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Numerous studies have demonstrated that the hepatitis B virus HBx protein stimulates signal transduction
pathways and may bind to certain transcription factors, particularly the cyclic AMP response element binding
protein, CREB. HBx has also been shown to promote early cell cycle progression, possibly by functionally
replacing the TATA-binding protein-associated factor 250 (TAFII250), a transcriptional coactivator, and/or by
stimulating cytoplasmic signal transduction pathways. To understand the basis for early cell cycle progression
mediated by HBx, we characterized the molecular mechanism by which HBx promotes deregulation of the G0
and G1 cell cycle checkpoints in growth-arrested cells. We demonstrate that TAFII250 is absolutely required for
HBx activation of the cyclin A promoter and for promotion of early cell cycle transit from G0 through G1. Thus,
HBx does not functionally replace TAFII250 for transcriptional activity or for cell cycle progression, in contrast
to a previous report. Instead, HBx is shown to activate the cyclin A promoter, induce cyclin A–cyclin-dependent
kinase 2 complexes, and promote cycling of growth-arrested cells into G1 through a pathway involving acti-
vation of Src tyrosine kinases. HBx stimulation of Src kinases and cyclin gene expression was found to force
growth-arrested cells to transit through G1 but to stall at the junction with S phase, which may be important
for viral replication.

Chronic infection with hepatitis B virus (HBV) is closely
associated with the development of hepatocellular carcinoma
in humans. Consequently, there has been intense interest in
HBV gene products that can alter cellular gene activity. The
smallest open reading frame of the mammalian HBVs, includ-
ing the human virus, encodes a 17-kDa regulatory protein
known as HBx (or X protein) (reviewed in references 2 and
92). HBx is essential for productive infection by the mamma-
lian HBVs (12, 95). Studies initially characterized HBx as a
transcriptional transactivator of weak to moderate strength.
Transcription factors activated by HBx include NF-kB, NF-
AT, AP-1, and ATF/CREB (4, 6, 8, 45, 48, 51, 52, 55, 68, 73, 77,
81, 82, 90). In addition to stimulation of RNA polymerase
II-directed transcription, HBx also stimulates transcription by
RNA polymerases I and III (3, 43, 86, 88). HBx is therefore a
modest activator of many types of transcription elements and
factors (28, 29, 46, 51, 54, 60, 61, 90). Many of the reported
activities of HBx have been shown to result from its ability to
activate cytoplasmic signal transduction pathways, particularly
the Ras–Raf–mitogen-activated protein kinase (MAPK) path-
way (6, 18, 55, 86), the cell stress-induced MEKK1–p38–c-Jun
N-terminal kinase (JNK) pathway (8, 73), and the family of Src
tyrosine kinases (41). HBx activation of Src may be important
for viral replication (40). In vitro, HBx can interact with several
components of the transcriptional apparatus, including factors
TATA-binding protein (TBP), TFIIB, TFIIH, and the RPB5
subunit of RNA polymerases (14, 60, 61). HBx also possesses
nuclear transcription-activating functions (23) that may involve

interaction with CREB (51, 59, 77, 90) or possibly a reported
coactivator activity (29, 30, 83).

HBx has been shown to stimulate deregulation of early cell
cycle checkpoint controls (7, 42, 71). Expression of HBx in cells
that have had their growth arrested by serum withdrawal re-
sults in their transit through the G1 phase of the cell cycle but
without progression into S phase (71). Thus, in the absence of
serum, HBx-expressing cells are stalled at the G1-S phase junc-
tion, whereas control cells without HBx remain in G0. If serum
is provided to growth-arrested cells that express HBx, these
cells advance more rapidly through G1 and may enter S phase,
in contrast to cells without HBx, particularly if the cell is
transformed (7, 42). Although HBx activation of Ras has been
shown to be necessary for deregulation of the G0 checkpoint
(7), there is little understanding of the mechanism by which
HBx promotes early cell cycle progression. In this regard, HBx
was also reported to functionally replace TBP-associated fac-
tor 250 (TAFII250) in transcriptional activation, induction of
cell cycle progression, and inhibition of apoptosis in ts13 cells.
Thus, these data implicate both cytoplasmic signal transduc-
tion and nuclear transcription functions in the ability of HBx
protein to promote cell cycle progression. ts13 cells are from
a hamster cell line containing a temperature-sensitive defect
in TAFII250 caused by a single amino acid change in the
TAFII250 protein sequence (31, 76). The TAFII250 ts13 mu-
tation causes cell cycle arrest and apoptosis when these cells
are shifted from the permissive temperature (33°C) to the non-
permissive temperature (39.5°C). TAFII250, the largest TAF
identified, interacts with TBP and several other TAFs (re-
viewed in references 1, 11, and 58), and it is essential for
assembly of the TFIID complex (89). It was recently estab-
lished that TAFII250 targets specific chromatin-bound promot-
ers via multiply acetylated histone H4 proteins. By utilizing its
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intrinsic histone acetyltransferase (HAT) activity, TAFII250
activates transcription through chromatin remodeling and re-
cruitment of the transcription complex (36). TAFII250 is es-
sential for activation of A- and D-type cyclin genes, a necessary
event for progression through the cell cycle (67). Importantly,
extensive analyses of ts13 cells have demonstrated that it is the
HAT activity of TAFII250, and not other activities, that is
impaired at the restrictive temperature (24). Thus, at the re-
strictive temperature, failure of TAFII250 to induce cyclin A
and D genes results in cell cycle arrest and ultimately apoptosis
(67), which results from the loss of TAFII250 HAT activity. In
addition, the effect of the TAFII250 mutation in ts13 cells on
cellular transcription is not global, and only a small number of
genes are affected (47, 67, 84). Transcription of the c-fos gene,
for example, is not influenced by a shift of ts13 cells to 39.5°C,
whereas the activity of the cyclin A promoter is decreased by 8-
to 10-fold.

