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Hepatitis B virus (HBV) contains a partially double-stranded DNA
genome. During infection, its replication is mediated by reverse
transcription (RT) of an RNA intermediate termed pregenomic RNA
(pgRNA) within core particles in the cytoplasm. An epsilon struc-
tural element located in the 5’ end of the pgRNA primes the RT
activity. We have previously identified the N6-methyladenosine
(m®A)-modified DRACH motif at 1905 to 1909 nucleotides in the
epsilon structure that affects myriad functions of the viral life
cycle. In this study, we investigated the functional role of m°A
modification of the 5 ¢ (epsilon) structural element of the HBV
PYRNA in the nucleocapsid assembly. Using the m°A site mutant in
the HBV 5 epsilon, we present evidence that m®A methylation of
5’ epsilon is necessary for its encapsidation. The m®A modification
of 5 epsilon increased the efficiency of viral RNA packaging,
whereas the m°A of 3’ epsilon is dispensable for encapsidation.
Similarly, depletion of methyltransferases (METTL3/14) decreased
pgRNA and viral DNA levels within the core particles. Furthermore,
the m®A modification at 5 epsilon of HBV pgRNA promoted
the interaction with core proteins, whereas the 5 epsilon m°A
site—-mutated pgRNA failed to interact. HBV polymerase interaction
with 5 epsilon was independent of m®A modification of 5’ epsilon.
This study highlights yet another pivotal role of m°A modification
in dictating the key events of the HBV life cycle and provides ave-
nues for investigating RNA—-protein interactions in various biologi-
cal processes, including viral RNA genome encapsidation in the
context of m®A modification.
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H epatitis B virus (HBV) infections are one of the leading
causes of chronic hepatitis, which carry the risk of severe
liver disease including the development of hepatocellular carci-
noma (1). About 300 million people are chronically infected
with HBV worldwide (2). Current HBV therapies using nucleo-
side analogs directed against the viral polymerase (pol) have
limited efficacy and do not eliminate the HBV DNA, which
maintains its presence and resumes the infectious process upon
withdrawal of antivirals (2). A better understanding of the
HBV life cycle is required to identify alternative drug targets to
interfere with the infectious process.

HBYV is a member of the Hepadnaviridae family and contains
a 3.2-kb relaxed circular DNA (rcDNA) genome (1). After viral
infection, core particles disassemble in the nuclear pore and
deliver rcDNA into the nucleus, where it is transformed to a
covalently closed circular DNA (cccDNA) by several host
enzymes (3). The HBV cccDNA is a template for viral RNA
transcription. HBV DNA encodes four overlapping reading
frames, which include surface (HBs), precore or “e” (HBe),
and core (HBc) antigen proteins; pol, a reverse transcriptase;
and X (HBx) proteins. Although HBV is a DNA virus, it repli-
cates by the reverse transcription (RT) activity of viral pol from
an RNA intermediate termed pregenomic RNA (pgRNA) to
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produce an rcDNA inside the core particles in the cytoplasm.
HBV pol protein consists of terminal protein (TP), reverse
transcriptase, and carboxyl-terminal RNase H (RH) domains.
Both reverse transcriptase and RH domains are necessary
structural components for HBV encapsidation (4). The TP
domain is used as a protein primer to initiate RT catalyzed by
the reverse transcriptase domain. The assembly of nucleocapsid
is triggered by the direct interaction of pol with the 5’ epsilon
structure of pgRNA (4, 5). The pol recognizes the functional
stem loop of the 5’ epsilon of pgRNA and primes the synthesis
of the minus-strand DNA (6). The HBV core protein consists
of an N-terminal assembly domain and an arginine-rich car-
boxyl-terminal domain, which is required for pgRNA encapsi-
dation (7, 8). The HBV nucleocapsid is composed of dimers of
core protein, and 120 (or 90) copies of core assemble into cap-
sids with T = 4 (~95%) or T = 3 (5%) icosahedral symmetry
(9). The limited phosphorylation of core proteins is associated
with pgRNA encapsidation (10, 11). These mature capsids are
enveloped by a host-derived membrane containing embedded
HBs protein and egress from infected hepatocytes (12). Previ-
ous studies have highlighted specific sequences and structural
requirements of the 5’ epsilon element of pgRNA in the encap-
sidation process (Fig. 14) (6, 13-16). First, the lower stem and
the internal bulge appear to play mainly a structural role, the
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Fig. 1. The cellular m®A methyltransferases affect the HBV pgRNA encapsidation. (A) The secondary structure of the epsilon elements is shown with the
functional requirements for RNA packaging. They are represented as follows: Blue lines indicate structural requirements for encapsidation, blue nucleoti-
des indicate specific sequence requirements for encapsidation, red nucleotides indicate DRACH motif, and *A is the m®A site. (B) HepAD38 cells stably
expressing HBV were grown in the absence or presence of tetracycline for 72 h, and the cells were then transfected with the METTL3/14-specific siRNAs.
After 48 h, cellular lysates, core-associated pgRNA, and total RNA were extracted from these cells for Western blotting and Northern blotting, respec-
tively. (C) Huh7 cells were transfected with pHBV Y63D plasmid (RT-defective mutant) for 24 h, and then the siRNAs of METTL3/14 were transfected into
Huh7 cells expressing pHBV Y63D plasmid. After 48 h, cellular lysates, core-associated pgRNA, and total RNA were extracted from these cells. The indi-
cated proteins were analyzed by Western blotting. The encapsidated and cellular HBV RNA were analyzed by Northern blotting. (D-G) The siRNAs of
METTL3/14 were transfected into stably expressing HBV HepAD38 cells grown in the absence or presence of tetracycline for 72 h. After 48 h, cells and
supernatant were harvested. The core-associated pgRNA was analyzed by RT-qPCR (D). Hirt's extract was prepared and subjected to Southern blot assays
(E). The core-associated DNA and extracellular DNA levels were analyzed by qPCR (F and G). (H-K) HepG2-NTCP cells were infected with 2.5 x 10° genome
equivalents per cell of HBV particles. After 10 d, cellular lysates, total RNA, and core-associated pgRNA and DNA were extracted from these cells. The indi-
cated proteins were analyzed by Western blotting (H). The cellular HBV RNA and core-associated pgRNA were analyzed by RT-gqPCR (/ and J). The HBV
core-associated DNA was assayed by gqPCR (K). In E, F to G, and / to K, the error bars represent the SDs of three independent experiments. The P values

