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ABSTRACT Hepatitis delta virus (HDV) is a defective satellite virus that uses hepatitis B
virus (HBV) envelope proteins to form its virions and infect hepatocytes via the HBV
receptors. Concomitant HDV/HBV infection continues to be a major health problem,
with at least 25 million people chronically infected worldwide. N6-methyladenine (m6A)
modification of cellular and viral RNAs is the most prevalent internal modification that
occurs cotranscriptionally, and this modification regulates various biological processes.
We have previously described a wider range of functional roles of m6A methylation of
HBV RNAs, including its imminent regulatory role in the encapsidation of pregenomic
RNA. In this study, we present evidence that m6A methylation also plays an important
role in the HDV life cycle. Using the methylated RNA immunoprecipitation (MeRIP) assay,
we identified that the intracellular HDV genome and antigenome are m6A methylated
in HDV- and HBV-coinfected primary human hepatocytes and HepG2 cell expressing
sodium taurocholate cotransporting polypeptide (NTCP), while the extracellular HDV ge-
nome is not m6A methylated. We observed that HDV genome and delta antigen levels
are significantly decreased in the absence of METTL3/14, while the extracellular HDV ge-
nome levels are increased by depletion of METTL3/14. Importantly, YTHDF1, an m6A
reader protein, interacts with the m6A-methylated HDV genome and inhibits the inter-
action between the HDV genome and antigens. Thus, m6A of the HDV genome nega-
tively regulates virion production by inhibiting the interaction of the HDV genome with
delta antigens through the recruitment of YTHDF1. This is the first study that provides
insight into the functional roles of m6A in the HDV life cycle.

IMPORTANCE The functional roles of N6-methyladenine (m6A) modifications in the HBV
life cycle have been recently highlighted. Here, we investigated the functional role of m6A
modification in the HDV life cycle. HDV is a subviral agent of HBV, as it uses HBV envelope
proteins to form its virions. We found that m6A methylation also occurs in the intracellular
HDV genome and antigenome but not in the extracellular HDV genome. The m6A modifi-
cation of the HDV genome recruits m6A reader protein (YTHDF1) onto the viral genome.
The association of YTHDF1 with the HDV genome abrogates the interaction of delta anti-
gens with the HDV genome and inhibits virion assembly. This study describes the unique
effects of m6A on regulation of the HDV life cycle.

KEYWORDS hepatitis delta virus, N6-methyladenine modification, virion assembly, HDV
life cycle

Hepatitis delta virus is a significant human pathogen and a natural subviral agent of the
hepatitis B virus (HBV) (1 and 2). At least 25 million people are estimated to be chroni-

cally coinfected with both HBV and HDV (3). Superinfection with HDV in individuals chroni-
cally infected with HBV inflicts additional liver damage associated with accelerated liver
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disease, cirrhosis, liver failure, and hepatocellular carcinoma (4). Currently, there are no
effective antiviral treatments or therapeutic vaccines for chronic HDV infection (5). A better
understanding of the HDV life cycle may facilitate the identification of novel promising
drug targets to interfere with the infectious process.