The simian virus 40 large T antigen (SV40 T-Ag) and the
human cytomegalovirus (HCMV) major immediate-early pro-
teins (MIEPs) can overcome the transcriptional defect of ts13
cells at the restrictive temperature for TAFII250 (19, 49). Res-
cue of ts13 cell transcription is partially restored by the IEP86
protein, although near-complete rescue requires expression
from the entire major immediate-early transcription unit, im-
plying that at least several proteins are required to overcome
the loss of TAFII250 (49, 50). Moreover, studies demonstrate
that while SV40 T-Ag and HCMV MIEPs can compensate for
some of the functions of TAFII250, it is unlikely that a single
viral protein is able to replace the multiple functions of
TAFII250. For instance, the HCMV MIEPs cannot rescue the
cell cycle defect in ts13 cells grown at the nonpermissive tem-
perature for TAFII250 function, although their expression does
prevent apoptosis (50). Genetic evidence also indicates that
different MIEP functions prevent apoptosis and stimulate tran-
scription (50). This is consistent with the multiple activities of
TAFII250, such as transcriptional activation, cell cycle progres-
sion, and effects on apoptosis, involving distinct and separable
functions of TAFII250. Thus, the multifunctional nature of
TAFII250 could explain why transcriptional activation of cyclin
promoters by a rescuing protein does not necessarily result in
cell cycle progression or inhibition of apoptosis when ts13 cells
are shifted to the nonpermissive temperature. HBx protein was
reported to promote cell cycling in ts13 cells incubated at the
restrictive temperature for endogenous mutant TAFII250, as
well as to overcome the transcriptional defect (27). As HBx has
been shown to be an inducer of apoptosis in many cells (9, 16,
39, 66, 70, 74, 78, 79), it is unclear how expression of HBx in a
TAFII250 mutant cell line can block the antiapoptotic effect
that results from the loss of TAFII250 activity.

Studies have characterized the temperature-responsive com-
ponent of the cyclin A promoter, demonstrating that this ele-
ment contains an ATF/CREB transcription factor binding site
which is involved in its activation (85). ATF and CREB factors
and the ATF–CREB-responsive element (CRE) site in cyclin
A and D promoters can be induced via a Src kinase signaling
pathway (44). HBx can activate Src kinases (40, 41), implicat-
ing an established mechanism of action in HBx induction of
cyclin gene activity. Moreover, HBx is widely reported to bind
to and activate ATF/CREB (reviewed in reference 2). Thus,
there are potentially multiple mechanisms by which HBx pro-

motes early cell cycling. In this report, we characterized the
mechanism by which HBx promotes cycling of growth-arrested
cells. We examined whether HBx induction of cell cycling
occurs through its nuclear functions by replacing TAFII250 or
through its cytoplasmic functions by activating Src kinases. We
show that the induction of the cyclin A promoter by HBx in
ts13 cells, which is essential for cell transit through G1, is
dependent on activation of the Src family of tyrosine kinases.
HBx could not functionally replace the loss of TAFII250 activ-
ity for activation of the cyclin A promoter or for early cell cycle
progression. Furthermore, HBx induction of the cyclin A pro-
moter through cytoplasmic activation of Src kinases is shown to
be involved in the release of cells from quiescence and their
transit through G1 to the junction with S phase. HBx is shown
to be located predominately in the cytoplasm of ts13 cells
regardless of temperature, consistent with an absolute require-
ment for induction of cytoplasmic signaling cascades but in-
consistent with an essential requirement for nuclear transcrip-
tion functions. In fact, an HBx protein that was engineered to
concentrate in the nucleus by fusion to a nuclear localization
signal (NLS) failed to substitute for TAFII250 function or to
promote cell cycle progression. Finally, HBx is shown to acti-
vate the endogenous cyclin A promoter and cyclin A–cyclin-
dependent kinase 2 (cdk2) complexes in wild-type (TAFII250
containing) cells through cytoplasmic activation of Src signal-
ing pathways.

MATERIALS AND METHODS

Cell culture. ts13 cells were maintained at 33°C in 5% CO2 in Dulbecco’s
modified Eagle’s medium (DMEM) containing penicillin (100 U/ml) and strep-
tomycin (100 mg/ml), supplemented with 10% fetal bovine serum. Chang cells
were maintained in DMEM at 37°C as described above.

Plasmids and viruses. The HBx-expressing plasmids, pAd-CMVX, pAd-
HBxFlag, pAd-HBxo, pAd-HBxNLSFlag, and pAd-HBxSLNFlag, the TAFII250-
expressing plasmid, the Csk-expressing plasmid (pCaCsk), and the cyclin A
promoter-driven luciferase reporter plasmid (pCyA-Luc) have been described
previously (23, 41, 84). High-concentration stocks of plasmids were purified using
the Concert High Purity Plasmid Maxiprep System (Life Technologies) accord-
ing to the manufacturer’s instructions. Replication-defective recombinant ade-
novirus (Ad) vectors have been described previously (23). Ad-HBx and Ad-HBxo
express wild-type HBx and an HBx mutant mRNA that lacks all potential trans-
lation initiation codons and does not synthesize HBx protein, respectively. HBx
was inserted in place of Ad region E1. Ad vectors were propagated and titers
were determined on 293 cells, which complement the loss of the E1 transcription
unit.

Transfection, luciferase assays, and survival curves. All transient transfections
were performed by both standard calcium phosphate transfection methods and
lipid methods using Lipofectamine-Plus (Life Technologies) according to the
manufacturer’s instructions. Both methods gave similar results, and only those
from the Lipofectamine-Plus transfections are reported here. Luciferase re-
porter assays were performed using the Promega luciferase assay system accord-
ing to the manufacturer’s instructions. To analyze HBx-induced ts13 survival at
the nonpermissive temperature, cells were cotransfected with 0.5 mg of a green
fluorescent protein (GFP)-expressing plasmid (pGFP) and amounts of pAd-
CMV control vector or pAd-CMVX (23) ranging from 1 to 10 mg/5 3 106 cells.
After 24 h of recovery to ensure protein expression, cells were either maintained
at 33°C (permissive for TAFII250) or shifted to 39.5°C (restrictive). At indicated
times after the temperature shift, relative cell survival was calculated from the
mean of surviving GFP-expressing cells, collected by viewing 10 fields at 403
power using a standard UV light microscope outfitted with GFP filters.