are calculated via an unpaired Student’s t test. **P < 0.01. siMETTL3/14, siRNAs of METTL3/14; I.B, immunoblotting; N.B, Northern blotting; N.D, not
detected.
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sequence of which can be altered without significant effect on
pgRNA packaging. Second, the specific sequences on the lower
right side of the upper stem are required for encapsidation.
Third, the sequences of the apical loop, in contrast to the inter-
nal bulge, contribute critically, in a sequence-specific manner,
to pgRNA encapsidation.

Cellular RNAs (transfer RNAs [tRNAs], ribosomal RNAs
[FRNAs], and messenger RNAs [mRNAs]) are modified by
diverse chemical modifications, including N6-methyladenosine
(m®A), 5-methylcytidine (m°C), and inosine in addition to
N7-methylguanosine (m’G) (17). Of these, the m®A RNA meth-
ylation of the adenosine base at the nitrogen 6 position is the
most prevalent and well-characterized RNA modification. m°A
modification is functionally implicated in a wide range of biologi-
cal processes, which include innate immune response, sex deter-
mination, stem cell differentiation, circadian clock, meiosis,
stress response, and cancer development (18). The cellular
methyltransferase complex, composed of methyltransferase like
3 (METTL3), METTL14, and WTAP, places m°A methylation
on RNA cotranscriptionally (19). This modification is typically
enriched near the stop codons and 3'-untranslated region of cel-
lular mRNAs. The m°A-modified mRNA is recognized by
YT521-B homology (YTH) domain-containing family proteins
(YTHDF1-3 and YTHDC1-2), which bind m®A-containing RNAs
and regulate their stability, translation, and subcellular localization
(20). m°A methylation is eliminated by m°A demethylases such as
fat mass and obesity-associated protein and ALKBHS, suggesting
that m®A modification is reversibly catalyzed by methyltransferases
and demethylases (19). In addition to cellular RNAs, the viral tran-
scripts of DNA viruses, as well as the RNA viral genomes, are
methylated. These modifications play key roles at various levels in
the viral life cycle and disease pathogenesis associated with them
(21-27).

Previously, we identified a single m°A-consensus motif
(DRACH) at nucleotide (nt) position 1907, which is localized in
the lower stem loop of the epsilon structure of HBV RNAs (Fig.
14) (25). All HBV transcripts bear this consensus motif at the 3’
end epsilon structure, but pgRNA carries this motif twice, at 5
and 3 epsilon structures, owing to the terminal redundancy of
sequences at its 5’ and 3’ end. m°A modification in the HBV epsi-
lon element plays a differential dual role in the viral life cycle
depending on its position in the viral RNA (25). m®A at 3’ epsilon
reduces RNA stability, whereas m°A at 5’ epsilon increases HBV
core-associated DNA levels. In the case of m®A at the 3’ end of
viral RNAs, YTHDF2 and 3 proteins recognize this m°A site to
promote the degradations of viral transcripts. However, the role
of m°A in the pgRNA 5 epsilon element, if any, in the core-
associated DNA synthesis was not investigated. Here, we rea-
soned that the m®A modification in the 5" epsilon structure could
influence the pgRNA encapsidation followed by reverse transcrip-
tase-mediated viral DNA synthesis because the structural require-
ments of 5" epsilon are important in pgRNA encapsidation and
m®A modification has been described to alter RNA structure 56,
14, 16, 28, 29). Thus, we investigated the functional role of m"A
methylation at 1907 nt of 5’ epsilon in pgRNA packaging. Our
results demonstrate that m®A methylation at 5’ epsilon induced
pgRNA encapsidation and thus affected rcDNA synthesis and
core particles production. The mutation of the m®A site in 5 epsi-
lon abrogates the interaction with core protein resulting in the
decrease in the viral DNA genome synthesis within the core par-
ticles. The preferential core-pgRNA interaction is likely pro-
moted by the distortion of the lower stem of 5" epsilon caused by
m®A methylation of 1907 nt. The results of our study highlight a
key role of m°A modification in 5 epsilon in the HBV pgRNA
encapsidation. Its (m®A) role in the nucleocapsid assembly adds
to the list of myriad functions associated with m®A RNA methyla-
tion of HBV RNAs. The global effect of the chemical
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modification of RNA is understood to maintain the homeostasis
of the infectious process during chronic hepatitis B.

