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SUMMARY

Hepatitis B virus (HBV) is a causative agent for chronic liver hepatitis, which confers risk for liver cirrhosis and

hepatocellular carcinoma. Among key viral transcripts, HBV pregenome RNA (pgRNA) is indispensable for

viral replication, and therefore, quality control of pgRNA is critical for the HBV life cycle. Here, we revealed

degradation of HBV RNAs by the nonsense-mediated mRNA decay (NMD) pathway, a host surveillance sys-

tem of RNA quality. Degradation kinetics of the HBV RNAs indicated that pgRNA, 2.4 knt RNA, and 2.1 knt

RNA were targets of the NMD pathway and also interacted robustly with phosphorylated UPF1 but not X

RNA. Northern blotting showed that decay of the viral NMD candidates was also delayed in NMD-deficient

cells. In contrast, NMD depletion promoted the formation of capsids containing genomic DNA and exhibiting

antigen production. Our data strongly suggest that the NMD pathway inspects HBV transcripts to regulate

HBV replication as an intrinsic antiviral defense.

INTRODUCTION

Hepatitis B virus (HBV) is an etiological agent for chronic hep-

atitis, and HBV-infected individuals have high risks of lethal

cirrhosis and hepatocellular carcinoma (HCC).1,2 The current

therapeutics against HBV, such as nucleoside analogs and

peg-interferon, cannot induce complete HBV remission

because of the lifelong medication and the drug-escape mu-

tants, and they also have serious side effects. Therefore, the

development of a more efficient HBV treatment is urgently

required.

HBV is a small DNA virus whose genome is 3.2 kb long and is a

partially double stranded, relaxed circular DNA (rcDNA). There

are mainly four kinds of overlapping genes that respectively

encode a precore/core protein, polymerase, three HBV surface

proteins, and the X protein. In the life cycle, HBV genomic rcDNA

is released into the nucleus after entering cells and converted

into covalently closed circular DNA (cccDNA). cccDNA is tran-

scription competent and produces four main viral RNAs: prege-

nome RNA (pgRNA)/3.5 k nucleotide (nt) RNA as a template for

reverse transcription and pre-core/core proteins and polymer-

ase; 2.4 knt/2.1 knt RNA for large S, medium S, and small S

(SS or simply HBs) proteins; and X RNA (0.7 knt).3,4 pgRNA in

particular plays a crucial role as a template of reverse transcrip-

tion associated with HBV replication.

Although many viruses struggle to establish infection and pro-

duce progeny viruses, they are monitored by cellular sensing

systems such as pattern-recognition receptors (PRRs) at the en-

try step.5,6 Viral nucleic acids—either RNAs or DNAs generated

during viral transcription and replication—are typical pathogen-

associated molecular patterns recognized by cellular PRRs

including Toll-like receptors, retinoic acid-inducible-I-like recep-

tors, melanoma differentiation-associated gene 5, OTU deubi-

quitinase 3 (OTUD3), and cytosolic cyclic GMP-AMP synthase-

stimulator of interferon genes (STING) DNA sensors that lead

to induction of immunity against viral infection.5–8 As for HBV,

its infection has also been reported to be monitored by such

systems.9,10

The nonsense-mediated mRNA decay (NMD) pathway is

another means of intrinsic innate immunity against viruses

and works as an mRNA surveillance system to control the

mRNA quality and thereby maintain the intracellular environ-

ment11 (Figure 1A). NMD is activated by ribosomal arrest at

an unexpected position such as a premature termination

codon (PTC) on the transcripts. Mechanistically, NMD works

on mRNAs during the first round of translation initiated by

eIF4F.12–14 Exon junction complexes (EJCs) formed by post-

host splicing of pre-mRNAs are normally removed during host

translation. On the other hand, due to PTC on aberrant tran-

scripts, the remaining EJCs play critical roles for the recognition

of NMD substrates and the promotion of RNA degradation.15,16

Among NMD factors such as upstream-shift proteins (UPF1, 2,

and 3), UPF1 in particular is indispensable to govern the NMD

pathway and transmit the NMD-associated PI3K-related kinase
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SMG1 by UPF1 phosphorylation to execute endonucleolysis

and exonucleolysis of the aberrant transcripts by the recruit-

ment of the SMG6 and SMG5–7 complex, respectively.11,17 In

addition to typical NMD substrates such as PTC, NMD targets

such as multiple open reading frame (ORFs) and upstream ORF

(uORF)- and long 3′ untranslated region (UTR)-containing tran-

scripts have been shown to trigger RNA degradation in an EJC-

independent manner.18

Recent studies have suggested that virus-related RNAs

such as Semliki Forest virus,19 hepatitis C (HCV),20 Zika virus

(ZIKV),21 the coronavirus murine hepatitis virus (MHV),22 and Ka-

posi’s sarcoma-associated herpesvirus (KSHV)23 are likely to

promote NMD because they possess one or more unique fea-

A

B

Figure 1. Classical NMD pathway and sche-

matic HBV transcripts harboring NMD-

inducing features

(A) Classical NMD pathway are schematically

represented.

(B) Major HBV transcripts are schematically rep-

resented. Markable NMD-inducing features in

their transcripts are shown (dicitronic [two ORFs,

uORF], long 3′ UTR).

tures targeting the NMD pathway in their

genome or transcripts.19,22–25 Thus,

NMD could be recognized as a cell-

intrinsic contributor to antiviral immunity.

In the case of HBV, there is little infor-

mation regarding the mechanism by

which HBV RNAs are monitored in the

cell. Therefore, elucidation of the HBV

RNA inspection system within cells would

be expected to promote the further

development of HBV treatments. Here,

we showed that HBV pgRNA/3.5 knt

RNA, 2.4 knt RNA, and 2.1 knt RNA

carrying NMD-inducing features were

degraded by an UPF1-mediated NMD

pathway but X RNA was not. We further

proposed that the NMD pathway

restricted the early and late HBV infection

cycle by targeting HBV RNAs in hepato-

cytes. Thus, our data strongly suggest

that the NMD pathway plays an important

role in cell-intrinsic antiviral activity via

decay of HBV transcripts, leading to

reduction of HBV genomes.

RESULTS

The NMD pathway targets HBV

RNAs for rapid decay, with the

exception of X RNA

We considered that HBV RNAs may be

candidates for targeting by the NMD

pathway because pgRNA or 3.5 knt

transcripts are dicistronic RNA, and 2.4

knt or 2.1 knt transcripts have long 3′ UTRs that would make

them suitable NMD targets18 (Figure 1B). To test our hypothesis

that major HBV RNAs except X RNA are recognized by the

NMD pathway, we first examined changes to the NMD pathway

following knockdown of NMD pathway-related factors such as

UPF1 and 2 (Figure S1). We prepared four HBV RNA transcripts

of pgRNA, 2.4 knt RNA, 2.1 knt RNA, and X RNA (∼0.7 knt) by

in vitro transcription with capped and poly A-tailed RNA and

transfected them into 293T cells. After 1 h absorption by RNA

transfection, the degradation kinetics of each HBV RNA was

monitored while knocking down UPF1 and UPF2. Under NMD

cessation by small interfering RNA (siRNA)-mediated knock-

down of UPF1 or UPF2 in 293T cells (see Figure 4A), the

2 iScience 28, 112460, May 16, 2025

iScience
Article

ll
OPEN ACCESS



amounts of transfected HBV RNAs were measured by quantita-

tive reverse-transcription PCR (RT-qPCR) at the indicated time

points. We found that the decay of in vitro transcribed (IVT)-

pgRNA transfected into 293T cells was significantly delayed

by depletion of UPF1, a key mediator of the NMD pathway

(Figure 2A), along with the IVT-2.4 knt and -2.1 knt HBV

RNAs (Figure 2A). Furthermore, depletion of UPF2, which is

an EJC component related to NMD, also led to slow degrada-

tion of pgRNA, 2.4 knt RNA, and 2.1 knt RNA but not X RNA

(Figure 2A). Because NMD needs UPF1 to recognize RNA,

we tested whether UPF1 interacted with HBV RNAs. We per-

formed RNA immunoprecipitation (RNA-IP) with an anti-phos-

phorylated UPF1 (pUPF1) antibody, which can precipitate alter-

native ribosomal-like protein 3 (rpL3) mRNA, which is an

endogenous NMD target,26 but not vault RNA1-1 (vtRNA),

which is a small non-coding RNA not recognized by UPF1

(Figure S2). We found that pUPF1 strongly interacted with

pgRNA, 2.4 knt RNA, and 2.1 knt RNA but much less with X

A

CB

Figure 2. HBV transcripts are targeted by

NMD through UPF1 recognition in 293T

cells

(A) Degradation kinetics of major HBV transcripts.

