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The partial response of chronic hepatitis B virus (CHB) patients
to interferon-a (IFN-a) therapy remains elusive,which requires a
better understanding of the involved molecular mechanism. In
our study, bioinformatics analysis was applied to relate IFN-a
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-a therapy were confirmed in
CHB patients. We found that IFN-a downregulates MAVS via
RNA editing that was mediated by adenosine deaminase acting
onRNA (ADAR1). ADAR1 inhibitedMAVS 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-a 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.
CHBpatients with a rs3746662Aallele had higherMAVS expres-
sion and thus were more responsive to IFN-a treatment. In this
work, we demonstrated that the decrease of MAVS expression is
mediated by the IFN-a-ADAR1 axis. This study also highlighted
thepotential for the clinical applicationofMAVS incombination
with IFN-a for the treatment of HBV infection.

INTRODUCTION
Hepatitis B virus (HBV) is a hepatophilic DNA virus, which is consid-
ered a major cause of chronic hepatitis, cirrhosis, and hepatocellular
carcinoma.1 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.2 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.3 IFN-a
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.4 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.5,6 Hence, understanding the mechanisms of
the various IFN therapeutic responses is crucial.

Adenosine deaminase acting on RNA (ADAR1) 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.7,8 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.9 It has been reported that the IFN-inducible ADAR1
functions in the editing of viral RNA transcripts and cellular pre-
mRNAs.10,11 Our previous study revealed that a single nucleotide
polymorphism (SNP), rs4845384, in the ADAR1 gene was strongly
associated with the outcome of IFN-a therapy in CHB patients.12

The SNP of rs4845384 contributes to HBsAg serum clearance in
CHB patients13 through regulating ADAR1 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-b
production.14,15 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

(A) Twenty candidate genes for differential expression analysis and potential RNA editing screening of ADAR1 via sequence analysis of transcription group. (B) qPCR analysis of

mRNA levels of ADAR1 and MAVS at different concentrations of IFN-a. (C) Western blot analysis of ADAR1 P150 and MAVS protein expression at different concentrations of

IFN-a normalized toGAPDH. Right panel shows quantification from three replicates. (D)Western blot analysis and quantification of protein levels of ADAR1 andMAVS 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.
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receptors (TLRs) and RIG-I-like receptors (RLRs), recognize invading
pathogens and transmit signals to MAVS,16 which activate nuclear fac-
tor-kB (NF-kB) by stimulating downstreamTBK1 and IKK complexes,
respectively.17,18 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,19,20 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 ADAR1 upregulates HBV expression through its
1336 Molecular Therapy Vol. 29 No 3 March 2021
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 ADAR1. 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-a 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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HBV 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
HBV infection, we mainly focused on genes that are related to viral
immune response. Finally, we screened out 4 genes, including
MAVS, C1R, APOL1, and HLA-A. The last 3 genes were antiviral
and upregulated by IFN,21–23 which was consistent with our tran-
scriptome results; only MAVS was abnormally downregulated by
IFN-a. 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-a 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 ADAR1 p150 and p110 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-a concentrations can influence the expression of
ADAR1 and MAVS at the mRNA and protein levels (Figures 1B
and 1C). We found that treatment with 500 U/mL IFN-a 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-a regulates MAVS expression via
ADAR1. After ADAR1 (P150) overexpression, IFN-a could no longer
inhibit MAVS expression, suggesting that IFN-a inhibits MAVS
through ADAR1 (Figure 1D). In conclusion, IFN-a can stimulate
ADAR1 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 ofMAVS is truly related to ADAR1, ADAR1
and sh-ADAR1 plasmids were overexpressed in HepG2.2.15 cells,
and the MAVS 30UTR chr20:3870562 editing ratio was measured
by Sanger sequencing (Sanger-seq) (Figure 2A). The results showed
that ADAR1 editing ability for MAVS 30UTR A to G is enhanced
and that interfering with ADAR1 expression reduces its editing inten-
sity to MAVS 30UTR. ADAR1 affected MAVS, as MAVS was signif-
icantly inhibited following ADAR1 overexpression (Figure 2B left),
and remarkably increased following ADAR1 knockdown (Figure 2B,
right). These results were confirmed in HepG2, Hep3B, and primary
hepatocytes (Figure S2A).
To determine whether ADAR1 RNA editing activity regulates MAVS
expression, ADAR1-E912A and ADAR1-EAA,24 two mutants without
RNA editing activity (ADAR1-E912A) or RNA binding activity
(ADAR1-EAA; i.e., K554E-K555A-K558A, K665E-K666A-K669A,
and K777E-K778A-K781A), were used. MAVS was expressed at a
low level in ADAR1-expressing cells; however, no difference in
MAVS expression was observed in the E912A, EAA, and NC groups,
demonstrating that an ADAR1 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-30UTR
chr20:3870562 is the editing site and that the proportion of the editing
A to G allele negatively correlates with sh-ADAR1 expression. There
was a 50% elevation in the normal A allele ratio when ADAR1 was
knocked down (Figures 2E and S2B). Meanwhile, AZIN1, which is
known to be modified (T to C) by ADAR1, 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 ADAR1 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-Gwas 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
ADAR1 effect on the A allele activity was stronger than that of IFN-
a (Figure 2F, right). These data suggest that ADAR1 suppresses
MAVS expression through MAVS 30UTR 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 ADAR1, we performed an mRNA decay assay, and
the result suggested that the MAVS mRNA degradation rate is accel-
erated after ADAR1 overexpression (Figure 3A, right). These data
demonstrate that the 30UTR editing changed MAVS mRNA stability.