Results

Cellular m®A Methyltransferases Affect HBV pgRNA Encapsidation.
To investigate whether cellular m°A methyltransferases
(METTL3/14) affect HBV pgRNA encapsidation, HepAD38
cells, which stably express the HBV genome (30), were trans-
fected with small interfering RNAs (siRNAs) specific to
METTL3/14. Total HBV RNA and core-associated pgRNA
were extracted from these cells and subjected to RT-qPCR and
Northern blot assay, respectively. The silencing of METTL3/14
complex increased HBV transcripts and viral protein levels
(Fig. 1B; SI Appendix, Fig. 1 A and B), consistent with previous
results (25). Interestingly, the core-associated pgRNA levels
were decreased by the depletion of METTL3/14 despite
increased viral RNA levels (Fig. 1B). We next used the HBV
Y63D polymerase mutant, which upon transfection, accumu-
lates pgRNA in the core particles due to its defect in priming
activity (31). As observed in Fig. 1B, there was an increase in
HBV RNA and protein levels, but the packaged pgRNA levels
in core particles were dramatically reduced in METTL3/14-
depleted cells (Fig. 1C). Depletion of METTL3/14 decreased
the levels of rcDNA, core-associated DNA, and extracellular
HBV DNA (Fig. 1 D-G), suggesting that the viral encapsida-
tion requires m°A modification of pgRNA. We verified these
observations using the HBV infection system (Fig. 1 H-K; SI
Appendix, Fig. 1C). HBV infection results also showed that the
silencing of METTL3/14 increased HBV protein and RNA lev-
els, while it decreased the core-associated pgRNA and viral
DNA levels. Collectively, these results suggest that the cellular
m®A methyltransferases are required for HBY RNA packaging
to promote viral DNA genome synthesis.

The m°A Methylation of the 5' Epsilon Element Is Essential for HBV
PYRNA Packaging. Previously, we identified a single m°A site at
1907 nt of HBV transcripts (25). The adenosine at 1907 nt is
located in the lower stem of the epsilon element. To determine
whether m°A modification of HBV RNA affects viral pgRNA
packaging, we generated m°A site mutation in HBV 5’ and 3/,
5', or 3’ epsilon structure (Fig. 24). We analyzed the levels of
HBV RNA and core-associated pgRNA in the indicated plas-
mids transfected cells (Fig. 2 B and C; SI Appendix, Fig. 2 A
and B). Compared to the wild-type (WT) HBV-transfected
cells, viral protein and RNA levels were increased only in HBV
5'-3' mutant (MT) and 3’ MT-transfected cells, but not in HBV
5" MT as analyzed by Western and Northern blot assays, respec-
tively (Fig. 2B). These results are consistent with the previous
report, which showed that only the m®A modification of 3’ epsi-
lon regulates viral RNA stability and protein expression (25).
However, the mutation of the m°®A site in the 5 epsilon ele-
ment dramatically reduced the capsid pgRNA level without
affecting viral RNA stability (Fig. 2 C and D). Although viral
RNA levels were increased due to the mutation of the m®A site
of 3 epsilon in 5’ and 3" MT-transfected cells, the core-associ-
ated pgRNA levels were substantially decreased by the defi-
cient of m°A methylation of 5’ epsilon. The decreased core-
associated pgRNA levels by the mutation of the m°A site of 5’
epsilon resulted in the decreases in rcDNA and core-associated
DNA levels (Fig. 2 E and F). We further confirmed these
results using the primary human hepatocytes (PHHs) infection
system (Fig. 2 G-J). Similarly, the mutation of the m®A site of
5" epsilon reduced HBV core-associated DNA and pgRNA lev-
els in HBV-infected PHHs (Fig. 2 G and H). The mutation of
the m°A site of 3 epsilon did not affect pgRNA encapsidation
but increased viral protein and RNA levels (Fig. 2 I and J).
These results suggest that the m°A modification of the 5
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Fig. 2. The m®A modification of the 5’ epsilon elements promotes HBV pgRNA encapsidation. (A) Schematics indicate the 5’ and 3’ m°A sites in the epsi-
lon structures of the HBV pgRNA. Green circles indicate the mPA site, and red circles indicate A1907C mutation in the HBV pgRNA. pHBV 1.3-mer 5'-3' MT
contains the A1907C mutation at the 5" and 3’ ends, pHBV 1.3-mer 5 MT within the epsilon structure contains the A1907C mutation at the 5 end, and
the pHBV 1.3-mer contains the 3’ MT at the 3’ end. (B-F) The indicated pHBV 1.3 plasmids were transfected into Huh7 cells. After 72 h, cellular lysates,
total RNA, core-associated pgRNA, HBV DNA, and core-associated DNA were extracted. The indicated proteins or HBV RNAs were each analyzed by West-
ern or Northern blotting, respectively (B). Encapsidated pgRNA was detected by Northern blotting (C). The core-associated pgRNA was analyzed by
RT-gPCR (D). Hirt's DNA extracts were prepared, and the protein-free (PF) rcDNA and cccDNA were analyzed by Southern blotting (E). The core-associated
DNA was analyzed by qPCR (F). (G-J) PHHs were infected with 2.5 x 10° genome equivalents per cell of each HBV WT, 5'-3' MT, 5’ MT, or 3’ MT infectious
particles. After 10 d, PHHs were harvested to assess the expression of viral protein and RNA, core-associated pgRNA, and DNA, respectively. In D, F, G, H,
and J, the error bars represent the SDs of three independent experiments. The P values are calculated via an unpaired Student'’s t test. ***P < 0.001. |.B,
immunoblotting; N.B, Northern blotting; N.D, not detected; S.B, Southern blotting.

epsilon structure plays a critical role in the pgRNA packag-
ing process.

