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Abstract

Non-Hodgkin lymphomas are among the most common types of tumors in dogs, and they
are currently accepted as comparative models of the disease in humans. Aberrant patterns
of DNA methylation seem to play a key role in the development of hematopoietic neoplasms
in humans, constitute a special mechanism of transcriptional control, and may be influenced
by genetic and environmental factors. Blood leukocyte DNA global methylation has been
poorly investigated in dogs. The aim of this study is to examine whether peripheral blood
global DNA methylation is associated with canine multicentric lymphomas. Peripheral
venous blood samples from ten healthy dogs and nine dogs bearing multicentric lymphomas
were collected, and the buffy coat was separated. Global DNA methylation was analyzed by
High Performance Liquid Chromatography (HPLC) and immunocytochemistry (ICC). In
both analyses, leukocytes from dogs with lymphoma presented lower global DNA methyla-
tion than in healthy dogs (HPLC: p = 0.027/ 5MeCyt immunoreactivity scores: p=0.015).
Moderate correlation was observed between the results obtained by HPLC and ICC (corre-
lation coefficient = 0.50). For the identification of differently methylated genes between both
groups, the Infinium Human Methylation (HM) EPIC BeadChip (850K) was used. Of the
853,307 CpGs investigated in the microarray, there were 34,574 probes hybridized in the
canine samples. From this total, significant difference was observed in the methylation level
of 8433 regions, and through the homologous and orthologous similarities 525 differently
methylated genes were identified between the two groups. This study is pioneer in suggest-
ing that dogs bearing non-Hodgkin lymphoma presented DNA global hypomethylation of cir-
culating leukocytes compared with healthy dogs. Although canine samples were used in an
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assay developed specifically for human DNA, it was possible to identify differently methyl-
ated genes and our results reiterate the importance of the use of peripheral blood leukocytes
in cancer research and possible new biomarkers targets.

Introduction

Neoplastic processes are the leading cause of death in adult dogs in North America [1]. Lym-
phomas are among the most common types of tumors in dogs, and they are responsible for
83% of all canine hematopoietic malignancies [2,3]. The annual rate is 22.9 per 100,000 live
births in females and 19.1 per 100,000 live births in males for canine lymphoma [4]. The dis-
ease shares many features with human lymphoma, including clinical presentation, biological
behavior, tumor genetics, and treatment response [5]. Dogs with high-grade multicentric lym-
phoma generally show painless peripheral lymphadenopathy and infrequently present clinical
signs associated with the effects of tumor infiltration [3].

Etiology of canine lymphomas is likely multifactorial. Chromosomal aberrations, germline
and somatic genetic mutations, altered oncogene/tumor suppressor gene expression, and epi-
genetic changes have been reported in dogs [6-9]. Heritable risk factors causing the disease
were introduced because certain dog breeds presented a prevalence of immunophenotypic
subtypes of lymphoma [10,11]. Several environmental factors have been associated with lym-
phomas. Exposure to herbicides, waste incinerators, polluted sites, and radioactive waste can
be considered risk factors for canine lymphoma [12-14]. Dogs with spontaneously arising
lymphoma represent a large animal model of naturally occurring lymphoma in a species that
shares the human household environment and potential carcinogen exposure [12].

Epigenetic markers are influenced by a mix of genetic and environmental variation [15].
There are several mechanisms involving genomic instability and epigenomic aberrations, with
loss or gain of gene function that interfere with tumor suppression/prevention or oncogenesis
[16]. In cancer, growing evidence indicates an epigenome-wide disruption that involves hypo-
methylation of large regions of the genome, which induces genomic instability indicated by
increased chromosomal rearrangements, mitotic recombination, and aneuploidy [17]. In con-
trast, DNA hypermethylation predominantly involves CpG islands (promoter regions) and
has been shown to result in abnormal silencing of several tumor suppressor genes in most
types of cancer [18-20]. Both mechanisms are favorable to carcinogenesis and tumor
progression.

In humans, DNA hypomethylation seems to be an important factor in the pathogenesis of
mature B-cell neoplasms (MBCN), described in tumor tissue and peripheral blood compared
with both normal tissue and blood [21,22]. Although any tissue can be used to detect novel
regions of differential methylation associated with a cancer phenotype, harvesting tumor tissue
is invasive and cannot be routinely performed. Therefore, peripheral blood leukocyte DNA
was evaluated as a biomarker for prevention, early detection, and cancer monitoring, and
offers the advantage of being a readily available tissue [23-26]. Several studies have reported
aberrant global methylation profiles in human peripheral blood with different cancers:
MBCN, leukemia, colorectal cancer, breast cancer, hepatic cancers, and urothelial cancers [16,
22,25, 27-30].

In canine species, researches on global methylation effects are currently increasing, espe-
cially in cancer. In a recent investigation, Ferraresso and colleagues suggested an important
role of DNA methylation in canine diffuse large B-cell lymphomas (DLBCL), where
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aberrancies in transcription factors were frequently observed, suggesting an involvement dur-
ing tumorogenesis and they hypothesized that the accumulation of aberrant epigenetic
changes resulted in a more aggressive behavior of the tumor [31]. Another study proved that
global DNA hypomethylation was predominant in canine cutaneous high-grade mast cell
tumors by immunohistochemical detection, and genomic hypomethylation was a feature of
neoplastic cells obtained from dogs with malignant lymphoproliferative disorders [32,9]. Few
studies have investigated perturbations of DNA methylation at single gene level, such as p16,
DLCI, ABCBI, and FHIT [33-36]. Epigenetic deregulation of TFPI-2, leading to its reduced
expression in canine diffuse large B-cell was demonstrated [37]. However, there are no pub-
lished examinations of possible global measures of peripheral blood-derived DNA methylation
in canine lymphoma. The aims of this study were to investigate whether a global measure of
DNA methylation dispersed over a large portion of the genome could be detected in canine
peripheral blood DNA, and whether such a measure was associated with development of lym-
phoma. Moreover, genome-wide characterization of lymphoma epigenome was performed
with a human CpG microarray platform targeting more than 850,000 CpG regions. This study
contributes to detection of epigenetic alterations in peripheral blood, and offers new possibili-
ties of potential biomarkers for canine non-Hodgkin lymphoma.

Materials and methods
Patient details and ethics

Ethical approval for this study was granted by the Ethics Committee on the Use of Animals of
the School of Veterinary Medicine (process number: 1747271015) and School of Medicine of
the University of Sdo Paulo (process number: 024/16). Participants were selected and separated
into two groups (control and lymphoma), with 10 and nine dogs in each group respectively
(19 dogs in total). The Control group was enrolled in the dog kennel from Veterinary
Hemotherapy Center “Hemovet”, minimum age of 5 years, both sexes, and defined breed.
Anamnesis, physical examination, complete blood count, and samples from canine lymph
node by fine-needle aspiration biopsy (FNAB) confirmed to be healthy. The Lymphoma group
was enrolled in the Veterinary Image Institute “IVI”, minimum age of 5 years, composed of
both sexes, with or without defined breed, bearing previously untreated multicentric lym-
phoma diagnosed by FNAB through analysis of panoptic-stained smears. Cases with more
than 50% of blastic population, or more than 80% of monomorphic population, were consid-
ered neoplastic and classified as low-grade or high-grade lymphoma according to updated Kiel
classification [38]. The exclusion criteria adopted were as follows: morphologically abnormal
circulating leukocytes, history of neoplasms and/or other neoplasm, use of medications (corti-
costeroids and/or chemotherapy), and other concomitant diseases.

STAGE 1: Genome-wide methylation with HPLC and ICC

Sampling. Peripheral venous blood samples (8 mL) from 19 dogs were collected in tubes
with EDTA and centrifuged at 3000g for 10 min at 4°C. The leukocyte fraction was then col-
lected, and each sample was separated into two similar aliquots. The first aliquot was added to
a vial with preservative fluid (Becton Dickinson, TriPath Imaging, Burlington, NC, USA) for
preparation of cell block (CB). Samples were refrigerated until analysis for a maximum of 15
days. Another aliquot was stored at -80°C for subsequent DNA extraction. In addition to
cytological smear, another sample from the same lymph node of dogs bearing lymphoma was
collected by FNAB and flushed into a vial with preservative fluid (Becton Dickinson, TriPath
Imaging, Burlington, NC, USA). The aspirations proceeded until the preservative liquid
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acquired turbidity and the samples were then refrigerated until analysis for a maximum of 15
days.

CB and immunophenotyping. Samples stored in the preservative fluid were centrifuged
for 10 min in 1218g. The rejected supernatant and the resulting pellet were fixed with 200puL of
Bouin’s solution (2,4,6-Trinitrophenol 1,3%, formalin 40%, glacial acetic acid 100%) and cen-
trifuged (1754g, 15 min) (fixed sediment method-FSM). The pellets were placed in a cassette
and stored in 10% formalin-buffered solution and then embedded in paraffin wax and
trimmed in 3um-thick sections for H&E staining and immunocytochemistry [39]. Antigen
retrieval was conducted with citrate buffer I0mMpHS6.0 in a pressure cooker for 3 min at
120°C. Endogenous peroxidase was blocked with 6% hydrogen peroxide for a minimum of 30
min. Immunophenotyping was established from CBs made from lymph nodes of the neoplas-
tic group. Primary antibodies anti-CD3 (polyclonal, 1:400) (Dako, Carpinteria, CA, USA),
anti-PAX5 (BC-24, 1:200) (Biocare Medical, Concord, CA, USA), anti-CD79a (HM57, 1:100)
(Dako, Carpinteria, CA, USA), and anti-Ki67 (MIB-1, 1:100) (Dako, Carpinteria, CA, USA)
were diluted in bovine serum albumin 1% Na3N 0.1% on PBS (pH 7.4), followed by overnight
incubation (18 h) at 4°C. Signal amplification with Picture Max Kit (Life Technologies, Carls-
bad, CA, USA) secondary peroxidase short polymer system was conducted for 30 min at 37°C.
After development with 100mg of 3,3’-diaminobenzidine (D-5637; Sigma, St. Louis, MO,
USA), the samples were diluted on PBS (pH 7.4) for 5 min at 37°C. The samples were then
counterstained with Harris Hematoxylin for 30s at room temperature, followed by dehydra-
tion and slide mounting with synthetic resin.