To explore the downstream mechanism of ADAR1 30UTR editing
activity in regulatingMAVS expression, we hypothesized on the poten-
tial ways that affectmRNA stability through 30UTR. Frequently, micro-
RNAs (miRNAs) target the 30UTRand reduce the stability ofmRNAs.25

Bymatching the miRNA database http://microrna.org/,26 we identified
2 miRNAs that may target the 30UTR around the chr20:3870562 site.
Molecular Therapy Vol. 29 No 3 March 2021 1337
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The twomiRNAswere expressed viamiRNAmimics, andnodifference
in luciferase activitywas 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-30UTR editing site (Figure S3). Previous
studies have shown thatmammals can code a protein,HuR (also named
ELAVL1), that binds to almost all types of AREs and that impairs
mRNA stability to control gene expression by enabling HuR-mediated
post-transcriptional regulation.27,28 To determine whether ADAR1-
mediated RNA editing in MAVS 30UTR would influence HuR recruit-
ment and, consequently, affectMAVSmRNAstability, wefirst detected
HuRpotential binding toMAVS-30UTRby immunoprecipitationusing
extracts fromHepG2.2.15 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 ADAR1-mediated RNA editing can regulate
the MAVS mRNA stability at the post-transcriptional level.
MAVSHas an Anti-HBV Effect, and the CombinedUsewith 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 inHBV-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 inHepG2.215 cells (Figure 4A, right).Moreover, whenmeasuring
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 correlatedwithMAVS expression level (Figure 4B, upper panels,
and S4A), while highHBV expression activities were noticed inMAVS
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-b also supported this result and showed
Figure 2. ADAR1 Inhibited MAVS Expression by RNA Editing

(A) ADAR1-P150, FLAG-NC, sh-ADAR1, and sh-NCwereoverexpressed inHepG2.2.15 ce

HepG2.2.15 cells were transfected with ADAR1-overexpressing or knockdown (sh-ADAR

quantification of MAVS protein expression. (D) HepG2.2.15 cells were transfected with NC

quantification of ADAR1 and MAVS. (E) Pyrosequencing results of RNA editing rates in AD

were transfectedwith ADAR1 or NC-FLAGplasmid (left) or treatment with IFN-a or PBS ne

NC, non-specific control. Analyzed for relative luciferase activity. Data represent the mean
that the expression ofMAVS 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 Puc18 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
at theDNA 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
ADAR1 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 ofMAVS and IFN-aHas a Better Anti-

HBV Response in Two HBV Transgenic Mouse Models

To assess the in vivo antiviral effects of MAVS and IFN-a combined
treatment, similar studies were performed in C57BL/6J-Tg
(Alb1HBV)44Bri/J 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-a + 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-a + MAVS group compared with other
groups (Figure 5B).
lls, Sanger sequencingwasused todetect the chr20:3870562site ofMAVS30UTR. (B)
1) plasmids. qPCR analysis of mRNA levels of MAVS. (C) Western blot analysis and

-FLAG, ADAR1, ADAR1 EAA, and ADAR1 E912A plasmid. Western blot analysis and

AR1 overexpression, NC-FLAG, sh-ADAR1, and sh-NC groups. (F) HepG2.2.15 cells

gative control (right) and normal A allele or editedG allele reporter plasmid, respectively.

