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Hepatitis B virus (HBV) transcription and replication are essentially restricted to hepatocytes because
liver-enriched transcription factors govern viral RNA synthesis. The level of transcription from the HBV
promoters depends on both the transcription factors binding to these regulatory sequence elements and their
ability to recruit coactivators capable of mediating assembly of the transcription preinitiation complex con-
taining RNA polymerase II. Nuclear receptors are a primary determinant of HBV pregenomic RNA synthesis
and, hence, viral replication. Peroxisome proliferator-activated receptor � coactivator 1� (PGC1�) enhances
the activity of nuclear receptors and, consequently, HBV biosynthesis. PGC1� is also an important target of
signal transduction pathways involved in hepatic glucose and lipid homeostasis, suggesting that this coacti-
vator may have an important role in modulating HBV biosynthesis under various physiological conditions.
Consistent with this suggestion, v-akt murine thymoma viral oncogene homolog/protein kinase B (AKT/PKB)
is shown to modulate PGC1� activity and, hence, HBV transcription and replication in a cell line-specific
manner. In addition, AKT can modulate HBV replication in some but not all cell lines at a posttranscriptional
step in the viral life cycle. These observations demonstrate that growth and nutritional signals have the
capacity to influence viral production, but the magnitude of these effects will depend on the precise cellular
context in which they occur.

Studies of hepatitis B virus (HBV) replication have demon-
strated that viral DNA synthesis occurs by the reverse tran-
scription of viral pregenomic 3.5-kb RNA (45, 56). Therefore,
it is apparent that the level of transcription from the HBV
nucleocapsid promoter is a major determinant of viral biosyn-
thesis (48). The regulatory elements within the HBV nucleo-
capsid promoter have been analyzed in detail in an attempt to
identify the transcription factors controlling viral RNA synthe-
sis (18, 47). Indeed, the HBV nucleocapsid promoter binds a
variety of liver-enriched and ubiquitous transcription factors
that probably contribute to the level of viral pregenomic 3.5-kb
RNA synthesis to different degrees depending on the physio-
logical state of the infected hepatocyte (18, 47). Utilizing non-
hepatoma cells that do not support viral pregenomic 3.5-kb
RNA synthesis or HBV replication, complementation studies
with individual liver-enriched transcription factors demon-
strated that only nuclear receptors were capable of rescuing
viral biosynthesis in the absence of additional factors (38, 48).
These observations indicated that nuclear receptors may have
a unique role in governing HBV biosynthesis during natural
infection. Indeed, in vivo analysis using the transgenic mouse
model of chronic HBV infection demonstrated that viral RNA
and DNA synthesis was completely dependent on the nuclear
receptor hepatocyte nuclear factor 4� (HNF4�) (22).

Nuclear receptors and their coactivators within the liver are

important regulators of energy homeostasis (7, 25, 41, 58). The
interactions between nuclear receptors and specific coactiva-
tors, in particular, peroxisome proliferator-activated receptor �
coactivator 1� (PGC1�), have been shown to be critical for
maintaining glucose homeostasis (58). Inhibition of gluconeo-
genesis by the insulin signaling pathway is particularly impor-
tant for the maintenance of glucose homeostasis and involves
the phosphorylation of PGC1� at serine 570 by v-akt murine
thymoma viral oncogene homolog/protein kinase B (AKT/
PKB), which blocks its association with nuclear receptors, re-
ducing the expression of glucose-6-phosphatase (G6P) and
phosphoenolpyruvate kinase (PEPCK) (23). Similarly, the
level of transcription from the HBV nucleocapsid promoter
has been shown to be modulated by the coactivator PGC1�
and the corepressor small heterodimer partner (SHP) in a
manner that depends on the nuclear receptor governing viral
pregenomic 3.5-kb RNA synthesis (34, 35).