HPLC (high-performance liquid chromatography). The procedure used for DNA
extraction and purification was performed following the protocol from Gentra Puregene DNA
extraction kit (QIAGEN Sciences, Maryland, USA). The previously collected leukocyte frac-
tions were added to 6mL of erythrocyte lysis solution (RBC Lysis Solution, Gentra Puregene
kit) following 10 min of incubation at room temperature; samples were then centrifuged at
2000g for 5 min at 4°C, and supernatant carefully discarded. The samples were added to 3 mL
of cell lysis solution (Cell Lysis Solution, Gentra Puregene kit) and 50 uL of ribonuclease A (15
mg/mL). They were subsequently incubated at 37°C for 60 min, protein was precipitated by
addition of 1 mL of protein precipitation solution (Protein Precipitation Solution, Gentra Pure-
gene kit), and centrifuged at 3000g for 10 min at 4°C. The supernatant was poured into a tube
containing 5 mL of cold 2-isopropanol, and the precipitated DNA was collected by centrifuga-
tion in 2000g for 5 min at 4°C. The DNA was then washed with 3 mL of 70% ethanol, dried,
and resuspended in 200 pL of 0.1 mM deferoxamine solution. DNA concentration was deter-
mined by measuring UV absorption at Amax: 260nm (Libra S12 Spectrophotometer, Bio-
chrom, Cambridge, UK), and DNA purity was assessed by the UV absorbance ratio at Amax:
260/Amax: 280nm. Aliquots of 10 pg DNA samples in 0.1 mM deferoxamine solution were
added to 2.5 pL of Tris-HCI/MgCl, buffer (200 mM; pH 7.4) and 1 unit of DNase I. The sam-
ples were incubated at 37°C for 60 min. Phosphodiesterase I (0.001 units) and alkaline phos-
phatase (1.2 unit) were then added, and incubation continued for another 60 min at 37°C. At
the end of the second incubation, the final volume (20 uL) was centrifuged at 9300g for 10
min. Aliquots of 10 uL were injected in the HPLC-UV analytical system (Shimadzu Corpora-
tion, Kyoto, Japan) for quantification of global DNA methylation, expressed as percent
5-methyl-2’-deoxycytidine (5MeCyt), determined using the following equation:

5—methyl—deoxycytidine,,,;, X 100

) + deoxycytidine

nmol

5—methyl—deoxycytidine(%) = 5—methyl_deoxycytidine
(

nmol nmol)

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 4/22


https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

Immunocytochemistry. CBs produced by leukocytes from control and neoplastic dogs
were submitted to the same protocol previously described for immunophenotyping, but the
anti-5-methylcytosine (5MeCyt) (33D3, 1:100) (Abcam, Cambridge, MA, USA) was used as
primary antibody. The global DNA methylation content was evaluated using Image-Pro Plus
Analysis System. Digital photomicrographs were taken under the same light conditions. Ten
distinct microscopic fields (40x objective) of each sample were analyzed. The nuclei of all leu-
kocytes of each field were evaluated according to the immunostaining intensity. The grades of
staining intensity were four-tiered as follows: 0: negative staining, 1: weak staining, 2: medium
staining, and 3: strong staining. The H-score represented the sum of the mean value in each
grade multiplied by the proportion of positive cells for each sample [40]. For each sample of
leukocytes, the percentages of the immunostaining score patterns were considered in the sta-
tistical analysis.

Statistical analysis. R 3.3.2 software was used for the statistical analysis. After the normal-
ity test, by Kolmogorov-Smirnov test, the peripheral blood global DNA methylation quantities
obtained by the HPLC and ICC methods for the control and lymphoma groups were com-
pared using the Student’s t- test. The Pearson’s correlation test was used to compare the results
from the HPLC and ICC methods. Two-way ANOVA was performed to evaluate combined
influence of sex or age and lymphoma/control group over global methylation and immunore-
activity expression (to perform the test, animals were grouped in animals until 10 years and
elder dogs). Mann-Whitney test compared lymphocytes count between healthy and lymphoma
groups and Spearman correlation was used to compare lymphocytes count and global DNA
methylation quantities obtained by the HPLC and ICC methods.

STAGE 2: Infinium HM850 BeadChip DNA methylationEPIC analysis

Sampling. DNA extracted from bufty coats of four healthy dogs and four dogs bearing
high grade B-cell lymphoma were selected according to age as control and experimental
groups, respectively.

Ilumina 850 K methylation. Based on the similarities between human and dog and on
the concepts of homology and orthology, Infinium HM850 BeadChip DNA methylationEPIC
analysis (Illumina, California, USA) was chosen, representing the methylation state of over
850 K CpG sites [41]. This platform interrogates 853,307 positions of methylation by sample,
located in enhancer regions, body gene, and intergenic regions [42]. DNA aliquots extracted
in the HPLC procedure were used. The quality and quantity of DNA were evaluated by the
Quant-iT Picogreen ds DNA test and measured on Qubit fluorometer (Life Technologies, NY,
USA). 200 ng of DNA was bisulfite converted with the EZ-96 DNA Methylation-Gold Kit,
used according to the manufacturer’s protocol (Zymo Research, Orange, CA, USA). Briefly,
3ul of bisulfite converted DNA were denatured, neutralized, and amplified; after precipitation
with isopropanol, the DNA was collected by centrifugation and resuspended in buffer for
hybridization to HM 850 BeadChip at 48°C for 16 h, followed by single nucleotide extension
according to the Illumina Infinium HD Methylation protocol. Next, the incorporated nucleo-
tides were labelled with biotin (ddCTP and ddGTP) and 2,4-dinitrophenol (DNP) (ddATP
and ddTTP), and the BeadChip was then scanned using a Illumina HiScan scanner (Illumina,
San Diego, CA, USA).

Statistical analyses. The intensities for each probe were extracted using the GenomeStu-
dio (Illumina). The data obtained from reading the red and green channels were converted
into a methylated and unmethylated signal. After generation of this signal, a value  between 0
and 1 was provided (value 1 means totally methylated) [43,44]. Next, the first step included fil-
tering the probe with low fluorescence detection; probes that showed p-values> 0.05 and
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beads <3 counts in 5% of the samples. Quality control check was performed by means of the
distribution of the signals obtained for methylated and non-methylated probes and the use of
multivariate analysis—multidimensional scaling (MDS).

Beta methylation values were converted logarithmically into M-values. Statistical analysis
was performed using the M-values because they were more homogeneous and less dispersed
in the data [44]. The Bayes test (Empirical Bayes Statistics for Differential Expression) from
limma package of the Bioconductor [45] was used for this analysis. The differential profile of
methylation between the sample groups and the probes was obtained after correlation of p-
value (p<0.05). MVP (Methylation Variable Positions) is a method that seeks differential
methylation at a single CpG site, and its analysis consists in calculating the differential p-value
of methylation. This analysis also shows how many MVPs are found between the groups stud-
ied, and the data are filtered by a p-value of interest, including for each probe. Probe target
sequences interrogated by the HM850 array were extracted from the annotation library Illumi-
naHuman- Methylation850k in Bioconductor.

In the comparative analyses, the samples were divided into control and lymphoma groups.
The data previously generated were used to study the differences between these two groups. In
order to examine the inference of homologous and orthologous genes between the human and
canine species, the UCSC Genome Browser [46] and Ensembl [47] bioinformatics tools were
used, respectively. The dog (canFam3.1) reference genome was used for inferences. Functional
characterization of genes differentially methylated was performed by enrichment approach
topGO, using R software and Gene Set Analysis for DNA Methylation Datasets (methylGSA):
via llluminaHumanMethylationEPICanno.ilm10b2.hg19.

Results
STAGE 1: Genome-wide methylation with HPLC and ICC

Sampling. Ten dogs with mean age of 7.7 years (5-11 years), 3 males and 7 females,
belonged to the Control group. Dog breeds were Golden Retriever (90%) and Boxer (10%).
Nine multicentric lymphoma cases were identified, median age 10,5 years (5-13 years), 3
males and 6 females. Dog breeds were Golden Retriever (1), Labrador (1), American Pittbull
(1), Dachshund (1), Swiss Sheppard (1), Maltese (1), and mongrel (3), represented in Table 1.
Complete clinical and pathological features of dogs are reported in S1 Table [48].

CB and immunophenotyping. Seven cases were diagnosed as B-cell lymphomas (6 high-
grade B-cell and 1 low-grade B-cell lymphomas) and two were classified as high-grade T-cell
lymphomas based on morphological features (lymphocyte size, nuclear and cytoplasm fea-
tures, presence of atypia and mitotic figures), with immunophenotyping and proliferation
index through Ki-67. All lymphoma patients presented with peripheral lymphadenopathy. No
dog presented atypical lymphocytes in blood smear examination. B-cell lymphomas were clas-
sified into five major subtypes: centroblastic monomorphic (n = 3), plasmocytoid (n = 1),
immunoblastic (n = 1), centroblastic polymorphic small and large cell (n = 1), and centroblas-
tic-centrocytic (n = 1). T-cell lymphomas were classified as lymphoblastic (n = 1) and plasmo-
cytoid (n = 1) (Table 1).

HPLC. Quantification of global DNA methylation was measured according to the area
obtained in the chromatograms referring to deoxycytidine and 5MeCyt, as shown in Fig 1.

Analysis of the chromatograms showed that dogs with lymphoma (experimental group)
presented reduced global DNA methylation compared with that of healthy dogs (control
group) (4.29 +£0.24 vs. 4.49 +0.10, expressed as % 5MeCyt/ 5MeCyt+dC, p-value = 0.027)
(Table 2, S1 Table and Fig 2).
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Table 1. Demographic characteristics, lymphocytes count circulating of participants and tumors classification (n = 19).

Lymphoma Group Control Group
(n=9) (n=10)
Sex
Male 3 3
Female 6 7
Breed
Golden Retrievers 1 9
All other breeds 8 1
Age (years)
Average + SD 10,5 + 3,04 7,7 £2,62
Lymphocytes Count (/puL)*
Average + SD 4.827 + 8.419 2.141 £ 660
Classification
High-grade B-cell Lymphoma 6
Subgroups
Centroblastic monomorphic 3
Plasmocytoid 1
Immunoblastic 1
Centroblastic polymorphic small and large cell 1
Low-grade B-cell Lymphoma 1
Subgroup
Centroblastic-centrocytic 1
High-grade T-cell Lymphoma (subtypes) 2
Subgroups
Lymphoblastic 1
Plasmocytoid 1

*Reference interval [48]: 1.000-4.000/ pL

https://doi.org/10.1371/journal.pone.0211898.t001

Two-way ANOVA test reinforced those results and demonstrated that global DNA methyl-
ation was statistically lower in lymphoma than control groups (p-value = 0,0298) even when

Fig 1. Chromatogram of a dog bearing lymphoma by HPLC-DAD (A = 260 and 286 nm). 1: quantity of dC. 2:
quantity of 5MeCyt. The curve area yields the numerical values to be entered into the formula for calculating the
percentage of overall DNA methylation (5MeCyt%).

https://doi.org/10.1371/journal.pone.0211898.g001
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Table 2. Control and experimental groups for global DNA methylation quantification by HPLC and immunoreactivity for 5MeCyt.

