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ABSTRACT

The risk of liver cancer in patients infected with the hepatitis B virus (HBV) and their clinical response to interferon alpha ther-
apy vary based on the HBV genotype. The mechanisms underlying these differences in HBV pathogenesis remain unclear. In
HepG2 cells transfected with a mutant HBVG2335A expression plasmid that does not transcribe the 2.2-kb doubly spliced RNA
(2.2DS-RNA) expressed by wild-type HBV genotype A, the level of HBV pregenomic RNA (pgRNA) was higher than that in cells
transfected with an HBV genotype A expression plasmid. By using cotransfection with HBV genotype D and 2.2DS-RNA expres-
sion plasmids, we found that a reduction of pgRNA was observed in the cells even in the presence of small amounts of the 2.2DS-
RNA plasmid. Moreover, ectopic expression of 2.2DS-RNA in the HBV-producing cell line 1.3ES2 reduced the expression of
pgRNA. Further analysis showed that exogenously transcribed 2.2DS-RNA inhibited a reconstituted transcription in vitro. In
Huh7 cells ectopically expressing 2.2DS-RNA, RNA immunoprecipitation revealed that 2.2DS-RNA interacted with the TATA-
binding protein (TBP) and that nucleotides 432 to 832 of 2.2DS-RNA were required for efficient TBP binding. Immunofluores-
cence experiments showed that 2.2DS-RNA colocalized with cytoplasmic TBP and the stress granule components, G3BP and
poly(A)-binding protein 1 (PABP1), in Huh7 cells. In conclusion, our study reveals that 2.2DS-RNA acts as a repressor of HBV
transcription through an interaction with TBP that induces stress granule formation. The expression of 2.2DS-RNA may be one
of the viral factors involved in viral replication, which may underlie differences in clinical outcomes of liver disease and re-
sponses to interferon alpha therapy between patients infected with different HBV genotypes.

IMPORTANCE

Patients infected with certain genotypes of HBV have a lower risk of hepatocellular carcinoma and exhibit a more favorable re-
sponse to antiviral therapy than patients infected with other HBV genotypes. Using cultured human hepatoma cells as a model
of HBV infection, we found that the expression of 2.2DS-RNA caused a decrease in HBV replication. In cultured cells, the ectopic
expression of 2.2DS-RNA obviously reduced the intracellular levels of HBV mRNAs. Our analysis of the 2.2DS-RNA-mediated
suppression of viral RNA expression showed that 2.2DS-RNA inhibited transcription via binding to the TATA-binding protein
and stress granule proteins. Our findings suggest that the 2.2DS-RNA acts as a suppressive noncoding RNA that modulates HBV
replication, which may in turn influence the development of chronic hepatitis B.

The hepatitis B virus (HBV) causes acute and chronic liver dis-
eases in humans. Millions of people worldwide suffer from

HBV-induced liver disorders, and HBV infection increases the
risk of hepatic cirrhosis and hepatocellular carcinoma (1, 2). Type
I interferons (IFNs), including IFN-� and IFN-�, exert antiviral
activity and important immunomodulatory effects in the innate
immune response against HBV infection (3–5). However, the
mechanism through which HBV evades the host immune re-
sponse in chronically infected patients has not been fully eluci-
dated.

In addition to the factors such as viral load and naturally oc-
curring mutants, the HBV genotype, classified as A through J
based on genomic sequence, has been shown to be associated with
disease progression and responses to IFN-based therapy (6). Pre-
vious studies have shown that chronic hepatitis B patients infected
with genotype A or B exhibit higher rates of seroclearance of HBV
e antigen (HBeAg) and viral DNA in response to IFN-� therapy
than patients with genotype C or D infection (7–9) and that

chronically infected children with HBV genotype A infection have
lower viral DNA loads and exhibit less severe symptoms than pa-
tients with genotype D infection (10, 11). Clinical studies have also
shown that differences between HBV genotypes correlate with de-
oxycytidine analog resistance (12) and hepatic pathogenesis (13).
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However, the biological mechanism underlying these differences
in HBV pathogenesis and responsiveness to IFN-� therapy have
not been identified.

A diverse set of mRNAs are transcribed by HBV, including a
3.5-kb precore mRNA, a 3.5-kb pregenomic mRNA (pgRNA),
2.4-kb and 2.1-kb (pre-S/L and S) mRNAs, and a 0.9-kb (X)
mRNA (14). In addition, numerous spliced mRNA variants de-
rived from the 3.5-kb precore mRNA and pgRNA have been iden-
tified in HBV-transfected hepatoma cells, HBV transgenic mice,
and the liver tissues and virions isolated from serum of chronic
hepatitis B patients (15–19). Recent studies have shown that the
expression of proteins encoded by certain HBV spliced transcripts
is associated with viral replication, liver fibrosis, and immune sur-
veillance (20–22). Differences in the various species and propor-
tions of spliced RNAs occur between different HBV genotypes
(23). A 2.2-kb doubly spliced RNA (2.2DS-RNA) which lacks
splice donor and acceptor sites, respectively, at nucleotides 2067
and 2350 and at nucleotides 2447 and 282 is produced by HBV
genotypes A and B only (19, 24). Our prior study found that the
expression levels of 2.2DS-RNAs in chronic hepatitis B (CHB)
patients are very different, with relatively high levels of 2.2DS-
RNAs present in a portion of liver biopsy specimens from the CHB
patients of genotype A (25). The detailed mechanisms that mod-
ulate the level of 2.2DS-RNA in the CHB patients have not yet
been elucidated. Furthermore, it is still unclear whether 2.2DS-
RNA is biologically relevant to HBV replication and pathogenic
differences among HBV genotypes.

Like other environmental stressors, such as heat shock and
oxidative stress, viral infection is associated with the rapid disas-
sembly of polysomes and the formation of mRNA-ribonucleopro-
tein complexes, known as stress granules (SGs) and processing
bodies (26). The assembly of SGs modulates mRNA function and
metabolism and recruits a diverse group of mRNAs and SG-asso-
ciated proteins, including the Ras-GTPase-activating protein
SH3-domain-binding protein (G3BP), poly(A)-binding protein 1
(PABP1), and T-cell-restricted intracellular antigen 1, which are
linked to mRNA silencing or stability (26–28). Previous studies
have shown that the cleavage of G3BP by the viral protease sup-
presses SG formation in poliovirus-infected cells (29) and that
G3BP contributes to the replication of the hepatitis C virus ge-
nome in cultured cells through interactions with viral nonstruc-
tural proteins and the 3= untranslated regions of viral replication
complexes (30). In addition, PABP1 has been shown to colocalize
with viral proteins involved in viral replication in hepatitis C vi-
rus-infected cells (31). These findings suggest that viral replication
modulates SG formation, which contributes to a cellular environ-
ment that is favorable for virus production. However, whether SG
formation in hepatocytes is altered during HBV infection is un-
known.

