subchromosomal
imbalances have
been shown to be
less common in the
unaffected human
brain than previously
estimated by FISHbased techniques;
however, these
variations does affect
the human brain

intranuclear
spatial
chromosome
arrangement
poorly affects
study results

sophisticated visual
and digital analyses

Whole cellular
genome is
addressed at the
highest resolution
possible

Cell scoring potential [21, 26, 30]
is unacceptably low
for scoring rare cells
affected by
chromosome
instability/imbalances
or aneuploidy

4. Conclusions and Future Prospects
The applications of FISH-based methods to molecular neurocytogenetic purposes are not
limited to detecting chromosomal abnormalities, inasmuch as these may uncover chromosome
instability and behavior that are undetectable by single-cell molecular genetic techniques. Even in
the post-genomic era, FISH remains an important methodology for human genome analysis [65].
Despite a number of unresolved disadvantages, the resolution of single-cell whole-genome
analysis by next-generation sequencing defines this platform as an efficient tool for studying
neuronal genomes. In light of this, one can suggest that there is a need for developing a technique
that combines microscopic FISH-based methods with single-cell whole-genome scan. Still,
multilateral analysis of neuronal genome behavior at the chromosomal level cannot be
appropriately performed without the application of FISH-based technologies. To this end, we
suggest that further studies dedicated to uncovering instable cellular genomes in the brain should
be targeted on identification of the causes and consequences using post-genomic (empirical and
bioinformatic) techniques and molecular cytogenetic methods. These data is applicable for
understanding mechanisms and discovering new therapeutic targets in brain diseases.
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The number of publications on epigenetic topics is exploding! Indeed, also this special issue of
OBM Genetics contains the largest number of contributions of all special issues OBM Genetics is
currently hosting. Epigenetics is here to stay. The field of epigenetic research is extremely broad,
ranging from health and disease, environmental influences, development, disease prognosis,
behaviour, molecular mechanisms, genomic imprinting, reproduction, diagnostics, aging and so
forth. To better study the epigenome, we need tools that are evolving. This special issue reflects
this broad range of topics.
The authors of this issue on epigenetic mechanisms in health and disease can be proud of their
achievement. Although OBM Genetics is a relatively new scientific journal, it has shown that it can
host a substantial number of scientific contributions of well-known scientist in the field of
epigenetics. Not only is this promising for the journal but it is also for the scientists who can
quickly publish open access after a thorough peer review. I was impressed with the quality and
speed of the reviewers. If the journal can maintain this quality, we might be looking at a new
platform to share our findings and ideas on epigenetic topics and maybe able to find each other
more easily. There is a great need for high quality and approachable journals in this field of
epigenetics with its numerous science projects and expanding number of diagnostic tests. Both
© 2019 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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authors and reviewers have made me confident that there is a need and willingness to make this
journal a platform for epigenetics. Let’s hope for the best!
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Abstract
In a mammal, at the beginning of its development, the gonad is bipotential. The shift into a
male or female pathway is coordinated by the sex chromosomal complement, which triggers
a series of genetic pathways signaling the developmental pattern of the gonadal anlage.
Being mutually exclusive, the differentiated gonad should be either a testis or an ovary. In
females, the absence of SRY, a testis-determining gene, drives the signaling cascades
controlling the ovarian differentiation.
Albeit rare, disorders of the gonadal differentiation may occur in men and domestic animals
and may cause infertility or sterility. In dogs, the XX;SRY-negative disorder of sexual
development (DSD) is the most frequent condition. The disorder typically presents a wide
spectrum of developmental conditions of the gonad and variable virilization of the genital
phenotype, that may be accompanied by hypospadias. This condition may be inherited as a
sex–limited autosomal recessive trait; however, the mechanism explaining its occurrence
remains poorly understood. This review intends to present an overview of the morphologic
features of XX;SRY-negative syndrome in dogs, while addressing the current knowledge
regarding the genetic mechanism underlying this condition.
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1. The XX;SRY-Negative DSD Condition in Dogs
Even though Disorders of Sex Development (DSD) are rare genetic conditions in dogs, the most
common in occurrence is the testicular (T-DSD) or ovotesticular (OT-DSD) disorder, presenting a
female karyotype and a lack of the SRY (sex-determining region Y) gene (78,XX;SRY-negative DSD)
[1]. Dogs are the domestic species presenting the XX female-to-male sex reversal condition most
[2], with sporadic descriptions appearing in horses [3, 4], cats [5] and pigs [6].
In an older nomenclature, this condition was categorized as intersex, under the XX true
hermaphroditism or the XX sex reversal (or XX male syndrome) conditions [7]. This disorder is
characterized by a wide spectrum of developmental conditions of the gonad, co-existing with
variable virilization of the genital phenotype [8, 9]. The higher prevalence of XX;SRY-negative DSD
in particular breeds (e.g., the English and the American Cocker Spaniel, the Beagle or the Pug) and
genetic lines [7, 10, 11], sustains the hypothesis that this condition may be inherited as a sex–
limited autosomal recessive trait [1, 8].
In normal dogs, as in other placental mammals, the sexual development comprises three
sequential steps; namely the definition of the sex chromosome complement at fertilization, the
differentiation of the gonads as testis or ovary (gonadal sex), and the differentiation of the tubular
and phenotypic sex, determined from the gonadal sex [2]. In males, testis differentiation is
triggered by the expression of SRY that generates a cascade of molecular events that coordinate
the differentiation of the urogenital tract into a male pattern. In the female embryo,
differentiation proceeds in the absence of SRY expression, leading to the activation of a nonmasculinizing cascade of events directing the development of the embryo reproductive tract
according to the female pattern [12]. In mammals, in the normal reproductive tract differentiation,
male and female patterns are mutually exclusive.
The process of sexual differentiation is rather complex and so finely tuned that a minimal
alteration, whether in the activation of the genes involved in the gonadal sex differentiation or in
the functioning of downstream molecular pathways, may originate severe DSD disorders. This
review focuses on the morphological characterization of the XX;SRY-negative syndrome in dogs
and addresses the current state of understanding of the genetic mechanism underlying this
condition.
1.1 The Phenotype of XX;SRY-Negative Dogs
The phenotype of naturally occurring conditions in dogs remarkably resembles that of the XX
DSD ovotesticular or testicular subtype in humans [13]. Affected dogs may present either ovotestis
or testicles [14]. Table 1 summarizes the information gathered from available publications on
XX;SRY-negative conditions in dogs whose diagnoses were supported by the karyotype and
cytogenetic analyses establishing the absence of SRY. Even though in most cases a female
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phenotype prevailed, with animals showing an enlarged clitoris with internal baculum exposed
from the vulva, on what concerns the gonad development the prevalent morphology was the
testicular (Table 1).
Albeit most affected dogs present either bilateral testes or ovotestis [8], a combination of a
testicular gonad on one side and an ovotestis in the other may sporadically be found (Table 1).
This seems to contrast the report by Meyers-Wallen, that describes a smaller prevalence of
bilateral testis in American Cocker dogs suffering from XX-DSD. Due to the small number of cases
diagnosed within each breed, testing to discern if these differences could be explained by the
genetic background of the individuals is not allowed.
In both the testicular and the ovotesticular sub-types, the gonads are generally found in an
intra-abdominal position, and animals are diagnosed as cryptorchid. Since some development of
the Wolffian derivates occur, the epididymides are found, as well as a partially underdeveloped
vas deferens, which runs parallel to the walls of a hypoplastic uterus [8, 31]. These animals usually
present Wolffian duct derivates, like the epididymides, and a more or less rudimentary vas
deferens [8, 15, 17, 23], along with persistence of a uterus. Albeit the existence of a prostate has
been described in some cases [32, 33], in my professional practice the prostate was never located
by digital palpation, visualized during surgery, nor reported by any other authors [8, 16].
In general, ovotestis in 78,XX;SRY-negative dogs are involved by the ovarian bursa (Figure 1A),
like the ovaries in normally developed females [31]. Although small fragments of ovarian tissue
containing a few, sporadic follicles often showing degenerative changes may be found in cortical
position (Figure 2), the ovarian differentiation is usually compromised. Also, these small patches of
ovarian tissue are limited to some areas of the gonadal cortex, for which multiple non-continuous
sections of the gonad are needed to establish a sound histological diagnosis of ovotestis. In some
cases, the existence of antral follicles or corpora lutea have been described [22], as well as the
existence of ovarian cycles [8, 23]. However, according to available reports, most XX;SRY-negative
dogs never experienced estrus [9, 25].
The testicular pattern is not entirely obtained either. Albeit formation of testicular lobules
occurs, usually the mediastinum testis is not found in these animals (Figure 1B), whether in
ovotestis or in testicle-like gonads, which may make it difficult to discern the abdominal location
of the gonad during an ultrasonographic examination [31]. XX;SRY-negative dogs frequently
present both oviducts and epididymis (Figure 1), mainly when ovotestis are present; all animals
present an underdeveloped uterus. Often, a rudimentary or hypoplastic vas deferens can be seen
running parallel or inserted in the wall of uterine horns [8, 31].
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Table 1 Reported cases of 78,XX;SRY-negative dogs supported by karyotype and cytogenetic analysis.
Phenotype
scored at
n Breed
birth

Position
Type of gonads
[ABD/ING
[Test/Ovot/Ov]
/SCr]

Male

1 French Bulldog

Bilateral Test

Male

1 Pug

Bilateral Test

Female

1 French Bulldog

Bilateral Test

Female

1 Jack Russell Terrier Bilateral Test

Female

1

Female

English Cocker
Spaniel

1 Beagle

Bilateral Test

Bilateral Test

External morphology

Hypoplastic penis
Preputium caudally dislocated
ABD
Cryptorchidism
Absent scrotum
SC-ING Hypoplastic penis
[left] Preputium caudally dislocated
ABD
Cryptorchidism
[right] Absent scrotum

Internal morphology

Comments

References

Epididymides
Oviducts not found
Uterus

-

[15]

Uterus

-

[16]

ING

Vulva in ventral position
Enlarged clitoris with bone

Atresia of the cranial vagina
No other information

-

ABD

Vulva
Enlarged clitoris with bone
Increased anogenital distance
compared to normal females

Uterus
No other information

-

[18]

ABD

Vulva; Enlarged clitoris with
bone

Epididymides not found
Uterus

-

[19]

ABD

Vulva; Enlarged clitoris with
bone

Uterus
Epididymides or vas
deferens not found

Dysuria
Androgen levels
under reference
range for male
dogs

[17]

[20]
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Female

Female

American
1 Staffordshire
Terrier

Bilateral Test

1 Whoodle

Ovot
[previous
unilateral
gonadectomy]

ABD

ABD

Vulva; Enlarged clitoris with
bone

Vulva

Small uterus

Gonad with CL

Cocker Spaniel
[English]

Female

2

Bilateral Ovot

Bilateral Ovot

Female

2

ABD

Vulva; Enlarged clitoris with
bone

ABD

Norwegian
Elkhounds

1 Basset Hound

[21]

Estrus behavior
and enlarged
mammary glands
Increased blood
progesterone

[22]

Anestrus
Male-like behavior

PitBull cross

Female

-

Vulva; Enlarged clitoris with
bone
Bilateral Test

ABD

Bilateral Ovot

ABD

Vulva; Enlarged clitoris with
bone

Ovarian bursa
Oviducts
Epididymides and vas
deferens
Uterus

Uterus and vagina
Epididymides and vas
deferens not found
Uterus and vagina
Epididymides and vas
deferens
Oviducts
Epididymides
Uterus
Shortened vagina

Anestrus
Occasional male
attraction,
mammary
hypertrophy and
milk ejection
Increased blood
progesterone

[23]

[24]

Mucopurulent
vaginal discharge

[25]
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Male
English Cocker
Spaniel

Female

Female

Female

Unilateral ovarian bursa
[Ovot]
Epididymis [Test]
Uterus

Vulva
Enlarged clitoris with bone
No scrotum

Ovarian bursa
Oviducts
Rudimentary epididymides
and vas deferens
Uterus

Vulva Enlarged clitoris with
bone

Epididymis
Uterus

ABD

Vulva Enlarged clitoris with
bone

Testosterone
Oviducts not found
levels within
Rudimentary epididymides
normal range for
Uterus
male dogs

[27]

ABD

Vulva Enlarged clitoris with
bone

Not provided

-

[28]

ABD

Not provided

Not provided

-

[29]

Test + Ovot
2

Female

Hypoplastic penis
Preputium caudally dislocated
Penile hypospadias
Absence of scrotum
Bilateral cryptorchidism

ABD
Bilateral Ovot

2 Pitbull Beagle

1 Mongrel
Basset Hound
Soft coated
Wheaten terrier
5 Beagle
Walker Hound
Doberman

American
Staffordshire
Not
12 Terrier [2]
mentioned
Pug [1]
Cocker spaniel

Bilateral Test

Bilateral Test

ABD

-

[9]

[26]

-

Bilateral Ovot
Bilateral Test
Ov + Ovot

Bilateral Test
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[English] [1]
French Bulldog [2]
Leonberg [1]
Cocker Spaniel
Bilateral Ovot
[English] [2]
Beagle [1]
Bernaise Mountain
Ovot+Test
dog [1]
Test
French Bulldog [1] +neoplastic
gonad
Cocker spaniel
[English]
American
Bilateral Test
Not
4 Staffordshire
mentioned
Terrier
Beagle
Cane Corso

ABD

Not provided

Not provided

-

[30]

Bilateral Ovot

Ovot-ovotestis; Test-testicle(s); Ov–ovary; ABD–abdominal; ING–inguinal; SCr–scrotal; SC–subcutaneous
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Figure 1 The morphology of the gonad in XX;SRY-negative dogs resembles that of a
male (ovoid, compact structure) in intra-abdominal location. A. The gonad is often
located within the ovarian bursa, which supports the oviduct (Ovi); the epididymis (Ep)
usually runs parallel to the gonad. The ostium of the ovarian bursa may be found on
the medial face. B. The mediastinum testis (MT) usually found in the centre of the
longitudinal sections of a normal testicle (on the left) is not perceived in the XX;SRYnegative gonad (at the middle and right in the bottom image).
Histological analysis of the gonads usually reveals a predominance of testis-like structures.
Sertoli cells-only seminiferous tubules are often found, but sporadic degenerative spermatogonia
and rare leptotene may also be observed [9]. However, the absence of germ cell stratification is
the rule. In the interstitium, it is often observed an increase in the density Leydig cells [9], which
often show a more eosinophilic cytoplasm, suggesting its immaturity. Similar features are found in
Leydig cells in intra-abdominal cryptorchid testis in dogs (Payan-Carreira, unpublished). This
parenchyma represents the totality of the gonad in the testicular type of gonads, or occupies a
large medullary zone of the gonadal tissue, in the case of ovotestis. In either the ovotestis or
testicular sub-type of XX;SRY-negative gonads, irregular lobulation may be found (Figure 2),
originating from bundles of connective tissue that originate from the albuginea [31], a dense
capsule of connective tissue delimiting the testis. If an ovotestis exists, the continuity of the
albuginea is interrupted by the presence of an epithelial layer similar to the surface epithelium
found in the dog ovary (Figure 2). Under the area of the surface epithelium, follicles in different
stages, some displaying signs of atresia, may be evidenced in cortical position [7, 8]. Most
frequently, they are primordial and primary follicles but, in some cases, they might reach the
antral stage and be endocrinally active. Nonetheless, the density of the follicles in the cortical
stroma is lower than the usual for the normal ovary (Payan-Carreira, unpublished), and therefore
the connective tissue predominates.
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Figure 2 Microscopic images of XX;SRY-negative gonads (hematoxylin-eosin staining).
In the ovotesticular sub-type, scant follicles are found scattered in the cortex
presenting a dense ovarian-like stroma. A Germ cells are surrounded by a single layer
of flat or cuboid granulosa cells (100x). B. In the areas presenting follicles, the
existence of a structure resembling the surface epithelia may be found (200x). C. In
smaller magnification the existence of testicular lobules may be perceived, the septa
originating from the dense albuginea cover typical of the testis (40x). D. Some
disorganization may also be found among the gonadal lobules, with some of the
lobules presenting a small number of seminiferous tubules and a predominance of
interstitial elements (200x). E. In general, large eosinophilic Leydig cells are observed in
testicular or ovotesticular DSD gonads (200x). F. The seminiferous tubules comprise
mainly Sertoli cells and often are devoid of germinal epithelium; the lumen is also
often absent (400x).
In general, XX;SRY-negative dogs are bilateral cryptorchid, and their phenotype displays a
variable degree of masculinization. Most commonly, dogs present a vulva and a hyperplastic
clitoris (Figure 3) although they might also present a rudimentary penis within a shortened
preputium (Figure 3) [31], opening closer to the anus [8, 31] and hypospadias (urethra opening in
the underside of the penis). The examination of the enlarged clitoris reveals the existence of an
undeveloped baculum, whose existence may be confirmed by ultrasound scanning and X-rays in
lateral recumbency (Figure 4).
In either case, the scrotum is usually absent, and the gonads are in an intra-abdominal location.
In the transrectal evaluation, the prostate is generally absent whether in animals with a female or
a male phenotype [31]. Meyers-Wallen [8] mentions that in the American Cocker, the phenotype
of a vulva with a protruding clitoris is observed in 15% of the cases; but in other breeds, that
phenotype seems to be described more frequently than the more masculinized one, where a short
prepuce and penis are present (Table 1; Figure 3).
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Figure 3 The external genitalia of XX;SRY-negative dogs may show two main patterns: a
female type (A and B) with a vulva placed in ventral position and an enlarged clitoris
exposed from the vulva; and a more virilized, male-like type (C), showing a prepuce,
usually shorten than in normal males, but without development of the scrotum. The
animal is usually a bilateral cryptorchid.