HPLC Immunoreactivity
(% 5MeCyt/ 5MeCyt+dC) (5-methylcytosine)
Control Lymphoma Control Lymphoma
(n=10) (n=9) (n=10) n=9)
Average 4.49 4.29 227.5 208.7
Median 4.49 4.34 226.5 213.8
Minimum 4.31 3.76 196.6 181.4
Maximum 4.67 4.53 253.6 224.3
Standard deviation 0.1 0.24 15.9 14.1

https://doi.org/10.1371/journal.pone.0211898.t002

those effects were evaluated simultaneously with sex, which was not statistically significant (p-
value = 0,4243); the same was observed when age were evaluated (p-value = 0,6011) together
with global DNA methylation by HPLC (p-value = 0,0315).

Moreover, there was no statistical difference in the lymphocytes counts circulating between
the lymphoma and control groups by the Mann-Whitney test (p-value = 0.8364). In addition,

Fig 2. Association between levels of DNA methylation (% 5MeCyt/5MeCyt+dC) for experimental group (n = 9) compared with control group (n = 10).
Student’s t-test (p-value<0.05/95% CI).

https://doi.org/10.1371/journal.pone.0211898.9002
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Fig 3. Representative example of ICC for 5-methylcytosine in a CB produced by leukocytes from a dog with
lymphoma. Different grades of staining intensity caused by anti-5-methylcytosine antibody. A: strong
immunoreactivity and B: weak immunoreactivity (40x objective).

https://doi.org/10.1371/journal.pone.0211898.9003

no correlation was observed between the global methylation (HPLC) and the lymphocytes
count by Spearman test (correlation coefficient: -0,01; p-value = 0.9573).

ICC (5-methylcytosine). Immunoreactivity for 5-methylcytosine is localized in the nuclei
of the cells, and they were distinctly different between leukocytes from the same sample, char-
acterized by nuclei labeled darker and uniformly stained (strong immunoreactivity) and dot-
ted nuclei (weak immunoreactivity) (Fig 3).

Immunoreactivity for 5-methylcytosine in leukocytes with weak immunostaining pattern
were found in significantly higher numbers in the lymphoma group compared with that in the
control group (208.7 £14,1 vs. 227.5 £15.9, p-value = 0.015) by the Student’s t-test (Table 2, S1
Table and Fig 4).

Two-way ANOVA test reinforced those results and demonstrated that global DNA methyl-
ation was statistically higher in lymphoma than control groups (p-value = 0,0181) even when
those effects were evaluated simultaneously with sex which was not statistically significant (p-
value = 0,7525); the same was observed when age were evaluated (p-value = 0,4583) together
with global methylation (p-value = 0,0168). Moreover, no correlation was observed between
the global DNA methylation (ICC) and the number of circulating lymphocytes by Spearman’s
correlation (correlation coefficient: -0.147; p = 0.545).

Correlation between global leukocyte DNA methylation quantification methods (HPLC
and ICC). Moderate positive correlation was observed between both quantification methods
of global leukocyte DNA methylation. The Pearson correlation is 0.50 (p-value = 0.029) (Fig 5).

STAGE 2: Infinium HM850 BeadChip DNA methylationEPIC analysis

Sampling. Four dogs with mean age of 9.25 years (5-11 years), one male and three
females, belonged to the Control group. Dog breeds were Golden Retriever (100%). Four dogs
bearing high-grade B-cell lymphoma, with mean age of 10.5 years (6-13 years), three males
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Fig 4. Graphic representation of immunoreactivity for 5-methylcytosine in leukocytes of the experimental group (n = 9) compared with that in the
control group (n = 10). Student’s t-test (p-value<0.05/95% CI).

https://doi.org/10.1371/journal.pone.0211898.9004

(75%) and one female (25%), were included in the Experimental group, composed of one
mongrel and dogs of the following breeds: Labrador (1), Golden Retriever (1), and Maltese (1)
(Table 3 and S1 Table).

Ilumina 850K methylation. Probes that failed during the hybridization phase were
removed. As a first unbiased approach, the detection signal of all EPIC probes was examined
and a total of 276.592 were identified. After the normalization processes, the number of CpG
sites was reduced, and only the 34,574 probes that were presented in the eight canine samples
were considered (S2 Table). After that, the performance of these probes was assessed by plot-
ting the distribution of Beta scores for 34.574 probes, which revealed a distinct distribution
curve for the samples analyzed when the control and experimental groups were compared.
With the distribution peaking at a Beta score of 0.3, such a curve in human sample analysis is
indicative of failed analysis [49]. However, plotting the beta distribution of the subset of 34,574
probes, the distribution curves from the two group samples formed an acceptable shape
according to quality control (Fig 6).

Of the 34,574 probes that have been taken to measure DNA methylation in dog samples,
the standard deviation of Beta scores was calculated for each probe across the control and
experimental groups. According to Needhamsen and colleagues, there is limitation to the use
of EPIC for certain applications such as detection of differentially methylated regions (DMRs)
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Fig 5. Graphic representation of the Pearson correlation between the HPLC and ICC global leukocyte DNA
methylation quantification methods. p-value<0.05/95% CI.

https://doi.org/10.1371/journal.pone.0211898.9005

because each gene is targeted by only a few probes in mouse, which was also found in samples
of dogs [41]. Comparative analysis revealed 8433 regions with high variation of Beta score
across the groups, corresponding to 748 genes (p-value<0.05) (S3 and S4 Tables). Next, as the
HM850 is not specific for canine DNA and the probes are driven to the human genome
(hg19), homology inference of the genes was performed by UCSC Genome Browser and
orthology inference was performed by Ensembl database. Of the 748 genes, 525 showed
homologous and orthologous similarities, including 89 genes differently methylated that
exhibited p-value<0.01 between the study groups (S5 Table). Some highlighted genes are dis-
played in Table 4, presenting hypermethylated or hypomethylated cases of lymphoma com-
pared with the control.

Table 3. Demographic characteristics and lymphocytes counts circulating of Stage II participants (n = 8).

ID Breed Gender Age Lymphocytes Lymphocytes
(years) (/uL)* (morphology)
Lymphoma L-01 Labrador F 11 808 Normal cell morphology
L-03 Maltese M 12 4,580 Rare reactive lymphocytes
L-05 Golden Retriever F 6 1,350 Normal cell morphology
L-08 Mongrel F 13 944 Normal cell morphology
Average + SD 10,5 + 3,1 1.921 + 1.787,9
Healthy C-04 Golden Retriever F 11 2,208 Normal cell morphology
Controls C-07 Golden Retriever F 11 1,863 Normal cell morphology
C-08 Golden Retriever F 5 3,212 Normal cell morphology
C-10 Golden Retriever M 10 2,324 Normal cell morphology
Average + SD 9,25+ 2,8 2.402 + 574,5
M = male, F = female
*Reference interval [48]: 1.000-4.000/ puL
https://doi.org/10.1371/journal.pone.0211898.t003
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Fig 6. Beta score distribution of the 34,574 probes found on the HM850 BeadChip DNA methylation. The shapes
of the distribution curves from all the samples of the control group were comparable to those of the experimental
group. A: samples before normalization and B: samples after normalization. Ctr: samples of the control group; Pct:

samples of the experimental group.

https://doi.org/10.1371/journal.pone.0211898.g006

Table 4. List of hypermethylated and hypomethylated probes in the experimental group in comparison with the control group (p<0.05).

ID Probe Gene Gene description logFC P-value
€g26144202 KCTDI11 potassium channel tetramerization domain containing 11 -564,935,117,912,232 0.0001
cg07584494 KDM4B lysine demethylase 4B -40,214,998,817,122 0.0006
cg05926784 RFX1 regulatory factor X1 -232,865,135,236,799 0.0008
cg00913953 CHD5 chromodomain helicase DNA binding protein 5 -219,793,357,460,489 0.0011
cg19329121 PDK4 pyruvate dehydrogenase kinase 4 -191,159,241,211,223 0.0025
cg09073539 PAX2 paired box 2 -19,110,476,323,946 0.0036
cg04205107 PLD5 phospholipase D family member 5 -169,503,946,066,706 0.0047
cg17804348 TP73 tumor protein p73 -15,990,516,386,811 0.0054
cg11980500 TBCIDI6 TBC1 domain family member 16 -189,968,102,538,758 0.0056
cg01083397 MECP2 methyl-CpG binding protein 2 -176,306,255,238,775 0.0065
cg20674490 RUNX3 runt related transcription factor 3 -189,249,421,576,613 0.0106
cg04709321 RASGRF2 Ras protein specific guanine nucleotide releasing factor 2 -144,343,103,706,994 0.0218
cgl17983217 DDAH2 dimethylarginine dimethylaminohydrolase 2 -134,883,058,962,272 0.0228
cg05886671 NEUROG3 neurogenin 3 -121,890,262,341,614 0.0231
cg08101036 HOXA3 homeobox A3 -132,568,065,256,385 0.0251
cg06829968 ONECUT1 one cut homeobox 1 -110,506,200,031,854 0.0260
cg01003015 VIM vimentin -111,695,841,212,767 0.0336
cg09621572 LTA lymphotoxin alpha -110,876,080,768,704 0.0410
cg16788538 BCL7B BCL tumor suppressor 7B -107,969,136,790,801 0.0451
cg22281380 GRBI0 growth factor receptor bound protein 10 173,156,804,546,141 0.0034
¢g09075558 WNT3A Wnt family member 3A 179,660,497,849,853 0.0243
cg25504403 ORAOV1 oral cancer overexpressed 1 111,866,817,823,371 0.0267
€g26973266 TRAF4 TNF receptor associated factor 4 153,777,903,024,194 0.0298
cgl7337672 FGFR2 fibroblast growth factor receptor 2 151,069,810,097,825 0.0341
cg06382559 TLX1 T-cell leukemia homeobox 1 121,422,502,873,281 0.0413
cg09679690 CDK5 cyclin dependent kinase 5 111,973,892,685,677 0.0420

ID probe—Differently methylated site; Gene: probe-associated gene; logFC: M-value demonstrating the difference of methylation between the control and experimental

groups, positive values indicate hypermethylated probes and negative values indicate hypomethylated probes in the control group compared with those in the

experimental group.

https://doi.org/10.1371/journal.pone.0211898.1004
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Fig 7. Gene ontology enrichment for hypermethylated genes.
https://doi.org/10.1371/journal.pone.0211898.g007

For hypermethylated genes of the experimental group, functional annotation enrichment
analysis was performed and the significant annotation categories are presented in Fig 7.
Enriched annotations were related to Biological Process: developmental processes, regulation
of cell development and response to external stimulus.

