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Hepatitis B Virus X Protein Expression Is Tightly Regulated by
N6-Methyladenosine Modification of Its mRNA
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ABSTRACT Hepatitis B virus (HBV) encodes a regulatory protein, termed HBx, that
has been intensely studied in the past and shown to play a key role(s) in viral tran-
scription and replication. In addition, a huge body of work exists in the literature
related to signal transduction and possible mechanism(s) leading to hepatocarcino-
genesis associated with infection. We have previously reported that HBV transcripts
are modified by N6-methyladenosine (m6A) at the single consensus DRACH motif at
nucleotides (nt) 1905 to 1909 in the epsilon structural element, and this m6A modifi-
cation affects the HBV life cycle. In this study, we present evidence that additional
variants of m6A (DRACH) motifs located within nt 1606 to 1809 correspond to the
coding region of HBx mRNA and 3’ untranslated region (UTR) of other viral mRNAs.
Using the mutants of additional m6A sites in nt 1606 to 1809 and a depletion
strategy of m6A methyltransferases (METTL3/14) and reader proteins (YTHDFs), we
show that m6A modification at nt 1616, located in the HBx coding region, regu-
lates HBx protein expression. The HBx RNA and protein expression levels were
notably increased by the silencing of m6A reader YTHDF2 and methyltransferases
as well as the mutation of m6A sites in the HBx coding region. However, other viral
protein expression levels were not affected by the m6A modification at nt 1616.
Thus, m6A modifications in the HBx open reading frame (ORF) downregulate HBx
protein expression, commonly seen during HBV transfections, transgenic mice, and
natural infections of human hepatocytes. These studies identify the functional role
of m6A modification in the subtle regulation of HBx protein expression consistent
with its possible role in establishing chronic hepatitis.

IMPORTANCE N6-methyladenosien (m6A) modifications recently have been implicated
in the HBV life cycle. Previously, we observed that m6A modification occurs in the
adenosine at nt 1907 of the HBV genome, and this modification regulates the viral
life cycle. Here, we identified an additional m6A site located in nt 1616 of the HBV
genome. This modification negatively affects HBx RNA and protein expression. In the
absence of m6A methyltransferases (METTL3/14) and reader protein (YTHDF2), the
HBx RNA and protein expression were increased. Using HBV mutants that lack m6A
in the HBx coding region, we present the unique positional effects of m°A in the
regulation of HBx protein expression.
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3.5- to 3.6-kb precore mRNA, 3.5-kb pregenomic RNA (pgRNA), 2.4- and 2.1-kb surface

February 2022 Volume 96 Issue4 e01655-21 Journal of Virology jviasm.org 1


https://orcid.org/0000-0003-0432-8268
https://orcid.org/0000-0001-5970-7535
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/jvi.01655-21&domain=pdf&date_stamp=2021-12-1

Kim and Siddiqui

antigen mRNA, and 0.7-kb X mRNA (1, 2). Transcription of these mRNAs is initiated
downstream from respective promoters/enhancers in a heterogeneous multitude fash-
ion but ends at a single poly(A) site of the DNA genome. HBV pgRNA becomes encapsi-
dated along with viral polymerase (Pol) into core particles where the reverse transcrip-
tion (RT) function of Pol converts pgRNA into an rcDNA molecule (1, 2). Enhancer 1 and
associated promoter express the X open reading frame (ORF), which encodes a 154-
amino-acid protein translated from a 0.7-kb X mRNA. HBx is expressed at almost undetect-
able levels during infection and in transfected cultured cells, although the HBx antibodies
are detected in human sera from HBV-infected patients (1-5). This study addresses the mo-
lecular mechanisms behind this layer of RNA regulation.

Interest in the functional properties of HBx protein dates back to the time soon after
its molecular cloning from HBV-infected patients’ sera (4, 5). One of its widely agreed-
upon functions is in viral replication and transcription that has been studied using myr-
iad approaches and confirmed in vivo (6-8). HBx does not bind DNA but interacts with
host transcription factors and coactivators (4, 6-10). These activities place HBx at the
episomal HBV cccDNA to regulate the transcription of viral genes from cccDNA (9, 11).
Recent interest has focused on the binding of HBx to DNA damage-binding protein 1
(DDB-1) in concert with Cullin 4 and HBx-mediated ubiquitin-proteasomal degradation
of the host restriction factor structural maintenance of chromosome 5/6 (SMC5/6) on
the cccDNA to initiate transcription of viral genes (12). This has prompted therapeutic
interest in HBx due to its association with cccDNA, with functions associated with the
initiation of transcription both at the co- and posttranscriptional levels (9). Its elusive
role in the development of hepatocellular carcinoma (HCC), which, by all accounts, is
indirect, has been studied extensively (1-5).

N6-methyladenosine (m6A) modification of cellular RNA represents one of the most
common chemical modifications and is intensely studied and well-characterized (13).
This modification regulates various biological processes, including cellular metabolism,
stem cell differentiation, stress responses, and cancer development (13). m6A modifica-
tion occurs cotranscriptionally within the consensus DRACH motifs (where D = A, G, or
T, R = A or G, A = methylated adenosine, C = C, and H = A, C, or T) by a complex of
methyltransferase-like (METTL) and additional adapter proteins (14). The demethylases
(FTO and ALKBH5) remove the m6A modification in cellular RNAs (14). Typically, m6A
methylation is enriched near the 3’-untranslated region (UTR) and the stop codons
and recognized by m6A reader proteins represented by the YTH domain family
(YTHDF) proteins (15, 16). m6A reader proteins regulate m6A-methylated RNA transla-
tion and stability by direct interaction with m6A-modified RNAs. m6A methylation has
been more frequently identified in the transcripts of DNA viruses and RNA virus
genomes than cellular RNAs (17-23). Generally, m6A methyltransferases (METTL3/14)
and reader YTHDF proteins regulate the viral replication and translation of both RNA
and DNA viruses. In the case of HBV, m6A modification regulates the stability and sub-
cellular localization of viral mRNAs, interferon (IFN)-mediated degradation, and innate
immune response (22-25). The newer roles of m6A modification in the viral life cycle
are continually being characterized.

