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Japanese encephalitis virus-induced DNA
methylation contributes to blood-brain barrier
permeability by modulating tight junction
protein expression
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Abstract

Japanese encephalitis virus (JEV) is a neurotropic and neuroinvasive flavivirus causing viral encephalitis, which
seriously threatens the development of animal husbandry and human health. DNA methylation is a major
epigenetic modification involved in viral pathogenesis, yet how DNA methylation affects JEV infection remains
unknown. Here, we show genome-wide DNA methylation profiles in the brains of JEV-infected mice compared to
mock-infected mice. JEV can significantly increase the overall DNA methylation levels in JEV-infected mouse brains.
A total of 14,781 differentially methylated regions associated genes (DMGs) have been identified. Subsequently,
KEGG pathway analysis suggested that DNA methylation modulates the tight junction signaling pathway, which
can potentially impact the permeability of the blood-brain barrier (BBB). We demonstrate that hypermethylation of
the tight junction gene Afdn promoter inhibited AFDN expression and increased monolayer permeability of mouse
brain microvascular endothelial (bEnd.3) cells in an in vitro transwell assay. Collectively, this study reveals that

DNA methylation is increased in a murine Japanese encephalitis model and that modulation of Afdn expression
promotes BBB permeability.
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Background

Japanese encephalitis virus (JEV), a mosquito-borne fla-
vivirus, is one of the leading neurotropic pathogens and
a significant cause of mortality, mainly in Southeast Asia
and Western Pacific regions [1-4]. In those endemic
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America [9, 10]. In 2022, different states of Australia
reported outbreaks of JEV (genotype IV) in pig farms,
which resulted inseven human deaths, 47 persons with
encephalitis and serious economic losses of livestock [11,
12]. Thus, not only in endemic areas but also in some
adjacent non-endemic areas, JEV infections have become
a concern of public and animal health.

Although JEV infection usually starts in peripheral
tissues after mosquito bites, subsequent brain infec-
tion is critical to JEV-induced mortality [13]. JEV brain
infection leads to encephalitis characterized by high
viral loads, robust inflammatory responses and disrup-
tion of the Blood-brain barrier (BBB) [3, 14]. Once JEV
has established an infection in the brain, vaccination can
no long prevent the neurological demage [15]. At this
stage, therapeutical medicines are urgently needed [16],
but effective treatments for JEV brain infections remain
unavailable. Insights into the neurological pathogenesis
of JEV infections would facilitate the identification of
potential therapeutic targets. Thus, investigation of the
underlying mechanisms of JEV infection is important
not only to address JEV pathogenesis but also to develop
innovative strategies for the treatment of JEV brain
infections.

DNA methylation is a major epigenetic modification
that plays an important role in tissue homeostasis by
modulation of gene expression [17-20]. Alteration of
DNA methylation patterns is involved in the pathogenesis
of various diseases, including cancers, autoimmune dis-
eases, and neurological disorders [21-23]. For example,
DNA methylation in Alzheimer’s disease (AD) has been
extensively studied by different technological approaches,
such as whole-genome bisulfite sequencing (WGBS),
which was instrumental in gaining more insight into the
role of DNA methylation in AD development [24, 25].
Furthermore, emerging evidence demonstrates associa-
tions between host cell DNA methylation and virus infec-
tions [19, 26]. For example, influenza virus NS1 promotes
ubiquitination and degradation of DNA methyltransfer-
ases 3B (DNMT3B), resulting in demethylation of the
promoter of JAK/STAT signaling suppressor genes. As a
consequence, the expression of the suppressors is quickly
upregulated, thereby inhibiting type I interferon (IFN)
signaling [19]. In addition, miRNA29-mediated inhibi-
tion of DNMT3A and DNMT3B expression resulted
in the demethylation of the COX2 promoter, resulting
in an IFN-X response against influenza virus infection
[26]. Other reports suggested that DNA methylation is
also involved in the pathogenesis of flavivirus infections
[27-29]. ZIKV infection results in the methylation of a
number of genes (e.g., WWTR1, RASSF1A, RABGAPIL)
that regulate brain size during development, likely linked
to ZIKV-induced microcephaly [27, 28]. Another study
showed that demethylation of the TNF-a promoter in
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DENV-infected patients resulted in high expression
of this cytokine, which is associated with the develop-
ment of hemorrhagic fever [30]. Thus, the accumulating
knowledge of the effect of DNA (de-)methylation on the
pathogenesis of viral diseases might assist in developing
potential treatments for those being affected.

In this study, we used WGBS to characterize the altera-
tion of DNA methylation patterns occurring during JEV-
induced encephalitis in a murine model. KEGG pathway
analysis was used to identify pathways potentially regu-
lated by DNA methylation. And we explored the mech-
anism by which DNA methylation participates in BBB
permeability. Our study paves the way to understanding
the role of alteration of DNA methylation in the patho-
genesis of JEV-induced encephalitis.

Materials and methods

Cell culture, virus and reagents

bEnd.3 cells were purchased from the National Collec-
tion of Authenticated Cell Cultures and were cultured
in Phenol-free red DMEM medium (Gibco:21063029,
Thermo Fisher Scientific) supplemented with 10% fetal
bovine serum (FBS) at 37 °C in 5% CO, incubator. The
JEV NJ2008 strain (GenBank accession No. GQ918133)
was stored at our laboratory (Shanghai, China). The
Afdn (AF-6/afadin/MLLT4) antibody (Catalog: A18865)
was obtained from the ABclonal company. Trichloro-
acetic acid (TCA) (Catalog: T9159) and sodium fluores-
cein dye (NaF) (Catalog: F6377-100G) were purchased
from Sigma-Aldrich. Transwell inserts (12 mm, 0.4 pm
polyester membrane, tissue culture treated, REF:3460)
was purchased from Corning. Rat tail collagen (Catalog:
C7661-5M@G) and FITC-Dextran-10,000 (10kD, FD10S-
100MG), and 5-Aza-2’-deoxycytidine (a DNA meth-
ylation inhibitor, named 5-AZA, Catalog: A3656-5MG)
were also purchased from Sigma-Aldrich.