On the basis of these considerations, it was of interest to
determine if the insulin signaling pathway and AKT, in partic-
ular, might modulate HBV pregenomic 3.5-kb RNA synthesis
and viral replication in a PGC1�-dependent manner. To ad-
dress this issue, the effect of activated AKT on HBV transcrip-
tion and replication was evaluated in the human hepatoma cell
lines Huh7 and HepG2 and the nonhepatoma cell line 293T
expressing nuclear receptor liver receptor homolog 1 (LRH1).
Viral biosynthesis in Huh7 cells in the absence of PGC1� was
unaffected by AKT. In contrast, PGC1�-dependent HBV tran-
scription and replication in Huh7 cells were very sensitive to
phosphorylation by low levels of AKT activity. In contrast,
HBV biosynthesis displayed limited sensitivity to AKT expres-
sion in HepG2 or 293T cells. These results demonstrate that
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HBV biosynthesis is susceptible to regulation by AKT to var-
ious degrees depending upon the precise cellular environment.
Additionally, AKT serves as a model kinase demonstrating
that, in principle, additional signal transduction pathways and
their associated protein kinase cascades may also modulate
HBV transcription and replication, in part, by regulating
PGC1� activity (33, 36).

MATERIALS AND METHODS

Plasmid constructions. The steps in the cloning of the plasmid constructs used
in the transfection experiments were performed by standard techniques (42).
HBV DNA sequences in these constructions were derived from the plasmid
pCP10, which contains two copies of the HBV genome (subtype ayw) cloned into
the EcoRI site of pBR322 (10). The HBV DNA (4.1-kbp) construct that contains
1.3 copies of the HBV genome includes the viral sequence from nucleotide
coordinates 1072 to 3182 plus 1 to 1990 (48). This plasmid was constructed by
cloning the NsiI/BglII HBV DNA fragment (nucleotide coordinates 1072 to
1990) into pUC13, generating pHBV(1072-1990). Subsequently, a complete copy
of the 3.2-kbp viral genome linearized at the NcoI site (nucleotide coordinates
1375 to 3182 plus 1 to 1374) was cloned into the unique NcoI site (HBV
nucleotide coordinate 1374) of pHBV(1072-1990), generating the HBV DNA
(4.1-kbp) construct.

The pCMX-mLRH1, pcDNA-hPGC1�, pcDNA-Flag-hPGC1�S570A, pSR�-
myrAKT, and pBabe-Puro-HA vectors express LRH1, PGC1�, PGC1�S570A,
AKT1, and phosphatase and tensin homolog-PTEN-(PTEN) polypeptides from
mouse LRH1, human PGC1� (for both PGC1� and PGC1�S570A), mouse
AKT1, and human PTEN cDNAs, respectively, using the cytomegalovirus im-
mediate-early promoter (pCMX and pcDNA), simian virus 40 early promoter
(pSR�), and Moloney murine leukemia virus long terminal repeat (pBabe-Puro)
(16, 23, 26, 32, 53). The PGC1�S570A polypeptide has the serine residue at
position 570, which is the major phosphorylation site for AKT, changed to
alanine (23). The myrAKT polypeptide, a constitutively active form of AKT, has
the Src myristoylation signal fused in-frame to the AKT1 coding sequence (16).

Cells and transfections. The human hepatoma Huh7 and HepG2 cell lines and
human embryonic kidney 293T cell line were grown in RPMI 1640 medium
and 10% fetal bovine serum at 37°C in 5% CO2–air. Transfections for viral RNA
and DNA analysis were performed as previously described (29) using 10-cm
plates containing approximately 1 � 106 cells. DNA and RNA isolation was
performed at 3 days posttransfection. In 293T cells, the transfected DNA mixture
was composed of 5 �g of HBV DNA (4.1 kbp) plus 1.5 �g of the nuclear receptor
expression vector pCMX-mLRH1 and various amounts of the pcDNA-hPGC1�,
pcDNA-Flag-hPGC1�S570A, pSR�-myrAKT, and pBabe-Puro-PTEN-HA ex-
pression vectors (16, 23, 26, 32, 53). In Huh7 and HepG2 cells, the 1.5 �g of the
nuclear receptor expression vector was omitted. Controls were derived from cells
transfected with HBV DNA and the expression vectors lacking a nuclear recep-
tor, PGC1�, myrAKT, and PTEN cDNA insert (37).

