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ADAR1 Stimulation by IFN-o. Downregulates
the Expression of MAVS via RNA Editing
to Regulate the Anti-HBV Response
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The partial response of chronic hepatitis B virus (CHB) patients
to interferon-ot (IFN-at) therapy remains elusive, which requires a
better understanding of the involved molecular mechanism. In
our study, bioinformatics analysis was applied to relate IFN-o
regulated candidate genes and RNA editing sites by RNA
sequencing. Mitochondrial antiviral signaling protein (MAVS)
antiviral effect was confirmed in HepG2.2.15 cells and in two
mouse models. The associations between polymorphisms in
MAVS gene and response to IFN-o therapy were confirmed in
CHB patients. We found that IFN-o. downregulates MAVS via
RNA editing that was mediated by adenosine deaminase acting
on RNA (ADAR1). ADARI inhibited MAVS expression via a hu-
man antigen R (HuR)-mediated post-transcriptional regulation.
MAVS exerted an antiviral activity and reduced the level of hep-
atitis B virus (HBV) markers in vitro and in vivo. IFN-o antiviral
effects were significantly enhanced by MAVS co-transfection.
Hepatitis B core protein (HBc) interacted with SP1 to inhibit
the promoter activity of MAVS that regulates its expression.
CHB patients with a rs3746662A allele had higher MAVS expres-
sion and thus were more responsive to IFN-o treatment. In this
work, we demonstrated that the decrease of MAVS expression is
mediated by the IFN-a-ADAR1 axis. This study also highlighted
the potential for the clinical application of MAVS in combination
with IFN-a for the treatment of HBV infection.

INTRODUCTION

Hepeatitis B virus (HBV) is a hepatophilic DNA virus, which is consid-
ered a major cause of chronic hepatitis, cirrhosis, and hepatocellular
carcinoma.' The World Health Organization estimated that approx-
imately 257 million persons, or 3.5% of the population, were living
with chronic HBV (CHB) infection worldwide.” Currently, inter-
feron-a. (IFN-a) and nucleoside analogs are the first-line therapies
of CHB. Compared to nucleoside analogs, IFN-a. is a promising ther-
apy, given the limited and defined treatment course and the higher
likelihood of hepatitis B surface antigen (HBsAg) clearance.” IFN-o.
acts by inducing a cellular antiviral response through the activation
of immune responses, the regulation of cytokine expression, and
the subsequent activation of pathways that cause viral RNA break-
down.* However, IFN-a. therapeutic efficacy in CHB patients is still
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limited. It has been reported that only 30% of hepatitis B e antigen
(HBeAg)-positive and 40% of HBeAg-negative cases have a sustained
virological response at 6 months after completion of a 48-week course
of Peg-IFN-a, treatment.”® Hence, understanding the mechanisms of
the various IFN therapeutic responses is crucial.

Adenosine deaminase acting on RNA (ADARI) is an IFN-stimulated
gene that catalyzes the covalent modification of highly structured
RNA substrates by hydrolytic C-6 deamination of adenosine to yield
inosine. A-to-I editing can cause changes in genetic decoding during
translation or viral RNA replication because I base pairs as G with C,
instead of A with U.”® ADAR1 long form (p150) is IFN inducible and
localizes to the nucleus and the cytoplasm, whereas the short form
(p110) is constitutively expressed and predominantly localizes in
the nucleus.” It has been reported that the IFN-inducible ADAR1
functions in the editing of viral RNA transcripts and cellular pre-
mRNAs.'”"" Our previous study revealed that a single nucleotide
polymorphism (SNP), rs4845384, in the ADARI gene was strongly
associated with the outcome of IFN-a, therapy in CHB patients.'”
The SNP of rs4845384 contributes to HBsAg serum clearance in
CHB patients'” through regulating ADARI expression.

Mitochondrial antiviral signaling protein (MAVS) acts as an adaptor
protein and plays an important role in regulating the host’s innate im-
mune signaling pathway. MAVS aggregates are formed after viral infec-
tion and are responsible for IRF3/IRF7 phosphorylation and IFN-
production.'*'” Cell pattern recognition receptors, such as Toll-like
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Figure 1. IFN-a Inhibited the Expression of MAVS in HepG2.2.15 Cells
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(A) Twenty candidate genes for differential expression analysis and potential RNA editing screening of ADAR1 via sequence analysis of transcription group. (B) gPCR analysis of
mMRNA levels of ADAR1T and MAVS at different concentrations of IFN-a. (C) Western blot analysis of ADAR1 P150 and MAVS protein expression at different concentrations of
IFN-o normalized to GAPDH. Right panel shows quantification from three replicates. (D) Western blot analysis and quantification of protein levels of ADAR1 and MAVS in ADAR1
overexpressing HepG2.2.15 cells at different concentrations of IFN-a.. Data represent the mean + SD of three independent experiments. *p < 0.05, “*p < 0.01, **p < 0.001.

receptors (TLRs) and RIG-I-like receptors (RLRs), recognize invading
pathogens and transmit signals to MAVS,'® which activate nuclear fac-
tor-kB (NF-kB) by stimulating downstream TBK1 and IKK complexes,
respectively.'”'® Moreover, MAVS interacts with the stimulator of
interferon genes (STING), which acts as a DNA sensor that is involved
in antiviral cell response. This suggests a role of MAVS in cellular anti-
viral response,' *° which is potentially involved in HBV regulation.

In this study, we aimed at discovering the mechanisms of the various
responses to IFN-a therapy in CHB patients. Our previous studies
have found that ADAR] upregulates HBV expression through its
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RNA editing function (X.W., unpublished data); therefore, IFN-a
treatment must result in editing ratio changes at the RNA editing sites
that are mediated by ADARI. Our goal is to identify genes and editing
sites that are influenced by IFN-a using transcriptome sequencing
analysis following IFN-a. treatment.

RESULTS

Downregulation of MAVS Expression by IFN-« in the HepG2.2.15
Cell Line

We first performed a transcriptome high-throughput RNA
sequencing (RNA-seq) of the HepG2.2.15 cell line that can promote
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HBYV replication and analyzed the genes and RNA editing sites that
were changed by IFN-a. treatment. A total of 23,576 nucleotide alter-
ations were analyzed by RNA-seq. Then we screened 9,946 editing
sites from A to G, or T to C in the transcriptome, and identified
1,492 statistically significant sites. After excluding SNPs, the remain-
ing editing sites were 727 that were located in 292 genes, and among
them, 20 were regulated by IFN-a. (Figure 1A). Because our aim is to
find out why IFN-a is not completely effective in the treatment of
HBYV infection, we mainly focused on genes that are related to viral
immune response. Finally, we screened out 4 genes, including
MAVS, CIR, APOL1, and HLA-A. The last 3 genes were antiviral
and upregulated by IFN,”'** which was consistent with our tran-
scriptome results; only MAVS was abnormally downregulated by
IFN-o. To analyze mismatches that are other than AG, we have
also performed the exact same computational process with C-to-T
and G-to-A mismatches. Among 23,576 positions with nucleic acid
alteration acquired by RNA-seq, 7,681 positions underwent C-to-T
or G-to-A alteration. We identified 849 statistically significant sites
(p < 0.05) after IFN-o treatment, and 161 positions were non-SNP
sites; IFN-a treatment increased T/C or A/G ratio of 90 positions
located in 66 genes. Finally, HLA-C was determined as an IFN-
a-regulated gene with IFN-a editing sites, which were excluded for
its normal antiviral function and upregulation by IFN. Therefore,
we focused on MAVS as a potential target in the present study. As
the mRNA of ADARI1 pl50 and pll0 share almost the same
sequence, we set QPCR primers on exon 8 and exon 10 and measured
total mRNA expression of both p150 and p110. We verified that
different IFN-o. concentrations can influence the expression of
ADARI and MAVS at the mRNA and protein levels (Figures 1B
and 1C). We found that treatment with 500 U/mL IFN-o has the
most obvious inhibitory effect on MAVS; therefore, this concentra-
tion was used for the following experiments. MAVS downregulation
by IFN-a. was further confirmed in HepG2, Hep3B, and mouse
primary hepatocytes (Figure S1B)

We then explored whether IFN-o regulates MAVS expression via
ADARLI. After ADARI (P150) overexpression, IFN-a could no longer
inhibit MAVS expression, suggesting that IFN-o. inhibits MAVS
through ADARI1 (Figure 1D). In conclusion, IFN-a can stimulate
ADARI to enhance its RNA editing activity, leading to a lower
MAVS expression.

