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ABSTRACT In the human hepatoma cell line Huh7, the coexpression of the coacti-
vators peroxisome proliferator-activated receptor � coactivator 1� (PGC1�), cyclic
AMP-responsive element binding protein binding protein (CBP), steroid receptor co-
activator 1 (SRC1), and protein arginine methyltransferase 1 (PRMT1) only modestly
increase hepatitis B virus (HBV) biosynthesis. However, by utilizing the human em-
bryonic kidney cell line HEK293T, it was possible to demonstrate that PGC1� alone
can support viral biosynthesis independently of the expression of additional coacti-
vators or transcription factors. In contrast, additional coactivators failed to support
robust HBV replication in the absence of PGC1�. These observations indicate that
PGC1� represents a novel adaptor molecule capable of recruiting the necessary
transcriptional machinery to the HBV nucleocapsid promoter to modestly enhance
viral pregenomic 3.5-kb RNA synthesis. Although this change in transcription is asso-
ciated with a similar modest change in hepatitis B virus core antigen polypeptide
(HBcAg/p21) synthesis, it mediates a dramatic increase in viral capsid production
and robust viral replication. Therefore, it is apparent that the synthesis of cytoplas-
mic HBcAg/p21 above a critical threshold level is required for the efficient assembly
of HBV replication-competent viral capsids.

IMPORTANCE Hepatitis B virus (HBV) is a major human pathogen, and novel targets
for the development of additional therapeutic agents are urgently needed. Here we
demonstrate that the coactivator peroxisome proliferator-activated receptor � coacti-
vator 1� (PGC1�) serves as a unique adaptor molecule for the recruitment of addi-
tional coactivator proteins, which can finely regulate HBV transcription. The conse-
quence of this precise regulation of viral RNA levels by PGC1� is a subtle increase in
cytoplasmic HBcAg/p21 polypeptide translation, which shifts the equilibrium from
dimer formation dramatically in favor of viral capsid assembly. These findings sug-
gest that both PGC1� and capsid assembly may represent attractive targets for the
development of antiviral agents against chronic HBV infection.
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Hepatitis B virus (HBV) replicates by the reverse transcription of the viral pregenomic
3.5-kb RNA (1, 2). As the transcription of viral genomic DNA is essentially limited

to hepatocytes (3, 4), it appears that HBV biosynthesis is restricted to the liver by the
action of liver-enriched transcription factors, especially nuclear receptors such as
hepatocyte nuclear factor 4 (HNF4), retinoid X receptor (RXR), peroxisome proliferator-
activated receptor (PPAR), farnesoid X receptor (FXR), and liver receptor homolog 1
(LRH1), which also play a major role in governing the metabolic function of the liver (3,
5, 6). However, the molecular mechanisms leading to the formation of a functional
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transcription preinitiation complex on viral promoter sequences are poorly defined, and
the potential roles of specific coactivators in governing tissue-specific viral biosynthesis
have not been extensively investigated (7–10). Furthermore, it is apparent that HBV
transcription in vivo occurs in the context of chromatin, which must be modified
by transcriptional coactivators to permit efficient viral transcription (11).

Transcriptional coactivators are generally defined as proteins that directly or indi-
rectly interact with the transcription factors bound to the enhancer and promoter DNA
sequences and regulate gene expression levels by recruiting the basic transcription
machinery, including the general transcription factors (TFIIA, TFIIB, TFIID, TFIIE, TFIIF,
and TFIIH), mediator, and RNA polymerase II. Transcriptional coactivators often have
enzymatic activities that can covalently modify DNA-bound transcription factors, tran-
scriptional coactivators, and chromatin-associated histones to alter their regulatory
functions (12–16). Histone acetyltransferases (HATs) acetylate histones, altering the
conformation of chromatin so that enhancer and promoter sequences are more
accessible for the recruitment of the transcriptional machinery necessary to mediate
RNA synthesis. In particular, the cyclic AMP-responsive element binding protein binding
protein (CBP)/p300 and steroid receptor coactivator 1 to 3 (SRC1-3)/p160 classes of
HATs have been shown to increase the levels of transcription of genes when they have
been recruited to their associated proximal promoter sequences (17). Furthermore,
acetylation of DNA binding transcription factors by HATs can also influence their effect
on transcriptional activity (13). Similarly, protein arginine methyltransferases (PRMTs)
such as PRMT1 can modulate promoter activities by methylating arginine residues
present in transcription factors, transcriptional coactivators, and histones, hence alter-
ing preinitiation complex formation and activity at the RNA start sites for targeted
genes (12, 14–22).

