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ABSTRACT

Aberrant expression of immune checkpoints (ICs) in cancer creates an immunosuppressive microenvir-
onment, which supports immune evasion of tumor cells. We have recently reported that epigenetic
modifications are critical for ICs expression in the tumor microenvironment (TME) of primary breast
cancer (PBC) and colorectal cancer (CRC). Herein, we investigated transcriptomic expression of ICs (PD-1,
CTLA-4, LAG-3, TIM-3, TIGIT) and PD-L1 in peripheral blood of PBC and CRC patients, compared to
healthy donors (HD). We found that expressions of TIM-3, TIGIT, PD-L1 were significantly upregulated,
while LAG-3 expression was downregulated in peripheral blood of PBC and CRC patients. Demethylation
enzymes TET2 and TET3 were also upregulated. In addition, promoter DNA methylation status of PD-1
was significantly hypermethylated, while PD-L1 was hypomethylated in PBC and CRC patients.
Furthermore, TIGIT was significantly hypomethylated only in CRC patients. Remarkably, promoter
methylation status of LAG-3, TIGIT and PD-L1 was in concordance with transcriptomic expression in
CRC: the more the hypomethylation, the higher the expression. In comparison, we found that CTLA-4,
TIM-3, TIGIT and PD-L1 in PBC, and CTLA-4 in CRC patients were significantly upregulated in peripheral
blood, compared with tumor tissues of the same patients. However, demethylation status of all ICs was
higher in TT, except for TIGIT in PBC, and CTLA-4 in CRC patients. These data indicate that the underlying
mechanisms behind peripheral upregulation of PD-L1 and TIGIT in cancer patients could be due to
aberrant promoter methylation profile. Moreover, demethylation inhibitors together with anti-PD-L1/
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anti-TIGIT could be a more efficient therapeutic strategy in cancer patients.

Introduction

Breast cancer (BC) and colorectal cancer (CRC) are the most
common cancers associated with death worldwide."? The
mortality rate due to cancer has dramatically increased in
2017.2 Out of all cancers, 14% and 8-9% cases are from breast
and colorectal cancers, respectively.” Extensive studies indi-
cate that altered gene expression, and/or deregulated epige-
netic machineries play important roles in the onset of breast
and colorectal carcinogenesis.

Several studies reported that the immune system plays a role
not only in tumor suppression but also promotes tumor growth
and survival by targeting the expression of co-inhibitory mole-
cules and receptors regulated by T lymphocytes. These include
programmed cell death-1 (PD-1), cytotoxic T lymphocyte anti-
gen-4 (CTLA-4), lymphocyte activation gene-3 (LAG-3), T cell
immunoglobulin mucin-3 (TIM-3), T cell immunoreceptor
with Ig and ITIM domains (TIGIT), V-domain Ig suppressor
of T-cell activation (VISTA) and programmed cell death
ligand-1 (PD-L1) and more.*® Modulation of the immune
checkpoints (ICs) creates an immunosuppressive microenvir-
onment against tumor antigens, which results in poor

prognosis in numerous cancers such as breast, pancreatic,
lung, head and neck and ovarian.®

Interactions between PD-1 and its ligands, PD-L1 and PD-
L2, are associated with multiple immunoregulatory roles in
tumor immunity and inflammatory responses. Studies
reported that interaction of PD-1 on T cells and PD-L1 on
antigen presenting cells (APC) or tumor cells favors tumor
cell progression through the inhibition of T- cell activity and
tumor specific T cells.>” Similar to PD-1 function, CTLA-4
negatively regulates the immune system by competitively
inhibiting B7-CD28 interaction thereby promoting immune
tolerance against tumor. Unlike CTLA-4, CD28-B7 interac-
tion stimulates T cell activation.® Furthermore, T cell
exhaustion induces the expression of multiple co-inhibitory
receptors such as LAG-3, TIM-3 and PD-1. Additionally,
TIGIT and VISTA are emerging co-inhibitory immune check-
points. Reports show that both TIGIT and VISTA stimulates
an inhibitory signal to suppress T cell activation, promoting
an immunosuppressive environment.®

Epigenetic alterations/modulations of immune checkpoints
such as aberrant methylation/demethylation pattern results in
altered gene expression and tumorigenesis. It has been
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reported that methylation of the 5th cytosine residue of the
CpGs in the promoter regions of genes are associated with
their suppression.'” This process is catalyzed by enzymes
called mammalian DNA methyl-transferases (DNMTs),
DNMT3a and DNMT3b, which are critical for cell viability
and genome stability.'” Moreover, aberrant expression of
DNMTs are associated with cancer progression.'” On the
other hand, impaired functions of demethylation enzymes
such as ten eleven translocation (TET); TET2 and TET3 are
associated with cell transformation and cancer progression.'!