JEV stocks was prepared by using BHK-21 cells. The
information in details as follows: BHK-21 cells were
seeded in T75 cell culture flasks. When the cell density
reaches about 70%, the cell culture medium was dis-
carded and replaced with 10mL DMEM. Then 200ul
stock JEV solution (about 0.2MOI JEV) was added into
T75 flasks. After incubation for 2 h, the virus-containing
medium was removed. The cells were then washed twice
by PBS and maintained in DMEM medium supplemented
with 2% FBS. When the cells show cytopathic effect
changes (usually about 72 h post-infection), the superna-
tant was collected and stored in a -80 C refrigerator.

Virus tistration

Virus titers were determined by using the TCIDy, assay.
Briefly, BHK-21 cells were cultured in the 96-well plate
until reaching around 70% confluency. The medium
was removed, and cells were inoculated with the certain
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diluted viuses (100 pL/well) ranging from 107! to 107!
with eight replicateds per dilution. After incubation, cells
were incubated with DMEM medium containing 2% FBS
at 37 C. When it appeared the clearly cytopathic effect
(plaques), the number of wells with or without plaques
was recorded at each dilution. The TCIDy, of the virus
was calculated using the Reed-Muench algorithm [31].

Mouse model of JEV infection

Female C57BL/6 mice (three weeks old) were ordered
from Shanghai Lingchang Company (Shanghai, China).
After acclimatizing for one week under standard labo-
ratory conditions, the mice (n=20) were then randomly
divided into two groups: a mock-infected control group
(n=10) and a JEV-infected group (#=10). In the JEV
group, ten mice were intraperitoneally injected with
5x10~* PFU JEV. The clinical signs and mortality were
monitored daily, and clinical symptoms were scored
according to a publishing standard score system [32].
When the mice show severe neurological symptoms (e.g.,
body stiffening, hind limb paralysis, tremor) with clinical
score approaching 5 were euthanized with carbon diox-
ide (CO,). Then, the mouse’s heart was promptly per-
fused with PBS and brain tissues were collected quickly.
Ethical approval for all animal experiments was obtained
from the Institutional Animal Care and Use Commit-
tee of Shanghai Veterinary Research Institute, and the
experiments were conducted in strict accordance with
the Guidelines on the Humane Treatment of Laboratory
Animals.

Blood-brain barrier permeability measurement in mouse
brain

After JEV infection, mice developed severe neurological
symptoms and were intraperitoneally injected with 100
pL (10 mg) sodium fluorescein dye (NaF). After 10 min,
the blood samples were collected by eye enucleation, and
serum was separated. A 50 pL of the 15% trichloroacetic
acid (TCA) was added to the serum, followed by centrifu-
gation at 10,000 rpm for 10 min. The supernatant (45 pL)
was mixed with 30 pLof 5 mol/L NaOH and 7.5% TCA.
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Mice were then perfused with PBS, and the brain tissues
were then extracted, weighed, and homogenized with
7.5% TCA. After centrifugation at 10,000 rpm for 10 min,
the supernatant was treated with 30 pL of 5 mol/L NaOH.
The fluorescence intensity in serum and brain superna-
tant was measured respectively (excitation wavelength:
485 nm; Emission wavelength: 530 nm), and NaF concen-
trations were calculated using a standard curve. The per-
meability index (mL/g) was calculated using the formula:

Permeability index (mL/g) = (NaF content in brain tis-
sue/brain tissue weight)/(NaF content in serum/serum
amount).

DNA extraction and quality control

Three mock-infected mouse brain samples and three
JEV-infected mouse brain DNA samples were collected.
Genomic DNA was extracted using a QIAGEN DNeasy °
Blood & Tissue kit. DNA quality and quantity were deter-
mined by an Ultraviolet spectrophotometer.

Whole-genome bisulfite sequencing (WGBS)

For Whole-Genome Bisulfite Sequencing (WGBS),
a total of six samples (three mock-infected and three
JEV-infected mouse brain DNA samples) were used for
WGBS at BGI Genomics (Wuhan, China). After a qual-
ity control test for the library preparation, these genomic
DNAs were broken into fragments of an average size of
approximately 250 bp by Bioruptor (Diagenode, Bel-
gium), followed by the blunt-ending, dA addition to
3’-end, and finally, adaptor ligation (in this case of meth-
ylated adaptors to protect from bisulfite conversion).
Ligated DNA was bisulfite converted using the EZ DNA
Methylation-Gold kit (ZYMO), followed by PCR ampli-
fication and purification with the QIAquick Gel Extrac-
tion Kit (Qiagen). Finally, sequencing was performed on
an appropriate platform, and the raw reads were first fil-
tered. Low-quality adaptor automatically, and duplicated
reads were removed to get the clean reads using BSMAP
v2.90. The sequencing data for each sample is summa-
rized in Table 1. Then, clean data were mapped to the ref-
erence genome, and only high-quality, uniquely mapped

Table 1 Sequencing data quality control chart by whole genome bisulfite sequencing (WGBS)

Sample ID Clean Reads Clean Data Size Mapping Bisulfite Conver-  Duplication Average Cov-
Q20 Rate (%) (bp) Rate (%) sion Rate (%) Rate (%) Depth erage
X) (%)
mockl 93.62;94.65 96,122,431,400 91.60 99.59 12.36 23.68 87.322
mock?2 93.85,94.83 105,886,943,400 89.97 99.61 6.80 27.65 87.318
mock3 94.42,94.56 96,252,253,600 87.89 99.52 7.56 24.58 87.222
JEV1 94.62;95.18 111,946,471,000 90.73 99.53 7.75 29.54 87.329
JEV2 95.20,95.45 116,417,847,000 90.82 99.56 592 31.19 87.363
JEV3 94.70;93.48 98,233,161,800 91.95 99.50 7.64 2634 87.276

Mapping rate: the proportion of reads that can be mapped to reference genome in total reads

Coverage (%): sequencing coverage of the whole genome
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data were used for methylation analysis. The bioinfor-
matics analysis included methylation pattern identifica-
tion and pathway enrichment analysis using OmicStudio
tools (https://www.omicstudio.cn/tool). Visualizations
tevhniques suach as violin plots, circular plots (circo),
heatmaps, and pathway analysis were generated by utiliz-
ing the OmicStudio tools.

Methylation level calculation

The methylation level was determined by dividing the
number of reads covering each mC by the total reads
covering that cytosine, which was also equal to the mC/C
ratio at each reference cytosine [33]. The formula is
shown as follows:

RMmayerage = Nimgp/ (N + Nnmgy) * 100%

Nm represents the reads number of mC, while Nnm rep-
resents the number of non-methylation reads.