To determine whether m°A sites other than the consensus
DRACH motif at 1907 nt present in the HBV DNA genome
affect pgRNA packaging, we depleted cellular m°A methyl-
transferases in HBV WT or 5’ and 3/, 5/, or 3’ MT-transfected
cells and analyzed the core-associated pgRNA levels and viral
DNA synthesis (SI Appendix, Fig. 2 C-F). The silencing of
METTL3/14 reduced the core-associated pgRNA in HBV WT

40f10 | PNAS
https://doi.org/10.1073/pnas.2120485119

and 3’ MT plasmid-transfected cells, whereas in the case of the
5" MT, depletion of METTL3/14 did not affect the capsid
pgRNA levels. Similarly, the absence of METTL3/14 reduced
the core-associated DNA and rcDNA levels in HBV WTand 3’
MT plasmid-transfected cells. But HBV core-associated DNA
and rcDNA levels in 5 MT plasmid-transfected cells were not
affected by METTL3/14 expression. These results further sup-
port the view that m®A modification of the 5 epsilon structure
is relevant for pgRNA encapsidation.
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The m°A Methylation of HBV 5 Epsilon Regulates pgRNA  from pHBV 1.3 bulge MT was not enriched by FLAG-tagged
Encapsidation Independently of m®A Reader Proteins. Since cellu-  Pol. These results indicate that m®A modification of 5’ epsilon
lar m®A reader proteins (YTHDF1-3 and YTHDC2) bind s not required for the interaction with pol.
m®A-bearing RNAs to regulate their stability and translation
(20), we analyzed the effect of m°A reader proteins on HBV  The m°A Modification of HBV 5 Epsilon Is Required for the
pgRNA packaging. Because mP®A modification of the 3’ epsilon  Interaction with HBV Core Protein. After establishing that the
structure negatively regulates HBV RNA stability by recruit- ~m°A modification of 5’ epsilon induces pgRNA encapsidation
ment of YTHDF2/3 proteins (25), we used HBV 3’ MT plasmid ~ without affecting its interaction with pol, we investigated
to exclude the effect of YTHDF proteins on m°A of the 3’ epsi-  whether the mP®A modification of 5’ epsilon affects the binding
lon structure. We depleted YTHDF1-3 proteins using specific ~ affinity between pgRNA and core proteins to regulate pgRNA
siRNAs in HBV 3’ MT plasmid-transfected cells. Interestingly, ~ encapsidation. The HBV expressing cells were irradiated with
we observed that any YTHDF proteins did not affect HBV ~ UV to capture the pgRNA~core protein complex, followed by
core-associated pgRNA and DNA levels (SI Appendix, Fig. 3 ~ immunoprecipitation of the lysates with anti-core antibodies. In
A_C) The silencing of YTHDC2, an RNA helicase known to METTL3/14-depleted cells, the interaction between HBV
affect m®A methylated RNA translation (32), also did not affect =~ pgRNA and core proteins was decreased despite the increase
the pgRNA packaging process (SI Appendix, Fig. 3 E-F). These in overall pgRNA expression levels (Fig. 4 A-C), indicating
results together suggest that the m°A-mediated pgRNA encapsida-  that the m”A modification of pgRNA is the target for core pro-
tion process is independent of m°A reader protejns_ tein recognition. To further determine whether the m®A modifi-
cation directly affects the recognition of 5 epsilon by core
The m°A Methylation of HBV 5 Epsilon Does Not Affect the proteins, we carried out experiments using Huh7 cells cotrans-
Interaction with HBV Pol Protein. The HBV viral packaging pro-  fected with HBV pol-minus (null) genome and METTL3/14 siR-
cess is triggered by the interaction of pol with the 5’ epsilon  NAs. These cells were irradiated with UV to capture the
structure of pgRNA, which leads to the recognition of pgRNA  pgRNA-core protein complex, followed by immunoprecipitation
structural motifs by the core protein to initiate encapsidation  of the lysates with anti-core antibodies. We observed that the
(4-7). Hence, we tested whether m°A modification affects the  silencing of METTL3/14 enzymes reduced the interaction
interaction between pol and pgRNA to regulate encapsidation.  between pgRNA and core protein (Fig. 4 D-F). These results
We used the ultraviolet (UV)-mediated cross-linking method to  indicate that the m°A modification of pgRNA is clearly required
capture RNA-protein complexes (33) and conducted immuno-  for the interaction with core proteins, although the pgRNA
precipitation experiments with cell lysates from the Huh7 cells  encapsidation event is not occurring because of the absence of
in which FLAG-pol and pHBV 1.3 bulge MT, WT, or MT (5'-  pol protein. We next carried out immunoprecipitation of the
3,5, or 3') plasmids were cotransfected (Fig. 3). We generated  pgRNA-core complex using the cell lysates from Huh7 cells
pHBYV 1.3 bulge MT as a negative control (Fig. 34), which con-  transfected with HBV WT, 5 MT, or 3’ MT plasmid to deter-
tains the deletion of the bulge and upper-stem nucleotides cor-  mine whether the m®A modification in 5' epsilon affects the
responding to 1863 to 1868 nt to disrupt the interaction interaction with core proteins. Importantly, the m°A site muta-