MAVS Is Downregulated by ADAR1 through RNA Editing

To prove that the change of MAVS is truly related to ADARI, ADARI1
and sh-ADARI plasmids were overexpressed in HepG2.2.15 cells,
and the MAVS 3'UTR chr20:3870562 editing ratio was measured
by Sanger sequencing (Sanger-seq) (Figure 2A). The results showed
that ADARI editing ability for MAVS 3'UTR A to G is enhanced
and that interfering with ADARI expression reduces its editing inten-
sity to MAVS 3'UTR. ADAR1 affected MAVS, as MAVS was signif-
icantly inhibited following ADARI overexpression (Figure 2B left),
and remarkably increased following ADARI knockdown (Figure 2B,
right). These results were confirmed in HepG2, Hep3B, and primary
hepatocytes (Figure S2A).

To determine whether ADAR] RNA editing activity regulates MAVS
expression, ADAR1-E912A and ADARI1 -EAA,** two mutants without
RNA editing activity (ADARI-E912A) or RNA binding activity
(ADARI-EAA; ie., K554E-K555A-K558A, K665E-K666A-K669A,
and K777E-K778A-K781A), were used. MAVS was expressed at a
low level in ADARI-expressing cells; however, no difference in
MAVS expression was observed in the E912A, EAA, and NC groups,
demonstrating that an ADARI RNA binding-domain mutant (EAA),
such as E912A mutant, failed to suppress MAVS expression
(Figure 2D). To further verify its RNA editing activity toward
MAVS, we performed pyrosequencing to confirm that MAVS-3'UTR
chr20:3870562 is the editing site and that the proportion of the editing
A to G allele negatively correlates with sh-ADARI expression. There
was a 50% elevation in the normal A allele ratio when ADARI was
knocked down (Figures 2E and S2B). Meanwhile, AZIN1, which is
known to be modified (T to C) by ADARI, was included as a control
to ensure the ADAR1 RNA editing activity (Figure S2C). Furthermore,
to confirm whether the change in A/G allele frequency at the editing
site (chr20:3870562) influences MAVS expression, we conducted lucif-
erase assay using two reporter plasmids, chr20:3870562-A and -G. The
relative luciferase activity of the edited G allele was significantly lower
than that of the normal A allele in HepG2.2.15 and Hep3B cells (Fig-
ure 2F, left, and S2D). The relative luciferase activity significantly
decreased when ADARI was overexpressed in the chr20:3870562-A
group but not in the chr20:3870562-G group (Figure 2F, left). The
same trend was found in non-HBV-positive SMMC-7721 cells (Fig-
ure S2E). Additionally, when incubated with IFN-a for 48 h, the rela-
tive luciferase activity of chr20:3870562-G was comparable between the
NC and IFN-a groups, while the activity of chr20:3870562-A decreased
after treatment with IFN-a (Figure 2F, right). Furthermore, the
ADARI effect on the A allele activity was stronger than that of IFN-
o (Figure 2F, right). These data suggest that ADARI suppresses
MAVS expression through MAVS 3'UTR editing.

ADAR1 Inhibits MAVS Expression via Human Antigen R (HuR)-
Mediated Post-transcriptional Regulation

The decay rates of relative luciferase activity of the chr20:3870562-A
and -G luciferase reporter plasmids were measured in a time-course
assay and after actinomycin D mediated inhibition of transcription.
The relative activity of the G group decayed more significantly than
that of the A group over a 48 h period, indicating that the G allele pro-
tein instability was higher than that of the A allele (Figure 3A, left). To
determine whether the degradation of mRNA in MAVS is affected by
the expression of ADARI, we performed an mRNA decay assay, and
the result suggested that the MAVS mRNA degradation rate is accel-
erated after ADARI overexpression (Figure 3A, right). These data
demonstrate that the 3'UTR editing changed MAVS mRNA stability.

To explore the downstream mechanism of ADAR1 3'UTR editing
activity in regulating MAVS expression, we hypothesized on the poten-
tial ways that affect mRNA stability through 3'UTR. Frequently, micro-
RNAs (miRNAs) target the 3'UTR and reduce the stability of mRNAs.>
By matching the miRNA database http://microrna.org/,”® we identified
2 miRNAs that may target the 3'UTR around the chr20:3870562 site.
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The two miRNAs were expressed via miRNA mimics, and no difference
inluciferase activity was observed among the 3 groups: miR-1260, miR-
1260b, and miR-NC (Figure 3B). Next, we analyzed other potential
ways that may regulate the stability of mRNAs and found that the
sequence contained several adenosine- and uridine-rich elements
(AREs) around the MAVS-3'UTR editing site (Figure S3). Previous
studies have shown that mammals can code a protein, HuR (also named
ELAVLI), that binds to almost all types of AREs and that impairs
mRNA stability to control gene expression by enabling HuR-mediated
post-transcriptional regulation.””*® To determine whether ADARI-
mediated RNA editing in MAVS 3'UTR would influence HuR recruit-
mentand, consequently, affect MAVS mRNA stability, we first detected
HuR potential binding to MAVS-3"UTR by immunoprecipitation using
extracts from HepG2.2.15 cells (Figure 3C). When transiently transfect-
ing chr20:3870562-A and -G luciferase reporter plasmids followed by
HuR-RIP, significantly higher amounts of A sequence were immuno-
precipitated compared with that of G, as detected by gel electrophoresis
and qPCR (Figures 3D and 3E). This result indicated that
chr20:3870562-A and -G affinities to HuR are different. Altogether,
these data showed that ADARI-mediated RNA editing can regulate
the MAVS mRNA stability at the post-transcriptional level.

MAVS Has an Anti-HBV Effect, and the Combined Use with IFN-a
Could Enhance the Antiviral Effect of IFN-a in HBV-Positive Cell
Lines

To assess the impact of the MAVS signaling pathway on the clearance
of HBV infection in HBV-positive cell lines, plasmids that overexpress
or knock down MAVS were transiently transfected into HepG2.2.15
cells, and MAVS protein level was examined by western blot analysis
(Figure 4A, left). Compared with the control group, cell-attached
slides were stained with hepatitis B virus X (HBx), which confirmed
that MAVS overexpression could significantly decrease HBx expres-
sion in HepG2.215 cells (Figure 4A, right). Moreover, when measuring
HBsAg concentrations, we found that MAVS reduced HBV replica-
tion, HBeAg, and HBV-DNA expression in the supernatant (Figures
4B, upper panels, and S4A). The levels of intracellular HBV total
RNA, pre-genomic RNA (pgRNA), and covalently closed circular
DNA (cccDNA), which reflect HBV expression efficiency, were nega-
tively correlated with MAVS expression level (Figure 4B, upper panels,
and S4A), while high HBV expression activities were noticed in MAVS
knocked down cells (Figure 4B, lower panels, and S4B). Furthermore,
MAVS overexpression was associated with the attenuation of HBc
protein expression compared with that in the control group (Fig-
ure 4D). The MAVS signaling pathway can activate the expression
of type I IFN and mainly secrete IFN-B to inhibit virus replication
in hepatocytes. ELISA of IFN- also supported this result and showed

that the expression of MAVS enhances IFN-B production (Figure 4C).
In addition, MAVS activates IRF3/IRF7 by upregulating the phos-
phorylation of IRF3 and IRF7 (Figure S4C). Because HepG2.2.15 cells
weakly expressed HBV, we co-transfected 1.3*HBV genotype B isolate
S64 on Pucl8 plasmid and MAVS plasmid in HepG2 cells to confirm
the effect of MAVS on HBV expression. The supernatant HBsAg and
HBV-DNA levels were significantly reduced by 50% compared with
the control group. Meanwhile, the intracellular expression of cccDNA
and pgRNA in the MAVS overexpression group were significantly
lower than those in the control group (Figures 4E and S4D). These
data demonstrated that MAVS expression inhibits HBV replication
atthe DNA replication and transcription, protein expression, and viral
antigen packaging levels.

IFN-a is a conventional medication for treating CHB patients, but our
data demonstrated that it could reduce MAVS expression, which
might weaken the MAVS antiviral signal pathway. On the contrary,
when MAVS was overexpressed in HepG2.2.15 cells, the effect of
ADARI on MAVS was masked (Figure S4E). Therefore, we hypoth-
esized that MAVS expression could enhance the antiviral effects of
IFN-a. IFN-a notably decreased the level of HBV markers compared
with NC, while this effect was strikingly enhanced when combined
with MAVS overexpression (Figures 4F and S4F). These results sup-
ported the conclusion that the antiviral effects of IFN-a can be
enhanced by using compensatory MAVS.

