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Epitranscriptomic RNA modifications have emerged as important regulators of the fate 
and function of viral RNAs. One prominent modification, the cytidine methylation 
5-methylcytidine (m5C), is found on the RNA of HIV-1, where m5C enhances the 
translation of HIV-1 RNA. However, whether m5C functionally enhances the RNA of 
other pathogenic viruses remains elusive. Here, we surveyed a panel of commonly found 
RNA modifications on the RNA of hepatitis B virus (HBV) and found that HBV RNA 
is enriched with m5C as well as ten other modifications, at stoichiometries much higher 
than host messenger RNA (mRNA). Intriguingly, m5C is mostly found on the epsilon 
hairpin, an RNA element required for viral RNA encapsidation and reverse transcription, 
with these m5C mainly deposited by the cellular methyltransferase NSUN2. Loss of m5C 
from HBV RNA due to NSUN2 depletion resulted in a partial decrease in viral core 
protein (HBc) production, accompanied by a near-complete loss of the reverse transcribed 
viral DNA. Similarly, mutations introduced to remove the methylated cytidines resulted 
in a loss of HBc production and reverse transcription. Furthermore, pharmacological 
disruption of m5C deposition led to a significant decrease in HBV replication. Thus, our 
data indicate m5C methylations as a critical mediator of the epsilon elements’ function 
in HBV virion production and reverse transcription, suggesting the therapeutic potential 
of targeting the m5C methyltransfer process on HBV epsilon as an antiviral strategy.

hepatitis B virus | reverse transcription | m5C | NSUN2 | RNA modifications

Epitranscriptomic RNA modifications have been found on the RNA of diverse virus 
families, where they mostly enhance viral replication, with a few exceptions (1, 2). In 
particular, we previously found the RNA of HIV-1 highly enriched with multiple mod-
ifications, with ~20% more N6-methyladenosine (m6A), 14x more 5-methylcytidine 
(m5C), and ~20x more 2′-O-methylations (Nm) than that on host mRNAs (3). 
Functionally, m5C boosts HIV-1 mRNA translation, m6A enhances the stability of HIV-1 
RNA, N4-acetylcytidine (ac4C) prevents viral RNA premature degradation, and Nm is 
reported to protect HIV-1 RNA from innate immune detection (3–7). Thus, HIV-1, if 
not other viruses as well, may have evolved to have its RNA enriched with modifications 
that enhance viral replication through divergent mechanisms.

Hepatitis B virus (HBV) is a highly pathogenic blood-borne virus whose DNA genome, 
similar to HIV-1, is produced through the reverse transcription of capsid-packaged viral 
RNA, making RNA an essential intermediate in the replication of the viral genome (8). 
The RNA modification, m6A has been identified on the pregenomic RNA (pgRNA) of 
HBV, with m6A reported to decrease viral RNA stability and yet enhance pgRNA encap-
sidation and reverse transcription (9–11). However, the presence/function of any other 
of the >150 modifications on HBV RNA remains enigmatic (12). In particular, the cyt-
idine methylation m5C is prominently found on mammalian mRNAs (13–15), with its’ 
function diverse and seemingly context dependent. m5C abundance on mRNAs negatively 
correlates with ribosome occupancy on ~61% of transcripts, yet enhances the translation 
of specific transcripts such as p21 & CDK1, and mildly enhances mRNA nuclear export 
(16–19). In addition, m5C was also reported to stabilize mRNAs in cancer cells (20, 21). 
For viral transcripts, m5C was first found on mRNAs of Sindbis virus (22), with its’ 
presence enhancing viral gene translation of HIV-1 as well as the replication of the model 
retrovirus murine leukemia virus (MLV) (3, 23, 24).

Here, we hypothesize that the RNA of HBV can be decorated and functionally regulated 
by m5C, in analogy to other reverse-transcribing viruses. In support of our hypothesis, 
we found that HBV RNA is substantially more enriched with multiple RNA modifications 
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than host mRNAs, including m5C. HBV RNA m5C is mostly 
deposited by the host methyltransferase NSUN2, the methyltrans-
ferase responsible for ~75% of the m5C on host mRNAs (14, 25). 
These viral m5C are located on the viral RNA terminal “epsilon” 
elements, which are essential for initiating viral reverse transcrip-
tion while encompassing the viral capsid (HBc) start codon. 
Consistent with the function of epsilon, depletion of NSUN2 
leads to a partial defect in HBc translation and an almost complete 
loss of viral reverse transcription products. A similar defect was 
observed when point mutants were introduced to remove the 
methylated C residues without disrupting the epsilon structure, 
while a small molecule drug disruptor of m5C methylation can 
significantly inhibit HBV replication. Overall, our data suggest 
that HBV RNA is highly enriched with diverse RNA modifica-
tions, with NSUN2-deposited m5Cs on the epsilon RNA element 
enhancing viral particle production, a host-mediated mechanism 
that may be targeted for future antiviral development.