between pol and the 5 epsilon of pgRNA (34). As observed tion in the 5’ epsilon element dramatically reduced the interac-
before, HBV RNA and proteins levels were increased by the  tion of pgRNA with core proteins compared to the HBV WT
mutation of the m°A site of 3’ epsilon, but not in the HBV 5  and 3’ MTeexpressing cells (Fig. 4 D-F). These results suggest
MT-expressing cells (Fig. 3 B and D). However, there were no  that the m®A methylation of HBV 5’ epsilon element promotes
appreciable differences in the levels of the UV cross-linked pgRNA encapsidation via its m®A-modified motif by inducing
pgRNAs and FLAG-pol complexes from the cellular lysates  the interaction between pgRNA and core proteins. Because the
expressing HBV WT and m®A site-mutated HBV genomes  mutation of the m®A site (A1907C) in the epsilon structure leads
(Fig. 3C). The bulge structure mutated pgRNA transcribed to a base pair mismatch in the lower stem loop, the alteration of
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FLAG-tagged HBV Pol proteins were immunoprecipitated using anti-FLAG M2 magnetic beads from UV-irradiated cell lysates. Inmunoprecipitated RNAs
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Fig. 4. The m®A modification of the 5 epsilon element promotes the interaction with core protein. (A-C) HepAD38 cells stably expressing HBV were
grown in the absence or presence of tetracycline for 72 h, and thecells were then transfected with the METTL3/14-specific siRNAs. After 48 h, cells were
irradiated with UV for RNA-protein cross-linking. Cells were harvested to extract total RNA and cellular lysates. Cellular lysates were immunoprecipitated
using an anti-core antibody. The input HBV pgRNA was analyzed by RT-gPCR (A). Enriched HBV pgRNA levels were normalized by input HBV pgRNA levels
by RT-gPCR (B). The indicated proteins were analyzed by Western blotting (C). (D-F) pHBV 1.3 Pol-null plasmids were transfected into Huh7 cells for 24 h,
and the cells were then transfected with the METTL3/14-specific siRNAs. After 48 h, cells were irradiated with UV for RNA-protein cross-linking and har-
vested to extract total RNAs and cellular lysates, respectively. Cellular lysates were immunoprecipitated using an anti-core antibody. The input HBV
PgRNA was analyzed by RT-qPCR (D). Enriched HBV pgRNA levels were normalized by input HBV pgRNA levels by RT-qPCR (E). The indicated proteins
were analyzed by Western blotting (F). (G-/) The indicated plasmids were transfected into Huh7 cells. After 72 h, cells were UV irradiated, and total RNA
and cellular lysates were extracted. The UV cross-linked RNA-protein complexes were immunoprecipitated using anti-core antibodies. The HBV pgRNA
levels were assayed by qRT-PCR (G). Immunoprecipitated pgRNA levels were normalized by input pgRNA using RT-qPCR (H). The indicated proteins were
analyzed by Western blotting (/). (J) The A1907C mutation in the epsilon structure is predicted to create a bubble. The compensatory U1851G mutation
(blue) was generated in the 5 epsilon (pHBV-5'-MT-CM). (K-M) Huh7 cells were transfected with the indicated plasmids. After 72 h, RNA-protein com-
plexes from these cells were cross-linked by UV irradiation, and total RNA and cellular lysates were extracted, respectively. RNA-protein complexes were
immunoprecipitated using anti-core antibodies. The input pgRNA levels were analyzed by RT-qPCR (H). Inmunoprecipitated pgRNA levels were normal-
ized by input pgRNA levels using RT-qPCR (/). The indicated proteins were analyzed by Western blotting (J). In A and B, D and E, and H and |, the error
bars represent the SDs of three independent experiments. The P values are calculated via an unpaired Student’s t test. *P < 0.05, **P < 0.01. IP,
immunoprecipitation.
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Fig. 5. The m®A methylated pgRNA is enriched in the core particles. (A and B) Huh7 cells were transfected with pHBV Y63D (RT-defective pol mutant)
plasmid for 24 h, and the cells were further transfected with the siRNAs of METTL3/14 for 48 h. Total RNA and encapsidated pgRNA, and cellular lysates
were isolated from these cells. Methylated RNAs from total RNA and encapsidated pgRNA fraction were immunoprecipitated from using anti-m°®A anti-
bodies. Immunoprecipitated (m®A-methylated) RNA levels were normalized by input RNA levels by RT-qPCR (A). CREBBP and HPRT1 were used for either
positive or negative control. The indicated proteins were analyzed by Western blotting (B). (C and D) Huh7 cells were transfected with pHBV 1.3-mer or
pHBV 1.3-mer 5-3' MT plasmid. After 72 h, cellular lysates, total RNA, and encapsidated pgRNA were extracted. Methylated RNAs from total RNA and
encapsidated pgRNA fractions were immunoprecipitated using anti-m®A antibodies. Inmunoprecipitated RNAs were analyzed by RT-gPCR (C). The indi-
cated proteins were analyzed by Western blotting (D). In A and C, the error bars represent the SDs of three independent experiments. The P values are
calculated via an unpaired Student’s t test. **P < 0.01. I.B, immunoblotting.