HDV virions contain a ribonucleoprotein (RNP) complex composed of a circular negative-
sense single-stranded circular RNA (HDV genome) of almost 1.7 kb and the only viral pro-
teins, called small and large delta antigens (S-HDAg and L-HDAg) (6–8). Because HDV virions
are coated with HBV envelope proteins, they enter the hepatocytes via the HBV receptor so-
dium taurocholate cotransporting polypeptide (NTCP) (9). After infection, HDV replicates via
RNA-directed RNA synthesis through an RNA intermediate called the antigenome, which is
present in the nucleus but not in the HDV virions (10, 11). The HDV antigenome is fully com-
plementary to the HDV genome; it bears the open reading frames (ORFs) for delta antigens
but does not serve for their translation (12). HDV replicates by host RNA polymerase II (RNA
Pol II) via a rolling-circle mechanism, in which the circular genomic RNA serves as the tem-
plate for the synthesis of the antigenome and mRNA and the circular antigenome serves as
the template for the synthesis of the genome (13–15). Small self-cleaving RNA sequences
(ribozymes) identified in the genome and antigenome are responsible for the cleavage of
multimeric RNA molecules that arise during the rolling-circle amplification and represent the
only enzymatic activity reported for HDV (16). The HDV genome forms an extended quasi-
double-stranded RNA (quasi-dsRNA) rod-like structure containing numerous internal loops
and bulges (6). HDAg binds to the unbranched quasi-double-stranded HDV RNA as multi-
mers, and these RNP complexes protect the genome and antigenome RNAs from host nu-
clease activity (17). Its association with HDAg would depend more on its secondary structure
than on its primary sequence (18). Although S-HDAg and L-HDAg bind to the HDV genome
and antigenome and differ in a very short sequence at the C-terminus, they have very dis-
tinct roles in the viral life cycles (19–26). S-HDAg is required for viral genome replication and
mRNA transcription (19–22), while L-HDAg is essential for virus particle assembly but nega-
tively inhibits viral genome replication (23–26). Recently, it was shown that myrcludex B, a
myristoylated peptide of 47 amino acids derived from the preS1-domain of the HBV large
envelope protein, efficiently blocks the entry of HBV and HDV in cell lines and a liver-human-
ized mice model; this drug is in clinical trials (27).

Chemical modifications of RNAs have been previously described and intensely character-
ized for tRNAs and rRNAs (28). Of all the chemical modifications of mRNAs, the N6-methylade-
nine (m6A) modification is the most abundant and well characterized, functionally implicated
in a wide range of biological processes, including differentiation, sex determination, metabolic
disorders, cancer, and viral infections (29–34). The consensus sequence for m6A is 59-DRA*CH-
39 (where D = A, G, or U; R = G or A; A = methylated adenosine; C = C; and H = A, C, or U)
(35). The m6A modification is a dynamic cotranscriptional process that is reversibly catalyzed
by m6A “writers,” including the complex of methyltransferase-like protein 3 (METTL3),
METTL14, and Wilms’ tumor 1-associating protein (WTAP), and “erasers,” such as fat mass- and
obesity-associated protein (FTO) and ALKBH5 (33, 34, 36–38). The m6A-modified mRNA
directly interacts with YT521-B homology (YTH) domain family proteins (YTHDF1 to YTHDF3)
(33, 34, 39, 40). These proteins regulate the RNA stability and translation of m6A-methylated
RNA. Functionally, YTHDF1 enhances m6A-modified mRNA translation, while YTHDF2
promotes target mRNA degradation. YTHDF3 regulates the degradation and translation of
m6A-modified mRNA through cooperation with YTHDF1 and YTHDF2. In particular, m6A
modification of RNA viral genomes and transcripts of DNA viruses has been characterized
(41–49). m6A modification of viral RNAs has been shown to affect various aspects of the viral
life cycle and associated pathogenesis. m6A methyltransferases (METTL3/14) and m6A reader
proteins (YTHDFs) play important roles in regulating the life cycles of both DNA and RNA
viruses (42, 46–49). While m6A modification of viral transcripts has been identified, its effects
on viral replication and translation continue to be characterized.

Previously, we extensively studied the role of m6A modification in the HBV life cycle
and found that m6A methylation plays diverse roles of regulation (44, 46–53). In this
study, we investigated the functional role of m6A methylation of HDV RNAs in their life
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cycle. We observed that m6A methylation occurs in the HDV genome and antigenome
during HBV/HDV coinfection as well as HDV transfection. However, virion-associated
(extracellular) HDV genomes are not m6A methylated. The silencing of cellular m6A
methyltransferases (METTL3/METTL14) and YTHDF1 reduces the intracellular HDV ge-
nome levels but increases HDV virion production. Important, m6A methylation of the
HDV genome abrogates the interaction between HDV genome and delta antigens by
recruiting YTHDF1 and negatively regulates virion production. This study reveals novel
functional roles of m6A methylation in the HDV life cycle.