Results

We first ask whether the cytidines on HBV RNA are m5C meth-
ylated. As encapsidated pgRNA is degraded during reverse tran-
scription, for detection of m5C on pgRNA, we used an HBV 
replicon with a Y63D-mutant pol gene (reverse transcriptase, RT) 
to preserve pgRNA (26, 27). Supernatants were collected from 
human hepatocyte HuH-7 cells transfected with the RT-mutant 
replicon, and the purified viral RNA dotted on a membrane. The 
membrane was stained with an antibody previously used to detect 
m5C (3, 28) and counterstained with an HBV-specific Northern 
blot probe (SI Appendix, Fig. S1A). m5C signals were observed on 
the same dots as detected by HBV probes, but not in the virus-free 

(mock) controls, suggesting that HBV pgRNA may contain m5C. 
We next profiled the RNA modification landscape of HBV pgRNA 
using ultra-high-performance liquid chromatography linked to 
tandem mass spectrometry (UPLC–MS/MS). Viral capsids within 
lysates of RT-mutant replicon transfected cells were fractionated 
over a sucrose gradient (SI Appendix, Fig. S1B). Fractions with viral 
RNA-containing capsids were collected, the capsids pelleted, and 
the RNA extracted. This highly purified capsid-associated RNA 
contained the full-length pgRNA (~3.2 kb) along with a range of 
spliced viral transcripts (29), while devoid of the distinctive sizes 
of host ribosomal RNAs (rRNAs) (SI Appendix, Fig. S1 E and F). 
For comparison, HuH-7 cellular RNA was also prepared, poly(A) 
selected, and rRNA depleted, also resulting in minimal residual 
rRNA (SI Appendix, Fig. S1 C, D, and F). These purity-verified 
viral and cellular RNA were digested to single nucleotides and 
subjected to UPLC–MS/MS identification of nucleotides, using a 
panel of commercially available nucleotide standards as reference 
(SI Appendix, Table S1) (30). We were able to quantify thirteen 
modified nucleosides in HBV RNA and host mRNAs (Fig. 1A, 
detailed in Table 1). Interestingly, HBV is highly enriched with 
multiple modifications, with viral RNA m5C abundances ~11-fold 
higher than that on host cellular mRNAs, and most other modifi-
cations between 2 and 20x more abundant on HBV RNA as com-
pared to cellular mRNAs, with the exception of 2’O-methyluridine 
(Um) and inosine (I). Among cytidine modifications, the modifi-
cation rate of m5C on HuH-7 mRNAs is roughly half of that 
previously found in T lymphocytes, while 2’O-methylcytidine 
(Cm) rates are comparable (3). Notably, 0.22% of HBV C residues 
are m5C methylated (Fig. 1B), compared to 0.02% m5C on HuH-7 
mRNAs. Given that there are 883 cytidines in the 1.1mer pgRNA 
(ayw strain), we estimate roughly two m5C residues on every 
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Fig. 1.   HBV RNA is m5C methylated. (A and B) Quantification of RNA modifications on HBV virion RNA by UPLC–MS/MS, purified from HBV pol Y63D (RT mut.) 
virions, shown normalized to the levels of that on HuH-7 mRNA (A), with cytidine modifications also presented as percent total cytidine (B). (C and D) m6A and m5C 
sites on HBV RNA were mapped using PA-m6A/m5C-seq on HuH-7 cells transfected with or without (mock) the wildtype ayw strain HBV replicon. Accompanying 
total RNA-seqs shown in the top track as the pulldown input control. The whole HBV pgRNA depicted in (C), with the epsilon region enlarged in (D). Track heights 
scaled as the shown counts per million total reads (cpm), red-blue bars depict T>C conversions from 4SU-crosslinking.
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pgRNA molecule. Other modifications including 
2’O-methylcytidine (Cm at 0.77%), N4-acetylcytidine (ac4C at 
0.037%), as well as pseudouridine (ψ at 1.025%) were also detected 
and may be of future interest. All in all, two orthogonal detection 
methods suggest that HBV pgRNA contains m5C-methylated 
cytidines.