Recently, we have reported that in primary breast cancer
(PBC), the transcriptomic expression of ICs including PD-1,
CTLA-4, LAG-3 and TIM-3 was significantly higher in tumor
tissue (TT) compared with normal tissue (NT).'* Additionally,
in CRC patients, ICs including PD-1, CTLA-4, TIM-3 and
TIGIT and IC ligands including PD-L1 and galectin-9 were
significantly upregulated in TT compared with NT." Besides
that, the promoter regions of PD-1, CTLA-4 and TIM-3 in
PBC patients'” and CTLA-4 and TIGIT in CRC patients, were
significantly hypomethylated in TT, compared with NT."”
Therefore, to check the molecular mechanism behind the
expression of immune checkpoints and ligand in circulation,
we investigated the transcriptomic expression analysis of var-
ious immune checkpoints/ligand, and also their promoter
methylation pattern of both PBC and CRC patients compared
to HD and tumor tissue. Interestingly, we found that immune
checkpoints TIM-3, TIGIT and PD-L1 were upregulated, and
LAG-3 was significantly downregulated in circulation of PBC
and CRC patients, compared with HD. Furthermore, PD-1 and
CTLA-4 were significantly upregulated only in CRC patients.
On the other hand, VISTA showed no significant difference in
both PBC and CRC. Next, we investigated the promoter
demethylation status of immune checkpoints/ligand and
found that PD-L1 in PBC and TIGIT and PD-L1 in CRC
were significantly hypomethylated, compared with HD.
Meanwhile, the promoter methylation status of PD-1 was sig-
nificantly hypermethylated in circulation of both PBC and
CRC. However, comparing the transcriptomic expression of
ICs/ligand in circulation to tumor tissue showed that CTLA-
4, TIM-3, TIGIT and PD-L1 in blood of PBC patients, and only
CTLA-4 in blood of CRC were significantly upregulated, com-
pared with tumor tissues. Altogether, our data highlight the
importance of the epigenetic regulatory mechanisms in the
upregulation of ICs/ligands in the peripheral blood of both
PBC and CRC patients.

Results

Upregulation of immune checkpoints in circulation of
breast and colorectal cancer patients

Numerous negative regulatory mechanisms, which can inhibit
antitumor responses are implemented through the expression of
various immune checkpoints/ligands on immune and tumor cells.
Reports show that, not only immune infiltrating cells, but also
circulating cells can possess an immune suppressive phenotype in
cancer patients.'*'® We investigated a set of immune checkpoints/
ligands including PD-1, CTLA-4, TIM-3, LAG-3, TIGIT, VISTA
and PD-L1 in peripheral blood mononuclear cells (PBMCs) from

healthy donors (n = 32), breast cancer patients (n = 31) and
colorectal cancer patients (1 = 23). Results showed that the expres-
sions of TIM-3, TIGIT and PD-L1 in PBMCs of PBC patients were
significantly higher and LAG-3 was significantly lower compared
with HD (Figure 1(c-f)). In the PBMCs from colorectal cancer
patients, the expressions of PD-1, CTLA-4, TIM-3, TIGIT
and PD-L1 were significantly upregulated, compared with HD
(Figure 1(a-c,e,f)). In common, TIM-3, TIGIT and PD-L1 were
upregulated in both PBC and CRC PBMC:s (Figure 1(c,e,f)). In
contrast, the expression of LAG-3 was significantly downregulated
in both PBC and CRC samples compared with HD (Figure 1(d)).
Moreover, the expressions of PD-1, CTLA-4 and TIM-3 were
significantly higher in CRC, compared with PBC, and no signifi-
cant differences in the expression of LAG-3, TIGIT and PD-L1
between PBC and CRC PBMC:s (Figure 1(a-f)). Of note, there was
no upregulation in the expression of VISTA in both PBC and CRC
PBMC:s (Figure 1(g)).