The Combined Application of MAVS and IFN-« Has a Better Anti-
HBV Response in Two HBV Transgenic Mouse Models

To assess the in vivo antiviral effects of MAVS and IFN-o combined
treatment, similar studies were performed in C57BL/6]J-Tg
(Alb1HBV)44Bri/] mice expressing both HBsAg and HBx proteins.
To simulate the effect of MAVS, hydrodynamic transfection of mice
with the MAVS plasmid was performed, and we investigated its ef-
fect 10 days after the injection (Figure S5A). Compared with the NC
group, HBsAg expression in sera was decreased in IFN-a + NC
group by day 5, and the decrease in IFN-a + MAVS group was
more noticeable (Figure 5A). Moreover, the expression of serum
HBsAg in the IFN-o. + MAVS group decreased by close to 2/3 at
10 days post-injection. When compared with the IFN-a + NC
group, this downregulation was decreased by nearly half 10 days
post-injection (Figure 5A). A similar trend for the HBsAg particle
was observed in hepatic parenchymal cells using immunohisto-
chemistry on the tenth day after primary DNA injection. We also
observed lower expression and smaller numbers of hepatocytes pos-
itive for HBx in the IFN-o. + MAVS group compared with other
groups (Figure 5B).

Figure 2. ADAR1 Inhibited MAVS Expression by RNA Editing

(A) ADAR1-P150, FLAG-NC, sh-ADAR1, and sh-NC were overexpressed in HepG2.2.15 cells, Sanger sequencing was used to detect the chr20:3870562 site of MAVS 3'UTR. (B)
HepG2.2.15 cells were transfected with ADAR1-overexpressing or knockdown (sh-ADAR1) plasmids. gPCR analysis of mMRNA levels of MAVS. (C) Western blot analysis and
quantification of MAVS protein expression. (D) HepG2.2.15 cells were transfected with NC-FLAG, ADAR1, ADAR1 EAA, and ADAR1 E912A plasmid. Western blot analysis and
quantification of ADAR1 and MAVS. (E) Pyrosequencing results of RNA editing rates in ADAR1 overexpression, NC-FLAG, sh-ADAR1, and sh-NC groups. (F) HepG2.2.15 cells
were transfected with ADAR1 or NC-FLAG plasmid (left) or treatment with IFN-a. or PBS negative control (right) and normal A allele or edited G allele reporter plasmid, respectively.
NC, non-specific control. Analyzed for relative luciferase activity. Data represent the mean + SD of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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Figure 3. ADAR1 Inhibits MAVS Expression by HuR-Mediated Post-transcriptional Regulation

(A) The decay rate of relative luciferase activity of normal A allele or edited G allele after using actinomycin D (1 ung/mL) in HepG2.2.15 cells. HepG2.2.15 cells were transfected
with NC-FLAG and ADAR1 plasmid. The decay rate of mMBRNA was detected at prescribed time points after using actinomycin D (1 ug/mL) is shown. (B) Luciferase assay of A
or G alleles after transfected miRNAs in HepG2.2.15 cells. (C) The interaction of HUR with the MAVS 3'UTR by RNA immunoprecipitation (RIP) in HepG2.2.15 cells. Western
blot analysis for HUR protein following RIP with a HuR-specific antibody or an IgG control and gPCR analysis of MAVS 3'UTR mRNA in HepG2.2.15 cells are shown. (D and E)
RIP analysis after transiently transfecting with 3870562-A and 3870562-G luciferase reporter plasmids via gel electrophoresis and gPCR. Data represent the mean + SD of

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

The HBYV replication ability is mainly controlled by the transcrip-
tional state of HBV DNA and the yield of pgRNA. However, HBV
transgenic B6 mice only expressed HBs and HBx proteins. More
importantly, to further assess the effect of MAVS on the HBV
genome, fullHBV-Tg mice were infected with AAV-MAVS, an
adeno-associated virus that specifically acts on the liver for a long
term and stably expresses MAVS, to verify its impact on HBV
DNA, pgRNA, and other HBV replication markers. To verify the
effectiveness of MAVS expression, the spatial expression profile
showed that the MAVS gene was specifically expressed in liver and
had an obvious inhibitory effect on HBc in the full-HBV-Tg mice liver

1340 Molecular Therapy Vol. 29 No 3 March 2021

(Figure S5B). After 3, 5, and 7 weeks of AAV infection, we continu-
ously monitored the changes in HBsAg and HBV DNA content in
the mice serum. ELISA for HBsAg indicated that the expression levels
accumulated over time in the mice, but MAVS inhibitory effect on
HBsAg also enhanced with time (Figure 5C). Similar results were ob-
tained with a serum HBV-DNA level that was assessed by qPCR (Fig-
ure 5D). After 7 weeks of infection, the hepatocyte content in HBV
PgRNA and total RNA in the AAV-MAVS group was lower than
that in the control group, indicating that the replication of HBV
might be repressed by AAV-MAVS (Figures S5C and S5D). Immuno-
histochemistry (IHC) analysis yielded similar results and confirmed
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that the frequencies of HBsAg and HBcAg-positive cells in the AAV-
MAVS group were significantly lower than those in the AAV-NC
group. In addition, the positive rate of the inflammatory factors
NLRX1 and CASP1, and the glutamic-pyruvic transaminase/gluta-
mic-oxalacetic transaminase (ALT/AST) liver damage, were all atten-
uated compared to those in the AAV-NC group (Figures 5E and S5E).
Altogether, these data indicated that MAVS could suppress HBV
expression, inflammatory reaction, and liver damage.

Next, mice were divided into four groups: the BALB/c-wild-type (WT)
group, the BALB/c-full-HBV-Tg NC group, the BALB/c-full-HBV-Tg
mice treated with IFN-a. group, and the BALB/c-full-HBV-Tg mice
treated with IFN-o. + MAVS group. Similar experimental methods
were used to monitor the expression of HBV markers, respectively.
The IFN-a group notably decreased the HBsAg, HBV-DNA, and
PgRNA levels compared with the HBV NC group, while this effect
was strikingly enhanced when combined with MAVS overexpression
(Figures 5F and S5F). In addition, the level of IFND1 in the full-HBV-
Tg mice livers was lower than that in the BALB/c-WT mice. Compared
with the IFN-o. group, the expression of IFNblwas significantly higher
in the IFN-a. + MAVS group, suggesting that MAVS might inhibit HBV
replication via stimulating IFNb1 (Figure 5F). In summary, MAVS ef-
ficiency could enhance the anti-HBV effects of IFN-a.

HBc Inhibits MAVS Promoter Activity through Its Interaction with
SP1

Besides the IFN-a. inhibitory effect of MAVS, we found that MAVS
expression in the HepG2.2.15 cell line was lower than that in
HepG2 cell line (Figure S6A). Therefore, we hypothesized that
HBYV could inhibit the expression of MAVS. First, we overexpressed
the HBV plasmid in HepG2 cells and found that MAVS mRNA
expression in HepG2 cells was significantly lower than that in the
control group (Figure S6B). To verify if HBV influences MAVS in
natural infection models, sodium taurocholate cotransporting poly-
peptide (NTCP)-HepG2 cells were incubated in the presence or
absence of HBV virus for 16 h. Western blot assays revealed that
MAVS protein level in the HBV-infected NTCP-HepG2 cells was
clearly downregulated (Figure S6C).

Next, considering the studies that found that HBx, HBc, and the viral
small molecular proteins were frequently involved in the immune regu-
lation, we hypothesized that HBx or HBc protein may acts on MAVS.
HBx and HBc expression plasmids were constructed, and the results
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showed that HBc, but not HBx, suppresses MAVS mRNA expression
level (Figure 6A). Moreover, HBc overexpression elicited a robust
repression of the MAVS protein level in HepG2.2.15 cells (Figure 6B).

Then, we compared MAVS expression between the full-length HBV
Tg and BALB/c-WT mice. The full-length HBV Tg mice had a signif-
icantly lower MAVS mRNA expression level in the mouse liver (Fig-
ure 6C). Because HBc could repress MAVS expression at the tran-
scriptional level, we constructed a luciferase reporter plasmid
containing 672 bp (—657/14, 0 means the transcriptional start site)
of the MAVS promoter (named promoter-full) to verify that HBc
has an effect on its promoter. We also constructed 3 additional
luciferase reporter plasmids containing the early, middle, and late
segments of the full MAVS promoter (promoter-1, -2, and -3, respec-
tively). The luciferase assays showed that only promoter-3 (—211/14)
had apparent promoter activity after segmentation (Figure 6D). The
activity of the full MAVS promoter and promoter-3 could be signif-
icantly inhibited by HBc overexpression (Figure 6E). These results
indicated that HBc mainly inhibits the activity of the MAVS promoter
through its effect on the region 226 bp (—211/14), which is the closest
to the transcriptional start site.