In contrast to coactivators that display enzymatic functions, some transcriptional
coactivators, such as the peroxisome proliferator-activated receptor � coactivator 1
(PGC1) family members PGC1�, PGC1�, and peroxisome proliferator-activated receptor
� coactivator-related 1 (PRC), appear to lack such properties but serve as adaptor
molecules governing the subsequent recruitment of additional distinct coactivators to
specific promoters (23). Furthermore, it is clear that many of these coactivators possess
peptide domains that promote their interactions not only with the transcription factors
that recruit them to enhancer and promoter sequences but also with other coactivators
(15, 17, 22–26). In this manner, it appears that coactivators of various classes may exist
within cells in various coactivator complexes, permitting their simultaneous recruit-
ment to specific promoters as a consequence of these interactions (23). In this study, we
demonstrate that PGC1� can serve as an essential adaptor molecule for the recruitment
of additional coactivators to the HBV nucleocapsid promoter to modestly enhance the
expression of the viral pregenomic 3.5-kb RNA while dramatically stimulating HBV
biosynthesis. This pathway may be distinct from the previously described activation of
HBV transcription and replication by nuclear receptors (HNF4, RXR, PPAR, FXR, and
LRH1), which can activate viral biosynthesis in the absence of PGC1 coactivators (3, 5,
6). These observations suggest that there are multiple independent transcriptional
pathways capable of supporting HBV biosynthesis. Furthermore, it has been shown that
modest increases in HBcAg/p21 protein synthesis can be associated with dramatic
increases in viral capsid formation and the associated cytoplasmic HBV replication
intermediate DNA. These observations indicate that HBV biosynthesis is subject to
posttranscriptional regulation mediated by a threshold concentration of HBcAg/p21
above which efficient subunit oligomerization leads to efficient capsid formation and
viral replication.

RESULTS
Transcriptional coactivators enhance HBV biosynthesis in human hepatoma

Huh7 cells. Transfection of the HBV DNA (4.1-kbp) construct into Huh7 cells supports
HBV transcription and replication (Fig. 1A and B, lane 1). Furthermore, cotransfection of
transcriptional coactivators enhances the synthesis of HBV RNA and DNA to a modest
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extent (Fig. 1). Various combinations of coactivators of different classes, including
PGC1�, CBP (histone lysine acetyltransferase, p300 class), SRC1 (histone lysine acetyl-
transferase, p160 class), and PRMT1 (protein arginine methyltransferase), were more
effective, in general, than individual coactivators alone, which were relatively ineffective
at modulating viral biosynthesis. As the effects on Huh7 cells were modest (Fig. 1C), it
is not possible to determine the potential roles of the individual coactivators in HBV
biosynthesis without examining their effects in a more responsive system.

Transcriptional coactivators support HBV biosynthesis in human embryonic
kidney HEK293T cells. Transfection of the HBV DNA (4.1-kbp) construct into HEK293T
cells resulted in detectable levels of HBV 3.5-kb RNA but no detectable viral replication