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 (46), with minor modifications. For RNA isolation (6), the
cells were lysed in 1.8 ml of 25 mM sodium citrate, pH 7.0, 4 M guanidinium
isothiocyanate, 0.5% (vol/vol) sarcosyl, 0.1 M 2-mercaptoethanol. After addition
of 0.18 ml of 2 M sodium acetate, pH 4.0, the lysate was extracted with 1.8 ml of
water-saturated phenol plus 0.36 ml of chloroform-isoamyl alcohol (49:1). After
centrifugation for 30 min at 3,000 rpm in a Sorval RT6000 centrifuge, the
aqueous layer was precipitated with 1.8 ml of isopropanol. The precipitate was
resuspended in 0.3 ml of 25 mM sodium citrate, pH 7.0, 4 M guanidinium
isothiocyanate, 0.5% (vol/vol) sarcosyl, 0.1 M 2-mercaptoethanol and precipi-
tated with 0.6 ml of ethanol. After centrifugation for 20 min at 14,000 rpm in an
Eppendorf 5417C microcentrifuge, the precipitate was resuspended in 0.3 ml of
10 mM Tris hydrochloride, pH 8.0, 5 mM EDTA, 0.1% (wt/vol) sodium lauryl
sulfate and precipitated with 45 �l of 2 M sodium acetate plus 0.7 ml of ethanol.

For the isolation of viral DNA replication intermediates, the cells were lysed
in 0.4 ml of 100 mM Tris hydrochloride, pH 8.0, 0.2% (vol/vol) NP-40. The lysate
was centrifuged for 1 min at 14,000 rpm in an Eppendorf 5417C microcentrifuge
to pellet the nuclei. The supernatant was adjusted to 6.75 mM magnesium
acetate plus 200 �g/ml DNase I and incubated for 1 h at 37°C to remove the
transfected plasmid DNA. The supernatant was readjusted to 100 mM NaCl, 10
mM EDTA, 0.8% (wt/vol) sodium lauryl sulfate, 1.6 mg/ml pronase and incu-
bated for an additional 1 h at 37°C. The supernatant was extracted twice with

phenol, precipitated with 2 volumes of ethanol, and resuspended in 100 �l of 10
mM Tris hydrochloride, pH 8.0, 1 mM EDTA. RNA (Northern) and DNA
(Southern) filter hybridization analyses were performed using 10 �g of total
cellular RNA and 30 �l of viral DNA replication intermediates, respectively, as
described previously (42). Filter hybridization analysis was quantified by phos-
phorimaging using a Packard Cyclone Storage Phosphor System.

RESULTS

PTEN/PI3K/PDK1/AKT signal transduction pathway mod-
ulates HBV biosynthesis. It has previously been demonstrated
that activation of AKT leads to the inhibition of HBV tran-
scription and, hence, a reduction in viral replication in HepG2
cells (12). However, mechanistic insight into this process and
identification of the substrates that are phosphorylated by
AKT to mediate alterations in HBV biosynthesis are lacking.
Initially, the importance of the PTEN/phosphatidylinositol
3-kinase (PI3K)/phosphoinositide-dependent kinase-1 (PDK1)/
AKT signal transduction pathway for the regulation of HBV
biosynthesis was confirmed by expressing PTEN in HepG2 cells
(Fig. 1A and B). In the presence or absence of PGC1�, expres-
sion of PTEN was associated with a modest 2-fold enhancement
of HBV transcription and replication (Fig. 1A and B). These
observations are consistent with the suggestion that the inhibition
of AKT activity by increased PTEN expression can enhance HBV
biosynthesis at the transcriptional level in HepG2 cells (12). To
further confirm the role of the PTEN/PI3K/PDK1/AKT signal
transduction pathway in the regulation of HBV transcription in
HepG2 cells, the PI3K inhibitor LY294002 was used to reduce
AKT activity (Fig. 1C and D). As observed with PTEN expres-
sion, treatment of HepG2 cells with LY294002 resulted in an
approximately 3-fold increase in HBV biosynthesis at both the
RNA and DNA levels, as reported previously (12). Overall, these

FIG. 1. Effect of PTEN/PI3K/PDK1/AKT signal transduction path-
way on HBV biosynthesis in the human hepatoma cell line HepG2. (A
and B) Cells were transfected with the HBV DNA (4.1-kbp) construct
alone (lane 1) or the HBV DNA (4.1-kbp) construct plus the PGC1�
and PTEN expression vectors (lanes 2 to 9), as indicated. (C and D)
Cells were treated with the PI3K inhibitor LY294002 (10 �M), as
indicated. (A and C) 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. (B and D) DNA (Southern) filter hybridization analysis of
HBV replication intermediates. HBV RC DNA, HBV relaxed circular
DNA; HBV SS DNA, HBV single-stranded DNA.
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results confirm the suggestion that the inhibition of AKT activity
can increase HBV biosynthesis (12).