RESULTS
m6A methylation occurs in the intracellular HDV genome and antigenome. m6A

modification has been identified in several viral RNAs, including HBV, but its function
on HDV RNAs has not been studied. We first determined whether m6A methylation
occurs in HDV RNAs using a methylated RNA immunoprecipitation (MeRIP) assay with
an m6A-specific antibody, as described previously in HBV and HDV coinfection systems
(42, 47). Primary human hepatocytes (PHHs) were coinfected with HBV and HDV infec-
tious particles, and HDV replication was evaluated using a strand-specific real-time
reverse-transcription quantitative PCR (RT-qPCR) assay (22) and Western blot analysis
(Fig. 1A and B). For the MeRIP assay, total RNA was extracted and immunoprecipitated
using an m6A-specific antibody. Immunoprecipitated RNA was then analyzed using

FIG 1 Intracellular HDV genome and antigenome contain m6A methylation. (Top) PHHs were HBV/HDV coinfected and analyses conducted to
determine (A) HDV genome (left) and antigenome (right) levels, (B) protein expression levels, (C) intracellular m6A-methylated RNA levels (CREBBP and
HPRT1 were analyzed as the positive and negative controls, respectively), and (D) m6A methylation levels of the extracellular HDV genome. (Middle)
HepG2-NTCP cells were HBV/HDV coinfected and analyses conducted to assess (E) HDV genome (left) and antigenome (right) levels, (F) protein
expression levels, and (G and H) m6A-methylated RNA levels. (Bottom) HepG2 cells were cotransfected with plasmids pSVLD3 and pNF-HBV-LMSD1 and
analyses conducted to determine (I) HDV genome (left) and antigenome (right) levels, (J) protein expression levels, and (K and L) m6A-methylated RNA
levels. In all panels, data are mean 6 SD. *, P , 0.05; **, P , 0.01; ***, P , 0.001 (unpaired one-tailed Student’s t test). N.D., not detected; Ag, antigen.
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RT-qPCR with primers to specific HDV RNAs. Interestingly, we found that the intracellu-
lar HDV genome and antigenome RNAs contained m6A modifications (Fig. 1C). In the
MeRIP-RT-qPCR assay (Fig. 1C), cellular CREBBPmRNA was used as the positive m6A control
and HPRT1mRNA was used as a nonmethylated RNA control (39). Importantly, however, the
m6A methylation level of the extracellular HDV genome was dramatically lower than that of
the intracellular HDV genome (Fig. 1D). We next validated these results using HepG2-NTCP
cells coinfected with HBV and HDV infectious particles and found similar results: we
observed that m6A methylation occurs in the intracellular HDV genome and antigenome in
this system but not in the extracellular HDV genome (Fig. 1E to H). Since HBV infection is
essential for HDV replication and affects the m6A methylation profile of cellular RNAs, the
m6A methylation of HDV RNAs may be affected by HBV replication. To confirm this possibil-
ity, we conducted a MeRIP assay using total RNA from HepG2 cells cotransfected with plas-
mid pSVLD3 (which initiates HDV genome replication) and plasmid pNF-HBV-LMS-D1 (which
expresses HBV envelope proteins) (54). In the transfection system, the intracellular HDV ge-
nome and antigenome also contained m6A modification, but the HDV genome from virions
did not contain m6A methylation, suggesting that m6A modification occurs in the HDV ge-
nome and antigenome without HBV expression. These results clearly show that the intracel-
lular HDV genome and antigenome contain m6A methylation, while the extracellular HDV
genome is not m6A methylated.

m6A-methylated HDV genome is bound by YTHDF1 protein. We next analyzed
whether HDV RNAs are recognized by the YTHDF proteins, because the m6A reader proteins
(YTHDF1 to YTHDF3) are cellular m6A RNA-binding proteins that regulate the RNA stability
and translation activity of m6A-methylated RNAs (33, 34, 39, 40). We transfected HBV-/HDV-
coinfected HepG2-NTCP cells with each plasmid encoding FLAG-YTHDF1, FLAG-YTHDF2, or
FLAG-YTHDF3 protein, respectively. These cells were irradiated with UV to capture the RNA-
protein complexes (55), and cellular lysates were extracted and subjected to immunoprecipi-
tation using anti-FLAG-antibodies. Immunoprecipitated RNA was purified from RNA-protein
complexes and analyzed using RT-qPCR assay. The results of the RT-qPCR analysis showed
that both the HDV genome and antigenome were enriched in all YTHDF immunoprecipitates
relative to the IgG control, suggesting that the HDV genome and antigenome are bound by
the YTHDF1, YTHDF2, and YTHDF3 proteins (Fig. 2) Cellular CREBBP and HPRT1 RNAs were
used for m6A-positive and -negative controls, respectively (Fig. 2A) (39). Importantly, the
HDV genome was more strongly recognized by YTHDF1 than by YTHDF2 and YTHDF3, sug-
gesting that YTHDF1 may play an important role in the HDV life cycle. Taken together, these
results reveal that m6A methylation occurs in the intracellular HDV genome and antigenome
and binds cellular m6A reader proteins (YTHDF1, YTHDF2, and YTHDF3).