FIG 1 Effects of transcriptional coactivators on HBV biosynthesis in the human hepatoma cell line Huh7.
(A) RNA (Northern) filter hybridization analysis of HBV transcripts. The glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) transcript was used as an internal control for RNA loading per lane. The black
line indicates noncontiguous lanes from a single filter hybridization analysis. (B) DNA (Southern) filter
hybridization analysis of HBV replication intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS
DNA, HBV single-stranded DNA. Cells were transfected with the HBV DNA (4.1-kbp) construct (lanes 1 to
16) plus PGC1� (lanes 2, 6 to 8, 12 to 14, and 16), CBP (lanes 3, 6, 9, 10, 12, 13, 15, and 16), SRC1 (lanes
4, 7, 9, 11, 12, and 14 to 16), and PRMT1 (lanes 5, 8, 10, 11, and 13 to 16) expression vectors, as indicated.
The black line indicates noncontiguous lanes from a single filter hybridization analysis. (C) Quantitative
analysis of the HBV 3.5-kb RNA and HBV DNA replication intermediates. The levels of the HBV 3.5-kb RNA
and total HBV DNA replication intermediates are reported relative to the value for the HBV DNA (4.1-kbp)
construct (lane 1). The mean RNA and DNA levels plus standard deviations from two independent
analyses are shown. Levels of the transcripts (lane 7) and replication intermediates (lanes 14 to 16) in
coactivator-expressing cells that are statistically significantly higher than the levels in cells transfected
with the HBV DNA (4.1-kbp) construct only (lane 1), as determined by Student’s t test (P � 0.05), are
indicated with an asterisk.
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intermediates (Fig. 2A and B, lane 1). However, cotransfection of the HBV DNA (4.1-kbp)
construct with the PGC1� expression vector increased HBV 3.5-kb RNA levels approx-
imately 2-fold, while HBV replication intermediate DNA synthesis became readily
apparent (Fig. 2A and B, lane 2). This observation suggested that a modest change in
HBV transcription can be associated with a large change in HBV replication in this
system. Furthermore, PGC1� was the only coactivator tested alone with the ability to
support readily detectable levels of HBV DNA synthesis (Fig. 2B, lanes 2 to 5). Combi-
nations of the coactivators CBP, SRC1, and PRMT1 enhanced PGC1�-mediated HBV
transcription and replication further only if at least two additional coactivators were

FIG 2 Effects of transcriptional coactivators on HBV biosynthesis in the human embryonic kidney cell line
HEK293T. (A) RNA (Northern) filter hybridization analysis of HBV transcripts. The 3.9-kb transcript
observed above the HBV 3.5-kb RNA probably represents the previously reported HBV long xRNA that
initiates from the X promoter region (55). The GAPDH transcript was used as an internal control for RNA
loading per lane. The black lines indicate noncontiguous lanes from a single filter hybridization analysis.
(B) DNA (Southern) filter hybridization analysis of HBV replication intermediates. Cells were transfected
with the HBV DNA (4.1-kbp) construct (lanes 1 to 16) plus PGC1� (lanes 2, 6 to 8, 12 to 14, and 16), CBP
(lanes 3, 6, 9, 10, 12, 13, 15, and 16), SRC1 (lanes 4, 7, 9, 11, 12, and 14 to 16), and PRMT1 (lanes 5, 8, 10,
11, and 13 to 16) expression vectors, as indicated. The black lines indicate noncontiguous lanes from a
single filter hybridization analysis. (C) Quantitative analysis of the HBV 3.5-kb RNA and HBV DNA
replication intermediates. The levels of the HBV 3.5-kb RNA and total HBV DNA replication intermediates
are reported relative to the values for the HBV DNA (4.1-kbp) construct in the presence of the expression
of the four coactivators (lane 16). The mean RNA and DNA levels plus standard deviations from three
independent analyses are shown. Levels of the transcripts (lanes 2, 7, 8, 12 to 14, and 16) and replication
intermediates (lanes 2, 6 to 8, 12 to 14, and 16) in coactivator-expressing cells that are statistically
significantly higher than the levels in cells transfected with the HBV DNA (4.1-kbp) construct only (lane
1), as determined by Student’s t test (P � 0.05), are indicated with an asterisk.

Shalaby et al. Journal of Virology

October 2017 Volume 91 Issue 20 e00790-17 jvi.asm.org 4

http://jvi.asm.org


present (Fig. 2A and B, lanes 12 to 14 and 16). In the absence of PGC1� expression, HBV
RNA levels were essentially unchanged by the expression of additional coactivators,
and viral biosynthesis was not readily detectable (Fig. 2A and B, lanes 9 to 11 and 15).
These observations suggested that PGC1� acted as an adaptor molecule for the
recruitment of the other coactivators CBP, SRC1, and PRMT1 to enhance the synthesis
of HBV RNA and DNA.