Previously, we characterized the major m6A peaks at nucleotides (nt) 1815 to 1950
using methylated RNA immunoprecipitation (MeRIP) sequencing assay and identified a
single consensus DRACH motif at nt 1907, located within the lower stem-loop of the
epsilon element (Fig. 1A to C) (22). All HBV transcripts acquire the epsilon element in
the 3’ end, but pgRNA carries this element at its 5" end as well due to the terminal re-
dundancy of sequences (Fig. 1B and C). The m6A modification at nt 1907 plays differ-
ential roles in the viral life cycle (22). The m6A modification of the 3’ epsilon element
reduces viral RNA stability via binding to YTHDF2 reader protein and affects the trans-
lation of viral proteins, whereas the m6A methylation of the 5’ epsilon element is
required for core-associated viral DNA synthesis (24). An in-depth characterization of
this observation is currently being pursued. In addition to major m6A peaks, minor
mM6A peaks were noted within nt 1606 to 1809, located at all HBV transcripts (Fig. 1A
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FIG 1 Regulation of HBx protein expression by m6A modification sites other than the nt 1907 m6A site. (A) The m6A peaks are identified in nt 1606 to
1809 and nt 1885 to 1950 of the HBV genome using methylated RNA immunoprecipitation (IP) sequencing. The major peak in 1885 to 1950 includes a
single m6A consensus motif at nt 1907, located on the lower stem-loop of the epsilon element. The minor peak corresponds to nt 1606 to 1809. (B) The
location of the 1907 m6A site in the pictorial representation of transcripts within the HBV genome is indicated by a red line across the HBV DNA/
transcripts. (C) Schematic showing the position of the 1907 m6A site, indicated by the green circle in all of the HBV RNAs. (D) Schematics indicate the 5
and 3’ m6A sites in the epsilon elements of HBV pgRNA. Green circles indicate the m6A site, and red circles indicate the A1907C mutation in HBV pgRNA.
pHBV 1.3 5'-3" MT contains A1907C mutation at the 5’ and 3’ ends. (E to G) The indicated plasmids were transfected in Huh7 cells for 72 h. m6A
methylated RNAs were immunoprecipitated from total RNA using an anti-m6A antibody. (E) m6A-methylated HBV RNAs, CREBBP, and HPRT1 RNAs were
analyzed by input RNA levels by RT-qPCR. CREBBP and HPRT1 serve as positive and negative controls (Ctrl), respectively. (F) The HBV RNA levels were
analyzed by RT-qPCR. (G) The indicated proteins were analyzed by immunoblotting. (H) Huh7 cells expressing the HBV WT or 5'-3" MT were transfected
with METTL3/14 siRNAs. Total RNA was immunoprecipitated using an anti-m6A antibody. m6A-methylated RNAs were analyzed by RT-qPCR. (I) Huh7 cells
expressing the HBV WT were transfected with METTL3/14 siRNAs. After 48 h, cellular lysates were isolated and the indicated proteins were analyzed by
Western blotting. (J) The indicated plasmids were transfected into HepAD38 cells grown in the absence or presence of tetracycline for 48 h. Cellular lysates
were prepared from these cells and analyzed by Western blotting. (K) Huh7 cells expressing the HBV 5'-3" MT were transfected with METTL3/14 siRNAs.
After 48 h, cellular lysates were isolated and the indicated proteins were analyzed by Western blotting. In panels E, F, and H, the error bars represent the
SDs from three independent experiments. The P values were calculated via an unpaired Student's t test. *, P < 0.05; **, P < 0.01. WT, wild type; MT,
mutant; ND, nondetect.
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and B), but the functions of these m6A modifications have not been characterized. In
this study, we focused on five additional variants of DRACH motifs in the minor m6A
peaks (nt 1606 to 1809) reported previously (22). We mutated these sites and observed
their effects on HBx protein and mRNA expression. The mutation in the DRACH motif
at nt 1616 resulted in a significant increase in the expressions of HBx protein and
mRNA. This effect is mediated by the interaction between m6A reader protein YTHDF2
and m6A modification at nt 1616 of the HBx mRNA. These studies provide evidence
that the degradation of m6A methylated HBx mRNA catalyzed by YTHDF2 protein
leads to modest levels of HBx mRNA (and polypeptide) expression, consistent with HBx
expression observed in vitro and in natural infections. This unique regulatory mecha-
nism allows the expression of HBx at levels required to maintain chronic hepatitis and
other syndromes associated with the HBV infection.

RESULTS

m6A modifications occur at nt 1606 to 1809 of HBV genome. We conducted an
MeRIP reverse transcription-quantitative PCR (RT-gPCR) assay using the m6A-specific
antibody in HBV-transfected cells to determine whether m6A modifications occur at
DRACH motifs in a minor m6A peak (nt 1606 to 1809) of the HBV genome in addition
to the m6A site at nt 1907. For MeRIP-RT-qPCR assay, we transfected pHBV 1.3 5'-3’
mutant (MT) plasmid, containing A1907C mutation in both 5’ and 3’ epsilon elements,
into Huh7 cells to exclude the effect of m6A modification at nt 1907 (Fig. 1D). HBV
RNAs from pHBV 1.3 wild-type (WT) or 5'-3" MT-transfected Huh7 cells were immuno-
precipitated using the m6A-specific antibodies, and m6A-methylated HBV RNAs from
immunoprecipitates were amplified by RT-qPCR (Fig. 1E). Interestingly, we observed
that m6A modification still occurred in HBV RNAs transcribed from pHBV 1.3 5'-3" MT.
In the MeRIP RT-gPCR assay, CREBBP and HPRT1 were used as positive and negative
controls, respectively. The mutation of nt 1907 increased viral RNA and protein levels
(Fig. 1F and G), as previously reported. These results suggest that HBV transcripts are
m6A methylated at other variant DRACH motifs in nt 1609 to 1809 in addition to the
m6A site at nt 1907.