Differentially methylated regions (DMRs) and pathway
analysis

DMRs were identified by comparison of the mock sam-
ples and JEV samples methylomes using windows that
contained at least five CpG (or CHG, CHH) sites with
a minimum two-fold change in methylation level and
Fisher’s test p-value<=0.05. Two nearby DMRs would
be considered interdependent and joined into one con-
tinuous DMR if the genomic region from the start of
an upstream DMR to the end of a downstream DMR
also had two-fold methylation level differences between
samplel and sample2 with a p-value<=0.05. Otherwise,
the two DMRs were viewed as independent. After itera-
tively merging interdependent DMRs, the final dataset
of DMRs was made up of those independent of each
other. To compare the methylation level of DMR in dif-
ferent models by CIRCOS, the degree of difference of

Table 2 Primers used for gPCR in this study
Primer Name Primer sequence (5'to 3’)
Afdn-Forward TGAAGAGGAGACCACCGGACT

Afdn-Reverse GAGCGGAGCCGTAGCCA
Cldn19-Forward GGCCCTGGACGGTCATATC
Cldn19-Reverse TTACTGTCTCCAACCCGAGTG
Cldn6-Forward TTCATCGGCAACAGCATCGT
Cldné-Reverse CAGCGCCAACAGTGAGTCATA
Cldn3-Forward GCGGCTCTGCTCACCTTAGT

CAGCCCAGCCCACGTACAACC
CCCCCAGGTGATGAGTCCAAC
TGCTGGGCCGGTAGGT
GCATGGTGGCCGTGTC
GAGATGAAGCCCAGGTACAGG
TATGTCGTGGAGTCTACTGGT
GAGTTGTCATATTTCTCGT

Cldn3-Reverse
Crb3-Forward
Crb3-Reverse
Cldn14-Forward
Cldn14-Reverse
GAPDH-Forward
GAPDH-Reverse
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methyl-cytosine (mCG, mCHG, mCHH) was calculated
using the following formula:

Degree of difference = logyRm1/logyRm2,

Where Rm1 and Rm2 represent the Methylation level of
methyl-cytosine for samplel and sample2, respectively.
0.001 will replace Rm1(or Rm2) while it is O.
Pathway-based analysis helps to further understand
genes’ biological functions. KEGG is used to perform
pathway enrichment analysis of DMR-related genes. This
analysis identifies significantly enriched metabolic path-
ways or signal transduction pathways in DMR-related
genes compared with the whole genome background.

Bisulfite sequencing PCR (BSP)

Genomic DNA was subjected to bisulfite treatment
using EZ DNA Methylation-Gold™ Kit (ZymoResearch,
Los Angeles, USA). Bisulfite sequencing primers were
designed using the online software MethPrimer tool. The
DNA samples treated with bisulfite were amplified by
PCR using NEB’s EpiMark heat-activated Taqg DNA poly-
merase. About 20 positive clones were randomly selected
for sequencing with the pMDI19-T universal sequenc-
ing primer. The sequencing data were analyzed using
QUMA online software (http://quma.cdb.riken.jp/top/
index.html) to assess the non-CpG C-T conversion rate.
The methylation status of the target sequence shows the
percentage of methylated CpGs in the total number of
CpGs. Fisher’s Exact T-test is used for statistical differ-
ence analysis.

Quantitative real-time PCR (RT-qPCR)

Total cell RNA was extracted from the TRIzol reagent,
followed by reverse transcription using the Prime-
ScriptTM RT regent kit. Subsequently, RT-qPCR was
performed with SYBR Premix Ex TaqTM II (Takara). The
relative abundance of transcripts for each gene in each
sample was normalized to the GAPDH gene and calcu-
lated by the 272¢T method. All qPCR samples were sub-
jected to three replicates. The primer sequences used for
RT-qPCR are listed in the Table 2.

RNA interference

The Mus-Afdn RNA interference was designed and
chemically synthesized (GenePharma, Shanghai, China).
And bEnd.3 cell were respectively transfected with
20pmol of Afdn siRNA-1, siRNA-2, or siRNA-3 using
Lipofectamine RNAi MAX (Thermo Fisher Scien-
tific), Six hours post-transfection, the cell medium was
replaced with DMEM containing 2% FBS. After 72 h of
RNA interference, the RNA samples would be collected
to detect the expression of Afdn.

The sequences for Afdn siRNA were as follows:
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forward of siRNA-1 (5-GCACCUCGCAUGUGUUUA
ATT-3"),

forward of siRNA-2 (5-CCAGGUACCUGGACAAUA
UTT-3).

forward of siRNA-3 (5-GAGGUGCUAAGGAAAUAA
UTT-3).

Transwell assay for cell permeability

We chose Corning Nested (REF:3460) 12 mm (12-well
plate) Transwell (0.4 pm polyester membrane tissue cul-
ture treatment) and bEnd.3 cell line for in vitro mono-
layer cellular BBB simulation experiments. Firstly, rat
tail collagen was coated in the transwell chambers for
1 h. The excess collagen solution was discarded, and the
membrane surface was gently washed with PBS. Next,
pre-equilibrate the chamber with serum-free DMEM
(phenol red-free) for at least 1 h. Then seed bEnd.3 cell
with an inoculation of 3x10° cell density. Add 1.5 mL of
DMEM medium with 10% FBS Phenol-free red to the
wells of a 12-well plate (bottom chamber), and then put
the pre-equilibrated nest into the wells and add 500 pL
of cell suspension into the nest (upper chamber). After
48 h, a monolayer was formed and its integrity was
assessed by 4 h leakage assay. Subsequently, we followed
the above procedures to set up experiments for perme-
ability analysis. Based on the different objectives, bEnd.3
cells were differentially treated by JEV-infected mouse
brain supernatant or RNA interference by targeting Afdn
gene for the experiment setup: (1) to determine role of
JEV supernatant treatment in cell permeability, bEnd.3
was treated by JEV supernatant and mock supernatant,
respectively; (2) to determine role of Afdn in cell perme-
ability, bEnd.3 was treated by the Afdn specific siRNA
and the negative control siRNA, respectively. The treated
cells were returned to 5% CO, and incubated at 37 °C
for 6 h or 72 h. 500 pL of FITC-Dextran-10,000 (10 kD,
100 pg/mL) was then added to the upper chamber of the
Transwell and incubated at 37 °C in a 5% CO, incuba-
tor. After 60—120 min of incubation, 100 pL of medium
was removed from the upper and bottom chambers. The
upper and bottom chambers are then measured for flu-
orescence intensity (excitation light: 492 nm; emission
light: 520 nm). We make a standard curve using standards
with different dilution concentrations and then calculate
the concentrations of fluorescein sodium after different
treatments. The apparent permeability coefficients (Pe)
were calculated as described previously. We used the fol-
lowing equation to measure the permeability coefficients:
Permeability coefficients (Pe)=C*V/(C,*T*S), [V =sample
volume in the basal chamber, C=concentration in the
basal chamber, C,=the initial concentration in the donor
compartment T=time variations (hour), S=exposed sur-
face area (cellular monolayer in cm?)].
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Statistical analysis