Furthermore, we elucidated the mechanism by which HBc inhibits
the MAVS promoter. Given that HBc can interact with a transcription
factor to regulate the promoter activity of the host gene,” we pre-
dicted the transcription factor binding sites in the promoter region
—211/14, using the online promoter analysis tool, the JASPAR data-
base (http://jaspar.genereg.net/). We found that there were several
predicted SP1 transcription factor binding sites on the sequence of
this promoter (Figure S6D). The luciferase reporter assays also
showed that SP1 overexpression could increase the promoter activity
of MAVS promoter-3 (Figure S6E) and that SP1 could directly
interact with MAVS promoter as revealed by electrophoretic mobility
shift assay (EMSA) (Figure S6F). Chromatin immunoprecipitation
(ChIP) assays revealed that SP1 was able to bind to the MAVS pro-
moter and that HBc could decrease the interaction between SP1
and the MAVS promoter (Figure 6F). We also investigated whether
HBc affects the expression of SP1, and the results showed that HBc
had no effect on the expression of SP1 at mRNA and protein levels
(Figure S6G). Therefore, we speculated on whether there is a protein
interaction between HBc and SP1. The co-immunoprecipitation
(coIP) assays further demonstrated that HBc interacts with SP1 in
HepG2.2.15 cells (Figure 6G). Overall, we suggest that HBc decreases

Figure 4. MAVS Inhibits the Expression Levels of HBV Markers In Vitro

(A) HepG2.2.15 cells were transfected with MAVS-overexpressing or knockdown (sh-MAVS) plasmid. Western blot analysis of MAVS protein expression normalized to
GAPDH, which served as a protein loading control and IHC of cell-attached slides assay detected the HBx protein expression level are shown. (B) ELISA analysis of HBsAg in
HepG2.2.15 cell supernatants and gRT-PCR determination of HBV cccDNA levels. Cells were transfected with the MAVS overexpression or knockdown plasmid. (C) ELISA
analysis of IFN-B expression in HepG2.2.15 cells in MAVS overexpression, NC-FLAG, sh-MAVS, and sh-NC groups. (D) Western blot analysis and quantification of HBc
expression in HepG2.2.15 cells in MAVS overexpression, NC-FLAG, sh-MAVS, and sh-NC groups. (E) ELISA analysis of HBsAg in HepG2.2.15 cell supermnatants and
gRT-PCR determination of HBV DNA, cccDNA, and pgRNA levels. Cells were co-transfected with the HBV and MAVS overexpression or NC plasmid. (F) HepG2.2.15 cells
were transfected with MAVS-overexpressing plasmid or the empty FLAG vector and treated with or without IFN-a.. ELISA analysis of HBsAg in HepG2.2.15 cell supernatants
and gRT-PCR determination of HBV cccDNA and HBV pgRNA levels are shown. Data represent the mean + SD of three independent experiments. *p < 0.05, **p < 0.01,

=*p < 0.001.
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Figure 6. SP1 Regulates the Expression of MAVS by
Interacting with HBc
(A) HepG2 cells were transfected with FLAG-NC, HBx, or
HBc plasmid. gPCR analysis of MAVS mRNA expression is
shown. (B) HepG2.2.15 cells were transfected with FLAG-
NC or HBc plasmid. Western blot analysis and quantification
of MAVS protein expression is shown. (C) MAVS mRNA level
in liver tissues of the full HBV Tg mouse was detected by
gPCR. (D) Detection of the activity of MAVS promoter frag-
ment by dual luciferase reporter gene assay. (E) The relative
T luciferase activity of promoter-full and promoter-3 was de-
tected after overexpression of HBc and FLAG. (F) After
overexpression of HBc and FLAG, the level of MAVS pro-
moter-3 enriched by SP1 was detected. (G) After the over-
expression of HBc and SP1 in the HepG2.2.15 cells,
they were detected by colP. Data represent the mean + SD.
*p < 0.05, *p < 0.01, **p < 0.001.
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the SP1 binding to the MAVS promoter by interacting with SP1, thus
inhibiting MAVS expression.

Polymorphisms in the MAVS Gene Affect the Response to IFN
Therapy of Chronic Hepatitis B in Chinese Han

We performed pharmacogenetic assays to analyze if MAVS
polymorphisms are associated with the response to IFN-o therapy.
Six polymorphisms, rs17857295, 152326369, rs3746660, rs3746661,
rs3746662, and rs3899452, were genotyped in 240 CHB patients. Pa-

Relative luciferase activity

[ FLAG
Il HBc

N
&

.9' K ¢  tained virologic response (SVR) rate among CHB
patients was 30.8% (74/240). There was no signif-
icant difference in age and gender distributions or
in mean levels of ALT and AST between SVR and
no response (NR) patients (Table S1). The geno-
type distributions of the studied polymorphisms
were in Hardy-Weinberg equilibrium. In the single
locus analysis, the frequency of the C allele of
rs3746662 was significantly lower in the SVR
group than in the NR group (4.7% versus 13.4%;
p =0.005). The genotype distributions of this poly-
morphism also pointedly contrasted between the
SVR and NR groups (p = 0.02) (Table S2). Patients
with an AA genotype had a significantly higher
SVR rate than that in AC or CC carriers (35.1%
versus 14.9%; p = 0.007) (Figure 7A). We were
also interested in determining whether this poly-
morphism had a biological function. Rs3746662
is located at 531bp downstream of the MAVS tran-
scription terminator. Interestingly, this position is also in the MAVS-
3'UTR area, the same area as the ADARI RNA editing site. Therefore,
a MAVS-rs3746662(A/C) luciferase plasmid was constructed to
compare the relative luciferase activities. The data confirmed that the
rs3746662A allele had a potently higher luciferase activity than that of
the rs3746662C allele, indicating that the rs3746662A allele might
have a higher protein production (Figure 7B). Furthermore, MAVS
IHC analysis in 64 HCC patients confirmed that patients with a
1rs3746662AA genotype had a higher MAVS expression compared to

Figure 5. MAVS Inhibits HBV Replication in Two HBV Tg Mouse Strains

(A) ELISA analysis of HBsAg in serum after hydrodynamic injection and treatment of IFN-a. (1 0° U/kg) and MAVS DNA 20 pg (n = 6). (B) IHC assay of HBsAg and HBx in the liver
of HBV mouse (n = 6). Scale bar, 50 um. (C and D) Continuous ELISA analysis of HBsAg and gPCR analysis of HBV DNA level in serum after AAV injection (n = 8). (E) IHC assay
of HBs, HBc, NLRX1, and CASP1 in the liver of HBV mouse. (F) Analysis of HBsAg and HBV DNA levels in serum of the full HBV Tg mouse after AAV-NC or AAV-MAVS
injection and treated with or without IFN-a (n = 4). Analysis of the full HBV Tg mouse liver Ifnb1 mRNA level after AAV-NC or AAV-MAVS injection and treated with or without
IFN-a (n = 4) is shown. Scale bar, 50 um. Data represent the mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001.

1344 Molecular Therapy Vol. 29 No 3 March 2021



www.moleculartherapy.org

Figure 7. Polymorphisms in the MAVS Gene Affect
Response to IFN Therapy for Chronic Hepatitis B in
Han Chinese

(A) SVR rate between AG (or GG) and AA genotypes. (B) The
luciferase assay of rs3746662C allele and rs3746662A allele.

. (C) IHC assay of MAVS in human liver tissues. Scale bar,
I 50 pm. Data represent the mean + SD. *p < 0.05, **p < 0.01,
***p < 0.001.
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that of the AC and CC genotypes in hepatocarcinoma paratumors (Fig-
ure 7C). Altogether, these data show that CHB patients who carry the
rs3746662A allele have a better MAVS expression and, thus, have
potentially a better response to the IFN-o treatment of HBV.

DISCUSSION

In this study, we report that IFN-o increases the expression of
ADARI P150 in HepG2.2.15 cells, and that ADARI can edit the
schr20:3870562 site in the 3'UTR of the MAVS mRNA, resulting in
changes of its stability via a HuR-mediated post-transcriptional regu-
lation. Preceding studies also showed that IFN-a. could rouse the IFN-
stimulated response element (ISRE) in the ADARI promoter region
to specifically induce the production of ADAR1 P150.°%*" In addi-
tion, almost 1% of cellular transcripts are extensively edited in the
IFN-inducible cytoplasmic isoform ADARI1 P150, which is more
than the constitutively expressed nuclear isoform ADARI P110.*
In addition, there were reports that showed that RNA editing enables
the recruitment of the stabilizing RNA-binding protein HuR to the
3'UTR of the CTSS transcript, thereby controlling CTSS mRNA sta-
bility and expression.”® Although the edited CTSS is more stable, this
is not the case for the edited MAVS, which may be related to the
different binding affinity between the binding site and the protein
HuR. HuR is protective in our results, while in the Xu et al.®? report,
HuR could destabilize the mRNA and maintains MAVS protein at
low levels, which is possibly due to the HepG2.2.15 cell line that
was used in this study compared to HeLa cells in their report. More-
over, this can also be explained by the assays used that were mostly
performed in vitro in the Xu et al.”” study. It has also been proved
that HuR plays a protective role in the regulation of CTSS stability.