In our current study, we found that the expression of 2.2DS-
RNA reduced the level of HBV pgRNA in human hepatoma cells
transfected with a genotype A HBV expression plasmid and that
the level of pgRNA was increased when the expression of 2.2DS-
RNA was inhibited. The ectopic expression of 2.2DS-RNA also
reduced the level of HBV pgRNA in HBV transgenic mice. We
found that 2.2DS-RNA acted as a repressor of viral transcription
through an interaction with the TATA-binding protein (TBP) and
that the formation of the 2.2DS-RNA-TBP complex was involved
in SG assembly.

MATERIALS AND METHODS
Cell culture and transfection. The 1.3ES2 cells have an integrated copy of
a 1.3-fold HBV genome and are derived from the HepG2 cell line (32).
The human hepatoma cell lines, Huh7 and HepG2, the human embryonic
kidney cell line, HEK293, and the mouse embryonic fibroblast cell line,
NIH 3T3, were maintained under previously described conditions (33).
Transfections were performed using Lipofectamine 2000 transfection re-
agent (Invitrogen, USA), according to the manufacturer’s instructions.
The transfection reagent, plasmids, and RNAs were individually diluted in
Opti-MEM (Invitrogen). The diluted mixtures were combined and added
to the cells in fresh Opti-MEM. The culture medium was replaced with
fresh medium after an overnight incubation.

Plasmid construction. A plasmid expressing HBV with a G2335A
mutation (HBVG2335A) plasmid was generated from an HBV genotype A
plasmid (34) by site-directed mutagenesis, as described previously (25).
The mutation in HBVG2335A causes a nucleotide substitution at position
2335 within the polypyrimidine tract of a splice acceptor site, which alters
the splicing pattern of genotype A to that of genotype D, rendering it
2.2DS-RNA deficient. The p1.3HBcl/Hyg plasmid, which contains a 1.3-
fold HBV genome of genotype D (32), was used to study wild-type HBV
replication. The cDNAs of the 2.2DS-RNA (24), human beta-actin (�-
actin) RNA, �-galactosidase (�-Gal) RNA, and the truncated variants of
2.2DS-RNA (�DS-1373, �DS-832, �DS-632, and �DS-432) (see Fig. 4G
for a schematic of the truncations) were subcloned into the pShuttle/R
vector (Clontech, USA), from which transcription in mammalian cells is
driven by the cytomegalovirus immediate early (CMVie) promoter. For
the HBV promoter analysis, the cDNAs of the core protein promoter
(nucleotides 1636 to 1851), X promoter (nucleotides 1177 to 1376), I/X
enhancer and core promoter (EnhI/C, nucleotides 947 to 1851), pre-S1
promoter (nucleotides 2710 to 2800), and pre-S2/S promoter (nucleo-
tides 2960 to 3180) were subcloned into the pGL3-Basic luciferase expres-
sion plasmid (Promega, USA) using the MluI and HindIII restriction sites
(35). The cDNAs of the simian virus 40 (SV40) early enhancer/promoter
and the herpes simplex virus thymidine kinase (TK) promoter were also
cloned into the pGL3-Basic expression plasmid to investigate the effects of
2.2DS-RNA on the transcriptional activity of non-HBV viral promoters.
The reporter plasmids used to examine transcription mediated by RNA
polymerase I (RNAP-I) and RNAP-II used the rRNA promoter and the
hsp70 minimal (TATA) promoter, respectively, to drive luciferase expres-
sion (36).

Northern blot analysis. Total RNA was extracted from cells trans-
fected with the 2.2DS-RNA expression plasmid and the liver tissue of HBV
transgenic mice injected with the 2.2DS-RNA expression plasmid using
TRIzol reagent (Invitrogen). Following electrophoresis in a formalde-
hyde-denaturing agarose gel, the resolved RNAs were transferred to a
nylon membrane and subjected to UV-induced cross-linking. The mem-
brane-bound RNA was probed using a radiolabeled oligonucleotide com-
plementary to sequences in the core mRNA (nucleotides 1903 to 2449),
the X mRNA (nucleotides 1374 to 1835), or the pre-S mRNA (nucleotides
2848 to 222) of HBV. The radioisotope-labeled probes were generated
using Klenow fragment DNA polymerase (Pol) (Promega) and [�-
32P]dCTP (PerkinElmer, USA), according to the manufacturer’s instruc-
tions.

In vitro transcription. We examined the effects of the exogenously
transcribed 2.2DS-RNA on transcription in vitro using a HeLaScribe Nu-
clear Extract In Vitro Transcription System (Promega). Recombinant
2.2DS-RNA was transcribed in vitro using a T7 RiboMAX Express Large
Scale RNA Production System (Promega), according to the manufactur-
er’s instructions. The EnhI/C reporter DNA templates were generated by
subcloning the EnhI/C promoter into the control DNA template (CMVie
promoter) provided in the HeLaScribe kit. The DNA templates were lin-
earized and added to a solution containing the nuclear extract and 10 �Ci
of 3,000 Ci/mmol [�-32P]UTP (PerkinElmer), according to the instruc-
tions for the HeLaScribe kit. After incubation at 30°C for 60 min, the DNA
template was digested using RNase-free DNase I (Promega), and the re-
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action was terminated by the addition of stop solution. The transcripts
were isolated by phenol-chloroform extraction and subjected to electro-
phoresis.

Western blot analysis. Samples were homogenized in radioimmuno-
precipitation assay (RIPA) buffer containing 1% phenylmethylsulfonyl
fluoride (PMSF), and the concentration of total protein in the soluble
fraction was quantified using a Pierce bicinchoninic acid (BCA) protein
assay kit (Thermo Scientific, USA). The proteins were subjected to SDS-
PAGE, and the resolved protein bands were transferred to a polyvi-
nylidene difluoride membrane. The membrane was probed using a rabbit
anti-HBV core antibody (Dako, USA) or mouse anti-�-tubulin antibody
(GeneTex, USA). Primary antibody reactivity was visualized using a
horseradish peroxidase-conjugated secondary antibody (Jackson Labora-
tory, USA).

Quantification of HBeAg and HBsAg. The levels of HBV surface an-
tigen (HBsAg) and HBeAg in the cell culture medium were measured
using an enzyme-linked immunosorbent assay (ELISA) kit (General Bio-
logical, Taiwan) and a formazan substrate, according to the manufactur-
er’s instructions.

