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N°-Methyladenosine modification of hepatitis B and C viral
RNAs attenuates host innate immunity via RIG-I signaling
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N8-Methyladenosine (m®A), the methylation of the adenosine
base at the nitrogen 6 position, is the most common epitran-
scriptomic modification of mRNA that affects a wide variety of
biological functions. We have previously reported that hepatitis
B viral RNAs are m°A-modified, displaying a dual functional
role in the viral life cycle. Here, we show that cellular m°A ma-
chinery regulates host innate immunity against hepatitis B and
C viral infections by inducing m®A modification of viral tran-
scripts. The depletion of the m°A writer enzymes (METTL3 and
METTLI14) leads to an increase in viral RNA recognition by reti-
noic acid-inducible gene I (RIG-I), thereby stimulating type I
interferon production. This is reversed in cells in which m°A
METTL3 and METTL14 are overexpressed. The m°A modifica-
tion of viral RNAs renders RIG-I signaling less effective,
whereas single nucleotide mutation of m°A consensus motif of
viral RNAs enhances RIG-I sensing activity. Importantly, m°A
reader proteins (YTHDF2 and YTHDF3) inhibit RIG-I-trans-
duced signaling activated by viral RNAs by occupying m°®A-
modified RNAs and inhibiting RIG-I recognition. Collectively,
our results provide new insights into the mechanism of immune
evasion via m®A modification of viral RNAs.

Hepatitis B virus (HBV) and hepatitis C virus (HCV) are
diverse viruses that belong to the Hepadnaviridae and Flavivir-
idae families, respectively, but share common pathologies (1,
2). Although HBV is a DNA virus, it replicates via an RNA in-
termediate termed pregenomic RNA (pgRNA) to produce viral
DNA by the reverse-transcription activity by the encoded viral
polymerase (1). HCV is a positive-sense single-stranded RNA
virus and encodes an RNA-dependent RNA polymerase (viral
polymerase) to replicate viral RNA from a template RNA (2).
HBV and HCV infections cause liver inflammation and carry
the risk for the development of hepatocellular carcinoma (3).
When a virus infects a host cell, an innate immune response,
which represents the first line of defense, is triggered within
minutes. Viruses, however, escape host innate immunity by
subverting these pathways to optimize long-term survival (4).
The HBV pgRNA and HCV RNA genomes are recognized by
RIG-I for the activation of interferon (IEN) synthesis (5, 6).
HCV nonstructural proteins (NS3/4 protease) cleave mito-
chondrial antiviral-signaling protein (MAVS) to block the
innate immune signals (7). However, HCV infection still
induces IFN synthesis in primary human hepatocyte and in
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the chimpanzee model, representing acute infection (8, 9).
Although RIG-I recognizes the HBV pgRNA to activate the
immune response, HBV successfully suppresses IFN-a/B syn-
thesis (5, 10, 11). One of the mechanisms among others has
been attributed to HBx protein, which disrupts RIG-I/MAVS
signals by ubiquitination of mitochondria-associated MAVS
protein (12-14). The mechanisms by which these viruses
suppress innate immunity continue to be the subject of
investigations.

The RIG-I signaling pathway is one of the host-defense sys-
tems, designed to eliminate the viral infection. RIG-I protein
consists of tandem N-terminal caspase activation and recruit-
ment domains (CARDs) that participate in signaling, a DExD/
H-box helicase domain with RNA binding and ATP-hydrolysis
activity, and a C-terminal domain. The 5’ ppp of double-strand
RNA is the ligand of RIG-I (15). In the absence of ligand RNA,
RIG-I adopts auto-repressed conformation (16). The confor-
mational change of RIG-I is induced by RNA ligand interacting
with a C-terminal domain, which releases CARDs for Lys®*-
linked polyubiquitination and binding of unanchored Lys®*-
linked ubiquitin chains (17). The polyubiquitinated CARDs
then engage the adaptor, MAVS via CARD-CARD domain
interactions, to activate a cascade of downstream signaling
resulting in type I IFN gene synthesis (18). Phosphorylation of
IRF-3, a transcription factor, is one of the key molecules in the
pathway promoting the transcription of IFN genes (19).

The mammalian mRNAs are modified by diverse chemical
modifications such as N°~-methyladenosine (m°A), 5-methlcyti-
dine, and inosine in addition to N’-methylguanosine, which is
part of the 5'-terminal cap (20). Among the diverse internal
RNA chemical modifications, m®A RNA methylation is the
most prevalent mRNA modification. (21). Over 25% of mam-
malian transcripts are m®A-modified. m°A methylation has
been linked to various biological processes, which include;
innate immune response, sex determination, stem cell differen-
tiation, circadian clock, meiosis, stress response, and cancer
(21). A methyltransferase complex composed of METT3
(methyltransferase-like 3), METTL14, and WTAP place mCA
modification on mRNA co-transcriptionally (21). This modifi-
cation is typically enriched in 3'-UTR and near the stop codons
of cellular mRNA. The m®A-modified mRNA is especially rec-
ognized by YTH-domain family proteins (YTHDF1, YTHDF2,
and YTHDF3) to regulate mRNA stability, translation, and
localization (22, 23). Identification of m°A demethylase
FTO (fat mass and obesity-associated protein) and ALKBHS5,
capable of eliminating m°®A methylation, suggests that m°A
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m®A modification of viral RNA regulates RIG-I signal pathway