the lower stem-loop secondary structure by A1907C mutation = RNA both from total RNA and encapsidated pgRNA fractions.
could affect the interaction of pgRNA with core proteins (Fig. We also observed similar results in the HBV 5-3
4G). To test this possibility, we generated compensatory muta- ~ MT—transfected cells (Fig. 5 C and D). The presence of m°A-
tion (CM) in the HBV 5" MT plasmid, in which U is mutated to  methylated pgRNA levels in the METTL314-depleted cells
G to restore base pairing. Interestingly, the HBV 5-MT-CM  could result from the activities of methyltransferases other than
mutant-expressing cells displayed far more reduced binding to ~ METTL3/14 or the incomplete silencing of the enzymes. These
the core proteins compared to 5'-MT (Fig. 4 H-J). The core-  results suggest that the m”A modification of the 5" epsilon ele-
associated pgRNA and DNA levels were also similarly decreased =~ ment increases the pgRNA packaging efficiency, which enriches
in 5-MT-CM transfected cells compared to 5'-MT (SI Appendix,  the m®A-methylated HBV RNA inside the core particles.
Fig. 4 A-C). These results imply that the restoration of the 5’
epsilon secondary structure by CM is not sufficient to recover  Discussion
core protein interaction but that the mC®A modification of the  The pgRNA encapsidation is the key event of the HBV life cycle
target sequences is needed for recognition by core proteins. The  (1). This step allows the continuation of viral replication. Core
m°A methylation is known to alter the local RNA structure and particles are assembled in the cytoplasm containing pgRNA—viral
enhance the accessibility/affinity of protein binding (28, 29). In  pol complex, wherein pgRNA is converted into DNA by a path-
addition, the core protein binds to RNA in a nonspecific manner  way involving RT to produce a partially double-stranded rcDNA.
in vitro system, but the specific motifs encoded from pgRNA are  The 5’ epsilon element of pgRNA harbors cis-acting RNA encap-
more favored to interaction with core protein to promote nucle-  sidation signals (14). Epsilon elements consist of a lower stem, a
ocapsid assembly (35-37). Thus, in this context, these results  bulge region, an upper stem, and a tri-loop. The secondary struc-
further suggest that the distorted lower stem of the 5’ epsilon  tures of the lower stem and bulge are required for viral encapsi-
structure produced by m®A modification presents a favorable  dation (6, 13-15). The specific sequences on the lower right side
conformation of pgRNA for the recognition by core protein to  of the upper stem and the apical loop play a critical role in
initiate encapsidation. pgRNA packaging (6, 13-15). Results Presented in this study
clearly demonstrate the pivotal role of m°A methylation of the 5
The m°A Methylated HBV pgRNA Is Enriched Inside Core Particles.  epsilon elements in pgRNA encapsidation. By the extensive use
Next, we analyzed the m°A methylated or unmethylated of m°A mutants of HBV and the silencing strategy of METLL3/
pgRNA ratio in core particles by the methylated RNA immu- 14, we show that m°A modification at 1907 nt, located in the
noprecipitation (MeRIP) assay. For the MeRIP assay, we used  lower stem of 5 epsilon, promotes HBV RNA encapsidation by
the HBV Y63D mutant, which accumulates pgRNA in the core  regulating the interaction with core proteins.
particle due to the mutation of pol activity (31). The results The recruitment of m®A YTHDF reader proteins regulates
clearly show that m°A methylated pgRNA accumulated inside ~ RNA translation and RNA stability (20). However, these m°A-
core proteins compared to total RNA fraction (Fig. 54 and B).  binding proteins did not affect the HBV encapsidation pathway
In the MeRIP assay, cellular CREBBP and HPRTI were used  (SI Appendix, Fig. 3). Our previous experiments are consistent
as the positive or negative control, respectively. The silencing  with the scheme in which YTHDF proteins bind m®A-modified
of METTL3/14 reduced the levels of m®A-methylated HBV ~ RNAs and degrade them and only those that escape m°A-
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mediated RNA degradation perhaps enter the translation machin-
ery (25, 38). In this context, this study supports the model in which
m°A-mediated RNA degradation by YTHDF proteins and m°®A-
mediated HBV encapsidation represent distinct pathways.

Strikingly, the restoration of base pairing by the CM (5 MT-
CM) further reduced the interaction between pgRNA and core
proteins, as well as the encapsidated pgRNA and core-
associated DNA levels, compared to HBV 5’ MT (Fig. 4 H-J; SI
Appendix, Fig. 4). Based on these results, we surmised that m®A
modification may cause local structural distortion in the lower
stem of the epsilon structure, and this helical distortion presents
a favorable conformation for the core protein to bind and initi-
ate viral capsid assembly. m°A modification has been described
as altering RNA structure (28, 29). m°A modification is known
to destabilize canonical double-stranded RNA and alter the local
structures to facilitate the binding of proteins (28, 29). The selec-
tivity of viral genomic RNAs for encapsidation from a large
milieu of cellular RNAs and genomic/subgenomic viral RNAs is
regulated by the biophysical properties of RNA. Viral RNA
packaging is a dynamic process that occurs with high fidelity, dic-
tated by secondary and tertiary structures and intramolecular
interactions of viral RNA. In this respect, NMR-based analysis
of m®A methylated epsilon is clearly needed to decipher the
molecular structure that favors pgRNA encapsidation.

Despite the fact core protein has been shown to bind both
RNA and DNA, indicating a nonsequence specific affinity for
nucleic acids (35, 36), our results clearly suggest that the m°A
modification of pgRNA induces nucleocapsid assembly by
increasing the interaction with core protein without affecting
the pol interaction (Figs. 3 and 4). This interaction seemingly
occurs in the absence of pol, as evidenced by our results in
which the pol bulge mutant and pol-null HBV genome transfec-
tions sustained m°A-modified pgRNA~-core interactions (Figs.
3 and 4). Thus, the m°A-modified pgRNA 5’ epsilon might pre-
sent a favorable recognition site for core protein interaction,
adding a layer of the requirement of m®A modification of the
pgRNA epsilon structure for nucleocapsid assembly.