Recombinant adenovirus production and infection in cell culture.
The cDNA of the 2.2DS-RNA was subcloned into the pAdeno-X plasmid
(Clontech), in which expression is controlled using a doxycycline-induc-
ible promoter. Adeno-X 293 cells (Clontech) were transfected with the
recombinant pAdeno-X plasmid to propagate the recombinant Ad2.2-DS
adenovirus, according to the manufacturer’s instructions. The cells were
harvested by centrifugation and lysed using a freeze-thaw method. The
Ad2.2-DS virus was purified by CsCl ultracentrifugation. The 1.3ES2 cells
were infected with Ad2.2-DS at a multiplicity of infection of 50. At 2 h
postinfection, the virus-containing medium was removed, and the virus-
infected cells were washed with phosphate-buffered saline (PBS). The cells
were incubated in fresh, virus-free culture medium containing 100 ng/ml
doxycycline to induce ectopic 2.2DS-RNA expression.

Luciferase reporter assay. The Huh7 cells were cotransfected with the
2.2DS-RNA expression plasmid and a luciferase reporter plasmid. On day
2 posttransfection, the cells were lysed using Glo Lysis Buffer (Promega).
The luminescence of the cell lysates was analyzed immediately in a lumi-
nometer using a Bright-Glo luciferase assay system (Promega), according
to the manufacturer’s instructions.

RIP assay. Huh7 cells were transfected with the 2.2DS-RNA expres-
sion plasmid or a control RNA expression plasmid, and RNA was isolated
from the cells using an EZ-Magna RNA immunoprecipitation (RIP)
RNA-binding protein immunoprecipitation kit (EMD Millipore, USA).
The RIP was performed using a mouse anti-RNAP-II antibody (EMD
Millipore) or a mouse anti-TBP antibody (EMD Millipore). The RNAs in
the precipitates were analyzed using reverse transcription and conven-
tional PCR (RT-PCR) and quantitative reverse transcription and real-
time PCR (qRT-PCR).

RT-PCR and qRT-PCR. Using total RNA or the precipitated RNAs
obtained in the RIP assays as templates, cDNAs were synthesized by re-
verse transcription using Superscript II reverse transcriptase (Invitrogen)
and oligo(dT) primer, according to the manufacturer’s instructions. Con-
ventional PCR was performed using DreamTaq DNA polymerase
(Thermo Scientific) and the following primer sets: HBV1906-1926 (5=-
CATTGACCCGTATAAAGAATT-3=) and HBV310-331 (5=-ATTGGAG
GTTGGGGACTGCGA-3=); HBV2097-2114 (5=-GACTCTAGCTACCT
GGGT-3=) and HBV610-631 (5=-TGCGAAAGCCCAGGACGA
TGG-3=); 2.2DS-RNA forward (5=-ATGCAACTTTTTCACCTCT
GC-3=) and 2.2DS-RNA reverse (5=-ATTGAGATCCCCGAGATTG
AG-3=); control RNA 1 forward (5=-TTGAACCATTCAAAGAGA
AAG-3=) and control RNA 1 reverse (5=-TTATTGTTCATTTTTGAG
AACTCG-3=); and control RNA 2 forward (5=-GCCAGCTGGCGCAG
GTAGCAG-3=) and control RNA 2 reverse (5=-ATTGAGATCCCCGA
GATTGAG-3=). The antibody-precipitated RNAs in the RIP assay
were quantified using qRT-PCR. Quantitative analysis was performed
using TaqMan master mix (Roche, USA), a Universal Probe Library

(Roche), and the following primers in each reaction mixture:
Q-2.2DS-RNA forward primer, 5=-GTCCTACTGTTCAAGCCTCCA-
3=; Q-2.2DS-RNA reverse primer, 5=-ACGGGTCAATGTCCATGC-3=;
Q-Control RNA 1 forward primer, 5=-CCAGGATTCTTTTCCAATG
C-3=; and Q-Control RNA 1 reverse primer, 5=-CTTGCGAAAAATGA
AGACCTTT-3=. The fold enrichment of the antibody-precipitated
RNAs was quantified by using the comparative threshold cycle (CT)
method (TBP/IgG).

FISH. The fluorescence in situ hybridization (FISH) analysis was per-
formed, as described previously (37, 38), with slight modification. The
Huh7 cells were transfected with the expression plasmids for 24 h and
fixed in 4% paraformaldehyde, followed by an overnight incubation in
70% ethanol at 4°C. The fixed cells were permeabilized and incubated in
hybridization buffer containing 4� SSC (1� SSC is 0.15 M NaCl plus
0.015 M sodium citrate), 25% formamide, 3� Denhardt’s solution, 2%
RNase-free bovine serum albumin, 250 ng/ml salmon sperm DNA, 250
ng/ml yeast tRNA, 1 mM vanadyl ribonucleoside complex, and 10% dex-
tran sulfate at room temperature for 30 min. The cells were probed using
a digoxigenin (DIG)-labeled oligonucleotide (Integrated DNA Technol-
ogies, USA) complementary to nucleotides 1967 to 1988 of HBV (5=-TC
TCGAATAGAAGGAAAGAAGT-DIG) at 23°C below the melting tem-
perature of the probe. The labeled RNA was detected using a sheep anti-
DIG antibody (Thermo Scientific), and TBP was detected using a rabbit
anti-TBP antibody (Thermo Scientific). A mouse anti-G3BP antibody
(Abcam, USA) was used for G3BP detection, and PABP1 was detected
using a mouse anti-PABP1 antibody (Santa Cruz Biotechnology, USA).
After cells were washed with 1� PBS, they were incubated with donkey
anti-sheep Alexa Fluor 594, goat anti-rabbit Alexa Fluor 488, and goat
anti-mouse Alexa Fluor 647 secondary antibodies (Invitrogen) for 1 h.
After cells were washed with 1� PBS, they were immobilized in mounting
medium (Vector Laboratories, USA) supplemented with 4=-6-diamidino-
2-phenylindole (DAPI) for nuclear staining. The cells were examined us-
ing a Leica TCS SP5-II confocal fluorescence microscope.