Role of the proximal nuclear receptor binding site in transcriptional coactivator-
mediated activation of HBV biosynthesis in HEK293T cells. A major transcriptional
regulatory element within the HBV nucleocapsid promoter governing HBV biosynthesis
is the proximal nuclear receptor binding site located approximately 60 nucleotides
upstream of the viral pregenomic 3.5-kb RNA transcription site (6, 27). Furthermore, it
is known that PGC1� can interact with various nuclear receptors to activate HBV
transcription and replication (9, 10). Therefore, the role of this binding site in
coactivator-mediated HBV biosynthesis was investigated (Fig. 3). As noted previously,
HNF4-mediated HBV transcription and replication were highly sensitive to mutation of
the HBV nucleocapsid proximal nuclear receptor binding site (Fig. 3, lanes 2, 6, 8, and
12) (6, 27). Similarly, coactivator-mediated HBV biosynthesis was also mediated, al-
though to a lesser extent, through the HBV nucleocapsid proximal nuclear receptor
binding site (Fig. 3, lanes 3 to 5 and 9 to 11). These observations indicate that
PGC1�-mediated coactivator-enhanced HBV biosynthesis is governed, in part, by tran-
scription factors binding to the proximal nuclear receptor binding site and, presumably,
additional viral regulatory sequence elements.

Mechanism of regulation of HBV biosynthesis by transcriptional coactivators in
HEK293T cells. Analysis of the effects of coactivators on HBV biosynthesis in HEK293T
cells indicated that very modest changes in viral transcription can be associated with
the induction of viral replication (Fig. 2). However, the mechanism responsible for this
observation is not apparent from this analysis. Consequently, this issue was investi-
gated further by initially determining the relative HBV precore and pregenomic 3.5-kb
RNA levels by primer extension analysis (Fig. 4A). The ratio of HBV precore to pre-
genomic 3.5-kb RNAs did not change greatly (mean, 1.32; standard deviation [SD], 0.39)
as a result of coactivator expression and correlated with the level of HBV 3.5-kb RNA
detected by RNA filter hybridization analysis (Fig. 2). Furthermore, the level of the
HBcAg/p21 polypeptide was consistent with the abundance of the HBV pregenomic
3.5-kb RNA (Fig. 4B). Remarkably, HBcAg/capsids and HBV replication intermediate DNA
were readily detectable only in HEK293T cells that were expressing PGC1� (Fig. 4C and
D). These observations support the contention that small increases in the levels of HBV
pregenomic 3.5-kb RNA mediated by the adaptor function of the PGC1� coactivator
lead to small increases in HBcAg/p21 polypeptide synthesis, which subsequently
supports HBcAg/capsid formation, and, hence, viral replication, when the concentration
of the HBcAg/p21 polypeptide reaches a critical threshold level. Quantitative analysis of
these parameters supports this contention (Fig. 4E). The maximum relative level of HBV
pregenomic 3.5-kb RNA that fails to support HBV capsid formation is approximately 0.3,
whereas the minimum relative level of this transcript that supports robust HBV capsid
formation is approximately 0.4 (Fig. 4E). Similarly, the maximum relative level of
HBcAg/p21 that fails to support HBV capsid formation and viral replication is approx-
imately 0.4, whereas the minimum relative level of this polypeptide that supports
robust HBV capsid formation is approximately 0.7 (Fig. 4E). These observations indicate
that an �2-fold increase in the levels of HBV pregenomic 3.5-kb RNA and HBcAg/p21
polypeptide is sufficient for the induction of efficient HBV biosynthesis in HEK293T cells
(Fig. 2 and 4).

DISCUSSION

Transcriptional coactivators represent an additional level of regulation of gene
expression (28, 29). Previously, it was shown that the transcriptional coactivator PGC1�

was capable of activating the synthesis of HBV RNA and DNA in human hepatoma cell
lines and differentially regulating HBV biosynthesis through its interactions with several
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nuclear receptors in HEK293T cells (9, 10). However, it was unclear to which extent
PGC1� could interact functionally with the endogenous transcription factors present
within HEK293T cells and whether or not it could generate a productive preinitiation
complex capable of supporting HBV 3.5-kb RNA synthesis (9, 10). Data from RNA filter