modification is reversibly catalyzed by methyltransferase and
demethylase (24). Recently, the presence of chemical modifica-
tion has also been demonstrated in many viral RNAs, including
HIV, HBV, and HCV (25-30). HBV encodes a single mCA-
modified consensus DRACH motif, localized in the € stem-
loop of HBV transcripts. pgRNA carries this motif twice at the
5" and 3’ termini because of terminal redundancy (26). The
m°A at 5’ € stem-loop is in the vicinity of the RT initiation pri-
ming site of pgRNA and aids in the RT activity, whereas m°®A at
the 3’ € stem-loop in all viral transcripts affects RNA stability
(26). In the case of HCV, the plus polarity RNA genome
contains several m°A-modified regions (~19 regions) (24).
YTHDFs interactions with the viral genome have been shown
to regulate virus particle production (27). The m°A site in HCV
E1 genomic region reduces virus particle production through
inhibiting virus assembly by interaction with YTHDF proteins
(27). Surprisingly, these modifications are more frequent in
viruses than cellular mRNAs (29, 31, 32). Although differences
in the role of m®A among viruses can lead to different conse-
quences in their life cycle, these reports reinforce the notion
that these RNA modifications might play an important role in
various aspects of the viral life cycle and most importantly in
disease pathogenesis.

In this study, we define the role of m®A-modified HBV tran-
scripts and the HCV RNA genome in regulating the host innate
immune systems. We demonstrate that cellular m®A machin-
ery regulates the RIG-I signaling pathway activated by virus
infection. Importantly, m®A modification in the RIG-I-sensing
region of viral RNAs reduces innate immune response by inhi-
bition of RIG-I recognition of viral RNAs. Furthermore, we
found that YTHDF2 binds m®A-modified viral RNAs prevent-
ing their recognition by RIG-I. Taken together, our results
reveal a novel mechanism of immune evasion via m°A modifi-
cation of viral RNA, where YTHDF2 binds m®A-modified
motifs of viral RNAs, preventing recognition by RIG-1.

Results

m°A methyltransferase negatively regulates innate immune
response

To determine whether m®A modification of viral RNA affects
host immune response, we used the previously developed
mutants of m°A modification sites (A1907C) of HBV 1.3-mer;
in the pgRNA 5’ stem-loop (5'-MT), or the 3’ stem-loop (3'-
MT) (Fig. 1A). The p-IRF-3 expression level was up-regulated
in HBV 1.3-mer 5'-MT transfected cells compared with WT
transfection, whereas mutation of m®A site in the 3’ stem-loop
did not affect phosphorylation of IRF-3 (199 *+ 25.7% increase
of p-IRF-3 levels in 5-MT transfection; Fig. 1B). Poly(L:C)
serves as a positive control. Because the mutation of m°A site in
€ structure leads to a base-pair mismatch in lower stem-loop,
the secondary structure of lower stem-loop could be distorted
by A1907C mutation (Fig. 1C). Because the induced p-IRF-3 by
pHBYV 1.3-mer 5'-MT transfection could be due to this struc-
ture alteration, we analyzed p-IRF-3 levels in cells transfected
with compensatory mutant (CM) plasmid, in which U is
mutated to G to restore base pairing (Fig. 1, C and D). Impor-
tantly, we found that p-IRF-3 levels were similar to the original

13124  J Biol. Chem. (2020) 295(37) 13123-13133

mutant (5'-MT), suggesting that helical structural change did
not cause this effect. Next, we determined whether cellular
m®A machinery affects innate immune response activated by
the presence of HBV RNA, and we depleted METTL3 and 14
by siRNA in HepG2 hepatoma cells and transfected these cells
with HBV 1.3-mer plasmid. The silencing of m®A methyltrans-
ferases increased phosphorylation of IRF-3 induced by HBV
transfection relative to its level in cells treated with control
siRNA (178 * 20.21% increase of p-IRF-3 level in METTL3 +
14 depletion) (Fig. 1E), whereas METTL3 and 14 overexpres-
sion reduced phosphorylation of IRF-3 (49 = 5.69% decrease of
p-IRF-3 in METTL3 and 14 overexpression) (Fig. 1F). Interest-
ingly, HBV transfection in HepG2 cells induces IRF-3 activa-
tion but does not induce IFN synthesis (5). Thus, we could ana-
lyze only p-IRE-3 levels in HBV transfected cells. Previously, we
reported that m®A modification of 5' € structure induces
reverse-transcription activity, and m®A modification of 3’ €
structure reduces viral RNA stabilities. Thus, our observed
effects of the silencing of m®A methyltransferases on IRF-3
activation could be due to the alterations of HBV replication
and translation. To exclude this possibility, we depleted m°A
machinery in pHBV 1.3-mer 5'-MT or 3'-MT transfected cells
and analyzed phosphorylation of IRF-3 levels (Fig. S1, A and B).
The knockdown of METTL3 and 14 did not affect p-IRF-3 lev-
els in pHBV 1.3-mer 5'-MT transfected cells, whereas deple-
tion of m°A methyltransferases induced phosphorylation of
IRF-3 in pHBV 1.3-mer 3'-MT transfected cells. Collectively,
these results suggest that m®A modification of HBV 5’ € RNA
critically determines IRF-3 activation during HBV replication.
Because it is known that the 5’ € structure is recognized by
RIG-I to induce the innate immune response (5), our results
imply that m®A modification of 5’ € structure may affect RIG-I
signal transduction.