PGC1�-activated HBV 3.5-kb RNA synthesis and viral rep-
lication are highly sensitive to AKT inhibition in human
hepatoma Huh7 cells. Nuclear receptors, including HNF4�,
retinoid X receptor � (RXR�) plus peroxisome proliferator-
activated receptor � (PPAR�), RXR� plus farnesoid X recep-
tor � (FXR�), LRH1, and estrogen-related receptor (ERR),
can support HBV pregenomic 3.5-kb RNA synthesis, which
subsequently leads to viral DNA replication (38, 48). These
nuclear receptors can recruit the coactivator PGC1�, which
may result in enhanced levels of gene transcription (34, 35).
PGC1� activity is regulated by a number of signal transduction
pathways leading to the modulation of nuclear receptor-medi-
ated transcription (23, 25, 33, 36, 57). Various growth factors,
cytokines, and metabolically regulated hormones signal
through their receptors via the PI3K/PDK1/AKT signal trans-
duction pathway to regulate gene expression (13, 19, 58). AKT

directly regulates nuclear receptor-mediated gene expression
by phosphorylating PGC1� at serine 570 (23). Phosphorylation
of PGC1� by AKT results in the dissociation of this coactivator
from promoter regulatory sequences, with a concomitant re-
duction in RNA synthesis (23). As the level of HBV biosyn-
thesis is governed by both nuclear receptors and PGC1� (34,
35, 43), it was of interest to investigate if viral transcription and
replication were subject to regulation by AKT in a PGC1�-
dependent manner.

Transfection of the HBV DNA (4.1-kbp) construct into
Huh7 cells supports HBV transcription and replication (Fig.
2A, lane 1). Expression of increasing levels of PGC1� activates
both HBV 3.5-kb RNA synthesis and viral replication in a
dose-dependent manner (Fig. 2). Expression of increasing lev-
els of AKT inhibits both HBV 3.5-kb RNA synthesis and viral
replication in a dose-dependent manner (Fig. 2). The effects of
PGC1� and AKT on HBV DNA and RNA synthesis were
quantitatively similar, indicating that the effects of PGC1� and

FIG. 2. Effect of PGC1� and AKT expression on HBV biosynthesis in the human hepatoma cell line Huh7. Cells were transfected with the
HBV DNA (4.1-kbp) construct alone (lane 1) or the HBV DNA (4.1-kbp) construct plus the PGC1� and AKT expression vectors (lanes 2 to 16),
as indicated. (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. (B) DNA (Southern) filter hybridization analysis of HBV replication
intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA. (C) Quantitative analysis of the HBV
3.5-kb RNA from two independent experiments. Trend lines were calculated using one-phase decay analysis and the method of least-squares fit
(GraphPad Prism, version 5, software). (D) Quantitative analysis of the HBV replication intermediates from two independent experiments. Trend
lines were calculated using one-phase decay analysis and the method of least-squares fit (GraphPad Prism, version 5, software).
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AKT on transcription were reflected in the levels of observed
viral replication (Fig. 2). Interestingly, PGC1�-dependent
HBV RNA synthesis and DNA synthesis were highly sensitive
to modest levels of AKT activity (Fig. 2C and D). However,
AKT did not inhibit to any great extent viral biosynthesis that
was not dependent on the expression of PGC1� (Fig. 2). These
observations suggest that AKT inhibits PGC1�-dependent
HBV 3.5-kb RNA synthesis by phosphorylating serine 570 and
eliminating the activity of this coactivator without altering the
activities of additional factors in Huh7 cells that contribute to
basal levels of HBV biosynthesis.

In an attempt to evaluate directly the role of phosphoryla-
tion of serine 570 by AKT on PGC1� activity, HBV biosyn-
thesis in Huh7 cells was evaluated in cells transfected with the
PGC1�S570A mutant expression vector (Fig. 3). Expression of
increasing levels of PGC1�S570A activated HBV 3.5-kb RNA
synthesis in a dose-dependent manner (Fig. 3A and C). How-
ever, HBV 3.5-kb RNA synthesis was resistant to AKT at all

levels examined, indicating that the inhibition of HBV tran-
scription by AKT was mediated by the phosphorylation of
serine 570 in PGC1�. Interestingly, HBV replication was par-
tially sensitive to AKT inhibition at the highest levels of AKT
expression (Fig. 3B and D). This observation suggests that
there is an additional target(s) for AKT phosphorylation that
leads to the modulation of viral biosynthesis at a posttranscrip-
tional step in the HBV replication cycle.