In this study, the editing site at MAVS is located within the Alu re-
peats. Editing of Alu within the UTR is common and exists in thou-
sands of genes. Hence, the regulation mechanism may be involved in
a huge portion of the human transcriptome. However, the Alu
sequence is prevalent in human genomes, not in other non-primate

rs3746662-AC+CC

rs3746662-C 34 . .
mammals.”* We assumed this mechanism was

not conserved across mammalian genomes,
where there could be more different mechanisms
participating in the regulation of MAVS and anti-
viral defense.

Recent studies showed that the induction of
ADARI P150 isoform by IFN specifically regu-
lates the MDA5-MAVS dependent autoimmu-
nity pathway, where ADARI acts as a positive
regulator of the MDA5-MAVS antiviral response.”> The Adarl
knockout mutation is lethal by embryonic day E12.5 in mice; how-
ever, this ADARI-induced lethality changed in Adarl and Mavs
double-knockout mice, suggesting that Adar1* leads to an uncon-
trolled MAVS pathway.’® The MAVS-mediated IFN response to
measles virus (MeV) infection, which is effective at later stages
of antiviral response, is also regulated by ADARI1.*? In addition,
the ADARI knockout leads to the enhancement of MAVS-medi-
ated immune infiltration of tumor cells. These reports are consis-
tent with our results that showed an inhibition of MAVS expres-
sion by ADARI1.>” However, the role of ADAR1 in the RLRs-
MAVS signaling pathway has been reported by Pujantell et al.,”
which showed that ADARI knockdown increases the expression
of MDAS5, RIG-I, IRF7, and phsopho-STATI, but not MAVS.
This might be due to the different efficacy of ADARI knockdown
between macrophages in Pujantellet al.”® and HepG2.2.15 cells in
our study. Bajad et al.>” argued that Adar?”~® mice are editing defi-
cient and die at E12.5 showing heightened immune response.
While most Adar?”® Mavs™'~ mice lived until ~15 days after
birth, a few mice survived for several months, which revealed
that ADARI negatively regulates MAVS and is consistent with
our results.’’ Furthermore, our study also indicates that ADARI1
inhibitory effects can be attributed to the RNA editing in the
chr20:3870562 site of the MAVS 3'UTR (Figure 2D).

It is known that MAVS is essential in driving antiviral innate im-
munity in response to viral infection.*™*' The MAVS antiviral
signal is initiated when RIG-I and MDAS5 sense viral dsRNA.
This signal is then propagated through the assembly of a MAVS
complex, containing TRAF3, TRAF6, TANK, and TRADD, which
induces IRF3/7 phosphorylation and the production of IFN type I
and pro-inflammatory cytokines.">*’ However, its direct role in
DNA viral HBV infection remains to be elucidated. In this study,
we confirmed that MAVS overexpression could restrict HBV repli-
cation in HBV-positive cell lines and HBV transgenic mice.
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Whether HBV stimulates the MAVS signaling pathway remains to
be further studied.

IFN-a is one of the first-line treatments for CHB patients; howev-
er, approximately 30% of patients respond to it. The rs7574865
site of STAT4 is a steady forecaster of IFN-a treatment response
in HBeAg-positive CHB patients.** In this study, we found
that the MAVS higher expression in the rs3746662AA allele has
a better response to IFN-a therapy in CHB patients. This allele
is also located in the MAVS 3'UTR region, suggesting that the
3'UTR of MAVS mRNA has an association with the response to
IFN-o..

Our data demonstrated that the decrease of MAVS expression atten-
uates its antiviral effect through the IFN-a -ADARI axis. While sup-
pressed, the MAVS antiviral signal pathway leads to the inhibition of
the expression of the endogenous type I IFNs.” However, IFN-a. is
only produced in leukocytes; therefore, HepG2.2.15 cells only pro-
duce IFN-B, not IFN-a. At this point, further studies are still required
to confirm whether IFN-a can inhibit the expression of endogenous
IFN-o. through MAVS in CHB, which may destroy the homeostasis of
natural antiviral immunity.

In addition, HBX interacted with MAVS and promoted the degrada-
tion of MAVS through the ubiquitination of its Lys136, thus prevent-
ing IFN-B induction.** MAVS may also be relevant, as HBV replicates
through an RNA intermediate.”” These strongly indicate that
enhancing the MAVS antiviral pathway would be a promising strat-
egy in promoting the production of endogenous type I IFNs and to
further improve IFN response in CHB patients.

In addition, the stimulation of IFN production in the murine liver
through the administration of synthetic RNA decreases the viral
infection in an adenovirus-HBV model, demonstrating that IFN
possesses an anti-HBV activity in the liver. However, hepatocytes
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Figure 8. Schematic Representation of Present Study

do not produce IFN type I in response to
foreign DNA or HBV infection in humans
and mice.*® This suggests that it is a good ther-
apeutic strategy to inhibit HBV replication
through the RNA-activated MAVS-mediated
IFN pathway.

In conclusion, our study demonstrated that
IFN-a. inhibits the expression of MAVS via
ADARI1 through RNA editing of the MAVS
3’UTR and HuR-mediated post-transcriptional
regulation (Figure 8). The IFN-o antiviral ef-
fects are also enhanced by a combined treat-
ment with MAVS in vivo and in vitro. These
imply that the therapy based on MAVS could
be a promising strategy to improve the effect of IFN-o treatment
in patients with HBV infection.

MATERIALS AND METHODS

Additional materials and methods can be found in the Supplemental
Materials and Methods.

Cell Cultures

HepG2.2.15 cells were purchased from China Center for Type
Culture Collection (Wuhan, Hubei, P.R. China), and HepG2 and
Hep3B cells were purchased from the Chinese Academy of Medical
Sciences Cell Culture Center (Beijing, P.R. China). NTCP-HepG2
cells were kind gifts from professor Wenhui Li (National Institute
of Biological Sciences, Beijing, P.R. China). The cells were cultured
in Minimum Essential Medium and Dulbecco’s Modified Eagle’s Me-
dium (Gibco; Thermo Fisher Scientific, Waltham, MA, USA) with
10% fetal bovine serum (FBS) (Gibco; Thermo Fisher Scientific,
USA). The mouse primary hepatocytes were isolated from the livers
of female full-HBV-Tg mice and cultured in RPMI-1640 containing
10% FBS, 100 units/mL penicillin, and 0.1 mg/mL streptomycin.
The cell lines were maintained at 37°C in a moist atmosphere with
5% CO,.

Human Subjects

A total of 324 IFN-a treatment-naive and HBeAg-positive CHB pa-
tients were recruited from the Beijing Youan Hospital between
November 2005 and May 2008. The inclusion and exclusion criteria,
and the therapeutic methods, were previously described.** Detailed
instructions are provided in the Supplemental Materials and
Methods.

Quantification of the Viral RNA and DNA

Following the isolation of total RNA, serum HBV DNA, and cccDNA,
their amounts were measured by qRT-PCR using appropriate primer
pairs as previously described.*”’
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Statistical Analysis

Student’s t test was used for comparison between two independent
groups. Hardy-Weinberg equilibrium tests of the genotyped SNPs
in patients were performed using the 7 test. The data are presented
as the mean + SD of three independent experiments. The compari-
sons for continuous variables, between different groups of subjects,
were conducted using a t test (for mean comparison) or the Mann-
Whitney U test (for median comparison). p <0.05 was considered sta-
tistically significant, and all statistical tests were two-sided. Statistical
analyses were performed using Statistical Product and Service Solu-
tions (SPSS) v.20.0.

SUPPLEMENTAL INFORMATION
Supplemental Information can be found online at https://doi.org/10.
1016/j.ymthe.2020.11.031.
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CACCUGCAGCAAUGGUAUCUGCAUAUUAGC-
CCCUCUCCACCUUCUUUCUCCCGCUGAAUCA
UUUCCCUCAAAGCCCAAGAGCUGUCACUGCU
UCUUUCUCCCUGGGAAGAAUGCGUGGACUCU
GCCUGGUGAUAGACUGAAGCCAGAACAGUGC
CACACCCUCGCCUUAAUUCCUUGCUAGGUGU
UCUCAGAUUUAUGAGACUUCUUAGUCAAAUA
UGAGGGAGGUUGGAUGUGGUGGCUUGUGCC
UGUAAUCCCAGCAUUUUGGGAAGCCGAGGU
GGGAGGAUCCCUUGAAGCCAGGAGUUUGAGA
CAAGCCUGGGCAACAAAGCAAGACCCUAUCU
CUAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
AAAAAAAAAAAUCUAGGAGAUGCUCUUUACCC
UGCCUGGCCUCAAACUAUUAAUAGCUUCCUU
UGAGCAACAUUAUUUAUUA



FIG. S4
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FIG. S5
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FIG. S6
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Comment: This type of analysis has a high sensitivity but abysmal selectivity. In other words: while true functional
will be detected in most cases, most predictions will correspond to sites bound in vitro but with no function in vivo. A
number of additional contraints of the analysis can improve the prediction; phylogenetic footprinting is the most
common. We recommend using the ConSite service, which uses the JASPAR datasets.