HEK293T cells were transfected with in vitro-

transcribed (IVT-) HBV RNA, pgRNA RNA, 2.4 knt

RNA, 2.1 knt RNA, or X RNA, and each RNA level

was chased with RT-qPCR every 4 h up to 8 h h

post transfection. Data are shown as ratios relative

to the amount of cellular GAPDH mRNA, which

was also determined by RT-qPCR.

(B) RNA immunoprecipitation (RIP) with an anti-

pUPF1 antibody. HEK293T cells were transfected

with IVT-HBV RNA as described in the main text.

Co-transfected IVT-GFP mRNA was used as an

internal control. Subsequently, pUPF1-bound

RNA was isolated with an anti-pUPF1 antibody,

followed by RT-qPCR using a primer set for HBV

RNAs and GFP mRNA. Data of HBV RNA precip-

itation are shown as ratios relative to co-precipi-

tated GFP mRNA in each RIP experiment.

(C) Intracellular HBV RNAs 1 h after RNA trans-

fection. Data of input HBV RNAs are shown as

ratios relative to intracellular GFP mRNA amounts.

The data are presented as means with standard

error of the mean (SEM) of at least three inde-

pendent experiments. Statistical analysis was

done by one-way ANOVA with Dunnett’s multiple

comparisons test or two-way ANOVA with Sidak’s

multiple comparisons test.

RNA, compared to IVT GFP mRNA as

a negative control (Figure 2B), while

each viral transcript was comparably

transfected (Figure 2C).

To further understand the degradation

kinetics of HBV RNAs, we adopted a

different approach by pulse-chase using

a tetracycline (Tet)-regulated HBV-pro-

ducing cell line, HepAD38.7, in which

HBV production was induced by with-

drawal of Tet27; we also used an siRNA

against SMG6, a downstream factor of the NMD pathway.

The results showed that each factor was well knocked down

by the respective siRNA (Figure 3A). In this case, it was ex-

pected that both pgRNA and 3.5 knt RNA would be produced

upon Tet removal in HepAD38.7 cells. However, the pgRNA/

3.5knt RNA accumulated by Tet removal was more slowly

degraded in NMD-deficient cells after adding either Tet or acti-

nomycin D to the medium (Figures 3B and S3A, respectively).

Chemical inhibition of the NMD pathway using the NMD inhib-

itors wortmannin and cycloheximide delayed the degradation of

accumulated pgRNA (Figure S3B). In addition, northern blotting

clearly showed delayed degradation kinetics of 2.4 and 2.1 knt

RNA as well as pgRNA/3.5 knt RNA in NMD-deficient cells,

while we could not evaluate X mRNA degradation, since X

mRNA was expressed at low levels in the cells (Figure 3C).

RNA-IP with an antibody against pUPF1 showed significant

interaction of pgRNA with pUPF1 in HBV-replicating cells as

well as rpL3 mRNA but not vtRNA (Figure 3D), compared to a
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control IgG. Together, these data suggest that HBV mRNAs

except X RNA are substrates of the NMD pathway for rapid

decay.

The NMD pathway restricts HBV core encapsidation of

pgRNA and reverse transcription in pgRNA-transfected

cells

Having confirmed that pgRNA/3.5 knt RNA is a likely target of the

NMD pathway, we next investigated whether inhibition of pgRNA

decay by NMD depletion would induce the efficient formation of

encapsidated HBV DNA in the presence of siRNA to knock

down NMD pathway-related factors (Figure 4A). Theoretically,

because pgRNA encodes the core protein and polymerase and

A

D

C

B Figure 3. HBV transcripts are targeted by

NMD through UPF1 recognition in HBV-

replicating cells (HepAD38.7)

(A) Protein levels of NMD factors. The protein level

was monitored in HepAD38.7 cells treated with

each siRNA after 72 h HBV induction. The HBV

induction was also assessed by HBc expression

with western blot.

(B) Degradation kinetics of pgRNA/3.5 knt RNA.

Intracellularly accumulated pgRNA/3.5 knt RNA

by Tet removal was measured with RT-qPCR

every 2 h for 8 h after re-addition of Tet. The

GAPDH mRNA level was also monitored with RT-

qPCR. Data are shown as the ratio of pgRNA/3.5

knt RNA to GAPDH.

(C) Northern blotting analysis of HBV-related

transcripts in NMD-depleted HepAD38.7 cells.

Total RNA was extracted and separated on an

agarose gel under a denaturing condition. HBV-

related transcripts or GAPDH mRNA was detected

by the corresponding probe.

(D) RNA immunoprecipitation (RIP) using an anti-

pUPF1 antibody followed by RT-qPCR. The

pUPF1-bound RNAs were isolated and then RT-

qPCR analyses were conducted for pgRNA/3.5

knt RNA, vtRNA1-1, and alternative rpL3 mRNA.

Data are presented as the fold increase over

normal IgG-bound RNA in each target gene, or as

mean values with SEM of at least three indepen-

dent experiments.

Statistical analysis was done by one-way ANOVA

with Dunnett’s multiple comparisons test or two-

way ANOVA with Sidak’s multiple comparisons

test.

functions as a template for reverse tran-

scription, encapsidated HBV DNA should

be detectable in in vitro transcribed (IVT)-

pgRNA-transfected cells (Figure 1B).

Three days after transfecting IVT-

pgRNA into 293T cells, we measured

the expression of HBeAg in 293T cells

and also tried to detect encapsidated

HBV DNA reverse-transcribed from IVT-

pgRNA in the cells.

We checked the expression levels of

intracellular core protein in NMD-

depleted cells by co-transfection with both IVT-pgRNA and

IVT-GFP RNA. GFP expression was comparable in all cells,

and siRNA effectively knocked down each NMD pathway-

related protein (Figure 4A). The HBc protein appeared to be ex-

pressed more highly in siUPF1- and siUPF2-treated cells

compared to siControl-treated cells (Figure 4A). Accordingly,

HBeAg ELISA that can detect intracellular HBc protein showed

greater expression of the HBeAg and HBc protein in such cells

when the NMD factors were knocked down (Figure 4B), and so

did encapsidated HBV DNA (Figure 4C), while pgRNA with a mu-

tation of pol gene that resulted in a loss of reverse-transcription

activity (pol dead) could not produce the encapsidated HBV

DNA (Figure S4A, left), even though HBeAg was comparably
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detected (Figure S4A, right). Consistent with the above, an

immunofluorescence assay showed that HBc levels were espe-

cially elevated in UPF1-, UFP2-, and SMG6-depleted cells

(Figure S4B). Taken together, these data suggested that HBV

pgRNA is inspected and controlled by the NMD system.