m6A RNA methylation modulates the HDV life cycle.m6A methylation is installed
onto RNA by a complex of m6A methyltransferases (METLL3 and METTL14) (36). To

FIG 2 HDV genome and antigenome bind to m6A reader proteins. HepG2-NTCP cells were HBV/HDV
coinfected and transfected with FLAG-YTHDF (1, 2, and 3) plasmids. Cellular lysates were subjected to
immunoprecipitation with an anti-FLAG antibody. Immunoprecipitated RNA was quantified by RT-qPCR as fold
enrichment relative to the control (A). Proteins were analyzed by Western blotting (B). In all panels, data are
mean 6 SD. **, P , 0.01 by unpaired one-tailed Student’s t test. IP, immunoprecipitation; ctrl, control.
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determine whether the cellular m6A methyltransferases regulate the HDV life cycle by
placing m6A methylation on HDV RNAs, we depleted both METTL3 and METTL14 in
HBV- and HDV-coinfected HepG2-NTCP cells using small interfering RNAs (siRNAs) and
observed that the m6A modification levels of HDV RNAs were decreased by the silencing of
METTL3/METTL14, suggesting that cellular m6A methyltransferases (METTL3 and METTL14)
catalyze m6A modification in the HDV genome and antigenome (Fig. 3A). We then analyzed
the HDV RNA and protein levels in METTL3- and METTL14-depleted cells and found that the
absence of these proteins resulted in decreased accumulation of the intracellular HDV genome
and antigen compared with control siRNA-treated cells, as revealed by RT-qPCR and immuno-
blotting (Fig. 3B and C). However, the HDV antigenome levels were slightly decreased in
METTL3- and METTL14-depleted cells (Fig. 3B), suggesting that m6A methylation may not reg-
ulate HDV antigenome levels. We next analyzed the effect of silencing METTL3 and METTL14
on the extracellular HDV genome levels, because the unmethylated HDV genome accumu-
lated inside the virions (Fig. 1D). The results showed that depletion of METTL3 and METTL14
significantly increased the accumulation of the extracellular HDV genome (Fig. 3D). Taken to-
gether, these results suggest that m6Amethylation of HDV RNAs positively regulates the intra-
cellular HDV genome and antigen expression but negatively affects HDV virion production.

YTHDF1 protein affects the HDV life cycle. After determining that m6A methyl-
transferases positively regulate HDV genome and antigen accumulation but negatively
affect the extracellular HDV genome levels, we next tested whether m6A reader pro-
teins could similarly affect the HDV life cycle. In this study, we focused on the effect of
YTHDF1 in the regulation of the m6A-mediated HDV life cycle, because the HDV ge-
nome was strongly recognized by YTHDF1, as shown in Fig. 2, and YTHDF1 promotes the
translation of m6A-methylated RNAs (33, 34). We depleted YTHDF1 protein in HBV- and
HDV-coinfected HepG2 cells using siRNAs. We found that the depletion of YTHDF1 signifi-
cantly reduced the intracellular HDV genome and antigen levels but only slightly decreased

