
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Contents lists available at ScienceDirect

Genomics

journal homepage: www.elsevier.com/locate/ygeno

Identification of DNA methylation regulated novel host genes relevant to
inhibition of virus replication in porcine PK15 cell using double stranded
RNA mimics and DNA methyltransferase inhibitor

Xiaoshuo Wanga,b,1, Hong Aoc,1, Minyan Songa, Lijing Baic, Weiyong Hed, Chuduan Wanga,⁎,
Ying Yua,⁎

aNational Engineering Laboratory for Animal Breeding, Key Laboratory of Agricultural Animal Genetics and Breeding, Department of Animal Breeding and Genetics,
College of Animal Sciences and Technology, China Agricultural University, Beijing 100193, China
bDepartment of Animal Husbandry and Veterinary Technology, Vocational Technical College, Inner Mongolia Argriculture University, Baotou 014109, China
c State Key Laboratory for Animal Nutrition, Key Laboratory for Domestic Animal Genetic Resources and Breeding of the Ministry of Agriculture of China, Chinese Academy
of Agricultural Sciences, Institute of Animal Science, Beijing 100193, China
d State Key Laboratory of Agrobiotechnology, Department of Microbiology and Immunology, College of Biological Science, China Agricultural University, Beijing 100193,
China

A R T I C L E I N F O

Keywords:
DNA methylome
Transcriptome
Methylation targeted genes
Viral replication
PolyI:C
Aza-CdR

A B S T R A C T

During RNA viruses's replication, double-stranded RNA (dsRNA) is normally produced and induce host innate
immune response. Most of gene activation due cytokine mediated but which are due to methylation mediated is
still unknown. In the study, DNA methylome was integrated with our previous transcriptome data to investigate
the differentially methylated regions and genes using MeDIP-chip technology. We found that the transcriptional
expressions of 15, 37 and 18 genes were negatively related with their promoter DNA methylation levels in the
cells treated by PolyI:C, Aza-CdR, as well as PolyI:C plus Aza-CdR, respectively, compared with the untreated
cells. GO analysis revealed hypo-methylated genes (BNIP3L and CDK9) and a hyper-methylated gene (ZC3HAV1)
involved in the host response to viral replication. Our results suggest that these novel genes targeted by DNA
methylation can be potential markers relevant to virus replication and host innate immune response to set up a
medical model of infectious diseases.

1. Introduction

Health is a fundamental issue in modern swine industry. Nowadays,
porcine reproductive and respiratory syndrome virus (PRRSV), class
swine fever virus (CSFV) and many other RNA viruses are threatening
the porcine health worldwide. During the replication of the viruses in
swine cells, double-stranded RNA (dsRNA) is normally produced by
most RNA viruses. The majority diseases of economic importance in
swine industry such as Porcine reproductive and respiratory syndrome
(PRRS), Classical swine fever (CSF), Swine vesicular disease (SVD), Foot
and mouth disease (FMD), Transmissible gastroenteritis of pigs (TGE)

and Influenza are caused by RNA viruses. The dsRNA intermediates
during virus replication induce host innate immune response. During
innate immune response, host toll-like receptor 3 (TLR3) recognizes
these genomic viral dsRNA generated during viral replication [1]. The
interaction of dsRNA with TLR3 is a potent inducer of type I IFN cas-
cade genes for antiviral action.

Synthetic polyinosinic:polycyticdylic acid (PolyI:C) is one kind of
mimics of virus dsRNA. Our earlier work discovered that compared
with the untreated porcine kidney epithelial cell lines (PK15), 76 sig-
nificantly differentially expressed genes (DEGs) were detected in
PolyI:C treated cells (P < 0.05) [2]. Out of these DEGs, eighteen are
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involved in epigenetic modifications or encode DNA methylation en-
zymes, such as DNA methylation-related gene DNMT3A (DNA methyl-
transferase 3A), MGMT (O-6-methylguanine-DNA methyltransferase)
and etc. [2]. Galli et al. demonstrated that PolyI:C-mediated activation
of TLR3 induces miRNAs targeting DNA methyltransferases, leading to
demethylation and re-expression of the oncosuppressor retinoic acid
receptor beta (RARß) [3]. DNA methylation is one kind of key factors in
epigenetic modifications [2,4]. Previous studies proved that hyper-
methylated promoter and consequently decreased expression of im-
mune related genes can be induced by virus challenge [2,5,6]. How-
ever, the DNA methylation profiles and how they regulate target genes
expressions in dsRNA infected porcine cells remain largely unknown.

Cumulative evidence shows DNA methylation in relation to viral
infection. It is well known that indigenous Chinese Tongcheng pigs
reportedly showed strong resistance to PRRSV infection. The in-
tegrative analysis of mRNA and miRNA expression revealed that down-
regulated methylation-related genes (DNMT1 and DNMT3b) were tar-
geted by five up-regulated differentially expressed miRNAs. The results
lay a strong foundation for developing novel therapies to control PRRS
in pigs [7]. These data suggest that the methylation variation of vital
genes may be beneficial for the host to fight against RNA virus infec-
tion.