FIG 3 Role of the proximal nuclear receptor binding site in transcriptional coactivator-mediated activa-
tion of HBV biosynthesis in the human embryonic kidney cell line HEK293T. (A) RNA (Northern) filter
hybridization analysis of HBV transcripts. The 3.9-kb transcript observed above the HBV 3.5-kb RNA
probably represents the previously reported HBV long xRNA that initiates from the X promoter region
(55). The GAPDH transcript was used as an internal control for RNA loading per lane. The black lines
indicate noncontiguous lanes from a single filter hybridization analysis. (B) DNA (Southern) filter
hybridization analysis of HBV replication intermediates. Cells were transfected with the HBV DNA
(4.1-kbp) or HBVHNF4mut DNA (4.1-kbp) constructs (lanes 1 to 6 and 7 to 12, respectively) plus the
HNF4� (lanes 2 and 8), PGC1� (lanes 3, 5, 6, 9, 11, and 12), CBP, SRC1, and PRMT1 (lanes 4 to 6 and 10
to 12) expression vectors. The black lines indicate noncontiguous lanes from a single filter hybridization
analysis. (C) Quantitative analysis of the HBV 3.5-kb RNA and HBV DNA replication intermediates. The
levels of the HBV 3.5-kb RNA and total HBV DNA replication intermediates are reported relative to the
value for HBV DNA (4.1-kbp) construct in the presence of the expression of the four coactivators (lane 5).
Mean RNA and DNA levels plus standard deviations from five independent analyses are shown. Levels of
the transcripts (lanes 8 and 12) and replication intermediates (lanes 8 to 12) in HBVHNF4mut DNA
(4.1-kbp) construct-transfected cells (lanes 7 to 12) that are statistically significantly lower than the levels
in HBV DNA (4.1-kbp) construct-transfected cells expressing the same transcription factors and/or
coactivators (lanes 1 to 6), as determined by Student’s t test (P � 0.05), are indicated with an asterisk.
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hybridization analyses suggested that HBV 3.5-kb RNA was transcribed from the viral
genome in HEK293T cells at a modest level in the absence of exogenously expressed
factors (Fig. 2A, lane 1). Primer extension analysis confirmed that the HBV 3.5-kb RNA
transcribed from the viral genome represented approximately equal amounts of pre-
core and pregenomic RNAs (Fig. 4A, lane 1). Therefore, it was unclear why no viral DNA
synthesis was readily apparent (Fig. 2B, lane 1). However, these observations indicated
that the transcription factors and coactivators present in HEK293T cells were capable of
supporting limited transcription of HBV 3.5-kb RNA but they were not sufficient to
support HBV replication (Fig. 5, steps 1 and 2).

The expression of PGC1� alone was sufficient to induce robust HBV replication (Fig.
2B, lane 2). Viral replication was associated with only a modest increase in HBV 3.5-kb
RNA synthesis (Fig. 2A, lane 2). This observation suggested that small changes in viral

FIG 4 Effects of transcriptional coactivators on HBV 3.5-kb RNA, HBcAg/p21, HBcAg/capsid, and capsid-
associated HBV replication intermediate levels in the human embryonic kidney cell line HEK293T. (A)
Primer extension analysis of HBV precore (PC) and pregenomic or core (C) 3.5-kb RNAs. The 32-kDa large
ribosomal protein subunit (RPL32) transcript was used as an internal control for RNA loading per lane.
The black line indicates noncontiguous lanes derived from a single primer extension analysis resolved on
two individual sequencing gels. (B) Protein (Western) filter immunodetection analysis of immunopre-
cipitated HBcAg/p21 protein present in cytoplasmic cell extracts. The black lines indicate noncontiguous
lanes derived from the same immunodetection analysis of three individual membranes. (C) Protein
(Western) filter immunodetection analysis of HBcAg/capsids present in cytoplasmic cell extracts. (D) DNA
(Southern) filter hybridization analysis of HBV replication intermediate (RI) DNA present within HBcAg/
capsids. Cells were transfected with the HBV DNA (4.1-kbp) construct (lanes 1 to 16) plus PGC1� (lanes
2, 6 to 8, 12 to 14, and 16), CBP (lanes 3, 6, 9, 10, 12, 13, 15, and 16), SRC1 (lanes 4, 7, 9, 11, 12, and 14
to 16), and PRMT1 (lanes 5, 8, 10, 11, and 13 to 16) expression vectors, as indicated. (E) Quantitative
analysis of the HBV pregenomic/core (C) 3.5-kb RNA, HBcAg/p21 protein, HBcAg/capsid protein, and HBV
replication intermediate (RI) DNA. The levels of HBV RNA, DNA, and protein are reported relative to the
values for the HBV DNA (4.1-kbp) construct in the presence of the expression of the four coactivators
(lane 16).