FIG 3 Cellular m6A methyltransferases regulate the HDV life cycle. HepG2-NTCP cells were HBV/HDV coinfected
and transfected with control or METTL3/14 siRNAs. After 3 days, total RNA and cellular lysates were extracted
to (A) conduct MeRIP-RT-qPCR and (B) assess HDV genome (left) and antigenome (right) levels and (C) protein
expression levels. (D) Extracellular HDV genome was extracted and analyzed by RT-qPCR. In all panels, data are
mean 6 SD. *, P , 0.05; **, P , 0.01 (unpaired one-tailed Student’s t test). N.D., not detected.
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the antigenome levels (Fig. 4), suggesting that YTHDF1 protein also positively regulates HDV
genome and antigen accumulation, similar to m6A methyltransferases. Importantly, the
depletion of YTHDF1 also significantly increased the extracellular HDV genome levels (Fig.
4C), indicating that YTHDF1 protein affects the HDV life cycle. Together, these results sug-
gest that the m6A methylation of the HDV genome regulates viral replication and assembly
by recruiting YTHDF1 protein.

m6A RNA methylation of the HDV genome affects it’s interaction with HDV antigen.
Both S-HDAg and L-HDAg interact with the HDV genome, and these interactions are impor-
tant in viral RNA replication and assembly (19–26). In particular, the interaction of L-HDAg
with the HDV genome promotes the assembly of the HDV RNP complex with HBV envelope
proteins in order to form virions and to facilitate their egress (23). In this context, we tested
whether m6A methylation of the HDV genome affects its interactions with HDV antigens to
regulate the viral life cycle. We depleted METTL3 and METTL14 in HBV- and HDV-coinfected
HepG2-NTCP cells using siRNAs and irradiated these cells with UV to capture the RNA-pro-
tein complex (55). Cellular lysates were extracted and immunoprecipitated using an anti-
delta antigen-antibody. The interaction between HDV RNA and antigen was evaluated using
RT-qPCR analysis. Interestingly, we found that the silencing of METTL3 and METTL14 signifi-
cantly increased the interactions between the HDV genome and delta antigens (Fig. 5A and
B), suggesting that m6A modification of the HDV genome inhibits the interaction of delta

FIG 4 YTHDF1, m6A reader protein, regulates the HDV life cycle. HepG2-NTCP cells were HBV/HDV
coinfected and transfected with control or YTHDF1 siRNAs. Using RT-qPCR, levels of HDV genome (A),
antigenome (B), and extracellular genome (C) were quantified; proteins were analyzed by Western blotting (D).
In all panels, data are mean 6 SD. *, P , 0.05 by unpaired one-tailed Student’s t test. N.D., not detected.

FIG 5 m6A methylation of the HDV genome inhibits the interaction with HDV antigen by recruiting YTHDF1. (A and B) HepG2-NTCP cells
were HBV/HDV coinfected and transfected with control or METTL3/14 siRNAs. Cellular lysates were extracted and immunoprecipitated with an
antidelta antigen-antibody. The immunoprecipitated HDV genome was quantified using RT-qPCR (A). Proteins were analyzed by Western blotting
(B). (C and D) HepG2-NTCP cells were HBV/HDV coinfected and transfected with control or YTHDF1 siRNAs. Cellular lysates were extracted and
immunoprecipitated with an anti-HDV antigen-antibody. The immunoprecipitated HDV genome was quantified using RT-qPCR (C). Proteins were
analyzed by Western blotting (D). In all panels, data are mean 6 SD. **, P , 0.01 by unpaired one-tailed Student’s t test. N.D., not detected.
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antigens to regulate viral RNA replication and virion assembly. We further validated whether
YTHDF1 could similarly affect the interaction of the HDV genome with delta antigens and
found that depletion of YTHDF1 also increased the interaction between HDV RNAs and anti-
gens (Fig. 5C and D). Therefore, these results reveal that m6A methylation of the HDV ge-
nome decreases the interaction of HDV antigens by recruiting YTHDF1 protein. The reduced
occupancy of delta antigens on the HDV genome affects the HDV genome and virion pro-
duction levels.