Methylated DNA immunoprecipitation microarray (MeDIP-chip) is
an effective technique to map DNA methylome for different kinds of
cells [4,8]. It is also efficient to well understand the regulatory effects of
DNA methylation on genes expressions on genome-wide [9,10]. In the
present study, MeDIP-chip and transcriptome assays were conducted
and combinative analyzed to draw the DNA methylome profiles and to
identify the targeted gene of the PK15 cells upon the extracellular
treatment of PolyI:C (P), Aza-CdR (A, 5-aza-2′-deoxycytidine, an in-
hibitor of DNA methyltransferase [11–13]) alone, or both (P+A).
Further, by comparing each treatment to the untreated control cells (C),
the differentially enriched methylation peaks (DEPs) and DNA methy-
lated markers were detected and then confirmed in PK15 cells. Our
results presented a comprehensive map of DNA methylome in dsRNA
and/or Aza-CdR treated porcine cells and also revealed candidate-re-
sistance genes relevant to virus replication.

2. Results

2.1. DNA methylome patterns of PK15 cells response to virus mimics
extracellular treatment

To decipher DNA methylation profiles of the porcine PK15 cells
response to the extracellular treatment of virus mimics dsRNA
(PolyI:C), we detected and analyzed whole genome DNA methylation
levels of PK15 cells treated by PolyI:C (P), DNMTs inhibitor (Aza-CdR,
A), and both (P+A) by comparing to the untreated control cells (C).
The optimization of dose- and time-series experiments of PolyI:C, Aza-
CdR, or both treatment in the cells were conducted referring to the
previous study [2].

Gene's promoter is the main target of DNA methylation modifica-
tion, which is the key switch of turning on or off gene expressions.
Based on the CpG density, gene promoter was divided into three molds:
High-, Intermediate- and Low-CpG-containing promoter (abbreviated as
HCP, ICP and LCP, respectively). To clearly map the patterns of DNA
methylation on promoters, each promoter was divided into two regions
relative to the transcriptional start site (TSS) of a gene: proximal (−200
to +200 bp) and intermediate (−800 to−200 bp) (Fig. 1). Each region
was then identified as methylated (represented as ‘1’) or unmethylated
(‘0’) based on the enrichment peaks of DNA methylation. Thus different
promoters were classified into four types: ‘00’, ‘11’, ‘10’ and ‘01’ were
denoted as extensively unmethylated (two regions are both non-peak-
finding), fully methylated (two regions are both peak-finding), inter-
mediate methylated (the region of −800 to −200 bp is peak-finding)
and proximally methylated (the region of −200 to +200 bp is peak-

finding), respectively (Fig. 1A, Fig. S1A).
The MeDIP-chip data were filtered by screening differential en-

richment peaks (DEPs) overlapping the promoter regions. When DEP
was identified in PolyI:C treated group not in control group, we defined
it as up-methylated DEP in P vs. C. In contrast, if DEP was detected in
control group not in PolyI:C treated group, it was defined as down-
methylated DEP in P vs. C. The number of DEPs of promoters with up-
or down-methylation within each comparison was shown in Fig. 1.
There were no significant differences (P > 0.05) between the counts of
up- and down-methylation ICP (see Fig. 1D, E), while HCP (see Fig. 1B,
C) and LCP (see Fig. 1F, G) showed heterogeneous methylation pat-
terns. Most HCPs in PK15 cells extracellular treatment by PolyI:C alone
were hypomethylated (‘01’ profile, see Fig. 1C, black bar) compared
with those in untreated PK15 cells, account for 52% of the three kinds
of down-regulated methylation profiles (‘01’, ‘10’ and ‘11’were of 149,
70 and 67 DEPs, respectively). LCPs were hyperrmethylated (‘01’ pro-
file, see Fig. 1F, black bar) in P vs. C, account for 78% of three up-
regulated methylation profiles (‘01’, ‘10’ and ‘11’were of 7, 0 and 2
DEPs, respectively). The data indicated that differential methylation of
promoters in PolyI:C and Aza-CdR treated cells is enriched in specific
regions relative to TSS and dependent on overall CpG density. Other
differential comparisons also provided some relevant information, in-
cluding (P+A) vs. P and (P+A) vs. A. (Fig. S1B).

2.2. Genome-wide transcription associated with promoter DNA methylation
level

In order to access the target site of promoter methylation relevant to
transcription repression, gene expression was evaluated with tran-
scriptional microarray. Fig. 2A showed the expression levels of the
genes with different metyhylation profiles (‘00’, ‘01’, ‘10’ and ‘11’) in
HCP. The results indicated that the location of methylation peaks to the
TSS in HCPs were significantly negative correlated with genes expres-
sion in (P+A) vs. C, while the relationship was not detected in the
comparison of P vs. C (see Fig. 2A, P < 0.05). In the comparison of A
vs. C, HCPs with proximal methylation profile (‘01’) seems to be less
transcriptionally active than intermediate and fully methylation pro-
files (‘10’ and ‘11’) (Fig. 2A, P < 0.01). This finding suggest that hy-
permethylation on genes promoter is associated with decreases in cel-
lular transcript levels and Aza-CdR has genome-wide effect on viral
mimic dsRNA in vitro.