Statistical analysis was conducted using GraphPad Prism
version 8.0 (GraphPad Software, La Jolla, CA, USA).
Data are reported as mean valueststandard deviations
(SD) of three independent experiments with three bio-
logical replicates. The significance of differences between
groups was evaluated using the Student’s t-test, Log-rank
(Mantel-Cox) test and WilcoxonTest method of non-
parametric tests. Statistical significance was established
at *p<0.05, *p<0.01, and ***p<0.001.

Results

JEV infection significantly increases the permeability of the
mouse blood-brain barrier in vivo

Since DNA methylation has an important role in other
neurological diseases and viral infections, the aim was to
profile whole genome DNA methylation of mouse brains
with JEV-induced encephalitis. We first established a
mouse model to investigate alterations of genome-wide
DNA methylation profiles in the brain during JEV infec-
tion. C57BL/6 mice were intraperitoneally injected with
5x 10~ PFU JEV and monitored for 14 days post-infec-
tion (dpi) with and without symptoms. According to the
reported criteria to score the animals for the progression
of symptoms [32], sick mice were euthanized with a clini-
cal score of 5, which included signs such as body trem-
ors, hind limb paralysis and other near-death conditions
appearing (Fig. 1A). By calculating the survival rate, the
results showed that 80% of the mice in this model suc-
cumbed to JEV infection within 14 days (Fig. 1B). High
viral loads were observed in the JEV-infected brains
(Fig. 1C), consistent with the severity of the infection.
A known characteristic of JEV-induced encephalitis is
increased permeability of the BBB. To detect changes in
BBB permeability, sodium fluorescein dye (NaF fluores-
cence) was intraperitoneally injected into mice, and then
values of the NaF fluorescence were measured in JEV-
infected and mock-infected mice (Fig. 1D). In compari-
son to mock-infected mice, JEV-infected mice showed
exhibited increased yellow fluorescence in the brain tis-
sue, suggesting the BBB is disrupted (Fig. 1E). Next, the
index of BBB permeability in the brain was calculated
according to the previously reported formula [34], we
found JEV significantly increased permeability ratio by
detecting fluorescence values in brains (Fig. 1F), confirm-
ing that JEV increases the permeability of the BBB in this
model.

Elevated genome-wide methylation levels in the JEV-
infected mouse brain

Next, brain DNA was extracted from three JEV-infected
mice and three mock mice, respectively. WGBS was per-
formed to investigate changes in the whole-genome DNA
methylation profile as a result of JEV infection (Fig. 2A).
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After filtering out low-quality data, on average, 104.143
Gb clean reads were generated for each sample. These
reads were compared to the reference mouse genome
using BSMAP software, and the statistical results of the
comparison are shown in Table 1. The mapping rates for

subsequent analysis ranged from 87.89 to 91.95%, and the
bisulfite conversion rate was as high as 99%.

To characterize the methylation profile of the whole
genome, the average methylation level of the entire
genome was analyzed. In mammals, there are three types
of methyl-cytosine: mCG, mCHG, and mCHH, with
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mCG being the primary form. Violin plots were plotted
to show the mean methylation levels in the two groups
of samples (Fig. 2B). The average methylation level of
mCG accounted for around 74-76% in both sample
groups, whereas mCHH and mCHG exhibited average
methylation levels of less than 2%. The overall methyla-
tion level of mCG was significantly higher in the JEV-
infected group (75.6%) compared to the mock group
(74.7%) (p<0.01) (Fig. 2B). Conversely, JEV infection led
to a noticeable decrease in the overall methylation levels
of mCHG (from 1.2 to 1.1%, p<0.001) and mCHH (from
1.4 to 1.3%, p<0.001) (Fig. 2B). The proportions of each
mC type were further analyzed with the sum of the three
types (mCG, mCHG, and mCHH) totaling 100%. Con-
sistently, JEV infections significantly increased the pro-
portion of mCG methylation (average=75.3%, p<0.05)
compared to the mock group (average=71.0%) (Fig. 2C).
In contrast, the percentages of mCHH (average=20.9%,
p<0.01) and mCHG (average=3.7% p<0.05).

decreased in the JEV group compared with the mock
group (mCHH and mCHG, average=24.6% and 4.4%,
respectively) (Fig. 2C).

To further analyze the DNA methylation levels in vari-
ous functional genomic elements between the mock and
JEV group, the whole genome was divided into seven dif-
ferent transcriptional element regions and compared the
average methylation levels (mCG, mCHG, and mCHH
types) in these regions were compared (Additional file
1: Figure S1). Our analysis revealed that DNA methyla-
tion levels were the lowest near the transcription start
site (TSS) for the three mC-types. The same patterns
were observed for regions, peaking at 76%. Moreover,
the methylation levels of the JEV group displayed a slight
elevation compared to the mock group in the first exon,
internal intron and last exon (Additional file 1: Figure
S1A). For mCHG, the overall methylation level remained
consistently below 2.4% throughout the genome (Addi-
tional file 1: Figure S1B). As for mCHH, the methylation
level ranged from approximately 0.5-1.2% (Additional
file 1: Figure S1C).

In short, our results demonstrate a significant increase
in the overall methylation level of mCG and a decrease in
the methylation levels of mCHG and mCHH in the JEV
group compared to the mock group.