DISCUSSION

m6A RNA modification has been shown to regulate the function of viral RNAs (41–49).
Here, we investigated whether HDV RNAs in infected cells were m6A modified. We found
that the HDV genome and antigenome, isolated from cells coinfected with HBV and HDV, as
well as from cells only expressing HDV in culture, contain m6A methylation (Fig. 1). The
silencing of the cellular m6A machinery and YTHDF1 protein increases the extracellular HDV
genome accumulation but decreases intracellular HDV genome levels (Fig. 3 and 4).
Importantly, the loss of m6A methylation of HDV RNA enhanced the interaction of delta
antigens; depletion of YTHDF1 also resulted in a similar interaction between the HDV ge-
nome and delta antigens (Fig. 5). Based on these results, we conclude that m6A methylation
of the HDV genome regulates the interaction of delta antigens by recruiting YTHDF1 and
thereby negatively regulating viral assembly. Since m6A methylation is reversibly catalyzed
by cellular m6A methyltransferases or demethylases (33, 34, 36–38), m6A methylation can-
not occur in all HDV genomes. Thus, m6A-methylated and -unmethylated HDV genomes
can coexist in HDV-infected cells. In this respect, only the m6A-methylated HDV genome is
sequestered by YTHDF1 from delta antigens, resulting in the accumulation of unmethylated
RNA genomes in the HDV particles. Therefore, this study points to a novel role of m6A modi-
fication in the HDV virion assembly.

m6A modification regulates both cellular and viral RNA biology by diverse pathways, and
these effects of m6A methylation depend on the recognition of different m6A reader proteins
(29–34, 41–49). For instance, m6A methylation in the 39 untranslated regions (UTR) of mRNAs
reduces the RNA stability mediated by interaction with YTHDF2 protein, while YTHDF1 pro-
teins can protect their target RNA from degradation and promote the translation of m6A-
methylated mRNA. In this study, although we focused on the effect of YTHDF1 mediated by
m6A methylation in HDV assembly, we observed that the HDV genome also interacts with
YTHDF2 and YTHDF3 (Fig. 2). In this respect, YTHDF2 and YTHDF3 proteins should also be
able to affect the HDV life cycle. If this is true, m6A can regulate the HDV life cycle in more
than one way. In addition, m6A methylation can alter the RNA secondary structure to regulate
the binding between the RNA and protein (56). In this context, m6A methylation of the HDV
genome could reduce the binding affinity with HDV antigens by altering the RNA structure.
Further studies are needed to better understand the role of m6A methylation in HDV replica-
tion. Identifying the exact m6A sites within the HDV genome is fundamental to sorting out
the various functions of m6A RNAmethylation in the HDV life cycle.

HDV uses the HBV surface antigen (HBsAg) proteins to form its virions and to enter he-
patocytes via HBV receptors (9). HBsAg is synthesized in three forms of envelope proteins;
small (S), middle (M), and large (L) proteins (57). HDV virion assembly occurs through
interactions between the HDV RNP complex and all three forms of HBs antigens (6).
Although HBs proteins are required for HDV virion production, HDV infection temporarily
or permanently suppresses HBV replication (58). Thus, beyond interacting with HBsAg,
HDV infection may regulate the HBV life cycle by other mechanisms. In this respect, m6A
modification may play an important role in the interplay between HDV and HBV, because
m6A methylation occurs in both HBV transcripts and HDV RNAs, and this methylation reg-
ulates the HBV and HDV life cycles by diverse pathways (47–53, 59). Understanding the
m6A methylation-mediated interplay between HDV and HBV could provide a clearer
understanding of the mechanisms of this interaction between these two viruses.

S-HDAg and L-HDAg bind to unbranched quasi-double-stranded HDV RNA to regu-
late viral genome and antigenome replications and viral mRNA transcription (19–26).
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In particular, S-HDAg binds to HDV RNA as an octamer and interacts with the linker his-
tone H1e, RNA Pol II, and transcription initiation factors (60). These interactions positively regu-
late the synthesis of HDV genome and mRNAs but not HDV antigenome synthesis (19–22). A
smaller amount of L-HDAg inhibits HDV genome synthesis, whereas the synthesis of HDV anti-
genome and mRNA is inhibited only when the L-HDAg content vastly exceeds that of S-HDAg
(61). L-HDAg disrupts the positive effect of S-HDAg on HDV RNA synthesis by interaction with
the homo-oligomeric S-HDAg multimer bound to the HDV antigenome (26). Generally, m6A
methylation is installed onto RNAs during transcription (33, 34). Thus, delta antigens may con-
tribute to m6A methylation in HDV RNAs by the interaction with cellular m6A machinery dur-
ing HDV genome and antigenome replications and thus regulate m6A-mediated HDV replica-
tion. We previously showed that HBV X (HBx) protein, which regulates HBV transcription and
replication, directly binds and recruits m6A methyltransferases onto the HBV covalently closed
circular DNA (cccDNA) genome to affect cotranscriptional m6A modification of viral RNAs (50).
Whether HBx contributes to m6A methylation of the HDV RNAs by the recruitment of m6A
methyltransferases onto HDV RNA templates should be investigated.