± 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 mg/mL) in HepG2.2.15 cells. HepG2.2.15 cells were transfected

with NC-FLAG and ADAR1 plasmid. The decay rate of mRNAwas detected at prescribed time points after using actinomycin D (1 mg/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 30UTR 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 qPCR analysis of MAVS 30UTRmRNA 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 qPCR. Data represent the mean ± SD of

three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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The HBV 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, full-HBV-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 onHBc in the full-HBV-Tgmice 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-a + 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 IFNb1 in the full-HBV-
Tgmice livers was lower than that in the BALB/c-WTmice. Compared
with the IFN-a group, the expression of IFNb1was significantly higher
in the IFN-a+MAVS group, suggesting thatMAVSmight inhibitHBV
replication via stimulating IFNb1 (Figure 5F). In summary, MAVS ef-
ficiency could enhance the anti-HBV effects of IFN-a.

HBc InhibitsMAVSPromoter Activity through Its Interactionwith

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
HBV 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
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-

GAPDH, which served as a protein loading control and IHC of cell-attached slides assay

HepG2.2.15 cell supernatants and qRT-PCR determination of HBV cccDNA levels. Cell

analysis of IFN-b expression in HepG2.2.15 cells in MAVS overexpression, NC-FLAG,

expression in HepG2.2.15 cells in MAVS overexpression, NC-FLAG, sh-MAVS, and s

qRT-PCR determination of HBV DNA, cccDNA, and pgRNA levels. Cells were co-transf

were transfected with MAVS-overexpressing plasmid or the empty FLAG vector and trea

and qRT-PCR determination of HBV cccDNA and HBV pgRNA levels are shown. Data

***p < 0.001.
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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 HBcmainly inhibits the activity of theMAVS 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
theMAVS promoter. Given that HBc can interact with a transcription
factor to regulate the promoter activity of the host gene,29 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
MAVS) plasmid. Western blot analysis of MAVS protein expression normalized to

detected the HBx protein expression level are shown. (B) ELISA analysis of HBsAg in

s were transfected with the MAVS overexpression or knockdown plasmid. (C) ELISA

sh-MAVS, and sh-NC groups. (D) Western blot analysis and quantification of HBc

h-NC groups. (E) ELISA analysis of HBsAg in HepG2.2.15 cell supernatants and

ected with the HBV and MAVS overexpression or NC plasmid. (F) HepG2.2.15 cells

ted with or without IFN-a. ELISA analysis of HBsAg in HepG2.2.15 cell supernatants

represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01,
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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. qPCR 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) MAVSmRNA level

in liver tissues of the full HBV Tg mouse was detected by

qPCR. (D) Detection of the activity of MAVS promoter frag-

ment by dual luciferase reporter gene assay. (E) The relative

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 coIP. 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-a therapy.
Six polymorphisms, rs17857295, rs2326369, rs3746660, rs3746661,
rs3746662, and rs3899452, were genotyped in 240 CHB patients. Pa-
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 (105 U/kg) andMAVSD

of HBVmouse (n = 6). Scale bar, 50 mm. (C and D) Continuous ELISA analysis of HBsAg and qPCR analysis of HBV

of HBs, HBc, NLRX1, and CASP1 in the liver of HBV mouse. (F) Analysis of HBsAg and HBV DNA levels in ser

injection and treated with or without IFN-a (n = 4). Analysis of the full HBV Tg mouse liver Ifnb1 mRNA level after

IFN-a (n = 4) is shown. Scale bar, 50 mm. Data represent the mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.001.
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tients were evaluated for the efficacy of IFN-a by
the combined assessment criteria. The overall sus-
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 inHardy-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 andNR 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 downstreamof theMAVS tran-
scription terminator. Interestingly, this position is also in the MAVS-
30UTR area, the same area as the ADAR1 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
rs3746662AA genotype had a higher MAVS expression compared to
NA 20 mg (n = 6). (B) IHC assay of HBsAg andHBx in the liver

DNA level in serum after AAV injection (n = 8). (E) IHC assay

um of the full HBV Tg mouse after AAV-NC or AAV-MAVS

AAV-NC or AAV-MAVS injection and treated with or without



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,

50 mm. Data represent the mean ± SD. *p < 0.05, **p < 0.01,

***p < 0.001.
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that of the AC andCC 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-a treatment of HBV.