RESULTS
2.2DS-RNA suppresses HBV transcription in vitro and in vivo.
To examine the effects of 2.2DS-RNA on HBV replication, we first
investigated the expression of 2.2DS-RNA on HBV transcription
in HepG2 cells. The cells were transfected with a plasmid encoding
the genome of HBV genotype A, from which the 2.2DS-RNA is
transcribed. We also transfected cells with a plasmid encoding the
mutant HBVG2335A genome, which is 2.2DS-RNA deficient (25).
The results of the Northern blotting of the cells transfected with
the HBV genotype A expression plasmid showed that the level of
pgRNA was lower than that in the cells transfected with the
HBVG2335A expression plasmid (Fig. 1A and B). The results of the
Western blotting showed that the level of the HBV core protein in
the cells transfected with the wild-type HBV genotype A expres-
sion plasmid was lower than that in the cells transfected with the
HBVG2335A plasmid.

To confirm that 2.2DS-RNA was not expressed in the cells
transfected with the HBVG2335A expression plasmid, we compared
the spliced RNA profile of these cells with that of the cells trans-
fected with the wild-type HBV genotype A plasmid using RT-
PCR. Primer sets A (HBV1906-1926/HBV310-331) and B
(HBV2097-2114/HBV610-631) were used to detect the spliced
RNAs. We found that 2.2DS-RNA was absent in the cells trans-
fected with the HBVG2335A plasmid (Fig. 1C). We also compared
viral replication in cells transfected with the HBV genotype A plas-
mid with that of cells transfected with the HBVG2335A plasmid by
measuring the levels of HBeAg and HBsAg, which are used as
serological indicators of chronic hepatitis B (39), as well as the
level of pgRNA. As shown in Fig. 1D, the levels of HBeAg and
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FIG 1 The HBV 2.2DS-RNA suppresses HBV pgRNA expression in HepG2 cells. (A) Diagrammatic representation of the 2.2DS-RNA splicing variant derived
from the HBV precore mRNA and pgRNA. The numbers correspond to the nucleotide positions in the wild-type HBV genome, in which the EcoRI cleavage site
is defined as nucleotide position 1. The capital letters within the open boxes indicate the conventional ORFs of HBV, whereas the prime symbol (=) indicates
truncated ORFs in the 2.2DS-RNA. The filled boxes represent complementary regions of the specific HBV probes used for the Northern blot analysis. The arrows
indicate the primer annealing sites used for the RT-PCR amplification. (B) HepG2 cells were transfected with the HBV genotype A (wild type, wt) or HBVG2335A

expression plasmid. Total RNA was analyzed by Northern blotting using two radiolabeled probes complementary to the core protein ORF or pre-S sequences.
Cell extracts were analyzed by immunoblotting using an anti-HBV core antibody. The 28S rRNA and �-tubulin protein were used as loading controls for
Northern and Western blotting, respectively. (C) Total RNA was subjected to RT-PCR using the HBV-specific primers A and B, and the cDNAs were subjected
to electrophoresis for Northern blotting using the core ORF probe. The arrow indicates the cDNA of 2.2DS-RNA (approximately 0.3 kb). (D) The levels of HBeAg
and HBsAg in the cultured medium were analyzed using an ELISA, and total RNA was analyzed by Northern blotting using the core ORF probe. The levels of
HBeAg and HBsAg are reported as the relative ratios � standard deviations of three replicates in one representative experiment (*, P � 0.05; **, P � 0.001; ***,
P � 0.001).
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HBsAg were higher in the cells transfected with the HBVG2335A

plasmid than in the cells transfected with the wild-type HBV ge-
notype A expression plasmid. Northern blot analysis also showed
that the level of pgRNA was higher in the cells transfected with the
HBVG2335A plasmid (Fig. 1D).

In gain-of-function experiments, we cotransfected HepG2
cells with various amounts of the 2.2DS-RNA expression plasmid
and the HBV genotype D expression vector, which is 2.2DS-RNA
deficient. We found that a reduction of pgRNA was observed even
in the presence of a small amount (1 to 2%) of the 2.2DS-RNA
plasmid compared with the amount of pgRNA in the presence of
the control plasmid (Fig. 2A). Further statistical analysis showed
that the level of pgRNA was suppressed by 2.2DS-RNA in a dose-
dependent manner (Fig. 2B). Further experiment showed that the
levels of the pgRNA and subgenomic RNAs in the Huh7 cells were
reduced to 40% and 25% of those in the control cells with a �-ac-
tin expression plasmid, respectively (Fig. 2C). The levels of
pgRNA and the subgenomic RNAs in the HepG2 cells were also
lower than those in the control cells (Fig. 2C, lanes 7 to 10). We
also investigated whether 2.2DS-RNA expression suppresses the
secretion of HBeAg and HBsAg. In the Huh7 cells transfected with
the 2.2DS-RNA expression plasmid, the levels of HBeAg and
HBsAg were reduced to 40% and 30% of those in the vector con-
trol cells, respectively (Fig. 2D). To investigate the effect of 2.2DS-
RNA expression on HBV replication, we used a doxycycline-in-
ducible adenovirus expression system to drive the ectopic
expression of 2.2DS-RNA in 1.3ES2 cells, which have a chromo-
somally integrated copy of the viral genome. The level of pgRNA
transcribed from the integrated HBV genome in the cells in which
2.2DS-RNA was ectopically expressed was lower (Fig. 2E, lanes 3
to 5) than that in the cells expressing the control RNA (Fig. 2E,
lanes 8 to 10). These results collectively showed that 2.2DS-RNA
suppressed the expression of pgRNA in the HepG2, Huh7, and
1.3ES2 cells expressing HBV genotype D mRNAs.

2.2DS-RNA-induced suppression of viral and cellular pro-
moter activity in vitro. We hypothesized that 2.2DS-RNA re-
pressed the activity of the HBV promoter responsible for tran-
scribing the pgRNA. To test our hypothesis, we transfected Huh7
and HepG2 cells and the nonhepatoma cell lines, HEK293 and
NIH 3T3, with a luciferase reporter plasmid which used the HBV
EnhI/C promoter to drive luciferase expression in the presence or
absence of 2.2DS-RNA expression. We found that the transcrip-
tional activity of the EnhI/C promoter in the cells cotransfected
with the 2.2DS-RNA expression plasmid was substantially lower
than that in the cells cotransfected with the control RNA plasmid,
regardless of cell type (Fig. 3A). These results showed that the
2.2DS-RNA-induced suppression of pgRNA expression was not
tissue specific.