Figure 4 (A) The ultrasound examination of the vulvar area shows the presence of a residual
baculum () within a structure resembling a rudimentary penis (*), surrounded by thick skin
folders (arrow). (B) On the X-ray, the presence of the baculum can also be perceived (within
the yellow circle).

In dogs presenting a male-like phenotype, the ostium of the prepuce does not display its usual
appearance, but rather resembles the vulvar folders of females (Figure 3C), with the preputial
ostium in an eccentric position. Nonetheless, in dogs with a female phenotype, the vagina
terminates shortly in a cul-de-sac. The exploitation of the short sized vaginal cavity is often difficult.
A vaginal cytology can be obtained. It is useful to confirm the inability to progress the swab
through the vaginal vault, and typically presents the features of a male preputial cytology (Figure
5).
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Figure 5 Vaginal cytology from a XX;SRY-negative dog with a female like phenotype,
showing the presence of a large round epithelial cells and a considerable number of
neutrophils (Diff-Quick® staining; 200x).
2. A Short Overview of the Gonadal Differentiation in Embryos
2.1. The Determination of the Normal Gonadal Pattern
Precursor cells of gonads originate from the urogenital ridges, which are morphologically
identical in XX and XY embryos [34]. First, a bipotential gonad is formed, congregating cells of
mesodermal origin, which will be permeated by primordial germ cells. The differentiation of the
different gonadal cell lineages (supporting and steroidogenic cells, and peritubular and stromal
cells) during the differentiation of the bipotential gonad towards a male or female fate does not
need the presence of germ cells [35].
The establishment of a gonadal gender takes place from the same bipotential gonad,
depending on the pathway that is activated from the genetic background of the embryo, which is
determined at fertilization [36]: 78,XY for male dogs and 78,XX for female dogs. The differentiation
of the bipotential gonad towards of the male pathway occurs earlier than the differentiation of
the ovary, which was thought to be the default pathway. The differentiation and development of
the sexual duct system and the phenotypic sex is subsequent to the establishment of the gonadal
sex, and commanded by the gender of the differentiated gonad [36, 37], as it is directed by
hormones produced by the differentiated gonad through distinctive local signaling pathways.
Testicular differentiation starts after the entrance of the primordial germ cells in the gonads,
and it is coordinated by one cell type [38]. The transition from the undifferentiated rudiment into
a male or female gonad is determined by the expression of SRY, a sex determining gene located in
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the Y-chromosome [39, 40]. It has been proposed that several genes are required for the
development of the bipotential gonad, such as NR5A1, WT1, GATA4 and FOG2, and may be
involved in SRY transcription [41]. SRY transcription is limited in time and space [38, 39, 42], but it
presents multiple and prolonged effects during the differentiation of the male gonad due to the
activation of multilayered downstream pathways. SRY expression begins in the centre of the
gonad, spreading towards the pole in a wave, paracrine fashion [34, 43, 44]. Of note, in the
bipotential gonad, both the male and female determining genes are expressed at similar levels
[40]. These genes are up-or down-regulated during the gonadal differentiation as an answer to the
signaling of gender-driven genes. This is an important aspect to retain, as it would explain most
features of dysplastic gonads in DSD conditions.
The most important gene activated by SRY is SOX9. This gene is necessary and sufficient to
induce testicular differentiation [39, 45]. SOX9 is necessary for the differentiation of Sertoli cells
from precursor mesonephric cells, and for the maintenance of the differentiated phenotype, as
well as for directing the development of the other somatic testicular cell lineages [12, 39, 40, 42,
46]. Therefore, Sertoli cells act as organizing centers for the diverse morphological
transformations that culminate with the formation of testicles [38, 44]. After an initial upregulation in SOX9 expression, SOX9 is maintained at high levels in Sertoli cells by FGF9 (Fibroblast
growth factor gene) signaling, in a feed-forward loop [35] that no longer requires SRY expression
[38]. NR5A1 [or SF1, Steroidogenic Factor-1), which along with WT1 (Wilms tumor 1) plays a
crucial role in the formation of the bipotential gonad, also acts as a SRY-mediated SOX9 enhancer
through testis differentiation [35, 47]. In some species, like in mice, humans, and dogs, a testisspecific enhancer motif (termed Tesco, RevSex and CanRevSex, respectively) has been
demonstrated to mediate SRY and Nr5a1 synergic interaction [48] to enhance the transactivation
of SOX9 by multiple folds [41]. Additional contributions of other genes from the SOX family [e.g.,
SOX3 and SOX10) has also been evidenced [41, 49] from the study of DSD conditions.
Acting through its receptor (FGFR2), Fgf9 suppresses the Wnt4 signaling pathway, inhibiting the
mechanism that controls the ovarian differentiation [40, 44, 45, 50]. Moreover, Fgf9 sustains SOX9
expression through a positive feedback loop [34]. It is also associated with the testis cord
formation, which depends primarily on the Sertoli-Sertoli cell interaction, and is not driven by
germ cells [34]. Fgf9 also suppresses meiosis in primordial germ cells, by impairing the rise in
retinoic acid in the differentiating male gonads [51]. Cord formation is closely followed by the
development of a vascular network from migrating endothelial cells, following a male-type pattern
[34, 52] where the more prominent vessels locate at the periphery of the gonad, emitting small
branches between the testis cords [53], as well as by the formation of the testicular albuginea [34].
Among other environmental autonomous gonadal signals, prostaglandin D2 promotes SOX9
expression in neighboring cells, thereby being able to recruit somatic precursors cells to the Sertoli
cell fate, even in the absence of SRY [40, 44]. This fact may represent an amplification mechanism
aiming to ensure the minimum threshold number of differentiated Sertoli cells needed for
testicular development [40] since SOX9 expression stimulates Pgd2 levels in the differentiating
gonad [34].
The ovary differentiation occurs sometime after the moment of male gonadal differentiation
[40], albeit the female-specific genes are transcribed earlier [54]. For long considered as a default
process, its mechanism remains less clear than that of the embryonic testicular differentiation.
Downregulation of genes associated with the male pathway in XX gonads is crucial to the
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commitment to the female fate [49]. In the absence of SRY gene, and consequently in the absence
of SOX9 signaling, the canonical WNT signaling pathways are activated in the somatic cell of the
gonads [44], a critical step in the ovary differentiation. In response to Wnt4, the vascularization of
the gonad takes a typical female pattern, and the somatic cells differentiate as granulosa and
stromal cells.
WNT4 (Wingless-type MMTV integration site 4) requires several co-activators to prompt the
ovarian differentiation, the RSPO1 (R-spondin ligand 1) representing an important molecule of the
canonical Wnt signaling cascade [35, 45]. The activation of the Wnt4 signaling cascade leads to the
accumulation of -catenin, which becomes available to translocate to the nucleus and trigger
diverse transcriptional factors [50]. The stabilization of -catenin exerts a positive feedback over
WNT4 expression, with RSPO1 serving as a cofactor. All three genes cooperate to support the
gonadal differentiation towards an ovarian fate. In female embryos, activation of the WNT4 gene
is accompanied by the expression of RSPO1. The precursors of somatic cells respond to an
increase in Rspo1/Wnt4 signaling by accumulating -catenin [37, 40, 50] and down-regulating
SOX9 expression [55]. Loss of function studies in female mice embryos showed the development
of a rounded male-like gonad, containing androgen-producing cells and the loss of female germ
cells. It has been shown that Wnt4 promotes germ cell survival [50]. Wnt4/Rspon1/-catenin
pathway also regulates the prolonged proliferation of the cortical region, originating the constant
recruitment of granulosa cell precursors [56]. Furthermore, Wnt4 and Rspo1 are required to
maintain the precursors of the granulosa cells in an undifferentiated status until birth [47].
It has been proposed that the loss of another determining ovarian differentiation gene–FOXL2
(Forkhead Box L2) [37, 45]-may originate an up-regulation of the pro-testis pathway mediated by
SOX9 [57], and the transdifferentiation of granulosa cells into Sertoli cells in the adult mouse ovary
[58]. The FOXL2 pathway, however, seems to be independent of the WNT signaling cascade, albeit
with the same aim–orchestrate the ovary differentiation. Foxl2 is crucial for granulosa cell
differentiation and the maintenance of an ovary structure [53]. Stabilization of the granulosa cell
differentiation, and therefore of the ovarian differentiation, is further promoted by germ cell
commitment to meiosis [49], which in turn is driven by the expression of STRA8, whose expression
is dependent of retinoic acid [56, 59].
Since the response to the loss of Foxl2 signaling seems to vary between species, and also with
the moment of occurrence, it has been suggested that it may be more important for the
maintenance of the female gonad structure than to its differentiation from the bipotential gonad
[35, 60]. Disturbed expression of Foxl2 has been associated with ovarian dysgenesis, blockage of
follicle formation and disruption of follicle activation in human and mice, besides the ovary-totestis sex reversal in some species such as goats [45, 50, 57]. Species differences regarding the
moment of gonadal female-to-male sex reversal may relate to the physiologic ability for estrogen
secretion by the fetal gonads. Therefore, the loss of the ovarian identity in mice occurs in the
postnatal ovary, while in polled DSD goats it is established in the fetal gonads [60]. Estrogen upregulate FOXL2 expression [61]. The loss of FOXL2 function leads to the loss of aromatase
expression and the inability to secrete estrogen, along with an up-regulation of SOX9 transcription
and subsequent differentiation of Sertoli cells and AMH (Anti-Müllerian Hormone) expression [61].
From the above mentioned it could be suggested that estrogen acts as part of the environmental
factors shaping the fate of the developing gonad into an ovary in synergy with FOXL2.
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2.2. What Might Go Wrong in the Ovarian Development in 78,XX;SRY-Negative Dogs
In the bipotential gonad, both the male-determining genes (SOX9 and FGF9, for the testis fate,
and WNT4 and RSPO1, for the ovary fate) are expressed at similar levels [40, 45]. At the moment
of gonadal differentiation, SOX9 expression is raised in male embryos, but maintained in residual
levels in females [45]. Since the precursor cell types are similar in the bipotential gonads of both
female and male embryos [43], once the fate of the supporting cells is established, it orchestrates
the differentiation of all other cell lineages in the gonad [49].
Considering that the ovarian-determining pathway actively suppresses the testis-determining
pathway [38], one could suspect that, in the case of female-to-male sex reversal, a disruption of
the female-determining genes would occur, which in turn would allow the activation of the maledetermining genes, even in the absence of SRY transcription. In some species, it has been
demonstrated that the loss of function of Rspo1, Foxl2 and estrogen receptor alpha will activate
the male-determining pathway, upregulating SOX9 [38]. It has also been shown that in the
absence of Wnt4, the transcription of FGF9 is upregulated [38].
The multi-layered input into sex determination [40], with multiple signaling cascades
determining the fate of the embryonic gonad between the male and a female pattern, makes it
difficult to identify the mechanism underlying the XX;SRY-negative syndrome, as well as the range
of abnormalities described in the gonads of affected animals. The commitment of the precursor
somatic cells of bipotential gonads toward a male or female fate drives the gonadal differentiation
in the fetus [41]. The differentiation of Sertoli cells early in the process will, therefore, constrain
the pattern of the differentiating gonad.
The development of a gonad into a testicular or an ovotesticular pattern may represent
different degrees of the same process, because ovotestis and testicular types may co-exist in the
same animal. Moreover, the centre-to-pole temporal profile in the differentiation of Sertoli cells
[44] may contribute to imbalances in the propagation of the differentiation wave, allowing the
two types of arrangement to develop. Meyers-Wallen proposed that, at least in the familiar
American Cocker DSD syndrome, the phenotypic variability is probably related to threshold effects
[8].
In the case of canine SRY-negative DSD, the mechanism responsible for the presence of
testicular tissue remains unclear. Species-specific differences resulting from the process and the
time-lapse of the gonad differentiation might be responsible for the divergence of phenotypes
described in XX;SRY-negative sex reversal, both amongst and within a species. It can also result
from the disruption of distinct genetic pathways. Therefore, from this point on, this review will
focus mainly on the studies regarding the etiopathogenesis of canine XX;SRY-negative conditions.
2.1.1 Loss of Function of NR5A1
Mutation in the NR5A1 gene, causing loss of function [62], has been associated with primary
ovarian insufficiency in women and with OT-DSD/T-DSD development in 46;XX individuals [41, 63].
It has been recently proposed that NR5A1 should be used to promote proliferation of gonadal
somatic cells. The exact mechanism underlying this effect is not clear. Since NR5A1 coordinates
the ability for steroidogenic synthesis, it is possible that this role in XX;SRY-negative DSD
pathogenesis may not be only related with direct disruption of the ovary-specific pathways [64],
but also to the control of cytochrome P450 steroid hydroxylase enzymes [65] and the ability to
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create an estrogen-dominant environment, which has been shown to be determinant of an ovaryfate. In humans, loss of NR5A1 function is also accompanied by hypospadias, a condition also
found in some cases of XX;SRY-negative dogs. Moreover, the persistence of Mullerian-derived
structures, like the oviducts and the uterus, would also be supported by an impairment of the
NR5A1 cascade, as this gene is a transcriptional regulator of the Anti-Mullerian Hormone [66],
which secretion has been shown to be delayed in of XX;SRY-negative dogs [8]. However, the few
genetic and pedigree studies developed in XX;SRY-negative DSD in dogs considered NR5A1 unlikely
to be a causative gene for this condition in the species [8, 66].
2.2.2 Loss of Function of Wnt4/Rspon1/-Catenin and Foxl2 Pathways
On respect to WNT4 and RSPO1 loss-of-function, a premature differentiation of granulosa cells
will occur, and the subsequent transdifferentiation of these cells and impaired oogonial
differentiation or entering meiosis [47]. Any malfunctioning on the Wnt4/Rspon1/-Catenin
pathway would reflect in a failure to downregulate SOX9 transcription, thus potentially supporting
the differentiation of a male-like gonad. In addition, since Wnt also supports Follistatin expression,
a loss of function of WNT4 transcription would also explain the reduced number of follicles and
oocytes found in the ovotestis sub-type DSD. Besides, as such loss of function would also enhance
testosterone synthesis, the increased secretion of androgens could explain the partial
masculinization of genital ducts, and the development of epididymides and deferens ducts in
XX;SRY-negative individuals [67]. Studies on the methylation of WNT4 gene showed that
methylation was similar in XX DSD and control dogs [30], suggesting that this may not be an
adequate candidate gene for the XX DSD syndrome in dogs. Still, a decreased transcription of
WNT4 was reported in XX DSD embryos using a genome wide association study and whole
genome sequencing [13]. The same study describes a decrease in RSPO1 and FOXL2 expression,
demonstrating that the ovary determining genes are downregulated in canine gonads from
embryos at risk of XX DSD, while the testicular determining genes (namely the SOX9 and FGF9) are
up-regulated [13].
Even though the participation of FOXL2 reported in the pathogen of sex reversal conditions in
some species, like the goat, supported its study as a candidate gene for canine ovotesticular DSD,
it has been demonstrated that FOXL2 is not responsible for the canine disorder [1, 66]. A similar
conclusion was drawn regarding the participation of the -catenin gene [1].
2.2.3 Gain of Function of SOX9
Expression of SOX9 was found to be increased in the absence of SRY, thanks to the participation
of different activators [49]. A SOX9 enhancer was identified upstream of the SOX9 transcription
start site, which is a target to steroidogenic factor 1 (SF1) and SRY [68]. As these enhancers usually
participate in an autoregulatory loop, they sustain each other's expression through time.
Mutations of this enhancer may be responsible for abolishing the need for SRY activation and
consequently to the gain of function of the SOX9 signaling cascade.
Albeit a duplication of the SOX9 coding region has been found in two dogs diagnosed as
XX;SRY-negative [69], some studies demonstrated that other individuals do not present SOX9
duplication [21, 70]. Conversely, duplication [15] or copy variations [13] of a region upstream of
the SOX9 gene have been identified in XX;SRY-negative dogs. Two highly polymorphic copy
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number variable regions have been identified in upstream regions to the canine SOX9 gene; one of
those being at a similar distance from the SOX9 as that of the human RevSex [29]. One of these
regions likely contains an enhancer region for SOX9 [13, 70], whose duplication may induce the
SOX9 expression in the absence of SRY [29].
Recently, significantly higher methylation of SOX3 gene [30] has been reported in both the
ovotesticular and the testicular canine XX DSD. In mice, it has been shown that SOX3 can replace
SRY and drive the differentiating gonad towards a female fate [63].
3. Final Considerations
Despite all of the progress made through the years on the elimination of canine XX;SRYnegative candidate genes, the molecular mechanisms involved in the etiopathogenesis of canine
XX DSD remain poorly characterized. The mechanisms orchestrating the ovary-to-testicular or
ovotesticular reversal in the absence of SRY remain elusive, not only in dogs but also in other
species. The existence of a wide variety of phenotypes only adds to the difficulties in finding an
explanation. For that, the histopathological examination of the gonads of animals with DSD is very
important and supplementary to cytogenetic tests. Albeit a large number of reports exist in canine
sex reversal, some descriptions of the clinical conditions are not supported by adequate
karyotyping and cytogenetic analyses, thus representing pure diagnostic speculations. Also, it
would be important to obtain sex hormone profiles from animals suffering from this condition to
support clinical findings, in particular in respect to the production of androgens and the ability to
convert testosterone to dihydrotestosterone. Recent studies focus now on the up-regulation of
SOX9 transcription in the absence of SRY, in particular on the gain-of-function of SOX9 enhancer
regions, as well as on the eventual participation of other SOX genes, e.g. the SOX3. The use of
larger cohorts of individuals, either purebreds, mongrels or crosses, would be helpful to validate
the participation of those candidate genes and to confirm the genetic transmission of the disease.
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Abstract
Hypodiploidy has a low incidence in childhood acute lymphoblastic leukaemia (ALL). Patients
are usually stratified into three subgroups, to allocate the correct treatment according to
their ploidy level: high hypodiploidy (40-45 chromosomes), low hypodiploidy (33-39
chromosomes) and near haploidy (23-29 chromosomes). In this paper, a case is presented of
near-haploid childhood ALL where fluorescence in situ hybridisation (FISH) provided an
insight into the near-haploidy chromosomal aberration initially missed on routine
karyotyping due to culture effect and analysis software constraints. FISH primary results
followed by further confirmatory studies, inclusive of karyotyping and single nucleotide
polymorphism (SNP) microarray, clinically placed the patient in the correct treatment
stratification. The patient remained in morphological and cytogenetic remission 12 months
after commencing the high risk arm of an international collaborative (*AIEOP-BFM-ALL
[Associazione Italiana Ematologia Oncologia Pediatrica–Berlin-Franklin-Munste]) 2009
treatment protocol for children and adolescents with ALL.
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1. Background
Acute lymphoblastic leukaemia (ALL) is the most common type of childhood blood disorder [1],
and despite improvements in the outcome of therapy it remains the predominant cause of cancerrelated demise in young children [2]. Hypodiploidy, or a chromosomal count of less than 45, is
relatively rare and it is found in ~5% of adult and child ALL patients [3]. There are three distinct
hypodiploidy subgroups with different genetic and clinical features:
1-High hypodiploidy [40-45 chromosomes]. Hypodiploidy with a count of 45 chromosomes is
the most prevalent form of hypodiploid ALL [4].
2-Low hypodiploidy [33-39 chromosomes] occurs at all ages.
3-Near haploidy [23-29 chromosomes] is seen mainly in children and adolescents (age range 215) [5].
Near haploidy as well as low hypodiploidy are each detected in ∼0.5% of children with ALL [4].
Doubled hypodiploidy (masked hypodiploidy), doubling of the hypodiploid chromosome content
by endoreduplication, is often observed in near haploidy and low hypodiploid sub-groups and both
are associated with an unfavourable outcome [6].
Patients with low hypodiploid ALL can express genetic changes targeting TP53, RB1 and the
IKAROS gene family member IKZF2. However, near haploid ALL cases can demonstrate changes
within receptor tyrosine kinase- and Ras signalling as well as high incidences of IKZF3 gene
alterations [2]. High hypodiploid sub-group (44-45 chromosomes) can present some structural
chromosomal rearrangement such as dicentric chromosomes including 9p, 12p or both or other
known chromosomal rearrangements (e.g. ETV6-RUNX1 fusion), but do not demonstrate as an
unfavourable outcome compared with cases of more severe aneuploidy [7].
According to the Australian New Zealand Clinical Trial Registry (ANZCTR*), the
standard/augmented BFM treatment protocol is adapted for children and adolescents with ALL.
Hypodiploid subgrouping is crucial in order to stratify patients into the correct risk group for
treatment. Cytogenetic studies using such techniques as G-band karyotyping, FISH, chromosome
microarray (CMA) including SNP and next generation sequencing (NGS), are essential tools in
categorising these patients.
Here we present a case of hypodiploid childhood ALL where FISH was the first tool that
provided an insight into the near-haploidy chromosomal aberration. FISH primary results followed
by further confirmatory studies, inclusive of karyotyping and microarray, clinically placed the
patient in the correct treatment stratification.
2. Case History and Description
A four year old boy presented to the hospital with joint pain, fever, abdominal pain and
maculopapular rash. On examination he had no palpable cervical or axillary lymph nodes. Liver
and spleen were palpable just below the costal margin. He had a papular rash on his lower limbs
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and his right ankle was tender to touch. An X-ray of the involved limbs showed no fractures and
the bone scan demonstrated polyarthritis involving both elbows, right ankle and some small joints
of the right foot. Abdominal ultrasound revealed a small amount of free fluid in the right iliac fossa
with several lymph nodes (up to 7mm). The child’s full blood count was normal and the blood film
showed reactive lymphocytes, occasional lymphoid cells with large nucleoli and basophilic
vacuolated cytoplasm. Bone marrow aspirates contained 70% blasts which were Periodic acidSchiff (PAS) Stain positive. Flow cytometry showed the blasts to be positive for CD19, CD10 and
negative for CD33, CD13 and CD117, consistent with diagnosis of precursor B acute lymphoblastic
leukaemia.
3. Materials and Methods
3.1 G-Band Karyotype
Bone marrow was collected into a lithium heparin tube and sent to the cytogenetics laboratory.
Two bone marrow cultures (24 and 48 hours) were established in 5mL Marrow Max Bone Marrow
medium (GIBCO, Thermo Fisher Scientific, USA) at a final concentration of 1.0x106 cells/mL. Both
cultures were synchronised using the combination of 5-fluoro-2’-deoxyuridine (FdU) and Uridine
(Sigma-Aldrich, Australia) as S-phase blocking agents with 5-bromo-2’-deoxyuridine (BrdU) (SigmaAldrich, Australia) as the releasing agent [8]. Cultures were harvested and metaphase
chromosome preparations GTL-banded according to our standard laboratory protocols.
Metaphase images were captured using a fully automated slide scanning platform (Metafer
MSearch), which automatically locates metaphases according to their size (i.e metaphases with
low or high number of chromosomes would not be captured) and acquires high resolution images.
Captured metaphase images were analysed using Ikaros karyotyping software module
(MetaSystems, Germany).
3.2 Fluorescence in Situ Hybridisation (FISH)
FISH was performed on cultured (24hr) bone marrow interphases, according to our standard
laboratory protocols. Briefly, slides were pre-treated with 2xSSC (10 min), 0.2% pepsin/0.01M HCl
(30 sec), 1% paraformaldehyde (2 min) and dehydrated in a 70%, 90% and 100% ethanol series (2
min each). Co-denaturation (75°C, 2 min) was followed by hybridisation (37°C, 4-16 hours). Post
hybridisation stringency wash using 0.4xSSC/0.3%NP40 (73°C, 2 min) was followed by 2xSSC/0.1%
NP40 (room temperature, 1 min). FISH was performed using three probe sets (our common
probes panel for ALL study IX): The tri-colour dual fusion BCR-ABL-ASS1 probe [for the t (9; 22)
(q34; q11.2)] (Abbott Molecular, USA), the KMT2A break-apart probe [for KMT2A 11q23.3
rearrangement] (Abbott Molecular, USA) and the dual colour single fusion extra signal ETV6RUNX1 probe [for the t (12; 21) (p13; q22)] (Abbott Molecular, USA). Further FISH testings to
confirm CMA/SNP results were performed using IGH-MYC-CEP8 [three colour dual fusion] probe
(for chromosomes 14q32, 8q24 and 8 centromere respectively) (Abbott Molecular, USA) and ELN
probe (for chromosome 7q11.2) (Abbott Molecular, USA).
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3.3 SNP Chromosome Microarray
Genomic DNA was extracted from bone marrow using the Chemagic 360i: DNA Blood Kit, as per
the manufacturer’s instructions (PerkinElmer, Australia). Chromosome SNP microarray was
performed using the 850K Beadchip v1.2 (Illumina, USA). SNP microarray data was analysed using
BlueFuse Multi v4.4 with a mean effective resolution of ~50 kb for copy number and 5 Mb for Loss
of Heterozygosity (LOH).
4. Results
FISH showed no BCR-ABL1 [t (9; 22) (q34; q11.2)] or ETV6-RUNX1 [(t12; 21) (p13; q22)] fusion
and no KMT2A (11q23.3) rearrangement. However, approximately 30% of the cells showed one
copy each of the ASS1 (9q34.11), ABL1 (9q34.12), BCR (22q11.23), KMT2A (11q23.3), and ETV6
(12p13.2) probes on interphase cells examined (Figure 1, Figure 2 and Figure 3).