Transcriptional Regulation of HBV Replication Journal of Virology

October 2017 Volume 91 Issue 20 e00790-17 jvi.asm.org 7

http://jvi.asm.org


transcription can be associated with dramatic increases in HBV DNA synthesis (Fig. 5,
steps 3 to 5). The expression of additional individual coactivators of various classes,
including CBP, SRC1, and PRMT1, was not able to support robust viral biosynthesis,
indicating that PGC1� displayed a distinct functional activity that was not associated
with other coactivators. Furthermore, HBV biosynthesis could be enhanced further by
combinations of the CBP, SRC1, and PRMT1 coactivators only in the presence of PGC1�

but not in its absence (Fig. 2). These observations indicate that PGC1� serves as an
adaptor molecule for the recruitment and/or activation of the other coactivators as they
assemble at the HBV nucleocapsid proximal promoter region (23) (Fig. 5, step 3).
Consistent with this suggestion is the finding that PGC1�, CBP, and SRC1 are known to
associate and form a larger coactivator complex, which might permit their simultane-
ous recruitment to the transcriptional elements that are subject to their regulation (23).
In the case of the HBV nucleocapsid promoter, it appears that these coactivators are
recruited, either individually or as a complex, through their interaction with PGC1�,
which, acting as a bridging adaptor molecule, must recognize the assembled transcrip-
tion factors associated with the regulatory elements of this promoter. Consistent with
this suggestion is the observation that mutation of the nuclear receptor binding site
within the HBV nucleocapsid promoter leads to reductions in coactivator-mediated viral
3.5-kb RNA transcription and viral replication (Fig. 3).

FIG 5 Diagrammatic representation of the coactivators assembled on the HBV nucleocapsid promoter and their effects on HBV
transcription, HBcAg/p21, HBcAg/capsid, and capsid-associated HBV replication intermediate (RI) DNA. PC RNA, HBV precore
3.5-kb RNA; C RNA, HBV pregenomic or core 3.5-kb RNA; Fox, fork head box transcription factor (56); Sp1, specificity protein
1 transcription factor (57); NR, nuclear receptor transcription factor (i.e., HNF4, RXR, PPAR, FXR, LRH1, and estrogen-related
receptor [ERR]) (3, 6, 48); TBP, TATA-binding protein. (1 and 2) Endogenous coactivators support limited HBV 3.5-kb RNA
expression (1) and relatively low levels of HBcAg/p21 polypeptide synthesis (2), which are not sufficient to support capsid
formation, and hence, there is no viral DNA replication. (3) Recruitment of CBP, SRC1, and PRMT1 plus potentially additional
endogenous coactivators by PGC1� to the HBV nucleocapsid promoter. (4) PGC1�, CBP, SRC1, and PRMT1 plus endogenous
coactivators support modestly increased levels of HBV 3.5-kb RNA expression. (5) The translation of modestly increased levels
of HBcAg/p21 polypeptide synthesis crosses a critical threshold that is required to support capsid formation and associated
HBV DNA replication.
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Analysis of coactivator-mediated HBV biosynthesis indicated that the level of the
HBcAg/p21 polypeptide synthesized was consistent with the observed level of HBV
pregenomic 3.5-kb RNA expressed within HEK293T cells (Fig. 4A and B). However,
HBcAg/capsid formation and, hence, capsid-associated viral replication intermediate
DNA were observed only in cells expressing HBV 3.5-kb RNA and the HBcAg/p21
polypeptide at levels above a relatively low threshold limit (Fig. 4 and 5, step 4). Indeed,
increases in HBV 3.5-kb RNA and HBcAg/p21 polypeptide levels of �2-fold appear to be
sufficient to promote the robust induction of HBV replication intermediate DNA syn-
thesis (Fig. 4 and 5, step 5). This observation is consistent with previous observations
that indicated that the conversion of HBcAg dimers into capsids occurred by a highly
cooperative process at a concentration of approximately 1 �M (30, 31). The observation
that a similar process for the assembly of HBV capsids can occur in cell culture may help
to explain various previous in vivo findings where limited alterations in HBV 3.5-kb RNA
were associated with dramatic changes in viral replication (32–34). Indeed, the loss of
capsids mediated by cytokine signaling, possibly governed by HBcAg phosphorylation
(35–40), might be due to alterations in the equilibrium between HBcAg/dimers and
capsids, preventing capsid assembly and consequently eliminating HBV replication
intermediate DNA synthesis without affecting viral transcription or translation to a
great extent (41, 42).