We previously utilized a photoactivatable-ribonucleoside-enhanced 
cross-linking and immunoprecipitation (PAR-CLIP)-derived strategy 
to map RNA modifications including m6A, m5C, ac4C, and ψ, on 
the RNA of HIV-1 and other viruses (3, 4, 6, 31, 32), originally 
developed as photo-crosslinking-assisted m6A sequencing (PA-m6A- 
seq) (33). To map m5C sites using an m5C antibody (PA-m5C-seq) 
(3), we extracted RNA from wildtype HBV replicon-transfected 
HuH-7 cells that were pulsed with the uridine analog 4-thiouridine 
(4SU) and crosslinked the 4SU+ RNA to m5C antibodies with 365 
nm UV. The crosslinked and immunoprecipitated RNA was trimmed 
with RNase to the width of the antibody (~32 nt), reverse transcribed, 
and sequenced. Antibody-crosslinked 4SU results in characteristic T>C 
mutations in the sequencing reads, allowing for the identification of 
true antibody-crosslinked reads. As a control, PA-m6A-seq was also 
done in parallel, confirming the previously reported m6A sites on the 
epsilon element and HBx (9, 11, 34), with a few more peaks on pol 
and HBs (Fig. 1C) (35). To ensure 4SU-crosslinking wasn’t biased 
toward U-rich sequences, PA-m5C-seq was repeated using the alterna-
tive photoreactive nucleoside, 6-thioguanosine (6SG) (36). Regardless 
of 4SU or 6SG-crosslinking, m5C predominantly mapped to a cluster 
overlapping the epsilon element, with a few minor peaks in HBs 
(Fig. 1C and SI Appendix, Fig. S1G). Zooming in, the major m5C peak 
ranges from direct repeat 1 (DR1) to the lower stem of the epsilon 
hairpin (Fig. 1D and SI Appendix, Fig. S6A). Epsilon on the 5′ end of 
pgRNA acts as the RNA packaging signal and contains the reverse 
transcription initiation site, while every HBV transcript also includes 
a copy of epsilon in the 3′UTR. Due to the short read nature of 
Illumina sequencing, we could not differentiate the 5′ and 3′ epsilon 
-aligning reads and these reads were thus equally assigned to both ends.

If HBV RNA is indeed m5C methylated, we should be able to 
coimmunoprecipitate HBV RNA with the methyltransferase that 
deposits these m5Cs. m5C can be deposited on RNAs either by the 
NSUN family of methyltransferases (NSUN1-NSUN7) or DNMT2 

(37). We cloned FLAG-tagged m5C methyltransferase candidates 
and yet were only able to obtain clones of NSUN2 and NSUN4 
through NSUN6 from HuH-7 cDNA. Nevertheless, cells were 
cotransfected with these NSUN plasmids as well as an HBV replicon 
and pulsed with the cytidine analog 5-azacytidine (5-AzaC), which 
upon incorporation into RNA leads to m5C methyltransferases cova-
lently stuck on the substrate RNA (38). Upon immunoprecipitating 
the 5-AzaC-stabilized NSUN-RNA complexes, NSUN2 showed the 
strongest copurification with HBV RNA (Fig. 2 A and B), suggesting 
that HBV RNA interacts with NSUN2, the primary host mRNA 
m5C methyltransferase (14, 25).

If NSUN2 is indeed the methyltransferase depositing m5C on 
HBV RNA (Fig. 2C), we may predict that a) removal of NSUN2 
should lead to the loss of m5C from HBV RNA, and b) NSUN2 
should specifically coimmunoprecipitate with m5C+ regions of 
HBV RNA. To this end, we first utilized CRISPR/Cas9 to edit out 
NSUN2 from HuH-7 cells (ΔNSUN2, Fig. 2D and SI Appendix, 
Fig. S2A). ΔNSUN2 cells showed a slight impact to cell viability 
yet no impact on transfection efficiency (SI Appendix, Fig. S2 B, 
D, and E). Performing PA-m5C-seq on HBV-transfected ΔNSUN2 
cells, we indeed observed ~75% shorter m5C peaks in ΔNSUN2 
cells as compared to that in nontargeting CRISPR control cells 
(Ctrl) (Fig. 2E) (35). Next, we tested whether NSUN2 copurifies 
with HBV RNA at m5C sites, by performing PAR-CLIP on cells 
cotransfected with the HBV replicon and plasmids encoding either 
FLAG-tagged NSUN2 or green fluorescent protein (GFP). As in 
Fig. 2F, NSUN2, but not GFP, binds HBV RNA at the epsilon 
elements, colocalizing with the PA-m5C-seq peaks (35).