The review Nat Rev Genet. 2004 Apr:5(4):276-87 gives a comprehensive overview of transcription binding site
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Supplemental legends:
Figure S1. Analysis of high throughput sequencing in transcriptional group.

(A) Screening process of candidate gene--MAVS. (B) Western blot analysis of MAVS
protein expression at different concentrations of IFN-a normalized to GAPDH in
Hep3B, HepG2 and mouse primary hepatocytes. Data represent the mean + SD of three
independent experiments. *p< 0.05, ** p <0.01, *** p <0.001.

Figure S2. ADARI regulated MAVS expression.

(A) Western blot analysis and quantification of MAVS protein expression in HepG2,
Hep3B and mouse primary hepatocytes. HepG2, Hep3B cells were transfected with
NC-FLAG, ADAR, sh-NC and shADARI plasmid. Lentivirus containing lv-ADAR1
or sh-ADART1 were used to infect mouse primary hepatocytes. (B) and (C)
Representative pyrosequencing results of ADAR1 overexpression, FLAG, sh-
ADARI, and sh-NC cDNAs. RNA editing rates in ADAR1, FLAG, sh-ADAR1 and
sh-NC. (D) and (E) Hep3B and SMMC-7721 cells were transfected with ADART1 or
NC-FLAG plasmid and normal A allele or edited G allele reporter plasmid,
respectively. Analyzed for relative luciferase activity. Data represent the mean + SD
of three independent experiments. *p< 0.05, ** p < 0.01, *** p <0.001.

Figure S3. adenosine and uridine rich elements (AREs) around the MAVS-
3’UTR editing site.

The blue mark is the editing site, and the red mark is the AU enrichment area.
Figure S4. MAVS inhibits HBV replication in vitro.

(A) and (B) ELISA analysis of HBeAg in HepG2.2.15 cell supernatants and qRT-PCR
determination of HBV DNA, pgRNA and total RNA levels. Cells transfected with the
MAVS overexpression or knockdown plasmid. (C) Western blot analysis and
quantification of Interferon regulatory Factors IRF3/IRF7 of HepG2.2.15 cells
transfected with MAV S-overexpressing plasmid or the empty FLAG vector. (D) qRT-
PCR determination of HBV DNA level. HepG2 Cells co-transfected with the HBV and
MAVS overexpression or NC plasmid. (E) Western blot analysis and quantification of
MAVS in MAVS-overexpressing HepG2.2.15 cells co-transfected with ADARI
plasmid or not. (F) HepG2.2.15 cells were transfected with MAVS-overexpressing
plasmid or the empty FLAG vector and treated with or without IFN-a. ELISA analysis
of HBeAg in Hep(G2.2.15 cell supernatants, qRT-PCR determination of HBV DNA and
pgHBYV RNA levels. Data represent the mean + SD of three independent experiments.
*p <0.05, ** p<0.01, *** p<0.001.



Figure S5. MAVS inhibits HBV replication in vivo.

(A) Western blot analysis of MAVS protein expression in the C57BL/6J-Tg (AIb1HBV)
44Bri/J mouse liver after hydrodynamic injection with MAVS or NC-FLAG plasmid.
(B) Western blot analysis of MAVS protein levels in various tissues of the full HBV Tg
mouse. Western blot analysis of MAVS and HBc protein levels in HBV mouse liver
after AAV-NC or AAV-MAVS injection. HBc protein level was normalized to GAPDH.
(C) and (D) gPCR determined HBV pgRNA and total RNA levels in mouse
hepatocytes(n=8). (E) ALT/AST assay in the serum of HBV mouse(n=8). (F) qPCR
determined HBV pgRNA level in mouse hepatocytes(n=4). *p< 0.05, ** p < 0.01, ***
p <0.001.

Figure S6. HBV inhibits the expression of MAVS through SP1.

(A) Detection of the MAVS mRNA level in HepG2 and HepG2.2.15 by qPCR. (B)
HBYV plasmid was overexpressed in HepG2 cells, and the mRNA expression of MAVS
was detected by qPCR. (C) HBV virus were collected from the supernatants of HBV
transfected HepG2 cells and quantified by ELISA assays, 2 x107 copies of genome
equivalent HBV were added to 2x 10° cells plated in 24-well plates, western blot
analysis and quantification of MAVS protein expression were performed 16 hours after
infection. (D)Predicting the binding sites of SP1 used the online promoter analysis tool
the JASPAR database. (E) The luciferase activity of promoter 3 was detected after
overexpression of SP1 and LV-NC plasmids. (F) Electrophoretic mobility shift assay
(EMSA) of Nuclear proteins extracted from HepG2.2.15 cells and biotin-labeled or
unlabeled oligonucleotides probe containing MAVS promoter-3, unlabeled SP1
consensus oligonucleotides. (G) HBc plasmid was overexpressed in HepG2 cells, and
the MAVS level was detected by qPCR and Western blotting. *p< 0.05, ** p < 0.01,
*xk p <0.001.



Table S1

Characteristics of patients

Characteristics SVRs NRs p
Patients, n 74 166
Age,y
Median (range) 34.6(11,57) 31.8(10,65) 0.30°
Mean+SD 33.7(11.6) 31.8(9.1) 0.16°
Baseline ALT (U/L)
Median (range) 158.7(12,1079) 122.0(12,1326) 0.94*
Mean+SD 154.8(214.6) 120.9(162.9) 0.24°
Baseline AST (U/L)
Median (range) 103.3(19,467) 73.3(15,1172) 0.29*
Mean+SD 101.7(114.1) 73.2(118.7) 0.14°
Sex 0.91¢
Male 53 116
Female 21 50
? Mann—Whitney U test.
b7 test
¢ Chi-square test.
Table S2
Genotype distribution and allelic frequencies of SNPs in the MAV'S gene
SNP, allele (1/2) Allele, n (%) Genotype, n (%)
1 2 PIOR(95% CI) 11 12 22 )
rs17857295(C/G)
NRs (n=162) 157(48.5) 167(51.5) 0.76 39(24.1) 79(48.8)  44(27.2) 0.70
SVRs (n=74) 74(50) 74(50) 0.94(0.64-1.39)  21(28.4) 32(43.2)  21(28.4)
1s2326369(C/T)
NRs (n=162) 246(75.9)  78(24.1) 0.36 91(56.2) 64(39.5) 7(4.3) 0.16
SVRs (n=74) 118(79.7)  30(20.3) 0.80(0.50-1.29)  49(66.2) 20(27.0) 5(6.8)
rs3746660(C/T)
NRs (n = 163) 249(76.4)  77(23.6) 0.94 96(58.9) 57(35.0) 10(6.1) 0.69
SVRs (n=73) 112(76.7)  34(23.3) 0.98(0.62-1.56)  45(61.6) 22(30.1) 6(8.2)
1s3746661(C/G)
NRs (n = 165) 78(23.6) 252(76.4) 0.52 8(4.8) 62(37.6) 95(57.6)  0.053
SVRs (n=74) 31(20.9) 117(79.1)  1.17(0.73-1.87)  7(9.5) 17(23.0) 50(67.6)
1s3746662(A/C)
NRs (n = 164) 284(86.6)  44(13.4) 0.005 124(75.6)  36(22.0)  4(2.4) 0.02
SVRs (n=74) 141(95.3) 7(4.7) 0.32(0.14-0.73)  67(90.5) 7(9.5) 0(0.0)
rs3899452(C/G)
NRs (n=161) 103(32.0) 219(68.0) 0.54 16(9.9) 71(44.1) 74(46.0)  0.52
SVRs (n="72) 42(29.2) 102(70.8)  1.14(0.74-1.75)  8(11.1) 26(36.1) 38(52.8)

P values were calculated from case-control analysis by the v2 test and unadjusted for multiple testing.