Upregulation of immune checkpoints in circulation of PBC
and CRC patients is irrespective of their cancer stage/
histological grade

Patients were compared by dividing them into groups based
on their histological grade and TNM staging. In PBC, patients
with stage I and II (n = 20) were compared with stage III
(n = 9), while CRC patients with stage I and II (n = 8) were
compared with stage III and IV (n = 12). Additionally, in both
PBC and CRC, patients with moderate and well differentiated
histological grade (PBC, n = 13 and CRC, n = 15) were
compared with poorly differentiated group (PBC, n = 14
and CRC, n = 6). We did not find any significant difference
in the expressions of immune checkpoints between any clas-
sifications except TIM-3 in PBC samples (Figure 2).
Interestingly, PBC patients with poorly differentiated tumor
grade had significantly higher expression level of TIM-3,
compared with moderate and well differentiated grades
(Figure 2(b)). These data suggest that most of the ICs/ligand
are upregulated in circulation of PBC and CRC patients,
regardless of their TNM or histological grade.

Demethylation enzymes were upregulated in circulation
of PBC and CRC patients

We had already reported that the demethylation enzymes (TET')
were upregulated and methylation enzymes (DNMTs) were
downregulated in both PBC and CRC tumor tissues.">"> To
check the contribution of DNA methylation to the upregulation
of ICs/ligand in circulation of PBC and CRC patients, we checked
the expressions of methylation enzymes, DNMT3a and
DNMT3b, and demethylation enzymes TET2 and TET3, com-
pared to HD. We found that DNMT3a was significantly upregu-
lated and no significant change in DNMT3b in PBC samples,
compared with HD. In CRC samples, there were no significant
differences in both DNMT3a and DNMT3b compared to HD
(Figure 3(a,b)). Of note, both TET2 and TET3 were significantly
upregulated in circulation of both PBC and CRC patients, com-
pared with HD (Figure 3(c,d)). However, there were no significant
differences in the expression of TET2 and TET3 in circulation
between PBC and CRC patients (Figure 3(c,d)). These data
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Figure 1. Relative expression of immune checkpoints in circulation of HD, PBC and CRC patients. RNA from PBC, CRC and HD patients were isolated and reversely
transcribed into cDNA, followed by quantitative RT-PCR to assess the relative expression levels of PD-1 (a), CTLA-4 (b), TIM-3 (c), LAG-3 (d), TIGIT (e), PD-L1 (f) and
VISTA (g) in circulation. All genes were normalized to B-actin.
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Figure 2. Relative expression of ICs/ligand in PBC and CRC patients based on their TNM staging and histological grade. Patients were classified according to their
TNM and histological garde. Scatter plots of PBC (a) and CRC (c) patients of TNM stage | and Il (1) compared to stage Ill and IV (2), and PBC (b) and CRC (d) patients of
histological grade moderate and well differentiated (a) were compared to poorly differentiated (b).
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Figure 3. Relative expression of methylation/demethylation enzymes in circulation of HD, PBC and CRC patients. Scatter plots show the relative expression of
DNMT3a (a), DNMT3b (b), TET2 (c), and TET3 (d) in circulation of PBC, CRC and HD patients. All genes were normalized to -actin.

implicate that active demethylation could be involved in the
upregulation of ICs/ligands in circulation of PBS and CRC
patients.

Promoter demethylation status of immune checkpoints in
circulation of PBC and CRC patients

It has been recently reported by our group that promoter
demethylation might lead to the upregulation of ICs in the
TME of PBC and CRC patients.'>'> Therefore, we investigated
DNA demethylation in the promoter regions of PD-1, CTLA-4,
TIM-3, LAG-3, TIGIT and PD-Llin PBMCs from the same
patients we have previously used for TME studies.'>'*> We also
confirmed that the relative expression of ICs/ligand in all study
populations (Figure 1) and subpopulations (Supplementary
Figure 1) used for methylation studies showed the same sig-
nificance for all genes. Interestingly we found that, PD-L1 was
significantly hypomethylated in circulation of PBC and CRC,
compared with HD (Figures 4(f) and 5), which is different from
our previous findings that it has no significant changes in the
TT of PBC'? and CRC" compared to NT. Moreover, TIGIT
was significantly hypomethylated only in CRC, compared with
HD (Figures 4(e) and 5). This result was in line with our
previous findings in CRC tissues, that TIGIT was significantly
hypomethylated in tumor tissues, compared with normal
tissues' and no difference was found in the PBC TME.'* Of
note, the PD-1 was significantly hypermethylated in both PBC
and CRC (Figures 4(a) and 5), and no changes in CTLA-4,
LAG-3 and TIM-3 (Figure 4(b-d)) compared to HD. These
data suggest that ICs/ligand expressions in all malignancies

were not regulated by a unique regulatory mechanism, but
somehow could relate to the cancer type and location.
Moreover, the expression of PD-L1 and TIGIT could be regu-
lated by DNA methylation epigenetic machinery. Meanwhile,
we have not investigated the DNA methylation status of the
promoter region of VISTA because we didn’t find any differ-
ence in its expression in circulation of cancer patients.