We also carried out similar experiments during HCV RNA
transfection. We depleted METTL3 and 14 by siRNAs transfec-
tion of Huh7 cells and transfected these cells with in vitro
transcribed HCV GND RNA from JFH-1 GND plasmid (Fig. 2,
A-C). JFH-1 GND contains a point mutation in the viral poly-
merase region; hence it does not replicate but RIG-I sensing is
normal (33). Because HCV NS3/4 protein expression inhibits
the immune response by cleaving the MAVS protein (7), we
surmised that transfection with the replication-defective mu-
tant HCV genome instead of replication efficient HCV RNA
was suitable for immune response studies. We determined
IFN-B mRNA and IRF-3 phosphorylation levels in cells har-
vested at 16 h post-transfected with HCV GND RNA. We
observed that METTL3 and 14 depletion significantly increased
IFN- synthesis and IRF-3 activation relative to its level in cells
treated with control siRNA (1.6-fold increase of IFN-B mRNA
in METTL3 + 14 depleted cells; 177 *= 15.5% increase of p-
IRF-3 level in METTL3 + 14 depleted cells; Fig. 2, A and C).
Conversely, overexpression of m®A methyltransferases com-
plexes decreased IFN-B mRNA levels and phosphorylation of
IRF-3 (2.1-fold decrease of IFN-B mRNA in METTL3 + 14
overexpression; 58 * 17.1% decrease of p-IRF-3 level in
METTL3 + 14 overexpression) (Fig. 2, D and F). These results
suggest that host m®A machinery regulates the IRF-3—
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Figure 1. The m®A modification of HBV pgRNA affects activation of IRF-3. A, schematics represent the location of the A1907C mutations of 5" and 3’ m°A
sites in HBV pgRNA. Green circles indicate the m®A site in HBV pgRNA. The pHBV 1.3-mer 5'-MT having the A1907C mutation at the 5’ end and pHBV 1.3-mer
3'-MT at the 3’ end. B, HepG2 cells were transfected with each indicated HBV plasmid. After 72 h, the cells were harvested to assess expression levels of p-IRF-
3. Poly(I:C) was transfected in HepG2 cells before harvesting for 16 h. The right panel shows that p-IRF-3 protein levels relative to the IRF-3 from three inde-
pendent experiments were quantified using ImageJ. C, the mutation of m®A site (red) in the € structure is predicted to create a bubble. The compensatory
U1851G mutation (green) was established either at the 5’ end (pHBV-5'-MT-CM) or the 3" end (pHBV-3'-MT-CM). D, the indicated plasmids were transfected
in HepG2 cells for 72 h. The lysates were extracted from these cells to analyzed p-IRF-3 levels. The p-IRF-3 levels were normalized by IRF-3 using ImageJ (in the
right panel). E, relative p-IRF-3 levels in HBV 1.3-mer transfected HepG2 cells 4 h after siMETTL3 + 14 or control siRNA transfection was assessed by immuno-
blotting. HepG2 cells were stimulated by poly(l:C) for 16 h. The p-IRF-3 levels relative to IRF-3 from three independent experiments were quantified using
Imagel. F, HepG2 cells treated with HBV 1.3-mer were transfected with control or FLAG-METTL3/14 plasmids. After 72 h, the indicated proteins were analyzed
by immunoblotting. The levels of p-IRF-3 relative to the IRF-3 from three independent experiments were quantified using ImageJ (in the right panel). In B and
D-F, the error bars are the standard deviations of three independent experiments, each involving triplicate assays. Statistical significance of the difference
between groups was determined via an unpaired Student’s t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Ctrl, control.

mediated IFN signaling pathway induced by the HCV RNAs in  terns (PAMPs) recognized by RIG-I affects IEN-B8 mRNA level
the early step of HCV infection. and phosphorylation of IRF-3. Saito et al. (6) identified RIG-I-

After determining that m®A machinery affects IFN signaling ~ sensing nucleotides 88729616 in the 3’ end of the HCV ge-
pathway activated by the HCV RNA, we next tested whether nome, which acts as a PAMP. There are approximately 19
m°A modification within pathogen-associated molecular pat- regions that are m°A-modified within the HCV RNA genome
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Figure 2. The m®A modification of HCV genome inhibits IRF-3-mediated IFN signals. A-C, Huh7 cells treated with siMETTL3 -+ 14 or control siRNA were
transfected with JFH-1 GND RNA. IFN-B mRNA levels were assessed by qRT-PCR at 16 h post-JFH-1 GND RNA transfection. The HCV genome titers were ana-
lyzed by qRT-PCR for normalizing IFN-B8 mRNA (B). The p-IRF-3 protein levels were analyzed by immunoblotting in whole-cell lysates (C). D-F, FLAG-METLL3/14
transfected with Huh7 cells were treated with JFH-1 GND RNA for 16 h. The cells were harvested to assess expression levels of IFN-8 mRNA (D) or the indicated
protems (F). The input HCV genome levels were quantified for calculating IFN-B mRNA (E). G, schematics indicate the location of the A8766C mutation of the
mOA site in the NS5B-3'-UTR region of the HCV genome. The A331C mutation is in domain IV of the HCV IRES region. Red indicates m°A peak by MeRIP analysis.
Yellow indicates the DRACH motif in the m®A peak. H-J, qRT-PCR analysis of IFN-3 mRNA relative to input HCV genome in JFH-1 GND RNA or JFH-1 GND
A8766C RNA transfected with Huh7 cells. The cells were harvested at 16 h post-transfection, and the relative levels of IFN-B8 mRNA (H) or p-IRF-3 (J) were ana-
lyzed. The input JFH-1 GND RNA levels were analyzed by qRT-PCR (/). JFH-1 A331C RNA was used as a control. The data for this figure are from three independ-
ent experiments, and the bars represent the means = S.D. Statistical significance of the difference between groups was determined via an unpaired Student’s
ttest.*, P < 0.05; **, P < 0.01; *** P < 0.001. Ctrl, control.