Discussion

Results of this case-control study demonstrated that global methylation is detectable in DNA
extracted from canine peripheral blood samples. In addition, lymphoma group leukocytes
showed global DNA hypomethylation compared with healthy group leukocytes, suggesting
that dogs with lymphoma present a systemic decrease in overall DNA methylation. The terms
hypo- and hypermethylation refer to "less" or "more" methylation compared to standard DNA.
In the case of epigenetic cancer, the pattern is established by DNA from healthy cells or tissues
[50].

HPLC and immunocytochemistry techniques were effective to quantify 5MeCyt in canine
peripheral blood leukocytes. Although HPLC required a large amount of extracted DNA,
DNA extraction and its processing have been efficient in canine leukocytes, as well as the sam-
ple volume and storage time were adequate and able to be reproduced and used routinely. The
use of a low-cost technique, initially demonstrated in neoplastic cells, provided efficient inclu-
sion of leukocytes in paraffin and the nuclear immunostaining of the anti-5-methylcytosine
antibody enabled visualization of immunostaining intensity score pattern associated with pre-
served cellular integrity [39]. The use of immunoreactivity scores enabled observation of dark
and uniform or punctual markers delimited by weak labeling in the leukocyte nuclei, sugges-
tive of hypermethylation of chromatin and hypomethylation, respectively, characteristics
described in neoplastic tissues [51]. Hernandez-Blazquez and colleagues (2000) and Morimoto
and colleagues (2016) showed that the most aggressive tumors present lower levels of global
DNA methylation in immunohistochemical analysis of neoplastic tissues. The present study
suggests that this aberrant methylation can also be observed in circulating leukocytes. Moder-
ate correlation was observed between the results obtained by the ICC and HPLC (“golden
method") in the quantification of global methylation methods. Therefore, the ICC method
visually reflected the results obtained by HPLC. In medicine, advances in epigenetic technolo-
gies (often utilizing array-based methylation assays) have offered the possibility of examining
the epigenetic state at many different loci associated with a cancer phenotype simultaneously
in a large number of individuals [51,32].

The results of this study are in accordance with those of the study by Frizo and colleagues
(2013), presenting global hypomethylation in leukocytes of humans with different types of
cancer (hematological, urinary, gastrointestinal, prostate, breast, kidney, lung, and larynx) by
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the liquid chromatography/mass spectrometry (LC/MS) method [52]. Another recent study
showed that global DNA hypomethylation, detectable in peripheral blood, is an early event in
human MBCN development [22].

DNA methylation has been intensively investigated as a potential epigenetic biomarker for
cancer disease and carcinogenesis; however, the true rule of global hypomethylation during
cancer development is still questionable. Studies reinforce the idea that there is a common epi-
genetic basis during the pathogenesis and progression of distinct types of cancer. Animal
experiments support that systemically low genomic methylation in tumor tissues may be caus-
ally involved in tumorogenesis, possibly by promoting chromosomal instability and activation
of proto-oncogenes. Moreover, hypomethylation patterns may influence the mobilization of
retrotransposons in human genomes [19,53,54]. Furthermore, low genomic methylation in
circulating leukocyte DNA was associated with early colorectal tumorigenesis and aberrant
DNA methylation seems to be an important factor in the pathogenesis of MBCN [28,55]. For
these reasons, many epidemiological analyses in humans have suggested a systemic effect of
peripheral blood DNA hypomethylation on predisposition to cancer, and have used leukocyte
methylation as a risk marker [55,56]. In contrast, global DNA hypomethylation may also be
considered a consequence of tumor, principally due to poor diet and nutrition (deficiency of
the methyl group) in oncology patients [57,58]. Finally, evidence in human ovary epithelial
tumors showed that DNA hypomethylation and hypermethylation coexist in the same tumor,
but in different sequences, suggesting that methylation is a dynamic process [59].

In the present study, it was not possible to strengthen the role of hypomethylation as cause
or consequence, or to establish a relationship between global hypomethylation in leukocytes
and cancer risk. Thus, further epidemiological investigations are needed to clarify how these
biological processes operate in canine leukocytes and whether global hypomethylation can
affect the genomic stability and carcinogenesis in canine lymphoma and other diseases.

Interpretation of global methylation changes in peripheral blood still presents some issues.
It has been suggested that immunologic processes associated with inflammation in cancer
development lead to changes in leukocyte subpopulations, which could alter the epigenetic sig-
natures in DNA from peripheral blood. Therefore, aberrant methylation could reflect co-inci-
dent events in the development of lymphoma, such as inflammatory or immune response
[60,22]. In the present study, although the average of circulating lymphocytes count from dogs
bearing lymphoma group was higher than healthy group, there was no statistical difference
between the two groups and no correlation was observed between amount of global methyla-
tion and number of circulating lymphocytes. The identification of specific regions with DNA
methylation changes in dogs with cancer and inflammatory diseases is also required to better
understand the mechanisms of these diseases and has potential to provide novel markers for
diagnosis and prognosis.

Age is a relevant factor in the methylation pattern, and human genome-wide studies have
revealed a decrease in general methylation with aging [61]. Zheng and contributors (2016)
concluded that age-related epigenetic blood changes may reflect cancer-related epigenetic
abnormalities, serving as a biomarker for early detection of cancer [62]. In particular, hemato-
poietic stem cell declines in aging individuals were described as determined by age-dependent
changes in DNA methylation. Ferraresso and colleagues (2014) described the first indication
of age-associated epigenetic modifications in tumor tissue from canine DLBCL [37]. Ito and
collaborators measured methylation in seven age-related DNA regions in canine peripheral
blood leukocytes, significant correlations between methylation level and age were identified in
four regions in the samples obtained from diseased dogs; however, correlations were detected
only in two regions in the samples from healthy dogs [63]. Poor health status, especially in the
case of age-related diseases, may cause methylation patterns that mimic age-related changes in
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methylation [63]. A study in humans found that some age-related methylation changes
become insignificant after restricting the study sample to those without history of major age-
related diseases, such as diabetes mellitus, cardiovascular disease, stroke and cancer [64]. In
this research, the mean age of dogs with lymphoma (10,5 years) was greater than that of dogs
in the control group (7.7 years), but the global DNA methylation was not statistically signifi-
cant when ages were evaluated. Indeed, these outcomes corroborate with the studies above
and suggest that global hypomethylation observed in dogs bearing lymphoma seems not to be
related to the age.

HPLC results motivated an additional design in this analysis. In human medicine, advances
in epigenetic technologies based on hybridization in microarrays enable search of the epige-
netic state at different loci associated with the cancer phenotype. This technique is directed to
two types of data: gene clustering (discovery of methylation profiles) and identification of
unusual patterns in the selection of genes of interest [65]. When this project started, there was
no specific canine microarray test commercially available and Wong and colleagues (2013)
demonstrated that the Infinium Human Methylation BeadChip arrays had utility for methyla-
tion profiling in non-human species [49]. Therefore, based on research mentioned, for the
comparative analysis of DNA methylation profiles of leukocytes from dogs bearing lymphoma
and healthy dogs, the Infinium Human Methylation 850 BeadChip EPIC analysis was used. In
this research of the 853,307 CpG islands, there was hybridization of 34,574 probes in all canine
samples, in accordance with Needhamsen and contributors (2017), who described 33,100
probes with uniquely mapped hits by mappability of HM850 EPIC probes for the dog genome
[41]. Additionally, Needhamsen et al. (2017) investigated the usefulness of the Infinium
HM850 BeadChip EPIC platform to examine DNA methylation in mouse samples, and
showed that a subset of probes found in this matrix (19,420 probes) was capable of demon-
strating DNA methylation profiles in the mouse genome, being a viable and accessible option
for this species and probably for another laboratory species such as Rat, Guinea pig, Rabbit,
Sheep, Pig, Cow, Dog, Cat, Macaque, and Chimpanzee [41].

Results of this study demonstrated that leukocytes from dogs bearing lymphoma are char-
acterized by widespread aberrant methylation affecting 8433 regions, corresponding to 525
genes (p-value<0.05) with homologous and orthological similarities (343 hypermethylated
and 182 hypomethylated genes in experimental vs. healthy groups). In a comparative study
between human and canine homologous genes, 5331 genes (52.3%) presented CpGs islands
associated with the promoter region present in both genomes [66]. Because of their localiza-
tion, these islands may be associated with gene expression, and hypermethylation of these sites
is correlated with changes in transcriptional regulation, either for gene inactivation (promoter
regions) or for stimulated transcription (gene body) [67]. Hypomethylation in specific pro-
moter regions can activate aberrant expression of oncogenes and induce imprinting loss in
some loci [67].

In addition, the GO enrichment analysis was performed to reveal the function of proteins
encoded by genes showing DNA methylation alterations shared by dogs bearing lymphoma
and to reveal the biological processes in which such proteins participate. This analysis demon-
strated that DNA hypermethylation was enriched among development processes, regulation of
cell development and response to external stimulus. Of the 525 genes related to the differently
methylated sites, three genes that were hypermethylated in the experimental group compared
with the healthy group (p-value<0.001) are worth highlighting: KCTD11 is a tumor suppressor
gene, some types of cancer present its expression decreased, such as prostatic adenocarcinoma
and human medulloblastoma [68]; RFX1 is a transcription factor, often epigenetically silenced
in human glioblastomas, it directly regulates the expression of CD44, this mechanism may
contribute to the proliferation and invasion of glioblastoma cells [69]; KDM4B is a protein
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involved in histone demethylation and plays a role in the carcinogenesis of many solid tumors,
its expression may be associated with an aggressive subtype of non-Hodgkin lymphoma and
involved with radio resistance [70].

In the analysis of DNA methylation patterns between the experimental and control groups,
some genes related to the progression and development of cancer (p-value<0.05) were hyper-
methylated in dogs with lymphoma compared with the healthy group: RUNX3 is a tumor sup-
pressor gene, member of the RUNT transcription factor family, in human gastric cancer, it is
often inactivated by loss of alleles or by gene silencing secondary to promoter region hyper-
methylation [71]; RASGRF2 is a tumor suppressor gene that plays a key role in lymphocyte
proliferation, T cell signaling, and lymphomagenesis [72]. Hypermethylation of RASGRF2 has
been associated with recurrence of prostatic cancer [73]; BCL7B is a member of the BCL7 gene
family (along with the genes BCL7A and BCL7C), in humans, the decrease in BCL7A expres-
sion is associated with development of NHL and epithelial lymphoma [74,75]. Deletion of
BCL7B in patients with Williams-Beuren syndrome increases the risk of malignant transfor-
mation. BCL7B negatively regulates the WNT signaling pathway (associated with cell prolifera-
tion), and positively regulates the apoptotic pathway [76].