To exclude the possibility that the 2.2DS-RNA-induced sup-
pression of pgRNA expression was related to the use of the CMVie
promoter for the ectopic expression of 2.2DS-RNA, we trans-
fected Huh7 cells with the luciferase reporter plasmid and various
amounts of exogenously transcribed 2.2DS-RNA. We found that
the transcriptional activity of the EnhI/C promoter was sup-
pressed by the exogenous 2.2DS-RNA in a dose-dependent man-
ner (Fig. 3B). We further investigated whether the promoters re-
sponsible for transcribing HBV mRNAs were also affected by
2.2DS-RNA expression. The results showed that the transcrip-
tional activities of the core, X, EnhI/C, pre-S1, and pre-S2/S pro-
moters were suppressed by 2.2DS-RNA, with the EnhI/C pro-

moter demonstrating greatest sensitivity to the inhibitory effects
of 2.2DS-RNA (Fig. 3C). High-level 2.2DS-RNA expression re-
duced the transcriptional activity of the EnhI/C promoter to ap-
proximately 22% of that observed in the absence of 2.2DS-RNA.
These results showed that 2.2DS-RNA expression correlated with
global suppression of HBV transcription in Huh7 cells.

To investigate the effects of 2.2DS-RNA on the transcriptional
activity of non-HBV promoters, we performed luciferase reporter
assays in Huh7 cells using the SV40, TK, rRNA, and hsp70 mini-
mal promoters. We found that the expression of 2.2DS-RNA sup-
pressed the transcriptional activity of all of these non-HBV pro-
moters in a dose-dependent manner (Fig. 3D), reducing their
activities to approximately 60% of those observed in the absence
of 2.2DS-RNA. These results showed that 2.2DS-RNA functioned
as a nonspecific suppressor of transcriptional activity.

2.2DS-RNA suppresses transcription in vitro. Previous stud-
ies have shown that certain host and viral noncoding RNAs
(ncRNAs) modulate RNAP-II-mediated transcription in trans by
targeting RNAP-II or associated transcription factors (40, 41). We
investigated whether 2.2DS-RNA suppresses HBV transcription
through a similar mechanism in which it interacts with essential
transcription factors. We performed an in vitro analysis of the
transcriptional activities of the CMVie and HBV EnhI/C promot-
ers in the presence of exogenously transcribed 2.2DS-RNA, and
we observed an obvious reduction in the transcriptional activity of
both promoters in the presence of 20 to 30 pmol of the 2.2DS-
RNA (Fig. 4A, lanes 5 and 6) compared with that in the presence of
the control RNAs (Fig. 4A, lanes 10, 11, 15, and 16). These results
showed that 2.2DS-RNA might function as an ncRNA that sup-
pressed the transcriptional activity of both HBV and non-HBV
promoters in vitro.

As shown in Fig. 1A, the 2.2DS-RNA contains three potential
open reading frames (ORFs) that could encode a fusion C=-S=
protein, a truncated polymerase, and the X protein. Western blot-
ting showed that the C=-S= proteins were expressed in Huh7 cells
transfected with the 2.2DS-RNA expression plasmid (Fig. 4B). To
determine whether these proteins are required for the 2.2DS-
RNA-induced suppression of HBV pgRNA expression, we exam-
ined the effect of 2.2DS-RNA on viral transcription in cells trans-
fected with the HBV genotype D expression plasmid and treated
with cycloheximide. Western blotting showed that the de novo
synthesis of the plasmid-encoded HBV core protein was com-
pletely arrested by cycloheximide (Fig. 4C), whereas the Northern
blotting showed that the inhibition of the de novo expression of
viral proteins had no valid effect on the 2.2DS-RNA-induced sup-
pression of HBV mRNA expression (Fig. 4D, lanes 4 and 8) com-
pared with that in the cells cotransfected with the control RNA
expression plasmid (Fig. 4D, lanes 2 and 6). The results suggested
that the 2.2DS-RNA-induced suppression of HBV transcription
might be independent of the 2.2DS-RNA-encoded proteins and
might involve the inhibition of essential transcription factors.

Binding of TBP to 2.2DS-RNA initiates accumulation of cy-
toplasmic TBP. Both RNAP-II and TBP are crucial components
of the basal transcription machinery (42, 43). To gain further in-
sight into the mechanism through which cellular transcription
factors may be modulated by 2.2DS-RNA, we immunoprecipi-
tated RNAP-II and TBP in Huh7 cells transfected with a 2.2DS-
RNA expression plasmid and analyzed the immunoprecipitates
using conventional RT-PCR and qRT-PCR. The data showed that
neither 2.2DS-RNA nor the control RNAs were associated with
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FIG 2 The HBV 2.2DS-RNA suppresses viral mRNA expression in cultured hepatoma cells. (A) The dosage effect of 2.2DS-RNA in modulation of HBV pgRNA
expression. HepG2 cells were cotransfected with 5 �g of the HBV genotype D and various amounts of the 2.2DS-RNA expression plasmids (1% to 50% of
2.2DS-RNA plasmid to 1.3� HBV vector). Total RNA was extracted on day 3 posttransfection and analyzed by Northern blotting using the core ORF probe. The
�-Gal expression plasmid expressed the negative control RNA, and the 28S rRNA was used as a loading control. (B) The ratios of the pgRNA to 28S rRNA band
intensities are shown. The results are reported as relative ratios (2.2DS-RNA to control RNA) � standard deviations of two representative experiments. (C)
2.2DS-RNA expression suppresses the level of HBV mRNAs in Huh7 and HepG2 cells. Total RNA was analyzed by Northern blotting using various probes, as
indicated. The �-actin expression plasmid expressed the negative control RNA. (D) The levels of HBeAg and HBsAg in the culture medium were analyzed using
an ELISA. The results are reported as relative ratios � standard deviations of three replicates in one representative experiment (***, P � 0.001). (E) 1.3ES2 cells
were simultaneously infected with the Tet transactivator-expressing adenovirus and the adenovirus that included the Tet-regulated control (Vector; lanes 1 and
6, respectively), the Tet-regulated 2.2DS-RNA (Ad/2.2-DS; lanes 2 to 5), or the Tet-regulated �-Gal mRNA adenovirus (Ad/�-gal; lanes 7 to 10) using a
multiplicity of infection of 50. The expression of 2.2DS-RNA was induced using 100 ng/ml doxycycline for 2 days, and total RNA was analyzed by Northern
blotting using a radiolabeled probe complementary to the core protein ORF, pre-S, or the X protein ORF. The adenovirus expressing the Tet-regulated �-Gal
vector was used as a negative RNA control.
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RNAP-II (Fig. 4E), and the control RNAs were essentially unde-
tectable in the anti-TBP immunoprecipitates. However, we found
that a specific association occurred between the 2.2DS-RNA and
TBP (Fig. 4E, lane 7). Using qRT-PCR, we determined that the
amount of TBP associated with 2.2DS-RNA was approximately
15.6-fold higher (18.99 � 6.86) than that associated with the con-
trol RNA 1 (1.22 � 0.3) (Fig. 4F).