(27). We analyzed whether the HCV PAMP RNA contains
m°A-methylated sites. Unexpectedly, the HCV PAMP RNA did
not contain any m°A modification (DRACH motif), but an
m°A modification site was identified at nucleotide 8766 of
HCV RNA ~100 bp upstream of the PAMP RNA (Fig. 2G)
(27). Because m°A methyltransferases regulated IFN signaling
pathway activated by HCV RNA transfection, we assessed the
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possibility that m®A modification of HCV 8766 nucleotide
affects the IRF-3—mediated IFN signaling pathway (Fig. 2, H
and /). We addressed this question by mutating m°A sites at nu-
cleotides 8766 (A8766C) and 331 (A331C) of HCV GND RNA,
respectively. HCV A331C mutant genome was used as a nega-
tive control because it lacks an m°A DRACH consensus and is
not a RIG-I-sensitive site. Initially, we analyzed IFN- mRNA
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levels in A8766C-mutated HCV genome-transfected cells and
found that A8766C mutation, but not A331C mutation, sub-
stantially increased IFN-8 mRNA levels compared with the
HCV GND WT infected cells. The A8766C mutated HCV
RNA transfection also increased phosphorylation of IRF-3 (2.6-
fold increase of IFN- mRNA level and 253 = 41.8% increase of
p-IRF-3 level in HCV GND A8766C RNA transfected cells; Fig.
2, H and J). We next tested whether the depletion of m°®A ma-
chinery affects IFN signals activated by HCV GND A8766C
because other m°A sites of the HCV genome might affect IFN-
B mRNA and IRF-3 activation. Interestingly, the silencing of
METTL3 and 14 did not increase IFN-B mRNA and phospho-
rylation of IRF-3 in HCV GND A8766C transfected cells but
induced IRF-3—mediated IFN-B expression in HCV GND
A331C transfected cells (Fig. S2). These results illustrate that
m°A modification of HCV 8766 nucleotide affects the function
of HCV PAMP RNA. In particular, the deficiency of m°A modi-
fication in other nucleotides of the HCV genome may not affect
the IRF-3—mediated IFN signal pathway.

Because the effect of depletion of m°A machinery can
directly regulate IRF-3—mediated IFN signals, we analyzed
IFN-B mRNA and phosphorylation of IRF-3 activated by poly
(:C) in METTL3- and METTL14-depleted cells. The depletion
of m°A methyltransferases did not affect IFN-8 mRNA and
IRF-3 activation, suggesting that m°A modification of specific
sites of viral RNAs is important in IRF-3—-mediated IFN signals
(Fig. S3).

m°®A modification of viral RNA regulates recognition by RIG-

Having found that the m®A modification of viral RNAs (HBV
pgRNA and HCV RNA genome) regulates phosphorylation of
IRF-3, we investigated whether the m°A modification of viral
RNAs affects RIG-I signal transduction. We transfected pHBV
1.3-mer or 5'-MT in RIG-I-depleted cells and found that HBV
transfection did not induce phosphorylation of IRF-3 in the ab-
sence of RIG-I (Fig. 3A). Similarly, HCV genome (GND or
GND A8766C) transfection did not increase IFN-8 mRNA and
phosphorylation of IRF-3 in RIG-I-depleted cells (Fig. 3, B and
C). These results reveal that m°A modification of viral RNAs
regulates IFN signals which depends on RIG-I protein.

Because the silencing of RIG-I inhibited p-IRF-3 levels
induced by HBV and HCV, we tested whether m®A modifica-
tion affects the interaction between viral RNA and RIG-1. We
transfected FLAG-tagged RIG-I protein-expressing cells with
plasmids encoding HBV 1.3-mer WT, 5'-MT, or 3’-MT and
performed immunoprecipitation using an anti-FLAG antibody.
Fig. 3D shows that FLAG-RIG-I immunoprecipitates were
enriched with HBV pgRNA relative to control. Interestingly,
the mutation in the m®A site of HBV 5’ € dramatically increased
RIG-I recognition compared with the WT and 3'-MT express-
ing cells, suggesting that the m°A modification of 5" € plays a
critical role in RIG-I recognition. We also analyzed whether the
m®A modification of nucleotide 8766 of the HCV genome
affects RIG-I sensing activity. Fig. 3E shows that RIG-I prefers
m°A site (A8766C) mutated HCV GND genome rather than
the HCV GND WT RNA genome. These results demonstrate
that m®A modification in the HBV PAMP RNA and specific
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sites near the HCV PAMP region render them less sensitive to
RIG-I, because the mutations in those sites enhance RIG-I
interaction substantially. Overall, these observations suggest
that HBV and HCV use m°A modification of their viral RNAs
to avoid RIG-I recognition as non—self-ligand.