We further analyzed DNA methylation degree with the transcription
expression level to evaluate the possibility of the quantitative re-
lationship for each comparison. M' value represents methylation degree
for the comparison which is the differential average log2 (MeDIP/Input)
ratio of three parallel samples between experiment group and control.
All comparisons in HCPs showed a clear negative correlation between
DNA methylation level and gene expression level in the second quad-
rant and the fourth quadrant (see Fig. 2B, |Fold change| > 1.2,
P < 0.05). Of 15 differentially expressed genes (DEGs) in the com-
parisons of P vs. C, 3 genes expression were up-regulated driven by
lower methylation (accounting for 20% of 15 genes, blue scatter plots in
Fig. 2B). Of 37 DEGs in the comparisons of A vs. C, 9 were up-regulated
expression driven by lower methylation (24%, blue scatter plots in
Fig. 2B), 5 were down-regulation expression driven by higher methy-
lation (14%, red scatter plots in Fig. 2B). Especially, of 18 DEGs in the
comparisons of (P+A) vs. C, 3 were up- and 3 were down-regulated
expression driven by lower and higher methylation (each account for
17%, blue and red scatter plots in Fig. 2B), respectively. The details of
the differentially expressed genes (DEGs) regulated by promoter me-
thylation were showed in Table S1. We found that around 20% of dif-
ferentially methylated genes (three DEGs were PPARG, TNKS2 and
ERV-PK15) in PolyI:C extracellular treated PK15 cells were negatively
regulated by promoter methylation at transcriptional level. The data
also indicated that around 38% of DEGs in A vs. C (14 DEGs were
showed in Table S1) and 34% of DEGs in (P+A) vs. C (6 DEGs were
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showed in Table S1) were negatively regulated by promoter methyla-
tion at transcriptional level. Surprisingly, remaining 80% DEGs hypo-
methylated and decreased in gene expression were observed in P vs. C
(Fig. S2, blue scatters in the third quadrant), suggesting active de-
methylation rather than only passive demethylation, as might be ex-
pected in dsRNA treated porcine cells.

2.3. Functional pathways of the differentially methylated porcine genes
involved in the stimulation of PolyI:C, Aza-CdR and both

To annotate the functions of the differentially methylated genes
affected by the stimulation of PolyI:C, Aza-CdR, and both, Gene
Ontology (GO) were conducted to capture the relevant biological pro-
cesses (see Fig. 3, Table S2). A total of 58, 75 and 82 genes with dif-
ferent methylation modification were identified in the comparisons of P
vs. C, A vs. C and (P+A) vs. C, respectively (see Table S3). Using UCSC
and RefSeq database, these genes were found involved in different
biological function. In ten down-methylated biological processes (BPs,
numbers of gene more than eight in each BP), the critical five in P vs. C
include regulation of growth, protein modification process, develop-
mental process, cellular component organization, multicellular orga-
nismal development. In (P+A) vs. C, the top five of nine down-me-
thylated BPs were gene expression, embryo development, G1/S
transition of mitotic cell cycle, response to virus, reproduction of
translational initiation. In A vs. C, just 2/17 BPs were down-methyla-
tion, containing cellular process involved in reproduction and response
to virus. Up-methylated genes mainly enriched in induction of apop-
tosis by extracellular signals, metamorphosis and cell projection as-
sembly and regulation of Rho protein signal transduction (see Fig. 3,
Table S2 and S4, red bars: up-methylated genes, blue bars: down-

methylated genes). These data indicated that the effects of Aza-CdR on
gene expression in PK15 cells were largely independent of cell growth
and cellular morphology. The common significant GO terms
(P < 0.05) in the comparisons of A vs. C and (P+A) vs. C were “re-
sponse to virus” (GO ID: 0009615) and “defense response to virus” (GO
ID: 0051607), which imply that Aza-CdR has a favorable defense effects
on the viral-intermediate dsRNA extracellular treatment. Here, Aza-CdR
is expected to inactivate the effect of PolyI:C. The methyl transferase
inhibitor Aza-CdR was used to inhibit specific methylation due to Poly
I:C.

Porcine transcriptional microarray included 44,034 transcripts,
which was functionally classified into protein-coding genes, miRNA,
rRNA, tRNA and etc. Different gene types with various methylation
patterns showed different methylation characteristics. Comparing the
control to each treatment, the DNA methylation levels of the genes
encoding porcine proteins, miRNA, miscRNA, pseudogenes, retro-
transposon, rRNA, snoRNA and snRNA were analyzed (see Fig. 4). We
found that the promoter regions of pseudogenes showed hypermethy-
lation causing transcriptional repression. The DNA methylation level of
retrotransposon genes was hypomethylated in the control cells (see
Fig. 4, control), nevertheless after treated with PolyI:C followed by the
addition of Aza-CdR, the retrotransposon was up-methylated (see Fig. 4,
PolyI:C+Aza-CdR) in PK15 cells. Human endogenous retroviruses
(HERV) represents a potential marker or mediator of environmental
exposures (e.g., virus infection) in the development of chronic complex
diseases. ERVWE1 is so far the only verified HERV proviral locus that
has retained a long env ORF. Hypermethylation of ERVWE1 observed in
non-placental cells has been linked with transcriptional repression [14].
Here, we found the up-methylation induced by Aza-CdR may repress
the activation of retrotransposon in PolyI:C treated PK15 cells.