The 2.2DS-RNA has deletions in the central and 3= terminal
regions of the core ORF, the internal region of the Pol ORF, or
within the pre-S/S region in HBV-infected cells (19, 24). To de-
limit the region within 2.2DS-RNA that is required for TBP bind-
ing, we constructed four truncated versions of 2.2DS-RNA, des-
ignated �DS-1373, �DS-832, �DS-632, and �DS-432 (Fig. 4G),
in which progressively larger deletions were made at the 3= termi-
nus of the 2.2DS-RNA, and used them in RIP assays in which TBP
was precipitated. As shown in Fig. 4G, similar levels of �DS-1373,
�DS-832, and 2.2DS-RNA were bound by TBP (0.88 � 0.13,
0.80 � 0.09, and 1.00 � 0.16, respectively), whereas the relative
levels of �DS-632 (0.34 � 0.01) and �DS-432 (0.32 � 0.17)
bound by TBP were lower than the level of 2.2DS-RNA. When
�DS-632 and �DS-432 were individually tested for the ability to
repress transcriptional activity of the HBV EnhI/C promoter, we
found that the levels of luciferase activity were higher in the cells
transfected with the �DS-632 (0.71 � 0.04) and �DS-432 (0.60 �
0.05) expression plasmids than the level in cells transfected with
the 2.2DS-RNA expression plasmid (0.27 � 0.04) (Fig. 4H). The

results showed that TBP bound 2.2DS-RNA in Huh7 cells and that
sequences within nucleotide positions 432 to 832 of 2.2DS-RNA
were involved in TBP binding. Moreover, these results suggested
that the binding of 2.2DS-RNA to TBP contributed to the tran-
scriptional repression of the HBV EnhI/C promoter. We per-
formed a FISH analysis to determine the cellular location at which
2.2DS-RNA interacts with TBP. In the cells transfected with the
control RNA expression plasmid and the mock-transfected cells,
TBP was detected throughout the cell, but the most intense fluo-
rescent staining of TBP occurred in the nucleus (Fig. 5A). In the
cells transfected with the 2.2DS-RNA expression plasmid, diffuse
TBP staining was observed in the nucleus, but intensely fluores-
cent TBP foci were also observed in the cytoplasm (Fig. 5A, bot-
tom panel). These results collectively indicated that a specific
interaction occurred between 2.2DS-RNA and TBP in the cyto-
plasm, which resulted in the accumulation of cytoplasmic 2.2DS-
RNA-TBP complexes.

Binding of 2.2DS-RNA by TBP coincides with SG assembly.
Viral infection is associated with the formation of cytoplasmic
ribonucleoprotein complexes, known as SGs (26). To determine
whether cytoplasmic 2.2DS-RNA-TBP complexes interact with
components of SGs, we investigated whether the 2.2DS-RNA-
TBP complexes associated with G3BP, a known SG component
(30), using FISH. We found that intensely fluorescent 2.2DS-RNA
foci colocalized with intensely fluorescent G3BP foci in the cyto-
plasm of Huh7 cells (Fig. 5B, frame c5). A portion of the cytoplas-

FIG 3 The HBV 2.2DS-RNA suppresses the transcriptional activity of viral and cellular promoters in Huh7 cells. (A) The cells were cotransfected with the EnhI/C
reporter plasmid and the control plasmid or the 2.2DS-RNA expression plasmid. Total cell lysates were prepared for the analysis of EnhI/C activity on day 2
posttransfection. (B) Huh7 cells were cotransfected with a 1:1, 1:25, 1:50, or 1:100 molar ratio of the EnhI/C reporter and the exogenously recombinant
2.2DS-RNA. (C) Suppression of the transcriptional activity of HBV promoters. Cells were cotransfected with the control plasmid or the 2.2DS-RNA expression
plasmid and a reporter plasmid containing one of the following HBV promoters: EnhI/C, C (basal core promoter), pre-S1, pre-S2, or X. (D) The cells were
cotransfected with 0, 0.15, 0.6, 1.2, 1.8, or 3 �g of the control or 2.2DS-RNA expression plasmid and a reporter plasmid containing one of the following
promoters: HBV EnhI/C, herpes simplex virus thymidine kinase (TK), simian virus 40 early enhancer/promoter (SV40), rRNA, or the minimal promoter. Total
cell lysates were prepared for the analysis of promoter activity on day 2 posttransfection. If necessary, vector DNA and/or tRNA was added to make the total
amounts of RNA and DNA equivalent to those used in the transfections described in panel B or D above. The results show the relative ratios � standard deviations
of three independent experiments (**, P � 0.01; *, P � 0.05).
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FIG 4 The binding of HBV 2.2DS-RNA to TBP suppresses the transcriptional activity of the CMVie and HBV EnhI/C promoters. (A) Suppression of
transcription by 2.2DS-RNA in vitro. Reporter DNA templates containing the CMVie promoter or the EnhI/C promoter were added to nuclear extracts, and
transcription was quantified in the absence (lane 1) or presence of 2.2DS-RNA (lanes 2 to 6), negative-control RNA 1 (Renilla luciferase RNA; lanes 7 to 11), or
negative-control RNA 2 (�-actin RNA; lanes 12 to 16). (B) Expression of the C=-S= fusion protein in Huh7 cells transfected with 2.2DS-RNA expression plasmid.
The cell extracts at 3 days were analyzed by Western blotting to detect the HBV core and cellular �-tubulin proteins. (C) Huh7 cells were cotransfected with the
HBV genotype D expression plasmid and the control RNA or 2.2DS-RNA expression plasmid for 6 h before treatment with 10 �g/ml cycloheximide (CHX) for
2 days. The cell extracts were analyzed by Western blotting to detect the HBV core protein and cellular �-tubulin protein. (D) Total RNA was analyzed by
Northern blotting using the core ORF and pre-S radiolabeled probes. The �-actin expression plasmid was used as a negative control, and the �-tubulin protein
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mic G3BP foci also colocalized with intensely fluorescent TBP foci
in the cells transfected with the 2.2DS-RNA expression plasmid,
whereas G3BP and TBP did not colocalize in the cells transfected
with the control RNA expression plasmid or the mock-transfected
cells (Fig. 5B, frames a5 and b5).