Figure 1 Interphase FISH result for the tri-colour dual fusion BCR(green)-ABL1(red)ASS1(aqua) probe, showed a single copy of each probe with no evidence of fusion.

Figure 2 Interphase FISH result for the KMT2A break apart probe. A single connected
copy of the KMT2A probe was observed with no evidence of a rearrangement.
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Figure 3 Interphase FISH result for the ETV6-RUNX1 dual colour single fusion–extra
signal probe showed a single copy of the ETV6 probe (green) and two copies of the
RUNX1 probe (red) with no evidence of a fusion.
According to the ISCN 2016 description, the interphase FISH results were: Nuc ish (ASS1, ABL1,
BCR)x1 [60/200]; (KMT2Ax1) [32/100]; (ETV6x1, RUNX1x2) [48/200] (consistent with monosomy
for chromosomes 9, 11, 12 and 22 in the abnormal clone).
Subsequent G-band karyotype analysis showed in 30 metaphase examined, a male karyotype
46, XY. Based on the FISH results that suggested the presence of a hypodiploid clone, additional
metaphases were scanned to search for the hypodiploid clone. In total, four cells with nearhaploid chromosome complement were found 27, XY, +8, +10, +21 [4] / 46, XY [30] (Figure 4). The
missing chromosomes from the near haploid karyotype were consistent with the monosomy
chromosomes found by FISH analysis.

Figure 4 G-band karyotype of the near-haploid clone 27, XY, +8, +10, +21.
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Chromosome microarray (Illumina CytoSNP 850K V1.1) testing indicated male (XY) genotype,
with the SNP B-allele frequency distributions that showed 30%-40% mosaic deletion (i.e. B-allele
frequency plot ratio of 0: 0.4: 0.6: 1) [9]. Mosaic deletion for whole chromosomes 1, 2, 3, 4, 5, 6,
7, 9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 22 were observed, consistent with monosomy for
these chromosomes. Chromosomes 8, 10 and 21 showed a normal heterozygous B-allele
frequency distribution (0: 0.5: 1) consistent with disomy for these chromosomes. The SNP array
result was consistent with the interphase FISH and G-banded karyotype findings of a near-haploid
chromosome complement (Figure 5).

Figure 5 Illumina CytoSNP 850K v1.1 both Log-R ratio plot (top) and B-allele frequency
distribution plot (bottom) showed 30%-40% mosaic deletion for chromosomes 1-7, 9,
11-20 and 22 consistent with monosomy for these chromosomes. The B-allele
frequency distribution for chromosomes 8, 10 and 21 showed a normal heterozygous
pattern consistent with disomy for these chromosomes. The SNP array result was
consistent with the FISH and karyotype findings of a near-haploid chromosome
complement.
Further FISH testing using the ELN and IGH/MYC/CEP8 probes showed a single copy of the ELN
probe (in ~23% of cells examined), two copies of each the MYC and CEP8 probes and a single copy
of the IGH probe (in 23% of cells examined). The FISH result was: nuc ish (ELNx1) [47/200];
(D8Z1x2, MYCx2, IGHx1) [46/200] consistent with the SNP array results and a disomy for
chromosome 8 and a monosomy for chromosomes 7 and 14 (Figure 6 and Figure 7).
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Figure 6 Interphase FISH result for the tri-colour dual fusion IGH-MYC-CEP8 probe,
confirmed CMA finding of disomy for chromosome 8 [2 copies of each MYC (red) and
CEP8 (aqua) probes] and monosomy for chromosome 14 [one copy of IGH (green)
probe].

Figure 7 Interphase FISH result for the ELN/D75522 (locus specific) probe showed one
copy of each the ELN (red) and D75522 (red) probes, consistent with CMA finding of
monosomy 7.
5. Discussion
The detection of chromosomal abnormality is important for the diagnosis, treatment,
management and prognosis of childhood ALL. FISH, karyotype and SNP microarray testing
indicated that the patient in this case study fell within the near-haploid group, with a chromosome
count of 27 chromosomes. ALL patients in the sub-group with 23-29 chromosomes represent a
minor category with a particularly unfavourable outcome [10]. In near-haploid ALL, retained
disomies primarily comprise chromosomes X/Y, 8, 10, 14, 18, and 21, whereas retention of
disomies X/Y, 1, 5, 6, 8, 10, 11, 14, 18, 19, 21, and 22 is seen in low hypodiploid ALL [4]. The
patient in the present case retained disomy for only chromosomes 8, 10, 21, X and Y and therefore
was placed within this sub-group.
FISH detected an abnormal clone in 26.5±1.4% of the cells, whereas the SNP microarray
detected ~30%-40% mosaic deletion of the cells affected. FISH could detect loss of certain
chromosomes by using locus specific probes within the region of interest (localisation of specific
DNA target sequences). These differences suggest that more than one type of investigation is
necessary to determine a complete hypodiploidy profile. In the present case, by applying the
Page 115/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902073