Hypomethylated genes in the experimental vs. healthy groups included: TRAF4, member of
the TRAF family, plays an important role in the regulation of survival, cell proliferation, and
stress response. Hyperexpression of TRAF4 has been described in human marginal zone lym-
phomas, highlighting its role as transcription factor in lymphoma pathogenesis [77]. Reduc-
tion of TRAF4 expression promoted inhibitory effects on the proliferative ability of
osteosarcoma cell culture [78]; CDK5, member of the family of cyclin-dependent kinases, plays
arole in DNA damage response and cell cycle checkpoint activation. CDK5 hypomethylation
has been described in mantle cell lymphoma [79]. Patients with diffuse large B-cell lymphoma
present a greater expression of CDK5 compared with that of healthy individuals [80].

In a recent research, Ferraresso and colleagues (2017) investigated the DNA methylome in
tumor tissues primary from canine DLBCLs in comparison with control lymph nodes using
for the first time a DNA CpG microarray designed for canine species [31]. The accumulation
of aberrant epigenetic changes in the tumor samples resulted in a more aggressive behavior of
the subtypes of canine diffuse large B-cell lymphomas, and gene functional analysis highlighted
biological processes strongly associated with embryonic development, tissue morphogenesis,
and cellular differentiation, including HOX, BMP and WNT [31]. Interestingly, compared
with our study, although different techniques and samples types (tumors and circulating leu-
kocytes) were used, some genes described by Ferraresso and colleagues in tumor also pre-
sented aberrant methylation in canine leukocyte DNA (KDM4B, HOX, WNT and FGFR2)
[31]. According to two studies about utility of human DNA methylation arrays for profiling
genomic DNA in other species seems that human methylation chip could be an option for
canine methylome studies in the commercial unavailability of the canine chip [41,49].

As several differently methylated genes have not yet been described in canine high-grade B-
cell lymphoma, it is important to validate our findings in larger studies conducted to detect
differently methylated regions and specific loci of each of the 525 genes described, by PCR and
sequencing techniques, in addition to verify their gene expression in neoplastic tissues and cell
cultures. This follow-up may identify aberrant methylation in specific regions of functional
importance and improve understanding of the role of DNA methylation in lymphomas, as
well as the search for new possible biomarkers for canine lymphomas.

Although a larger number of samples both from healthy dogs and dogs bearing lymphoma
are needed, this study emphasizes the importance of researching methylation in leukocytes,
mainly by easily accessing samples via non-invasive collection. In addition, our results reiterate
the importance of the use of liquid biopsy in cancer research; the use of peripheral blood
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instead of tumor tissue presents as main advantages the easy access and the possibility of col-
lecting samples from the same patient at different times, making it possible to use them as
diagnostic biomarkers and to monitor them during treatment.

Finally, this pioneer study associated canine lymphoma with global hypomethylation of
DNA and aberrant methylation patterns in leukocytes obtained from peripheral blood. Epige-
netic similarities between the human and canine species increase the relevance, in the field of
cancer research, of the identification of epigenetic modifications, cancer-associated genes, the
study of environmental risk factors and, most importantly, the evaluation and development of
novel cancer biomarkers of canine non-Hodgkin lymphoma.

Supporting information

S1 Table. Complete clinical and pathological features of dogs included in study.
(DOCX)

S2 Table. Probes that were presented in all canine samples (n = 8).
(XLSX)

S3 Table. Regions with high variation of Beta score across the groups.
(XLSX)

$4 Table. Genes contained in regions with high variation of Beta score across the groups
(p-value<0.05).
(XLSX)

S5 Table. Genes that showed homologous and orthologous similarities (p-value<0.05).
(XLSX)

Acknowledgments

This study is part of the MS thesis of T. M. F. Epiphanio in the Oncology Program of the
School of Medicine of the University of Sdo Paulo, Brazil. The authors are grateful to Marguiti
Isaura Soares (Laboratory of Experimental and Comparative Oncology of the School of Veteri-
nary Medicine and Animal Science of the University of Sdo Paulo) for the technical assistance,
Lucas Martins Chaible (European Molecular Biology Laboratory) for the review of the work
and plausible suggestions and Guillermo Franco Garcia (Industrial Engineer) for Gene Set
Analysis.

Author Contributions
Conceptualization: Tatiane Moreno Ferrarias Epiphanio, Maria Lucia Zaidan Dagli.

Data curation: Tatiane Moreno Ferrarias Epiphanio, Simone Gongalves, Nayra Villar Scat-
tone, Marcello Vannucci Tedardi, Ana Paula de Melo Loureiro.

Formal analysis: Tatiane Moreno Ferrarias Epiphanio, Marcello Vannucci Tedardi, Maria
Lucia Zaidan Dagli.

Funding acquisition: Maria Lucia Zaidan Dagli.

Investigation: Tatiane Moreno Ferrarias Epiphanio, Tiago Franco de Oliveira, Rodrigo Alber-
garia Réssio, Leslie Domenici Kulikowski, Jullian Damasceno, Ana Paula de Melo Loureiro.

Methodology: Tatiane Moreno Ferrarias Epiphanio, Natalia Coelho Couto de Azevedo Fer-
nandes, Tiago Franco de Oliveira, Priscila Assis Lopes, Rodrigo Albergaria Réssio, Simone

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 17/22


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211898.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211898.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211898.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211898.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0211898.s005
https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

Gongalves, Marcello Vannucci Tedardi, Leslie Domenici Kulikowski, Jullian Damasceno,
Ana Paula de Melo Loureiro, Maria Lucia Zaidan Dagli.

Project administration: Maria Lucia Zaidan Dagli.
Resources: Simone Gongalves, Nayra Villar Scattone.
Software: Leslie Domenici Kulikowski, Jullian Damasceno.
Supervision: Maria Lucia Zaidan Dagli.

Validation: Tiago Franco de Oliveira, Rodrigo Albergaria Réssio, Jullian Damasceno, Ana
Paula de Melo Loureiro.

Visualization: Natdlia Coelho Couto de Azevedo Fernandes, Priscila Assis Lopes, Rodrigo
Albergaria Réssio.

Writing - original draft: Tatiane Moreno Ferrarias Epiphanio.

Writing - review & editing: Maria Lucia Zaidan Dagli.

References

1. Fleming JM, Creevy KE, Promislow DEL. Mortality in North American Dogs from 1984 to 2004: An
Investigation into Age-, Size-, and Breed-Related Causes of Death. J Vet Intern Med. 2011; 25(2):187—
198. https://doi.org/10.1111/j.1939-1676.2011.0695.x PMID: 21352376

2. lto D, Frantz A MJ. Canine lymphoma as a comparative model for human non-Hodgkin lymphoma:
Recent progress and applications. Vet Immunol Immunopathol.2014; 159(3—4):192-201. https://doi.
org/10.1016/j.vetimm.2014.02.016 PMID: 24642290

3. Vail D.M.; Pinkerton M.E.; Young KM. Hematopoietic Tumors. In: Withrow and MacEwen’s Small Ani-
mal Clinical Oncology. 5th ed. St. Louis: Saunders Elsevier; 2013:608—678.

4. Merlo DF, RossiL, Pellegrino C, Ceppi M, Cardellino U, Capurro C, et al. Cancer Incidence in Pet Dogs:
Findings of the Animal Tumor Registry of Genoa, ltaly. J Vet Intern Med. 2008; 22(4):976-984. https:/
doi.org/10.1111/j.1939-1676.2008.0133.x PMID: 18564221

5. Marconato L, Gelain ME, Comazzi S. The dog as a possible animal model for human non-Hodgkin lym-
phoma: a review. Hematol Oncol. 2013; 31(1):1-9. https://doi.org/10.1002/hon.2017 PMID: 22674797

6. Hahn KA, Richardson RC, Hahn EA, Chrisman CL. Diagnostic and Prognostic Importance of Chromo-
somal Aberrations Identified in 61 Dogs with Lymphosarcoma. Vet Pathol. 1994; 31(5):528-540.
https://doi.org/10.1177/030098589403100504 PMID: 7801430

7. Veldhoen N, Stewart J, Brown R, Milner J. Mutations of the p53 gene in canine lymphoma and evidence
for germ line p53 mutations in the dog. Oncogene. 1998; 16(2):249-255. https://doi.org/10.1038/sj.onc.
1201489 PMID: 9464543

8. Setoguchi A, Sakai T, Okuda M, Minehata K, Yazawa M, Ishizaka T, et al. Aberrations of the p53 tumor
suppressor gene in various tumors in dogs. Am J Vet Res. 2001; 62(3):433—439. https://doi.org/10.
2460/ajvr.2001.62.433 PMID: 11277210

9. Pelham JT, Irwin PJ, Kay PH. Genomic hypomethylation in neoplastic cells from dogs with malignant
lymphoproliferative disorders. Res Vet Sci. 2003; 74(1):101-104. https://doi.org/10.1016/S0034-5288
(02)00179-0 PMID: 12507572

10. Modiano JF, Breen M, Burnett RC, Parker HG, Inusah S, Thomas R, et al. Distinct B-Cell and T-Cell
Lymphoproliferative Disease Prevalence among Dog Breeds Indicates Heritable Risk. Cancer Res.
2005; 65(13):5654—-5661. https://doi.org/10.1158/0008-5472.CAN-04-4613 PMID: 15994938

11.  Elvers|, Turner-Maier J, Swofford R, Koltookian M, Johnson J, Stewart C, et al. Exome sequencing of
lymphomas from three dog breeds reveals somatic mutation patterns reflecting genetic background.
Genome Res. 2015; 25(11):1634—1645. https://doi.org/10.1101/gr.194449.115 PMID: 26377837

12. Hayes HM, Tarone RE, Cantor KP, Jessen CR, McCurnin DM, Richardson RC. Case-Control Study of
Canine Malignant Lymphoma: Positive Association With Dog Owner’s Use of 2, 4-Dichlorophenoxyace-
tic Acid Herbicides. JNCI J Natl Cancer Inst. 1991; 83(17):1226—1231. https://doi.org/10.1093/jnci/83.
17.1226 PMID: 1870148

13. Pastor M, Chalvet-Monfray K, Marchal T, Keck G, Magnol JP, Fournel-Fleury C, et al. Genetic and Envi-
ronmental Risk Indicators in Canine Non-Hodgkin’s Lymphomas: Breed Associations and Geographic