METTL3/14 affect HBx protein expression through m6A modifications at nt
1606 to 1809 of the HBV genome. We next investigated the effect of m6A methyl-
transferases (METTL3/14) on m6A modifications in the minor m6A peaks (nt 1606 to
1809). Short interfering RNA (siRNA)-mediated depletion of METTL3/14 substantially
reduced the levels of m6A methylated HBV mRNAs in both WT and 5'-3" MT-transfected
cells (Fig. 1H), indicating that METTL3 and -14 catalyze the m6A modifications in the
minor m6A peaks. Because it was reported that the m6A modification at nt 1907 reduces
viral RNA stability and protein expression (22), depletion of METTL3/14 increased viral
RNA and protein levels in HBV WT-transfected cells (Fig. 11). On the contrary, overexpres-
sion of METTL3/14 reduced HBV protein expression (Fig. 1J). Surprisingly, the silencing of
METTL3/14 increased only HBx protein expression in HBV 5'-3" MT transfected cells but
did not affect preS2 and core protein levels (Fig. 1K). Taken together, these results dem-
onstrate that m6A modifications occur at additional variant DRACH motifs in nt 1606 to
1809 other than the 1907 m6A site, and m6A methylations in additional DRACH motifs
regulate specifically HBx protein expression but do not affect other viral protein expres-
sion levels.

YTHDF2 m6A reader protein regulates HBx mRNA and protein expression via
interaction with m6A sites in HBx coding region. The YTHDF proteins are cellular
m6A RNA-binding proteins (readers) that regulate the translation and stability of m6A-
methylated RNA (16). Hence, we determined whether YTHDF proteins bind to addi-
tional m6A sites of HBV RNAs to affect HBx protein expression. Huh7 cells expressing
HBV WT or 5'-3" MT genome were transfected with plasmids encoding FLAG-YTHDFT1,
YTHDF2, and YTHDF3, and these cells were irradiated by UV to produce cross-linked
RNA-protein complexes (Fig. 2A to D) (26). The cellular lysates were extracted from
these cells and subjected to immunoprecipitation assay using an anti-FLAG antibody.
The results show that HBV WT mRNAs were enriched in both YTHDF2 and YTHDF3
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FIG 2 Silencing of m6A reader YTHDF2 increases HBx mRNA and protein expression via interaction with m6A sites of the HBx coding region. (A to D) Huh7
cells expressing the HBV WT or 5'-3" MT were transfected with the FLAG-YTHDF expression plasmids. After 48 h, total RNA and cell lysates were isolated
from these cells. Total RNA was immunoprecipitated using an anti-FLAG antibody. (A to C) The immunoprecipitated HBV RNA levels were analyzed by the
indicated primers. (D) The indicated proteins were analyzed by Western blotting. (E and F) Huh7 cells were transfected with pHBV 1.3 5'-3" MT plasmid
and then treated with YTHDF2 siRNAs for 48 h. Cell lysates and total RNA were isolated and analyzed by immunoblotting (E) and RT-qPCR (F). (G and H)
Huh7 cells expressing HBV WT genome were transfected with the YTHDF2 siRNAs. After 48 h, total RNA and cellular lysates were extracted from these cells
for Northern blotting (G) and Western blotting (H). (I) Huh7 cells expressing HBV 5'-3" MT genome were transfected with the YTHDF2 siRNAs. After 48 h,
total RNA and cellular lysates were extracted from these cells for Northern blotting. In panels A to C and F, the error bars represent the SDs from three
independent experiments. The P values are calculated via an unpaired Student's t test. *, P < 0.05; **, P < 0.01. WT, wild type; MT, mutant; IP,
immunoprecipitation; n.s., nonsignificant; ND, not detected.

immunoprecipitates relative to the control and YTHDF1 (Fig. 2A). Interestingly, the HBV
mRNAs transcribed from the HBV 5’'-3’ MT genome were also recognized by YTHDF2
and YTHDFS3, indicating that YTHDF2/3 proteins interact with HBV RNAs by m6A modi-
fications in the minor m6A peaks of nt 1610 to 1809. We further performed RT-qPCR
assay using specific primers for precore/pgRNA or precore/pgRNA and HBsAg mRNAs
and observed that the A1907C mutation specifically disrupts the interaction between
YTHDF2/3 and pgRNA/HBsAg mRNAs (Fig. 2B and C). These results suggest that
YTHDF2/3 proteins bind to HBx mRNA via additional m6A sites in nt 1606 to 1809. To
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determine whether YTHDF proteins affect HBx protein expression via these m6A sites,
we silenced the expression of YTHDF proteins using specific siRNAs in HBV 5'-3" MT-
expressing cells. Importantly, we found that the silencing of YTHDF2 significantly
increased the HBx protein expression, while the expression of the preS2 and core pro-
teins remained unaffected (Fig. 2E). However, depletion of YTHDF2 slightly increased
HBV mRNAs levels compared to YTHDF1 and -3 (Fig. 2F). We further confirmed these
results using the Northern blot assay (Fig. 2G and H). Depletion of YTHDF2 increased
all HBY mRNA and protein levels in HBV WT-transfected cells (Fig. 2G and H).
Importantly, in the case of HBV 5'-3" MT-transfected cells, HBx mRNAs levels were
increased by the silencing of YTHDF2, but pgRNA and HBsAg mRNA levels were not
altered (Fig. 21). Taken together, these results suggest that additional m6A modification
occurs at nt 1606 to 1809 of HBx mRNA by m6A methyltransferases other than the nt
1907 DRACH motif and that YTHDF2 protein affects HBx mRNA and protein expression
via the interaction with additional m6A modifications.