Flow cytometry. These studies were carried out as previously described (7),
with minor changes as described below. Briefly, Chang cells were made quiescent
by cultivation in DMEM without serum for 30 h, infected with replication-
defective Ad vectors expressing HBx (Ad-CMVX) or a mutant devoid of all
potential HBx AUG codons, known as HBxo (Ad-CMVXo), at 25 PFU per cell,
and maintained in DMEM in the absence of serum for up to 24 h. Cells were
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lysed in a solution containing 0.1% Nonidet P-40, 50 mg of propidium iodide per
ml, 100 mg of DNase-free RNase A per ml, 5 mM NaCl, and 10 mM trisodium
citrate. Flow cytometry was performed without modification as described previ-
ously (34). Results shown are typical of three independent trials.

Kinase assays. For the cyclin A-cdk2 complex assay, serum-starved Chang
cells were transfected with plasmid DNAs for 24 h and lysed, and extracts were
prepared as described previously (7). Cyclin A was specifically immunoprecipi-
tated with a commercial monoclonal antibody to cyclin A (Upstate Biotechnol-
ogy, Lake Placid, N.Y.), and equal fractions were resolved by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (12% gel) and immu-
noblotted with the same antibody, followed by visualization with the enhanced
chemiluminescence system (ECL; Amersham). The remaining immunoprecipi-
tate was added to in vitro kinase reactions containing 5 mCi (1 Ci 5 37 GBq) of
[g-32P]ATP and 50 mg of histone H1 per ml in 50-ml reaction volumes as
described previously (7, 33). Proteins were resolved by SDS-PAGE (12% gel)
and quantitated and detected by phosphorimage analysis. Data represent typical
results from three independent experiments. The Src kinase assay was carried
out as described previously (41), with minor changes. Briefly, cells were lysed in
buffer containing 1% Nonidet P-40, 150 mM NaCl, 20 mM Tris-HCl (pH 8), 2.5
mM EDTA, 1 mM Na3VO4, 50 mM NaF, 1 mM phenylmethylsulfonyl fluoride,
10 mg of aprotinin per ml, and 10 mg of leupeptin per ml. c-Src was immuno-
precipitated from equal amounts of extract using a commercial monoclonal
antibody (Upstate Biotechnology), and equal amounts were resolved by SDS-
PAGE (12% gel) and immunoblotted with the same antibody. Equal fractions of
the remaining immunoprecipitate were resuspended in kinase buffer (20 mM
HEPES [pH 7.4], 10 mM MnCl2) with 0.2 mg of acid-denatured enolase (Sigma),
20 mCi of [g-32P]ATP, and 10 mM ATP, as previously described (41). Samples
were resolved by SDS-PAGE (12% gel) and subjected to phosphorimage anal-
ysis. Data shown are typical of three independent experiments.

Indirect immunofluorescence. Immunofluorescent antibody staining of ts13
cells transfected with HBx (pAd-HBxFlag) was performed as previously de-
scribed (23). Briefly, cells were grown on collagen-coated coverslips, transfected
with either pAd-HBxFlag, pAd (DNA vector control), pAd-HBxNLSFlag, or
pAd HBx SLNFlag, and allowed to recover for 24 h. For fixation and permeabi-
lization, the medium was removed and cells were washed twice with phosphate-
buffered saline (PBS) and then treated in 95% ethanol plus 5% acetic acid
overnight at 220°C or in 70% acetone plus 30% methanol for 10 min at 220°C.
Fixed and permeabilized cells were washed with PBS and then blocked in PBS
plus 1% nonfat dry milk for 30 min at 37.5°C. Cells were incubated with anti-Flag
M1 antibody (Kodak) for 1 h at 37°C, washed four times with PBS, and then
incubated with secondary donkey anti-mouse fluorescein isothiocyanate (FITC)-
conjugated antibody. Cells were visualized and photographed using a Zeiss Axio-
phot fluorescence photomicroscope. Both fixation methods gave identical results.

RESULTS

HBx requires TAFII250 activity for cyclin A promoter tran-
scription. Studies first examined the ability of HBx to stimulate
transcription of a cyclin A promoter-luciferase reporter con-
struct in ts13 cells at the permissive temperature for TAFII250
transcriptional activity (33°C). Cells were transiently trans-
fected with a plasmid expressing wild-type HBx or control
plasmid DNA and were maintained at the permissive temper-
ature. Cotransfection with pGFP demonstrated equal transfec-
tion efficiencies in all samples (;70%; data not shown). HBx
was found to reproducibly induce the ectopic cyclin A pro-
moter two- to threefold at the permissive temperature (Fig. 1).
These results are consistent in magnitude with the widely re-
ported weak to moderate transactivation activity of HBx in a
variety of cells and with different promoters (typically two- to
sixfold). To evaluate whether HBx can rescue the ts13 tran-
scription defect resulting from inactivation of TAFII250 at the
restrictive temperature, cells were transfected for 5 h at 33°C
with expression plasmids for HBx and the cyclin A promoter-
controlled luciferase reporter and were maintained at the non-
restrictive temperature (33°C) or shifted to 39.5°C. At the
restrictive temperature for TAFII250 activity, HBx only mar-
ginally stimulated transcription of the transfected cyclin A pro-