Our previous studies have described a wider range of func-
tional roles of m®A modification during HBV infection (25).
These include the interferon-induced HBV RNA decay occurring
in the context of m°A modification of 1907 nt (38), the require-
ment of HBx in methylation of viral transcripts at the sites of tran-
scription initiation from the cccDNA template in the nucleus
(39), the reduced sensitivity of RIG-I to m°A-modified RNA
(40), and HBV-induced enhancement of a phosphatase and tensin
homolog (PTEN) host RNA methylation and causing its degrada-
tion (41), the additional m®A modification at 1616 nt regulating
HBx mRNA stability (42), and the intriguing role of fragile X
mental retardation protein (FMRP) and YTHDCI in the nuclear
transport of m®A-modified viral transcripts to the cytoplasm (43).
This study adds the role of m°A in the nucleocapsid assembly to
the long list of myriad functions associated with m°A RNA meth-
ylation of HBV RNAs.

Our work opens a direction to investigate the role of m°*A modi-
fication in RNA-protein complex interactions and particularly those
of RNA viral genome packaging. The functional roles of m°A mod-
ification in various diseases including cancer and various metabolic
diseases are continuously being revealed (18). Of interest in this
respect is the consideration of inhibitors for m”A methyltransferases
as anticancer drugs (44, 45). In this context, the pivotal role of m°A
in HBV RNA encapsidation offers avenues for possible therapeutic
intervention for cccDNA clearance from infected cells.

Materials and Methods

Plasmids, Antibodies, and Reagents. The pHBV 1.3-mer plasmid was a kind
gift from Dr. Wang-Shick Ryu (Yonsei University) and obtained from Addgene
(65459). The FLAG-Pol plasmid was obtained from Addgene (65520). The
pHBV 1.3-mer 5'-3' MT, 5 MT, 3’ MT, and 5" MT-CM plasmids were previously
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constructed (25). The pHBV 1.3-mer Pol-null and bulge MT plasmids were gen-
erated by a QuikChange Il Site-Directed Mutagenesis kit (Agilent). The ATG
(start codon) in the pol open reading frame (ORF) was changed to ACG to cre-
ate a pHBV 1.3-mer Pol-null plasmid. The nucleotides from 1863 to 1868 nt
were deleted to generate a pHBV 1.3-mer bulge MT plasmid. The pHBV Y63D
was obtained from Dr. Jianming Hu (Penn State Hershey Medical Cente) (31).
Antibodies were obtained as follows: anti-YTHDF3 (#5C-379119), anti-preS2
(#5C-23944), and anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH;
#SC-47724) antibodies from Santa Cruz Biotechnology; anti-METTL3
(#15073-1-AP) antibody from Proteintech Group; anti-METTL14 (#HPA038002)
antibody from Sigma-Aldrich; anti-YTHDF1 (#86463), anti-YTHDF2 (#80014),
anti-YTHDC2 (#35440), and anti-FLAG (#14793) antibodies from Cell Signaling
Technology; anti-m°A antibody from Synaptic Systems; and anti-core and anti-
precore antibodies were kind gifts from Dr. Jing-Hsiung James Ou (University
of Southern California). Anti-preS2 antibody was diluted with a 1:200 ratio in a
5% bovine serum albumin (BSA) buffer for immunoblotting. The other anti-
bodies were used with a 1:1,000 ratio in a 5% BSA buffer for immunoblotting.
The ON-TARGET plus siRNAs of METTL3 (#L-005170-02-0005), METTL14
(#L-014169-02-0005), YTHDF1 (#L-018095-02-0005), YTHDF2 (#L-021009-02-
0005), YTHDF3 (#L-017080-01-0005), and YTHDC2 (#L-014220-01-0005) were
obtained from Dharmacon.

Cell Culture and Transfection. HepAD38 cells were maintained in Roswell Park
Memorial Institute medium (RPMI)-1640 with 20% fetal bovine serum and
Huh7 and HepG2-NTCP cells were maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal bovine serum. The HepG2-NTCP cells
were provided by Dr. Wenhui Li (National Institute of Biological Sciences). The
media was supplemented with 2 mM L-glutamine, 100 U/mL penicillin, 100 pg/
mL streptomycin, and 0.1 mM nonessential amino acid under standard culture
conditions (5% CO,, 37°C). PHHs were purchased from Gibco and cultured
according to the manufacturer’s protocol. Plasmids were transfected into cells
using Mirus TransIT-LT1 reagent (Mirus) according to the manufacturer’s pro-
tocol. Lipofectamine RNAIMAX reagent was used for siRNA transfection
(Thermo Fisher Scientific) according to the manufacturer’s protocol.

Virus Production and Cell Infection. HBV particles were harvested from the
supernatants of pHBV 1.3 WT or m®A site-mutated plasmid-transfected Huh7
cells. The culture medium was centrifuged at 4°C, 10,000 x g for 15 min. The
clarified supernatants were incubated with 5% polyethylene 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 at 1% volume of the
original supernatant. For infection, 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 medium. Cells were incubated for 10 d with a medium
changed every two days in a medium containing 2% DMSO.