YTHDF2 and YTHDF3 proteins affect RIG-I signal pathway

Recently, several studies illustrated that the YTHDF (YTH
domain-containing protein family) proteins (mPA readers) can
bind to m°®A-modified mRNA and regulate the stability and
translation of target RNAs (22, 23). Therefore, we investigated
the possibility that YTHDF proteins affect RIG-I signal trans-
duction induced by HBV and HCV via interacting with m°A-
modified viral RNAs. We transfected each HBV 1.3-mer or 5'-
MT-expressing cells with plasmids encoding FLAG-YTHDF1,
YTHDF2, or YTHDEF3 and analyzed p-IRF-3 expression levels
(Fig. 4, A and B, and Fig. S5, A and B). Immunoblot analysis
shows that YTHDF2 and YTHDEF3, but not YTHDF], reduced
p-IRF-3 expression levels induced by HBV 1.3-mer transfec-
tion, whereas in HBV 1.3-mer 5'-MT plasmid transfected cells,
YTDHEF proteins did not affect phosphorylation of IRF-3. Fur-
thermore, the silencing of YTHDF2 and YTHDEF3 induced the
phosphorylation of IRF-3 in HBV 1.3-mer transfected, whereas
no effect of silencing was observed with p-IRF-3 expression lev-
els in HBV 1.3-mer 5'-MT transfected cells (Fig. 4, C and D,
and Fig. S5, Cand D).

After determining that YTHDF proteins regulate phospho-
rylation of IRF-3 in HBV replicating cells, we next investigated
whether YTHDF proteins could similarly affect the IRF-3—
mediated IFN signaling pathway in HCV GND RNA trans-
fected cells. We observed that overexpression of YTHDF2 and
YTHDE3 significantly reduced p-IRF-3 and IFN-B8 mRNA lev-
els activated by HCV GND RNA transfection (Fig. 4E and Fig.
S5E), and depletion of YTHDF2 and YTHDF3 substantially
increased IFN signaling pathway in cells transfected with HCV
GND RNA (Fig. 4G and Fig. S5G). However, YTHDF2 and
YTHDEF3 did not affect p-IRF-3 and IFN-B mRNA levels in cells
transfected with HCV GND RNA mutated within the m®A site
(A8766C) (Fig. 4, F and H, and Fig. S5, F and H). These results
reveal that YTHDF2 and YTHDEF3 play a critical role in the
RIG-I signal pathway activated by the presence of viral m°A
containing RNAs.

In addition, we investigated whether YTHDF2 and YTHDF3
interact with the m°A site-mutated HBV pgRNA. All YTHDF
proteins (YTHDF], 2, and 3) bound to HBV pgRNA (Fig. S6).
HBV pgRNA was more enriched by YTHDF2 and YTHDEF3
than YTHDF1. We found that mutation on the m°A site of the
5" € structure of pgRNA decreased binding affinity with
YTHDF2 and YTHDF3 compared with WT, but did not affect
interaction with YTHDF1 (Fig. S6A). However, the 5’ €
mutated pgRNA levels enriched by YTHDF2 and YTHDEF3
were not dramatically reduced to compare with WT, because
YTHDF proteins can still recognize the 5 € mutated pgRNA
through m®A-modified 3’ € of pgRNA. We also analyzed
whether mutation of HCV nucleotide 8766 m°A site affects
interaction with YTHDF proteins, but this mutation did not
affect binding affinity between HCV genome and YTHDFs
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Figure 3. The mutation on the mCA site of viral RNA increases interaction with RIG-I. A, HepG2 cells treated with siRNA of RIG-I or control siRNA were
transfected with pHBV 1.3-mer or pHBV 1.3-mer 5’-MT. The p-IRF-3 levels were assessed by immunoblotting at 72 h post-pHBV 1.3-mer transfection. B and C,
relative IFN-B mRNA (B) or p-IRF-3 (C) levels in HCV GND or A8766C transfected Huh7 cells 32 h after siRIG-I or control siRNA transfection were assessed by
gRT-PCR or immunoblotting at 16 h post-HCV RNA transfection. Relative IFN-B mRNA levels were normalized by input HCV GND or A8766C RNA levels. The
input HCV GND or A8766C RNA levels were analyzed by qRT-PCR, as shown in Fig. S4A. D, RNA immunoprecipitation from the indicated cells using anti-FLAG
antibody, with gRT-PCR analysis of HBV pgRNA quantified as relative enrichment RNA levels (in the left panel). The enrichment RNA levels were normalized by
input HBV pgRNA levels, as shown in Fig. S4B. Immunoblot analysis of FLAG-RIG-I in the input and IP is shown on the right panels. E, enrichment of HCV ge-
nome following immunoprecipitation of FLAG-tagged RIG-I from extracts of Huh7 cells 48 h after transfection. Enriched HCV genome was quantified by qRT-
PCR as fold enrichment relative to control. The enrichment HCV RNA levels were normalized by input HCV RNA levels. The input HCV RNA levels are shown in
Fig. S4C. FLAG-tagged RIG-| levels in input and IP were assessed by immunoblotting (in the right panel). In B, D, and E, the error bars are the standard deviations
of three independent experiments. The P values were calculated using an unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. Ctrl, control; GAPDH, glyceral-

dehyde-3-phosphate dehydrogenase.