We next ask whether viral RNA m5C methylation affects the over-
all production of secreted HBV virions. If m5C enhances HBV rep-
lication as it does with HIV-1, and m5C deposition is NSUN2- 
dependent (Fig. 2E), then we would expect to see lower HBV viral 
production upon NSUN2 depletion. We transfected control and 
ΔNSUN2 HuH-7 cells with equal amounts of the wildtype HBV 
replicon (SI Appendix, Fig. S2E) and quantified the viral products in 
the supernatant. Indeed, we found almost undetectable amounts of 
virion-packaged HBV genomic DNA (Fig. 3A) and a ~60 to 90% 
loss of HBV surface antigen protein (HBs) in the supernatants of 
two independent single-cell clones of ΔNSUN2 HuH-7 cells as 
compared to control (Fig. 3 B and C). The loss of virion-packaged 
DNA could not be fully explained by the loss of HBs+ virions as 
quantifying HBV DNA from equal amounts of HBs+ virions still 
revealed a ~60% loss of secreted DNA from ΔNSUN2 cells 
(SI Appendix, Fig. S3 A and B). This loss of secreted viral products 
was also phenocopied in NSUN2 shRNA knocked down HuH-7 
cells (Fig. 3 D and E). To ensure the above observations from replicon 
transfections were consistent in actual infections, we next turned to 
HepG2-NTCP cells which stably express the HBV receptor NTCP 
and thus can be infected (39, 40). Upon infecting NSUN2 
CRISPR-depleted HepG2-NTCP cells (SI Appendix, Fig. S2 A and 
C) with wild-type HBV, we observed slower replication kinetics 
across 3 to 12 days postinfection (dpi, Fig. 3F), as well as a 60% 
drop in secreted HBc and HBs proteins and >90% loss in viral 
DNA at 12 dpi (Fig. 3 G and H). Thus, our observed NSUN2- 
dependent HBV replication phenotypes were consistent across 
NSUN2 CRISPR or RNAi-depletion, in both replicon transfection 
and HBV infection systems. Next, as a proof of concept, we treated 
HBV+ HuH-7 cells with the nucleoside analog 5-AzaC to test 
whether an m5C methyltransfer-disrupting drug could impede HBV 
replication. As discussed for NSUN Aza-IP, 5-AzaC incorporation 
in RNA may lead to NSUN2 covalently stuck on substrate RNA 
(38). If HBV were replicating in the presence of 5-AzaC, the resulting 
HBV RNA–NSUN2 complexes may impede viral replication. 

Table 1.   Relative amount of RNA modifications detected 
on purified HBV core-associated RNA and host (HuH-7) 
poly(A)+ mRNA by UPLC–MS/MS

Residue

% Parent 
nucleotide on 

HBV RNA

% Parent 
nucleotide on 

host mRNA
HBV RNA /host 

mRNA

m5C 0.226 0.020 11.12

m3C 0.027 0.005 5.04

Cm 0.769 0.101 7.59

ac4C 0.037 0.003 9.96

Um 0.046 0.021 2.12

m5U 0.035 0.004 7.64

ψ 1.025 0.187 5.46

Gm 0.147 0.021 6.96

m7G 1.643 0.093 17.63

Am 0.841 0.048 17.5

m1A 1.693 0.087 19.43

m6A 4.109 0.513 8.00

I 0.348 0.419 0.83
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Indeed, when HBV+ HuH-7 cells were treated with 5-AzaC at min-
imally toxic dosages (Fig. 3I, gray lines), we observed a significant 
drop in secreted viral HBs protein and HBc capsids (Fig. 3I and 
SI Appendix, Fig. S3C), as well as viral DNA (SI Appendix, Fig. S3D). 
This antiviral activity is virus strain agnostic, as the antiviral effect 
was seen with other HBV genotypes as well (Fig. 3J).

If NSUN2 depletion diminishes viral replication, then overex-
pression of NSUN2 may lead to increased HBV replication. Upon 
cotransfection of HuH-7 cells with the HBV replicon along with 
empty vector or an NSUN2 expression vector, we observed a 1.5 
to 1.7x increase of intracellular and extracellular assembled capsid 
particles, as well as a 1.6x increase of HBc protein expression 
(SI Appendix, Fig. S4 A–C), supporting our finding that NSUN2 
enhances viral replication. While this suggests that it may be 
advantageous for HBV to evolve to increase host NSUN2 expres-
sion, we only observed a modest ~1.1x increase in NSUN2 protein 
in HBV-transfected HuH-7 cells (SI Appendix, Fig. S4 D and E), 
which interestingly matches a ~1.1x higher NSUN2 expression 
in HBV+ hepatocellular carcinoma (HCC) tissues as compared 
to surrounding nontumor tissues in a published human patient 
RNA-seq dataset (SI Appendix, Fig. S4F) (41).

With NSUN2 depletion leading to the loss of secreted viral prod-
ucts, we next searched for the intracellular viral replication step(s) 
affected by NSUN2 and m5C that may explain the loss of secreted 
virions (Fig. 4A). Transfecting ΔNSUN2 HuH-7 cells with HBV 
replicons, we first tested the total intracellular RNA and protein 
levels. We observed a minor drop in viral pgRNA levels (Fig. 4B) 
and a ~50% drop in capsid (HBc) protein levels (Fig. 4C and 
SI Appendix, Fig. S5A). This loss of HBc protein expression in 
ΔNSUN2 cells is rescued upon exogenous NSUN2 add back in 
both HuH-7 and 293T cells (Fig. 4D and SI Appendix, Fig. S5B). 