Methylome map of JEV infection

Next, we identified a total of 184,986 differentially meth-
ylated regions (DMRs) in the type of mCG across the
genome. To visualize these findings, a DNA methylome
map using Circos images was generated, which allowed
analysis of the differential methylation levels on each
chromosome. Since there are more than 184,000 DMRs,
it isn’t easy to distinguish all hypermethylated and hypo-
methylated regions with different colors in the circle
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diagram. To better visualize our DMRs, we further fil-
tered and displayed the DMRs with a circle chart where
the absolute value of the difference in methylation levels
between the two groups was greater than 0.25. The dif-
ferential methylation levels between the JEV group and
the mock group are illustrated in the third circle (from
outside to inside) in the Circos images (Fig. 3A). The red-
der the color, the higher the methylation level after JEV
infection, the greener the color, the lower the methyla-
tion level after JEV infection. The findings also indicated
that JEV infection indeed increased methylation levels of
DMRs at the genome-wide scale and on all chromosomes
(Fig. 3A).

In addition to the genome-wide analysis, a comprehen-
sive DMRs statistical analysis was performed in mCG
by dividing the genome into distinct regions, including
upstream 2k, CG island, 5UTR, First exon, First intron,
exon, intron, CDS, 3'UTR, and downstream2k regions.
Our analysis showed an intriguing pattern: in all regions,
the number of hypermethylated DMRs outnumbered
hypomethylated DMRs (Fig. 3B). For example, a total of
6086 hyper-DMRs and 3428 hypo-DMRs were located in
upstream2k region. These findings provide compelling
evidence that JEV infection induces a substantial increase
in DNA methylation across the genome, predominantly
characterized by hypermethylation in various genomic
regions.

Similarly, we conducted circo plot and DMRs statisti-
cal analysis on the other two methylated forms, mCHG
and mCHH. Our results indicated that the methylation
levels in the JEV group were significantly lower than
those in the mock group across all chromosomes and
throughout the genome in the type of mCHG (Additional
file 2: Figure S2A). Specifically, the number of hypo-
methylated DMRs in the mCHG type was significantly
higher than the number of hypermethylated DMRs in all
genetic regions (Additional file 2: Figure S2B). Similarly,
for mCHH, the number of hypermethylated DMRs was
significantly lower than that of hypomethylated DMRs,
and the methylation level of the JEV group on was sig-
nificantly lower than those in the mock group across
chromosome (Additional file 2: Figure S2C and D). These
findings contrast with the patterns observed for mCG

types.

Identification of DMR-related genes and validation by
bisulfite sequencing PCR

By integrating the DMRs with gene annotations, 14,781
DMR-related genes (DMGs) were identified that dem-
onstrated significant changes in methylation status in
response to JEV infection. These DMGs represent poten-
tial candidates underlying the regulatory effects of meth-
ylation on gene expression. To further understand the
distribution of DMGs across the genome, we conducted a
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Fig. 3 Methylome map of JEV infection. (A) Circos image showed the differential methylation levels between the JEV group and mock group at the
genome-wide scale in the type of mCG. Each circle from the outside to the inside depicts: (1) shows a diagram of the mouse genome subdivided by
chromosomes; (2) the methylation level of the mock group; (3) represents the absolute value of the differential methylation level value of the JEV group
minus the mock group greater than 0.25. Red color represents hypermethylated areas, green color represents hypomethylated areas, the redder the color,
the higher the methylation level after JEV infection, the greener the color, the lower the methylation level after JEV infection; (4) the methylation level
of the JEV group. (B) The graphs show the numbers of hyper and hypomethylated DMRs distribution in different genomic elements in the mCG types
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(See figure on previous page.)

Fig. 4 Identification of DMR-related genes and validation by bisulfite sequencing PCR. (A) The graphs show the numbers of hyper and hypomethylated
DMGs distribution in different genomic elements in the mCG types. (B) The heatmap shows the methylation levels of DMGs in the mock and JEV groups
in the upstream 2k region. The differential methylation values (JEV group minus mock group methylation levels) were sorted from high to low. The heat
map uses a gradient from blue to yellow to orange-red. The more orange-red the color, the higher the methylation level. The different colors represent the
different methylation levels value in the upstream 2k region. (C) and (D) show validation of the WGBS DMGs in DNA levels by BSP. Two hypermethylated
DMGs (C) and two hypomethylated DMGs (D) were selected and BSP confirmed their methylation levels. Then, sequencing results were analyzed using
QUMA online software. Each horizontal line and the circle above represent a clone, which contains several methylation sites. Each circle represents a CG
site, with the white circles representing unmethylation and the black circles representing methylation. Data are represented as the mean values + stan-

dard deviations (SD) of at least three biological replicates using Student’s t-test (*p <0.05, **p < 0.01, and ***p < 0.001) between the indicated groups

statistical analysis of DMGs in different genomic regions.
Consistent with the patterns observed in the DMR analy-
sis (Fig. 3B), there are far more hypermethylated DMGs
than hypomethylated DMGs in all functional genetic ele-
ments (Fig. 4A). This observation highlights the prevalent
hypermethylation induced by JEV infection across vari-
ous genomic regions. Given the crucial role of promoter
methylation in gene expression regulation [35], we next
focused exclusively on DMGs located in upstream 2k
regions. As a result, a total of 9514 DMRs mapping to
7990 DMGs were identified. To explore the methylation
patterns of these DMGs, a heat map clustering analy-
sis was conducted with 7990 DMGs in the upstream 2k
region. Heap cluster analysis found 66% (5277 /7990) of
DMGs showed hypermethylation and 34% (2713/7990) of
DMGs demonstrated hypomethylation in the upstream
2k, illustrating that JEV increases the DMG methylation
levels in the upstream 2k region (Fig. 4B).

Next, to verify the reliability of the WGBS data, we
selected four DMGs (two hypermethylated genes and
two hypomethylated genes) that potentially affect the
pathogenesis of JEV to assess the DNA methylation
level through bisulfite sequencing PCR (BSP). Igsf21 and
Nfaml, the hypermethylated genes, are implicated in
synaptic inhibition, inhibitory presynaptic differentiation,
and cytokine production amplification, respectively, sug-
gesting their significant roles in JEV neuropathogenesis
and immune responses [36, 37]. BSP analysis illustrated
that Igsf21 exhibited a notable increase in methylation
levels from 13.6% in the mock group to 26.4% in the JEV
group. Similarly, Nfam1 methylation levels significantly
increase post-JEV infection from 21 to 50.8% (Fig. 4C).
On the other hand, the hypomethylated gene Irf2, which
encodes a negative regulator of type I IFN production
[38-40], demonstrated a prominent reduction in the
methylation level from 8.8% in the mock group to 0%
in the JEV group, potentially influencing the antiviral
immune responses during JEV infection. In addition,
DIl4, which encodes an essential component of the Notch
signaling pathway [41], exhibited a dramatic decrease in
methylation levels with 6% in the JEV group, compared
with 14.3% in the mock group, suggesting its involve-
ment in JEV-mediated dysregulation of cellular signaling.
(Fig. 4D). Overall, these BSP results confirmed the differ-
ential methylation patterns observed in the WGBS data,

indicating that the WGBS data were reliable and suitable
for further study.