Fig. 1. The distribution of differential enrichment DNA methylation peaks in PK15 cells induced by PolyI:C, Aza-CdR, or both compared with controls. (A) Diagram
showing the two promoter regions relative to the TSS: Proximal (−200 to +200 bp), Intermediate (−800 to −200 bp). Each region is defined as methylated (‘1’) or
unmethylated (‘0’) if DEPs located in the region relative to the TSS. ‘00’: extensively unmethylated, ‘01’: proximally methylated, ‘10’: intermediate methylated, ‘11’:
fully methylated. (B) Number of up-methylation peaks in HCPs for each comparison and for each methylation profiles. (C) Number of down-methylation peaks in
HCPs for each comparison and for each methylation profiles. (D, E, F, G) The same as B or C in ICPs and LCPs.
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2.4. Functional methylation markers and targeted genes triggered by virus
mimics

We further clustered these differentially methylated genes into two
classifications involved in response to virus and epigenetic modifica-
tions (Fig. 5). The genes screened in PolyI:C plus Aza-CdR treated cells
are related to immunology and response to virus that first clustered
with those of Aza-CdR (Fig. 5A X-axis, green and yellow colors), while
genes related to epigenetic modification were foremost merging in P vs.
C and A vs. C (Fig. 5B X-axis, yellow and red colors). The effect of
PolyI:C plus Aza-CdR on immune response more closely resembled the
effects of Aza-CdR, inducing the epigenetic effect similar with PolyI:C.
As the red box shown in Fig. 5A 3 out of 8 genes in immune-related
pathway were related with response to virus, including cyclin-depen-
dent kinase 9 (CDK9), BCL2/adenovirus E1B interacting protein 3-like
(BNIP3L) and zinc finger CCCH-type of antiviral 1 (ZC3HAV1). CDK9
participated in the GO term of cellular response to cytokine stimulus
(GO ID: 0071345), regulation of DNA repair (GO ID: 0006282) and
regulation of histone modification (GO ID: 0031056). The promoter
methylation of BNIP3L and CDK9 genes significantly decreased fol-
lowing dsRNA mimics and Aza-CdR treatment. The promoter methy-
lation of ZC3HAV1 gene significantly increased in (P+A) vs. C. The
remaining five genes (LOC100519826, LOC100523314,
LOC100737152, LOC100738745, TYRO3) were participated in GO term
of inflammatory response. Meanwhile, 14 out of all common genes
(KARS, ATN7, ARF14 etc.) were found involved in the epigenetic
modifications (see Fig. 5B). Table 2 and S5 showed the detailed dif-
ferential methylation peaks information in the related gene promoters
in the comparison of (P+A) vs. C and A vs. C.

To validate the influence of promoter differential methylation re-
gions (p-DMRs) on the expression of the functional genes, we picked
three genes of CDK9, BNIP3L and ZC3HAV1 to dissect the methylation
markers (see Fig. 6 and Fig. S3) via bisulfite-PCR and sequencing. As
regards to BNIP3L and ZC3HAV1 genes, the DEPs on their promoter
regions were shown in Fig. S3A and S3C (black arrows, P-value
score > 2) and Table 2. The significant up- and down-regulated gene
expression level were also validated (Fig. S3B and S3D, blue bars,
P < 0.05). As for CDK9 gene, we observed that the differential me-
thylation region in its promoter (Chr 1: 282627136–282,627,682, black
arrow in Fig. 6A P-value score > 2) was enriched in the control cells
(92%) compared to the cells treated with Aza-CdR (24%), PolyI:C
(37%), and PolyI:C plus Aza-CdR (8%) (see Fig. 6B).

To determine whether PolyI:C and demethylation agent (Aza-CdR)
initiate CDK9 transcription by de-methylation in PK15 cells, we further
examined the transcriptional expression. We found that the expression
of CDK9 gene was significantly promoted in the cells treated by PolyI:C
(10 μg/mL) alone or by PolyI:C (10 μg/mL) plus Aza-CdR (5 μM) (see
Fig. 6C, blue bars, P < 0.01). However, the treatment of 5 μM Aza-CdR
alone did not significantly influence the expression of CDK9 compared
to the untreated cells (see Fig. 6CP > 0.05). These data revealed the
anti-viral resistance of CDK9 gene in PK15 cells by means of DNA
methylation regulation.

3. Discussion

DNA methylation regulation is of critical significance to gain insight
into the interaction between antiviral innate immunity and virus re-
plication. This study provides the first DNA methylome and its

Fig. 2. Integrated analysis of promoter methylation and transcriptional expression in HCPs for P vs. C, A vs. C and (P+A) vs. C. (A) Gene expression in HCPs for
three comparisons under the control of promoters with each methylation profile (‘00’, ‘01’, ‘10’, ‘11’), red curve indicate trend for the relationship between me-
thylation profiles and transcriptional expression. DEGs were screened from microarray, P < 0.05. Up line and down line in each boxplot represents gene expression
levels from the 1/4-3/4, the middle line represents the average expression level. (B) Regression analysis of gene expression level (|Fold change| > 1.2, P < 0.05)
and DNA methylation degree of gene promoter. Blue scatter plots indicate hypo-methylation-activated genes, red scatter plots indicate hyper-methylation-silenced
genes. R represents correlation coefficient. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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regulation effects on genes expression in porcine PK15 cell lines post
extracellular treatment of mimics virus (PolyI:C), DNA methyl-
transferases inhibitor (Aza-CdR), and both (PolyI:C plus Aza-CdR). The
targeted genes regulated by DNA methylation and the vital pathways
involved in dsRNA treatment were identified in the PK15 cell model.