Because the 2.4 and 2.1 knt RNAs encoding large (L), medium

(M), and small (S) HBs envelop proteins that carry long 3′ UTRs,

we next examined whether these transcripts were also monitored

A

D

E F

C

B Figure 4. The NMD pathway regulates

encapsidation of pgRNA in HEK293T cells

(A) Protein levels of NMD factors in siRNA-medi-

ated knockdown HEK293T cells. Each siRNA was

co-transfected with each of IVT-pgRNA, IVT-

Renilla luciferase (rLuc) mRNA, and IVT-GFP

mRNA. HBc proteins and GFP were monitored

as transfection controls and tubulin as an internal

control, and detected using the appropriate anti-

bodies.

(B) HBeAg and HBc protein in the transfected cell

lysates was measured by HBeAg ELISA. The data

were normalized by rLuc activity and shown as

fold ratios to siControl-transfected cells.

(C) Encapsidated core-associated HBV DNA from

transfected pgRNA in NMD-depleted HEK293T

cells was quantified by qPCR. The data were

normalized by rLuc activity.

(D and E) Protein levels of HBs preS1 (L HBs) and

preS2 (M HBs) antigens in cell lysates of IVT-2.4 or

2.1 knt RNA-transfected HEK293T cells were de-

tected by immunoblot (D) and ELISA (E). ELISA

data were normalized by rLuc activity.

(F) NMD-depleted HEK293T cells were co-trans-

fected with IVT-2.4 knt RNA, 2.1 knt RNA, small S

RNA, and rLuc mRNA. The culture media were

subjected to ELISA at 72 h post RNA transfection.

Each absorbance of 450 nm was normalized by

rLuc activity.

The data are represented as mean values relative

to the siControl with SEM of at least three inde-

pendent experiments. Statistical analysis was

done by one-way ANOVA with Dunnett’s multiple

comparisons test.

by the NMD system. For this purpose, we

directly transfected either IVT-2.4 or

IVT-2.1 knt RNA into NMD-depleted

293T cells. Western blotting and ELISA

data showed that intracellular expression

of L-HB and M-HB proteins was

enhanced in NMD-depleted 293T cells

transfected with either 2.4 or 2.1 knt

RNA carrying long 3′ UTR transcripts,

especially in UPF1 and UPF2 knocked-

down cells (Figures 4D and 4E). We

further examine the extracellular expres-

sion of HBs by employing non-authentic

IVT-small S RNA encoding only S

HBs, which has a comparable 3′ UTR,

because no expression of S HBs was

observed in 293T cells transfected with

IVT-2.4 and 2.1 knt RNA (Figure S4C), resulting in no secretion

of HBs in soup. We found that HBsAg was successfully ex-

pressed in soup by transfection with 2.4 knt, 2.1 knt, and small

S RNA and was also increased in UPF1 or UPF2 knockdown cells

(Figure 4F), though siSMG6 did have less or slight of an effect in

this case, especially for preS2 expression. Nonetheless, these

data suggested that the NMD pathway is involved in the stability

of HBV transcripts and later affects the antigen expression.
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HBV replication is negatively regulated by the NMD

pathway

Because a recent report suggested that both viral RNA and DNA

replication are restricted by the NMD pathway,19,22–24 we next

tested whether NMD dysfunction by transfection with an siRNA

targeting NMD factors would affect HBV replication in the natural

life cycle. To uncover the contribution of the NMD pathway in

HBV replication, we first checked the intracellular accumulation

and encapsidation of pgRNA using HBV-inducible HepAD38.7

cells. NMD depletion resulted in significantly greater pgRNA/

3.5 knt RNA accumulation compared to that in siControl-treated

cells (Figure 5A). Similarly, we found that efficient accumulation

of HBc protein was also observed in HBV-inducing cells with

NMD depletion at early induction time (Figure 5B) but not at

late induction time (Figure 3A). Northern blotting analysis also

showed greater HBV-related mRNA expression in the NMD-

depleted cells, including 2.4 and 2.1 knt RNA (Figure 5C).

Accordingly, more HBeAg and HBsAg were detected in the

soup in NMD-depleted cells (Figures 5D and 5E). Encapsidated

pgRNA was also increased in the UPF1- and UPF2-depleted

cells, though we did not observe a significant increase in

the case of siSMG6 compared to the accumulated pgRNA

(Figure 5F). Nevertheless, the levels of intracellular core-associ-

ated and extracellular particle-associated HBV DNA were clearly

higher in the NMD-depleted cells (Figures 5G and 5H). Moreover,

UPF1 depletion by short hairpin RNA also promoted HBV repli-

cation more efficiently (Figures S5A and S5B), while alternative

rpL3 mRNA, which is not underregulated by Tet but rather by

A

D E F

G H

CB Figure 5. The NMD pathway negatively con-

trols HBV replication in HBV-replicating

cells (HepAD38.7)

(A) The levels of pgRNA/3.5 knt RNA expression

were determined by RT-qPCR in HBV-replicating

cells with depletion of NMD factors at 72 h post

Tet removal. The expression levels were normal-

ized by the level of GAPDH mRNA.

(B) Protein level of HBc was monitored in

HepAD38.7 cells treated with each siRNA after

48 h HBV induction.

(C) Intracellular pgRNA/3.5 knt RNA, 2.4 knt, and

2.1 knt RNA were detected by northern blotting

using specific probes in NMD factor-depleted

HBV-replicating cells.

(D and E) HBeAg and HBsAg in the culture me-

dium. Medium was collected from the cells, and

HBeAg (D) and HBsAg (E) were measured with

ELISA. The OD values were normalized by total

protein levels, and the data are shown as the fold

increase over the values of siControl-transfected

cells.

(F) Level of encapsidated pgRNA. Lysates of the

treated cells were prepared in a hypotonic buffer.

After degrading nucleic acids outside the intra-

cellular particles, encapsidated pgRNAs were

extracted and the amount was measured by RT-

qPCR. The data were shown as fold increase to

the value of siControl-transfected cells.

(G) Amount of core-associated HBV DNA. Core

particle-associated DNA was extracted and then

measured by qPCR.

(H) Amount of extracellular particle-associated

HBV DNA. Secreted HBV particles were precipi-

tated with 6% PEG8000, and nucleic acids

outside the particles were degraded as described

in the main text. Then, the particle-associated

HBVDNA was extracted and measured by qPCR.

The data are represented as relative mean values

to that of control siRNA (siControl)-treated cells

with SEM of at least three independent experi-

ments for each case (A, D, E, F, G, and H). Sta-

tistical analysis was done by one-way ANOVA with

Dunnett’s multiple comparisons test.
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the NMD system, showed greater accumulation either with or

without Tet compared to the canonical rpL3 mRNA (Figure S5C).

To exclude the possibility that the increased stability of HBV

RNAs is caused by altered expression of host factors deter-

mining the fate of HBV RNA, we checked the protein expression

levels of XRN1/2 as famous RNA executors, DDX17,28 ZAP,29

and RBM2430 that are related to the stability of HBV RNAs, in

NMD-depleted cells. Then, we did not find any altered expres-

sion of the host factors (Figure S6A). Additionally, we further

checked whether HBV replication affected the protein expres-

sion of NMD-related factors. Using HBV replication plasmids en-

coding 1.25-fold genome, the protein levels of NMD-related fac-

tor were determined, and we did not observe any alteration of the

expression (Figure S6B). Also, the expressions of NMD-related

factors were not altered in HBV-inducible cells (Figure 3A).

Indeed, NMD reporter assay also showed that HBV replication

did not induce NMD suppression (Figure S6C). Thus, our data

indicated no evidence that HBV replication directly or indirectly

affected the NMD function and decay of HBV RNA.

Collectively, these data suggested that HBV gene expression

and replication are restricted by the NMD pathway via its control

of the stability of pgRNA/3.5 knt RNA and 2.4/2.1 knt RNA.