Arsenite inhibits translation and activates multiple stress sig-
naling pathways, inducing the formation of large stress granules in
the cytoplasm of cells (44). Therefore, we investigated the effect of
arsenite on the colocalization of SG proteins and TBP in the pres-
ence of 2.2DS-RNA. Arsenite treatment caused the assembly of
SGs in Huh7 cells, as evidenced by the formation of numerous
intensely fluorescent G3BP foci in the cytoplasm, a small portion
of which colocalized with TBP in the cells transfected with the
2.2DS-RNA expression plasmid (Fig. 5B, frame c5=). In contrast,
arsenite treatment did not cause TBP to colocalize with G3BP foci
in the cytoplasm of cells transfected with the control RNA expres-
sion plasmid or the mock-transfected cells (Fig. 5B, frames a5= and
b5=). We also examined the cellular distribution of PABP1, an-
other SG marker (44), in cells transfected with the 2.2DS-RNA
expression plasmid and found that intensely fluorescent PABP1
foci also colocalized with TBP in the cytoplasm (Fig. 6A).

To investigate whether the expression of 2.2DS-RNA induces
SG formation, we compared the cellular distribution of G3BP be-
tween cells transfected with the 2.2DS-RNA, HBV genotype A,
and HBVG2335A (2.2DS-RNA-deficient) expression plasmids. We
found that, in the cells transfected with the 2.2DS-RNA expression
plasmid, SGs formed in both the presence and absence of arsenite
(Fig. 6B, frames a4 and a4=). However, although SGs formed in the
genotype A-transfected cells following arsenite treatment, TBP
did not colocalize obviously with the aggregated G3BP in the ab-
sence of arsenite (Fig. 6B, frame b4). In contrast, SGs did not form
in the cytoplasm of the HBVG2335A-transfected cells (Fig. 6B,
frame c4). Following arsenite treatment, the level of TBP foci as-
sociated with the G3BP aggregates in the genotype A-transfected
cells was relatively greater (Fig. 6B, frame b4=) than that in the
HBVG2335A-transfected cells (Fig. 6B, frame c4=). These results
suggested that 2.2DS-RNA contributed to SG formation in the
Huh7 cells and that the association of TBP foci with G3BP aggre-
gates might be dependent on the level of 2.2DS-RNA expression.

DISCUSSION

In our investigation of the effects of 2.2DS-RNA on HBV tran-
scription, we found that 2.2DS-RNA overexpression correlated
with reduced levels of HBV transcripts and the reduced transcrip-
tional activity of HBV promoters, certain cellular promoters, and
certain promoters of other viruses. In addition, 2.2DS-RNA sup-
pressed transcription in vitro through a mechanism that involves
2.2DS-RNA-TBP binding, in which certain sequences located
within nucleotide positions 432 to 832 of 2.2DS-RNA are required
for efficient TBP binding. We also found that 2.2DS-RNA seques-
ters TBP in the cytoplasm and that the interaction of 2.2DS-

RNA and TBP induces SG formation. Various highly conserved
ncRNAs have been identified that serve regulatory roles in a vari-
ety of cellular processes through interactions with cellular factors
(41, 45–48). Future studies of the sequences and structure of
2.2DS-RNA are warranted to identify the molecular basis of the
interaction between TBP and 2.2DS-RNA, in which sequences
within nucleotide positions 432 to 832 of 2.2DS-RNA contribute
to the repression of HBV transcription.

In the initiation of RNAP-II-mediated transcription, RNAP-II
binds TBP and various other general transcription factors at the
promoter region of the gene, forming the RNAP-II transcription
complex (49). Although we identified the interaction of 2.2DS-
RNA and TBP in vivo, no interaction between 2.2DS-RNA and
RNAP-II was detected (Fig. 4E). Our current data provide no
explanation for the exclusion of RNAP-II from the 2.2DS-RNA-
TBP complex. Future studies are required to determine whether
the interaction of 2.2DS-RNA with TBP in the cytoplasm sup-
presses transcription by disrupting RNAP-II binding to TBP in the
nucleus.

We propose a model of HBV infection in hepatocytes in which
2.2DS-RNA suppresses HBV transcription through a pathway
that involves the formation of the 2.2DS-RNA-TBP complex and
SG assembly (Fig. 7). In our model, 2.2DS-RNA interacts with
TBP in the nucleus before translocation to the cytoplasm and/or
binds cytoplasmic and newly translated TBP, forming TBP-
2.2DS-RNA complexes in the cytoplasm. A portion of the cyto-
plasmic TBP-2.2DS-RNA complexes associates with G3BP and
PABP1, inducing SG formation and the association of 2.2DS-
RNA, TBP, and SGs. The formation of TBP-2.2DS-RNA com-
plexes in the cytoplasm reduces the level of TBP in the nucleus,
and the depletion of nuclear TBP suppresses viral transcription,
which in turn inhibits HBV replication. The 2.2DS-RNA might
also affect SG-mediated pathways involved in the host cell re-
sponse to viral infection.

The TBP is a crucial component of the basal transcriptional
machinery in all eukaryotes (50). Therefore, changes in the level of
nuclear TBP will affect both viral and cellular TBP-mediated tran-
scription. With the exception of the pre-S1 promoter, HBV pro-
moters do not contain a canonical TATA box (51). However, HBV
promoters do contain putative TATA-like sequences that are
bound by TBP in a sequence-specific manner (52–54). We con-
firmed that the transcriptional activities of HBV promoters were
statistically suppressed by 2.2DS-RNA, as were the activities of
other viral promoters (Fig. 3C). The suppression of the transcrip-
tional activity of the X promoter provides additional evidence
supporting our model of the 2.2DS-RNA-mediated suppression
of HBV replication.

The X protein of HBV activates the transcription of HBV
genes, as well as a repertoire of host genes, including TBP (55, 56).
The X protein has also been shown to bind TBP in vitro and to
increase TBP expression in cells (57, 58). Therefore, it is possible

and 28S rRNA were used as loading controls for Western and Northern blotting, respectively. (E and F) The interaction between 2.2DS-RNA and TBP in Huh7
cells. The cells were transfected with plasmids that expressed the 2.2DS-RNA, negative-control RNA 1 (Renilla luciferase RNA), and negative-control RNA 2
(�-Gal RNA), and the cell lysates were subjected to immunoprecipitation (IP) using an anti-RNAP-II or anti-TBP antibody (E). The precipitated RNAs were
analyzed by conventional RT-PCR using sequence-specific primer sets complementary to the RNAs indicated, and the relative amounts of TBP-associated RNA
were quantified using qRT-PCR (F). (G) The cells were transfected with plasmids that expressed the truncated mutants or full-length 2.2DS-RNA, and the cell
lysates were analyzed by RIP assay, as described above. Relative enrichment is reported as the relative ratios � standard deviations of two independent
experiments. (H) The cells cotransfected with the EnhI/C reporter plasmid and the indicated plasmid were prepared for the analysis of EnhI/C activity. The results
are reported as the relative ratios � standard deviations of three independent experiments (**, P � 0.01; ***, P � 0.001).
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that the 2.2DS-RNA-mediated suppression of X protein expres-
sion inhibits both HBV and cellular transcription as both require
TBP. However, although 2.2DS-RNA suppressed the transcrip-
tional activity of the viral and cellular promoters that were used in

the expression plasmids in our study, transcription from the inte-
grated HBV genome was not strongly inhibited by 2.2DS-RNA
expression (Fig. 2E). These results suggest that the transcriptional
activity of promoters in episomal DNA, such as the covalently