KEGG analysis reveals that JEV infection modulates tight
junction signaling by hypermethylation of the Afdn
promoter

To determine the biological functions of the DMGs in
the upstream 2k region, we performed a KEGG path-
way enrichment analysis, comparing the DMGs between
mock and JEV groups. The KEGG pathway analysis
showed that these DMGs were predominantly associ-
ated with key signaling pathways involved in the tight
junction, cytokine-cytokine receptor interaction, MAPK,
Ras and AMPK signaling pathways. These signaling path-
ways are known to play critical roles in processes such
as BBB integrity, inflammation and apoptosis (Fig. 5A).
Particularly, the tight junction signaling pathway is a cru-
cial mechanism that has been found to affect BBB integ-
rity during JEV infection, which mainly increases the
permeability of the BBB by reducing tight junction pro-
tein expression [34, 42]. However, it is not clear whether
DNA methylation regulates the tight junction signaling
pathway and influences the changes in BBB permeabil-
ity. Hence, we proceeded to analyze the tight junction
signaling pathway in greater detail. Firstly, clustered heat
maps were conducted to analyze the methylation lev-
els of DMGs in the tight junction signaling pathway and
results illustrated the vast majority of these DMGs were
hypermethylated in the JEV-infected group; in contrast,
hypomethylated DMGs account for a smaller proportion
(Fig. 5B).

In order to determine the effect of DNA methylation
of tight junction signaling pathway genes on BBB perme-
ability, the methylation levels of hypermethylated genes
in the tight junction signaling pathway in the two groups
(JEV/mock) were compared to identify hypermethyl-
ated genes with a fold difference greater than 1.5 times
(Fig. 5C). Subsequently, DMGs with a noticeable differ-
ence were selected for qPCR verification to detect the
expression of these gene changes. Our results demon-
strated that the expression of the Afdn gene significantly
decreased after JEV infection, which was consistent
with its hypermethylation status (Fig. 5D). However, the
expression of other genes important for the tight junction
pathway, Cldn19, Cldn6, Cldn3, Crb3 and Cldn14, did
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Fig. 5 KEGG analysis reveals that JEV infection modulates tight junction signaling by hypermethylation of the Afdn promoter. (A) KEGG pathway analysis
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not support the general notion that JEV-induced DNA
methylation would reduce gene expression. Considering
that Afdn has the highest degree of methylation among
all differential genes and can negatively regulate gene
expression at the RNA level, the Afdn gene was chosen as
a candidate gene for further study.

To quantify the DNA methylation status of the Afdn
gene in mouse brains, BSP was conducted on both the
mock and JEV-infected groups (Fig. 5E). The BSP results
revealed that compared with mock group samples, there
was a dramatic increase in the methylation level of the
Afdn gene in the JEV group, which was consistent with
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the hypermethylation observed in the WGBS result. Fur-
thermore, changes in AFDN protein expression were
detected using Western blot and our results showed that
the protein of AFDN was significantly reduced during
JEV infection (Fig. 5F). Overall, our analysis reveals that
DNA methylation is involved in modulation of tight junc-
tion signaling, which played a crucial role in maintaining
the integrity of the BBB during JEV infection. Notably,
among the DMGs of tight junction signaling, the Afdn
gene promoter is hypermethylated, consisitent with its
decreased protein expression.

Modulation of Afdn expression by the hypermethylation

of its gene promoter contributes to the increased BBB
permeability

Next, we hypothesized that the Afdn gene might also
exhibit hypermethylation in vitro in infected cell mod-
els and investigated the impact of Afdn expression levels
on BBB permeability. In vitro, bEnd.3 cells, representing
mouse brain microvascular endothelial cells, serve as a
standard cell model for studying BBB permeability. Pre-
vious studies have indicated that inflammatory factors
in the homogenate supernatant of JEV-infected mouse
brain, rather than the JEV infection itself, contribute to
increased permeability [34, 43]. In order to further vali-
date the results, we have examined effect of JEV-infected
supernatant and UV-inactivated JEV-infected supernant,
respectively on expression of AFDN. Our data showed
that there was no difference between these two groups.
However, compared with mock group, the significant
decrease of AFDN expression was observed in both of
those JEV-groups ((Additional file 3: Figure S3), consis-
tent that cytokine signalings mainly contribute to BBB
disruption. Therefore, to simulate this, homogenates
from mock or JEV-infected mouse brains were collected,
and the supernatants were obtained after centrifugation.
bEnd.3 cells were incubated with either mock or JEV-
infected mouse brain supernatant (“mock supernatant”
or “JEV supernatant” for short), and DNA and RNA sam-
ples were collected for analysis.

Then, BSP was performed to test the DNA methylation
changes of the Afdn genes in the bEnd.3 cells treated with
different supernatants. It was found that treatment with
JEV supernatant significantly elevated DNA methylation
levels of this gene in the bEnd.3 cells, with 2.8% in the
mock supernatant group compared to 12.5% in the JEV
supernatant group (Fig. 6A). Moreover, RT-qPCR results
revealed a noticeable downregulation of Afdn gene
expression following JEV supernatant treatment (Fig. 6B),
consistent with the results observed in the mouse brain
(Fig. 5E). Western blot analysis also confirmed a decrease
in AFDN protein levels after JEV supernatant treatment
(Fig. 6C). Our previous results (Fig. 1E, F) illustrated that
JEV contributed to increased BBB permeability in the
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mouse brain. Therefore, it was investigated whether JEV
supernatant treatment could also increase bEnd.3 cell
permeability in vitro. Transwell experiments were per-
formed to measure bEnd.3 permeability after mock or
JEV supernatant treatments (Fig. 6D). The results illus-
trated that the JEV supernatant treatment did enhance
the bEnd.3 cell permeability, compared with the mock
supernatant 120 min after the onset of the treatment
(Fig. 6E).