Host's innate immune response in mammalian cells was dysregu-
lated by viral-like dsRNA treatment and DNA methyltransferase in-
hibitor (Aza-CdR) treatment [2,15–18]. The main reason was declared
that epigenetic modification alteration is a pivotal step in the initiation
and progression of most oncogenic viruses induced cancers [19]. Dif-
ferentially methylated genes involved in response to virus, protein
modification process and gene expression were discovered in the cur-
rent study. Two significant GO terms, response to virus and defense
response to virus, were detected in the comparisons of A vs. C and
(P+A) vs. C. The results suggest that the regression effect of Aza-CdR
on the stimulant of PolyI:C may be regulated by DNA methylation in the
porcine kidney epithelial cells.

The DNA methylation as an indirect effects on gene expression was
observed remarkably consistent across dosage and duration of both
drugs exposure, and were largely independent of cells growth and
morphology [4–6,19]. The results showed remaining of 62–80% DEGs
in PolyI:C and/or Aza-CdR treated cells are not negatively regulated by
methylation, which is consistent with the previous data that the effects
of Aza-CdR on gene expression more closely resembled chromatin de-
condensation than to DNMTs inactivation [11]. The indirect effects on
gene expression we observed were also remarkably consistent across
dosage and duration of both drugs exposure, and were largely in-
dependent of cells growth and morphology. In addition, the lower
concentration of Aza-CdR (200–300 nM) was not generally used to
modulate gene expression, may explain the small number of genes up-

regulated after Aza-CdR exposure [20].
The approach taken here is an effective way to identify methylation-

silenced genes and hypomethylated genes [21]. By means of the
treatment of virus mimics and chemical genomic screening for epige-
netic modification, MeDIP-chip and transcriptional microarray are cost-
effective methods to identify methylation targeted regions and genes
[22,23]. Combined methylation alteration regions with gene expression
information can dissect the functional-related gene involved in virus
replication and anti viral responses. Promoter methylation variation
was observed in CDK9 gene which is enriched in the GO term of re-
sponse to virus, as well as in ZC3HAV1 and BNIP3L genes that are in-
volved in defense response to virus in P vs. C and (P+A) vs. C. Of
which, CDK9 gene encodes cyclin-dependent kinase 9 and is a positive
transcriptional elongation factor for the virus-encoded Tat protein ac-
tivity [24,25]. Cyclin T1/CDK9 interacts with influenza A virus poly-
merase to inhibit virus transcription and replication [26]. Its character
of down-methylation while up-expression in PolyI:C or PolyI:C plus
Aza-CdR treated cells could serve as biomarker for virus replication in
the swine cells. BNIP3L gene (BCL2/adenovirus E1B 19kD-interacting
protein 3-like) can function as virus-induced tumor repressor, which
encodes a homologue of NIP3, a protein that interacts with adenovirus
E1B19kD protein and host BCL2 protein [27,28]. The mRNA of the pro-
apoptotic gene BNIP3L was significantly decreased following murine
coronavirus (a signal strand RNA) infection, evades host antiviral de-
fense and promotes cell survival [29]. Its down-methylation while very
significant up-expression in PolyI:C plus Aza-CdR treated cells (Fig. S3A
and Table S5) means BNIP3L could be a powerful candidate gene of anti
virus infection. ZC3HAV1 is an interferon-inducible genes and encodes
zinc-finger antiviral protein (ZAP) [30]. Through binding to the viral
RNA and recruiting the processing exosome, human ZAP causes the

Fig. 3. The differential methylation genes clustered into the functional gene ontology in the comparison of P vs. C (A), A vs. C (B), (P+A) vs. C (C). Red bars indicate
up-methylated gene numbers and blue bars indicate down-methylated gene numbers. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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degradation of viral RNA [31]. Although the expression of ZC3HAV1
was up-regulated by PolyI:C or Aza-CdR alone (Fig. S3D), its up-me-
thylation but down-expression in PolyI:C plus Aza-CdR treated cells
(blue bar in Fig. S3D) suggest that the anti viral function of ZAP in PK15
cells can be induced by dsRNA or methyltransferase inhibitor but
cannot be improved by both.

In addition, down-methylation alteration in tRNA methyltransferase
gene (TRMT6) (Table S4) was only observed in (P+A) vs. C, which is

consistent with the previous study that TRMT6 plays a key role in
translational initiation and RNA modification [32,33]. TRMT6 is part of
a two component methyltransferase in yeast, which is involved in the
post-translational modification and produces the modified nucleoside
1-methyladenosine in tRNAs [34]. In human, modified nucleoside 1-
methyladenosine causes initiator methionine stability and may be in-
volved in the replication of human immunodeficiency virus type 1
[35,36]. The up-expression of tRNA methyltransferase may cause

Fig. 4. Average methylation level of different gene categories in the porcine kidney epithelial cells' genome. Boxplots of the methylation level distribution of each
gene category. Gene methylation levels from the 1/4-3/4 were used and the middle line represents the average methylation level.