standard “study IX” B-ALL FISH panel (see the methods’ section), monosomies for chromosomes 9,
11, 12, and 22 were suspected. The CEP4/CEP10 and CEP7/CEP17 probe sets (for chromosomes 4,
7, 10 and 17 centromeres) used to be included in our routine FISH testing to confirm hyperdiploid
karyotype. The introduction of SNP microarray testing in our laboratory limited the use of
additional FISH workup.
Based on the FISH results, high resolution SNP microarray was performed to investigate the
entire genomic profile of the abnormal clone. Mosaic deletions for whole chromosomes 1, 2, 3, 4,
5, 6, 7, 9, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20 and 22 were revealed. Interphase FISH provided the
most accurate estimate for the proportion of abnormal clone (26.5%) as it was performed
objectively by scoring interphase cells (with no culture bias), whereas karyotyping only identified
four near-haploid metaphases in 34 cells examined (11.7%). Karyotyping can be predisposed to
culture bias as the abnormal clone may not divide, therefore analysis of metaphases might provide
a biased view of the true proportion of the aberrant clone. SNP microarray allowed for
simultaneous examination of DNA extracted from a large number of heterogeneous cell
populations within the bone marrow sample, thus removing the culture bias element from the
metaphase chromosome analysis. SNP microarray can also examine the whole genome at a higher
resolution than karyotyping and FISH analysis. However, the ability of SNP microarray in the
detection of mosaicism may be influenced by probe coverage, the signal to noise ratio, as well as
the analysis algorithm of the software. Hence, the percentage of abnormal clone suggested by the
Log-R ratio and B-allele frequency distribution are estimated figures based on the expected
theoretical values. In the absence of the hypodiploid founded clone (masked hypodiploidy), SNP
microarray is the primary test to reveal hypodiploidy based on loss of heterozygosity. Whereas,
FISH has limitation of detection in these cases but might provide a suggestion that the genome has
doubled because of the tetrasomy of some chromosomes that have retained their disomy.
The automated Metafer MSearch technology used to locate G-banded metaphases failed to
identify the abnormal metaphase cell line for karyotyping. This innovative technology uses a
specific classifier (object count) and algorithms to detect objects and automatically sort them by
quality score, only acquiring metaphases within the pre-defined parameters. Metaphases with
chromosome numbers slightly more or less than 46 can be captured with this device, but
metaphases with half or double this number are not detected. However, Metafer classifier
software training to detect and capture hypodiploid and hyperdiploid cells is also possible. Trained
classifiers can demonstrate improved pick up rate of cells from these categories.
The karyotype was not useful in this case, as the abnormal clone was originally missed due to
culture bias. Identification of lower levels of mosaicism can be challenging. It has been estimated
that analysis of 20 cells (standard for routine chromosome analysis) will detect ~14% mosaicism
(in the tissue being studied) with 95% confidence [11]. In this case we have examined 34 cells,
then the lower level of mosaicism excluded with 95% of confidence is 9%. However, interphase
FISH analysis identified the near-haploid cell line in ~30% of the cells examined, and then
accordingly G-banded slides were scanned manually using light microscopy. Metaphases are
arduous to obtain from ALL patients, and these abnormal metaphases often show poor
chromosome morphology with limited resolution. FISH, on the other hand, does not require cell
culture and can be performed on interphase cells. Furthermore, karyotype has limited application
to the detection of cryptic or subtle chromosomal rearrangements, whereas interphase FISH can
reveal these types of aberrations.
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Microarrays and next generation sequencing are advanced, lengthy and costly techniques,
which are incorporated into routine testing to detect genome aberrations. FISH is a relatively old
technique developed in the early 1980s [12-14], but remains an essential tool for the detection of
specific biomarkers such as BCR-ABL1 gene fusion, HER2 and ALK gene rearrangements, and has
become crucial in the development of personalised medicine [13]. Nevertheless, it remains a
rapid, economical and reliable technique in the detection of balanced rearrangement and more
importantly in the detection of minimal residual disease (MRD).
FISH together with karyotyping and CMA, offered a flexible approach to the diagnosis of this
ALL case, allowing the correct therapy to be chosen. The patient was treated according to the
high-risk arm of the *AIEOP-BFM-ALL 2009 protocol and remained in complete cytogenetic and
morphological remission 12 months after treatment.
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Abstract
Cancer development and progression is strongly associated with somatic mutations. From
oncogenic hits that initiate the primary tumor formation to metastasis, the tumor
mutational burden (TMB) plays a prominent role in the disease progression for the vast
majority of cancer types. Not only are heterogeneous mutational loads or genetic
heterogeneity causal to transcriptomic and proteomic discrepancies and to phenotypic
diversity between individuals, they are also between tumor cells. But in addition to
mutations, a new set of alterations at the level of RNA (termed "epitranscriptomic") can also
cause informational heterogeneity. Chief among epitranscriptomic modifiers are the RNA
editing enzymes (ADAR and AID/APOBEC family deaminases), which catalyze A-to-I and C-toU base changes within RNA transcripts. Because all of these enzymes also retain the ability
to mutate DNA, they can be generally considered as central drivers of inter-tumor
heterogeneity either at the DNA level or at the RNA level. Here, we connect
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genome/transcriptome diversification with tumorigenesis and suggest specific roles for
these DNA/RNA deaminases in the context of tumorigenesis both through genome level
events (mutations) and through transcriptome level events as these converge into a
common sequence diversification strategy.
Keywords
RNA editing; DNA mutation; base deamination; ADAR; AID/APOBEC; sequence diversification;
cancer immunotherapy; TMB; MSI

1. Introduction
Cancer is indisputably the most diverse group of diseases and is one of the most challenging for
today’s biomedical research. Cancer may arise due to different extrinsic and/or intrinsic causes
that drive transformation through heterologous mechanisms often associated with a variety of
genomic events, which can then lead to an even more diverse clinical presentation and course [1,
2]. Cancer development often follows the same pathogenesis: starting from a single genetic event
and leading to acquisition of additional genetic and epigenetic abnormalities, clonal evolution and
plasticity (events that confer remarkable biological advantage over normal differentiated cellular
elements, together with the ability to evolve, develop drug resistance and escape immune
surveillance) [3, 4]. One of the first attempts to explain cancer development, with regards to
somatic (DNA) mutations, was the two-hit hypothesis proposed by Alfred Knudson in 1971, which
posits that cancer development requires at least two mutations: one in a proto-oncogene, which
then turns into an oncogene, and one in a tumor-suppressor gene [5]. In other words, to become
cancerous, a cell must lose control over cell division but must also escape death. What we have
learned in the decades since, is that cancer cells incur well beyond two mutations: in fact, the
mutational load in most cancers is high and this is generally thought to speed up the evolution of
the tumor [6, 7].
Tumors originate from cancer stem cells (CSCs) or progenitor cells, and tumor formation
follows a clonal evolution model [8]. Mutations arise relatively frequently and are generally
thought to be a byproduct of cellular proliferation processes through errors in DNA replication and
transcription [9]. They can also arise by the targeted action of enzymes that insert non-canonical
bases into the genome (e.g. deaminases, reviewed below; Figure 1). In both cases, mutations are
corrected by DNA repair enzymes [10], but when they are excessive in number they can also be
"fixed" as an error into the genome and get inherited onto future generations [11]. Mutations that
give a growth advantage to a specific cell will be positively selected [12]; the cell will then be called
a CSC and the mutations that initiated CSC formation will be termed "driver" mutations [13]. CSCs
share to a great extent characteristics of “regular” stem cells, such as self-renewal, multipotency
and tumor-initiating capacity [14]. The last two aforementioned characteristics, which reflect the
cellular plasticity of CSCs, can be enhanced by a set of complementary mutations (often termed
"passenger" mutations). Chronologically, passenger mutations occur after driver mutations and,
even though they may have not been the events that initiate tumorigenesis, they do provide
additional sequence heterogeneity [15] powering intra-tumor clonal evolution, which follows the
Page 120/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902072

principles of the Darwinian evolution concept [16]. These additional mutations will eventually
allow the CSC to further adapt to different environments, empowering metastasis (Figure 1) [1719].

Figure 1 RNA editors and DNA mutators (ADARs & AID/APOBECs) mediate intra-tumor
heterogeneity. The clonal evolution model of cancer development maintains that a cell
receives an oncogenic hit and evolves into a cancer stem cell that is responsible for
forming a primary tumor. Aside from the initial hit, additional hits (e.g. through
targeted base changes catalyzed by enzymes of the RNA/DNA deaminase family)
continually empower phenotypic diversity.
However, intra-tumor mutational heterogeneity, is not always high [20]. Furthermore, a high
mutation load does always translate to heterogeneity; several tumor types harbor predominant
mutations within a small set of oncogenes or tumor suppressors [21]. And yet, in such cases,
poorly or homogeneously mutated tumors often behave as if they are informationally
heterogeneous: they are functionally diverse, and can relapse just as efficiently as their
heterogeneous counterparts. For example, excluding hypermutated samples, colon and rectum
cancers were found to have considerably similar patterns of genomic alteration - even though they
are phenotypically and functionally different entities [22]. Glioblastomas are another example of a
tumor entity that is poorly mutated but quick to relapse suggesting highly heterogeneous disease
[23].
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Emerging evidence suggests that such mutationally "silent", and yet clonally evolving, tumors
are often highly modified at the epitranscriptomic (mRNA) level. Epitranscriptomic modifications
and specifically those that are catalyzed by the adenosine or cytidine deaminases (the "RNA
editing" family [24, 25]), are already known to impart sequence heterogeneity at the level of the
transcript and have been presumed to increase the informational diversity of otherwise
genetically similar cell types [26, 27]. RNA editing is mediated by members of the same family of
enzymes (polynucleotide deaminases) that were already characterized as prolific DNA mutators.
These enzymes come in two flavors: those that belong to the AID/APOBEC family that induce
Cytosine-to-Uracil (C-to-U) nucleotide changes [28], and those that belong to the ADAR family that
induce Adenosine-to-Inosine (A-to-I) nucleotide changes (where inosine (I) is decoded by the
cellular expression machinery as a guanosine (G)) [29]. While initially these were thought to be
strictly selective with regard to their nucleic acid substrate (e.g. with AID being a DNA mutator [30]
and APOBEC1 or ADAR1 functioning exclusively as RNA editors [31-32]) this view has been revised
in light of well-defined contexts where an RNA editor like APOBEC1 or like ADAR1 can function
quite capably as a DNA mutator [31, 32] and vice versa, as is the case for APOBEC3A [33].
This review aims to highlight the APOBEC/ADAR DNA/RNA family of deaminases as they
contribute to tumor evolution through sequence diversification either by RNA editing or by DNA
mutation.
2. Defining the natural roles of AID/APOBECs and ADARs
2.1 The AID/APOBEC Family of DNA/RNA Deaminases
As mentioned, there are two distinct types of RNA editing by deamination: C-to-U editing and
A-to-I (where I is recognized as a G) [34]. C-to-U editing is catalyzed by the AID/APOBEC family.
APOBEC1, the founding member [35], was initially identified based on its ability to catalyze editing
on apolipoprotein B (ApoB); it has been named after this activity (APOlipoprotein-B-mRNA Editing
enzyme Catalytic polypeptide-1). ApoB comes in two protein forms encoded by the same genetic
locus [36]. In the liver, ApoB exists in its long form (ApoB-100, 4563 amino acid residues), while in
the small intestine it is truncated into its short form (ApoB-48). The protein size difference was
traced to a single culprit, the APOBEC1 deaminase, which is primarily expressed in small intestine
and deaminates a C in the position 6666 (in the triplet CAA) of the ApoB mRNA resulting in stop
codon formation (UAA), and in significant truncation of ApoB-100 [37]. The editing event occurs
within the exonic region of ApoB, and its biological impact is striking: whereas ApoB-100,
expressed in liver, acts as a ligand to the low-density lipoprotein receptor (LDL-R), ApoB-48
(produced through editing in small intestine), lacks the ligand domain, and is involved in the
formation and secretion of chylomicrons [38]. However, RNA editing events in exonic regions are
rare. Transcriptome-wide screening studies have demonstrated that C-to-U editing preferentially
occurs within AU-rich 3’UTRs *39+, which suggests that editing plays a prominent role in transcript
processing.
While APOBEC1 is capable of editing RNA on its own when ectopically expressed, it normally
functions within an editing complex that contains one of several partner proteins (like RNA Binding
Motif 47 (RBM47) and APOBEC1 Complementation Factor (A1CF) and probably others as well)
whose function is to guide the editase to specific target transcripts [40]. Consequently, Rbm47deficient mice fail to edit a number of transcripts (including the ApoB transcript) in vivo, while
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elimination of A1CF ablates editing of a different set, and double deficiency does not lead to
complete loss of editing [41, 42]. These RNA binding proteins might have an additional function,
which is to selectively place APOBEC1 onto mRNA (vs DNA). Specifically, APOBEC1 without its
cofactors is a capable DNA mutator in E.coli (substantially more potent in that regard than AID [43]
(see below)), and can also mutate DNA in cancer cells (for example mutational signatures of
APOBEC1 correlate with advanced esophageal adenocarcinoma [31]). Therefore APOBEC1, within
the nucleus [44], can act both on DNA (to induce DNA mutation) and on RNA (to mediate RNA
editing) - but the circumstances under which APOBEC1 functions as an RNA editor vs a DNA
mutator are not clear, and could include the lack of the RBP co-factor. In that regard, it is worth
noting that mutations that disrupt the function of the Rbm47 co-factor are intimately related to
cancer progression [45].
AID (the product of the Aicda gene) was the second member of the AID/APOBEC family to be
characterized. AID is a key player in adaptive immunity: it was first identified by virtue of its
expression in B cells undergoing Ig class switch recombination of the antibody (Ig) locus [46]. It
was subsequently discovered that it is also a key mediator of diversification (through somatic
hypermutation) of antibody genes [46]. In addition to Ig genes, AID has other genome-wide
targets [47]. AID has demonstrable activity as a single stranded DNA mutator: in vitro, it
deaminates ssDNA [48]. At switch loci, ssDNA becomes accessible during transcription-mediated
R-loop formation [48]; at the coding portion of the Ig, which is the recombined variable region,
ssDNA is also thought to become accessible during transcription, though evidence for that is not
nearly as compelling as for the (stable) R-loops of the switch region [49, 50]. After deamination
has taken place, the U is either "fixed" (not repaired) within DNA (as an A:T base pair leading to a
transition mutation as compared to the original G:C base pair) or further processed into a DNA
break by components of the base excision repair (BER) pathway, leading to class switch
recombination or chromosomal translocations [51].
Whereas strong experimental evidence suggests that AID is a DNA mutator, it is still capable of
binding RNA [52, 53]. Indeed, it is possible that under the right circumstances (perhaps together
with an unknown co-factor) it can also act as an RNA modification enzyme [54] - it is worth
remembering that APOBEC1, as well as other APOBECs, are quite capable mutators in the absence
of their co-factors. Whereas AID is not a catalytic component of an RNA editase in the context of
ex vivo stimulated B cells [55], compelling evidence that it cannot act as an RNA editor in other
contexts - perhaps even within GC B cells that undergo SHM - does not currently exist. It is
interesting to recall that mutational loads for the recombined V region used to be reported in the
low percentage digits when detected through reverse transcription and cDNA amplification (e.g. 24% mutation accumulation in the recombined VDJ region of Ramos cells [56]); these are currently
reported through genomic DNA amplification with rates that are 10 to 100-times lower (in Ramos
cells, rates are given as roughly 2x10-3 / bp [57]). While this discrepancy might be in part due to
different reporting schemes, it is not impossible to imagine that it could also be evidence of RNA
modification by AID within the context of GC B cells; this remains to be determined.
The APOBEC3 family was discovered soon after AID was characterized. The human genome
encodes 7 APOBEC3s (3A-3D, 3F- 3H), which have important roles in anti-retroviral immunity by
virtue of their ability to deaminate viral DNA intermediates and hinder retroviral replication [58,
59]. Specifically, upon retroviral infection and after the viral ssRNA is reverse transcribed,
APOBEC3G (the founding member of the APOBEC3 family in humans) was shown to deaminate
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cytosines (C) to uracils (U) on the cDNA. This can lead both to viral cDNA degradation through UDG
and base excision repair engagement, and to viral cDNA hypermutation upon integration as the
host’s repair machinery replaces Us with Ts *60]. Whereas the vast majority of anti-viral work in
the APOBEC3 context has been done through overexpression and viral production in artificial
settings (such as in HEK293T cells), it is abundantly clear that most proteins of the APOBEC3 family
have the ability to deaminate ssDNA and are proper DNA mutators. Consequently, most APOBEC3
family members are kept away from genomic DNA and are sequestered in the cytoplasm [60].
Exceptions to this rule are APOBEC3A and -3B, which can be found in the nucleus and are
correlated with a particular type of genomic mutation termed "kataegis" [61] that is prevalent in a
number of tumors. It is possible that kataegis mutations are the result of the requirement for
these enzymes to access the genome for the purposes of RNA editing (with mutation being the
unfortunate side effect). Indeed, recent work has suggested that APOBEC3A and -3B can function
as RNA editors in human monocytes and macrophages [33]. Whether they require co-factors to
transition from DNA mutation to RNA editing within the nucleus is currently unknown.
All AID/APOBEC family enzymes are evolutionarily related, with AID and APOBEC2 being the
oldest: both are present in the jawed vertebrates. AID plays a central role in the mechanism of
antibody diversification. In contrast, APOBEC2 appears to lack the ability to deaminate; yet, its
deletion leads to specific functional outcomes in muscle where it is most highly expressed, which
suggests it plays a yet to be defined role [62, 63]. APOBEC1 appears later on (in lizards [28]), likely
as gene duplication of the AID locus. Finally, the APOBEC3 family arose and expanded in the
placental mammals [64]. APOBEC4, the last member of the family identified to date is primarily
expressed in testis, seems enzymatically inactive and has yet to be assigned a biological role [65].
Together, these close evolutionary relationships together with the ability of many members of this
family of enzymes to toggle between RNA editing and DNA mutation, suggests a previously
unacknowledged flexibility of function, which is likely dependent on context, such as co-factors or
nuclear/cytoplasmic localization [66]. The roles of AID/APOBECs, as well as of ADARs (discussed in
section 2.2), are summarized in Table 1.
Table 1 The physiological roles of ADAR and AID/APOBEC family members. ADARs and
AID/APOBECs play important roles in a variety of biological processes, in which
diversification is required. Although not all of them demonstrate deamination activity,
their expression is necessary for healthy individuals. Here we summarize the
physiological roles of ADARs and AID/APOBECs. Further details are discussed in the
text (sections 2.1 and 2.2).
Enzymes

ADAR1 &

Physiological function & facts


Deaminates Adenosine to Inosine (A-to-I) in double-stranded RNA
(dsRNA) [67]



ADAR1 is ubiquitously expressed, while ADAR2 is expressed only in
brain. [67,70]



ADAR1 has two isoforms: p110 (exclusively nuclear) and p150 (mostly
cytoplasmic – interferon inducible) [25].