The NMD pathway restricts the early and late phases of

the HBV infection cycle

Generally, the NMD pathway is a rapid RNA degradation process

for aberrant transcripts in cytosol. Therefore, the recognition of

viral RNAs by the NMD pathway should be critical during the

HBV life cycle. To determine the NMD contribution to the HBV

infection cycle, we inoculated HBV infectious particles into

NMD-deficient human NTCP (sodium taurocholate co-transport-

ing peptide)-expressing HepG2 cells (NTCP/G2), which are sus-

ceptible to HBV infection,31 and checked the level of core-asso-

ciated HBV DNA at 4 days post infection (Figure 6A). UPF1,

UPF2, and SMG6 were consistently depleted by each siRNA

in NTCP/G2 cells (Figure 6B). We found significant increases in

secreted HBeAg and intracellular core-associated HBV DNA in

UPF1- or UPF2-depleted cells compared to the levels in control

cells, though siSMG6 had less effect again (Figures 6C and 6D).

Although depletion of SMG6 seemed not to affect the HBV life

cycle significantly, secreted HBeAg and core-associated HBV

DNA tended to increase when SMG6 was depleted (Figures 6C

and 6D), indicating that SMG6 might make a little contribution

to HBV replication (Figures 4C and 4E right). UPF1 or UPF2

depletion by short hairpin RNA also induced a similar effect—

namely, HBV replication was promoted (Figures S7A–S7C).

Unexpectedly, we observed more cccDNA formation in HBV-

infected cells that were depleted of UPF1 or UPF2 (Figure 6E),

implying that these factors might affect molecules involved in

the HBV attachment/entry process. Alternatively, it is not impos-

sible that cccDNA formation was enhanced by pgRNA

stabilization.

Because HBV is known as a pathogen showing lagged prop-

agation in cell culture systems,32 we further evaluated viral repli-

cation in the middle-late phase of virus propagation under NMD

depletion (Figure 6F). At 8 days post infection, HBeAg secretion

was increased in NMD-depleted cells, including siSMG6-treated

cells (Figure 6G). In addition, we found that intracellular core-

associated DNA was significantly increased in NMD-depleted

cells (Figure 6H), and cccDNA formation was also increased at

this phase in the cells (Figure 6I). These data suggest that the

NMD pathway negatively controls the early and late phases of

the HBV infection cycle as well.

DISCUSSION

Chronic HBV infection carries a high risk of lethal cirrhosis and

HCC and has been recognized as one of the most serious world

health problems. Even though HBV vaccination is an effective

prophylaxis against infection, more than 260 million people are

infected with HBV worldwide.1 No reliable and highly effective

antiviral therapies have yet been developed, largely because

drug-resistant viruses frequently show up in patients with HBV

and HBV cccDNA is very difficult to eradicate. To overcome

these barriers and develop a novel HBV therapeutics, it is impor-

tant to understand the interplay between targetable host factors

and HBV infection/replication.

The NMD system was first shown to function in monitoring and

quality control of viral RNAs in plant viruses.24 It was later shown

that the same system functions in mammalian viruses, not only

RNA viruses such as alphavirus,19 HCV,20 ZIKV,21 MHV,22 and

rotavirus33 but also a DNA virus, KSHV.23 Thus, therapies that

Figure 6. The NMD pathway governs HBV early replication in HBV-infected HepG2 cells

(A) Experimental protocol of HBV infection in human NTCP-expressing HepG2 (NTCP-HepG2) cells at the early phase of HBV infection.

(B) Protein levels in NMD-depleted NTCP-HepG2 cells infected with HBV (GEI at 1,000) at 4 days post infection (dpi).

(C) Level of secreted HBeAg at 4 dpi. HBeAg secreted into the culture medium at 4 dpi was measured with ELISA. The OD values were normalized by the amount

of total protein, and data are shown as the fold excess relative to the value of the siControl group.

(D) Amount of intracellular HBV DNA (core-associated) at 4 dpi. Intracellular HBV DNA (core-associated) in HBV-infected cells at 4 dpi was prepared and

measured by qPCR.

(E) The level of cccDNA in HBV-infected cells at 4 dpi. HBV cccDNA was prepared and measured by dPCR. The cellular RNase P copy number was also measured

and used for normalization.

(F) Experimental protocol of the late stage of HBV infection.

(G) Levels of HBeAg secretion at 8 dpi. Secreted HBeAg at 8 dpi was measured with ELISA. OD values were normalized by the amount of total protein, and data

are shown as the fold excess relative to the value of siControl group.

(H) Level of core-associated HBV DNA at 8 dpi. Core-associated HBV DNA was prepared and measured by qPCR.

(I) Level of cccDNA at 8 dpi. HBV cccDNA was prepared as described in the main text and measured by dPCR. The cellular RNase P copy number was also

measured with dPCR and used for normalization.

All data are presented with the SEM of at least three independent experiments. Statistical analysis was done by one-way ANOVA with Dunnett’s multiple

comparisons test.
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genetically or chemically affect the NMD pathway could be

effective, because the NMD pathway is an intrinsic antiviral sys-

tem against various infectious viruses.

The NMD pathway is a rapid RNA degradation system in the

cytosol, and most foreign RNAs must face its surveillance.

RNA surveillance systems such as non-stop decay (NSD) and

non-go decay (NGD) are part of the machinery for control of

cellular RNA quality and quantity against aberrant RNAs,

including viral RNAs.34 In this way, the RNA surveillance systems

such as NMD, NSD, and NGD contribute to the control of various

types of viral RNAs. For this reason, the NMD pathway has been

a point of focus in the fields of virology and immunology as a

means of cell-intrinsic immunity by targeting viral genomes and

transcripts for the decay, although viruses tend to circumvent

this system by using viral proteins or genomic sequences for effi-

cient daughter virus production.35

The NMD system depends on cis-acting features such as long

3′ UTR and multiple ORFs in the transcripts, and these features

subsequently attract various trans-acting protein factors to form

mRNA-protein complexes, which execute the monitoring and

quality control activities.36 Mammal Stau1 is known as a key fac-

tor in Staufen-mediated mRNA decay; it is mediated by both

UPF1 and UPF2 and binds to a specific structure of double-

stranded RNA (dsRNA) in 3′ UTR.37 In this study, we have re-

vealed that virologically important HBV transcripts are targets

of the NMD pathway, leading to the suppression of HBV gene

expression and replication. Our data indicated that UPF1 and

UPF2 were highly involved in HBV gene expression/replication

through the stabilization of viral RNAs, but collaboration of

Stau1 with UPF1 and UPF2 was unlikely, because HBV tran-

scripts did not have any specific feature of dsRNA targeted by

Stau1.

Interestingly, the first report on DNA virus suggested that the

NMD pathway regulates reactivation of KSHV by controlling

the expression levels of both host and viral transcripts exported

to cytoplasm.23 Consistent with this idea, our data also indicated

that the stability of essential viral transcripts was regulated by

core NMD factors via the regulation of viral replication. Thus,

transcripts from not only RNA viruses but also DNA viruses are

monitored by the NMD system to maintain the cellular environ-

ment, followed by restriction of viral replication and/or induction

of innate immunity.

So far, it has not been reported whether the NMD surveil-

lance system functions during the HBV life cycle. Unfortu-

nately, we could not find any viral proteins that function as

anti-NMD as reported in various viruses. In addition to that,

HBV replication did not alter the expression of NMD-related

factors and the function of the NMD pathway (Figures S6B

and S6C). These suggest that HBV infection would not have

molecular strategies against the NMD pathway. Interestingly,

it has been suggested that pgRNA encapsidation initially oc-

curs in the nucleus and very rarely in the cytosol, where

HBV RNAs could be recognized by the NMD system.38

Thus, it might be advantageous for HBV to undergo encapsi-

dation in the nucleus to escape NMD surveillance. In the HBV

infection system, cccDNA formation was increased in UPF1-

and UPF2-depleted cells. It is thought that a level of cccDNA

is coming from rcDNA entering into cells. NMD depletion was

done after viral infection in our infection experiment, and thus,

there is a possibility that pgRNA accumulation in the nucleus

early phase of infection may promote formation of cccDNA as

the internal cycle rather than genomic rcDNA synthesis as

egress of daughter viruses.