Our work opens a new avenue for studying the functional role of m6A methylation
in the HDV life cycle. Novel roles of m6A methylation are continuously being uncov-
ered in various biological processes, viral infections, metabolic diseases, psychiatric dis-
orders, cancers, etc. (29–34). Dysregulation of m6A modification has been implicated in
cancer development and progression, and an inhibitor of m6A methyltransferases has
been identified as a novel anticancer drug target (62, 63). In this context, our work may
lead to the design of new therapeutic opportunities against HDV/HBV coinfections.

MATERIALS ANDMETHODS
Plasmids, antibodies, and reagents. The pSVLD3 construct was used to start HDV genome replica-

tion, and plasmid pNF-HBV-LMS-D1 was used to express the HBV envelope proteins of one of the variants of
the genotype D of HBV, as previously described (54). Antibodies were obtained as follows: anti-FLAG (number
14793) and anti-YTHDF1 (number 86463) antibodies from Cell Signaling Technology (Danvers, MA, USA), 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), and anti-METTL14 (number HPA038002) antibody from Sigma-Aldrich (San Jose, CA, USA).
Polyclonal rabbit antidelta antigen antibodies were generated against recombinant small delta antigen (54).
The antibodies were used at a 1:1,000 ratio in a 5% bovine serum albumin (BSA) buffer for immunoblotting.
The ON-TARGET plus siRNAs of METTL3 (number L-005170-02-0005), METTL14 (number L-014169-02-0005),
and YTHDF1 (number L-018095-02-0005) were obtained from Dharmacon (Lafayette, CO, USA).

Cell culture and transfection. Primary human hepatocytes (PHHs) were obtained from Gibco and
cultured according to the manufacturer’s protocol. HepG2 cells were obtained from ATCC. HepG2-NTCp
cells were provided by Wenhui Li (National Institute of Biological Sciences, Beijing, China) (64). HepG2
and HepG2-NTCP cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum (FBS). HepAD38 cells were provided by Christoph Seeger (Fox Chase
Cancer Center, Philadelphia, PA, USA). The HepAD38 cells were maintained in Roswell Park Memorial
Institute (RPMI) 1640 medium with 20% FBS. HepAD38 and HepG2-NTCP cells were cultured in the pres-
ence of 400 mg/mL G418 during maintenance and passage. The medium was supplemented with 2 mM
L-glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, and 0.1 mM nonessential amino acid under
standard culture conditions (5% CO2, 37°C). HepG2 and HepG2-NTCP cells were transfected with plas-
mids using Mirus TransIT-LT1 according to the manufacturer’s protocol. siRNAs were transfected into
cells using Lipofectamine RNAiMAX (Invitrogen), according to the manufacturer’s instructions.

Virus production and cell infection. HDV particles were harvested from the supernatants of HepG2
cells cotransfected with plasmids pSVLD3 and pNF-HBV-LMS-D1 at a 1:1 ratio. HBV particles were con-
centrated from the supernatants of HepAD38 cells. The culture medium was centrifuged at 4°C and
10,000 � g for 15 min and concentrated about 100-fold with 5% polyethylene glycol (PEG) 8000 over-
night at 4°C. The HBV and HDV titers were quantified using RT-qPCR (65) and diluted in a serum-free me-
dium with 4% PEG 8000 and 2% dimethyl sulfoxide (DMSO) for infection. PHHs and HepG2-NTCP cells
were infected with HBV (100 viral genome equivalents [vge]/cell). After 24 h, the cells were washed three
times with phosphate-buffered saline (PBS). For HDV infection, HBV-infected cells were then incubated
with infectious HDV particles (100 vge/cell) for 24 h (66, 67). After the incubation with HDV particles, the
PHHs and HepG2-NTCP cells were washed with a culture medium and further cultured for 9 days.