ADAR2
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ADAR3

AID

APOBEC1

APOBEC2

APOBEC3s

APOBEC4



Involved in host response to viral infections or retrotransposon
mobilization [68-69]



A-to-I RNA editing is robust in mammalian RNAs [72].



Currently considered enzymatically inactive [67].



Deaminates Cytosine to Uracil (C-to-U) in single stranded DNA
(ssDNA) [48]



In B-Cells it is responsible for Ig class switch recombination (CSR) and
somatic hypermutation (SHM), leading to antibody diversification
[46].



Deaminates Cytosine to Uracil (C-to-U) in single-stranded RNA
(ssRNA) together with a cofactor (A1CF, RBM47, or others) [40].



In small intestine, it leads to ApoB truncation due to stop codon
formation in exonic region of the ApoB transcript [37].



It edits (pre-) mRNAs primarily in non-coding regions (mainly 3’UTR)
and especially in AU-rich regions [39].



There is no proven deamination activity for this enzyme.



Expressed highly in muscle with a probable role in muscle
differentiation [62-63].



These deaminate Cytosine to Uracil (C-to-U) in ssDNA [58].



7 APOBEC3s (3A-3D, 3F-3H) are encoded in the human genome [58].



Most family members have some role in anti-retroviral immunity, as
they deaminate viral nucleic acid intermediates [59].



Expressed in testis; currently considered as enzymatically inactive
[65]

2.2 The ADAR Family of DNA/RNA Deaminases
The second broad class of polynucleotide deaminases catalyzes the most abundant type of
editing (which is the conversion of A-to-I): these enzymes are termed Adenosine deaminases
acting on RNA (ADARs) [67]. There are three ADARs in mammals: ADAR1 and ADAR2, both of
which have catalytic activity, and ADAR3, which is currently considered enzymatically inactive.
ADAR1 is ubiquitously expressed and has two isoforms: p110, which resides exclusively in the
nucleus, and the interferon-inducible p150, which is mostly cytoplasmic [25]. Both are involved in
the host response to dsRNA which can arise either from exogenous insults, such as viral infections,
or endogenous injury, like retrotransposon mobilization [68, 69].
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ADAR2 appears to be functional only in the brain, or at least it is so in healthy individuals: it
rose to prominence because of its ability to target the glutamate receptor B (gluR-B) pre-mRNA
and within it edit an Arginine to a Glutamine within what is known as the Q/R region of a specific
ion channel, decreasing its permeability to Ca2+ [70]. This example is probably one of the very few
ones in mammals, where ADARs deaminate coding region mRNA to alter amino acid decoding and
bring about a strong biological impact. In contrast, ADAR-mediated coding region editing seems to
be routine in cephalopods, which use A-to-I editing to radically diversify their proteomes [71]. But
overall, it is clear at least in mammals that ADAR mediated editing is most robust and prevalent in
intronic regions of pre-mRNAs and in particular, mRNAs that carry Alu repeats [72].
ADARs do not require co-factors to edit RNA. A "cofactor" functionality is embedded within
each ADAR by virtue of the dsRNA binding subdomain that they all contain. This subdomain is
necessary and sufficient to target A-to-I editing within dsRNA, as for example the hairpins
generated at intron-exon junctions, or the longer dsRNA regions generated by the folding of
inverted Alu repeats. The modular aspect of ADAR structure - effectively, a deaminase domain
tethered to a dsRNA binding subdomain - has found use in current synthetic biology approaches
that utilize the catalytic subdomain in conjunction with other RNA binding domains, like cas13,
together with guide RNAs to target editing to specific loci at will [73, 74], or with DNA binding
domains, like cas9 and guide RNA, to target ADAR to ssDNA through RNA: DNA hybrid formation
[32]. Indeed, recent work suggests that ADAR might also have a proper DNA mutator function
within RNA: DNA hybrids, for instance, R-loops [32]. All in all, the scientific challenge now is to
define the biological context where the dual roles of editors and mutators are understood and
biological consequences are delineated.
3. The Contribution of DNA/RNA Polynucleotide Deaminases to Cancer Heterogeneity
The ability of AID/APOBECs and ADARs to target both DNA and RNA in their natural setting can
also be exploited by tumors both in gain of function and in loss of function contexts. For example,
most tumors overexpress specific AID/APOBECs and these have been correlated with specific gene
level mutational spectra in many cancers [31, 61, 75, 76]. In particular, APOBEC3s have been
correlated with the presence of tight C-to-T clusters in cancer genomes, which have been termed
‘kataegis’ mutations *75, 77+. Kataegis mutations were originally described in genetic analyses
from 21 breast cancer genomes [61] and now form a specific signature that can be predictive of
disease outcomes [78]. Intriguingly however, loss of APOBEC3 function can also lead to
tumorigenesis, through a loss of the cells' ability to deaminate viral genomes or restrict
retrotransposon intermediates leading to virally-driven transformation and cancer development
[79].
Additionally, AID overexpression has been associated with a variety of lymphomas. As
discussed, AID catalyzed deamination of the Ig locus can lead to class switch recombination (when
it is targeted to switch regions) to somatic hypermutation (when it is targeted to the rearranged
variable region) and finally also to translocations (often between the Ig loci and oncogenes like
myc) – [46, 51, 75]. The presence of such translocations in particular, due to AID overexpression,
has been demonstrated to play a prominent role in multiple myeloma and several lymphomas [80]:
Transgenic mice that overexpress AID developed T-cell lymphomas with AID mutational patterns,
affecting the T-cell Receptor (TCR) gene, as well as the c-myc oncogene [76]. AID overexpression
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also was found to increase the aggressiveness of DLBCL in mouse models [81] and has been
correlated with a high mutation load (C to G conversion), epigenetic heterogeneity and
aggressiveness of human DLBCLs [82-84]. Interestingly however, loss of AID has also been
associated with lymphomagenesis: hyper IgM syndrome patients show evidence of
lymphoproliferative disease associated with frank lymphoma formation in some cases [54, 85],
though the mechanistic basis of this remains unclear.
RNA editing also has a role in cancer pathogenesis although this has been a bit more
controversial. Early experiments in mouse models demonstrated an association between ectopic
APOBEC1 overexpression (e.g. in liver) with the development of hepatocellular carcinoma [86].
Similarly, early work with human cell lines showed that APOBEC1 could edit coding regions of the
NF1 gene and promote tumor formation [87]. More recently, several experiments have revealed a
robust association between loss of APOBEC1 in certain tumor models (e.g. ApcMin mice [88] or
models of testicular germ cell tumors [89]) and reduced tumor burden [40]. Mechanistically, we
understand this to be due to the sequence heterogeneity imparted by editing at the level of mRNA,
both in coding regions and untranslated regions [90]. Of course, APOBEC1 can also act on DNA in
the context of tumorigenesis [31]: on one hand this requires caution in the interpretation of the
cancer data (is oncogenesis mediated through RNA editing or DNA mutation?). But on the other
hand, this linkage suggests the potential for a precursor-product relationship whereby RNA editing,
perhaps driven by inflammatory stimuli to suppress transformation in non-cancerous cells,
diversifies instead the RNA leading to tumorigenesis. Noting that RNA editing is co-transcriptional
[91] and that many RNA editing enzymes moonlight as DNA mutators, it is easy to imagine how an
RNA editor like APOBEC1 might lose hold of its mRNA substrate in situ and mutate the DNA of the
cognate locus, thus "fixing" an editing event into the genome (Figure 2).

Figure 2 Co-transcriptional RNA/DNA editing by APOBEC1. RNA editing enzymes edit
RNA co-transcriptionally (here APOBEC1 and its cofactors is shown but we envision
ADAR working similarly). At the same time, it is well known that editing enzymes can
gain access to and mutate DNA (without a co-factor in the case of APOBEC1 or using an
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R-loop in the case of ADAR). Here we envision that an RNA editing enzyme loses its grip
on RNA and then targets DNA in situ. Such a DNA molecule in the vicinity of the
cognate transcript will be by necessity the gene that encodes the transcript. In this
fashion, we hypothesize that the RNA and DNA deamination functions of these
enzymes can be temporally linked.
There is also an emergent role of ADAR editing in cancer pathogenesis. Several investigators
employing in silico approaches have reported that A-to-I editing levels are exceptionally high in
several cancer types, with the most prevalent ones to be lung, head and neck, breast and thyroid
cancers [92, 93]. Indeed, the editing load in such cancers is estimated to be as high as the
mutational load and can occur both in the coding regions and in the transcript UTRs. It is
important to stress however that in contrast to mutational load, which can be described as the
historical record of all mutations within the cell - some of which are driver mutations but most of
which would qualify as "passengers" - the editing load represents an active mark that diversifies
the cellular transcriptome only in the presence of the editing deaminase. Thus, whereas some
editing events have been considered as "driver" events (e.g. AZIN1 [94] and others [95]) they must
be considered in toto in the context of oncogenesis. This is of immediate clinical relevance and
several attempts are currently made to generate inhibitors of A-to-I deaminases as small
molecules with anti-cancer activity [96, 97].
4. Concluding Remarks and Outlook: Sequence Heterogeneity in the Context of Cancer
Sequence heterogeneity can arise from a number of different mechanisms. Classically, it can
arise simply by errors during DNA replication [98]. It has been shown that in many types of cancer,
DNA repair mechanisms are dysfunctional, contributing to cancer development in the early stages
[99, 100]. A very clear example of this is colorectal cancer (CRC), where mutations in the mismatch
repair pathway [101] can lead to the inability of the tumor to correct polymerase slippage errors
over tandem repeats [102], causing what has been termed microsatellite instability or MSI [103].
In
CRC,
MSI
occurs
in
15-20%
of
sporadic
colorectal
tumors
and
in more than 95% of CRC patients with Lynch syndrome [104], highlighting the role that a single
type of repair mutation can play in cancer pathogenesis [105].
Sequence heterogeneity can also arise from the accumulation of point mutations. These are
generally aggregated into an index called the Tumor Mutational Burden (TMB - which is simply a
measurement of the total number of somatic mutations per tumor sample, often expressed in the
number of mutations per Mega base of DNA (mut/Mb)) [106]. A high TMB results in heterogeneity
and increased tumor evolution and adaptation, and consequently worse disease prognosis. These
mutations were thought to be spontaneous, but there is now clear evidence that instead, most
DNA mutations are enzymatically acquired through the action of the AID/APOBEC (and perhaps
ADAR) deaminases. For example, there is now concrete evidence that APOBEC-introduced
mutational burden enhances intratumor heterogeneity [107], which increases the risk of relapse,
drug resistance and immune escape [108].
Finally, sequence heterogeneity can also be generated through abundant RNA modification
(which, in the case of both ADARs and APOBECs, is robust and reproducible). Here we have
discussed the notion that RNA editing (and the associated editing burden) is also important for
tumor progression and maintenance. Some editing deaminases (e.g. ADAR1, APOBEC3s) are
Page 128/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902072

significantly overexpressed in cancer and target hundreds of transcripts, giving rise to editing
signatures [92] that could be important predictors of disease progression. At the same time,
whereas RNA modification would not immediately imply a potential "bystander" effect on DNA,
we note the possibility that these enzymes have the ability to target both nucleic acids. We
therefore hypothesize that editing based transcriptional heterogeneity is intimately linked with
mutational signatures in cancer, a hypothesis that remains to be tested.
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Abstract
Cancer is the leading cause of death in dogs, and 50 percent of dogs over the age of 10
develop cancer at some point. The most common cancers in dogs include lymphoma, mast
cell tumors, osteosarcoma, mammary gland tumors, and melanoma, and many of them
share marked similarities with their human counterparts. Although canines are afflicted with
many of the same types of cancers as humans, the genetic basis behind these cancers are
not as well understood. Thus, the aim of this study is to elucidate some of the molecular
mechanisms behind canine cancers. Canine lymphoma mutation patterns generally vary
with the type of lymphoma afflicted–B-cell lymphomas have mutations in the alternative NFkB pathway including MAP3K14, whereas in T-cell lymphomas the mTOR pathway in boxers
and cellular metabolism genes in golden retrievers are affected. Mast cell tumors are largely
traced to internal tandem duplications and deletions in the juxtamembrane domain of the
proto-oncogene c-KIT. In osteosarcoma, mutations in RB1 and TP53 (especially G: C->A:T
© 2019 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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OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902071

transitions in exons 4 and 5), as well as CDK4 inhibitors CDKN2A/B are common. Mammary
gland tumors are associated with BRCA2 underexpression due to reading frame shift and
mutations in BRC repeat 3. Lastly, deletion or underexpression of p16 and PTEN and altered
expression of cell–cell adhesion molecules are common factors in the development of
melanoma. The genes identified were then studied to identify more key amino acid
mutations that changed protein products and promoted tumorigenesis. Genes that altered
expression levels of proteins were analyzed separately. Both sets of candidate genes were
then analyzed with the Database for Annotation, Visualization, and Integrated Discovery
(DAVID) in order to elucidate the molecular pathways involved in canine cancers and identify
more genes possibly involved in tumorigenesis. The proposition of this review is that
treatments for both canine and human cancers would be enhanced by comparative genomic
studies.
Keywords
Dogs; canine; cancer; lymphoma; mast cell; mammary gland; melanoma; osteosarcoma