Comparison of ICs/ligand in circulation and tumor tissues
of PBC and CRC patients

Next, we compared the relative expression and promoter
demethylation percentage of ICs/ligand in circulation and tissues
of cancer patients. We found that, the relative expressions of
CTLA-4, TIM-3, TIGIT and PD-L1 were significantly higher in
circulation of PBC patients, compared with TT (Figure 6(a)).
Moreover, the promoter demethylation percentage was higher
for all ICs/ligand in PBC TT, except TIGIT, compared with
PBMC, non-significantly (Figure 6(b)). In CRC patients, the
relative expression of CTLA-4 was significantly higher in circula-
tion compared with TT (Figure 6(c)) and the promoter demethy-
lation percentage of CTLA-4 was also significantly higher in
circulation compared with TT (Figure 6(d)). Of note, the relative
expression and promoter demethylation percentage of LAG-3
were significantly higher in both PBC and CRC TT compared
with circulation (Figure 6(b,d)). Interestingly, the relative expres-
sion of TIGIT was significantly higher in the circulation of PBC,
not in CRC compared with TT. These data rationalize the premise
of utilizing relative expression of emerging IC, TIGIT in circula-
tion as a diagnostic/prognostic marker for PBC patients.
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1, CTLA-4, TIM-3, LAG-3, TIGIT and PD-L1 in 10 HD, 8 PBC and 12 CRC patients.

Additionally, our data also suggest that the relative expression of
PD-L1 can also be utilized as a diagnostic/prognostic marker for
PBC patients, as it was significantly upregulated in total PBMCs
from PBC patients compared with TT (Figure 6(a)). These data
are in line with previous reports that PD-L1 expression in circula-
tion can be exploited as a prognostic/predictive biomarker in
cancer patients.'”'®

Discussion

In this study, we focused on the expression of multiple immune
checkpoints in the peripheral blood of primary breast and color-
ectal cancer patients compared with healthy donors. Studies
reported that expressions of multiple ICs including PD-1 and
CTLA-4 were elevated in the circulation of both PBC'** and
CRC.*' We have recently reported that the promoter demethyla-
tion and post-translational histone modifications play a role in
the regulation of immune checkpoints in PBC and CRC tumor
tissues.'>'> Herein, we investigated the expression of various
ICs/ligand and found that multiple immune checkpoints were
elevated in the circulation of both PBC and CRC. Moreover, we
checked the promoter DNA methylation pattern of the ICs/
ligand and found that the promoter regions of TIGIT in CRC
and PD-L1 in both PBC and CRC patients were significantly
hypomethylated (Figure 5). Additionally, we compared the dif-
ferences in the relative expression and promoter demethylation
status of ICs/ligand in the circulation and tumor tissues of the
same PBC and CRC patients (Figures 2 and 6), and found that
CRC and PBC tumor tissues have different expression and
promoter demethylation pattern, compared with periphery. Of
note, PD-1 was significantly hypermethylated in circulation of
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PBC and CRC patients (Figure 5). However, it was determined
that there is no significant difference in other genes promoters.
This could be due to other epigenetic mechanisms involved in
the regulation of immune checkpoints. It has been reported
that multiple epigenetic modifications including acetylation,
histone variant exchanges, phosphorylation, non-coding RNAs
(miRNAs) and ATP-dependent chromatin remodeling com-
plexes play an indispensable role in the regulation of immune
checkpoints in the TME.** Our previous studies on breast and
colorectal tumor tissues showed that apart from promoter DNA
demethylation, binding of repressive histones including
H3K9me3 and H3K27me3 on the promoter region of ICs
could contribute to their upregulation.'>'* We showed that in
PBC TT, distribution of both H3K9me3 and H3K27me3 was
lower in the promoter region of PD-1, CTLA-4 and LAG-3,
while distribution of only H3K27me3 was lower in TIM-3 pro-
moter, compared with NT."> Additionally, in CRC TT, the
distribution of H3K9me3 was lower in PD-1 and TIGIT pro-
moters, H3K27me3 was lower in CTLA-4 promoter, while both
H3K9me3 and H3K27me3 were lower in TIM-3 promoter,
compared with NT."> These reports confirm that epigenetic
modifications are involved in the upregulation of ICs in the
TME. Notably, the co-expression of immune checkpoints in
the circulation of PBC and CRC and the epigenetic

modifications occurred in their promoter region are important
to understand the complex inhibitory immune mechanisms
involved in the metastasis of CRC and PBC patients.