PGC1�-activated HBV 3.5-kb RNA synthesis and viral rep-
lication are relatively insensitive to AKT inhibition in human
hepatoma HepG2 cells. Transfection of the HBV DNA (4.1-
kbp) construct into HepG2 cells supports HBV transcription
and replication (Fig. 4A, lane 1). Expression of increasing
levels of PGC1� modestly activates both HBV 3.5-kb RNA
synthesis and viral replication (Fig. 4). Expression of increasing
levels of AKT inhibits both HBV 3.5-kb RNA synthesis and
viral replication in a dose-dependent manner (Fig. 4). The
effects of PGC1� and AKT on HBV RNA and DNA synthesis

FIG. 3. Effect of PGC1�S570A and AKT expression on HBV biosynthesis in the human hepatoma cell line Huh7. Cells were transfected with
the HBV DNA (4.1-kbp) construct alone (lane 1) or the HBV DNA (4.1-kbp) construct plus the PGC1�S570A and AKT expression vectors (lanes
2 to 16), as indicated. (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. (B) DNA (Southern) filter hybridization analysis of HBV
replication intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA. (C) Quantitative analysis of
the HBV 3.5-kb RNA from three independent experiments. Trend lines were calculated using one-phase decay analysis and the method of
least-squares fit (GraphPad Prism, version 5, software). (D) Quantitative analysis of the HBV replication intermediates from three independent
experiments. Trend lines were calculated using one-phase decay analysis and the method of least-squares fit (GraphPad Prism, version 5, software).
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were qualitatively similar, indicating that the effects of PGC1�
and AKT on transcription were likely also reflected in the
levels of observed viral replication (Fig. 4). However, unlike
the results observed in Huh7 cells (Fig. 2), HBV biosynthesis in
HepG2 cells was relatively insensitive to AKT-mediated inhi-
bition, with higher levels of AKT expression being required to
observe maximal reductions in HBV RNA and DNA synthesis
(Fig. 4).

The potential role of phosphorylation of PGC1� at serine
570 by AKT on HBV biosynthesis was evaluated in HepG2
cells (Fig. 4). Expression of increasing levels of PGC1�S570A
activated HBV 3.5-kb RNA and DNA synthesis in a dose-
dependent manner (Fig. 5A and C). However, both HBV
3.5-kb RNA synthesis and DNA synthesis were essentially re-
sistant to AKT at all levels examined, indicating that the inhi-
bition of HBV transcription by AKT was mediated by the
phosphorylation of serine 570 in PGC1�. The observation that
HBV replication was largely insensitive to AKT inhibition even

at the highest levels of AKT expression suggests that the mech-
anism of posttranscriptional inhibition of viral replication that
is apparent in Huh7 cells is absent in HepG2 cells (Fig. 5B and
D). This observation suggests that there are significant differ-
ences in the regulation of HBV biosynthesis between human
hepatoma cell lines, as noted previously (34, 35).

PGC1� and AKT modulate LRH1-dependent HBV tran-
scription and replication in human embryonic kidney 293T
cells. To investigate the role of PGC1� and AKT in the regula-
tion of HBV biosynthesis in nonhepatoma cells, viral RNA and
DNA synthesis was examined in 293T cells expressing LRH1 (Fig.
6 and 7). Under these circumstances, HBV 3.5-kb RNA synthesis
was largely resistant to the effects of AKT activity. PGC1� and
PGC1�S570A both increase viral transcription in a dose-depen-
dent manner. However, viral transcription was not affected by
AKT expression, indicating that PGC1� either was not being
phosphorylated in 293T cells or was being dephosphorylated by a
protein phosphatase as rapidly as AKT was phosphorylating it on