1. Introduction
As the leading cause of death in dogs, cancer affects approximately one in three dogs [1]. The
incidence of cancer among dogs is similar to the incidence of cancer in humans: for reference,
cancer affects approximately one in two men and one in three women [2]. Indeed, nearly half of
all dogs over the age of ten will develop cancer. Although many of the most common canine
cancer types—lymphoma, mast cell tumors, osteosarcoma, mammary gland tumors, and
melanoma—are similar to human cancers, they remain much less understood. In addition, canines
are a promising model for human cancers, as they age faster than humans but share the same
environments and have high levels of phenotypic diversity [3]. Raposo and colleagues emphasized
that canine inflammatory mammary carcinoma (CIMC) can serve as a very good model of human
inflammatory breast cancer (IBC) [4-6].
Lymphoma and mammary gland tumors are two of the most common canine neoplasms.
Lymphoma accounts for approximately 7%–21% of all canine cancer cases, while mammary gland
tumors represent at least half of all cancers in female dogs. In a study conducted on canine cancer
frequency in Genoa, Italy, the incidence of mammary gland tumors was found to be 70% of female
canine cancer cases [7]. Because of the high rate of mammary gland tumors among female dogs,
total cancer incidence was found to be three times higher in female than male dogs. Lymphoma
was found in approximately equal incidence rates in male and female dogs. Skin neoplasms were
the second most common types of cancers in male dogs [7]. In particular, melanoma accounts for
9%–20% of skin neoplasms and 4%–7% of all cancers. Mast cell tumors are also a common skin
neoplasm, accounting for around 7%–21% of subcutaneous tumors. Osteosarcoma is the most
common bone tumor but is much more prevalent in dogs than it is in humans.
Many of these cancers are treated with a combination of chemotherapy, surgery and radiation
therapy. However, even with aggressive treatment, prognosis can remain grave. The expected
survival time for dogs with B-cell lymphoma is 12 months, while the expected survival time for
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dogs with the more aggressive T-cell lymphoma is 6 months [8]. Approximately 20% of dogs will
survive more than two years [9-11]. The prognosis for osteosarcoma is similarly poor: Unless early
and intense treatment is started upon detection, the average survival time is 3 months without
treatment [12-14]. Canines with malignant melanoma have a median survival time ranging from
three to 18 months, depending on the stage at diagnosis [15]. Surgery can often stop benign
mammary tumors and even malignant tumors, if these are in local clinical stage, but survival time
depends heavily on the size and location of the tumor and the age of the dog. Lastly, for mast cell
tumors, surgical removal and chemotherapy will effectively treat many tumors, with median
survival 1359 days and medial disease-free interval 2120 days [16].
Systemic anticancer chemotherapy is the treatment of choice for canine lymphoma [9, 10, 12,
17]. Many different drugs have been utilized either singly or in combination for the treatment of
lymphomas in dogs. The most effective chemotherapy protocol is the CHOP protocol, which
utilizes three cytotoxic chemotherapy drugs (cyclophosphamide, doxorubicin and vincristine) in
combination with prednisone *9+. This protocol is often considered the “gold standard” for the
treatment of lymphoma in dogs. Other treatment options include the COP chemotherapy protocol
(cyclophosphamide, doxorubicin, vincristine and prednisone) or single-agent doxorubicin [9]. The
most effective protocol reported was sequential combination chemotherapy including
lasparaginase, vincristine, cyclophosphamide, and doxorubicin, in conjunction with decreasing
doses of prednisone [17]. Future directions for treatment with lymphoma include immunotherapy
with vaccines. Bone marrow transplant or treatment is available at certain centers [17]. In
remission dogs are treated with a consolidation protocol that consisted of either additional
chemotherapy drugs (mechlorethamine, vincristine, procarbazine, prednisone, and lomustine) or
half-body radiation therapy [12].
The most effective management of canine appendicular osteosarcoma involves the
incorporation of multimodal therapy to address the primary tumor and metastatic disease [14, 18].
Palliative and curative-intent treatments are used for the bilateral synchronous appendicular bone
tumors [19]. Beside palliative radiation therapy stereotactic radiation therapy (SRT) and a surgical
limb-salvage performed followed by carboplatin chemotherapy is used [18, 19].
Aggressive surgical removal of the mast cell tumor and surrounding tissue is generally the
treatment of choice [20, 21] might be highly effective. Radiation therapy might be highly effective
as well as multimodality therapy. Several different drugs can be used to treat these high-risk
patients, including high doses of steroids, traditional chemotherapy (vinblastine, lomustine) or
RTK-inhibitors (Palladia, Kinavet) [21]. In some cases, oral toceranib phosphate (Palladia, SU11654)
administration applied [22]. Immunotherapy and vaccination are also used.
The recommended treatment for melanoma consists of local tumor control through surgery
and/or radiation therapy, as well as systemic treatment, including immunotherapy and oncolytic
virotherapy [23]. Vaccination with oncept is also used [24].
Surgery is suggested as a treatment of choice for all bitches with mammary tumors except
those with inflammatory carcinomas [25-27]. Nunes and coauthors point that the surgery can be
successful for benign mixed tumors and early-stage (I–III) carcinomas in mixed mammary tumors
[25]. As drug therapy is suggested administering doxorubicin combined with cyclophosphamide,
doxorubicin combined with carboplatin, carboplatin combined with gemcitabine, and paclitaxel as
a single agent [28]. As pointed by Lavalle and colleagues, complementation with adjuvant
chemotherapy, results in increased survival compared with bitches undergoing only surgical
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excision [29]. Disease-free survival increase in bitches with combination of 5-fluoracil therapy with
surgery is reported by Karayannopoulou and colleagues [30].
Below we elucidate the possible molecular mechanisms of five most frequent canine cancers:
lymphoma, mast cell tumors, osteosarcoma, mammary gland carcinoma, and melanoma.
2. Lymphoma
Canine lymphoma accounts for around 6% of all canine malignancies, making it one of the most
common canine cancers [8]. It is more prevalent in older, larger dogs. Boxers, bull mastiffs, basset
hounds, golden retrievers, Saint Bernards, Scottish terriers, Airedales and bulldogs are more
predisposed to the disease [9]. Small-breed dogs (< 15 kg BM) appear to be affected with
lymphoma at a greater age [11]. The most common symptoms include anorexia, weight loss,
ascites (abnormal accumulation of abdomen fluid), dyspnea (difficulty in breathing), polydipsia
(abnormal thirst), polyuria (excessive urination), and fever [11]. Typical human lymphoma is
classified into Hodgkin’s lymphoma or non-Hodgkin’s lymphoma depending on the presence of the
Reed-Sternberg cell, but most canine lymphomas are indistinguishable from non-Hodgkin’s
lymphoma. Lymphoma subtypes are classified according to their anatomical location,
cytomorphology, immunophenotype, genetic, molecular, and clinical features, which results in at
least several dozen distinct subtypes of lymphoma [8]. Lymphomas are most broadly separated
into B-cell and T-cell lymphomas, of which B-cell is the more common and less aggressive form. Bcell lymphomas make up around 70% of canine lymphoma cases and nearly 90% of human
lymphoma cases [8, 31-33]. DLBCL, the most common form of B-cell lymphoma, accounts for over
half of canine lymphomas and a fifth of human lymphomas [8]. Peripheral T-cell lymphoma not
otherwise specified (PTCL, NOS), is the second most common subtype of canine lymphoma and
the most common form of canine T-cell lymphoma, but is significantly less frequent in humans [8].
Even within this subtype, it is difficult to fully characterize the lymphoma, because PTCL, NOS is a
general term that can be further divided by the T-cells they originate from: cytotoxic, helper, and
follicular helper PTCL [8]. If classified according to anatomical location, multicentric lymphoma,
which affects the peripheral lymph nodes, is most common.
Due to the large variety of subtypes of lymphoma, it is difficult to generalize genetic causes and
outcomes for canine lymphoma without considering the subtype of lymphoma. In fact, “indolent”
lymphomas, including mantle cell lymphoma and marginal zone lymphoma, have a slower rate of
progression than other types of lymphomas. As a result, it is also difficult to predict typical survival
time for dogs afflicted with lymphoma. Survival time is around 10–12 months for typical B-cell
lymphoma and 6 months for T-cell lymphoma, reflecting the trend that T-cell lymphomas tend to
be more aggressive. However, dogs with “indolent” lymphomas have approximate survival times
of 33 months for T-cell and 21 months for B-cell, reversing this trend [8]. Thus, the review will
discuss findings that may be specific to a subtype of canine lymphoma.
According to one study done on 61 dogs on chromosomal aberrations in multicentric
lymphoma, 70% of dogs examined showed genomic imbalance as a result of aneuploidy, and the
remaining 30% of dogs showed balanced translocations [31]. An extension of this study found that
a gain of canine chromosome 13 was the most common aberration, making up 12 out of the 25
cases studied. Gain of chromosome 31 represented eight cases and loss of chromosome 14
represented 5 of the cases [31]. Canine chromosome 13 corresponds to sites 8q23-qtel and
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4pprox-qprox on the human chromosome, which carry the MYC oncogene and c-KIT oncogene
respectively and may explain its importance in tumorigenesis. However, these genomic
imbalances may not be specific to lymphoma as they were also found in other types of tumors,
suggesting that aneuploidy may just be a factor in general tumor progression.
Exons 4–8 of the tumor suppressor gene p53 were also examined for possible mutations (Table
1) [extracted from reference 34]. The study found that out of 43 dogs with various anatomical
subtypes of lymphoma, 7 dogs (16%) had mutations in those exons. More specifically, one dog had
a mutation in exons 4, 5 and 6, and two dogs each had a mutation in exon 7 and 8 [34]. Of the
seven dogs with a p53 mutation, three had a single base insertion and four had a single base
substitution—one of the dogs had a synonymous substitution, but all the other substitutions
resulted in a changed amino acid sequence. The study suggests that p53 mutations may not be
indicative of a specific anatomical subtype of lymphoma [34]. Furthermore, the study did not
account for different histologic or immunophenotypic subtypes, so further exploration with more
dogs and more detailed subtype classification is needed to determine a correlation between p53
mutations and subtype of lymphoma.
Table 1 Mutations in exons 4–8 of p53 in canine lymphoma.
Gene

Exon

Nucleotide Mutation

Amino Acid Mutation

Reference

p53

4

287_288insT

p53

5

434C>T

R145H

34

p53

6

603T>A

R201R

34

p53

7

679T>C

N227D

34

p53

7

687_688insC

p53

8

812C>T

p53

8

796_797insA

34

34
R271Q

34
34

TRAF3

R159*

35

TRAF3

W488*

35

TRAF3

R423*

35

TRAF3

W420*

35

TRAF3

E271*

35

TRAF3

R360*

35

TRAF3

H507Q

35

TRAF3

Q492*

35

TRAF3

R360*

35

TRAF3

Y452*

35

TRAF3

Y449*

35

TRAF3

E35*

35
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Because certain breeds of dog are more susceptible to lymphoma, breed-specific genetic risk
factors and mutations were also examined. Three breeds—the boxer, golden retriever and cocker
spaniel—predisposed to T-cell, B-cell, and both types of lymphoma respectively, were examined
for somatic mutations. The study found that B-cell lymphomas in the golden retriever and cocker
spaniel had similar genetic mutations. Known for participation in classical Hodgkin’s lymphoma,
inhibitory factor TRAF3 and one of the main signaling genes of the alternative NF-kB pathway—
MAP3K14, were mutated in 28% of all cases (golden retrievers and cocker spaniels, 64 total),
FBXW7 in 25%, and POT1 in 17% of all cases (Table 2) [32, 36]. Most mutations in TRAF3 seemed
to affect reading frame or splicing, leading to a loss of TRAF3 protein [35]. Other mutated genes
include the tumor suppressor p53 as mentioned above, the gene coding for uncharacterized
protein FAM90A1, the RNA helicase DDX3X, proteasome subunit PSMA1, proline-rich nuclear
receptor coactivator 1 (PNRC1), and SET-domain containing 2 (SETD2). However, T-cell lymphomas
were different in their mutation patterns depending on the breed of dog affected. The T-cell
predisposed boxers were typically mutated in their mTOR pathway important in cell-cycle
regulation and proliferation, while golden retrievers had mutations in genes relating to cellular
metabolism. More specifically, boxers had mutations in SATB1 (25% of 16 cases) and PTEN (25%)
[32]. In particular, PTEN seems to be specific to boxer T-cell lymphoma because no golden
retrievers had mutations in that gene, and 44% of boxers had mutations in the PI3K–AKT–mTOR
pathway, where PTEN acts as an inhibitor (Figure 1) [reproduced from reference 37]. The most
significantly mutated genes in golden retriever T-cell lymphomas were PSMA1 (16% of 25 cases),
the cytochrome C oxidase subunit involved in apoptosis COX8A (12%), leukotriene A4 hydrolase
LTA4H (16%), and the gene coding for TBC1D26 (20%) [32]. SATB1 was the only gene mutated in
both kinds of T-cell lymphoma as it was also mutated in 12% of golden retriever T-cell lymphomas.
Furthermore, only seven genes were determined to be mutated in both T-cell and B-cell
lymphomas, including PSMA1 and the genes for FAM90A1 and TBC1D26 [32].
Table 2 Gene aberrations and expression changes in canine lymphoma.
Lymphoma
Subtype

Gene

multicentric CFA13 region
including
NDRG1 gene

Function

Aberration or/and expression References

NDRG1 is a member of the
increased expression as a result
protooncogene family N-Myc of gain of chromosome in 48% of
involved in stress and hormone 25 cases studied
responses

31

CFA31 region SOD1—superoxide dismutase, increased expression as a result
including SOD1 which breaks down superoxide of gain of chromosome in 32% of
gene
radicals
25 cases studied

31

CFA14 region
including
SPAM1 gene
TP53

SPAM1—sperm adhesion
molecule, allows for sperm to
penetrate layer covering
oocyte
tumor suppressor

decreased expression as a
result of loss of chromosome in
20% of 25 cases studied
single base substitutions,
inversions and synonymous

31

34
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substitutions in exons 4–8: 16%
of 43 had p53 mutations, 84%
did not
DLBCL

DAPK1

tumor suppressor

NFKB1

DNA transcription and cell
increased expression
survival, mutation is feature of
many tumors

IGH

TRAF3

FBXW7

immunoglobulin heavy chain

negative regulator of NF-kB

hypermethylated

38
39

commonly deleted in B-cell
lymphoma—deletions are not
usually cancer driven but reflect
tumor cell of origin

32, 39

mutations affect reading frame
or splicing, leading to loss of
TRAF3, mutations present in
20.3% of samples studied

32, 35

targets cyclin E for degradation mutations present in 25% of
and controls stability of MYC, a samples
proto-oncogene

32

POT1

protein important for telomere mutations present in 17% of
maintenance
samples

32

FAM90A1

uncharacterized protein

mutations present in 15.6% of
samples

32

TP53

tumor suppressor

mutations present in exons 5-8,
present in 15.6% of samples

32

DDX3X

RNA helicase

mutations present in 10.9% of
samples

32

PNRC1

proline rich nuclear receptor
coactivator

mutations present in 7.8% of
samples

32

SETD2

histone methyltransferase

mutations present in 12.5% of
samples

32

PSMA1

proteasome subunit

mutations present in 7.8% of
samples

32

MITF

melanogenesis associated
transcription factor

mutations present in 3.1% of
samples

32

MYC

proto-oncogene

mutations present in 3.1% of
samples

32
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GRIFIN

mutations present in 3.1% of
samples

32

ENSCAFG00000 uncharacterized protein
031638

mutations present in 12.5% of
samples

FKBP3

immunophilin that binds the
immunosuppressants FK506
and rapamycin

mutations present in 4.7% of
samples

TBC1D26

uncharacterized protein, may
act as GTPase activator

mutations present in 6.3% of
samples

RPL23A

ribosomal subunit, may be
involved in mediating growth
inhibition
encodes cytokine signaling
suppressor

mutations present in 6.3% of
samples

32

mutations present in 4.7% of
samples

32

immunoglobulin lambda locus

frequently deleted, but
deletions most likely not
cancer-driven

32

killer cell lectin-like receptor
subfamily K

deletions present in both B- and
T-cell lymphoma, but
significantly mutated only in Bcell lymphoma

32

polycystin protein, an integral
membrane protein important
in cell-cell/matrix interactions

deletions present in both B and
T cell lymphoma, but
significantly mutated only in Bcell lymphoma

32

PTEN

tumor suppressor

mutations present in 25% of
samples

32

SATB1

SATB homeobox, regulates
chromatin state and gene
expression

mutations present in 25% of
samples

uncharacterized protein, may
act as GTPase activator
innate immunity

mutations present in 6.3% of
samples
mutations present in 12.5% of
samples

MAP kinase involved in
proliferation, differentiation,
transcription regulation and
development

mutations present in 12.5% of
samples

SOCS2
IGL

KLRK1

PKD1

T cell
(boxer)

Galectin-related interfiber
protein which binds
carbohydrates

TBC1D26
NLRP14
MAP2K1

32

32

32

32

32
32

32
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T cell
(golden
retriever)

KCND2

voltage-gated potassium
channel

mutations present in 12.5% of
samples

32

PSMA1

proteasome subunit

mutations present in 6.3% of
samples

32

ENSCAFG00000 uncharacterized protein
031638

mutations present in 6.3% of
samples

32

TCR

frequently deleted, deletions
are not cancer driven and most
likely reflect original tumor cell

32

PSMA1

COX8A

LTA4H

NLRP5

SATB1

T-cell receptor

proteasome subunit

mutations present in 16% of
samples

32

cytochrome c oxidase subunit
involved in apoptosis

mutations present in 12% of
samples

32

acts as aminopeptidase

mutations present in 16% of
samples

32

mutations present in 12% of
samples

32

innate immunity

SATB homeobox, regulates
chromatin state and gene
expression

mutations present in 12% of
samples

TBC1D26

uncharacterized protein, may
act as GTPase activator

mutations present in 20% of
samples

32

ZNF706

transcription repressor

mutations present in 8% of
samples

32

mutations present in 8% of
samples

32

ENSCAFG00000 uncharacterized protein
031638

mutations present in 12% of
samples

32

PTPN6

protein tyrosine phosphatase
signaling molecule

mutations present in 12% of
samples

32

recycles glutamate during
neurotransmission

mutations present in 12% of
samples

32

ATP5H

GLUD2

ATP synthase

32
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RPL11

ribosomal subunit

mutations present in 8% of
samples

32

RPL23A

ribosomal subunit, may be
involved in mediating growth
inhibition

mutations present in 8% of
samples

32

KRTAP10-6

keratin associated protein

mutations present in 12% of
samples

32

EEF1A1

promotes binding of
aminoacyl-tRNA to A site of
ribosomes

mutations present in 12% of
samples

32

MAGEC2

TCR

enhance ubiquitin ligase
mutations present in 8% of
activity of RING-type zinc
samples
finger-containing E3 ubiquitinprotein ligases
T-cell receptor

32

frequently deleted, deletions
are not cancer driven and most
likely reflect original tumor cell