Table S3

Primers sequences of p3XFLAG-CMV™-14 plasmid construction

5°-3
ADARI1-HindIII-F CCCAAGCTTCACAGCGGAGTGGTAAGACCA
ADAR1-Xbal-R CTAGTCTAGATACTGGGCAGAGATAAAAGT
MAVS-HindlIII-F CCCAAGCTTGCCACCATGCCGTTTGCTGAAG
MAVS-Kpn I-R CGGGGTACCGCGTGCAGACGCCGCCGGTAC

MAVS-3’UTR-Xhol-F CCGCTCGAGCGGACCAGTGCCCTCCTCAGTGCTTA

MAVS-3’UTR-NotI-R AAGGAAAAAAGCGGCCGCAATAGGGTCTTGCTTTGTTGC

Plasmid-MAVS-3’UTR-F  GTGCTGAAGACGAGCAGTAAT

Plasmid-MAVS-3’UTR-R AGGCTTGTCTCAAACTCCTGG

Table S4

The hairpin oligonucleotide sequence

5°-3

sh-ADAR1 F:TCGAGCCTGTGGAATCCAGTGACATTGTGCCTACTTCAAGAGA

GTAGGCACAATGTCACTGGATTCCACAGGTTTTTTGGAAG

R:GATCCTTCCAAAAAACCTGTGGAATCCAGTGACATTGTGCCTA

C TCTCTTGAAGTAGGCACAATGTCACTGGATTCCACAGGC

sh-ADARI-NC F:TCGAGTTCTCCGAACGTGTCACGTTTCAAGAGAACGTGACAC

GTTCGGAGAATTTTTTGGAAG

R:GATCCTTCCAAAAAATTCTCCGAACGTGTCACGTTCTCTTGAA

ACGTGACACGTTCGGAGAAC




sh-MAVS

F:CACCGCTGCCGCAATTTCAGCAATTTCAAGAGAATTGCTGAAA

TTGCGGCAGTTTTTTG

R:GATCCAAAAAACTGCCGCAATTTCAGCAATTCTCTTGAAATTG

CTGAAATTGCGGCAGC
sh-MAVS-NC  F: CACCGTTCTCCGAACGTGTCACGT CAAGAGATT
ACGTGACACGTTCGGAGAATTTTTT
R: GATCCAAAAAA TTCTCCGAACGTGTCACGT AATCTCTTG
ACGTGACACGTTCGGAGAAC
Table S5

Primers sequences of RT-PCR

Gene Forward primer 5°-3° Reversed primer 5°-3’

ADARI GTCGTCAGCTTGGGAACA CGCAGTCTGGGAGTTGTA
MAVS CATCAGGAGCAGGACACAGA GCTGGAAGGAGACAGATGGA
GAPDH TCTGACTTCAACAGCGACAC CAAATTCGTTGTCATACCAG
total -RNA  TCACCAGCACCATGCAAC AAGCCACCCAAGGCACAG
pg-RNA GAGTGTGGATTCGCACTCC GAGGCGAGGGAGTTCTTCT
HBV-DNA  GAGTGTGGATTCGCACTCC GAGGCGAGGGAGTTCTTCT
ccc-DNA TGCACTTCGCTTCACCT AGGGGCATTTGGTGGTC




Supplemental materials and methods

1.1 reagents and antibodies.

Tunicamycin (TM) was obtained from MilliporeSigma (cat:654380-10MG; Billerica,
MA, USA), dissolved in dimethyl sulfoxide (DMSO; AMRESCO; Solon, OH, USA)
and used at 5 pg/ml. Recombinant human IFN-a-2A (Fangcheng BioTech Co Ltd;
Beijing, China) was added 200 units/well in 24 well plates. Phosphate-buftered saline
(PBS) was purchased from TBD (cat no. PB2004Y; Tianjin, China). Lipofectamine™
3000 was purchased from Invitrogen (cat no. L3000015; Thermo Fisher Scientific, Inc.,
USA). The Ultrapure RNA Kit (cat no. CW0581), FFPE DNA Kit (cat no. CW0547),
Protein Extraction Kit (cat no. cw0889), SYBR Green PCR Kit (cat no. CW2601) were
purchased from CWBIO (Beijing, China). Nuclear and Cytoplasmic Protein Extraction
Kit (cat no. P0027) and Chemiluminescent EMSA Kit (cat n0.GS009,) were purchased
from Beyotime (Beijing, China). ReverTra Ace qPCR RT Master Mix was purchased
from TOYOBO (cat no.FSQ-201; OSAKA, Japan). Antibodies against MAVS
(polyclonal rabbit, cat no.ab189303),ADARI(polyclonal mouse; cat no.ab88574);
HBc(Anti-Hepatitis B Virus Core Antigen antibody; polyclonal mouse; cat no.ab8637);
IRF3(polyclonal rabbit; cat no.DF6895); Phospho-IRF3 (Ser386; polyclonal rabbit; cat
n0.AF3438) IRF7(polyclonal rabbit; cat no.DF7503); Phospho-IRF7 (Serd77,
polyclonal rabbit; cat no.AF8486) and GAPDH (polyclonal rabbit, cat no. CW0101)
were purchased from Abcam (abcam, cambridge, UK) and CWBIO (Beijing, China).

Dual-luciferase Reporter Assay System was purchased from Promega (Cat.E1960;



Madison, WI, USA).

1.2 Plasmid construction and lentivirus

1.2.1 ADARI1 and MAVS overexpression vector

The CDS of ADARI1 and MAVS were amplified by PCR using HepG2.2.15 cDNA as
a template. The PCR products were digested by HindIII, Xbal or Kpnl, and then ligated
into p3XFLAG-CMV™-14 vector (Sigma, St. Louis, USA). PCR primers were listed
in Table S1.

1.2.2 ADAR1 and MAVS interference plasmid construction

Prediction of shRNA target sequences of ADARI and MAVS were conducted by
BLOCK-iT™ RNAI Designer website

(https://rnaidesigner.lifetechnologies.com/rnaiexpress/setOption.do?designOption=shr

na&pid=409507665443286793). Then we designed and synthesized the hairpin
oligonucleotide sequences, annealed and inserted sh-ADAR1 into pBABE-Puro-U6
vector (Cell Biolabs, Inc, San Diego, USA) and sh-MAVS into pGPU6/GFP/Neo vector
(GenePharma, Suzhou, China). The hairpin oligonucleotide sequences were listed in
Table S2.

1.2.3 Dual luciferase reporter plasmid

We constructed the reporter plasmid encompassing -296 to +68 bp of MAVS 3°’UTR (0
relative to the nucleotide of RNA editing site) by PCR using HepG2.2.15 genomic DNA
as a template. The PCR products were digested by Xhol and Notl, and then ligated into

pmiR-RB-Report™ vector (ribobio, guangzhou, China). The PCR primers were listed



in Table S1.

1.2.4 The 1.3*HBYV genotype B isolate S64 on Pucl8 plasmid was given by Professor
Wenhui Li (National Institute of Biological Sciences, Beijing, China).

All constructs used in this study were sequenced in order to confirm their authenticity.
1.2.5 ADARI overexpression lentivirus

ADARI plasmid was co-transfected with lentiviral packaging vectors (pVSV-G and
delta 8.91) into 293T cells using Lipofectamine 3000 according to the manufacturer’s
protocol. The supernatant containing the lentiviruses was collected and used to infect

mouse primary hepatocytes.

1.3 Enzyme-linked immunosorbent assay (ELISA)

Concentration of HBsAg and HBeAg in culture supernatant of HepG2.2.15 were
quantified by ELISA using commercial ELISA kits following the manufacturer’s
protocol (WANTALI Bio-Pharm, Beijing, China). The reporting unit was calculated by
0.D 450nm minus O.D 630nm. Standard substance of HBsAg (IU/mL) and HBeAg
(NCU/mL) were purchased from Beijing Controls & Standards Co., Ltd (Beijing,
China). A microplate reader (Synergy H1; BioTek; Winooski, VT, USA) was used to

measure absorbance at 450nm and 630nm.

1.4 Quantitative RT-PCR (qPCR)

1.4.1 The mRNA expression levels

HepG2.2.15 cells (2x10° per well) were seeded in 24-well plates for real time



quantitative PCR analysis. Each well of HepG2.2.15 cells were incubated with 500ng
plasmid and 1pl Lipofectamine™ 3000. cDNA was synthesized in a 10ul reaction
volume using ReverTra Ace qPCR RT Master Mix following the manufacturer's
instructions. The mRNA expression levels of ADAR1, MAVS, EIF2S1, OAS3 and
GAPDH were measured by SYBR Green relative quantitative analysis using the Bio-
Rad iQ5 Real-Time PCR Detection System (Bio-Rad; Hercules, CA, USA).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control.
The detailed qPCR conditions were as follows: 95°C for 10 min, followed by 40 cycles
of 92°C for 15 sec and 58°C for 1 min. The relative expression levels of genes were
calculated by the 2-24Ct method.

1.4.2 Supernatant HBV-DNA expression levels

HBV DNA extraction was performed using the one-Tube Viral DNAout Kit (Tiandz,
Beijing, China) according to the manufacturer's instructions. The HBV DNA was
measured by SYBR Green absolute quantitative analysis using the Bio-Rad 1Q5. 1.3 *
S64+pUC18 plasmid was used as the quantitative standard of HBV and diluted into 5
gradients form 10% to 10* copies/ml, then formed the standard curve to extrapolate the
HBYV DNA quantification.

All the qRT-PCR primers were listed in Table S3.