moter just slightly above that of vector alone (Fig. 1). Impor-
tantly, HBx did not even stimulate the cyclin A promoter to the
basal levels of transcription that were observed at the permis-
sive temperature. In fact, the experiment could not be contin-
ued past 30 h of transfection due to cell death, indicating the
failure of HBx to rescue TAFII250 function. Transfection of
cells with the HBx expression plasmid, ranging from 0.25 to 10
mg per 107 cells (a 40-fold concentration range), also failed to
recover cyclin A promoter activity at the restrictive tempera-
ture (data not shown). Identical results were obtained when
cells were transfected at 33°C and then shifted to 39.5°C 1 day
later or when they were transfected at 39.5°C and maintained
at the nonpermissive temperature. Consequently, there were
no experimental conditions in which HBx replaced TAFII250
function for cyclin A promoter activity. In contrast, cotrans-
fection of ts13 cells at the restrictive temperature (39.5°C) with
the cyclin A promoter-reporter construct and a wild-type
TAFII250 expression vector recovered almost full cyclin A
promoter transcriptional activity compared to control cells ex-
pressing functional endogenous TAFII250 at the permissive
temperature. Since about 70% of the cells were transfected
(data not shown), these data demonstrate that ectopic expres-
sion of TAFII250 can rescue the transcription defect of ts13
cells within 24 h at 39.5°C. Ectopic expression of wild-type
TAFII250 in ts13 cells at the permissive temperature actually
reduced cyclin A promoter activity slightly, possibly as a result
of squelching due to supraphysiological expression levels. HBx
did not lose function at 39.5°C, since at 39.5 and 33°C it
stimulated transcription equally well of a reporter controlled
by a minimal promoter and four AP-1 transcription factor
binding sites in Chang cells (Table 1). In addition, HBx is
stably synthesized at 39.5°C (shown later in Fig. 2). Collec-

FIG. 1. HBx stimulation of cyclin A promoter requires TAFII250
function. ts13 cells grown at 33°C were transiently transfected with
control vector, HBx expression vector, or wild-type TAFII250 expres-
sion vector plus a cyclin A promoter-luciferase reporter construct. Cells
were maintained at the permissive temperature (33°C) or shifted 5 h
later to the nonpermissive temperature (39.5°C) for TAFII250 activity
as described previously (24). At 24 h posttransfection, transcriptional
activity was measured by relative luciferase light units and normalized
for transfection efficiency and protein concentration. Data represent
the means of at least three independent experiments, with calculated
standard errors shown.
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tively, these data demonstrate that HBx requires TAFII250
activity for cyclin A promoter activation, suggesting that nu-
clear HBx functions are either insufficient or unnecessary to
promote early cell cycling, which was investigated next.

HBx protein engineered to concentrate in the nucleus re-
quires TAFII250 function. Most studies have found HBx pro-
tein to be largely, but not exclusively, in the cytoplasm of a
variety of cell types, whether expressed by transient transfec-
tion or in the context of viral infection (e.g., see references 20,
21, and 23). The cellular location of HBx in ts13 cells was
investigated first using an HBx construct containing a C-ter-
minal foreign Flag epitope. HBxFlag was shown previously to
behave identically to unmodified wild-type HBx (23). ts13 cells
were transfected with the HBxFlag expression plasmid or con-
trol vector DNA, and then indirect immunofluorescence anal-
ysis was carried out on cells fixed to coverslips and stained with
anti-Flag antibodies followed by FITC-conjugated secondary
antibodies. Although there was a low level of nuclear staining,
the majority of HBx was found in the cytoplasm in all cells
observed (Fig. 2). Furthermore, there was no change in wild-
type HBx intracellular distribution when ts13 cells were shifted
to the nonpermissive temperature for TAFII250 activity 24 h
prior to fixation (Fig. 2). An HBx variant engineered to contain
an N-terminal NLS from SV40 T-Ag (HBxNLS) (23) was con-
centrated in the nucleus but retained some cytoplasmic distri-
bution. An HBx control which contains a defective NLS se-
quence (HBxSLN) (23) remained cytoplasmic. HBxNLS and
HBxSLN have been characterized extensively in a variety of
cell types (e.g., see references 23 and 77). Shifting of the
cells to 39.5°C did not alter the intracellular distribution of
HBxNLS or HBxSLN proteins from that observed at 33°C
(data not shown). It can be concluded, therefore, that HBx
proteins are synthesized and retain their typical intracellular
distribution at both 33 and 39.5°C.

Studies were then conducted to examine whether HBx failed
to functionally replace TAFII250 at 39.5°C because too little
HBx accumulates in the nucleus in ts13 cells. Cells at the
permissive or restrictive temperature were transfected with
wild-type HBx, HBxNLS, or wild-type TAFII250 expression
plasmids, and the effect on cyclin A promoter activity was
determined (Fig. 3A). At the restrictive temperature, ectopic
expression of wild-type TAFII250 recovered normal levels of
cyclin A promoter transcriptional activity compared to the
nonrestrictive temperature. There was no recovery of cyclin A
promoter activity at the restrictive temperature by HBx or
HBxNLS proteins. Thus, nuclear HBx protein does not func-
tionally replace TAFII250 transcriptional activity at the restric-
tive temperature. Studies performed at the nonrestrictive tem-
perature for TAFII250 activity demonstrate similar activation

by HBxNLS and HBx. Since some HBxNLS remains cytoplas-
mic whereas the nuclear level of HBx is increased strongly,
these results indicate that even with increased levels of HBx in
the nucleus, like wild-type HBx, TAFII250 function is still re-
quired for activation of the cyclin A promoter. Because titra-
tion analysis of HBx showed that even 10-fold-lower levels
could activate transcription, we suspect that the small amount
of cytoplasmic HBxNLS in ts13 cells is sufficient for activation
of the cyclin A promoter. These results also suggest that nu-
clear and cytoplasmic HBx functions are involved in early cell
cycle progression, but the nuclear function does not include a
previously reported TAFII250 activity which could not be re-
produced here.

Studies were therefore performed to determine whether the
nuclear HBx function involves activation of the transcription
factor CREB, since HBx has been shown to bind and activate
CREB in vitro and since CREB activation is required for
stimulation of the cyclin A promoter. Cotransfection of ts13
cells at the permissive temperature with a CRE-luciferase re-

FIG. 2. HBx remains predominantly cytoplasmic in ts13 cells re-
gardless of temperature. ts13 cells were grown on coverslips at 33°C,
transiently transfected with a plasmid expressing HBxFlag, which is an
HBx protein containing a C-terminal Flag epitope that behaves iden-
tically to wild-type HBx, or HBxFlag containing an NLS (HBxNLS) or
a control plasmid expressing a mutant NLS (HBxSLN) (23). Cells were
maintained at 33°C or shifted to 39.5°C for 24 h, fixed and permeabil-
ized on coverslips, and reacted with M2 anti-Flag antibodies followed
by FITC-conjugated secondary antibody to visualize HBxFlag. Immu-
nofluorescence photomicrographs (magnification, 3400) are shown
for cells representative of each field. Control cells with vector alone did
not demonstrate antibody staining (23, 74; data not shown).