m6A modification at nt 1616 affects HBx mRNA and protein expression. m6A
modification occurs at a distinct consensus DRACH maotif, but not all DRACH motifs are
m6A methylated (15). Thus, we searched for consensus DRACH motifs or their variant
sequences within the minor m6A peak bordering nt 1609 and 1809 in the HBV
genomes. The sequence-based m6A modification site predictor (SRAMP) revealed that
minor m6A peaks included five DRACH motifs at A1616, A1664, A1672, A1716, and
A1732 (Fig. 3A) (27). These variants of the DRACH motif were mutated without chang-
ing the amino acids (silent mutations) to determine which m6A sites are important in
HBx protein expression. These mutants were generated in the pHBV 1.3 5'-3" MT plas-
mid to exclude the effect of m6A modification at nt 1907 on HBx protein expression.
We transfected the HBx mutant plasmids (pHBV 1.3 5’3’ HBx-1, HBx-2, HBx-3, HBx-4,
and HBx-5 MT) into Huh7 cells and analyzed HBx protein expression levels (Fig. 3B). Of
the 5 mutants, only the HBx-1 MT (nt 1616) showed an increase in HBx expression,
whereas preS2 expression levels were reduced by all HBx mutations compared with
HBV 5'-3" MT. Similarly, HBV RNA levels analyzed by RT-qPCR showed a slight decrease
in all cells transfected with each HBx mutant (Fig. 3C). MeRIP analysis showed that
HBx-1 mutation reduced m6A methylation of HBV RNAs while other mutations (HBx-2,
-3, -4, and -5 MT) did not affect m6A methylated HBV RNA levels (Fig. 3D). We then con-
ducted the Northern blot assay to determine whether HBx-1 mutation affects HBx
MRNA expression levels (Fig. 3E). The result shows that pgRNA and HBsAg mRNAs
were slightly decreased in HBx-1 MT-transfected cells, but HBx-1 mutation clearly
increased HBx mRNA levels. In addition, we generated HBx-1 mutation based on pHBV
1.3 WT plasmids and observed similar results (Fig. 3F to H). HBx-1 mutation in pHBV 1.3
WT also increased HBx protein expression but reduced m6A-methylated HBV RNA lev-
els. When we designed the HBx-1 MT plasmid, the G (guanosine) at nt 1618 was
changed to C (cytosine) to produce a silent mutation (Fig. 3A). We also generated the
A1616T mutation in which A (adenosine) at nt 1616 was mutated to T (thymine). This
mutation contains the change of amino acid from Thr (threonine) to Ser (serine).
Similarly, the A1616T mutation decreased m6A-methylated HBV RNA levels while it
increased HBx protein expression (Fig. 31 to K). Moreover, we observed that preS2 pro-
tein expression was reduced by A1616T mutation. The reduced preS2 expression levels
by mutations in the HBx coding region seem not to be dependent on m6A modifica-
tion, because HBx-2, -3, -4, and -5 mutations reduced preS2 levels regardless of no
alteration of m6A-methylated HBV RNA levels. Next, we carried out these analyses in
the HBV infection system using primary human hepatocytes (PHHs). PHHs were
infected with HBV WT, 5'-3" MT, or HBx MT series infectious particles, and we analyzed
HBV protein and m6A-methylated HBV RNA levels (Fig. 4A to C). Similarly, HBx-1 muta-
tion increased HBx protein expression but decreased preS2 levels in HBV-infected
PHHs. As depicted in Fig. 4C, the m6A-methylated HBV RNA level was reduced in HBx-1
MT-infected PHHs. However, other HBx mutations did not affect HBx protein expres-
sion but decreased preS2 protein expression without the alteration of m6A levels.
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FIG 4 Regulation of HBx protein by m6A modification in the HBV-infected PHHs and HepG2-NTCP cells. (A to C) HBV particles prepared from the indicated
HBV genome-transfected cells were used to infect primary human hepatocytes (PHHs) for 10 days. Total RNA and cellular lysates were extracted from these
cells. (A) The indicated proteins were analyzed by Western blotting. (B) HBV RNA levels were analyzed by RT-qPCR. (C) Total RNAs extracted from the cells
shown in panel A were immunoprecipitated using an anti-m6A antibody to identify m6A methylated HBV RNAs. These were normalized by input RNA
levels by RT-gPCR. (D to G) HepG2-NTCP cells were infected with infectious virus particles prepared from HBV 5'-3" MT- or 5'-3'-HBx-1 MT-expressing cells
for 8 days. HepG2-NTCP cells were also transfected with control and/or YTHDF2 siRNAs for 48 h. Total RNA and cellular lysates were isolated from these
cells. (D and F) The indicated proteins were analyzed by Western blotting. (E and G) HBV RNA levels were assayed by RT-qPCR. In panels B, C, E, and G, the
error bars represent the SDs from three independent experiments. The P values were calculated via an unpaired Student's t test. *, P < 0.05; **, P < 0.01;
n.s., nonsignificant; ND, not detected.

Therefore, these results suggest that m®A modification occurs at nt 1616, and this mod-
ification specifically reduces HBx mRNA and protein expression.

Because YTHDF2 affected HBx protein expression by the interaction with additional
m6A modifications in nt 1606 to 1809 (Fig. 2), we determined whether YTHDF2 protein
affects HBx protein expression by m6A modification at nt 1616. We infected HepG2-
NTCP cells with virus particles from the HBV 5'-3" MT or HBx-1 MT. These cells were
then transfected with YTHDF2 siRNAs. As expected, the silencing of YTHDF2 expression
increased HBx protein and HBV RNA levels in HBV 5'-3" MT-infected cells (Fig. 4D and
E). In contrast, HBx expression was not affected by depletion of YTHDF2 in HBx-1 MT-
infected cells (Fig. 4F and G). Altogether, these results demonstrate that YTHDF2 plays

FIG 3 Legend (Continued)