(Fig. S6C). In fact, mP®A modification of HCV RNA occurs in
several regions (~19 regions). Because YTHDFs recognize
other multiple m®A-modified sites in the RNA genome, we
could not observe that mutation of nucleotide 8766 m°A site
affect interaction with YTHDFs. Together, these results suggest
that m°®A reader proteins (YTHDF2 and YTHDF3) inhibit the
RIG-I signaling pathway activated by HBV and HCV, raising
the possibility that the ability of YTHDF2 and YTHDF3 in reg-
ulating immune response is due to interaction with m°A-modi-
fied viral RNAs.

m°®A modification of viral RNA inhibits RIG-I recognition
through recruitment of m°A reader proteins

To verify whether the YTHDF2 protein has any impact on
RIG-I recognition of viral RNA, we performed immunoprecipi-
tation experiments using cell lysates from siYTHDF2 (depleted
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of YTHDF2 expression), FLAG-RIG-I, and HBV 1.3-mer
transfected cells. The results presented in Fig. 54 indicated that
the siYTHDF2 transfection increased interaction between
RIG-I and HBV WT pgRNA. However, siYTHDF2 did not
affect RIG-I recognition of 5 € m®A site-mutated HBV pgRNA.
CREBBP RNA is being used as a positive host RNA control.
Similarly, we investigated the effect of YTHDEF2 silencing on
RIG-I recognition of the HCV RNA genome. In Fig. 58, RT-
qPCR analysis shows that the knockdown of YTHDEF2 induced
RIG-I sensing activity to the HCV genome, whereas the inter-
action between mutated nucleotide 8766 m°A site of HCV ge-
nome and RIG-I was not affected by YTHDEF2 silencing.
Although mutation of HCV nucleotide 8766 m°A site could not
affect overall interaction between YTHDFs and its viral RNA
(Fig. S6C), the data in Fig. 5B demonstrates that interaction of
YTHDF2 with HCV nucleotide 8766 is important in regulating
RIG-I recognition. Taken together, our results reveal that
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Figure 4. YTHDF2 and 3 proteins inhibit the IRF-3-mediated immune response activated by HBV and HCV. A and B, FLAG-YTHDFs (1, 2, and 3) plasmids
were transfected into HepG2 cells. After 4 h, the cells were transfected with HBV 1.3-mer or HBV 1.3-mer 5’-MT plasmids for 72 h. The indicated protein levels
were analyzed by immunoblotting. C and D, siRNAs of YTHDFs (1, 2, and 3) were treated into HepG2 cells. After 4 h, the cells were transfected with HBV 1.3-
mer or HBV 1.3-mer 5'-MT plasmids. After 72, the cells were harvested to assess expression levels of p-IRF-3 protein levels. E and F, FLAG-YTHDFs (1, 2, and 3)
plasmids were transfected into Huh7 cells. After 32 h, the cells were transfected with JFH-1 GND or A8876C RNA for 16 h. IFN-8 mRNA and p-IRF-3 expression

levels were analyzed by qRT-PCR and immunoblotting, respectively. G and H,

siRNAs of YTHDFs (1, 2, and 3) were treated into Huh7 cells. After 32 h, the cells

were transfected with JFH-1 GND or A8876C RNA. After 16 h, the cells were harvested to assess the expression levels of p-IRF-3 protein. In E-H, IFN-8 mRNA lev-
els were calculated by input HCV RNA levels. Fig. S5 (/-L) shows the input HCV copy number. The error bars are the standard deviations of three independent

experiments. P values were calculated using an unpaired t test. *, P < 0.05; **,
trol; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.

YTHDE?2 inhibits RIG-I recognition of viral RNAs via interact-
ing with m®A-modified viral RNAs, leading to disrupt RIG-I—
mediated immune response (Fig. 6).

Discussion

The new roles of m°®A in regulating the biological functions
of RNAs are constantly emerging. Recent studies have shown
that several RNA viral genomes, as well as the RNA transcripts
of DNA viruses, are m°A-modified, and this m®A modification
of viral RNAs affects various aspects of the viral infection and
associated pathogenesis (25-27, 29, 31, 32, 34). In this study,
we examined the mechanism by which antiviral immune
response is regulated by cellular m°A machinery. YTHDF
proteins are considered reader proteins that bind m°A-
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P < 0.01;*** P < 0.001. n.s., not significant by unpaired Student'’s t test; Ctrl, con-

modified RNAs and in doing so can block the interaction of
RIG-I and affect downstream IFN synthesis (Fig. 6). Here,
we demonstrated that m°A modification of HBV pgRNA
and HCV genomic RNA permits their interactions with
YTHDF proteins and thereby inhibits RIG-I recognition.
This is shown by silencing methyltransferases (METTL3/
14) and YTHDF proteins, respectively, and by using m®A-
deficient mutants.

The host presents multiple immune defense systems against
microbes, but viruses have evolved effective mechanisms to
evade host immune systems to maintain persistent infection
(4). HBV is considered a stealth virus because of its ability to
evade host immune response and establish a chronic infection
(35). Several studies have shown diverse strategies for HBV in
immune evasion. HBV induces Parkin-dependent recruitment
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Figure 5. The knockdown of YTHDF2 induces RIG-I recognition of viral RNAs. A, HepG2 cells were treated with siYTHDF2, and then the cells were trans-
fected FLAG-RIG-I and HBV expressing vectors (WT or 5'-MT). After 48 h, the cells were harvested. RNA immunoprecipitation from purified lysates using anti-
FLAG antibody, with gRT-PCR analysis of HBV pgRNA was quantified as relative enrichment RNA level. The enriched HBV pgRNA levels were calculated by
input HBV pgRNA levels. The input HBV pgRNA levels are represented in Fig. S7A. Immunoblot analysis of FLAG-RIG-I in the input and IP is shown in the right
panels. B, siYTHDF2 treated into Huh7 cells were transfected with FLAG-RIG-I plasmid and HCV RNA (JFH-1 GND RNA or JFH-1 GND A8876C RNA). After 48 h,
the cells were harvested to assess enriched HCV RNA by FLAG-tagged RIG-I. Enriched HCV RNA levels were normalized by input HCV RNA. The input HCV RNA
levels have shown in Fig. S7B. The P values were calculated using an unpaired t test. *, P < 0.05; **, P < 0.01; ***, P < 0.001. n.s., not significant by unpaired Stu-
dent’s t test; Ctrl, control; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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activity.