With the drop of neither RNA nor protein production as pro-
nounced as the loss of secreted DNA seen in Fig. 3 A, D, E, G, and 
H, and no evidence of NSUN2 affecting HBV RNA splicing or 
stability (SI Appendix, Fig. S5 C and D), we next probed the steps 
of capsid assembly. HBV virion assembly starts with HBV pol bind-
ing the pgRNA epsilon; the pgRNA–pol complex is then packaged 
into capsids assembled of HBc proteins. Once pgRNA–pol com-
plexes are encapsidated, reverse transcription can commence, pro-
ducing encapsidated viral DNA. Upon polyethylene glycol (PEG) 
precipitation of capsid particles from HBV+ ΔNSUN2 cell lysates, 
we observed a ~50% drop in pgRNA and HBc proteins in assem-
bled capsids (Fig. 4 E and F), which can be fully explained by the 
50% loss in HBc translation (Fig. 4C). However, the capsid-associated 
viral DNA in ΔNSUN2 cells are almost undetectable, similar to 
that seen in the ΔNSUN2 supernatants as well as with an RT-mutant 
control (Fig. 4G). While one may speculate that the removal of m5C 
may lead to changes in other modifications, we have not observed 
any change in HBV m6A levels in ΔNSUN2 cells (SI Appendix, 
Fig. S5E). All in all, depletion of NSUN2, which m5C-methylates 
epsilon, leads to a 50% loss of HBc protein production, and a ~95% 
loss of viral reverse transcription products. These phenotypes were 
orthogonally confirmed in shRNA-mediated NSUN2-knockdown 
HuH-7 cells (shNSUN2), which also showed diminished HBc 
protein production as well as a profound loss of HBV DNA 
(SI Appendix, Fig. S5 F and G).

As depletion of NSUN2 may also impact nonviral m5C sites, we 
directly mutated the viral m5C sites to test whether these sites regulate 
viral pgRNA epsilon function in cis. PA-m5C-seq produce 32+nts 
wide peaks, leaving it unclear which exact cytidines are methylated. 
Our m5C peak covers from DR1 and the left strand of the epsilon 
lower stem up to the bulge (Fig. 1 C and D and SI Appendix, Fig. S6A), 
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yet DR1 is required for the strand transfer step of reverse transcription 
while the bulge is critical for reverse transcription initiation (42). We 
thus mutated five C residues covered by our peak while avoiding DR1 
and the bulge, introducing C>G or C>A mutations to remove poten-
tially methylated Cs, with compensating G>C or G>U mutations on 
the opposing base pairing strand to conserve the epsilon hairpin struc-
ture (SI Appendix, Fig. S6A). The C opposite from the HBc start codon 
was avoided from mutation as well. With both (5′ or 3′ end) copies 
of epsilon potentially methylated, we made separate mutant replicons 
with C>G mutants on the 5′ epsilon (5′CG), C>A on the 5′ epsilon 
(5′CA), and C>G or C>A on the 3′ epsilon (3′CG or 3′CA, Fig. 5A). 

In the supernatants of HuH-7 cells transfected with these constructs, 
we observed minimal impact on secreted HBs levels, yet a >90% loss 
of secreted HBc and DNA levels with the 5′ mutants but not the 3′ 
mutants (Fig. 5B, repeats quantified in Fig. 5C). Upon testing intra-
cellular viral products, we observed a negligible loss in pgRNA levels 
(Fig. 5D), yet a ~75% loss in packaged pgRNA and >90% loss in 
DNA and capsid HBc protein levels with the 5′ mutants but not the 
3′ mutants (Fig. 5 E–G). Loss of HBc expression from the 5′CA 
mutant HBV is consistent in wild-type and ΔNSUN2 HuH-7 cells, 
as would be expected if our mutants and ΔNSUN2 both remove 
m5C (SI Appendix, Fig. S6B). While HBV epsilon is also modified 
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Fig. 3.   NSUN2 depletion diminishes virion secretion. (A–C) CRISPR-mediated NSUN2-depleted clones (ΔNSUN2 #6 & #8) or Cas9 control (Ctrl) HuH-7 cells were 
transfected with a wild-type HBV replicon. The supernatants harvested at 5 days posttransfection (dpt) were assayed for genomic DNA (gDNA) by Southern 
blot (A) and secreted HBs proteins by Western blot (B) and ELISA (C). Dashed lines between ΔNSUN2 and Ctrl lanes in (A and B) represent lanes removed from 
between these lanes. (D and E) HuH-7 cells transduced with shRNAs against NSUN2 (shNSUN2) or scrambled control (shCtrl) were transfected with wild-type 
HBV replicon, and the supernatant virions assayed 5dpt for genomic DNA (gDNA) by Southern blot and secreted HBs and HBc proteins by Western blot, with 
NSUN2 knockdown verified by cell lysate Western, repeats quantified in (E). (F–H) HepG2-NTCP-C4 cells with or without NSUN2-depletion by CRISPR (ΔNSUN2 
or Cas9 control, Ctrl) were infected with wild-type HBV, the supernatant HBsAg measured by ELISA at 3 to 12 dpi (F). (G) Viral replication levels at 12 dpi were 
assayed for secreted virion gDNA, HBs, and HBc protein, with repeats quantified (H). (I) HBV-transfected HuH-7 cells were treated with the m5C methyltransfer 
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cell viability and proliferation. (J) 5-AzaC tested on HuH-7 cells transfected with HBV genotypes A & D, secreted virion HBc assayed by Western blot at 3 dpt with 
band intensities quantified. Error bars = SD with n = 3 to 4; ∗∗P < 0.01; ∗∗∗P < 0.001.
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with m6A, our mutations are distinct from the known m6A site and 
do not impact pgRNA m6A levels (SI Appendix, Fig. S6 A and C) (9). 
The >90% HBc protein loss in the 5′ mutants is more pronounced 
than the ~50% HBc loss with ΔNSUN2 cells (Fig. 4C), which makes 
sense as our base pairing strand “hairpin-maintaining” mutations 
were very close to the HBc start codon and may affect HBc translation 
in more than one way. To test whether our m5C-mutants also impact 
reverse transcription, we complemented our 5′CA mutant with an 
HBc expression vector to add-back HBc protein (Fig. 5H). Yet, 
despite the recovery of HBc protein to WT levels, the 5′CA mutant 
still showed a 50% deficiency in viral DNA production (Fig. 5I). 
Thus, our results suggest that mutational removal of methylated cyt-
idine on the 5′ epsilon indeed confirmed our observation from 
ΔNSUN2 cells, where m5C/NSUN2 is required for HBc protein 
production and reverse transcription, both critical steps in HBV virion 
production.