Blue characters indicate mutations to disrupt the DRACH motifs in the HBx coding region. HBx-1, -2, -3, -4, or -5 MT contains the mutation of the
DRACH motif at the position indicated in blue. (B to D) The indicated HBV expression plasmids were transfected into Huh7 cells for 72 h. Cell
lysates and total RNA were extracted from these cells. (B) The indicated proteins were analyzed by immunoblotting. (C) HBV RNAs were analyzed
by RT-qPCR. (D) m6A-methylated RNAs were immunoprecipitated from total RNA using an anti-m6A antibody, and m6A-methylated HBV RNA
levels were normalized to input RNA levels by RT-qPCR. (E) Huh7 cells were transfected with pHBV 1.3 WT, 5'-3" MT, or 5'-3'-HBx-1 MT plasmid
for 72 h. Cellular HBV RNAs were analyzed by Northern blotting. (F to H) Huh7 cells were transfected with the indicated plasmids for 72 h. Cell
lysates and total RNA were extracted from these cells. (F) The indicated protein expression levels were analyzed by Western blotting. (G) HBV
RNA levels were analyzed by RT-gqPCR. (H) m6A-methylated RNAs were immunoprecipitated from total RNA using an anti-m6A antibody and
m6A-methylated HBV RNAs were normalized by input RNA levels by RT-qPCR. (I to K) Huh7 cells were transfected with pHBV 1.3 5'-3" MT or
pHBV 1.3 5'-3"-A1616T MT plasmid for 72 h. (I) The indicated proteins were analyzed by Western blotting. (J) HBV RNA levels were analyzed by
RT-qPCR. (K) m6A methylated HBV RNAs were immunoprecipitated from total RNA using an anti-m6A antibody and normalized by input RNA
levels by RT-gqPCR. In panels C, D, G, H, J, and K, the error bars represent the SDs from three independent experiments. The P values were
calculated via an unpaired Student's t test. *, P < 0.05; **, P < 0.01. n.s., nonsignificant; ND, not detected.
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FIG 5 m6A modification in HBx coding region affects HBx expression by interaction with YTHDF2. (A and B)
Huh7 cells were transfected with pSI-X WT or A241T MT plasmid for 48 h. (A) Total RNA and cell lysates were
extracted. m°A methylated RNAs were enriched by an anti-m6A antibody and normalized by input RNA levels
using RT-gPCR. (B) The indicated proteins were assayed by immunoblotting. (C and D) Huh7 cells expressing
pSI-X WT or pSI-X A241T MT were transfected with FLAG-YTHDFs expression plasmids for 48 h. The RNA-
protein complexes were immunoprecipitated using an anti-FLAG antibody. (C) Immunoprecipitated HBx mRNA
levels were normalized by input HBx mRNA using RT-qPCR. (D) The indicated proteins were analyzed by
Western blotting. In panels A and C the error bars represent the SDs from three independent experiments. The
P values were calculated via an unpaired Student's t test. *, P < 0.05; **, P < 0.01. IP, immunoprecipitation; n.s.,
nonsignificant; N.D., not detected.

a key role in the maintenance of regulated levels of HBx RNA and protein by recogniz-
ing m6A methylation at nt 1616 of HBx mRNA and causing its degradation.

YTHDF2 interacts with the m6A site of HBx mRNA to affect their protein
expression. We also used the HBx expression plasmid, pSI-X, to investigate its regula-
tion by m6A modification at nt 1661. To determine whether YTHDF2 interacts with the
m6A methylation at nt 1616 of HBx mRNA, we generated the A241T mutation in
the HBx expression plasmid (pSI-X) containing only the coding region of HBx (28). The
mM6A site at nt 241 of the pSI-X plasmid corresponds to the m6A site at nt 1616 of the
HBV expression vector. We conducted the MeRIP-RT-gPCR assay using total RNA from
pSI-X or pSI-X A241T MT-transfected cells (Fig. 5A). The results show that the A241T
mutation reduced the m6A modification levels of HBx mRNA. On the other hand, HBx
protein expression was significantly increased by the A241T mutation (Fig. 5B). We fur-
ther investigated whether the A241T mutation affects the interaction between HBx
mRNA and YTHDF2/3 proteins (Fig. 5C and D). We performed immunoprecipitation
experiments using cell lysates from the Huh7 cells in which FLAG-YTHDF plasmids and
pSI-X or pSI-X A241T MT were cotransfected. RT-qPCR analysis shows that the A241T
mutation decreased the enrichment of HBx mRNA by YTHDF2/3 proteins. Of interest is
the m6A modification of HBx RNA produced from the HBx expression plasmid (pSI-X)-
transfected cells, indicating that DRACH motifs in the HBx ORF can affect their m6A
modification in the absence of whole HBV genome expression. These data clearly dem-
onstrate that the m6A modification at nt 1616 of HBV RNAs recruits YTHDF2, resulting
in the decrease of HBx mRNA and protein levels.
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DISCUSSION

The m6A RNA modification regulates the functions of both cellular and viral RNAs
and affects a wide variety of functions (15-23). Previously, we identified the functional
roles of the m6A site at nt 1907, located in the lower stem-loop of the epsilon element
(22). Our current and revised view is that m6A methylation of the 5’ epsilon structure
plays a positive role in the events of core particle assembly, while the m6A modifica-
tion of the 3’ epsilon structure decreases viral RNA stability and translation via its inter-
action with YTHDF2 (22, 24). Since an additional m6A peak was identified in the HBx
coding region, we investigated whether these variant consensus DRACH motifs specific
to N6-methyladenosine modification in the HBx coding region are chemically modified.
We used MeRIP sequencing to align the m6A site on the HBV genome and identified
several m6A consensus motifs located within the HBx coding region that are the sites
for m6A modification (Fig. 1 and 3). We found that m6A modification occurs at these
additional variants of DRACH maotifs, located in the HBx coding region by cellular m6A
methyltransferases, and that this modification negatively affected HBx protein expres-
sion (Fig. 1). By generating HBV mutants that lack m6A in the HBx coding region, we
were able to define the unique positional effects of m6A on HBx protein expression.
Thus far, of the five possible m6A sites, only the m6A site at nt 1616 showed any func-
tional relevance affecting levels of HBx mRNA and protein expression (Fig. 3 and 4).
Depletions of the m6A methyltransferases (METTL3/14) and m6A reader (YTHDF2) also
resulted in a similar increase of HBx protein levels (Fig. 1 and 2). The mutation at nt
1907 (5'-3" HBV MT) resulted in the increased HBV mRNAs as well as viral protein lev-
els, including HBx, but more importantly, the mutation at nt 1616 (HBx-1 MT) increased
only HBx mRNA and protein expression (Fig. 3). HBx mRNA is methylated at the motifs
within its coding sequences as well as at its 3" UTR at nt 1907, making it more unstable
and subject to increased degradation via YTHDF proteins. This is consistent with its
reduced expression seen in HBV-infected liver tissues, transgenic mice, and HBV trans-
fection studies (1, 2, 29).