TABLE 1. HBx requirement for TAFII250 in
AP-1-directed transcription

Temperature (°C) Construct AP-1 luciferase activity (103)

33 DBSa 6.2 6 0.4
HBx 13.3 6 0.5

39.5 DBS 7.0 6 0.3
HBx 12.3 6 0.4

a DBS, vector alone.
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porter and wild-type HBx (Fig. 3B) demonstrated two- to
threefold activation of CREB-dependent transcription by wild-
type HBx. Similar analysis using HBxNLS, which is largely but
not entirely distributed in the nucleus, demonstrated slightly
lower activation of the CREB-dependent reporter. This is con-
sistent with a previous report which suggested that HBx acti-
vation of CREB might involve both cytoplasmic and nuclear
HBx functions (90). At the restrictive temperature for TAFII250,
neither wild-type HBx nor HBxNLS proteins stimulated CREB-
dependent transcription (Fig. 3B). This is consistent with an
essential requirement for TAFII250 function in transcriptional
activation by HBx. Studies presented later demonstrate that
HBx activation of Src kinase signaling is involved in CREB
activation as well.

HBx requires TAFII250 activity and cytoplasmic functions
to promote cell viability and cycling. We sought to determine
whether HBx promotion of ts13 cell viability and cycling in-
volves nuclear HBx functions that require or are independent
of TAFII250 activity. Cells were cotransfected with a GFP
expression vector and pAd-CMVX or control plasmid DNA
and then maintained at the permissive temperature (33°C) or
shifted to a restrictive temperature (39.5°C) for endogenous
TAFII250 activity. Under these conditions, all GFP-expressing
cells were cotransfected with either TAFII250, HBx, or vector
DNA at ;70% efficiency, regardless of temperature (data not
shown). At different times following the temperature shift,
cells were observed by light microscopy, and the number of
viable GFP-expressing cells was quantified as described in Ma-
terial and Methods. Approximately 90% of the transfected ts13
cells containing wild-type TAFII250 and GFP survived at the

nonpermissive temperature, indicating inhibition of cell death
(Fig. 4). Cells expressing HBx were identical to control cells
transfected with vector alone at the nonpermissive tempera-
ture, demonstrating widespread cell death. Thus, HBx did not
delay the onset or rate of cell death and therefore did not
promote cell cycling in the absence of TAFII250 activity. Iden-
tical results were obtained with HBxNLS, which concentrates
in the nucleus (data not shown). We attempted to isolate
surviving colonies of ts13 cells that were transformed by HBx at
39.5°C. Cells were transformed with vector alone or plasmids
expressing HBx, HBxNLS, or wild-type TAFII250, at concen-
trations ranging from 1 to 10 mg of plasmid per 5 3 106 cells.
The numbers of surviving transformants after 2 weeks of se-
lection at 39.5°C are shown in Table 2. HBx, HBxNLS, and
vector DNA all gave rise to fewer than two colonies per 107

cells, a transformation frequency of 2 3 1027. In comparison,
cells transformed with TAFII250 averaged 7 3 106 transfor-
mants per 107 cells, a transformation efficiency almost equal to
the efficiency of transfection, indicating that the majority of
cells transfected with TAFII250 could be rescued. In addition,
attempts to produce stably selected ts13 cells expressing HBx
under a regulated promoter failed due to cell death, likely
resulting from leaky synthesis of HBx protein (data not
shown). Collectively, these results demonstrate that nuclear
HBx functions are not sufficient to promote cell viability and
cycling in the absence of TAFII250 activity.

HBx stimulates the cyclin A promoter, promotes formation
of cyclin A-cdk2 complexes, and deregulates early cell cycle
checkpoints in a Src kinase-dependent manner. It was shown
previously that activation of transcription by HBx in part in-

FIG. 3. Nuclear HBx does not complement for loss of TAFII250 in cyclin A or CRE-dependent promoter activity. (A) ts13 cells were transiently
transfected with a cyclin A promoter-luciferase reporter construct and a vector expressing wild-type HBx, an HBx engineered to concentrate largely
but not completely in the nucleus by inclusion of the SV40 T-Ag NLS (HBxNLS) (23), or wild-type TAFII250. (B) Cells were transfected as
described above but with a 43 multimerized CRE-basal promoter-luciferase reporter construct. Cells were maintained at 33°C or shifted to the
nonpermissive temperature for TAFII250 (39.5°C) for 24 h, and transcriptional activity was determined as described in the legend for Fig. 1. Results
represent the means of at least three independent experiments, with calculated standard errors shown.
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volves its cytoplasmic stimulation of Src kinase signaling and
the Ras-Raf-MAPK/JNK pathway (6, 8, 40, 41, 73, 86). More-
over, HBx was shown previously to stimulate cyclin E and A
synthesis by acting on cytoplasmic signal transduction pathways
(7). The failure of HBx to stimulate cell cycling and the cyclin
A promoter in the absence of TAFII250 activity at 39.5°C, even
when relocated to the nucleus (Fig. 1 and 3), implicated HBx
activation of signaling pathways in this action. We therefore
characterized HBx activation of the endogenous cyclin A pro-
moter and cyclin A-cdk2 complexes. Previous studies have
shown that HBx can deregulate the G0 cell cycle control check-
point in a variety of cell types with arrested growth and can
facilitate transit into or through G1 to the early S phase tran-
sition (7, 42, 71). We first show that HBx promotes transit of
G0-G1-arrested cells through G1 to the G1-S junction in the
absence of serum. It was not possible to conduct these studies
in ts13 cells, which apoptose when growth is arrested by serum
depletion (67), particularly with expression of HBx (data not
shown). Consequently, Chang cells, a human liver cell line
which can have its growth arrested by serum withdrawal with-
out inducing apoptosis, were used.