Real-time reverse-transcription quantitative PCR. Total RNA was extracted using the RNeasy mini-
kit (Qiagen) and treated with DNase prior to reverse transcription. The extracellular RNA was 10-fold concentrated
using the Amicon Ultra centrifugal filter (Millipore) and extracted using the PureLink viral RNA kit (Invitrogen). RNA
was reverse-transcribed using iScript reverse transcription supermix (Bio-Rad). The quantitative PCR was assessed
with SsoAdvanced Universal SYBR green supermix (Bio-Rad). For strand-specific detection of HDV genome and
antigenome, the total RNA was reverse transcribed using the iScript Select cDNA synthesis kit (Bio-Rad) with either
Tag1 HDV genome RT primer (59-GATGCCTACGACTGAAGCCTAGTGAATAAAGCGGGTTTCCACTCACAG-39) or Tag2
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HDV antigenome RT primer (59-GTAGGCTACGACTGAAGCCTAGTGTCTCTCTCGAGTTCCTCTAACTTCTTTCTTCC-39),
respectively (22). HDV genome and antigenome levels were quantified using SsoAdvanced universal probes super-
mix (Bio-Rad) with either Tag1 HDV genome F (59-GATGCCTACGACTGAAGCCTAGT-39) and HDV genome R
(59-GTGGCTCTCCCTTAGCCATC-39) for the HDV genome or Tag2 HDV antigenome F (59-GTAGGCTACGACTGAA
GCCTAGT-39) and HDV antigenome R (59-GTCCAGCAGTCTCCTCTTTACAG-39) for the HDV antigenome. Viral RNA
and cellular mRNA levels, normalized to GAPDH, were analyzed using the DD threshold cycle (DDCT) method.

Methylated RNA immunoprecipitation RT-qPCR. Total RNA was isolated using the RNeasy minikit
(Qiagen) and treated with DNase. Isolated total RNA was incubated with an anti-m6A antibody (Thermo
Fisher Scientific) conjugated to protein G Dynabeads (Thermo Fisher Scientific) in MeRIP buffer (50 mM
Tris-HCl [pH 7.4], 150 mM NaCl, 1 mM EDTA, and 0.1% NP-40) with RNase inhibitor overnight at 4°C. The
beads were then washed with MeRIP buffer 5 times, and m6A-modified RNA was eluted in with MeRIP
buffer containing 5 mM m6A 59-monophosphate sodium salt (Sigma-Aldrich). The eluted RNA was con-
centrated using the RNeasy minikit (Qiagen) and reverse transcribed into cDNA. HDV genome and anti-
genome were quantified using a strand-specific RT-qPCR.

RNA immunoprecipitation. Cells were cross-linked with 245 nm UV for 250 mJ/cm and lysed in SDS
lysis buffer (0.5% SDS, 50 mM Tris-HCl [pH 6.8], 1 mM EDTA, 1 mM dithiothreitol [DTT], 150 mM NaCl)
supplemented with a protease inhibitor and RNase inhibitor (Thermo Fisher Scientific). The cellular
lysates were incubated with antidelta antigen or anti-FLAG antibody conjugated to protein G
Dynabeads (Thermo Fisher Scientific) overnight at 4°C in a rotating wheel. The beads were washed with
lysis buffer 5 times. Half of the beads were incubated in elution buffer (20 mM Tris-HCl [pH 7.5], 5 mM
EDTA, 50 mM NaCl, 1% SDS, proteinase K 50 mg/mL) for 2 h at 58°C, and then RNA was extracted using
the RNeasy minikit (Qiagen) (3). The other half of the beads were analyzed by Western blot assay.

Western blotting. Cells were lysed in a radioimmunoprecipitation assay (RIPA) lysis buffer (Thermo
Fisher Scientific) supplemented with a protease inhibitor (Thermo Fisher Scientific) for 15 min at 4°C,
and the cellular lysates were centrifuged for 20 min at 14,000 rpm at 4°C. The clarified cellular lysates
were resolved by SDS-PAGE gel and transferred to nitrocellulose membranes (Bio-Rad). The membranes
were incubated with various primary antibodies, and the chemiluminescence signals were detected
using the ChemiDoc MP imaging system (Bio-Rad).

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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