of the linear ubiquitin assembly complex to mitochondria to
attenuate innate immunity (12-14). During HCV replication,
HCYV genome is sensed as a PAMP, leading to activation of the
innate immune response and adaptive immune response. De-
spite activated host immune systems, 70-80% of people with
acute HCV infection develop chronic infections, because the vi-
rus has evolved to escape host immune systems by several
mechanisms (36). One of these mechanisms is that HCV NS3/4
protease-induced cleavage of MAVS, which blocks down-
stream IFN signaling pathway (7). Despite these findings, the
immune evasion mechanisms of HBV and HCV are still being
actively investigated. Here, we present yet another strategy, uti-
lized by HBV and HCV to evade the host immune system
through m®A modification. The deficiency of m°A modifica-
tion of viral RNA enhanced RIG-I binding affinity and stimu-
lated activation of IRF-3, leading to increased IFN synthesis
(Figs. 1-3). Thus, m°A methylation may act as a brake to pre-
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vent RIG-I signal transduction. One of the characteristics of
m°A modification in distinguishing the self-RNAs from the
non-self-RNAs has been recently highlighted, based on the
findings that m®A suppresses recognition by Toll-like receptors
3 and 7 and RIG-I (37-39). In view of this, m®A modifications
of HBV and HCV RNAs may serve as molecular signatures for
distinguishing self- from non-self-RNAs through RNA sensor
RIG-L, thus evading RIG-I recognition by mimicking to present
as cellular RNA via m®A modification. RNAs containing m°A
modification fail to trigger RIG-I conformational change
needed for its activation (39). Because a large fraction (70-80%)
of HCV infections become chronic, m®A modification may
serve as self-RNA in evading immune response to promote
chronic hepatitis. m®A modification strategy may additionally
contribute to the successful evasion of innate immunity by
HCV via MAVS cleavage/inactivation. It remains to be investi-
gated whether m®A modifications of other viral RNAs that are
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recognized by RIG-I regulate the RIG-I signaling pathway. If
proven, the inhibition of RIG-I signals by m®A modification of
viral RNA can be one of the common immune evasion path-
ways used by viruses to maintain persistent viral infection. This
hypothesis is supported by the findings that m°A modification
frequently occurs in viral RNAs than cellular RNAs (31, 34).
Consistent with our observations described here is the report
of human metapneumovirus mP®A modification, which enables
the viral RNA to escape recognition by RIG-I (40). Our
results suggest that this immune evasion strategy facilitates
the maintenance of chronic infection via regulating m°A
modification of viral RNA. In addition to m°A modification,
virus RNAs are also modified by several other chemical
modifications including 5-methylcytosine, uridine to pseu-
douridine (U to ¥), and adenosine to inosine (A to I) editing,
and functions of these modifications are being characterized
(41-44). If these modifications occur within the PAMP area
of viral RNA, viruses can also use these modifications to
mimic as self-RNA from non-self-RNA and disrupt host
immune systems. This interesting issue is currently under
further investigation. Of interest is the observation that
RIG-I contains a histidine residue (His®*°) in its binding
pocket that offers a steric exclusion of N1-2'-O-methylated
RNAs. Whether such mechanisms exist for m®A-modified
RNAs is not known (45).

Generally, m°A is known to function on host cellular RNA to
regulate stability, translation, and localization through interac-
tion with YTHDF proteins (22, 23). We found that YTHDF2
inhibits RIG-I recognition of viral RNA via interacting with
m®A-modified PAMP RNA (HBV) or specific site near the
PAMP region (HCV) (Fig. 5). These results imply that YTHDF2
can regulate innate immunity in two ways, in which YTHDF2
inhibits RIG-I recognition of viral RNA and reduces the stabil-
ity of viral RNA leading to controlled levels of translation (46).
However, it was reported that mC®A modification of HCV RNA
did not affect its stability (27). Here, we report that the function
of m®A modification of HCV RNA in RIG-1 recognition is due
to only inhibition of RIG-I sensing. Further, YTHDF2 has no
known RNase activity. It recruits either CCR4—NOT complex
to regulate target RNA stability or ISG20 to degrade target viral
RNAs (22, 47, 48). Many RNA-binding proteins are known to
interact with YTHDF proteins (49, 50), suggesting that these
interactions could regulate RIG-I access to viral RNAs. Conse-
quently, it will be important in the future to identify the interac-
tome network of YTHDFs during virus infection, which may
unravel a mystery of the regulatory network of RNA-binding
proteins that affect virus infection—mediated innate immune
response.