Quiescent cells (cells in G0 and at the G0-G1 junction) were
accumulated by serum withdrawal. Cells were then transduced
by a replication-defective Ad vector lacking the Ad E1 region,
which in its place expresses the HBx gene, or by a control
HBxo gene which expresses an mRNA that cannot synthesize
HBx protein (7, 23, 40, 73). Studies have shown that these
vectors remain genetically silent for the time course of these
experiments (73). Cells were lysed at various times after trans-
duction with Ad vectors, and flow cytometry was performed on
propidium iodide-treated nuclei (Fig. 5). In the absence of
serum stimulation, cells expressing the HBxo gene did not exit

from the G0-G1 fraction upon the termination of these studies (24
h posttransfection). Control cells expressing HBxo in the pres-
ence of serum proliferated more rapidly and entered S phase
during this same time course. In comparison, HBx-expressing
cells in the absence of serum showed a gradual increase in accu-
mulation at the G1 junction with early S phase which was striking
by 24 h of expression. Although cells expressing HBx in the
absence of serum did not enter S phase and replicate, there was
an evident increase in cell number at the rightward G1 transition
with S phase. This likely represents the initiation of DNA decom-
paction in the nucleus which precedes entry into S phase and
causes an increased fluorescent signal (62). The disappearance of
the small fraction of cells in the G2-M phase in the HBx-express-
ing sample at time zero probably represents cells that cycled
through to G1 phase and then stopped (71).

Studies next determined whether HBx activation of Src ki-
nases is important for deregulation of early cell cycle check-
points. Chang cells were transfected with a plasmid expressing
the kinase Csk, which phosphorylates and downregulates Src
kinases. Csk was chosen for these studies because it very spe-
cifically blocks the family of Src kinases. At 8 h following
transfection, cells were transduced with an Ad vector express-
ing HBx or HBxo. Approximately 70% of the cells were found
to be transfected, whereas 95% were transduced by the Ad
vector (data not shown). Previous studies demonstrated that
Csk does not inhibit the expression of HBx controlled by the
CMV promoter (40, 41). Expression of Csk in HBx-expressing
cells reduced the fraction of cells that accumulated at the G1-S
phase junction by about half at 24 h in the absence of serum.
Various chemical inhibitors of Src kinases were found to pro-
vide equivalent results and will be published elsewhere. Cells
expressing both Csk and HBxo were identical to the HBxo
controls in the absence of serum (data not shown). Since Src
kinases are stimulated by HBx acting in the cytoplasm (41),
which is required for HBx promotion of cell cycling as shown
here, we did not evaluate the effect of HBxNLS. These results
demonstrate that HBx deregulates early cell cycle checkpoints
in a Src kinase-dependent manner, an event that includes syn-
thesis of cyclin A and activation of cyclin A-cdk2 complexes.

Studies therefore examined the role of cytoplasmic HBx
activities in deregulation of early cell cycle control. Since many
cytoplasmic functions of HBx can be accounted for by its ac-
tivation of Src signaling, the role of Src activation in the stim-
ulation of the endogenous cyclin A promoter was investigated.
Serum-starved Chang cells were transfected with HBx or HBxo
expression vectors, with or without cotransfection of a plasmid
expressing the kinase Csk. Cell extracts were prepared 30 h
later, c-Src was specifically immunoprecipitated, and HBx ac-
tivation was shown by the ability of immunoprecipitated Src to
phosphorylate the substrate enolase in vitro (Fig. 6A). HBx
induced a fourfold activation of Src compared to cells trans-

FIG. 4. Effect of HBx on ts13 cell viability and growth in the ab-
sence of TAFII250 activity. ts13 cells at 33°C were transiently transfect-
ed with vector alone or with an HBx or wild-type TAFII250 expression
vector. Duplicate plates of cells containing either vector alone or HBx
were maintained at the permissive (33°C) temperature for endogenous
TAFII250 activity. Cell viability and growth were determined at days 1
to 4 after the shift to the nonpermissive temperature based on cotrans-
fected cells expressing a GFP marker, as described in Materials and
Methods. Analysis of cell viability commenced at 24 h following the
shift of samples to the nonpermissive temperature. Data represent a
typical experiment that did not differ from three other studies by more
than 10% and are displayed as the mean numbers of surviving cells per
field obtained by the average of 10 fields per time point. An equal
number of cells per field was plated at the start of the experiment.

TABLE 2. Effect of HBx and TAFII250 on ts13 cell viability

Construct No. of colonies Transformation efficiency

Vector alone ,2 2 3 1027

HBx ,2 2 3 1027

HBxNLS ,2 2 3 1027

pTAFII250 7 3 106 7 3 106
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fected with the HBxo vector which was prevented by coexpres-
sion with Csk (Fig. 6A). Equal amounts of Src were assayed, as
shown by the immunoblot analysis of the immunoprecipitates.
Studies then determined whether HBx stimulates endogenous
cyclin A gene expression through a Src kinase pathway in
growth-arrested Chang cells. Cells were assayed for cyclin A
protein levels and cyclin A-cdk2 activity 24 h after transfection,

corresponding to the accumulation of cells in G1-early S phase
(Fig. 5). Compared to the HBxo control, HBx induced about a
fivefold increase in cyclin A protein levels in these cells, which
was blocked by coexpression of Csk (Fig. 6B). The activity of
cyclin A-cdk2 complexes was determined by immunoprecipita-
tion of cyclin A followed by an in vitro assay of cdk2 phos-
phorylation of the substrate histone H1 (7) (Fig. 6B). Com-
pared to the HBxo control, HBx induced a fivefold stimulation
of cyclin A-cdk2 complexes in serum-starved cells by 24 h after
transfection, which was prevented by coexpression with Csk.
These data therefore demonstrate that HBx stimulation of Src
kinases is an important cytoplasmic component of deregulation
of early cell cycle control.