Discussion

Recent progress in epitranscriptomics has highlighted the fact that the 
four-nucleotide sequence alone may not fully inform the function of 
the RNA. With pathogenic viruses, resolving this knowledge gap may 
unveil unrealized therapeutic potential. In this report, we found the 
pgRNA of HBV to be decorated with diverse modifications at stoi-
chiometries significantly higher than cellular mRNA (Fig. 1 A and B 
and Table 1). Analogous to the highly modified RNA of HIV-1 and 
MLV, this may represent convergent evolution among reverse tran-
scribing viruses, if not with other viruses as well (3, 23). Evolutionary 

traits would only make sense if it provides advantages to the produc-
tion of offspring, as was shown with m5C enhancement of HIV-1 
and MLV replication (3, 23). Here, we found NSUN2-mediated m5C 
methylation of HBV RNA on the terminal epsilon element (Figs. 1 
and 2). Notably, upon NSUN2 depletion, we still found ~25% 
remaining m5C on epsilon elements (Fig. 2E). While host mRNAs 
can be methylated by both NSUN2 and NSUN6 (43, 44), we only 
observe strong copurification of HBV RNA with NSUN2 (Fig. 2A), 
thus we chose to focus on NSUN2, though we cannot rule out the 
role of other methyltransferases. Consistent with epsilon being essen-
tial for reverse transcription initiation and containing the HBc start 
codon, we found m5C to be critical for the production of DNA+ viral 
particles (Fig. 3). m5C provides a 2x boost to capsid protein (HBc) 
translation (Fig. 4C) and is essential for viral genome reverse transcrip-
tion (Fig. 4G). m5C enhancement of translation mirrors its’ role in 
HIV-1. Although the mechanism for this translation boost remains 
unclear, we note that m5C is located close to not only the HBV HBc 
translation start site (SI Appendix, Fig. S6A) but also to the translation 
start site of several HIV ORFs including gag, env, and nef (3), making 
m5C enhancement of translation initiation an interesting possibility. 
Furthermore, the requirement of epsilon-located m5C for reverse 
transcription is particularly interesting. HBV and duck HBV studies 
have demonstrated that the first step of reverse transcription: pol-
epsilon binding, is functional with in vitro transcribed, unmodified 
epsilon (42, 45). In the subsequent pgRNA encapsidation step, as the 
magnitude of encapsidation defect in ΔNSUN2 cells is equivalent to 
the loss in capsid protein (HBc) translation (Fig. 4 E and F), m5C is 
unlikely to impact encapsidation. With m5C not found in the epsilon 
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bulge, where the first 5 nt of DNA is reverse transcribed off of (42), 
it may thus be speculated that NSUN2 and m5C may be critical for 
the subsequent first strand transfer step, which may be further tested 
in future studies.

During the preparation of this manuscript, another report was 
published supporting our finding that NSUN2 enhances HBV rep-
lication (46). However, through differing mapping techniques, Feng 
et al. reported two m5C sites that were not detected by m5C antibody 
(Fig. 1C) nor NSUN2 PAR-CLIP (Fig. 2F) and did not report any 
epsilon sites. We hope future advances in direct RNA sequencing 
may resolve this discrepancy (47). Mechanistically, Feng et al. found 
that NSUN2 depletion led to a modest drop in viral RNA stability, 
though consistent with our 10 to 20% decrease in pgRNA levels in 
ΔNSUN2 cells (Fig. 4B), we observed no decrease of pgRNA sta-
bility in our ΔNSUN2 HuH-7 cells (SI Appendix, Fig. S5D). 