Furthermore, our data indicated that NMD depletion highly

enhanced pgRNA accumulation (∼7-fold in UPF1 depletion)

but moderately increased encapsidated pgRNA (∼2.5-fold),

leading to similar folds of HBV DNA formation in HBV-replicating

cells (Figure 5). These data suggest that the increased amount of

pgRNA does not strongly facilitate pgRNA encapsidation, while

the NMD pathway just directly affects the stability of pgRNA. In

addition to that, efficient accumulation of HBc protein was found

in NMD-depleted cells at early induction time, and catch up the

expression of HBc protein in NMD-depleted cells (Figures 3A

and 5B). And, the first-round translated pgRNA will be recog-

nized by the NMD pathway, probably, encapsidated pgRNA is

not. In fact, we have shown in a decay assays of IVT-pgRNA

that transfected pgRNA is not only used for encapsidation and

translated into viral proteins but is also degraded by the NMD

pathway (Figure 2A). These imply that the NMD pathway may

regulate the fate of pgRNA followed by (1) conversion to

cccDNA, (2) viral protein synthesis, and (3) pgRNA encapsidation

during HBV replication.

Among HBV-related transcripts, X RNA seemed not to be a

transcript targeted by the NMD machinery (Figure 2A right

lower), because it is a typical mRNA that exclusively encodes

X ORF with no long 3′ UTR. The HBx protein encoded by X

RNA plays a key role in the development of HCC in the natural

course of chronic HBV infection,39,40 and thus, there is a possi-

bility that X becomes more competent for hepatocarcinogenesis

by escaping the NMD system. On the other hand, there is a

report describing that the NSD pathway mediates the decay of

X RNA by recruiting RNA exosomes.41

The NMD pathway globally inspects and controls the quality of

intracellular mRNA. This includes not only major viral transcripts

but also alternative viral transcripts during HBV infection; e.g.,

minor spliced pgRNAs42–44 may be targets. Interestingly, our

data indicated that UPF2, one of EJC proteins attached after

host splicing, has an impact on HBV replication as well as

UPF1, implying that spliced HBV transcripts could be likely a

target of the NMD pathway. In addition, several HBV spliced pro-

teins (HBVSPs) translated from spliced pgRNA or 3.5 knt

RNA suppressed the transduction of interferon alpha (IFN-α)

signaling, resulting in HBV resistance to IFN-mediated host de-

fenses.45 Thus, there is a possibility that the enhancement of

HBV replication by NMD depletion may be due in part to the

accumulation of spliced pgRNA encoding specific HBVSPs to

suppress the IFN response.

Taken together, our findings suggest that major HBV tran-

scripts (pgRNA/3.5 knt RNA, 2.4/2.1 knt RNA) are subject to

NMD monitoring to maintain the cellular environment and that

such monitoring constitutes a cell-intrinsic antiviral system

against HBV infection. The insights from this study are expected

to inform research into other DNA virus life cycles, and the accu-

mulating evidence from such efforts will clarify the roles of the

NMD pathway against various viruses and ultimately provide

clues toward the development of antivirals.
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Limitations of the study

In this study, we found that the NMD pathway, a host mecha-

nism, is a mechanism for controlling HBV RNA expression in he-

patic cell lines. However, HBV RNA that escapes surveillance

continues to replicate and forms cccDNA, which does not lead

to complete HBV treatment. Another limitation is a technology

has not yet been established to control NMD function; thus,

further development of research is required.
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit anti-UPF1 antibody Cell Signaling Technology Cat#9435; RRID: AB_10629662

Mouse anti-RENT2/UPF2 antibody Santa Cruz Bio. Inc. Cat#sc-374230; RRID: AB_10988267

Rabbit anti-SMG6 antibody Abcam Cat#ab87539; RRID: AB_10674461

Rabbit anti-phosphorylated UPF1

(Ser1127)

Millipore Cat#07-1016; RRID: AB_10805931

Mouse anti-HBs antibody Beacle Inc. Cat#BCL-ABMS-02

Mouse anti-HBV PreS1 antibody Beacle Inc. Cat#BCL-ABM1-02

Mouse anti-HBV PreS2 antibody Beacle Inc. Cat#BCL-ABM2-02

Rabbit anti-HBc antibody Beacle Inc. Cat#BCL-ABPC-01

Rabbit anti-XRN1 antibody Cell Signaling Technology Cat#70205; RRID: AB_2799779

Rabbit anti-XRN2 antibody Cell Signaling Technology Cat#13760; RRID: AB_2798309

Rabbit anti-ZAP antibody Cell Signaling Technology Cat#33750

Mouse anti-DDX17 antibody Proteintech. Cat#19910-1-AP; RRID: AB_10667004

Rabbit anti-RBM24 antibody Abcam Cat#ab94567; RRID: AB_10674832

Mouse anti-GFP antibody Nacalai Tesque Cat#04363-24; RRID: AB_3675836

Mouse anti-βTubulin antibody Sigma Aldrich Cat#T5201; RRID: AB_609915

Anti-mouse IgG HRP conjugated Dako Cat#P0447; RRID: AB_2617137

Anti-rabbit IgG HRP conjugated Dako Cat#P0448; RRID: AB_2617138

Rabbit immunoglobulin Fraction (normal) Dako Cat#X0903; RRID: AB_906174

Anti-mouse IgG conjugated with

Alexa® 488

Thermo Fisher Scientific Cat#A-11001; RRID: AB_2534069

Anti-rabbit IgG conjugated with Alexa® 546 Thermo Fisher Scientific Cat#A-11035; RRID: AB_143051

Bacterial and virus strains

pLKO.1 puro lentivirus Addgene Cat#8453

Recombinant HBV, genotype D Ladner et al.27 N/A

pHBV WT, HBV genotype C (#AB246345.1) Fauzyah et al.46 Sugiyama et al.47 N/A

pHBV pol dead This paper N/A

Chemicals, peptides, and recombinant proteins

Cycloheximide Sigma Aldrich Cat# 239763

Wortmannin Sigma Aldrich Cat# 681675

Okadaic acid FUJIFILM Cat#152-03271

Hydrocortisone Sigma Aldrich Cat#H0396

Human insulin Sigma Aldrich Cat#I9278

EGF Recombinant Human Protein Thermo Fisher Scientific Cat#PHG0313

Sodium Selenite Sigma Aldrich Cat#S9133

Transferin (Holo) from Human blood FUJIFILM Cat#208-18971

Recombinat DNase I, RNase free TaKaRa Cat#2270A

Recombinant RNase inhibitor TaKaRa Cat#2313A

DynabeadsTM Protein G-conjugated Thermo Fisher Scientific Cat#10004D

TRIzolTM LS reagent Thermo Fisher Scientific Cat#10296028

TRIzolTM reagent Thermo Fisher Scientific Cat#15596018

Critical commercial assays

HBeAg Diagnostic kit Shanghai RSbio N/A

HB S antigen quantitative ELISA kit Rapid-II Beacle Inc Cat#BCL-SHP-21

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HBs PreS-1 antigen quantitative ELISA kit