To further investigate the function of the Afdn gene,
Afdn gene silencing was performed in bEnd.3 cells
through transfection with small interfering (si)RNA.
After 72 h post-transfection, the expression level of Afdn
was determined by RT-qPCR. The results indicated that
all three siRNAs tested effectively silenced the Afdn
gene, with the second siRNA (RNAi-2) resulting in the
most efficient knockdown of Afdn (Fig. 6F). Western blot
analysis further confirmed the effective downregulation
of the AFDN protein after RNAi-2 transfection (Fig. 6G).
To explore the role of Afdn in influencing permeability
in bEnd.3 cells, Afdn silencing was performed for 72 h,
followed by a Transwell experiment to assess bEnd.3 cell
permeability (Fig. 6H). Our finding suggested that Afdn
silencing resulted in increased monolayer cell perme-
ability compared to the negative control (NC) group, as
shown by incubation with FITC-Dextran-10,000 for 60
and 120 min, suggesting AFDN as an important protein
for maintaining the integrity of the BBB (Fig. 6I). In sum-
mary, our study demonstrated that the hypermethylation
of the Afdn gene by JEV led to its downregulation at both
the mRNA and protein levels. Additionally, experimen-
tally silencing the Afdn gene in bEnd.3 cells resulted in
increased cell permeability, indicating a crucial role of
Afdn in maintaining BBB integrity. These findings sug-
gest that JEV might affect the integrity of the BBB via
hypermethylation and subsequent downregulation of
Afdn expression.

DNA methylation inhibitor treatment restores Afdn
expression and BBB integrity by counteracting the
hypermethylation of Afdn gene promoter induced by JEV
supernatant

As far, our study has demonstrated the hypermethyl-
ation of the Afdn gene leads to its downregulation at
both the mRNA and protein levels, which contributes
to the increased cell permeability induced by treatment
of the JEV-infected brain supernatant. DNA methyla-
tion inhibitors, such as 5-Aza-2'-deoxycytidine (5-AZA),
have proven effective in inhibiting DNA methylation lev-
els and treating many diseases, including acute myeloid
leukemia (AML) and other cancers [44]. To further gain
the logical connection between expression of Afdn, DNA
methylation and endothelial cell permeability, we con-
ducted the experiment with and without treatment of
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the DNA methylation inhibitor 5-AZA. Briefly, bEnd.3
cells were initially treated with JEV supernatant for 48 h
and subsequently treated with 5-AZA for 24 h to detect
changes in Afdn methylation levels and expression. Our
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results indicated that the JEV supernatant-AZA group
exhibited a significant reduction in Afdn methylation lev-
els (Fig. 7A). Moreover, the expression of Afdn in RNA
and protein levels was markedly restored in comparison
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Fig. 7 DNA methylation inhibitor treatment restores Afdn expression and BBB integrity by counteracting the hypermethylation of Afdn gene promoter
induced by JEV supernatant. bEnd.3 cells were treated with mock or JEV supernatant for 48 h, followed by treatment with either DMSO or AZA for 24 h.
(A) BSP method was used to detect changes in Afdn methylation level. (B) The changes in Afdn expression was measured by gPCR. (C) Western bolt was
detected the expression of AFDN in protein levels. (D) Transwell experiment was conducted to assess the permeability of bEnd.3 cell. Data are represented
as the mean values +standard deviations (SD) of at least three biological replicates using Student’s t-test (*p<0.05, **p <0.01, ***p <0.001, and ns: no

significant) between the indicated groups
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to the JEV supernatant-DMSO group (Fig. 7B and C),
providing further evidence that JEV supernatant induces
hypermethylation of Afdn gene. Furthermore, our results
show that the permeability of the JEV supernatant -AZA
group was significantly reduced compared with the JEV
supernatant-DMSO group (Fig. 7D), indicating that Afdn
hypermethylation could contribute to the increased BBB
permeability.

Discussion

DNA methylation, a pivotal epigenetic modification, con-
tributes to the pathogenesis of flavivirus infections, as
exemplified by the association of changes in DNA meth-
ylation in ZIKV-induced microcephaly and DENV hem-
orrhagic fever [27, 28, 30]. So far, it is not clear whether
DNA methylation also plays a critical role in JEV infec-
tion. Here, WGBS technology was used to determine the
difference in methylation levels between mock and JEV-
infected mouse brains. We demonstrate that JEV infec-
tion globally increases DNA methylation levels in mouse
brains compared with the mock group (Fig. 2). Addi-
tionally, our genome-wide profiles of DNA methylation
in mouse brains identify more hyper-DMRs than hypo-
DMRs across different chromosomes after JEV infection
(Fig. 3). Thus, this study reveals that DNA methylation is
induced in a murine Japanese encephalitis model.

Japanese encephalitis has been reported to be char-
acterized as disruption of BBB with enhanced perme-
ability [45, 46]. Consistently, we have demonstrated that
JEV enhanced BBB permeability in our mouse model
(Fig. 1E, F). Of note, the tight junction proteins (such
as claudin-5, ZO-1, and occluding protein) are impor-
tant in controlling the BBB permeability [34, 43, 47]. For
example, previous reports have demonstrated that JEV
infection reduces claudin-5, ZO-1, and occluding protein
expression contributes to the increased BBB permeabil-
ity. Thus, alteration of the tight junction signaling path-
way is important to the JEV-induced disorder of BBB [34,
48, 49]. AFDN (also known as Afadin, AF6, or MLLT4)
encodes a multi-domain scaffold protein found in both
adherents and tight junctions, which plays structural and
signal-modulating roles [50]. AFDN has been reported to
regulate tight junctions through direct interaction with
tight junctional protein ZO-1, highlighting its role as a
peripheral component of tight junctions [51, 52]. In addi-
tion, AFDN also plays a crucial role in maintaining bar-
rier function and homeostasis of the intestinal epithelia
[53].