However, we observed a larger loss of HBc translation and reverse 
transcription with NSUN2 depletion through RNAi and CRISPR 
in replicon transfection and infection studies (Figs. 3 and 4 and 
SI Appendix, Figs. S3 and S5). Finally, we have similarly noted a 
modest 1.1x increase in NSUN2 expression in HBV-transfected cells 
as well as in HBV+ patient samples (SI Appendix, Fig. S4 D and E), 
yet this is nowhere as pronounced as reported by Feng et al. 
Nevertheless, both studies confirm that NSUN2 deposition of m5C 
on viral RNA enhances HBV replication.

We also tested the concept that RNA modifications can be antiviral 
targets. This was best demonstrated with the m6A inhibitor STM2457 
exhibiting antiviral activity against human coronaviruses (48). Extending 
this concept to m5C, we found the m5C methyltransfer disruptor, 
5-AzaC to be antiviral against HBV replication (Fig. 3 I and J).  
While 5-AzaC is a widely used cancer drug with side effects that render 
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it unsuitable for HBV treatment in its’ current form (49), we note that 
derivatives of this nucleotide analog or other NSUN2 inhibitors could 
be developed as alternatives to current reverse transcription inhibitors. 
Finally, our m5C site mutations on the 5′ epsilon but not the 3′, resulted 
in a loss of viral DNA production as well as a loss in HBc translation 
(Fig. 5). This makes sense as only the 5′ epsilon is required for reverse 
transcription and contains the HBc translation start site (which was 
avoided in our mutations, SI Appendix, Fig. S6A). This also implicates 
that at least the 5′epsilon (if not the 3′) must be m5C methylated 
(50–52). While these mutations had a stronger impact on HBc trans-
lation than NSUN2 depletion, trans-complementation of these 
mutants with HBc only rescued DNA production up to 50%, con-
sistent with the interpretation that NSUN2/m5C enhances both HBc 
translation and reverse transcription.

Materials and Methods

Cell Lines and Viral Replicons. HuH-7 cells were obtained from Michael Lai 
(Academia Sinica, Taiwan) (53). HepG2-NTCP-C4 cells were kindly gifted by Koichi 
Watashi, National Institute of Infectious Diseases, Japan (39). The HBV replicon 
pCHT-9/3091(54), a CMV promoter-driven 1.1mer HBV ayw genome, was used 
for all experiments unless specifically stated. The HBV 1.1mer replicon expressing 
an RT-defective Y63D mutant pol was used for m5C detection assays (26). HBV 
clinical isolates, genotypes A and D, were provided by Pei-Jer Chen (55). Epsilon 
mutant replicons 5′CG, 5′CA, 3′CG, and 3′CA were generated by QuickChange 
Lightning Site-Directed Mutagenesis Kit (Agilent Technologies) using a parental 
HBV replicon pCHT-9/3091.

Generation of Gene Knock Out HuH-7 and HepG2-NTCP-C4 Cells. The 
ΔNSUN2 HuH-7 (#6 and #8) and ΔNSUN2 HepG2-NTCP-C4 cell lines were 
generated through CRISPR/Cas9 genome editing (56). A LentiCRISPRv2 lenti-
viral vector (provided by Feng Zhang, Addgene #52961) expressing an NSUN2-
targeting guide RNA (GeCKO v2 library A #32780) was packaged in 293T cells with 
the packaging plasmids dR8.74 and pMD2.G. Naive HuH-7 and HepG2-NTCP-C4 
cells were transduced with this lentivirus, puromycin selected, and single-cell 
cloned through limiting dilution. Clones were confirmed for NSUN2 depletion 
by Western blot and the edit site genotyped (SI Appendix, Fig. S2A).

PCR and Other Oligos. All PCR primers and oligos are listed in SI Appendix, 
Table S2.

RNA Preparation for RNA Modification Profiling by UPLC–MS/MS. Trizol-
extracted cellular mRNA was purified with the Poly(A)Purist MAG Kit (Invitrogen). 
Capsid-associated viral RNA was obtained from the HBV Y63D (RT) mutant. Lysates 
of HuH-7 cells transfected with the RT-mut HBV, were digested with 3 units of 
DNase I and 30 units of Micrococcal Nuclease (NEB) at 37 °C 1 h to remove non-
capsidated nucleic acids. The intracellular capsids were then pelleted over a 20% 
sucrose cushion at 100,000 rpm for 1 h (TLA110, Beckman) and fractionated on a 
10 to 50% sucrose gradient at 35,000 rpm for 4 h (SW41, Beckman). Fractions con-
taining HBV capsids and pgRNA were pooled (SI Appendix, Fig. S1B) and pelleted 
once again over a 20% sucrose cushion, subject to a repeat of DNase and micro-
coccal nuclease digestion, and the viral RNA was extracted with Trizol. The cellular 
mRNA and viral RNA were then ribo-depleted (RiboMinus Eukaryote System v2, 
Invitrogen), and the composition was verified by Fragment Analyzer (Agilent) 
microfluidic electrophoresis. Highly purified RNA samples were then digested 
to single nucleotides with the Nucleoside Digestion Mix (NEB, M0649S) for 2 h 
at 37 °C and cleaned using a Microcon-10 KDa filter (Millipore, MRCPRT010).