Fig. 5. Heat-map of selected genes related to im-
munology, response to virus and epigenetic mod-
ification. DNA methylation levels are depicted by a
pseudocolor scale as indicated from pink (hyper-
methylation) to blue (hypo-methylation). Red,
yellow, green colors on the X-axis mean the M' value
of each gene in comparison of P vs. C, A vs. C,
(P+A) vs. C. Red or green colors on the Y-axis mean
average hyper-/hypo-methylated level in three
comparisons of each genes. (A) Genes related to
immunology and response to virus. Red box indicate
the genes related to defense response to the virus. (B)
Genes related to epigenetic modification. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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hypermethylation of tRNA. RNA virus usually encode proteins to en-
counter the dsRNA-induced cellular defense. Cell nucleolin is a central
hub for the replication of pathogenic RNA viruses. Previous study
suggests that non-structural 1 protein (NS1) of influenza A (H3N2)
could induce nucleolar stress based on epigenetic alteration of rRNA
gene promoter via interaction with nucleolin [37]. In A vs. C compar-
ison, promoter methylation of LOC100511875 has been linked with
maturation of 5.8S rRNA and defense response to virus. Moreover,
porcine retroviral oncogene MYB was down-methylated and activated
in dsRNA treated PK15 cells. MYB encodes nuclear DNA-binding pro-
teins and is involved in G1/S transition of mitotic cell cycle [36]. The
activation of oncogene MYB in PolyI:C treated cells means it could be a
biomarker of dsRNA treatment. Retroviruses can selectively trigger an
array of innate immune responses through various pattern recognition
receptors (PRRs), ZC3HAV1 was decreased two to eight folds that ex-
amined whether avian leukosis virus induces or inhibits innate immune
host responses [38], the results resembled to our study.

Researchers suggested that DNA hypomethylation is involved in
porcine endogenous retrovirus (PERV) activation [39]. PK15 cell lines
have been shown to be positive for PERV. Matouskováatt. al found that
5′long terminal repeats (LTRs) of PERV amplified from PK15 contained
2.7% methylated CpG and no specific patterns of CpG methylation were
observed in PERV 5′LTR sequences [39]. These results suggest minor

methylation variation in PERV 5′LTR in PK15. Nevertheless, PK15 is
possible contaminated with non-pathogenic porcine circovirus type 1
(PCV1) [40]. These potential viral sources could alter cellular promoter
methylation/demethylation response against PolyI:C extracellular
treatment. Therefore, to eliminate the possible influence of PERV and
PCV1 contamination of the PK15, we designed untreated cells to as the
controls. In addition, further study is warranted to repeat dsRNA mimic
experiment and RNA virus infection study with different porcine cell
types.

A reverse correlation between promoter methylation and tran-
scription expression of target genes has been well established [41,42].
The methylation level on genes promoter regions was more important
than that on gene body [21]. Koga et al. reported a stronger correlation
between DNA methylation and gene repression in high-CpG containing
promoters (HCPs) compared with intermediate-CpG (ICPs) and low-
CpG containing promoters (LCPs) [4]. This is consistent with our
findings that the methylation levels in proximal regions of the TSS in
HCPs (Fig. 2A, red curve, P < 0.05) and ICP (Fig. S4, red curve) were
strongly associated with transcriptional expression levels in (P+A) vs.
C, while no correlation in LCP (Fig. S4).

Poly I:C, the dsRNA mimic regularly used as an effective tool to
study RNA virus replication in different mammalian cells as an inter-
mediate. PolyI:C is at least 3 kb in length. By producing PolyI:C of

Fig. 6. DNA methylation and expression variation of porcine CDK9 gene induced by PolyI:C, Aza-CdR or both. (A) Graphical representation of differential enrichment
peaks by methylated DNA immunoprecipitation chip (Signalmap software, NimbleGen). The panels show the DNA hyper-methylation profile at CDK9 promoter in
controls compared with PK15 cells treated with PolyI:C plus Aza-CdR. First panel: green peaks represent probe-level log2 (MeDIP/Input) ratio. Second panel: blue
bars represent different M' value. Third panel: red bars represent P-value score cutoff 2. The differential methylated CpG islands are indicated by black arrow in C vs.
(P+A). Chromosomal location is indicated at the top of the diagram. (B) Bisulfite-sequencing validation of hypermethylated and hypomethylated CDK9 promoter
detected by MeDIP-chip. The black circle represents the methylated CG site, while the white circle represents the unmethylated site. (C) mRNA expression level of
CDK9 based on the dose-response assay of PolyI: C, Aza-CdR, or both. Significant levels were determined using a t-test by comparing the expression levels of CDK9
between each treatment to the non-treated control. Blue bars represent mRNA relative expression level in PolyI:C alone treated cells and P+A treated cells,
respectively. ⁎P < 0.05, ⁎⁎P < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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various lengths, it was determined that short segments of the polymer
(~300 bp) are potent ligands for RIG-I (retinoic acid inducible gene I),
longer segments of PolyI:C preferentially activated MDA-5 (melanoma
differentiation-associated gene 5) and usually induces TLR3 pathway
[43,44]. Our microarray results interpreted Toll-like receptor/RIG-1-
like receptor signaling pathway responsible for inducing IFN was en-
riched in porcine kidney cells treated with PolyI:C (272-4242 bp) plus
Aza-CdR at 10 h [2]. PolyI:C challenge can elicit certain gene expres-
sion changes relevant to TLR3 pathway similar to acute viral infection
in PBMCs cells at 3 h treatment [16]. Thus, TLR3 receptor can be spe-
cially expressed in immune cells and non-immune cells, e.g. kidney
epithelial cells [1]. The experiment was focusing on the extracellular
PolyI:C stimulation rather than transfected PolyI:C. With regard to
dsRNAs, TLR3, RIG-1 and MDA-5 pathways were different each other,
thus there could be difference between the treatment of extracellular
PolyI:C and transfected PolyI:C [45,46]. DNA methylation mechanism
underlying the discrimination between extracellular delivery of PolyI:C
treatment for different times remains to be elucidated.