Studies next showed that HBx activation of Src signaling is also
vital for stimulation of the ectopic cyclin A promoter-reporter in
ts13 cells. Cells were cotransfected with vectors expressing HBx or
TAFII250, plus the cyclin A promoter-reporter, with or without
cotransfection of a plasmid expressing Csk. Cells maintained at
the permissive temperature for the ts13 mutation in TAFII250
showed a consistent increase in cyclin A promoter activity of two-
to threefold with HBx expression, which was blocked by overex-
pression of Csk (Fig. 7). At the restrictive temperature for
TAFII250, HBx stimulated the cyclin A promoter only very
slightly, and this stimulation was also blocked by Csk expression.
As a control, cells maintained at the restrictive temperature and
expressing wild-type TAFII250 were shown to be unaffected by
overexpression of Csk. Furthermore, Csk did not downregulate
transcription of a CMV promoter-controlled reporter construct
(data not shown), excluding inhibition of HBx activity by a
general decrease in transcription (Fig. 7). Thus, HBx stimu-
lates the cyclin A promoter and deregulates early cell cycle
control through a pathway that requires TAFII250 function
and activation of Src kinases.

DISCUSSION

The HBV HBx protein possesses a wide variety of activities,
such as activation of cytoplasmic signal transduction pathways,
induction or sensitization of cells to apoptosis, loss of early cell
cycle control checkpoints, possibly direct interaction with sev-
eral components of the transcription apparatus, and a weak to
moderate activation of transcription directed by RNA poly-
merases I, II, and III. Given the variety of activities attributed
to HBx and the fact that its ability to activate transcription is at
best moderate, there has been considerable difficulty in firmly
establishing the mechanism(s) through which HBx activates
transcription. The in vitro demonstration of interactions be-
tween HBx and components of the transcriptional machinery
such as RBP5 or TFIIH or the transcription factor ATF/CREB
has led to the suggestion that HBx functions directly in the
nucleus (14, 51, 60, 61, 90). Transcriptional activation by HBx,
according to this model, is a consequence of direct interaction
with any of several transcription factors in the nucleus. While
most evidence points to a largely cytoplasmic location for HBx,
some of the protein is typically in the nucleus, providing sup-
port for this model (20, 21, 23, 63, 72). Moreover, HBx is
thought to activate the transcription factor CREB, at least in
part by direct interaction in the nucleus (90). Another large
body of evidence also supports a cytoplasmic function for HBx
in transcriptional activation. Activation of NF-kB, NF-AT, and

FIG. 5. Effect of HBx on the cell cycle. Change cells were accumu-
lated largely in the G0-G1 phase by 30 h of maintenance in serum-free
medium and then transduced with replication-defective Ad vectors
with the wild-type HBx or mutant HBxo gene substituted for region
E1. HBxo is a control that cannot synthesize HBx protein. Control cells
containing HBxo were supplemented with 10% serum at the time of
Ad transduction. Flow cytometry was performed using propidium io-
dide staining of nuclei. Histograms of nuclei are shown, obtained from
cells at time zero (immediately following Ad transduction) and at 16
and 24 h. The DNA content of the nuclei was determined within 2 h of
cell lysis by flow cytometry using the MODFIT program. Data are
presented from a single experiment which did not vary by more than
10% in three trials.
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AP-1 by HBx as well as stimulation of transcription directed by
RNA polymerases, I, II, and III involve HBx activation of
cytoplasmic signaling (6–8, 15, 17, 18, 23, 32, 38, 40, 41, 43, 48,
55, 73, 74, 86–88). Furthermore, most studies on HBx cellular
location have demonstrated that most of the protein is located
in the cytoplasm, regardless of whether it is synthesized during
transient transfection or in the context of woodchuck hepatitis
virus or human HBV infection of liver cells in vivo (20, 21, 23,
35, 63, 72). This is in accord with the observation that cyto-
plasmic HBx activation of Src signaling, in particular, strongly
stimulates viral replication in cultured cells (40).

Ras and Src signal transduction pathways, both of which are
activated by HBx, are critical effectors for progression of cells
to the G1-early S phase transition of the cell cycle. Transit of
quiescent cells through G1 involves stimulated synthesis of
cyclin D followed by cyclin E, both of which associate with and
activate cdk-4, -6, and -2 (reviewed in reference 65). Transit of
cells to the S phase junction involves synthesis of cyclin A,
which associates with and activates cdk2. Ras and Src signaling
are involved in multiple events for progression to the G1-S
transition (65), which include activation of Fos and Jun (AP-1)

and ATF/CREB family members (5, 10, 37, 44, 53, 56, 64, 91;
reviewed in reference 80). Studies have demonstrated that a
key target of these signaling events for G1 progression is acti-
vation of cyclin D and A promoters by ATF/CREB transcrip-
tion factors (69, 75, 85) in conjunction with specific activation
of TAFII250 (85). The critical function of TAFII250 for acti-
vation of cyclin D and A promoters was shown to be its intrin-
sic HAT activity, as the ts13 cell mutation renders TAFII250
HAT defective at the restrictive temperature, prevents D and
A cyclin gene transcription, and blocks progression to the G1-
early S transition (24).

In this study, we explored the functions of HBx in promoting
early cell cycling, including its purported functional replace-
ment of TAFII250 (27). Since TAFII250 couples transcriptional
activation to cell proliferation, functional substitution by HBx
would be unprecedented, given that it is only 17 kDa in size
and possesses no known enzymatic activities. It would also be
expected to reflect a novel and underscribed proto-oncogenic
activity of HBx, because continuous expression of HBx is pre-
sumably required during virus replication (21). We showed
that HBx does not functionally replace known activities of
TAFII250. HBx did not stimulate the cyclin A promoter in the
absence of TAFII250 activity (Fig. 1), regardless of whether
the nuclear levels of HBx were elevated (Fig. 2 and 3), and it
did not rescue cells from death induced by the absence of
TAFII250 activity (Table 1; Fig. 4). However, it was found that
HBx required TAFII250 function to stimulate the cyclin A
promoter (Fig. 1, 6, and 7). HBx also required TAFII250 func-