FIG 5 Cytoplasmic 2.2DS-RNA-TBP complexes colocalize with SG proteins. (A) The HBV 2.2DS-RNA induces the formation of cytoplasmic TBP foci in Huh7
cells. The cells were transfected with the control (empty) vector (mock), the �-Gal expression plasmid (negative-control RNA), or the 2.2DS-RNA expression
plasmid. The nuclei were stained using DAPI (gray). An anti-TBP primary antibody was used to detect TBP (green). The 2.2DS-RNA was visualized by
hybridization with a DIG-labeled probe and immunostaining using an anti-DIG primary antibody (red). The colocalization of cytoplasmic TBP and 2.2DS-RNA
appears as yellow foci in the merged panels (scale bar, 25 �m). (B) Colocalization of TBP-2.2DS-RNA complexes with SG proteins. The cells were transfected as
described above and treated with 500 �M arsenite (	Arsenite) or vehicle control (
) at 37°C for 30 min. The cellular distribution of G3BP was examined using
an anti-G3BP antibody (red). The nuclei (gray) and TBP (green) were detected, as described above, but 2.2DS-RNA was detected based on blue fluorescence. The
colocalization of 2.2DS-RNA, TBP, and G3BP is visible as white foci in the merged panels. The boxed regions in the merged images were magnified to highlight
the results.
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closed circular genome (cccDNA) of HBV, might be more sensi-
tive to the inhibitory effects of 2.2DS-RNA than promoters in
chromosomal DNA. In the future, we will compare the inhibitory
effect of 2.2DS-RNA on transcription from the HBV cccDNA with

that from the chromosomally integrated HBV genome in 1.3ES2
cells.

We observed SG assembly in the cells ectopically expressing
2.2DS-RNA and in those transfected with the HBV genotype A

FIG 6 The 2.2DS-RNA-induced formation of SGs coincides with the accumulation of TBP in the cytoplasm of Huh7 cells. (A) The cells were transfected with
the vehicle control (mock), �-Gal expression plasmid (negative-control RNA), or 2.2DS-RNA expression plasmid. The nuclei were stained using DAPI (gray).
TBP and PABP1 were detected using anti-TBP (green) and anti-PABP1 (red) antibodies, respectively. In the merged panels, the colocalization of TBP and PABP1
is visible as yellow foci in the cells expressing 2.2DS-RNA. (B) The cells were transfected with the HBV 2.2DS-RNA, genotype A (2.2DS-RNA	), or HBVG2335A

(2.2DS-RNA
) expression plasmids in the presence (	Arsenite) or absence (
) of 500 �M arsenite. The cells were fixed, and the nuclei were stained using DAPI
(gray). TBP and G3BP were detected using anti-TBP (green) and anti-G3BP (red) antibodies, respectively. The colocalization of TBP and G3BP foci is visible as
yellow foci in the cells transfected with the HBV genotype A or 2.2DS-RNA expression plasmid (merged panels). The boxed regions in the merged images are
magnified to highlight the results (scale bar, 7.5 �m).
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expression plasmid, whereas SG assembly was not observed in the
cells transfected with the 2.2DS-RNA-deficient HBVG2335A ex-
pression plasmid (Fig. 6B). However, the results of our current
study do not fully clarify the causal relationship between the in-
teraction of 2.2DS-RNA with TBP and the formation of SGs. Fu-
ture investigations of the molecular basis of the colocalization of
2.2DS-RNA and TBP with SG proteins in HBV-transfected cells
are warranted. Previous studies have shown that transcription fac-
tors, such as the Rpb4p subunit of RNAP-II and the steroid recep-
tor coactivator-3, are involved in SG-mediated processes (26, 59,
60), which suggests that other transcription factors, such as TBP,
might also be recruited to SGs. Furthermore, whether 2.2DS-
RNA-mediated SG formation induces known SG-related pro-
cesses, such as mRNA degradation, and whether SG formation is
biologically relevant to HBV pathogenesis require further study.

Recent clinical studies have shown that patients infected with
HBV genotype A or B, each of which transcribes 2.2DS-RNA, have
less severe symptoms and liver pathology and higher rates of viral
clearance in response to IFN-� therapy than patients infected with
HBV genotype C or D, each of which is 2.2DS-RNA deficient (7, 9,
61, 62). Our prior study found that relatively high levels of 2.2DS-
RNAs were present in CHB patients with genotype A infection but
not in those with genotype D infection (25). These results indi-
cated that the expression of 2.2DS-RNA could be induced and
regulated differently in CHB patients than it is in tissue culture.
Based on our current findings that the level of pgRNA was sup-
pressed by 2.2DS-RNA even in the presence of small amounts of
the 2.2DS-RNA plasmids (Fig. 2A and B), it is conceivable that the
level of pgRNA and viral transcription may be suppressed in CHB
patients who highly express 2.2DS-RNA. Moreover, the 2.2DS-
RNA-induced suppression of pgRNA may be persistent in the
CHB patients of genotype A, which is not the case for patients
infected with other genotypes that are 2.2DS-RNA deficient. The
difference may raise questions about whether the long-term ex-
pression of 2.2DS-RNA in CHB patients of genotype A could in-
fluence outcomes of chronic HBV infection and IFN-based ther-
apy. Further experiments are still needed to understand the
correlation of viral replication with the expression of 2.2DS-RNA

in CHB patients, as well as the factors modulating the level of
2.2DS-RNA.

In conclusion, our results collectively indicate that the 2.2DS-
RNA of HBV correlates with the inhibition of expression of HBV
pgRNA at the transcriptional level through a mechanism that in-
volves TBP-2.2DS-RNA binding and induces SG assembly. Our
findings offer experimental evidence unveiling a previously un-
known association between the interaction of TBP with 2.2DS-
RNA and suppression of viral transcription. Moreover, the differ-
ential expression of 2.2DS-RNA by the various HBV genotypes
may be one factor that influences differences in long-term out-
comes of CHB disease and responses to antiviral therapy.
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