32

Figure 1 PI3K–AKT–mTOR pathway. When a growth factor ligand binds to a receptor
tyrosine kinase, it activates PI3K which phosphorylates PIP2 to become PIP3, which
then activates AKT to cause cell survival and decreased apoptosis. PTEN antagonizes
this pathway by dephosphorylating PIP3. Thus, mutations in PTEN cause cancer cell
survival and proliferation. Reproduced from the open access source [37].
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Another study done specifically on TRAF3 mutations in canine DLBCL found that 30% of 63
tumors contained at least one somatic TRAF3 mutation [35]. A majority of the mutations caused
the loss of TRAF3 protein by affecting reading frame or creating a premature stop codon. The
TRAF3 protein acts as a negative regulator in the NF-κB pathway, which is important in DNA
transcription and cell survival, by targeting NF-κB-inducing-kinase for ubiquitination and
degradation. With the constant underexpression of TRAF3, NF-κB-inducing-kinase levels remain
high and constitutively activate the NF-κB pathway, which could easily play a role in the
development of canine B-cell lymphomas, as well as many other cancers. Another study
corroborated the reported underexpression of TRAF3, and found that the gene LIN28B, also
involved in the NF-κB pathway, was the most frequently upregulated gene in tumors *38+. The
study listed more differentially expressed genes that contributed to NF-κB overactivity, including
CD79, CD19, SYK, LYN, CARD11, BCL10, BTK, TRAF6, MYD88, NFKB2, TLR7, and TLR9 [38].
Checkpoint molecule programmed cell death 1 (PD-1) protein was also examined for its use as a
biomarker in canine lymphoma. PD-L1, the ligand of PD-1, was found to be overexpressed in
malignant B-cells than normal B-cells, but normal and malignant T-cells showed low expression of
both PD-1 and PD-L1 [40]. Furthermore, tumor infiltrating lymphocytes from both B and T cell
lymphomas showed overexpression of PD-1 and PD-L1 compared to lymphocytes from healthy
animals, demonstrating upregulated checkpoint molecule expression in lymphomas [40].
Due to the complexity of lymphoma subtype classification, it is difficult to trace specific genetic
mutations or biomarkers that signal the development of lymphoma, but researchers have
identified genes of interest that should be pursued further.
3. Mast Cell Tumors
Mast cells, also known as mastocytes or labrocytes, are a type of white blood cell. They reside
in connective tissues and are derived from bone marrow. Although they are most commonly
known for releasing histamines that induce inflammation during an allergic response, they also
function in defense against parasitic infestations, tissue repair, and angiogenesis.
Mast cell neoplasms are hematopoietic disorders characterized by uncontrolled expansion and
accumulation of neoplastic mast cells in various organ systems [20, 41].
In the study of cutaneous tumors in Swiss dogs, the most common tumor types were found
mast cell tumors (16.35%), lipomas (12.47%), hair follicle tumors (12.34%), histiocytomas (12.10%),
soft tissue sarcomas (10.86%), and melanocytic tumors (8.63%) [42].
Mast cell tumors (MCTs) are one of the most common canine skin neoplasms, accounting for
7%–21% of all cutaneous tumors [43]. They most commonly occur in middle-aged to elderly dogs,
with a mean age of onset of nine years old. The tumor can occur in any breed of dog, although
boxers, terriers, bulldogs, Weimaraners and Labrador retrievers have higher incidence rates [43,
44]. In Swiss dogs, the highest tumor incidence was found in the giant schnauzer, the standard
schnauzer, the Magyar vizsla, the Rhodesian ridgeback, the Nova Scotia duck tolling retriever, and
the boxer. Mixed-breed dogs had an increased incidence rate compared to the average of all
breeds [42].
Mast cell tumors are usually categorized according to histologic grade. Two grading systems
currently exist: the Patnaik system, which assigns a grade according to the degree of
differentiation of the tumor, where “I” is well-differentiated, “II” is intermediately-differentiated,
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and “III” is poorly-differentiated, and the Kiupel system, which categorizes a tumor as low or high
grade according to survival time [45]. However, neither system predicts metastasis. It worth to
note that COX-2 overexpression is associated with decreased overall survival and higher grades of
malignancy according to Patnaik and Kiupel grading systems [46].
The proto-oncogene c-KIT has been identified as the key factor in the tumorigenesis of canine
mast cell tumors. c-KIT codes for the type III receptor tyrosine kinase KIT, a cytokine receptor on
the surface of hematopoietic stem cells that binds to stem cell factor and normally plays a role in
cell proliferation, survival, decreased apoptosis and adhesion [47]. Like a typical receptor tyrosine
kinase, once the ligand binds to KIT, it dimerizes and phosphorylates itself, which in turn activates
more signaling molecules to continue signal transduction. However, according to one study,
mutations have been identified in exon 11 of the juxtamembrane domain of c-KIT that lead to a
constitutively activated KIT receptor (Figure 2) [reproduced with permission from reference 48].
These mutations are primarily internal tandem duplications (ranging from 39–69 bp in size) and
deletions (Table 3) [43, 47, 49, 50]. Because the mutations cause the receptor to be activated even
without a bound ligand, the cell proliferates uncontrollably, resulting in a tumor. Although c-KIT
mutations were only found in 15% of the 60 tumors examined, they may be present in 30–50% of
higher-grade mast cell tumors, as all the c-KIT mutations identified in the study were found in
grade 2 or 3 tumors [43, 51]. This suggests that c-KIT mutations are associated with higher grade
MCTs and thus a higher frequency of recurrent cancer and death. This finding was corroborated by
a later study, which analyzed tumors graded with both systems in order to detect ITDs. It found
that detection of tumor ITDs is significantly associated with both higher grades in both the Patnaik
and Kiupel system [52].

Figure 2 Mutations were identified in exon 11 of c-KIT, which codes for the
juxtamembrane portion of KIT. Reproduced from the open access source [48].
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Table 3 Mutations in c-KIT in canine mast cell tumors.
Exon

Codon

Mutation

References

8

417-421

internal tandem duplication (ITD)

49

8

421-430

Del421-430 InsLTFM

50

8

430

Q430R

49

8

442

G442D

49

9

479

S479I

49

9

508

N508I

49

11

555-557

Del555-557 InsV

49

11

556-557

Del556-557

49

11

557

K557 InsF

49

11

557

K557N InsP

49

11

557

K557R Del558-559

49

11

571-579

ITD

49

11

571-581

ITD

49

11

571-582

ITD

50

11

571-583

ITD

49

11

571-585

ITD

49

11

571-589

ITD

49

11

572-583

ITD

49

11

572-585

ITD

49

11

572-586

ITD

49

11

572-587

ITD

49

11

572-588

ITD

49

11

572-589

ITD

49

11

572-590

ITD

49

11

573-585

ITD

49

11

573-590

ITD

49

11

573-591

ITD

49

11

574-587

ITD

50
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11

575-582

ITD

49

11

576-590

ITD

49

17

826-828

Del826-828 InsDT

49

Canine MCTs with c-KIT mutations are also associated with aberrant protein localization to the
cytoplasm [43]. Canine MCTs with a more cytoplasmic KIT localization are in turn more
significantly associated with severe prognosis than MCTs with perimembrane KIT localization
because the aberrant localization disrupts the signaling pathway. However, level of KIT expression
does not correlate with c-KIT mutations or abnormal protein localization, suggesting that
overexpression of KIT and the resulting increase in receptor sensitivity to the ligand are less
influential than the constantly activated receptor and disruption of signaling pathways in the
pathogenesis of mast cell tumors [43].
Although c-KIT mutations seem to be the primary contributor to mast cell tumors, other genes
have been observed to contribute to a more severe prognosis and shorter survival times. Specific
gene losses in PTEN, FAS, and CFA26 and gene gains in MAPK3, WNT5B, FGF, FOXM1, RAD51 and
CFA27 are several potential candidate genes that can be examined for their effects on mast cell
tumorigenesis [45, 53].
4. Osteosarcoma
Osteosarcoma (OSA) accounts for 85%–89% of all canine bone tumors [54, 55] and is the most
common malignant bone tumor, typically affecting larger and older male dogs. The median age at
diagnosis is eight years [13]. In particular, German shepherds, Labradors, Irish setters, Great Danes,
Irish wolfhounds, Rottweilers and greyhounds are predisposed to the disease, and there seem to
be certain breed-related risk factors present in addition to size-related risk factors [56, 57].
Osteosarcoma can also be categorized into two groups depending on its anatomical location.
Appendicular osteosarcoma affects the limbs and is the more common type (75%), while axial
osteosarcoma (24%) affects the skull, ribs, vertebrae and pelvis and is more common in smaller
dogs [54]. Occasionally, it can affect soft tissues (1%) [54]. In addition to anatomical subtypes,
osteosarcoma can also be divided into histologic subtypes, the most common three being
osteoblastic, where tumor cells overproduce tumor osteoid; chondroblastic, where tumor cells
produce chondroid and osteoid; and fibroblastic, where tumor cells are predominantly fibroblasts
and produce both collagen and tumor osteoid. Two other less common subtypes include
telangiectatic and giant cell type osteosarcoma [13, 58]. The target cell for malignant
transformation of osteosarcoma is thought to be a mesenchymal stem cell or other cell committed
to differentiating into an osteoblast [13]. A common symptom of osteosarcoma is limping or
lameness in a limb with unknown cause [57]. Early detection of osteosarcoma is especially
important because it may metastasize to the lungs.
A study conducted on greyhounds, Irish wolfhounds and Rottweilers identified 34 genetic loci
involved in canine osteosarcoma tumorigenesis, among which somatic mutations were common in
tumor suppressor genes RB1 and TP53, as well as CDK4 inhibitors CDKN2A/B (Table 4) [56, 58].
The most commonly mutated region was 150 kb upstream of the CDKN2A/B gene at
chr11:44405676. This mutation would alter regulation of CDKN2A/ARF which encodes the INK4
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family of cyclin-dependent kinase inhibitor proteins. The mutation would thus prevent the
induction of senescence by the RB and p53 pathways. Other mutated genes include SEMA4D,
SEMA6D, NF1, NF2 and PTEN [56]. More evidence suggests the importance of PTEN in
osteosarcoma development—PTEN loss, either through deletion of CFA 26q25 (which
encompasses the PTEN locus) or inactivating amino acid substitutions, was the most common
aberration and occurred in 16 out 38 OSA cases studied [59, 61]. Other genomic losses include
regions of CFA 16, 18, 29, and 35, especially the loss of gene WT1 at CFA 18q22.3 in 14 out of 38
cases [61]. Genomic gains of CFA 13q14 and CFA 31q15.3 were present in 16 out of 38 cases. This
finding is consistent with the results of study on canine lymphoma stating that gain of CFA13 and
CFA31 is an important step in tumorigenesis and is not specific to any form of cancer [56, 61].
Table 4 Mutations and expression for canine osteosarcoma.
Gene

Function

Mutation / Expression

References

RB1

encodes negative regulator of the
cell cycle, stabilizes heterochromatin

recurrent point mutations
observed

56

TP53

tumor suppressor

mutated in exons 4–8

56

CDKN2A/B

codes for two protein suppressors,
control G1-progression by
inactivation of D-cyclins

chr11:44405676 alters
regulation of CDKN2A/ARF

56

SEMA4D

cell surface receptor important in
cell-cell signaling, oncogene

overexpressed

13

SEMA6D

oncogene

overexpressed

13

NF1

tumor suppressor

deletion or underexpression

13

NF2

tumor suppressor

deletion or underexpression

13

PTEN

tumor suppressor

large deletions or potentially
inactivating substitution at
codon 340, nucleotide 1126 (A>T), asparagine -> tyrosine,
resulting in underexpression

59

CTNNB1

regulates cell–cell adhesion and gene
expression, binds to Tcf and Lef
expressed in neoplastic cells
transcription factors to upregulate
but no mutations detected in
expression of target genes such as cexon 3
myc, cyclin D1, survivin and matrix
metalloproteinases

60
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In another study examining p53 mutations, 19 out of 47 dogs with appendicular osteosarcoma
and 5 out of 11 dogs with axial osteosarcoma were found to have p53 mutations (Table 5) [62].
Most of the 27 mutations observed were located on exons 4 and 5. Nineteen point-mutations
observed resulted in an amino acid substitution, and the remaining seven mutations were
deletions [62]. A majority of the point mutations were transitions between G:C->A:T with the
second most common being transversions between G:C->T:A. Another study specifically
sequenced exons 5–8 of p53 and found mutations in 47% of samples (Table 5) [63]. Most of the
mutations were missense mutations in the highly conserved regions of p53, with the majority of
them again being G: C->A: T transitions [63]. SETD2 was found to be the second most recurrently
mutated gene in canine osteosarcoma after p53 [64]. SETD2 is a recognized tumor suppressor
gene in human cancers but was not previously implicated in osteosarcoma. The study found SETD2
mutations in 21% of tumors across all three breeds of predisposed dogs (golden retrievers,
Rottweilers and greyhounds).
Table 5 TP53 and SETD2 aberrations data for canine osteosarcoma.
Gene

Codon

Gene Aberrations

References

p53

7

D7fs

64

p53

23

W23*

64

p53

33

S33fs

64

p53

34

S34X

62

p53

50

V50M

62

p53

52

W52R

62

p53

52

W52*

64

p53

78

W78*

64

p53

91

Q91fs

64

p53

92

G92V

64

p53

92

G92S

64

p53

106

A106G

64

p53

107

K107R

62

p53

107

K107R

64

p53

112

T112K

64

p53

112

T112M

64

p53

122

M122fs

64

p53

125

A125V

64

p53

135

S135G

62

p53

144

R144H

62

p53

155

F155Y

62
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p53

160

V160L

64

p53

160

V160M

64

p53

161

R161fs

62

p53

161

R161W

64

p53

162

R162H

64

p53

163

C163F

62

p53

166

H166R

64

p53

167

E167K

64

p53

175

G175_splice

64

p53

178

P178L

62

p53

184

R184*

64

p53

188

L188I

63

p53

198

N198fs

64

p53

202

R202fs

62

p53

202

H202R

62

p53

208

Y208*

64

p53

220

Y220S

63

p53

224

Y224C

64

p53

226

C226Y

62

p53

229

S229fs

64

p53

237

R237L

64

p53

248

R248Q

63

p53

249

R249W

63

p53

249

S249_splice

64

p53

255

R255P

64

p53

258

F258S

62

p53

258

E258K

63

p53

260

V260I

64

p53

261

R261Q

62

p53

261

R261C

64

p53

261

R261H

64

p53

261

R261S

64

p53

262

V262L

64

p53

266

P266R

62

p53

266

P266S

64
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p53

276

A276D

63

p53

282

E282fs

64

p53

308

K308X

62

p53

322

G322W

64

p53

119-120

Del119-120

62

p53

143

T143fs

62

p53

278-280

Del278-280 InsR

62

SETD2

452

R452*

64

SETD2

537

R537*

64

SETD2

719

Q719*

64

SETD2

1052

D1052Y

64

SETD2

1403

K1403fs

64

SETD2

1403

K1403*

64

SETD2

1409

I1409fs

64

SETD2

1457

R1457*

64

SETD2

1470

Y1470fs

64

SETD2

1570

S1570_splice

64

SETD2

1801

T1801fs

64

SETD2

1995

E1995fs

64

SETD2

2096

R2096_splice

64

SETD2

2377

P2377fs

64

SETD2

2438

G2438fs

64

SETD2

2542

I2542fs

64

The gene DLG2, important in regulating cell division, migration and tumorigenesis, is also a
viable tumor suppressor candidate of osteosarcoma [65]. One study found that DLG2 copy
number loss occurs in 56% of canine osteosarcomas. Deleting the DLG2 gene in a murine model
also accelerated the development of canine osteosarcoma [65].
Other studies examined vulnerable pathways in osteosarcoma development in order to identify
target genes. Transforming growth factor beta (TGFβ) and Hippo pathway mediators have
important roles in bone development and cancer progression, but their importance in canine
osteosarcoma has only recently been evaluated [66]. A study examined the role of Hippo signaling
effectors TAZ and YAP, a transcriptional activator of genes involved in cell proliferation and
apoptosis, along with pSmad2, a marker of active TGFβ signaling. It found that underexpression of
both YAP and pSmad2 led to a slower metastasis [66]. This implies that inhibiting YAP and TAZ
function and further studying the relationship between TGFβ and the Hippo pathway could
prevent the spread and further development of osteosarcoma.
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Wnt signaling pathway also plays a critical role in osteosarcoma disease progression because it
controls the expression of beta-catenin, a transcriptional co-activator of many key protooncogenes such as MYC [67] (Figure 3) [reproduced from reference 67]. Beta-catenin expression
levels are found to be frequently altered in osteosarcoma and beta-catenin is highly present in
neoplastic cells. However, no mutations were identified in exon 3, suggesting that other regulatory
mechanisms may play a larger role in beta-catenin accumulation [60].