We have recently demonstrated that HBV and HCV infec-
tions reduce host phosphatase and tensin (PTEN) homolog
mRNA stability via up-regulating m°A modification (11).
Because PTEN protein is related to nuclear localization of p-
IRF-3 for activation of IFN signals, decreased PTEN expression
by HBV and HCV disrupts innate immune response (51). In
light of these results, we propose that HBV and HCV regulate
immune response using m°A modification in two ways. First,
m®A modification of viral RNA inhibits reduce RIG-I sensing
activity, thus down-regulating downstream IFN signals. Next,
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HBV and HCV infections indirectly affect host immune
response via decreasing PTEN expression levels by regulating
m®A modification. These results collectively suggest that HBV
and HCV attenuate host innate immune response via regulat-
ing cellular m°A machinery. Our study may also suggest a rea-
sonable model applicable to the development of live attenuated
vaccines. The deficient of m®A in viral RNA may provide a
rational application of live attenuated vaccine candidates for
viruses recognized by RIG-I. The obvious advantage is that
m°A deficiency in HBV and HCV induces a higher IFN synthe-
sis and might in turn enhance adaptive immunity. This study
demonstrates a new concept for the development of live atte-
nuated vaccines through the use of m®A modification. Overall,
our results provide a novel mechanism by which the innate
immune response to viral infection is regulated by cellular m°A
machinery.

Experimental procedures
Plasmids, antibodies, and reagents

HBV 1.3-mer was kindly provided by Dr. Wang-Shick Ryu
(Yonsei University). HBV 1.3-mer 5'-MT and 3'-MT plasmids
were constructed as previously described (26). HBV 1.3-mer
5'-MT-CM and 3'-MT-CM plasmids were generated by site-
directed mutagenesis. FLAG-YTHDF], 2, and 3 plasmids were
a kind gift from Dr. Stacy M. Horner (Duke University Medical
Center). HCV pJFH-1 and GND plasmids were obtained from
Dr. Takaji Wakita (National Institute of Infectious Disease, Ja-
pan). HCV pJFH-1 A331C and A8766C were generated by site-
directed mutagenesis. The pFlagCMV4—RIG-I plasmid was
used to express WT human RIG-I (1-925 amino acids) in cells.
Antibodies were obtained as follow: anti-preS2 (catalog no. SC-
23944), anti-YTHDFS3 (catalog no. SC-379119), anti-glyceralde-
hyde-3-phosphate dehydrogenase (catalog no. SC-47724) anti-
bodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA),
anti-METTL3 (catalog no. 15073-1-AP) antibody from Pro-
teintech Group (Rosemont, IL, USA), anti-METTL14 (catalog
no. HPA038002) antibody from Sigma—Aldrich, anti-YTHDF1
(catalog no. 86463), anti-YTHDF2 (catalog no. 80014), anti-
FLAG (catalog no. 14793), IRF-3 (catalog no. 4302), and anti-
phospho-IRF-3 (catalog no. 29047) antibodies from Cell Signal-
ing Technology (Danvers, MA, USA). These antibodies were
diluted with a 1:1000 ratio in 5% BSA buffer for immunoblot-
ting. The ON-TARGET plus siRNAs of METTL3 (catalog
no. L-005170-02-0005), METTL14 (catalog no. L-014169-02-
0005), YTHDF1 (catalog no. L-018095-02-0005), YTHDF2
(catalog no. L-021009-02-0005), and YTHDF3 (catalog no. L-
017080-01-0005) were obtained from Dharmacon (Lafayette,
CO, USA). Poly(I:C) (catalog no. tlrl-pic) was purchased from
InvivoGen (San Diego, CA, USA).

Cell culture and transfection

The Huh7 and HepG2 cells were obtained from ATCC
(Manassas, VA, USA). Huh7 and HepG2 cells were transfected
with plasmids using TransIT-LT1 (Mirus, Madison, W1, USA).
Poly(I:C) was delivered into cells using TransIT-mRNA kit
(Mirus). siRNAs were transfected using Lipofectamine
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RNAIMAX reagent (Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s protocol.

gRT-PCR

Total RNA and immunoprecipitated RNA were isolated
using TRIzol reagent (Invitrogen). The quantitative PCR was
assessed with Ssoadvanced Universal SYBR Green supermix
(Bio-Rad) using the following primers: HBV pgRNA (forward
primer, 5-CTCAATCTCGGGAATCTCAATGT-3'; reverse
primer, 5'-TGGATAAAACCTAGGAGGCATAAT-3), glyc-
eraldehyde-3-phosphate dehydrogenase (GAPDH) (forward
primer, 5'-CCTGCACCACCAACTGCTTA-3’; reverse primer,
5'-CATGAGTCCTTCCACGATACCA-3'), and IFN-B mRNA
(forward primer, 5'-ATGACCAACAAGTGTCTCCTCC-3;
reverse primer, 5-GCTCATGGAAAGAGCTGTAGTG-
3’). All IFN-B mRNA expression levels, normalized to
input HCV RNA, were analyzed using the AACt method.
HCV genome levels were quantified using a TagMan probe
specific for the HCV 5'-UTR region, as described previously
(52).

Western blotting and immunoprecipitation

The cells were lysed in Nonidet P-40 lysis buffer (1% Nonidet
P-40, 50 mm Tris-HCI, pH 8.0, 150 mm NaCl) supplemented
with a protease inhibitor and a phosphatase inhibitor (Thermo
Scientific). Extracted cell lysates were immunoprecipitated
using anti-FLAG M2 magnetic beads (Sigma—Aldrich) for 2 h
on a rotator at 4°C. Purified cell lysates and immunoprecipi-
tates were resolved by SDS-PAGE and transferred to a nitrocel-
lulose membrane (Bio-Rad). The membranes were incubated
by using various primary antibodies.

Statistical analysis

All results are presented as means * S.D. from at least three
independent experiments. The p value was calculated using a
one-tailed unpaired Student’s ¢ test.

Data availability

All data described in the article are contained within the
article.
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