In the central nervous system (CNS), tight junction
proteins are highly expressed by endothelial cells, which
are the primary structural component of the BBB [54,
55]. It has been reported that DNA methylation plays
an important role in a leaky BBB by modulation of the
tight junction protein expression [56, 57]. For example,
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ethanol mediates ZO-1 hypermethylation through
DNMTS3A activation, leading to increased endothelial
cell permeability [56]. Consistently, DNA methyltrans-
ferase inhibitor treatment can improve the compromised
BBB, suggesting that DNA methylation could become a
therapeutic target for treatment of diseases with a leaky
BBB [56]. Our whole genome sequence data reveals that
DNA methylation modulates the tight junction signal-
ing pathway in a murine Japanese encephalitis model
(Fig. 5A), which is characterized as a leaky BBB.

Generally, DNA methylation in gene promoter regions
tends to downregulate gene expression [58, 59]. Among
the DMGs of tight junction signaling, we found the Afdn
gene is the highest degree of methylation and we also
illustrated that JEV infection decreases AFDN expression
by hypermethylation of the Afdn gene promoter (Fig. 5D,
E, F) in mouse brains. Interestingly, the qPCR results
of several other hypermethylated tight junction genes
(Cldni19, Cldné, Cldn3, Crb3 and Cldni4) we selected
did not show a significant decrease in expression, which
is not in line with the general notion that DNA methyla-
tion would reduce gene expression (Fig. 5D). However,
increasing evidence suggests that this association does
not always absolute and promoter hypermethylation now
also appears to be associated with high transcriptional
activity. For example, enhancer interaction with a hyper-
methylated promoter promotes transcriptional activa-
tion, contributing to gene expression [60, 61]. Therefore,
our findings are consistent with recent researches, i.e. the
actual effects of DNA methylation on gene expression are
complex, subtle and highly context-dependent.

Notably, while AFDN as a component of tight junc-
tions has been extensively studied in maintaining the bar-
rier integrity and homeostasis of the intestinal epithelia
[50, 53, 62, 63], its effects on BBB permeability are less
understood. To address this gap in knowledge, we have
determined the role of Afdn in BBB permeability by tak-
ing advantage of the in vitro BBB model (bEnd.3), which
has been extensively used for the analysis of BBB permea-
bility [34, 64, 65]. In vitro, we found that JEV supernatant
could increase bEnd.3 cell permeability (Fig. 6D), which
is consistent with the in vivo BBB permeability model
(Fig. 1F), indicating that bEnd.3 cells can simulate in vivo
permeability results. Significantly, we elucidate the mech-
anism whereby hypermethylation of the Afdn gene pro-
moter diminishes AFDN expression at both the mRNA
and protein levels, subsequently elevating BBB perme-
ability. This mechanistic insight is further reinforced by
our observation that Afdn knockdown via siRNAs mark-
edly increases permeability, highlighting Afdn’s regula-
tory capacity over BBB integrity.

Furthermore, our study introduces a therapeutic per-
spective by demonstrating that treatment with the DNA
methylation inhibitor 5-AZA significantly reduced the
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hypermethylation-induced suppression of AFDN expres-
sion, effectively decreasing BBB permeability. This
intervention not only provides a potential therapeutic
avenue but also highlights the critical role of DNA meth-
ylation in regulating BBB permeability in the context of
JEV infection. This study not only fills a critical gap in
our understanding of BBB regulation but also identifies
hypermethylation of Afdn as a key molecular mechanism
affecting BBB integrity during viral infection.

However, it is important to note that, our study primar-
ily focuses on the bEnd.3 cell model, which represents
an in vitro approximation of BBB permeability. While
very informative, this may not fully capture the complex-
ity of the in vivo brain microenvironment. Moreover,
BBB permeability is regulated by a complex network of
molecular interactions, and DNA methylation is just
one of the many factors involved. Although our current
study demonstrates a correlation between Afdn hyper-
methylation and increased BBB permeability, the precise
mechanism(s) by which Afdn hypermethylation contrib-
utes to BBB disruption remains unknown. Future stud-
ies should be investigated to elucidate the underlying
mechanism(s).

By revealing the relationship between methylation of
the Afdn gene and BBB permeability, our study sheds
light on a novel mechanism of BBB disruption during
JEV infection. This finding opens a potential therapeutic
avenue using targeted epigenetic interventions to pre-
serve BBB integrity during JEV infection. To the best of
our knowledge, our study is the first to establish a link
between Afdn DNA methylation and JEV-induced BBB
permeability, offering insights that may be applicable to
other neurotropic flavivirus infections.
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DNMT3B  DNA methyltransferase 3B

dpi Day post-infection

BSP Bisulfite sequencing PCR

bEnd3 Brain microvascular endothelial

5-AZA 5-Aza-2'-deoxycytidine

Supplementary Information
The online version contains supplementary material available at https://doi.
0rg/10.1186/512974-024-03266-6.

Supplementary Material 1: Figure S1. Analyze differentially methylated
levels among the mock and JEV group in different transcriptional elements
of the genome. (A), (B), (C), respectively represent the mean methylation
level of mCG, mCHG, and mCHH. The Y-axis represents the level of meth-
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curve represents the methylation level of each bin area. The yellow dotted
line between a and b is TSS (transcription start site) location. Figure S2.
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Methylome map of JEV infection. (A) and (C) Circos images respectively
show the differential methylation levels between the JEV group and
mock group at the genome-wide scale in the type of mCHG and mCHH.
Each circle from the outside to the inside depicts: (1) a diagram of the
mouse genome subdivided by chromosomes; (2) the methylation level
of the mock group; (3) the absolute value of the differential methylation
level value of the JEV group minus the mock group. Red color represents
hypermethylated areas, green color represents hypomethylated areas, the
redder the color, the higher the methylation level after JEV infection, the
greener the color, the lower the methylation level after JEV infection; (4)
the methylation level of the JEV group. (B) and (D) the graphs respectively
show the numbers of hyper and hypomethylated DMRs distribution in
different genomic elements in the mCHG and mCHH types. Figure S3.
Effect on expression of AFDN by treatment of JEV-infected supernatant
and UV-inactivated JEV-infected supernatant. bEnd.3 cell was treated by
JEV-infected supernatant and UV-inactivated JEV-infected supernantant,
respectively. In the meanwhile, treatment by mock brain supernatant
was as a control. gPCR was performed to detect the expression of Afdn
after each treatment. Data are represented as the mean values + standard
deviations (SD) of at least three biological replicates using Student's t-test
(*p < 0.05, **p < 0.01, and ***p < 0.001) between the indicated groups.
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