Rapid

Beacle Inc Cat#BCL-S1HP-01

HBs PreS-2 antigen quantitative ELISA kit

Rapid

Beacle Inc Cat#BCL-S2HP-01

mMESSAGE mMACHINETM T7

transcription kit

Thermo Fisher Scientific Cat#AM1344

AmpliCap-Max T7 High Yield Message

Maker Kit

CellScript Cat#C-ACM04037

A-Plus Poly(A) Polymerase Tailing Kit CellScript Cat#C-PAP5104H

Maxwell® RSC genomic DNA kit Promega Cat#AS1880

Direct-zol RNA Miniprep Kit Zymo Research Cat#R2052

DIG RNA labeling kit (SP6/T7) Roche Cat#11175025910

GenJetTM In Vitro DNA Transfection

Reagent for HepG2 Cells

SignaGen Laboratories Cat#SL100489-HEPG2

Absolute QTM DNA Digital PCR Master Mix Thermo Fisher Scientific Cat#A52490

Experimental models: Cell lines

Human: NTCP-expressing HepG2 cells Iwamoto et al.31 N/A

Human: HepAD38.7 cells Ladner et al.27 N/A

Human: LentiX HEK293T cells Clontech Cat# 632180

Oligonucleotides

siRNA targeting sequence (see Table S1) This paper N/A

shRNA targeting sequence (see Table S1) This paper N/A

Primers for plasmid cloning (see Table S1) This paper N/A

Primers for qPCR and dPCR (see Table S1) This paper N/A

Recombinant DNA

pcDNA3.1 Thermo Fisher Scientific Cat#V79020

pT7-pgRNA This paper N/A

pT7-pgRNA poldead This paper N/A

pT7-2.4kb RNA This paper N/A

pT7-2.1kb RNA This paper N/A

pT7-Small S RNA This paper N/A

pT7-XRNA This paper N/A

pRL-TK Promega Cat#E2241

pcDNA-GFP Nakayama et al.48 N/A

pHBV-WT Fauzyah et al.46 Sugiyama et al.47 N/A

pHBV pol dead This paper N/A

pSPT18 Roche Cat#11175025910

pSPT18-HBVRNA This paper N/A

pSPT18-hGAPDH This paper N/A

pCMV-globin Norm Kurosaki et al.49; Zhang et al.50 N/A

pCMV-globin Ter39 Kurosaki et al.49; Zhang et al.50 N/A

pCMV-mMUP This paper N/A

pLKO-shUPF1 This paper N/A

pLKO-shUPF2 This paper N/A

pLKO puro Addgene Cat#8453

Software and algorithms

GraphPad Prism9 GraphPad N/A
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell culture

Human sodium taurocholate co-transporting polypeptide (NTCP)-expressing HepG2 cells (NTCP/G2)31 were grown in William’s E

medium (Gibco) supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich), 1% antibiotic-antimycotic solution (100 units/

mL penicillin, 100 μg/mL streptomycin, 0.25 μg/mL amphotericin B; Nacalai Tesque), 2 mM L-glutamine (Nacalai Tesque), 50 μM hy-

drocortisone (Sigma-Aldrich), 5 μg/ml insulin (Sigma-Aldrich), 10 ng/ml EGF (Thermo Fisher Scientific), 5 μg/mL holo-transferrin

(Wako), 5 ng/ml sodium selenite (Sigma-Aldrich) (primary hepatocyte maintain media: PMM), and 0.5 mg/ml G418 (Nacalai Tesque).

HepAD38.7 cells27 were cultured in DMEM/F12 (Nacalai Tesque) supplemented with 10% FBS, 1% antibiotic-antimycotic solution

as above, 0.5 mg/ml G418, 5 μg/ml human insulin and 400 ng/ml tetracycline (Tet) (Nacalai Tesque).

HEK293T cells used for in vitro transcribed viral RNA transfection and lentivirus production, were grown in high glucose DMEM

(Nacalai Tesque) supplemented with 10% FBS and the antibiotics as above. All cells were cultured at 37◦C and 5% CO2.

Viruses

To prepare HBV inoculum for the infection experiment, HepAD38.7 cells were cultured in the Tet-free culture medium and the

cultured medium was accumulated every 5 days for 2 weeks. The medium was precipitated with a final concentration of 6%

PEG8000, resuspended in PBS and concentrated. The virus titer was measured with quantitative PCR (qPCR) (see below).

Lentiviruses for NMD knockdown were produced by transfection with pLKO-control (shControl-sense/shControl-antisense),

pLkO-UPF1 (human shUpf1-sense1/human shUpf1-antisense1) or -UPF2 (human shUpf2-sense/human shUpf2-antisense) using

Lenti-XTM Packaging Single Shots (VSV-G) (Takara Bio Clontech) into HEK293T cells according to the manufacturer’s protocol. At

3 days post-transfection, the culture medium containing recombinant lentiviruses was collected. Subsequently, HBV-infected

NTCP-HepG2 cells were infected with these inoculums for NMD knockdown at 12 hrs before HBV infection. Short hairpin RNA se-

quences are described in the Table S1.

METHOD DETAILS

Plasmids

For construction of each plasmid driven by a T7 promoter coding viral transcript including pol-dead pgRNA, pcDNA3.1 was linearized

by NruI and EcoRI. The HBV pgRNA/3.5 knt RNA region was amplified with two primer sets (pgRNAT7-infu-Fw and pgRNAmid-infu-

Rv for fragment 1, and pgRNAmid-infu-Fw and HBV mRNA-infu-Rv for fragment 2). The amplified fragments were tandemly inserted

into the linearized pcDNA3.1 by an In-Fusion® system (Takara Bio Inc.). The HBV pgRNA pol dead region was amplified with

pgRNAT7-infu-Fw and pgRNApol dead-mid-infu-Rv for fragment 1, and pgRNApol dead-mid-infu-Fw and HBVmRNA-infu-Rv for

fragment 2. The amplified fragments were tandemly inserted into the linearized pcDNA3.1 by an In-Fusion® system. Then, the

HBV 2.1 knt RNA region was amplified with 2.1kb T7-infu-Fw and HBVmRNA-infu-Rv, and the non-authentic Small S RNA region

was amplified with SmallST7-infu-Fw and HBVmRNA-infu-Rv. Each amplified fragment was inserted into the linearized pcDNA3.1

by an In-Fusion® system. The HBV 2.4 knt RNA region was amplified with 2.4kbT7-NruI-Fw and HBV RNA-EcoRI-Rv, and the

HBV X RNA region was amplified with X mRNAT7-NruI-Fw and HBV RNA-EcoRI-Rv, respectively. The primer sequences are shown

in Table S1. The amplified fragments were digested by NruI and EcoRI followed by insertion into the NruI and EcoRI sites of pcDNA3.1

with ligation highTM Ver2 (TOYOBO). pHB I-WT (adr4, genotype C) used as an amplification template contains 1.5 HBV genome (adr4,

genotype C; GenBank: # LC090200.1) from the BamHI site at 1400nt-(3.2kb)-1400nt-BglII site at 1984nt. pcDNA3-GFP was the kind

gift of Dr. Honda at Okayama University,48 and pRL-TK was purchased from Promega.

An HBV replication plasmid (pHBV-WT) (GenBank: #AB246345.1) were provided from Dr. Ono and Dr. Matsuura,46,47 and pHBV-

pol dead was constructed by a point mutation (Threonine to stop codon at 163 aa in the POL ORF) introduced into pol of pHBV WT by

mutagenesis. Briefly, pHBV pol-WT sequences were amplified using a set of primers (pHBV-pol dead-Fw and pHBV pol dead-Rv)

and, then liner pHBV fragment harboring mutation on POL ORF was synthesized. This PCR product was treated with DpnI to remove

template plasmids, and then treated with T4 Polynucleotide Kinase (Takara) to add a γ-phosphate group of ATP to the 5’ end of this

fragment for the self-ligation.