In summary, many contagious viruses are RNA virus which causes
seasonal pandemics and imposes great economic losses on livestock
industry and harmful to human health. To identify DNA methylation
regulated transcriptome variations and potential methylation marks
underlying the interaction of virus infection and host, the study first
presents the integrative analysis of DNA promoter methylome and
transcriptome in mimic virus dsRNA and DNA methyltransferases in-
hibitor extracellular treated porcine kidney cells (PK15). The results
revealed several key promoter methylation marks and three powerful
candidate methylated genes (CDK9, BNIP3L and ZC3HAV1) can defense
virus replication in porcine kidney epithelial cells and warrant to do
further functional studies involving against RNA virus infections. This
study provides new insights into the epigenetic regulatory mechanisms
of genes expression in virus-like dsRNA treated cells.

4. Materials and methods

All protocols were reviewed and approved by the Institutional
Animal Care and Use Committee at China Agricultural University in
Beijing, China (permit number: DK996).

4.1. Cell culture and treatments

Porcine kidney cell line (PK15) was bought from the China Center
for Type Culture Collection (CCTCC, Wuhan, China). The PK15 cells
were grown in Dulbecco's modified Eagle medium (DMEM) (Invitrogen,
Carlsbad, CA) containing 10% heat-inactivated fetal bovine serum
(FBS) (HyClone, Logan, UT, SH30084.03, which were free of foot-and-
mouth disease virus and bovine spongiform encephalopathy virus
contamination), 100 U/mL penicillin and 100 μg/mL streptomycin
(Invitrogen) at 37 °C with 5% CO2. After the cells were serum-starved
for 2 h, we designed three treatments: (1) P: PolyI:C (10 μg/mL; poly-
inosinic: polycytidylic acid; Sigma-Aldrich, Shanghai Trading Co., Ltd)
was added to the culture medium and treated for 10 h. (2) A: Four hours
later, different concentrations of Aza-CdR (0.1, 1, 5 μM; Sigma-Aldrich,
St. Louis, MO) were added and treated for 6 h. (3) P+A: with 10 μg/
mL PolyI:C treated the PK15 cell for 4 h, then added 5 μM/L Aza-CdR
and treated for 6 h [2]. The three group cells and the untreated control
cells (C) were harvested and applied to the subsequent study.

4.2. Extraction and bisulfite treatment of genomic DNA

Genomic DNA was extracted from each treatment of the PK15 cells
using the Wizard Genomic DNA Purification kit (Promega, US). DNA
concentration and quality were measured with the NanoDropTM ND-
2000c Spectrophotometer (Thermo Scientific, Inc., US). Sodium bi-
sulfite conversion of 1 μg genomic DNA for each sample was conducted
using the EZ DNA Methylation Golden kit according to the

manufacturer instructions (ZYMO Research, California, US). Bisulfite-
converted DNA was eluted in 20 μL elution buffer (ZYMO Research).

4.3. DNA methylation profiling by MeDIP-chip

A standard methyl-DNA immunoprecipitation microarray (MeDIP-
chip) assay was performed as described previously [9]. Five μg of
genomic DNA of each sample was sonicated to produce random frag-
ments in size of 400-500 bp. The sheared PK15 genomic DNA for each
treatment was immunoprecipitated with an antibody which specifically
recognizes 5-methylcytosine, followed by hybridization to NimbleGen
array (MeDIP-chip), which probes porcine 385 K CpG islands plus en-
semble promoters. Briefly, after denaturation at 94 °C for 10min, im-
munoprecipitation was performed using 5 μg monoclonal antibody
against 5-methylcytidine (1 μg/μL, Diagenode) in a final volume of
500 μL IP buffer (0.5% NP 40; 1.1% Triton X-100; 1.5 mM EDTA;
50mM Tris-HCl; 150mM NaCl) at 4 °C for overnight. Add 5 μg mouse
IgG to mock IP sample tube. Add 50 μL of magnetic beads (Bangs la-
boratories. Inc) coupled anti-mouse IgG and mix for 2 h at 4 °C by end-
over-end rotation. After the incubation, immunoprecipitated complexes
were collected with pellet beads by Magnetic Separation Rack for 2min
at 4 °C, washed with buffer for 6 times, eluted with 200 μL elution
buffer, and purified by phenol:chloroform extraction and isopropanol
precipitation. Immunoprecipitated methylated DNA was labeled with
Cy5 fluorophere and the input genomic DNA was labeled with Cy3
fluorophere. The labeled DNA were hybridized to custom NimbleGen
CpG island plus Ensemble promoter array (Roche, Germany), which
covered all known CpG islands annotated by UCSC and all well-char-
acterized RefSeq promoter regions (from −800 bp to +200 bp tran-
scription start sites, TSS) totally covered by 385 K probes. A total of
twelve two-colour arrays were then scanned with GenePix 4000 Bin-
strument (NimbleGen).