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 18/22


https://doi.org/10.1111/j.1939-1676.2011.0695.x
http://www.ncbi.nlm.nih.gov/pubmed/21352376
https://doi.org/10.1016/j.vetimm.2014.02.016
https://doi.org/10.1016/j.vetimm.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24642290
https://doi.org/10.1111/j.1939-1676.2008.0133.x
https://doi.org/10.1111/j.1939-1676.2008.0133.x
http://www.ncbi.nlm.nih.gov/pubmed/18564221
https://doi.org/10.1002/hon.2017
http://www.ncbi.nlm.nih.gov/pubmed/22674797
https://doi.org/10.1177/030098589403100504
http://www.ncbi.nlm.nih.gov/pubmed/7801430
https://doi.org/10.1038/sj.onc.1201489
https://doi.org/10.1038/sj.onc.1201489
http://www.ncbi.nlm.nih.gov/pubmed/9464543
https://doi.org/10.2460/ajvr.2001.62.433
https://doi.org/10.2460/ajvr.2001.62.433
http://www.ncbi.nlm.nih.gov/pubmed/11277210
https://doi.org/10.1016/S0034-5288(02)00179-0
https://doi.org/10.1016/S0034-5288(02)00179-0
http://www.ncbi.nlm.nih.gov/pubmed/12507572
https://doi.org/10.1158/0008-5472.CAN-04-4613
http://www.ncbi.nlm.nih.gov/pubmed/15994938
https://doi.org/10.1101/gr.194449.115
http://www.ncbi.nlm.nih.gov/pubmed/26377837
https://doi.org/10.1093/jnci/83.17.1226
https://doi.org/10.1093/jnci/83.17.1226
http://www.ncbi.nlm.nih.gov/pubmed/1870148
https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Distribution of 608 Cases Diagnosed throughout France over 1 Year. J Vet Intern Med. 2009; 23
(2):301-310. https://doi.org/10.1111/.1939-1676.2008.0255.x PMID: 19192140

Zanini DA, Kimura KC, Nishiya AT, Ubukata R, Leandro RM, Brito CP, et al. Environmental risk factors
related to the development of canine non-Hodgkin’s lymphoma. Ciéncia Rural. 2013; 43(7):1302—-1308.
https://doi.org/10.1590/S0103-84782013005000089

Teh AL, Pan H, Chen L, Ong ML, Dogra S, Wong J, et al. The effect of genotype and in utero environ-
ment on interindividual variation in neonate DNA methylomes. Elsevier S, ed. Genome Res. 2014; 24
(7):1064-1074. https://doi.org/10.1101/gr.171439.113 Title & Authorsinterplay between Epigenetics

and Genetics in Cancer PMID: 24709820

Choi JD, Lee J-S. Interplay between Epigenetics and Genetics in Cancer. Genomics Inform. 2013; 11
(4):164. https://doi.org/10.5808/G1.2013.11.4.164 PMID: 24465226

Jones PA, Baylin SB. The Epigenomics of Cancer. Cell. 2007; 128(4):683-692. https://doi.org/10.1016/
j.cell.2007.01.029 PMID: 17320506

Jones P.A.; Baylin SB. The fundamental role of epigenetic events in cancer. Nat Rev Genet. 2002; 3
(6):415-428. https://doi.org/10.1038/nrg816 PMID: 12042769

Eden A. Chromosomal Instability and Tumors Promoted by DNA Hypomethylation. Science. 2003;18;
300(5618):455—-455. https://doi.org/10.1126/science. 1083557 PMID: 12702868

Qureshi SA, Bashir MU, Yaginuddin A. Utility of DNA methylation markers for diagnosing cancer. Int J
Surg. 2010; 8(3):194—198. https://doi.org/10.1016/j.ijsu.2010.02.001 PMID: 20139036

Walker BA, Wardell CP, Chiecchio L, Smith EM, Boyd KD, Neri A, et al.Aberrant global methylation pat-
terns affect the molecular pathogenesis and prognosis of multiple myeloma. Blood. 2011; 117(2):553—
562. https://doi.org/10.1182/blood-2010-04-279539 PMID: 20944071

Wong Doo N, Makalic E, Joo JE, Vajdic CM, Schmidt DF, Wong EM, et al. Global measures of periph-
eral blood-derived DNA methylation as a risk factor in the development of mature B-cell neoplasms. Epi-
genomics. 2016; 8(1):55-66. https://doi.org/10.2217/epi.15.97 PMID: 26679037

Shivapurkar N, Gazdar A. DNA Methylation Based Biomarkers in Non-Invasive Cancer Screening. Curr
Mol Med. 2010; 10(2):123—132. https://doi.org/10.2174/156652410790963303 PMID: 20196733

Woo HD, Kim J. Global DNA Hypomethylation in Peripheral Blood Leukocytes as a Biomarker for Can-
cer Risk: A Meta-Analysis. Christensen BC, ed. PLoS One. 2012; 7(4):e34615. https://doi.org/10.1371/
journal.pone.0034615 PMID: 22509334

Wu H-C, Wang Q, Yang H-I, Tsai W-Y, Chen C-J, Santella RM. Global DNA methylation levels in white
blood cells as a biomarker for hepatocellular carcinoma risk: a nested case-control study. Carcinogene-
sis. 2012; 33(7):1340-1345. https://doi.org/10.1093/carcin/bgs160 PMID: 22581841

LiL, Choi JY, Lee KM, Sung H, Park SK, Oze |, et al. DNA Methylation in Peripheral Blood: A Potential
Biomarker for Cancer Molecular Epidemiology. J Epidemiol. 2012; 22(5):384—-394. https://doi.org/10.
2188/jea.JE20120003 PMID: 22863985

Fabris S, Bollati V, Agnelli L, Morabito F, Motta V, Cutrona G, et al. Biological and clinical relevance of
quantitative global methylation of repetitive DNA sequences in chronic lymphocytic leukemia. Epigenet-
ics. 2011; 6(2):188—194. https://doi.org/10.4161/epi.6.2.13528 PMID: 20930513

Lim U, Flood A, Choi S, Albanes D, Cross AJ, Schatzkin A, et al. Genomic Methylation of Leukocyte
DNA in Relation to Colorectal Adenoma Among Asymptomatic Women. Gastroenterology. 2008; 134
(1):47-55. https://doi.org/10.1053/j.gastro.2007.10.013 PMID: 18166347

Choi JY, James SR, Link PA, McCann SE, Hong CC, Davis W, et al. Association between global DNA
hypomethylation in leukocytes and risk of breast cancer. Carcinogenesis. 2009; 30(11):1889-1897.
https://doi.org/10.1093/carcin/bgp143 PMID: 19584139

Dugué P-A, Brinkman MT, Milne RL, Wong EM, FitzGerald LM, Bassett JK, et al. Genome-wide mea-
sures of DNA methylation in peripheral blood and the risk of urothelial cell carcinoma: a prospective
nested case—control study. Br J Cancer. 2016; 115(6):664—673. https://doi.org/10.1038/bjc.2016.237
PMID: 27490804

Ferraresso S, Arico A, Sanavia T, Da Ros S, Milan M, Cascione L, et al. DNA methylation profiling
reveals common signatures of tumorigenesis and defines epigenetic prognostic subtypes of canine Dif-
fuse Large B-cell Lymphoma. Sci Rep. 2017; 7(1):1-11. https://doi.org/10.1038/s41598-016-0028-x

Morimoto CY, Tedardi MV, da Fonseca IIM, Kimura KC, Sanches DS, Epiphanio TF, et al. Evaluation of
the global DNA methylation in canine mast cell tumour samples by immunostaining of 5-methyl cyto-
sine. Vet Comp Oncol. 2017; 15(3):1014-1018. https://doi.org/10.1111/vco.12241 PMID: 27140659

Fujiwara-lgarashi A, Goto-Koshino Y, Mochizuki H, Sato M, Fujino Y, Ohno K, et al. Inhibition of p16
tumor suppressor gene expression via promoter hypermethylation in canine lymphoid tumor cells. Res
Vet Sci. 2014; 97(1):60-63. https://doi.org/10.1016/j.rvsc.2014.04.008 PMID: 24815345

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 19/22


https://doi.org/10.1111/j.1939-1676.2008.0255.x
http://www.ncbi.nlm.nih.gov/pubmed/19192140
https://doi.org/10.1590/S0103-84782013005000089
https://doi.org/10.1101/gr.171439.113
http://www.ncbi.nlm.nih.gov/pubmed/24709820
https://doi.org/10.5808/GI.2013.11.4.164
http://www.ncbi.nlm.nih.gov/pubmed/24465226
https://doi.org/10.1016/j.cell.2007.01.029
https://doi.org/10.1016/j.cell.2007.01.029
http://www.ncbi.nlm.nih.gov/pubmed/17320506
https://doi.org/10.1038/nrg816
http://www.ncbi.nlm.nih.gov/pubmed/12042769
https://doi.org/10.1126/science.1083557
http://www.ncbi.nlm.nih.gov/pubmed/12702868
https://doi.org/10.1016/j.ijsu.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20139036
https://doi.org/10.1182/blood-2010-04-279539
http://www.ncbi.nlm.nih.gov/pubmed/20944071
https://doi.org/10.2217/epi.15.97
http://www.ncbi.nlm.nih.gov/pubmed/26679037
https://doi.org/10.2174/156652410790963303
http://www.ncbi.nlm.nih.gov/pubmed/20196733
https://doi.org/10.1371/journal.pone.0034615
https://doi.org/10.1371/journal.pone.0034615
http://www.ncbi.nlm.nih.gov/pubmed/22509334
https://doi.org/10.1093/carcin/bgs160
http://www.ncbi.nlm.nih.gov/pubmed/22581841
https://doi.org/10.2188/jea.JE20120003
https://doi.org/10.2188/jea.JE20120003
http://www.ncbi.nlm.nih.gov/pubmed/22863985
https://doi.org/10.4161/epi.6.2.13528
http://www.ncbi.nlm.nih.gov/pubmed/20930513
https://doi.org/10.1053/j.gastro.2007.10.013
http://www.ncbi.nlm.nih.gov/pubmed/18166347
https://doi.org/10.1093/carcin/bgp143
http://www.ncbi.nlm.nih.gov/pubmed/19584139
https://doi.org/10.1038/bjc.2016.237
http://www.ncbi.nlm.nih.gov/pubmed/27490804
https://doi.org/10.1038/s41598-016-0028-x
https://doi.org/10.1111/vco.12241
http://www.ncbi.nlm.nih.gov/pubmed/27140659
https://doi.org/10.1016/j.rvsc.2014.04.008
http://www.ncbi.nlm.nih.gov/pubmed/24815345
https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

34.

35.

36.

37.

38.