PA-m5C/m6A-seq. As previously described (3, 4, 31, 33), HuH-7 cells were trans-
fected with the wildtype HBV replicon and spiked with 100 mM 4-thiouridine 
(4SU, Biosynth NT06186) in fresh media 48 h posttransfection and harvested 
18 h later. RNA was extracted with TRIzol, and poly(A) was selected [Poly(A)Purist 
MAG Kit, Invitrogen]. Then, 10 to 14 μg poly(A)+ RNA was incubated with 10 µg 
m6A antibody (SySy #202003) or 15 µg m5C antibody (Diagenode #C15200081) 
overnight, the antibodies crosslinked to RNA with 365 nm UV, and the coimmu-
noprecipitated complexes subject to a brief RNase T1 (Thermo EN0541) diges-
tion. After rigorous washes, the m6A/m5C-antibody-bound RNA was eluted by 
proteinase K digestion and purified with Trizol LS (Invitrogen).

Secreted Virion Detection. The extracellular HBV virion was precipitated using 10% 
PEG, as previously described (57). One mL of harvested cell culture supernatant was 
combined with 400 μL of 35% PEG-8000 to achieve a final concentration of 10% 
and incubated overnight at 4 °C. After centrifugation at 10,000 × g 5 min at 4 °C, 
the resulting viral pellet was resuspended in TNE buffer (10 mM Tris pH 7.4, 150 mM 
NaCl, 1 mM EDTA) and subjected to 1% native agarose gel electrophoresis. Gel-
separated viral particles were transferred onto a nitrocellulose membrane by capillary 
transfer for Western blot and an N+ Nylon membrane for Southern blot analysis.

Northern and Southern Blot Analyses. As previously described (29), DNA- or 
RNA-containing N+ Nylon membranes were prehybridized with DIG Easy Hyb 
(Roche) for 1 h at 42 °C and then hybridized with an HBV probe overnight at 
42 °C. The probe consists of full-length HBV DNA, labeled with a DIG labeling 
kit (Roche). Following two 10-min washes with low stringency buffer (2X SSC, 
0.1% SDS) at room temperature and two 15-min washes with high stringency 
buffer (0.5X SSC, 0.1% SDS) at 65 °C, the membrane was incubated with anti-DIG 
antibody (Roche). After three washes with wash buffer (0.1M Maleic acid, 0.15M 
NaCl, pH 7.5, 0.3% Tween20), the HBV genome signal was detected using the 
CSPD substrate (Roche), with band intensities quantified using ImageJ (NIH).

Native Agarose Gel and Western Blot of Capsid Particles. As previously 
described (29), purified capsid particles were subjected to 1% native agarose 
gel electrophoresis. Rabbit anti-HBc polyclonal antibody [lab-generated (58)] 
and Rabbit anti-HBs polyclonal antibody (Novus) was used at 1/2,000x; goat 
anti-rabbit-IgG-HRP antibody (Sigma) at 1/10,000x.

HBV pgRNA, Capsid-Associated RNA, and DNA Detection. Encapsidated 
viral RNA and DNA were extracted as reported (59). SuperScript III (Invitrogen) 
was used for cDNA synthesis, and specific primers designed for HBV pgRNA qPCR 
assay were utilized (SI Appendix, Table S2) (60).

HBV Infection. HBV virions were collected from supernatants of HBV-transfected 
cells. HepG2-NTCP-C4 cells were maintained in DMEM with 2.5% DMSO for 72 h 
to induce cell differentiation. The differentiated HepG2-NTCP-C4 cells were then 
infected with HBV at 1,000 genome equivalents (GE) per cell in DMEM medium 
containing 2% FBS, 4% PEG-8000, and 2.5% DMSO (39, 61). After removing free 
virus by washing with 1X PBS, the HBV-infected cells were maintained for 12 d.

Quantification and Statistical Analysis. All averaged data include error bars 
that denote SD, with single data points shown. Statistical significance was deter-
mined by Student’s t test, comparing test samples to control unless otherwise spec-
ified. Results were labeled as follows: *P < 0.05, **P < 0.01, and ***P < 0.001.

Data, Materials, and Software Availability. All deep sequencing data have 
been deposited at the NCBI GEO database under accession number GSE250109 
(35). All other study data are included in the manuscript and/or SI Appendix.
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