It has been reported that PD-L1 is constitutively expressed on
triple-negative breast cancer (INBC) and it could be utilized as
a novel therapeutic target.> Some reports show that a subset of
circulating tumor cells (CTC) in breast cancer patients expresses
PD-L1, which have a higher metastatic characteristics and higher
potential to escape immunosurveillance. Those CTCs are
supposed to be the actual target of anti-PD-L1-mediated
immunotherapy.”***> These reports are in line with our data
that PD-L1 was upregulated in circulation of PBC patients
(Figure 1(f)). Additionally, this is the first report demonstrating
the expression of PD-L1 in the peripheral blood of
colorectal patients. Moreover, in this study, we showed that the
promoter region of PD-L1 was significantly hypomethylated in
PBC and CRC patients compared with healthy donors
(Figure 5). Altogether, these data showed that the underlying
mechanism behind the peripheral upregulation of PD-L1 could
be due to the aberrant promoter methylation profile.
Additionally, these data demonstrate that the epigenetic regula-
tors such as demethylation inhibitors, together with anti-PD-L1
could be a more successful therapeutic strategy in PBC and CRC
patients.



In addition to PD-L1, our data show that the relative expres-
sion of TIGIT in CRC and both relative expression and demethy-
lation percentage of TIGIT in PBC were higher in circulation,
compared with tumor tissues. To the best of our knowledge, our
study is the first report demonstrating the transcriptomic expres-
sion of TIGIT in circulation and their direct comparison with
CRC/PBC tumor tissues (Figure 6). It has been reported that
TIGIT is expressed on activated T cells, NK cells, memory
T cells and also in a subset of Treg cells.”*>® A report showed
that the antibody co-blockade of TIGIT and PD-L1 synergistically
and specifically enhanced the CD8" T cell infiltration, resulting in
a significant clearance of tumor in pre-clinical models.”” Notably,
in this study, we found that the relative expression of TIGIT and
PD-L1 in circulation of PBC patients, and CTLA-4 in CRC
patients was significantly upregulated, compared with tumor tis-
sue (Figure 6(a,c)). These data suggest that transcriptomic expres-
sion of PD-L1, TIGIT and CTLA-4 in PBC and CRC could be
utilized as a prognostic marker.

Upregulation of certain ICs/ligands in the circulation of both
PBC and CRC could be under the control of DNA demethyla-
tion in the promoter regions. Notably, TIGIT was significantly
upregulated in circulation of PBC and CRC, and the promoter
demethylation profile of TIGIT in CRC patients was signifi-
cantly hypomethylated, which is in line with its relative expres-
sion in CRC patients. In addition, PD-L1 was also significantly
upregulated in circulation of both PBC and CRC patients.

In accordance with previously published data and our find-
ings, PBC and CRC patients express multiple immune check-
points according to the site of the tumor, suggesting that
different immune therapies could be required for these two
different types of cancer. Our findings suggest that promoter
methylation pattern of ICs/ligands could be further used as
a prognostic biomarker to target PBC and CRC patients. Of
note, we have checked different PBC and CRC stage/histological
grade. There were no significant differences in the ICs expres-
sion in different stages/grades for PBC and CRC patients for all
genes except for TIM-3, there was a significant increase in poor/

Table 1. Characteristic features of study populations.
HD PBC

CRC

A: Gene expression work.
Number 32 31 23

Median age (range) 34 (20-59) 48 (27-73) 49 (32-82)
Gender (Male: Female) 13:19 0:31 10:11
TNM stage
| 8 1
I 12 7
11l 9 10
v - 2
Histological grade
Well/moderate 13 15
Poor/undifferentiated 14 6
B: DNA methylation work.
Number 10 8 12
Median Age (range) 35 (25-52) 49 (41-65) 48 (39-74)
Gender (Male: Female) 5:5 0:8 4:7
TNM stage
| 4 -
I 3 4
11l - 7
v - 1
Histological grade
Well/moderate 4 8
Poor/undifferentiated 3 3
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undifferentiated tumor, compared with well/moderate differen-
tiated tumors. Overall, this study advances our current knowl-
edge regarding the relative expression and DNA methylation
pattern of the promoter regions of immune checkpoints in the
circulation of primary breast and colorectal cancers.