1.5 RNA-seq analysis

HepG2.2.15 cells were treated with 500U IFN-a or negative control PBS. The total

RNA of samples was extracted and the DNA was digested with DNase. Then, the library



preparation for transcriptome sequencing and data analysis were conducted by OE
biotech Co., Ltd. (Shanghai, China). A total of 4 transcriptome data were uploaded to
the NCBI database, numbered as SRR10298005, SRR10298006, SRR10298007,
SRR10298008. GATK (Genome Analysis Toolkit) program was operated to analyze
bam files acquired from HISAT2 alignment program.
GCF_000001405.38 GRCh38.p12 was used as the alignment database. The minimal
required read coverage were set as 1, while the final results were filtered by the
following parameters: Qd < 2.0 (QualByDepth : the variant confidence divided by the
unfiltered depth of non-reference samples), QUAL < 30.0 (a quality score associated
with the inference of the given allele), SOR > 3.0 (StrandOddsRatio : strand bias
estimated by the symmetric odds ratio test), FS >60.0 (phred-scaled p-value using
Fisher's Exact Test to detect strand bias, the variation being seen on only the forward or
only the reverse strand, in the reads), MQ <40.0 (RMSMappingQuality : the Root Mean
Square of the mapping quality of the reads across all samples), MQRankSum < -12.5
(MappingQualityRankSumTest : The U-based z-approximation from the Mann-
Whitney Rank Sum Test for mapping qualities, reads with ref bases vs. those with the
alternate allele), ReadPosRankSum (ReadPosRankSumTest : The U-based z-
approximation from the Mann-Whitney Rank Sum Test for the distance from the end

of the read for reads with the alternate allele).

1.6 Western blotting.

Proteins were extracted using the Mammalian Protein Extraction Kit, separated by 10%



sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and then
transferred to a polyvinylidene fluoride (PVDF) membrane (cat no. ISEQ00010;
Millipore; Billerica, MA, USA). After blocking with 5% non-fat powdered milk, the
membranes were incubated with antibodies against ADAR1(1:1000), MAVS (1:2000),
HBc(1:1000) and GAPDH (1:12000) at 4 °C overnight. The membranes were washed
with Tris-buffered saline containing 0.1% Tween 20 (TBST) and incubated with the
IgG (1:10000) at 37°C for 1h. Micrographs were taken using the Tanon 5200 Multi

(Shanghai, China).

1.7 Dual luciferase reporter gene assay

The MAVS 3°UTR region (chr20:3870562A or G) were cloned into the Renilla
luciferase gene (hRluc) downstream sites. HepG2.2.15 and Hep3B cells (2x10° per well)
were seeded in 24-well plates, each well was transfected with chr20:3870562A or G
plasmids. After 48h of incubation, cells were collected and analyzed for luciferase
activity with Dual-Luciferase Reporter Assay System (Promega). Promega GloMAX
96 microplate luminometer (YuanPingHao Biotech Co.,Ltd, Beijing, China) was used

to measure luciferase activity.

1.8 Immunohistochemical (IHC)

Mouse livers were fixed in 10% formaldehyde 48h, embedded in paraffin, and cut into
10-Im sections. Antigen retrieval was performed at pH 9, for 15 minutes. Sections were

blocked in 5% goat serum albumin in 1*TBS 0.1% Tween 20, and the primary



antibodies HBsAg, HBxAg, HBcAg, NLRX1 and CASP1 were used, followed by
secondary antibodies coupled to HRP. Counterstaining was performed with

hematoxylin.

1.9 Pyrosequencing

For pyrosequencing analysis, HepG2.2.15 cells (2x10° per well) were seeded in 24-
well plates and transfected with 500 ng plasmid using Lipofectamine™ 3000 (cat no.
L3000015; Thermo Fisher Scientific, Inc., USA) according to the manufacturer’s
instructions. At 48 h post-transfection, cells were harvested and ADAR1 mRNA
expression level was measured to confirm overexpression and knockdown of ADARI.
The cDNA samples were then pyrosequenced by Sangon Biotech Co., Ltd. (Shanghai,

China) for identification of RNA editing sites.

1.10 Animal studies

Female C57BL/6J-Tg (Alb1HBV)44Bri/J mice (containing partial HBV genome
including S, pre-S, and X gene, 6-8 weeks old) were purchased from Department of
Laboratory Animal Science, Health Science Center, Peking University (Beijing). The
partial HBV-tg mice were hydrodynamically injected via tail vein within 5-8 seconds
with 20 pg of MAVS-CDS DNA or FLAG vector plasmid suspended in a volume of
PBS equivalent to 8% of body weight. Plasmids were injected two times in each group
and the interval between injections was five days. Five days after the injection, HBsAg

level was measured in mouse serum using an ELISA assay (WANTAI Bio- Pharm,



Beijing, China). The liver tissues were dehydrated and embedded in paraffin following
immunohistochemistry method. The mice were treated with 15 pg/ kg IFN-a-2A
(Fangcheng BioTech Co Ltd; Beijing, China). Another female BALB/c- full-HBV-tg
mice (6-8 weeks old) were purchased from Infectious Disease Center of No.458
Hospital (Guangzhou, China). The transgene mice contain 1.3 copies of HBV- genome-
eq. Coding sequence of MAVS was inserted into an adeno-associated virus vector (pAV-
TBG). After sequencing ensured accuracy of the vector, AAV-DJ was packaged,
purified, and titrated by Vigene Biosciences (Jinan, China). AAV-DJ (8x10'! copies)
harboring either the MAVS or the control sequence was injected through tail vein of
full-HBV-tg mice. Three weeks later, the level of HBsA, HBeAg and HBV DNA were
determined in every two weeks. All experimental manipulations were approved by the
Animal Care and Use Committees of the Institute of Laboratory Animal Science,

Chinese Academy of Medical Sciences.

1.11 Human Subjects

Subjects were treated for 48 weeks and subsequently followed for 24 weeks to evaluate
therapeutic effects. Of the initial 324 patients, 84 were excluded from analysis due to
missing clinical or virologic data, lack of a validated outcome, or being absent during
follow-up. Ultimately, 240 patients with PEG-IFN-a-2a therapy were retained for this
study. The study was carried out in accordance with the guidelines of the Helsinki
Declaration after obtaining written informed consent from all subjects. It was approved

by the ethics committee of the Institute of Basic Medical Sciences, Chinese Academy



of Medical Sciences. The detection of serum HBV s antigen (HBsAg), HBV s antibody
(HBsAb), HBeAg, HBV e antibody (HBeAb), HBV c antibody (HBcAb) and alanine
transaminase (ALT), aspartate aminotransferase (AST) levels were measured as
previously described®!. Sustained virologic response (SVR) was defined as HBeAg
seroconversion and an HBV DNA level <2000 copies/mL by the end of 48 weeks of
treatment plus 24 weeks of follow-up. Paraffin embedded liver tissues of 64 HCC
patients were selected from the surgical pathology files of Affiliated Hospital of
Qingdao University. DNA of the paraffin-embedded tissues were extracted with FFPE
DNA Kit (CWBIO, Being, China) according to the manufacturer’s instruction, and

were used to determine the genotypes of the patients.

All procedures were performed with informed consent and approved by the ethics

committee of the hospital.

1.12 RNA immunoprecipitation (RIP)

Edited G plasmids and wild A plasmids were transfected into HepG2.2.15 cells, and
cells were collected 48 days later. Cells were selectively treated with formaldehyde to
fix the protein-RNA complex. The mixture was treated with RNA enzyme inhibitors.
Chromatin was fragmented using an ultrasound for 15min. The HuR binding protein
was immunoprecipitated with the binding RNA to wash away the unbound material.
Purification of mRNA bound to HuR antibodies and agarose beads (Santa, Germany)

complex. Finally, mRNA was reversely transcribed into cDNA and detected by qPCR.



1.13 Electrophoretic Mobility Shift Assay

Biotin-labeled MAVS probe and unlabeled MAVS/SP1 probe were prepared by Sangon
Biotech (Shanghai, China). Nuclear proteins were extracted using Nuclear and
Cytoplasmic Protein Extraction Kit (Beyotime, Beijing, China). EMSA was performed
using the Chemiluminescent EMSA Kit (Beyotime, Beijing, China) according to the

manufacturer’s instructions.

1.14 Isolation and culture of mouse primary hepatocytes.

Primary mouse hepatocytes were isolated from livers of female full-HBV-tg mice (8
weeks old in BALB/c background). Briefly, mice were anesthetized, and their livers
were perfused with 0.5 mg/ml type iv collagenase (Sigma—Aldrich), via the inferior
vena cavato isolate hepatocytes. Mouse hepatocytes were cultured in RPMI-1640
containing 10% FBS, 100 units/ml penicillin, and 0.1 mg/ml streptomycin. Six to
twelve hours after attachment, primary hepatocytes were infected with indicated
lentivirus. Forty-eight hours after infection, cells were harvested for protein extraction

and western blot assays.
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