Real-Time RT-qPCR. Total RNA was isolated using the RNeasy mini kit (Qia-
gen). The cDNAs were synthesis from extracted total RNA using iScript Reverse
Transcription Supermix (Bio-Rad). The qPCR was assessed with Ssoadvanced
Universal SYBR Green supermix (Bio-Rad). Each viral RNA and mRNA expres-
sion level, normalized to GAPDH, was analyzed using the AACt method. The
primers used for RT-gPCR were as follows: HBV RNA (forward primer: 5'-
CTCCCCGTCTGTGCCTTCT-3'; reverse primer 5-GCCCCAAAGCCACCCAAG-3'),
HBV pgRNA (5'-CTCAATCTCGGGAATCTCAATGT-3'; reverse primer 5-TGGA-
TAAAACCTAGGAGGCATAAT-3'), GAPDH (forward primer: 5'-CCTGCACCAC-
CAACTGCTTA-3'; reverse primer 5-CATGAGTCCTTCCACGATACCA-3').

Isolation of Encapsidated HBV pgRNA. Cells from one well of a six-well plate
were washed with PBS and incubated with 500 pL lysis buffer [50 mM Tris-HCl
(pH7.5), 1 mM ethylenediaminetetraacetic acid (EDTA), 150 mM Nacl, and 1%
Nonidet P-40 with Protease inhibitor mixture] in 37 °C for 10 min. The lysates
were centrifuged for 2 min at 14,000 rpm to remove the cell debris and nuclei.
The supernatant was transferred to a new centrifuge tube and then incubated
with 6 U micrococcal nuclease (New England Biolabs) and 30 puL of 100 mM
CaCl, for 15 min at 37 °C for to remove unprotected free nucleic acids. The
encapsidated pgRNA was extracted by the RNeasy min kit (Qiagen). The
extracted encapsidated pgRNA was analyzed with RT-qPCR and Northern
blot assay.

Isolation of Core-Associated HBV DNA. Cells from one well of a six-well plate
were washed with phosphate-buffered saline (PBS) and then incubated with
freshly prepared 500 pL of transfection lysis buffer [5S0 mM Tris-HCl (pH 8.0),
1 mM EDTA, and 1% Nonidet P-40 with Protease inhibitor mixture] in 37°C
for 10 min. The lysates were centrifuged for 1 min at 14,000 rpm, and then the
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supernatants were transferred to a new centrifuge tube. The supernatant was
added with 30 pL CaCl, and 75 U micrococcal nuclease (New England Biolabs)
for 45 min at 37 °C. After mixing briefly, the lysates were centrifuged for 1
min at 14,000 rpm. After brief centrifugation, 75 U micrococcal nuclease was
added to the supernatant again and incubated for 45 min in a 37 °C rotator.
After centrifugation for 1 min at 14,000 rpm, supernatant was transferred to
a new microcentrifuge tube, and 32 pul of 0.5 M EDTA and 260 pl of 35% PEG
in 1.75 M NaCl was added and kept in 4°C for 1 h. After centrifugation at
13,000 rpm for 5 min at 4°C, the supernatant was discarded, and the pellet
was resuspended in 300 pL tris-NaCl-EDTA (TNE) buffer.

MeRIP Assay. The extracted RNA was incubated with anti-m°®A antibody (Syn-
aptic Systems) conjugated to Protein G Dynabeads (Thermo Fisher Scientific)
in MeRIP buffer [50 mM Tris-HCl (pH 7.4), 150 mM NacCl, 1 mM EDTA, and
0.1% Nonidet P-40] overnight at 4°C. The immunoprecipitated RNA-bead
complexes were washed with MeRIP buffer five times, and bound RNA was
extracted with TRIzol (Thermo Fisher Scientific). Eluted RNA was reverse tran-
scribed into complementary DNA (cDNA) and subjected to RT-gPCR.

Western Blotting and Immunoprecipitation. Cells were incubated with a Noni-
det P-40 lysis buffer [1% Nonidet P-40, 50 mM Tris-HCl (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
transferred to a new microcentrifuge tube. Lysates were resolved by sodium
dodecyl sulphate- polyacrylamide gel electrophoresis (SDS-PAGE) and
transferred to nitrocellulose membranes (Bio-Rad). Membranes were blocked
with 5% BSA for 1.5 h, following the by then overnight incubation with
primary antibodies at 4°C. After washing, the membranes were incubated
with secondary antibody-conjugated horseradish peroxidase (Cell Signaling
Technology) for 1 h. Antibody complexes were detected using a chemilumi-
nescence substrate (Millipore). Chemiluminescence signals were detected
using the ChemiDoc MP Imaging Systems (Bio-Rad).

RNA-Protein UV Cross-linking Assay. Before harvesting, plated cells were
washed with cold PBS, and then cells were exposed to 245-nm UV for 250 mJ/
cm. Cell pellets were resuspended with SDS-lysis buffer [0.5% SDS, 50 mM
Tris-HCl (pH 6.8), 1 mM EDTA, 1 mM dithiothreitol (DTT), 150 mM NaCl] supple-
mented with a protease inhibitor and RNase inhibitor (Thermo Fisher Scientific).
Lysates were immunoprecipitated with anti-FLAG M2 magnetic beads (Sigma-
Aldrich) or anti-core antibodies conjugated to Protein G Dynabeads (Thermo
Fisher Scientific) for 2 h on the rotator at 4°C. The bead complex was washed
with Nonidet P-40 lysis buffer for five times. After the wash step, beads were
resuspended with Nonidet P-40 lysis buffer. The half of the bead was incubated
with proteinase K for 90 min at 37 °C, and then immunoprecipitated RNA was
extracted using the RNeasy mini kit (Qiagen). The other half of the bead was
added to protein sample buffer to be analyzed with Western blot assay.
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