Materials and methods
Samples

Blood samples were collected from 32 HD and untreated 31 PBC
and untreated 23 CRC patients prior to surgery. All patients
were provided with a written informed consent prior to sample
collection. Table 1 shows the clinical and pathological character-
istics of all patients. The study was performed under an ethical
approval from Qatar Biomedical Research Institute, Doha, Qatar
(Protocol no. 2017-006). All experiments were performed in
accordance with relevant guidelines and regulations.

DNA and RNA isolation

Total RNA and DNA were extracted using Total RNA/DNA/
Protein Purification Plus Kit (Norgen Biotek Corp, Cat: 4700)
according to the manufacturer’s instructions. The kit allows
the extraction of DNA, RNA and protein. Briefly, the periph-
eral blood mononuclear cells (PBMCs) were transferred to
Eppendorf tubes and resuspended with lysis buffer, followed
by 10 min incubation at 55°C. Resuspended samples were
transferred into DNA extraction column, where the DNA
attach to the gDNA column membrane and the flow through
was used for RNA and protein extraction. Subsequently, the
flow through from the RNA extraction column was used for
protein extraction. Both DNA and RNA concentrations were
measured using NanoDrop 2000 (Thermo scientific).

Real-time quantitative reverse transcriptase PCR
(QRT-PCR)

Total RNA was extracted as described above, followed by cDNA
synthesis using QuantiTect Reverse Transcription Kit (Qiagen,
Cat: 205313). The Real-Time PCR reactions were performed
using PowerUP SYBR Green Master Mix (Applied Biosystems,
Cat: A25742) on QuantStudio 6/7 Flex Real-Time PCR System
(Applied Biosystems). PCR amplification was done for the fol-
lowing genes CTLA-4, PD-1, LAG-3, TIM-3, TIGIT, VISTA,
PD-L1, TET2, TET3, DNMT3a and DNMT3Db. For all genes, the
average CT values of HD, PBC and CRC patients were normal-
ized to B-actin, and then the relative expression of each gene was
calculated by normalizing against average of HD. Quantification
of relative gene expression was determined using 27"
method. The amplification specificity was checked using melting
curves and gel electrophoresis. Sequences of all primers are listed
in supplementary Table la. The primers were designed using
Primer3 (http://www.ncbi.nlm.nih.gov/tools/primer-blast/).

CpG methylation analysis by bisulfite sequencing

Extracted genomic DNA from 10 HD, 8 PBC and 12 CRC patients
was subjected to bisulfite treatment via EZ DNA Methylation
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Gold Kit (Zymo Research, Cat: D5006), followed by PCR ampli-
fication using TaKaRa Taq polymerase (TaKaRa Bio, Cat: RO07A)
for PD-1, CTLA-4, TIM-3, LAG-3, TIGIT and PD-L1 promotor
regions. The PCR products were cloned into pGEM-T-vector
(Promega, Cat: A1360) using DNA Ligation Mighty Mix
(TaKaRa Bio, Cat: 6023). The PCR primers were designed using
MethPrimer software (http://www.urogene.org/methprimer/
indexl.html) and the sequences are listed in supplementary
Table 1b. Seven colonies were picked from each sample and
purified using a resuspension buffer, lysis buffer and neutraliza-
tion buffer, followed by 100% Isopropanol and 75% ethanol
(reagents prepared in house). Samples were sequenced by M-13
reverse/forward primers (supplementary Table 1c).

Sanger sequencing

Purified plasmid DNA samples were subjected to sequencing
using 3130X Genetic Analyzer (Applied Biosystems), as
described previously.'” Sequencing data were analyzed using
Bisulfite Sequencing DNA Methylation Analysis (BISMA)
software (Jacobs University, Germany).

Statistical analysis

Statistical analyses were performed using GraphPad Prism 5 soft-
ware (GraphPad Software, USA). Unpaired t-test was carried out
on samples within groups that passed the Shapiro-Wilk normality
test. Nonparametric/Mann-Whitney signed rank tests were per-
formed on samples that did not pass normality test. A P value of
< 0.05 was considered statistically significant. The P values are
represented as; ***P < 0.001, *P < 0.01, *P < 0.05. Data are
presented as mean + standard error of the mean (SEM).
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