FIG. 4. Effect of PGC1� and AKT expression on HBV biosynthesis in the human hepatoma cell line HepG2. Cells were transfected with the
HBV DNA (4.1-kbp) construct alone (lane 1) or the HBV DNA (4.1-kbp) construct plus the PGC1� and AKT expression vectors (lanes 2 to 16),
as indicated. (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. (B) DNA (Southern) filter hybridization analysis of HBV replication
intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA. (C) Quantitative analysis of the HBV
3.5-kb RNA from four independent experiments. Trend lines were calculated using one-phase decay analysis and the method of least-squares fit
(GraphPad Prism, version 5, software). (D) Quantitative analysis of the HBV replication intermediates from four independent experiments. Trend
lines were calculated using one-phase decay analysis and the method of least-squares fit (GraphPad Prism, version 5, software).
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serine 570. Alternatively, it is possible that phosphorylation of
PGC1� on serine 570 does not affect the activity of PGC1� in
293T cells. In contrast, HBV DNA synthesis was modestly inhib-
ited by the expression of AKT (Fig. 6 and 7). This indicates that
viral replication is negatively affected by AKT activity at a post-
transcriptional step in its biosynthesis, as appears to also occur in
Huh7 cells (Fig. 3).

DISCUSSION

HBV replicates by the reverse transcription of the viral pre-
genomic 3.5-kb RNA (45, 56). In nonhepatoma cells, nuclear
receptors are the only transcription factors that alone have been
shown to support HBV 3.5-kb RNA synthesis and viral replica-
tion (38, 48). Activation of nuclear receptor-mediated transcrip-
tion by coactivators has been shown to have an important conse-
quence for energy homeostasis in the liver (25, 39, 41). In
particular, the coactivator PGC1� has been shown to be a critical

determinant of both gluconeogenesis and HBV biosynthesis, sug-
gesting that the regulation of viral transcription and key metabolic
gene expression may utilize similar hepatic signal transduction
pathways (34, 35, 39, 43). Insulin signaling has been extensively
characterized, and a primary mode of glucose homeostasis in the
liver has been shown to be mediated through the insulin/insulin
receptor/PI3K/PDK1/AKT/PGC1� signal transduction pathway
(13, 54). These observations have led to the suggestion that HBV
biosynthesis might be similarly regulated, but to date, only the
effect of PGC1� on viral biosynthesis has been examined in detail
(34, 35, 43, 44).

In the current study, the effect of activated AKT on HBV
biosynthesis was analyzed in two human hepatoma cell lines
capable of supporting viral replication and in a nonhepatoma
cell line where HBV 3.5-kb RNA synthesis was dependent on
the expression of nuclear receptors (Fig. 1 to 7). Interestingly,
AKT was able to inhibit HBV biosynthesis in all cell lines

FIG. 5. Effect of PGC1�S570A and AKT expression on HBV biosynthesis in the human hepatoma cell line HepG2. Cells were transfected with
the HBV DNA (4.1-kbp) construct alone (lane 1) or the HBV DNA (4.1-kbp) construct plus the PGC1�S570A and AKT expression vectors (lanes
2 to 16), as indicated. (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. (B) DNA (Southern) filter hybridization analysis of HBV
replication intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV single-stranded DNA. (C) Quantitative analysis of
the HBV 3.5-kb RNA from two independent experiments. Trend lines were calculated using one-phase decay analysis and the method of
least-squares fit (GraphPad Prism, version 5, software). (D) Quantitative analysis of the HBV replication intermediates from two independent
experiments. Trend lines were calculated using one-phase decay analysis and the method of least-squares fit (GraphPad Prism, version 5, software).

11896 ONDRACEK AND MCLACHLAN J. VIROL.



examined to various degrees, but the mechanisms of inhibition
were quantitatively and qualitatively distinct (Fig. 8). In Huh7
cells, the phosphorylation of PGC1� by AKT on serine 570
resulted in the efficient inhibition of coactivator-dependent
viral transcription and replication (Fig. 2 and 3). In addition,
HBV replication was also inhibited at a posttranscriptional
step by concentrations of AKT higher than those required to
affect PGC1�-directed viral transcription. These observations
suggest that AKT can prevent HBV transcription through
PGC1� and a subsequent step in the replication cycle (Fig. 8).
Although the posttranscriptional step has not been defined, it
is interesting to speculate that the direct or indirect phosphor-
ylation of the arginine-rich carboxyl-terminal domain of the
HBV core polypeptide by AKT or AKT-activated downstream
kinases might reduce its capacity to support viral replication (9,
11, 21, 24, 27). Indeed, the viral nucleocapsid protein is known

to be phosphorylated, and these modifications can affect viral
replication, making this an attractive mechanism of posttran-
scriptional regulation of HBV biosynthesis by AKT (11, 17, 21,
30). Additional analysis will be required to establish the sig-
nificance of this suggestion for viral replication.