FIG. 6. HBx stimulates endogenous cyclin A promoter and cyclin
A-cdk2 complexes through a Src kinase pathway. Quiescent serum-
starved Chang cells were transiently transfected at ;70% efficiency
(data not shown) with vectors expressing HBx or HBxo, with and
without cotransfection of a plasmid expressing Csk, a negative regu-
lator of Src kinases. At 24 h posttransfection, cell lysates were pre-
pared. (A) pp60 c-Src was immunoprecipitated from equal amounts of
cell lysates using a specific monoclonal antibody, and equal fractions
were resolved by SDS-PAGE (12% gel) and immunoblotted with the
same antibody (Src blot) or assayed for in vitro phosphorylation ac-
tivity with [g-32P]ATP and the substrate enolase (Src activity). (B)
Cyclin A was immunoprecipitated using a specific monoclonal anti-
body from equal amounts of lysate, and equal fractions of the immu-
noprecipitate were resolved by SDS-PAGE (15% gel) and immuno-
blotted for cyclin A protein (cyclin A blot) or assayed for associated
cdk2 activity by in vitro phosphorylation of histone H1, a substrate of
cdk2, using [g-32P]ATP. Phosphorylated enolase and histone H1 were
resolved by SDS-PAGE (12% gel), autoradiographed, and quantitated
by digital densitometry. Results shown are typical of three independent
experiments which did not vary by more than 20%.

FIG. 7. HBx stimulation of cyclin A promoter through a Src kinase
pathway. ts13 cells grown at the permissive temperature (33°C) or the
restrictive temperature (39.5°C) were transiently transfected with the
cyclin A promoter-luciferase reporter construct and control vector, HBx,
or wild-type TAFII250, with or without a cotransfected Csk expression
vector. Cells were then maintained at 33°C or shifted to 39.5°C 5 h
after transcription. In some studies, cells were shifted to 39.5°C 24 h
after transfection at 33°C, with identical results (data not shown). At
24 h posttransfection, transcriptional activity was measured by relative
luciferase light units and normalized for transfection efficiency and
protein concentration. Data represent the means of at least three in-
dependent experiments, with calculated standard errors shown.
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tion to induce quiescent cells to transit from G1 to the S phase
(Fig. 5 and 6), since switching cells to the restrictive tempera-
ture for TAFII250 blocked cell cycling. Since the only defect at
the restrictive temperature is in TAFII250 function and since
TAFII250 function is essential for cell cycle progression (24, 49,
50, 67, 75, 84, 85), these data demonstrate that HBx does not
override the requirement for TAFII250 in stimulating cell cy-
cling. These data are consistent with other previous reports
demonstrating induction of early cell cycling by HBx (and
presumably activation of the cyclin D promoter as well) (6, 7,
42, 71), possibly to the G1-early S phase junction (71). In
addition, HBx activation of Src signaling, which is coupled to
activation of Ras (41), was shown to be important for progres-
sion of cells through G1 and activation of the cyclin A pro-
moter (Fig. 6 and 7).

The results reported here are consistent with critical cyto-
plasmic functions of HBx in the stimulation of early cell cy-
cling. HBx stimulation of Src signaling was found to be essen-
tial and is consistent with the established critical importance of
Src and Ras in promoting progression of cells through G1. The
inability of HBx to functionally replace TAFII250 during 24 to
30 h of expression is also consistent with the established lon-
gevity of the TAFII250-TFIID complex. Most studies demon-
strate that this complex is very stable. In ts13 cells at the
restrictive temperature for TAFII250, almost 24 h was required
for replacement of the mutant form of TAFII250 by ectopically
expressed wild-type protein (19, 49). Thus, the reported rescue
by HBx of ts13 TAFII250 within 5 h of the inactivating tem-
perature shift, if correct, would be unprecedented (27). How-
ever, HBx has been shown to bind in vitro to the CREB
transcription factor (4, 51, 77, 90) and to stimulate CREB-
dependent transcription in vivo (59, 90). Furthermore, an
ATF/CREB element can function in transcriptional activation
of cyclin D and A genes. Taken together, these observations
raised the possibility that perhaps HBx might circumvent
TAFII250 function by activating CREB, leading to cell cycling
and prevention of cell death. Nevertheless, neither wild-type
HBx nor a variant engineered to concentrate in the nucleus
blocked cell death or displayed any TAFII250-independent
activity, including transcriptional activation of the cyclin A
promoter and CREB-dependent transcription at the restrictive
temperature for TAFII250 (Fig. 3). Although nuclear HBx was
not sufficient to activate cell cycling, studies need to determine
its involvement in promotion of early cell cycling, possibly by
direct interaction between HBx and CREB.

HBx stimulation of the cyclin A promoter and G1 cell cycle
progression may represent a significant activity in the HBV life
cycle. HBx expression during infection by HBV may stimulate
quiescent hepatocytes, not to divide but to transit the G1-to-
S-phase transition. A similar function is well established for
regulatory proteins of many oncogenic viruses. It is thought
that release of cells from quiescence may aid in viral replica-
tion by expanding the pool of deoxynucleoside triphosphates
(dNTPs), which is significantly restricted during G0 and is
elevated during the G1 transition (22). Moreover, dNTP pools
are much lower in the cytoplasm, where HBV replicates, than
in the nucleus, which could present a considerable impediment
to HBV replication in quiescent cells. Transit through G1 would
therefore increase dNTP metabolism and elevate the available
pool for HBV replication. In contrast, if HBx were to function

as a TAFII250-like protein, promoting cells into cycling, this
would be deleterious, as studies have shown greatly impaired
HBV replication in cells during S phase (57). Importantly, for
classic retroviruses, depletion of dNTP pools, particularly dCTP,
has been shown to be responsible for arrest of viral reverse
transcription in G0 cells, which is relieved by transit into the
G1-S transition or by supplementation of G0-arrested cells with
high levels of dNTPs (13, 25, 26, 93, 94). HBx has been shown
to be required for HBV replication (12, 95), which also utilizes
reverse transcription of the viral RNA genome. In striking
similarity to classic retroviruses, HBx promotes HBV reverse
transcription and second-strand DNA synthesis in cultured
cells through a pathway that involves HBx activation of Src
kinases (40). Thus, our data support a role for HBx stimula-
tion of early cell cycle transit, in part through Src kinase and
TAFII250 stimulation of cyclin promoters and activation of
cdks, so as to promote viral replication.
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