Our previous studies shed light on a plethora of viral functions that are associated
with m6A modification of HBV RNA at nt 1907 (22). m6A modification affects the innate
immune response and IFN-mediated degradation of HBV RNAs, promotes the synthesis
of viral DNA, and affects host mMRNA methylation profile and cytoplasmic transport of
HBV RNAs (18, 23-25, 30-32). The current studies add a new functional role of m6A
modification in the regulation of HBx mRNA and protein expression by the m6A site
located within its coding sequences.

HBx plays a critical role in viral transcription and replication as a regulatory protein
(6,7,9, 11, 12). HBx directly binds to host transcription factors and coactivators associ-
ated with cccDNA to promote viral transcription. It also affects the host transcription
profile by the same mechanism. Another notable observation we previously described
is that during HBV expression or infection, HBx binds and recruits METTL3/14 complex
onto the cccDNA to promote cotranscriptional m6A methylation of viral transcripts
(32). HBx-defective HBV expression fails to accumulate m6A-modified viral transcripts.
Here, we showed that m6A at the HBx coding region, in addition to nt 1907, renders
HBx mRNA less stable, leading to a decrease in HBx protein expression. Thus, HBx regu-
lates itself (autoregulates) via a feedback loop associated with m6A modification, and
this self-regulation may affect viral transcription and replication. This additional layer
of regulation may dictate the role of HBx in the maintenance of chronic infection via
regulating m6A modification of viral transcripts.

Furthermore, HBx is also known to be involved in the development of liver disease
and HCC (1, 5). We reported that HBx guides m6A methyltransferases onto the chromo-
somal locus of phosphatase tensin homolog (PTEN), a tumor suppressor, and induces
m6A methylation in PTEN mRNA, promoting the degradation of its RNA (31). Recently,
the roles of m6A methylation have been reported in liver disease, including HCC (33).
m6A demethylase (FTO) may be associated with nonalcoholic fatty liver disease
(NAFLD), a risk factor predisposing patients to HCC formation (34). METTL3 and -14
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also regulate gene expression related to the development of HCC (35). In this respect,
HBx may affect host m6A patterns and regulate host gene expression associated with
hepatocellular carcinoma, contributing to the development of HCC. It remains to be
investigated whether the functions of host gene expression are regulated by alteration
in their m6A modification dependent on HBx expression, as we observed for PTEN
expression (31). Several reports highlighted the role of YTHDF proteins in HCC and
other cancers (36-39). It was shown that YTHDF2 is mutated in HCC and other cancers
(35, 38). Such YTHDF mutations will lead to losing their ability to affect RNA stability
and translation (38). If such mechanisms exist to inactivate RNA decay in cancer, then
this mechanism could increase HBx RNA and protein expression levels in virus-associ-
ated HCCs due to the absence of YTHDF2-mediated degradation. Increased levels of
HBx protein may contribute to increased signal transduction pathways, among others,
and accelerate the course of the normal infectious process toward progression to hep-
atocarcinogenesis. Thus, the increased HBx expression resulting from the loss of
YTHDF2 function may contribute to HBV-associated HCC. Such a scenario is supported
by the vast body of literature in which ectopic HBx expression was associated with
playing an indirect role in hepatocarcinogenesis (5-9, 12).

Interestingly, mutations of the DRACH motifs in the HBx coding region reduced
preS2 protein expression (Fig. 3). These effects may not be due to the deficiency of
m6A modification in HBV transcripts, because depletion of YTHDF2 did not affect
preS2 levels in HBV 5'-3" MT-transfected cells (Fig. 2). The m6A sites in the HBx coding
region are located in the 3'-UTR of HBsAg mRNAs. The 3’-UTR structure of viral mRNAs
and cellular mRNAs is involved in their stability and translation activity (40, 41). Thus,
the mutations of DRACH motifs in the HBx coding region may affect the RNA second-
ary structure of the viral mRNA 3’ UTR, leading to a decrease in HBV transcripts and
preS2 expression levels (Fig. 3 and 4). This hypothesis is supported by the finding that
naturally occurring single-nucleotide mutations at nt 1753, 1762, 1764, and 1766 affect
HBV replication by downregulating HBs protein expression (42). Another possibility is
that other m6A reader proteins such as YTHDC2 can recognize the 3’-UTR of preS2
mRNA by m6A modification at nt 1606 to 1809, which inhibits the recognition by
YTHDF2/3. It is known that YTHDC2 positively regulates the translation of m6A-methyl-
ated RNA (43). If so, then the reduced preS2 expression by HBx-1 mutation may have
resulted from the inability of YTHDC2 to interact with preS2 mRNA. In addition, a
recent report described in-frame deletions in the preS region that often happen in the
later stage of chronic HBV infection (44). These deletions inhibit the transcription of
HBsAg mRNA by promoter occlusion, which is accompanied by increases in precore
and HBx mRNA expression (45). In this respect, the maintenance of the m6A sites in
the HBV genome aids in the progression of infection to chronic hepatitis by regulating
viral protein expression.