4.4. Data normalization and differential methylation enrichment peak-
finding

Raw data were subjected median-centering, quantile normalization,
and linear smoothing by Bioconductor packages. After normalization, a
normalized log2 (MeDIP/Input) ratio data was created for each sample.
A customized peak-finding algorithm provided by NimbleGen was ap-
plied to analyze methylation data from MeDIP-chip (Roche-NimbleGen)
as previously described. The algorithm was used to perform the mod-
ified Kolmogorov-Smirnov test on several adjacent probes using sliding
windows to predict enriched regions across the array. We filtered the
differential methylation peaks according to two principles suggested by
NimbleGen: (1) At least one group log2 (MeDIP/Input) ratio > 0.3; (2)
At least in one peak, the coefficient variability (CV) of the half probes≤
0.8 between two groups. Differential probe-level log2 (MeDIP/Input)
ratio between each treatment and untreated cells was applied to the
MeDIP hybridization to determine differential methylation region
(DMR).

Furthermore, differential enrichment peaks (DEPs) analysis for each
comparison using M' method was completed and M'=Average (log2
MeDIPE/InputE)—Average (log2 MeDIPC/InputC). Then the identified
DEPs were mapped to genomic features: transcripts and CpG Islands.
The mapping data of DEP in promoter region for each comparison was
saved in ‘Islands. The mapping “DEP data” was input into Signal Map
software (version 8.0.0.0, Roche-NimbleGen) to observe and evaluate
the differential methylation peaks between two groups.

Peak-finding was used to determine the differential methylated re-
gions. NimbleScan detects peaks by searching for at least 2 probes
above a P-value minimum cutoff (−log10) of 2 (P < 0.01).

4.5. Hot start PCR and bisulfite cloning sequencing

PCR primers of the porcine CDK9 (NCBI: Gene ID_100307051)
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promoter used for bisulphite DNA methylation detection were designed
with Oligo 6.0 software (see Table 1). Hot start PCR was carried out in
25 μL solution including 15 to 20 ng bisulfite-treated DNA, 12.5 μL Hot
start PCR premix (ZYMO Research), 0.5 μM forward primer, and 0.5 μM
reverse primer. PCR cycling conditions were 95 °C for 10min, followed
by 40 cycles of 94 °C for 30 s, 50 to 60 °C for 45 s, and 72 °C for 45 s, and
a final incubation at 72 °C for 10min. The PCR products were checked
using 2% agarose gels with ethidium bromide. The PCR products were
cloned into the pGM-T vector and sequenced using an ABI 377 auto-
mated sequencer. Eight clones were sequenced for each sample.

4.6. Hybridization of cDNA microarray and integration analysis

The detailed procedures of cDNA microarray were as described in
our previous work [2]. Briefly, total RNA was extracted from PK15 cells
using the Trizol kit (Invitrogen, Carlsbad, CA). Contaminated DNA was
cleared by DNAse (Qiagen). Twelve samples in the hybridization slides
were scanned using an Agilent Microarray Scanner (Agilent). The re-
sults regarding differential expressed genes (DEGs) were considered
significant for a fold change (|FC|) > 1.2 and P < 0.05. The gene
ontology (GO) analyses of the DEGs were assessed using Fisher's exact
test based on the two public databases: National Center of Bio-
technology Information (NCBI) Entrez, Gene Ontology (http://www.
geneontology.org). The P-value< 0.05 denotes the significance of GO
terms enrichment in the differential enrichment genes.

The integration analysis of the transcriptome and methylome were
conducted by R language tools based on the data presented. We used
P≤ 0.01 and |log2 ratio|≥ 0.3 as the threshold to assess the sig-
nificance of differentially methylated genes which matched differen-
tially expressed genes (|FC|) > 1.2 and P < 0.05), then the common
genes were evaluate the differential methylation peaks (DEPs) between
the comparison and control (P vs. C, A vs. C, (P+A) vs. C).

4.7. Real-time qRT-PCR validation and statistical analysis

Real-time quantitative RT-PCR (qRT-PCR) reactions were performed
in 20 μL solution with a LightCycler480 SYBR Green I Master (Roche)
according to the manufacturer instructions. Each reaction was per-
formed in triplicate. The mRNA expression level of the validated genes
(CDK9, BNIP3L and ZC3HAV1) was normalized against the house-
keeping gene GAPDH (glyceraldehyde-3-phosphate dehydrogenase) in

the corresponding samples. The PCR reactions were cycled 40 times
after the initial denaturation (95 °C, 5min) with the following para-
meters: denaturation at 95 °C for 15 s, annealing at 60 °C for 15 s, and
extension at 72 °C for 35 s. The primers are shown in Table 1.

A 2(−△△Ct) method was used to estimate the relative expression
level of the genes. Student's t-test was used to analyze the differences of
the genes expression levels between the treatments.
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