The effect of AKT on HBV biosynthesis has been examined
previously in HepG2 cells (12). This analysis suggested that
AKT affected HBV biosynthesis at the level of viral transcrip-
tion (12). Our findings are similar (Fig. 1), with the effects of
AKT on viral replication being primarily a consequence of the
phosphorylation of PGC1� and its effect on HBV transcription
(Fig. 4 and 5). This was most readily apparent when
PGC1�S570A was evaluated (Fig. 5). In this case, both HBV
transcription and replication were largely resistant to inhibi-
tion by AKT, suggesting that the reduction in viral transcrip-
tion was primarily due to the phosphorylation of PGC1� and

FIG. 6. Effect of PGC1� and AKT expression on HBV biosynthesis in the human embryonic kidney cell line 293T. Cells were transfected with
the HBV DNA (4.1-kbp) construct and the LRH1 expression vector (lane 1) or the HBV DNA (4.1-kbp) construct and the LRH1 expression vector
plus the PGC1� and AKT expression vectors (lanes 2 to 16), as indicated. (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. (B) DNA
(Southern) filter hybridization analysis of HBV replication intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA, HBV
single-stranded DNA. (C) Quantitative analysis of the HBV 3.5-kb RNA from two independent experiments. Trend lines were calculated using
one-phase decay analysis and the method of least-squares fit (GraphPad, version 5, software). (D) Quantitative analysis of the HBV replication
intermediates from two independent experiments. Trend lines were calculated using one-phase decay analysis and the method of least-squares fit
(GraphPad Prism, version 5, software).
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its associated loss of transcriptional activity at the nucleocapsid
promoter. Unlike the observations in Huh7 cells, AKT inhib-
ited only viral transcription in HepG2 cells and failed to affect
any posttranscriptional steps in HBV biosynthesis (Fig. 8).

The effect of AKT on viral biosynthesis directed by LRH1 in
human embryonic kidney cells was distinct from that observed
in the human hepatoma cells. Viral transcription was essen-
tially unaffected by AKT (Fig. 6 and 7). However, HBV repli-
cation was modestly inhibited in these nonhepatoma cells in-
dependently of the potential phosphorylation status of PGC1�.
Similar results were observed when HBV biosynthesis was sup-
ported by HNF4� expression in 293T cells (C. R. Ondracek
and A. McLachlan, unpublished data). These observations sug-
gest that the mechanism of action by which AKT modulated
HBV biosynthesis is cell type dependent and presumably re-
flects the relative importance of the downstream signaling af-

fecting HBV transcription and replication (Fig. 8). In Huh7
and HepG2 cells, AKT appeared to be able to phosphorylate
PGC1� on serine 570, inhibiting its capacity to activate tran-
scription from the HBV nucleocapsid promoter, and hence
reduced viral replication, albeit to different extents, depending
on the cell line (Fig. 8). In contrast, higher AKT activity can
also inhibit HBV replication at a posttranscriptional step in
Huh7 and 293T cells. This becomes apparent when viral tran-
scription is activated by PGC1�S570A, which increases viral
RNA synthesis because it is no longer subject to regulation by
AKT (Fig. 3, 5, and 7).

In combination, these different observations suggest that
there are at least two distinct signal transduction pathways
downstream of AKT that regulate HBV biosynthesis. It ap-
pears that lower effective activities of AKT can regulate the
contribution of PGC1� to viral transcription, whereas higher