MeRIP analysis showed that m6A-methylated HBV RNA is still present in cells
expressing both nt 1907 and 1616 mutant genomes (HBV 5'-3’ HBx-1 MT; Fig. 3D and
4C). These results imply that HBV RNA could be m6A methylated in other DRACH
motifs in addition to nt 1907 and 1616. Another possibility is the specificity or cross-
reactivity of base-specific antibodies. In this study, we used commercially available
m6A-specific polyclonal antibodies from Synaptic Systems that showed moderate
cross-reactivity with m5C modification (46). Thus, the faint m6A levels detected from
HBV 5'-3" HBx-1 MT-transfected cells may be from m5C-methylated HBV RNA. In this
regard, it has been reported that the human immunodeficiency virus (HIV) genome is
m5C methylated, and this modification regulates viral gene expression (47). m5C modi-
fication of HBV transcripts has not been studied.

Targeting HBx in the treatment of HBV infection is emerging as a viable therapeutic
strategy because HBx plays a central role in viral replication. The work presented here
highlights an additional role of m6A in maintaining and regulating HBx expression.
Thus, m6A methylation can be the target for disruption of HBx protein for HBV thera-
peutics. Furthermore, targeted m6A methyltransferases (METT3/14) and demethylase
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(FTO and ALKBHS5) are being considered anticancer reagents (48, 49). This study offers
new avenues for possible therapeutic intervention of the function of HBx aimed at cur-
ing chronic HBV infection.

MATERIALS AND METHODS

Plasmids, antibodies, and reagents. The pHBV 1.3-mer plasmid was a kind gift from Wang-Shick
Ryu (Yonsei University, South Korea) and obtained from Addgene (65459). The pHBV 1.3-mer 5'-3" MT
plasmid was previously constructed. The pHBV 1.3-mer 5'-3'-HBx-1 MT, 5'-3'-HBx-2 MT, 5'-3'-HBx-3
MT, 5'-3"-HBx-4 MT, 5'-3'-HBx-5 MT, and pSI-A241T MT plasmids were generated by site-directed muta-
genesis. The pSI-X plasmid was provided by Betty L. Slagle (Baylor College of Medicine, Houston, TX,
USA). FLAG-YTHDF (1, 2, and 3) plasmids were a kind gift from Stacy M. Horner (Duke University Medical
Center, Durham, NC, USA). Antibodies were anti-preS2 (number SC-23944) and anti-glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; number SC-47724) antibodies from Santa Cruz Biotechnology
(Santa Cruz, CA, USA), anti-METTL3 (number 15073-1-AP) antibody from Proteintech Group (Rosemont,
IL, USA), anti-METTL14 (number HPA038002) antibody from Sigma-Aldrich (San Jose, CA, USA), anti-
FLAG (number 14793) antibody from Cell Signaling Technology (Danvers, MA, USA), anti-m6A antibody
from Synaptic Systems (Gottingen, Germany), and anti-core and anti-precore antibodies from Jing-
Hsiung James Ou (University of Southern California, CA, USA). Anti-HBx antibody was obtained from
Gilead Sciences, Inc. (Foster City, CA, USA). Anti-preS2 and HBx antibodies were diluted at a 1:200 ratio
in 5% bovine serum albumin (BSA) buffer for immunoblotting. The other antibodies were used at a
1:1,000 ratio in 5% BSA buffer for immunoblotting. The ON-TARGET plus siRNAs of METTL3 (number L-
005170-02-0005), METTL14 (number L-014169-02-0005), YTHDF1 (number L-018095-02-0005), YTHDF2
(number L-021009-02-0005), and YTHDF3 (number L-017080-01-0005) were obtained from Dharmacon
(Lafayette, CO, USA).

Cell culture and transfection. Huh7 and HepG2-NTCP cells were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS). The HepG2-NTCP cells were
provided by Wenhui Li (National Institute of Biological Sciences, Beijing, China). PHHs were obtained
from Thermo Fisher Scientific. PHHs were maintained according to the manufacturer’s protocol. The me-
dium was supplemented with 2 mM L-glutamine, 100 U/ml penicillin, 100 wg/ml streptomycin, and
0.1 mM nonessential amino acids under standard culture conditions (5% CO,, 37°C). Plasmids were trans-
fected into cells using Mirus TransIT-LT1 reagent (Mirus, Madison, WI, USA) according to the manufac-
turer’s protocol. Huh7 cells and HepG2-NTCP cells were transfected with 10 nM either the targeting or
control siRNAs using Lipofectamine RNAIMAX reagent (Thermo Fisher Scientific, Waltham, MA, USA). The
siRNA transfection was performed according to the manufacturer’s protocol.

Virus production and cell infection. HBV particles were harvested from the supernatants of pHBV
1.3-mer, pHBV 1.3-mer 5'-3’ MT, or HBx MT series plasmids expressing Huh7 cells. The culture medium
was centrifuged at 4°C, 10,000 x g for 15 min. The clarified supernatants were incubated with 5% poly-
ethylene glycol (PEG) 8000 overnight at 4°C and then centrifuged at 4,000 rpm for 30 min at 4°C. Pellet
was redissolved in a serum-free culture medium in a 1% volume of the original supernatant. For infec-
tion, the PHHs and HepG2-NTCP cells were split in collagen-coated plates and incubated for 24 h with
HBV particles, which are diluted in a serum-free culture medium with 4% PEG 8000 and 2% dimethyl
sulfoxide (DMSO). After being incubated with HBV particles, the cells were washed with a culture me-
dium. Cells were incubated for 10 days in medium containing 2% DMSO, changed every 2 days.