Figure 3 Wnt signaling pathway. When Wnt binds to a frizzled protein, the Wnt
pathway is activated and beta-catenin is able to facilitate the transcription of key
genes such as proto-oncogene myc. When the Wnt pathway is off, beta-catenin is
phosphorylated and tagged for destruction by beta Trcp. Reproduced from the open
access source [67].
Another study found the genes MFAP4, CHRDL1, LOC100684002, and TMSB4X to be
differentially expressed in aggressive tumors than non-aggressive tumors [68]. GDNF, CEMIP
(KIAA1199), GDF6, ALPK2, GREM1, and DHRS2 were specifically underexpressed [68] These results
were surprising because CEMIP is a target gene of the Wnt/β-catenin signaling pathway, which is
overactive, and is known to promote cancer cell migration. The study also profiled osteosarcoma
across species in order to identify common biomarkers of osteosarcoma. They identified ARK5, a
serine-threonine protein kinase that regulates cellular senescence, as a new metabolic target
present in all species and confirmed glucose metabolism as the most significantly aberrant cellular
signaling pathway in metastatic tumors [68].
There are a wide variety of genes implicated in the development of osteosarcoma, and many
show promises in targeted gene therapies specifically for treating osteosarcoma.
5. Mammary Gland Tumors
Mammary tumors make up more than 50% of the neoplasms in female dogs, making it the
second most common neoplasia among dogs in general [69]. Miniature Poodles, Dachshunds,
Malteses, Yorkshire Terriers, Cocker Spaniels and German Shepherds are the most predisposed
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breeds [69]. Because the risk of developing mammary tumors is correlated with exposure to
estrogen and progesterone from an early age, the risk of developing it increases if the dog is not
spayed or is spayed after the age of two [70]. Approximately half of all mammary tumors in dogs
are malignant, and tumors most often develop in the fourth and fifth mammary glands [70]. The
most common type of malignant mammary tumor is tubular carcinoma (adenocarcinoma),
followed by papillary carcinoma [69].
A comprehensive study done on expression levels of important cellular pathways in canine
breast cancer found that cyclin-dependent kinase inhibitors, which regulate the cell cycle, are
often dysfunctional. As expected, oncogenic pathways, such as PI3K/AKT, KRAS, MAPK, Wnt, βcatenin, BRCA2, ESR1 and P-cadherin, are upregulated while tumor suppressor pathways, like p53,
p16/INK4A (encoded by CDKN2A), PTEN and E-cadherin, are downregulated (Table 6) [71].
Mutations in any of the genes or proteins involved in these pathways can lead to failure to check
important cell events before continuing the cell cycle, which can lead to tumorigenesis. In
particular, the p16/INK4A locus has been found to be frequently mutated. A study examining
somatic copy number alterations corroborated these findings, revealing that the oncogene c-MYC
was the most recurrently amplified region, and the tumor suppressor PTEN was frequently lost.
The study also pointed out genes COL9A3, INPP5A, CYP2E1 and RB1 as other possible contributors
to breast cancer tumorigenesis [77].
Table 6 Expression and aberrations of genes in mammary gland tumors.
Gene

Function

Expression or/and Aberration

References

homologous recombination
repair, suppress
tumorigenesis, protooncogenic

less expressed in tumors, single
nucleotide variations in exon 11,
frame shift leading to nonsense
mediated mRNA decay and
variations at 2 hotspots

TP53

tumor suppressor

downregulated, G:C → T:A (17%)
and A:T → T:A (17%) transversions
and G:C → A:T (67%) transitions
(total 20% frequency in exons 5-8)

AKT1

proto-oncogenic

upregulated

71

PI3K

proto-oncogenic

upregulated

71

KRAS

proto-oncogenic

upregulated

71

MAPK

proto-oncogenic

upregulated

71

controls cell-cell adhesion
CTNNB1 and gene expression, protooncogenic

upregulated

71

upregulated

71

BRCA2

ESR1

proto-oncogenic

72

71, 73
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CDH3

proto-oncogenic

upregulated

71

downregulated

71

PTEN

reduces cell proliferation,
involved in apoptosis and cell downregulated
adhesion

71

CDH1

tumor suppressor

downregulated

71

COX2

conversion of arachidonic
acid to prostaglandin H2

increased expression associated
with increasing malignancy

proto-oncogene

loss of ERBB2 expression has been
associated with a poor prognosis
when linked with estrogen
receptor negativity and
expression of one of 3 basal cell
markers (P-cadherin, p63,
cytokeratin 5)

p16/INK
tumor suppressor
4a

ERBB2

74–76

76

BRCA2 is an important tumor suppressor in both humans and canines. It binds to Rad51
recombinase through interaction with eight BRC repeats, and the complex repairs DNA damage
through homologous recombination repair (Figure 4) [72, 78-80]. In one study, it was found that
mammary tumors express less BRCA2 than normal mammary glands, which would explain how
mutations causing breast cancer might arise [72]. However, the cause for the underexpression is
unclear—there were no mutations in the promoter that might affect transcription levels. The
study discovered two BRCA2 splice variants, one of which induced a shift in reading frame that
lead to nonsense-mediated RNA decay and thus underexpression [72]. In addition, there were
many single nucleotide polymorphisms in exon 11 of BRCA2 (Table 7) and a high frequency of
genetic variation at two “hot spots” (A511C and A2414G) in many tumors that could have led to
BRCA2 underexpression [79, 81, 82]. Two key mutations were also found in BRC repeat 3, a
substitution from Threonine to Proline at codon 1425 and Lysine to Arginine at codon 1435, that
would affect the affinity between BRC3 and Rad51 and increase the risk of developing breast
cancer [78]. The discovery of BRCA2 underexpression in this study contrasts with other studies
who report no difference in BRCA2 expression levels between benign and malignant tumors [69].
Thus, BRCA2 plays an important role in the development of breast cancer, but the exact link
between BRCA2 expression level and breast cancer tumorigenesis is still unclear.

Page 156/168

OBM Genetics 2019; 3(2), doi:10.21926/obm.genet.1902071

Figure 4 Interaction between BRCA2 and Rad51 in homologous recombination DNA
repair (all related to reproduction) Reproduced from the open access source [80].
Table 7 Amino-acid substitution mutations in canine mammary tumors.
Gene

Exon

Codon

p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
p53
BRCA2
BRCA2
BRCA2
BRCA2
BRCA2

7
5
8
5
5
7
7
5
7
5
8
5
7
8
6
11
11
11
11
11

249
148
271
175
163
245
252
180
245
173
285
129
248
297
213
669
801
908
1425
1435

Amino Acid Substitution
R249W
S148R
E271V
H175A
I163F
G245D
L252F
E180X
G245A
V173L
P285S
L129F
R248Q
P297R
R213X
N669D
K801Q
E908Q
T1425P
K1435R

References
68
68
68
68
68
68
68
68
64
64
64
64
64
64
64
64
64
62
61
62
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The most frequently studied biomarker of mammary tumors is Ki-67, a nuclear, non-histone
protein, which can only be detected in the cell nucleus during interphase, and during mitosis.
Higher levels of Ki-67 are associated with increased chances for metastasis and poorer prognosis
*69, 83, 84+. Another biomarker is PCNA, an auxiliary protein of DNA polymerase δ, involved in the
DNA repair process, cell cycle control, chromatin assembly and in RNA transcription [69, 83]. PCNA
expression level has a positive correlation with tumor size, histological grade of malignancy, and
lymph node metastasis. Carvalho and colleagues had shown that PI of intratumoral Ki-67 and
PCNA are statistically associated with the following tumor characteristics: higher aggressiveness,
tumor histological grade, nuclear grade, and lymph node involvement [85]. In general, high
intratumoral Ki-67 and PCNA are associated with shorter survival [85]. However, since PCNA is
stimulated by cytokines, it may not be solely indicative of cancer. Thus, PCNA presence should be
evaluated in conjunction with other biomarkers.
A further look at the important tumor suppressor and biomarker p53 again revealed that p53
mutations in the highly conserved domains of exons 5–8 are correlated to tumorigenesis and
increased malignancy (Table 7) [69, 73, 81, 83]. p53 is thought to be the most frequently mutated
gene in mammary tumors [69]. In total, 20% of the 25 mammary tumors studied had mutations in
exons 5–8, a frequency which is similar to that in human breast cancer. Just as in canine
osteosarcoma and many other cancers, a majority of the mutations were G:C->A:T transitions,
with the next most common being G:C->T:A and T:A->A:T transversions [73].
Another gene presented as a promising tumor suppressor in canine breast cancer is EZH2,
which codes for a catalytic subunit of a complex that leads to silencing of genes involved in
processes such as stem cell maintenance and tumor progression without DNA sequence
modification. It was found to be overexpressed in canine breast cancer and human breast cancer
[86].
Many biomarkers have already been discovered that show promise in clarifying the
mechanisms behind breast cancer. However, the links between them and tumorigenesis still
remain unclear, so markers such as BRCA2, Ki-67, PCNA, and p53 cannot be evaluated individually
in order to determine the development of breast cancer.
6. Melanoma
As the fourth most common cancer in dogs overall, melanoma represents 4%–7% of all cancers
and 9%–20% of skin neoplasms [87]. Melanomas are classified based on their location and are
generally categorized as cutaneous, ocular, oral or subungual (on the nail bed) melanoma. The
primary tumor site is the oral cavity (56%); other less common sites include the lips (23%), skin
(11%), eyes (3%) and digits (8%) [23, 88]. Older dogs (an average age of nine years) are more
predisposed to the disease, and there is no gender influenced selection, although males are
typically overrepresented [89]. Purebred dogs, breeds such as poodles, dachshunds, golden
retrievers, schnauzers, cocker spaniels, and Scottish terriers, and dogs with darker pigmented skin
are more at risk of developing melanoma [23, 87, 89]. This marks a surprising difference between
humans and dogs, as humans with lighter skin and less melanin (which protects from UV rays), are
generally more at risk for melanoma. This leads to the hypothesis that UV radiation is not a
significant factor in the genesis of canine melanoma, possibly because of the protective hair coat
[15] (Table 8) [adapted from reference 23].
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Table 8 Common sites of malignant melanomas in dogs.
Sites / Total
Number of Cases
Oral

2004 cases

Percentage

1150

57.39

580

28.94

4

0.20

Digit

115

5.74

Ungual

60

2.99

Ocular

41

2.05

Lips/Feet

54

2.69

Cutaneous
Scrotum

References

89-91

Genes implicated in human melanoma include important proto-oncogenes and tumor
suppressors BRAF, NRAS, PTEN, KIT, GNAQ, and CDK4. Of those six, mutations were only observed
in NRAS and PTEN in canine melanoma and were in locations corresponding to the human
mutations (Table 9) [89]. Most importantly, canines lack key mutations in BRAF exon 15 that lead
to the development of human melanomas [89]. Mutations in BRAF exon 15 are associated with
skin exposure to UV light; mutations in human BRAF lead to PI3K/AKT/mTOR signaling pathway
activation [15, 89, 92]. Yet despite the lack of activating BRAF mutations in canines, the mitogenactivated protein kinase (MAPK) and/or phosphoinositide 3-kinase (PI3K) pathways are still
activated in 52%–77% of cases [15]. This may be due to PTEN and NRAS loss, or overexpression of
receptor tyrosine kinases, such as platelet derived growth factor receptor (PDGFR). Another gene
that may play a role in activated MAPK signaling is IQGAP1, which regulates oncogenic ERK1/2
MAPK signaling [93]. IQGAP1 expression is increased in tumors, especially co-localizing with
melanocytes as well as at the tumor edge [93]. Targeted gene therapy focusing on the interaction
between IQGAP1 and ERK1/2 has already started and holds promise.
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Table 9 Mutations in canine oral melanoma tumors.
Genes

Exon

Codon

Amino Acid Substitution

References

NRAS

2

61

Q61R

89

NRAS

2

61

Q61H

89

PTEN

7

251

G251C

89

PTEN

7

252

D252X

89

p53

92

Y92*

15

p53

147

R147C

15

p53

153

K153fs

15

p53

272

R272H

15

p53

292

G292R

15

p53

308

Q308*

15

PTPRJ

1

M1fs

95

346+2_346+3insCATG

95

PTPRJ
PTPRJ

208

T208fs

95

PTPRJ

364

A364G

95

PTPRJ

634

F634fs

95

PTPRJ

982

A982fs

95

PTPRJ

1015

K1015*

95

PTPRJ

1098

D1098fs

95

Asn1102_Lys1112delinsLys

95

PTPRJ

Beyond that, deletion of the genes encoding the tumor suppressors p53, Rb, p21 (waf-1), p16
(ink-4a), and PTEN have been postulated to contribute to the pathogenesis of melanoma [23] In
particular, the loss of p16 and PTEN are common abnormalities observed in melanoma. Frequent
MYC amplifications and deletions of CDKN2A were also observed [15]. Expression of cell–cell
adhesion molecules was also altered, such as decreased expression of E-cadherin, V-CAM1,
increased expression of N-cadherin, Mel-CAM1, ICAM 1, and α β integrins (Table 10) *23+. This is
important because disturbing the interaction between melanocytes and basal keratinocytes may
cause the melanocytes to divide uncontrollably, creating a malignant tumor that can then
metastasize. Cell adhesion molecules also play an important role in tumor suppression because
cell division is often inhibited when in contact with other cells.
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Table 10 Expressions and aberrations in canine melanoma.
Gene

Function

TP53

tumor suppressor— cell
cycle control and DNA
repair

expression undetectable or
mutations present

87

RB-1

cell cycle control

expression undetectable

87

p21/waf-1

Pan-CDK inhibitor and
stress activated protein
kinase inhibitor

expression undetectable,
deletions common in humans

87

p16/ink-4a

inhibits CDK4 and CDK6

deletions common in many
tumors

87

PTEN deleted on chromosome
10

87

cell–cell adhesion, E
cadherin

decreased expression

23

V-CAM1

vascular cell adhesion

decreased expression

23

CDH2

cell–cell adhesion, N
cadherin

increased expression

23

MCAM

melanoma cell adhesion

increased expression

23

ICAM1

intercellular adhesion

increased expression

23

ITGA1

cell–cell adhesion, alpha
integrin

increased expression

23

ITGB2

cell–cell adhesion, beta
integrin

increased expression

23

lipid/tyrosine
PTEN/MMAC-1 phosphatase, tumor
suppressor
CDH1

Expression or/and Aberration

Reference

Recently, a novel tumor suppressor gene PTPRJ was linked to the development of canine
malignant melanoma [15]. PTPRJ is a protein tyrosine phosphatase receptor that has previously
been linked to oncogenesis and plays a role in allelic loss and loss of heterozygosity in humans.
The study found that 7 out of 37 sequenced tumors (19%) bore a total of 9 PTPRJ mutations, most
of which were truncating mutations. The study sequenced six frameshift and nonsense mutations,
one splice site mutation, one 10-amino-acid-long deletion, and one missense mutation [15].
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Members of the PI3K/AKT/mTOR and ERK1/2 pathways show promise for targeted gene
therapy of canine melanoma, as well as the gene PTPRJ, which has not previously been linked to
canine cancers.
7. Conclusion
We live in era of rapidly developing new methods in medicine. Two main achievements of
medicine— vaccination and antibiotics, saved millions of people and animals. Now we are entering
a new era of personalized medicine. The next NG sequencing that can elucidate driver mutations
for various cancers become a usual practice in human cancer medicine. Understanding the
complex molecular mechanisms including consequent somatic mutation leading to tumor
development is ushering in revolution of cancer treatments. Now we can address the discovered
molecular cancerogenic aberration directly and propose the most optimal combinations of drug
covering the majority of these. Study of molecular mechanisms of cancer development in animals
is extremely important from the point of comparative medicine. As pointed by Kent Lloyd and
colleagues, “molecular phenotyping of animal diseases will connect those conditions with similarly
characterized human disorders for which precision treatments have been or are being developed”
*94+. In the same time, we need to note that current “state of art” in canine cancer therapy that
includes elucidation of very few cancer-related biomarkers cannot be a basis to the precisionmedicine-targeted therapy solutions. From this point the works that include elucidation of the
concrete aberrations related to specific canine cancers are hard to overestimate.
In this review we summarized more than 30 canine cancer-related molecular aberrations
elucidated by various methods along with more than 30 expression markers of these cancers.
Interesting to note that many of them are not on the list of most frequent aberrations in human
cancers. These findings pave the road to serious changes in canine cancer medicine and we hope
to revolution toward personalized cancer treatment for dogs and eventually to other animals.
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