39.

40.

4,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Bryan JN, Jabbes M, Berent LM, Arthur GL, Taylor KH, Rissetto KC, et al. Hypermethylation of the
DLC1 CpG island does not alter gene expression in canine lymphoma. BMC Genet. 2009; 10(1):73.
https://doi.org/10.1186/1471-2156-10-73 PMID: 19912643

Tomiyasu H, Fujiwara-lgarashi A, Goto-Koshino Y, Fujino Y, Ohno K, Tsujimoto H. Evaluation of DNA
methylation profiles of the CpG island of the ABCB1 gene in dogs with lymphoma. Am J Vet Res. 2014;
75(9):835-841. https://doi.org/10.2460/ajvr.75.9.835 PMID: 25157887

Hiraoka H, Minami K, Kaneko N, Shimokawa Miyama T, Okamura Y, Mizuno T, et al. Aberrations of the
FHIT Gene and Fhit Protein in Canine Lymphoma Cell Lines. J Vet Med Sci. 2009; 71(6):769-777.
https://doi.org/10.1292/jvms.71.769 PMID: 19578286

Ferraresso S, Bresolin S, Arico A, Comazzi S, Gelain ME, Riondato F, et al. Epigenetic Silencing of
TFPI-2 in Canine Diffuse Large B-Cell Lymphoma. Mills K, ed. PLoS One. 2014; 9(4):€92707. https:/
doi.org/10.1371/journal.pone.0092707 PMID: 24695110

Sézmen M, Tasca S, Carli E, Lorenzi D De, Furlanello T, Caldin M. Use of Fine Needle Aspirates and
Flow Cytometry for the Diagnosis, Classification, and Immunophenotyping of Canine Lymphomas. J
Vet Diagnostic Investig. 2005; 17(4):323-329. https://doi.org/10.1177/104063870501700404 PMID:
16130989

Fernandes NCCA, Guerra JM, Réssio RA, Wasques DG, Etlinger-Colonelli D, Lorente S, et al. Liquid-
based cytology and cell block immunocytochemistry in veterinary medicine: comparison with standard
cytology for the evaluation of canine lymphoid samples. Vet Comp Oncol. 2016; 14:107—116. https://
doi.org/10.1111/vco.12137 PMID: 25665030

Chung CJ, Chang CH, Chuu CP, Yang CR, Chang YH, Huang CP, et al. Reduced 5-Methylcytosine
Level as a Potential Progression Predictor in Patients with T1 or Non-Invasive Urothelial Carcinoma. Int
J Mol Sci. 2014; 16(1):677—690. https://doi.org/10.3390/ijms 16010677 PMID: 25561224

Needhamsen M, Ewing E, Lund H, Gomez-cabrero D, Harris RA, Kular L. Usability of human Infinium
MethylationEPIC BeadChip for mouse DNA methylation studies. 2017; 18(1):486. https://doi.org/10.
1186/s12859-017-1870-y PMID: 29141580

Moran S, Arribas C, Esteller M. Validation of a DNA methylation microarray for 850,000 CpG sites of the
human genome enriched in enhancer sequences. Epigenomics. 2016; 8(3):389-399. https://doi.org/10.
2217/epi.15.114 PMID: 26673039

Bibikova M, Lin Z, Zhou L, Chudin E, Garcia EW, Wu B, et al. High-throughput DNA methylation profiling
using universal bead arrays. Genome Res. 2006; 16(3):383-393. https://doi.org/10.1101/gr.4410706
PMID: 16449502

Du P, Zhang X, Huang CC, Jafari N, Kibbe WA, Hou L, et al. Comparison of Beta-value and M-value
methods for quantifying methylation levels by microarray analysis. BMC Bioinformatics. 2010;
30;11:587. https://doi.org/10.1186/1471-2105-11-587

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma powers differential expression analy-
ses for RNA-sequencing and microarray studies. Nucleic Acids Res. 2015; 43(7):e47. https://doi.org/
10.1093/nar/gkv007 PMID: 25605792

Kent WJ, Sugnet CW, Furey TS, Roskin KM. The Human Genome Browser at UCSC W. J Med Chem.
1976; 19(10):1228—-1231. https://doi.org/10.1101/gr.229102

Vilella AJ, Severin J, Ureta-Vidal A, Heng L, Durbin R, Birney E. Ensembl Compara GeneTrees: Com-
plete, duplication-aware phylogenetic trees in vertebrates. Genome Res. 2009; 19(2):327-335. https:/
doi.org/10.1101/gr.073585.107 PMID: 19029536

Stockham SL, Scott MA. Leukocytes. In: Fundamentals of Veterinary Clinical Pathology, 2nd ed.
Blackwell Publishing, 2008:53—106.

Wong NC, Ng J, Hall NE, Lunke S, Salmanidis M, Brumatti G, et al. Exploring the utility of human DNA
methylation arrays for profiling mouse genomic DNA. Genomics. 2013; 102(1):38—46. https://doi.org/
10.1016/j.ygeno0.2013.04.014 PMID: 23639479

Torafio EG, Petrus S, Fernandez AF, Fraga MF. Global DNA hypomethylation in cancer: review of vali-
dated methods and clinical significance. Clin Chem Lab Med. 2012; 50(10): 1733—42. https://doi.org/10.
1515/cclm-2011-0902 PMID: 23089701

Hernandez-Blazquez FJ. Evaluation of global DNA hypomethylation in human colon cancer tissues by
immunohistochemistry and image analysis. Gut. 2000; 47(5):689—-693. https://doi.org/10.1136/gut.47.
5.689 PMID: 11034586

Friso S, Udali S, Guarini P, Pellegrini C, Pattini P, Moruzzi S, et al. Global DNA Hypomethylation in
Peripheral Blood Mononuclear Cells as a Biomarker of Cancer Risk. Cancer Epidemiol Biomarkers
Prev. 2013; 22(3):348-355. https://doi.org/10.1158/1055-9965.EPI-12-0859 PMID: 23300023

Gaudet F. Induction of Tumors in Mice by Genomic Hypomethylation. Science (80-). 2003; 300
(5618):489-492. https://doi.org/10.1126/science.1083558 PMID: 12702876

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 20/22


https://doi.org/10.1186/1471-2156-10-73
http://www.ncbi.nlm.nih.gov/pubmed/19912643
https://doi.org/10.2460/ajvr.75.9.835
http://www.ncbi.nlm.nih.gov/pubmed/25157887
https://doi.org/10.1292/jvms.71.769
http://www.ncbi.nlm.nih.gov/pubmed/19578286
https://doi.org/10.1371/journal.pone.0092707
https://doi.org/10.1371/journal.pone.0092707
http://www.ncbi.nlm.nih.gov/pubmed/24695110
https://doi.org/10.1177/104063870501700404
http://www.ncbi.nlm.nih.gov/pubmed/16130989
https://doi.org/10.1111/vco.12137
https://doi.org/10.1111/vco.12137
http://www.ncbi.nlm.nih.gov/pubmed/25665030
https://doi.org/10.3390/ijms16010677
http://www.ncbi.nlm.nih.gov/pubmed/25561224
https://doi.org/10.1186/s12859-017-1870-y
https://doi.org/10.1186/s12859-017-1870-y
http://www.ncbi.nlm.nih.gov/pubmed/29141580
https://doi.org/10.2217/epi.15.114
https://doi.org/10.2217/epi.15.114
http://www.ncbi.nlm.nih.gov/pubmed/26673039
https://doi.org/10.1101/gr.4410706
http://www.ncbi.nlm.nih.gov/pubmed/16449502
https://doi.org/10.1186/1471-2105-11-587
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
https://doi.org/10.1101/gr.229102
https://doi.org/10.1101/gr.073585.107
https://doi.org/10.1101/gr.073585.107
http://www.ncbi.nlm.nih.gov/pubmed/19029536
https://doi.org/10.1016/j.ygeno.2013.04.014
https://doi.org/10.1016/j.ygeno.2013.04.014
http://www.ncbi.nlm.nih.gov/pubmed/23639479
https://doi.org/10.1515/cclm-2011-0902
https://doi.org/10.1515/cclm-2011-0902
http://www.ncbi.nlm.nih.gov/pubmed/23089701
https://doi.org/10.1136/gut.47.5.689
https://doi.org/10.1136/gut.47.5.689
http://www.ncbi.nlm.nih.gov/pubmed/11034586
https://doi.org/10.1158/1055-9965.EPI-12-0859
http://www.ncbi.nlm.nih.gov/pubmed/23300023
https://doi.org/10.1126/science.1083558
http://www.ncbi.nlm.nih.gov/pubmed/12702876
https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Iskow RC, McCabe MT, Mills RE, Torene S, Pittard WS, Neuwald AF, et al. Natural Mutagenesis of
Human Genomes by Endogenous Retrotransposons. Cell. 2010; 141(7):1253—-1261. https://doi.org/10.
1016/j.cell.2010.05.020 PMID: 20603005

Brennan K, Flanagan JM. Is There a Link Between Genome-Wide Hypomethylation in Blood and Can-
cer Risk? Cancer Prev Res. 2012; 5(12):1345-1357. https://doi.org/10.1158/1940-6207.CAPR-12-
0316 PMID: 23135621

LiJ, Huang Q, Zeng F, LiW, He Z, Chen W, et al.The Prognostic Value of Global DNA Hypomethylation
in Cancer: A Meta-Analysis. Batra SK, ed. PLoS One. 2014; 9(9):e106290. https://doi.org/10.1371/
journal.pone.0106290 PMID: 25184628

Lelbach A, Muzes G, Feher J. Current perspectives of catabolic mediators of cancer cachexia. Med Sci
Monit. 2007; 13(9):RA168-173. http://www.ncbi.nlm.nih.gov/pubmed/17767131. PMID: 17767131

Duthie SJ, Narayanan S, Brand GM, Pirie L, Grant G. Impact of folate deficiency on DNA stability. J
Nutr. 2002; 132(8 Suppl):2444S5—-24498S. http://www.ncbi.nlm.nih.gov/pubmed/12163709.