DISCUSSION
In this study, we report that IFN-a increases the expression of
ADAR1 P150 in HepG2.2.15 cells, and that ADAR1 can edit the
schr20:3870562 site in the 30UTR 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 ADAR1 promoter region
to specifically induce the production of ADAR1 P150.30,31 In addi-
tion, almost 1% of cellular transcripts are extensively edited in the
IFN-inducible cytoplasmic isoform ADAR1 P150, which is more
than the constitutively expressed nuclear isoform ADAR1 P110.32

In addition, there were reports that showed that RNA editing enables
the recruitment of the stabilizing RNA-binding protein HuR to the
30UTR of the CTSS transcript, thereby controlling CTSS mRNA sta-
bility and expression.28 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.33 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.33 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
Mo
mammals.34 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
ADAR1 P150 isoform by IFN specifically regu-
lates the MDA5-MAVS dependent autoimmu-
nity pathway, where ADAR1 acts as a positive
regulator of the MDA5-MAVS antiviral response.35 The Adar1
knockout mutation is lethal by embryonic day E12.5 in mice; how-
ever, this ADAR1-induced lethality changed in Adar1 and Mavs
double-knockout mice, suggesting that Adar1ko leads to an uncon-
trolled MAVS pathway.36 The MAVS-mediated IFN response to
measles virus (MeV) infection, which is effective at later stages
of antiviral response, is also regulated by ADAR1.32 In addition,
the ADAR1 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 ADAR1.37 However, the role of ADAR1 in the RLRs-
MAVS signaling pathway has been reported by Pujantell et al.,38

which showed that ADAR1 knockdown increases the expression
of MDA5, RIG-I, IRF7, and phsopho-STAT1, but not MAVS.
This might be due to the different efficacy of ADAR1 knockdown
between macrophages in Pujantellet al.38 and HepG2.2.15 cells in
our study. Bajad et al.39 argued that AdarD7–9 mice are editing defi-
cient and die at E12.5 showing heightened immune response.
While most AdarD7–9 Mavs�/� mice lived until �15 days after
birth, a few mice survived for several months, which revealed
that ADAR1 negatively regulates MAVS and is consistent with
our results.39 Furthermore, our study also indicates that ADAR1
inhibitory effects can be attributed to the RNA editing in the
chr20:3870562 site of the MAVS 30UTR (Figure 2D).

It is known that MAVS is essential in driving antiviral innate im-
munity in response to viral infection.40,41 The MAVS antiviral
signal is initiated when RIG-I and MDA5 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.42,43 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.
lecular Therapy Vol. 29 No 3 March 2021 1345
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Figure 8. Schematic Representation of Present Study
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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.44 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 30UTR region, suggesting that the
30UTR of MAVS mRNA has an association with the response to
IFN-a.

Our data demonstrated that the decrease of MAVS expression atten-
uates its antiviral effect through the IFN-a -ADAR1 axis. While sup-
pressed, the MAVS antiviral signal pathway leads to the inhibition of
the expression of the endogenous type I IFNs.45 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-a throughMAVS in CHB, whichmay 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.46MAVSmay also be relevant, as HBV replicates
through an RNA intermediate.47 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
1346 Molecular Therapy Vol. 29 No 3 March 2021
do not produce IFN type I in response to
foreign DNA or HBV infection in humans
and mice.48 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
ADAR1 through RNA editing of the MAVS
30UTR and HuR-mediated post-transcriptional
regulation (Figure 8). The IFN-a 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-a 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% CO2.

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.44 Detailed
instructions are provided in the Supplemental Materials and
Methods.

Quantification of the Viral RNA and DNA

Following the isolation of total RNA, serumHBVDNA, and cccDNA,
their amounts were measured by qRT-PCR using appropriate primer
pairs as previously described.49,50
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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 c2 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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