Real-time RT-qPCR. Total RNA was isolated using an RNeasy minikit (Qiagen, Valencia, CA, USA).
The cDNAs were synthesized from extracted total RNA using iScript reverse transcription supermix (Bio-
Rad, Hercules, CA, USA). The quantitative PCR was assessed with Ssoadvanced universal SYBR green
supermix (Bio-Rad). Each viral RNA and mRNA expression level, normalized to GAPDH, was analyzed
using the AAC; method. The primers used for RT-qPCR were HBV RNA (forward primer, 5'-CTCCCCGTCT
GTGCCTTCT-3'; reverse primer, 5'-GCCCCAAAGCCACCCAAG-3'), HBV pgRNA (forward primer, 5'-CTCA
ATCTCGGGAATCTCAATGT-3'; reverse primer, 5'-TGGATAAAACCTAGGAGGCATAAT-3'), HBV pgRNA and
HBsAg mRNAs (forward primer, 5'-ATGTTGCCCGTTTGTCCTCT-3'; reverse primer, 5'-GCCCTACGAACCACT
GAACA-3’), and GAPDH (forward primer, 5'-CCTGCACCACCAACTGCTTA-3’; reverse primer, 5'-CATGAGT
CCTTCCACGATACCA-3).

MeRIP sequencing and RT-qPCR assay. Total RNA was extracted from three independent samples
for MeRIP sequencing. Poly(A) RNA was enriched from total RNA using a poly(A) spin mRNA isolation kit
(New England Biolabs, Ipswich, MA, USA) and fragmented using RNA fragmentation reagent (Ambion.
Waltham, MA, USA). The fragmented RNA was heated to 75°C for 5 min and placed on ice for 3 min.
Anti-m6A antibody (Synaptic Systems) conjugated to protein G Dynabeads (Thermo Fisher Scientific)
was incubated with the prepared RNA samples in MeRIP buffer (50 mM Tris-HCI [pH 7.4], 150 mM Nacl,
1 mM EDTA, and 0.1% NP-40) overnight at 4°C. The immunoprecipitated RNA-bead complexes were
washed with MeRIP buffer 5 times, and bound RNA was eluted in MeRIP buffer containing 6.7 mM m6A
5’-monophosphate sodium salt (Sigma-Aldrich). Eluted RNA was cleaned by TRIzol (Thermo Fisher
Scientific). The cDNA libraries were synthesized from this RNA for Illumina sequencing using a TruSeq
RNA sequencing kit (Illumina, San Diego, CA, USA). The method of deep-sequencing analysis was previ-
ously described. MeRIP RT-qPCR followed the same protocol, except that total RNA was not fragmented.
Eluted RNA was reverse transcribed into cDNA and subjected to RT-qPCR.

Western blotting and immunoprecipitation. Cells were incubated with an NP-40 lysis buffer (1%
NP-40, 50 mM Tris-HCI, pH 8.0, 150 mM NaCl) supplemented with a protease inhibitor (Thermo Fisher
Scientific) for 15 min at 4°C. After centrifugation for 20 min at 14,000 rpm at 4°C, cell lysates were
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transferred to a new microcentrifuge tube. HBV core protein was immunoprecipitated using anti-core
antibody conjugated to protein G Dynabeads (Thermo Fisher Scientific) from cell lysates following incu-
bation for 2 h on a rotator at 4°C. Immunoprecipitated protein-bead complexes were washed with lysis
buffer 3 times. Lysates or immunoprecipitates were resolved by SDS-PAGE gel and transferred to nitro-
cellulose membranes (Bio-Rad). Membranes were blocked with 5% BSA for 90 min, following by over-
night incubation with primary antibodies at 4°C. After washing, the membranes were incubated with
secondary antibodies conjugated to horseradish peroxidase (Cell Signaling Technology) for 1 h.
Antibody complexes were detected using a chemiluminescence substrate (Millipore, Burlington, MA,
USA). Chemiluminescence signals were detected using the ChemiDoc MP imaging system (Bio-Rad).

RNA-protein UV cross-linking assay. Cells were exposed to 245-nm UV at 250 mJ/cm and then har-
vested. Cell pellets were resuspended with SDS lysis buffer (0.5% SDS, 50 mM Tris-HCl, pH 6.8, 1 mM
EDTA, 1 mM dithiothreitol, 150 mM NaCl) supplemented with a protease inhibitor and RNase inhibitor
(Thermo Fisher Scientific). Lysates were immunoprecipitated with anti-core antibody conjugated to pro-
tein G Dynabeads (Thermo Fisher Scientific) for 2 h on the rotator at 4°C. The bead complex was washed
with NP-40 lysis buffer 5 times. After the wash step, beads were resuspended with NP-40 lysis buffer.
Half of the bead was incubated with proteinase K for 90 min at 37°C, and then immunoprecipitated RNA
was extracted using the RNeasy minikit (Qiagen). The other half of the bead was added to protein sam-
ple buffer to be analyzed with a Western blot assay.
Northern blot assay for HBV RNA. The 20 ng total RNA was resolved by electrophoresis on 1.2%
formaldehyde agarose gel and transferred to a positively charged nylon membrane (Thermo Fisher
Scientific). The membrane was fixed by UV cross-linking. The fixed membrane was prehybridized for
30 min, incubated by ULTRAhyb hybridization buffer (Invitrogen) for 30 min, and then hybridized with
an internally radiolabeled double-stranded DNA probe in ULTRAhyb hybridization buffer (Thermo Fisher
Scientific) overnight. The probe was generated using [a-32P]dCTP and a DECAprimell kit (Thermo Fisher
Scientific). After washing, the membrane was exposed to BIOMAX XAR film (Sigma-Aldrich). The probe
template was amplified by PCR using forward (5'-ATGGCTGCTAGGCTGTGCTGCC-3’) and reverse (5'-ATA

AGGGTCGATGTCCATGCCCCAAAG-3') primers from the pHBV1.3-mer plasmid.

Statistical analysis. All results are representative of three independent experiments. For each result,
error bars represent the standard deviations (SD) from at least three independent experiments. The P
value was calculated using a one-tailed unpaired Student's t test.

Data availability. All study data are included in the article.
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