MATERIALS AND METHODS
Plasmid construction. The HBV DNA (4.1-kbp) construct that contains 1.3 copies of the HBV genome

includes the viral sequence from nucleotides 1072 to 3182 plus nucleotides 1 to 1990 (3). The
pCMVHNF4, pcDNA-HA-hPGC1�, pSG5-HA-CBP, pSG5-HA-SRC1e, and pIRESneoPRMT1 vectors express
HNF4�, PGC1�, CBP, SRC1, and PRMT1 from the corresponding cDNAs, respectively, using the cytomeg-
alovirus (CMV) immediate early promoter (pCMV, pcDNA3, and pIRESneo) or the simian virus 40 early
promoter (pSG5) (25, 43–46).

Cells and transfections. The human hepatoma cell line Huh7 and the human embryonic kidney cell
line HEK293T were grown in RPMI 1640 medium with 10% fetal bovine serum at 37°C in 5% CO2–air.
Transfections for viral RNA and DNA analyses were performed as previously described (47), using 10-cm
plates containing approximately 1 � 106 cells. Isolation of DNA and RNA was performed at 3 days
posttransfection. The transfected DNA mixture was composed of 10 �g of HBV DNA (4.1 kbp) plus 1 �g
of the nuclear receptor expression vector pCMVHNF4 or the transcriptional coactivator expression
vectors pcDNA-HA-hPGC1�, pSG5-HA-CBP, pSG5-HA-SRC1e, and pIRESneoPRMT1 (3, 25, 43–46), as
indicated. Controls were derived from cells transfected with HBV DNA and the expression vectors lacking
a nuclear receptor or transcriptional coactivator cDNA insert (48).

Characterization of HBV transcripts and viral replication intermediates. Transfected cells from a
single plate were divided equally and used for the preparation of total cellular RNA and viral DNA
replication intermediates as described previously (49), with minor modifications. RNA (Northern) and
DNA (Southern) filter hybridization analyses were performed by using 10 �g of total cellular RNA and
30 �l of viral DNA replication intermediates, respectively, as described previously (50). Transcription
initiation sites for the HBV 3.5-kb transcripts were examined by primer extension analysis using 5 U of
avian myeloblastosis virus reverse transcriptase (Promega), 12 ng 32P-labeled HBV oligonucleotide probe
5=-GGAAAGAAGTCAGAAGGCAAAAACGAGAGTAACTCC-3= (HBV positions 1976 to 1941), 9 ng 32P-labeled
human 32-kDa large ribosomal protein subunit (RPL32) oligonucleotide probe 5=-CTCTTTTTGACGATCT
TGGGCTTCAC-3= (nucleotide positions �98 to �73), and 10 �g of total cellular RNA, as described
previously (27). Data from filter hybridization and primer extension analyses were quantitated by
phosphorimaging using a Molecular Dynamics Storm 5000 PhosphorImager system.

Analysis of HBcAg/p21 protein and capsids. Transfected cells from a single plate were lysed in 200
�l of a solution containing 25 mM Tris hydrochloride (pH 7.4), 150 mM NaCl, 1 mM EDTA, 5% glycerol,
and 1% (vol/vol) NP-40 and used for the preparation of cytoplasmic protein extracts as described
previously (51). HBcAg was immunoprecipitated with 1 �l rabbit anti-HBc antibody (from Adam Zlotnick,
Indiana University) plus protein G-agarose (Santa Cruz Biotechnology) according to the manufacturer’s
instructions (Abcam), resolved by SDS-PAGE, transferred onto polyvinylidene difluoride (PVDF) mem-
branes, and identified by using rabbit anti-HBc antibody (1:1,000 dilution; Dako), followed by incubation
with horseradish peroxidase-labeled goat anti-rabbit IgG (1:2,000; Cell Signaling Technology). HBcAg/p21
was detected by using enhanced chemiluminescence according to the manufacturer’s instructions
(Thermo Fisher Scientific) and quantitated by using the ChemiDoc MP imaging system (Bio-Rad).

HBcAg/capsids present in 20 �l of the cytoplasmic extract were resolved by 1% agarose gel
electrophoresis as described previously (52–54). The HBcAg/capsid protein was detected by using rabbit
anti-HBc antibody (1:1,000 dilution; Dako) as described previously for HBcAg/p21 (52–54). Capsid-
associated HBV replication intermediate DNA was detected by DNA filter hybridization analysis as
described previously (52, 54).
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