Lentiviral knockdown plasmid (pLKO1.puro; Addgene) was constructed by insertion of a dsDNA oligo that encodes a short hairpin

for silencing UPF1 (human shUpf1-sense1/ human shUpf1-antisense1) or UPF2 (human shUpf2-sense/ human shUpf2-antisense).

The NMD reporter plasmids, pCMV®-globin Norm and Ter39, were the kind gift of Dr. Maquat,49,50 and an internal control plasmid,

pCMV mMUP, was constructed by replacement of the globin gene in pCMV®-globin Norm with the mouse MUP gene using an In-

Fusion® system at NcoI-NdeI sites. Mouse MUP ORF was amplified by PCR.

Plasmids for RNA probe synthesis were constructed by insertion of PCR product using pSPT18 linearized by XbaI and EcoRI. The

PCR products were amplified with pSPT18-HBVRNA-XbaIFw and pSPT18-HBVRNA-EcoRIRv for HBV RNA probe and pSPT18-

hGAPDH-infuF and pSPT18-hGAPDH-infuR for hGAPDH mRNA probe. The amplified fragment of HBV RNA was digested by

XbaI and EcoRI followed by insertion into the XbaI and EcoRI sites of pSPT18 with ligation highTM Ver2 (TOYOBO). The amplified

fragment of hGAPDH was inserted into the linearized pSPT18 by an In-Fusion® system.

All primer sets and dsDNAs are listed in Table S1.
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In vitro transcription of HBV RNA

Capped and polyadenylated viral RNAs (pgRNA, pgRNA pol dead, 2.4 knt, 2.1 knt, Small S and X RNA) were produced in vitro from T7

promoter-driven plasmids, which were pcDNA 3.1 constructs containing the respective region, using an AmpliCap-Max T7 High

Yield Message Maker Kit (CellScript) or mMESSEGE mMACHINETM T7 transcription kit (Thermo Fisher Scientific) and a Plus Poly

(A) Polymerase Tailing Kit (CellScript) according to the manufacturer’s protocol. GPF mRNA and Renilla luciferase (rLuc) mRNA

were also generated from T7 promoter-driven plasmids (pcDNA3-GFP and pRL-TK, respectively).

Small interfering RNA (siRNA) treatment

Double-stranded siRNAs listed in Table S1 (human UPF1,2 SMG6 and the control [siControl]) were synthesized and annealed by a

manufacturer (FASMAC).

HEK293T cells were treated with each siRNA for the NMD factor (UPF1, UPF2 and SMG6) at 25 nM with Lipofectamine RNAiMAX

(Thermo Fisher Scientific) according to the manufacturer’s protocol for degradation kinetics assay.

HepAD38.7 cells cultured in the Tet-containing medium described above were split and incubated in antibiotics-free medium to

induce HBV replication before siRNA transfection. At 12 hours (hrs) post-Tet removal, the cells were transfected with each siRNA

for the NMD factor (UPF1, UPF2 and SMG6) at 25 nM with Lipofectamine RNAiMAX (Thermo Fisher Scientific) according to the man-

ufacturer’s protocol for degradation kinetics assay.

Assay of degradation kinetics of HBV transcripts in HEK293T cells

Purified IVTs were directly transfected into siRNA-mediated knocked down 293T cells using Lipofectamine MessengerMAX (Thermo

Fisher Scientific). After 1 hr absorption of IVTs, the cells were twice rinsed with fresh complete media without antibiotics to wash out

excess IVTs, and then the medium was replaced with fresh medium without antibiotics and the cells were incubated until the indi-

cated time point. Then the cells were lysed with TRIzol® reagent (Thermo Fisher Scientific) for purification of total RNA, which

was subjected to RT-qPCR (see below).

Assay of degradation kinetics of pgRNA/3.5 knt RNA in HepAD38.7 cells

NMD factor-depleted HepAD38.7 cells were further incubated for 36 hrs or 60 hrs without Tet. Then, the cells were re-treated with Tet

to inhibit viral transcription for 8 hrs. The cells were lysed with TRIzol® reagent (Thermo Fisher Scientific) for purification of total RNA,

followed by RT-qPCR or Northern blotting analysis (see below). Also, the stability of HBV pgRNA/3.5 knt RNA was evaluated in the

presence of actinomycin D (ActD) and NMD inhibitors in HBV-induced HepAD38.7 cells. The pgRNA/3.5 knt RNA accumulation by

Tet removal was monitored in the presence of 5 μg/mL ActD for up to 12 hrs in NMD-depleted HepAD38.7 cells. Two NMD inhibitors,

cycloheximide at 100 μg/mL and wortmannin at 20 μM, were also added to the medium at 4 hrs post-ActD treatment. After additional

incubation for 8 hrs, the cells were collected to prepare the total RNA for RT-qPCR. Either GAPDH mRNA or 18S rRNA was quantified

and the pgRNA/3.5 knt RNA expression level was calculated by the ΔΔCt method relative to the levels of either GAPDH mRNA or

18S RNA.

Western blotting

Cells were harvested and lysed in 2 × SDS sample buffer (125 mM Tris-HCl pH 6.8, 20% glycerol, 4% sodium dodecyl sulfate (SDS),

5% 2-mercaptoethanol and 0.2 mg/mL bromo phenol blue). The lysed protein samples were boiled. The samples were separated by

sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a polyvinyl difluoride (PVDF) membrane

(Immuno-Blot PVDF; BioRad). After blocking with 5% dry milk (Nacalai Tesque) containing TBS-T (20 mM Tris-HCl pH 7.6, 150 mM

NaCl, and 0.05% Tween20) for 30 min, the membrane was incubated with an appropriate primary antibody overnight at 4◦C and sub-

sequently probed with secondary anti-mouse or anti-rabbit IgG conjugated with horseradish peroxidase (HRP) (Dako). After washing

with TBS-T at least three times, chemiluminescence was generated by using SuperSignal West Pico Chemiluminescence Substrate

(Thermo Fisher Scientific). The image was obtained, and the protein band intensity was measured with an imaging system (ChemiDoc

Touch MP or VersaDoc; BioRad).

RNA extraction and Northern blotting

Total RNA from cells was isolated with TRIzol®, and followed by a Direct-zol RNA Miniprep Kit (Zymo Research) or phenol/chloroform

extraction according to the manufacturer’s instructions. Total RNAs from NMD-depleted HepAD38.7 cells were collected at 0, 4 and

8 hrs after Tet addition. Then, the RNA was treated with DNase I to degrade contaminated DNA. Twenty μg or 5 μg of total RNA was

electrophoresed in 1.2% agarose gel under a denatured condition to detect HBV-related transcripts and GAPDH mRNA, respec-

tively. After blotting on a positively charged membrane (GE Healthcare Japan) followed by UV crosslinking, the membrane was

probed by either DIG-labeled RNA probes, corresponding to the X region (1374nt to 1838nt) of the HBV adr4 genome

(Genbank: #LC090200.1) or to nt 792 to 1251 of human GAPDH mRNA (GenBank: #NM_002046.7). These RNA probes were gener-

ated from pSPT18-HBV RNA and pSPT18-hGAPDH, respectively, using DIG RNA labeling kit (Roche) along with manufacture’s pro-

tocol. The bound probes were reacted with anti-digoxigenin-AP conjugated Fab fragment and the luminescence was generated with

CDP-StarTM (Roche). The images were obtained with a ChemiDocTM Touch MP or VersaDocTM imaging system (BioRad).
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HBV-associated DNA/RNA preparation in NMD factor-depleted HepAD38.7 cells and NTCP/G2 cells

The cultured media was collected, and HBV particles were precipitated with 6% polyethylene glycol 8000 overnight at 4◦C. The pre-

cipitates were suspended in 180 μl of a hypotonic buffer (20 mM Tris-HCl pH 7.6, 50 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 0.1% 2ME,

and 0.1% Nonidet P®-40 (NP®-40)), 10 μl (∼100 Unit) of DNase I (Takara-Clontech) and 5 μl (∼14 μg) of DNase free RNase (Roche