Ehrlich M, Woods CB, Yu MC, Dubeau L, Yang F, Campan M, et al. Quantitative analysis of associa-
tions between DNA hypermethylation, hypomethylation, and DNMT RNA levels in ovarian tumors.
Oncogene. 2006; 25(18):2636—2645. https://doi.org/10.1038/sj.onc.1209145 PMID: 16532039

Teschendorff AE, Menon U, Gentry-Maharaj A, Ramus SJ, Gayther SA, Apostolidou S, et al. An Epige-
netic Signature in Peripheral Blood Predicts Active Ovarian Cancer. Aramayo R, ed. PLoS One. 2009; 4
(12):e8274. https://doi.org/10.1371/journal.pone.0008274 PMID: 20019873

Terry MB, Delgado-Cruzata L, Vin-Raviv N, Wu HC, Santella RM. DNA methylation in white blood cells.
Epigenetics. 2011; 6(7):828-837. https://doi.org/10.4161/epi.6.7.16500 PMID: 21636973

Zheng Y, Joyce BT, Colicino E, Liu L, Zhang W, Dai Q, et al. Blood Epigenetic Age may Predict Cancer
Incidence and Mortality. EBioMedicine. 2016; 5:68—73. https://doi.org/10.1016/j.ebiom.2016.02.008
PMID: 27077113

Ito G, Yoshimura K, Momoi Y. Analysis of DNA methylation of potential age-related methylation sites in
canine peripheral blood leukocytes. J. Vet. Med. Sci. 2017; 79(4): 745-750. https://doi.org/10.1292/
jvms.16-0341 PMID: 28260725

Florath I, Butterbach K, Mdiller H, Bewerunge-Hudler M, Brenner H. Cross-sectional and longitudinal
changes in DNA methylation with age: an epigenome-wide analysis revealing over 60 novel age-associ-
ated CpG sites. Hum. Mol. Genet. 2014; 23: 1186—1201. https://doi.org/10.1093/hmg/ddt531 PMID:
24163245

Deatherage DE, Potter D, Yan PS, Huang TH. Microarray Analysis of the Physical Genome. 2009; 556
(3):1-22. https://doi.org/10.1007/978-1-60327-192-9

Han L.; Zhao Z. Contrast features of CpG islands in the promoter and other regions in the dog genome.
Genomics. 2009; 94(2): 117-124. https://doi.org/10.1016/j.ygeno.2009.04.007 PMID: 19409480

Portela A, Esteller M. Epigenetic modifications and human disease. Nat Biotechnol. 2010; 28
(10):1057—-1068. https://doi.org/10.1038/nbt. 1685 PMID: 20944598

Zazzeroni F, Nicosia D, Tessitore A, Gallo R, Verzella D, Fischietti M, et al. KCTD11 tumor suppressor
gene expression is reduced in prostate adenocarcinoma. Biomed Res Int. 2014; 2014:380398. https://
doi.org/10.1155/2014/380398 PMID: 25045667

Feng C, Zhang Y, Yin J, Li J, Abounader R, Zuo Z. Regulatory factor X1 is a new tumor suppressive
transcription factor that acts via direct downregulation of CD44 in glioblastoma. Neuro Oncol. 2014; 16
(8):1078-1085. https://doi.org/10.1093/neuonc/nou010 PMID: 24526308

Bur H, Haapasaari K-M, Turpeenniemi-Hujanen T, Kuittinen O, Auvinen P, Marin K| et al. Strong
KDM4B and KDM4D Expression Associates with Radioresistance and Aggressive Phenotype in Classi-
cal Hodgkin Lymphoma. Anticancer Res. 2016; 36(9):4677—4684. https://doi.org/10.21873/anticanres.
11020 PMID: 27630312

Bae S-C, Choi J-K. Tumor suppressor activity of RUNX3. Oncogene. 2004; 23(24):4336—4340. https:/
doi.org/10.1038/sj.onc.1207286 PMID: 15156190

Ruiz S, Santos E, Bustelo XR. The use of knockout mice reveals a synergistic role of the vav1 and
rasgrf2 gene deficiencies in lymphomagenesis and metastasis. PLoS One. 2009; 4(12): €8229. https:/
doi.org/10.1371/journal.pone.0008229 PMID: 20011522

Mahapatra S, Klee EW, Young CYF, Sun Z, Jimenez RE, Klee GG, et al. Global methylation profiling
for risk prediction of prostate cancer. Clin Cancer Res. 2012; 18(10):2882—2895. https://doi.org/10.
1158/1078-0432.CCR-11-2090 PMID: 22589488

Morton LM, Purdue MP, Zheng T, Wang SS, Armstrong B, Zhang Y, et al. Risk of non-Hodgkin lym-
phoma associated with germline variation in genes that regulate the cell cycle, apoptosis, and lympho-
cyte development.Cancer Epidemiol Biomarkers Prev. 2010; 18(4):1259—1270. https://doi.org/10.1158/
1055-9965.EPI-08-1037.Risk

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 21/22


https://doi.org/10.1016/j.cell.2010.05.020
https://doi.org/10.1016/j.cell.2010.05.020
http://www.ncbi.nlm.nih.gov/pubmed/20603005
https://doi.org/10.1158/1940-6207.CAPR-12-0316
https://doi.org/10.1158/1940-6207.CAPR-12-0316
http://www.ncbi.nlm.nih.gov/pubmed/23135621
https://doi.org/10.1371/journal.pone.0106290
https://doi.org/10.1371/journal.pone.0106290
http://www.ncbi.nlm.nih.gov/pubmed/25184628
http://www.ncbi.nlm.nih.gov/pubmed/17767131
http://www.ncbi.nlm.nih.gov/pubmed/17767131
http://www.ncbi.nlm.nih.gov/pubmed/12163709
https://doi.org/10.1038/sj.onc.1209145
http://www.ncbi.nlm.nih.gov/pubmed/16532039
https://doi.org/10.1371/journal.pone.0008274
http://www.ncbi.nlm.nih.gov/pubmed/20019873
https://doi.org/10.4161/epi.6.7.16500
http://www.ncbi.nlm.nih.gov/pubmed/21636973
https://doi.org/10.1016/j.ebiom.2016.02.008
http://www.ncbi.nlm.nih.gov/pubmed/27077113
https://doi.org/10.1292/jvms.16-0341
https://doi.org/10.1292/jvms.16-0341
http://www.ncbi.nlm.nih.gov/pubmed/28260725
https://doi.org/10.1093/hmg/ddt531
http://www.ncbi.nlm.nih.gov/pubmed/24163245
https://doi.org/10.1007/978-1-60327-192-9
https://doi.org/10.1016/j.ygeno.2009.04.007
http://www.ncbi.nlm.nih.gov/pubmed/19409480
https://doi.org/10.1038/nbt.1685
http://www.ncbi.nlm.nih.gov/pubmed/20944598
https://doi.org/10.1155/2014/380398
https://doi.org/10.1155/2014/380398
http://www.ncbi.nlm.nih.gov/pubmed/25045667
https://doi.org/10.1093/neuonc/nou010
http://www.ncbi.nlm.nih.gov/pubmed/24526308
https://doi.org/10.21873/anticanres.11020
https://doi.org/10.21873/anticanres.11020
http://www.ncbi.nlm.nih.gov/pubmed/27630312
https://doi.org/10.1038/sj.onc.1207286
https://doi.org/10.1038/sj.onc.1207286
http://www.ncbi.nlm.nih.gov/pubmed/15156190
https://doi.org/10.1371/journal.pone.0008229
https://doi.org/10.1371/journal.pone.0008229
http://www.ncbi.nlm.nih.gov/pubmed/20011522
https://doi.org/10.1158/1078-0432.CCR-11-2090
https://doi.org/10.1158/1078-0432.CCR-11-2090
http://www.ncbi.nlm.nih.gov/pubmed/22589488
https://doi.org/10.1158/1055-9965.EPI-08-1037.Risk
https://doi.org/10.1158/1055-9965.EPI-08-1037.Risk
https://doi.org/10.1371/journal.pone.0211898

Lower global DNA methylation in blood leukocytes from dogs bearing multicentric lymphomas

75.

76.

77.

78.

79.

80.

Carbone A; Bernardini L; Valenzano F; Bottillo |; De Simone C, Capizzi R et al. Array-based compara-
tive genomic hybridization in early-stage mycosis fungoides: recurrent deletion of tumor suppressor
genes BCL7A, SMAC/ DIABLO, and RHOF. Genes Chromosomes Cancer. 2008; 47(12):1067-1075.
https://doi.org/10.1002/gcc.20601 PMID: 18663754

Uehara T, Kage-Nakadai E, Yoshina S, Imae R, Mitani S. The Tumor Suppressor BCL7B Functions in
the Wnt Signaling Pathway. PLoS Genet. 2015; 11(1):e1004921. https://doi.org/10.1371/journal.pgen.
1004921 PMID: 25569233

Arribas AJ, Campos-martin Y, Gomez-abad C, Algara P, Sanchez-Beato M, Rodriguez-Pinilla MS,
et al. Identify diagnostic markers and potential therapeutic targets Nodal marginal zone lymphoma:
gene expression and miRNA profiling identify diagnostic markers and potential therapeutic targets.
Cancer Res. 2012; 119(3):9-22. https://doi.org/10.1182/blood-2011-02-339556

Yao W, Wang X, Cai Q, Gao S, Wang J, Zhang P. Knockdown of TRAF4 expression suppresses osteo-
sarcoma cell growth in vitro and in vivo. International Journal of Molecular Medicine. 2014; 34(6):1655—
1660. https://doi.org/10.3892/ijmm.2014.1948 PMID: 25270078

Leshchenko V V, Kuo PY, Shaknovich R, Yang DT, Gellen T, Petrich A, et al. Genomewide DNA meth-
ylation analysis reveals novel targets for drug development in mantle cell ymphoma. Cell. 2010; 116
(7):1025—-1034. https://doi.org/10.1182/blood-2009-12-257485 PMID: 20427703

Farina FM, Inguscio A, Kunderfranco P, Cortesi A, Elia L, Quintavalle M. MicroRNA-26a/cyclin-depen-
dent kinase 5 axis controls proliferation, apoptosis and in vivo tumor growth of diffuse large B-cell lym-
phoma cell lines. Cell Death Dis. 2017; 8(6):€2890-11. https://doi.org/10.1038/cddis.2017.291 PMID:

28640256

PLOS ONE | https://doi.org/10.1371/journal.pone.0211898 March 25,2019 22/22


https://doi.org/10.1002/gcc.20601
http://www.ncbi.nlm.nih.gov/pubmed/18663754
https://doi.org/10.1371/journal.pgen.1004921
https://doi.org/10.1371/journal.pgen.1004921
http://www.ncbi.nlm.nih.gov/pubmed/25569233
https://doi.org/10.1182/blood-2011-02-339556
https://doi.org/10.3892/ijmm.2014.1948
http://www.ncbi.nlm.nih.gov/pubmed/25270078
https://doi.org/10.1182/blood-2009-12-257485
http://www.ncbi.nlm.nih.gov/pubmed/20427703
https://doi.org/10.1038/cddis.2017.291
http://www.ncbi.nlm.nih.gov/pubmed/28640256
https://doi.org/10.1371/journal.pone.0211898