FIG. 7. Effect of PGC1�S570A and AKT expression on HBV biosynthesis in the human embryonic kidney cell line 293T. Cells were transfected
with the HBV DNA (4.1-kbp) construct and the LRH1 expression vector (lane 1) or the HBV DNA (4.1-kbp) construct and the LRH1 expression
vector plus the PGC1�S570A and AKT expression vectors (lanes 2 to 16), as indicated. (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.
(B) DNA (Southern) filter hybridization analysis of HBV replication intermediates. HBV RC DNA, HBV relaxed circular DNA; HBV SS DNA,
HBV single-stranded DNA. (C) Quantitative analysis of the HBV 3.5-kb RNA from three independent experiments. Trend lines were calculated
using one-phase decay analysis and the method of least-squares fit (GraphPad Prism, version 5, software). (D) Quantitative analysis of the HBV
replication intermediates from three independent experiments. Trend lines were calculated using one-phase decay analysis and the method of
least-squares fit (GraphPad Prism, version 5, software).
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effective concentrations of AKT are necessary to facilitate the
posttranscriptional effects on HBV replication. This is most
obvious in Huh7 cells, where the effect on transcription is
observed at lower levels of AKT expression and the effect on
replication is apparent only at higher levels of AKT expression
(Fig. 2 and 3). Consistent with this suggestion is the absence of
any obvious posttranscriptional effect of AKT on viral biosyn-
thesis in HepG2 cells (Fig. 5). This may reflect a lower effective
AKT activity in this cell line. In contrast, only the posttran-
scriptional effects of AKT are readily apparent in 293T cells.
This observation suggests that the effect of AKT phosphoryla-
tion on PGC1� must be mitigated by some additional activity
within these cells. On the basis of the observation that PGC1�
and PGC1�S570A displayed very similar effects on HBV tran-
scription, it is simplest to postulate that 293T cells contain a
protein phosphatase activity that can efficiently dephosphory-
late PGC1� and, hence, prevent AKT from inhibiting PGC1�
activity. Obviously, there could be alternative, more complex
explanations for these observations, and additional studies will
be required to resolve these issues. Regardless, it is apparent
that whatever mechanism prevents AKT from inhibiting
PGC1� activity in 293T cells, it does not appear to interfere
with the AKT-activated signal transduction pathway inhibiting
the posttranscriptional step in HBV biosynthesis, as modest
reductions in viral DNA synthesis are observed in the absence
of any major effects on HBV transcription (Fig. 6 and 7).

Overall, these observations indicate that two or more signal
transduction pathways downstream from activated AKT can
modulate either viral transcription or subsequent steps in the
HBV replication cycle. Elucidating these pathways will help
our understanding of the molecular processes governing HBV
biosynthesis and may lead to the identification of additional
targets for antiviral therapy. Importantly, further understand-
ing of the signaling that is upstream of AKT is likely to be
helpful in elucidating the relative importance of extracellular
signals that govern viral production during natural infection.
Glucose homeostasis mediated by insulin signaling clearly has
the potential to modulate HBV biosynthesis through AKT on
short- and long-term time scales, and this has led to the sug-
gestion that viral biosynthesis may be regulated by the meta-
bolic state of the hepatocyte (43, 44). Indeed, the observation
that diabetic patients are significantly more likely to present
with acute HBV infections than nondiabetic patients supports
the contention that insulin signaling through AKT can influ-
ence the outcome of this viral infection (50). However, cyto-
kines associated with acute or chronic inflammation resulting
from the immune response to an HBV infection are also likely
to lead to long-term alterations in the PI3K/PDK1/AKT signal
transduction pathway, which may have a significant conse-
quence for viral biosynthesis (13, 19, 58). Furthermore, chronic
HBV infection is associated with the long-term development of
primary hepatocellular carcinoma (PHC) (1, 2). Tumor devel-
opment is often associated with activation of growth factor
signal transduction pathways, leading to uncontrolled cellular
proliferation (51). PHC is often associated with AKT activa-
tion resulting from either growth factor stimulation or muta-
tions within the AKT signal transduction pathway, which may
explain why viral biosynthesis is often quite limited in tumors
but relatively robust in the adjacent normal liver tissue (4, 8,
14, 20, 31, 49, 52, 55). Therefore, it seems likely that the
regulation of the AKT signal transduction pathway will have
important roles in modulating HBV biosynthesis under a va-
riety of physiologically relevant conditions, and hence, further
understanding of the mechanisms of regulation of HBV tran-
scription and replication by AKT may offer insight into poten-
tial targets for the development of antiviral agents against
chronic HBV infection. Specifically, it may be possible to ac-
tivate AKT and, hence, inhibit HBV biosynthesis while pre-
venting the majority of the cell growth-promoting activities
mediated by AKT using rapamycin to inhibit the target of
rapamycin complex 1 (TORC1) (3). Additionally, AKT serves
as a model kinase capable of modulating HBV pregenomic
RNA transcription through the phosphorylation of PGC1� at
serine 570 (23) and viral replication at the posttranscriptional
level by poorly defined mechanisms (Fig. 8). Therefore, it will
be of considerable interest to investigate the physiological roles
of additional signal transduction pathways and their associated
protein kinase cascades which are known to regulate PGC1�
activity (15, 33, 36, 40) for their effects on HBV transcription
and replication.
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