Diagnostics). After incubating for 30 min at 37◦C and then at 70◦C for 30 min, a mixture of 10 μl of 0.25 M EGTA (pH 8.0) and 0.25 M

EDTA (pH 8.0) was added to inactivate the DNase I. Then, an equal volume (200 μl) of TE5 (Tris-HCl pH 7.8, 5 mM EDTA pH 8.0)/1%

SDS solution was added, followed by addition of proteinase K (0.2 mg/ml; Roche Diagnostics) and incubation at 56◦C overnight. The

samples were subjected to DNA extraction using a nucleic acid extraction kit (MaxwellTM RSC Viral TNA; Promega) and an extraction

machine (MaxwellTM RSC system; Promega) according to the manufacturer’s instruction. For intracellular core-associated HBV DNA,

the cells were lysed in 0.4 ml of a hypotonic buffer (20 mM Tris-HCl pH 7.6, 50 mM NaCl, 5 mM MgCl2, 5 mM CaCl2, 0.1% 2ME, and

0.1% Nonidet P®-40 (NP®-40)). The lysate was cleared by centrifugation at 15, 000× g for 15 min at 4◦C and then treated with DNase

I and RNase followed by proteinase K, and finally, core-associated HBV DNA was extracted as described above. For intracellular

core-associated HBV pgRNA (encapsidated pgRNA), the cleared cell lysate above was treated with DNase I and RNase and TRIzol

LS (Thermo Fisher Scientific) was added for RNA isolation according to the manufacturer’s instruction.

For cccDNA quantification, at the end of the infection experiment, total genomic DNA of HBV-infected cells were prepared with a

Maxwell® RSC genomic DNA kit (Promega). The extracted total DNA was first conducted to digital PCR (dPCR) of RNase P (see

below). After measuring the copy number of RNase P by dPCR, all prepared DNA was treated with T5 exonuclease (New England

Biolabs) by directly adding 10 units of T5 exonuclease into each tube, followed by incubation for 1 hr at 37◦C to degrade genomic

and non-completed circular DNA. T5-treated DNA was used for dPCR specific for cccDNA (see below).

RNA-immunoprecipitation (RIP) of HBV RNA

HEK293T cells transfected with IVT-HBV transcripts and HBV-induced HepAD38.7 cells by Tet removal were treated with 500 nM

Okadaic acid for 30 min before cell fixation with 0.2% paraformaldehyde/PBS followed by neutralization with 300 nM glycine/

PBS. Fixed cells were harvested in RIPA buffer (Nacalai Tesque) containing RNase inhibitor, protease inhibitor and phosphatase in-

hibitor followed by sonication. The cell extract was incubated with IgG or an anti-pUPF1 antibody at 4◦C for 16 hrs with rotation. Then,

protein G-conjugated Dynabeads® (Thermo Fisher Scientific) were added and incubated for an additional 4 hrs. The beads were

spun down and washed five times with an NT2 buffer (50 mM Tris-HCl, pH7.4, 150 mM NaCl, 1 mM MgCl2, and 0.05% NP®-40).

Protein-RNA crosslinks were reversed by heating at 70◦C in a buffer (100 mM Tris-HCl, pH 8.0, 10 mM EDTA, 1% SDS, and

2 mM DTT) for 40 min. The bound RNAs with pUPF1 and total RNA as input were recovered by extraction with TRIzol® reagent, fol-

lowed by RT-qPCR for HBV RNAs, alternative rpL3 mRNA and vtRNA1-1 (see below).

RT-qPCR, qPCR and digital PCR (dPCR)

For RT-qPCR analyses, total RNA in TRIzol® reagent was isolated by a Direct-zol RNA Miniprep Kit (Zymo Research) or phenol/chlo-

roform extraction. The total RNA was reversely transcribed by SuperScript® III transcriptase (Thermo Fisher Scientific) for cDNA syn-

thesis. pgRNA/3.5 knt RNA was quantified with a primer set (HBVpgRNA-qFw and HBVpgRNA-qRv) with a QuantStadio ViiATM 6

Real-Time PCR Detection System using Fast SYBRTM Green Master Mix (Applied Biosystems). The amount was calculated by

the ΔΔCt method relative to levels of GAPDH mRNA, GFP mRNA or 18S RNA. To quantify HBV DNA, core-associated HBV DNA

and extracellular HBV DNA were extracted as previously described,51,52 and the levels of HBV DNA were determined by real-time

PCR as described above using the primers HBVDNA-qFw and HBVDNA-qRv. The copy number of HBV DNA was obtained from

the standards of serial dilution of pHB I WT. The quantified results were normalized with protein OD to minimize the cell number

difference.

Prepared cccDNA was amplified using Absolute QTM DNA Digital PCR Master Mix (Thermo Fisher Scientific) and QuantStudio Ab-

solute Q (Thermo Fisher Scientific) using primers HBV cccDNA-qFw and HBV cccDNA-qRv and a FAM-MGB probe (HBV cccDNA

probe). The RNase P copy number was determined by using a TaqManTM RNase P Control Reagents Kit (Thermo Fisher Scientific).

The cccDNA copy number was normalized with the RNase P copy number, and the data are shown as cccDNA copy number/RNase

P copy number.

All the primers for qPCR are listed in Table S1.

Enzyme-linked immunosorbent assay (ELISA)

Levels of HBeAg, HBsAg, PreS1 and PreS2 HBsAg in the culture supernatant or cell lysate were respectively determined by using the

following commercial kits: the HBeAg Diagnostic kit (RO Bio), HB S antigen quantitative ELISA kit Rapid-II, HBs PreS-1 antigen quan-

titative ELISA kit Rapid and HBs PreS-2 antigen quantitative ELISA kit Rapid (Beacle, Inc.).

Immunofluorescence assay

NMD-depleted HEK293T cells were co-transfected with IVT-pgRNA and -GFP mRNA. At 24 hrs post-RNA transfection, the cells were

fixed with 1% formaldehyde/PBS and permeabilized by 0.1% TritonX-100/PBS. After blocking with 1% BSA/PBS, GFP and HBc
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were probed by a mouse anti-GFP antibody and a rabbit anti-HBc antibody, respectively, then detected by an anti-mouse IgG con-

jugated with Alexa® 488 and an anti-rabbit IgG conjugated with Alexa® 546 (Thermo Fisher Scientific). The fluorescent signals of

GFP and HBc were obtained by ECLIPSE TS2 (Nikon).

NMD reporter assay

NMD-depleted NTCP-HepG2 cells and HepAD38.7 cells were co-transfected with NMD reporter plasmid, pCMV®-globin Norm or

pCMV®-globin Ter39, and pCMV®-mMUP using GenJetTM In Vitro DNA Transfection Reagent for HepG2 Cells according to the

manufacturer’s instruction (SignaGen®Laboratories). Also, NTCP-HepG2 cells were co-transfected with an HBV replication plasmid,

pCMV®-globin Norm or pCMV®-globin Ter39 and pCMV®-mMUP. At 48 hrs post transfection, the cells were harvested by TRIzol for

total RNA isolation, and followed by RT-qPCR using primer sets of NMDGlobin-qFw and NMDGlobin-qRv for detection of globin

mRNA, and mMUP-qFw and mMUP-qRv for detection of mMUP mRNA.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis

Data were analyzed using one-way or two-way analysis of variance (ANOVA) with appropriate multiple comparisons test using

GraphPad PRISM. Details of the statistical tests were specified within the corresponding figure legends, and probability-value dif-

ferences were considered statistically significant in the following order: *p < 0.05, **p < 0.01, ***p < 0.005 and ****p < 0.001.
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