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Epidemiologic studies have identified a close link
between chronic hepatitis B virus (HBV) infection and
the development of hepatocellular carcinoma (HCC).
The most important risk factors for the development of
HCC are the carrier state, characterized by persistent
virus gene expression and replication, and the pres-
ence of chronic liver disease, which often progresses
from active hepatitis to cirrhosis. Although many ge-
netic alterations have been reported associated with
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Objective: To investigate the function of APG gene up-regulated by hepatitis B virus-encoded X antigen (HbxAg)
in the occurrence of hepatocellular carcinoma. Methods and results: PCR select cDNA subtraction of HbxAg-po-
sitive HepG2 cells compared with HBxAg–negative HepG2 cells demonstrated the up-regulated expression of APG
gene that encodes a 800 bases long transcript and a polypeptide consisting from 100 amino acid residues. In situ
hybridization and immunostaining showed co-localized expression of APG and HbxAg in the liver tissue of hepatitis B
carriers. Overexpression of APG protein stimulated the growth of HepG2 cells in serum-free medium, and partially
protected cells from Fas-mediated killing, promoted cell growth in soft agar or tumor formation in nude mice.
Introduction of the dominant negative inhibitor of nuclear factor κκκκκB (IκκκκκBααααα) into HBxAg-positive HepG2 cells
decreased the levels of APG on mRNA and protein levels suggesting that its up-regulation is NFκκκκκB-dependent.
Conclusion: HBxAg activation of NFκκκκκB may result in the up-regulation of APG protein that promotes growth
factor-independent survival of cells and protects them against Fas-mediated killing. This factor may contribute to
the persistence of infected hepatocytes during chronic infection, which is important for the later development of
hepatocellular carcinoma (HCC).
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Çàäà÷à: èññëåäîâàòü ôóíêöèè ãåíà APG, àêòèâèðîâàííîãî àíòèãåíîì Õ âèðóñà ãåïàòèòà Â (HbxAg), â ðàçâèòèè
ðàêà ïå÷åíè. Ìåòîäû è ðåçóëüòàòû: ìåòîäîì ñåëåêòèâíîé êîëè÷åñòâåííîé ÏÖÐ äëÿ HbxAg-ïîëîæèòåëüíûõ
è HBxAg–îòðèöàòåëüíûõ êëåòîê ëèíèè HepG2 ïðîäåìîíñòðèðîâàíà àêòèâàöèÿ ýêñïðåññèè ãåíà APG,
êîäèðóþùåãî òðàíñêðèïò äëèíîé 800 ï, è ïîëèïåïòèä, ñîñòîÿùèé èç 100 àìèíîêèñëîòíûõ îñòàòêîâ. Ñ ïîìîùüþ
ãèáðèäèçàöèè in situ è èììóíîõèìè÷åñêîãî ìåòîäà ïðîäåìîíñòðèðîâàíà êî-ëîêàëèçîâàííàÿ ýêñïðåññèÿ APG è
HbxAg â òêàíè ïå÷åíè íîñèòåëåé ãåïàòèòà Â. Ãèïåðýêñïðåññèÿ áåëêà APG ñòèìóëèðîâàëà ðîñò êëåòîê ëèíèè
HepG2 â áåññûâîðîòî÷íîé ñðåäå è ìÿãêîì àãàðå, ÷àñòè÷íî çàùèùàëà èõ îò Fas-îïîñðåäîâàííîé ãèáåëè, è
ñòèìóëèðîâàëà îáðàçîâàíèå îïóõîëåé ó áåçòèìóñíûõ ìûøåé. Ââåäåíèå äîìèíàíòíî íåãàòèâíîãî èíãèáèòîðà
ÿäåðíîãî ôàêòîðà κκκκκB (IκκκκκBααααα) â HBxAg-ïîëîæèòåëüíûå êëåòêè HepG2 cells ñïîñîáñòâîâàëî óìåíüøåíèþ
êîëè÷åñòâà APG íà óðîâíå ìÐÍÊ è áåëêà, ÷òî ñâèäåòåëüñòâóåò î NFκκκκκB-çàâèñèìîì õàðàêòåðå åãî àêòèâàöèè.
Âûâîäû: HbxAg-çàâèñèìàÿ àêòèâàöèÿ NFκκκκκB ìîæåò ïðèâîäèòü ê àêòèâàöèè APG, ñòèìóëÿöèè ðîñòà êëåòîê,
íåçàâèñèìîãî îò ôàêòîðîâ ðîñòà, è èõ çàùèòå îò Fas-îïîñðåäîâàííîé ãèáåëè. Äàííûé ôàêòîð ìîæåò ïðèíèìàòü
ó÷àñòèå â âûæèâàíèè ãåïàòîöèòîâ â óñëîâèÿõ õðîíè÷åñêîé èíôåêöèè, òåì ñàìûì ñïîñîáñòâóÿ ðàçâèòèþ ðàêà
ïå÷åíè.
Êëþ÷åâûå ñëîâà: HbxAg, ðàê ïå÷åíè, NFκκκκκB, ãèáðèäèçàöèÿ in situ, ãåí APG.

HCC, there is relatively little information on epigenetic
events that may also contribute importantly to patho-
genesis. In this context, HBV-encoded X antigen
(Hbx-Ag) may be involved in some of these epigenetic
events. For example, HbxAg has been found in infec-
ted liver of carriers with chronic liver disease, trans-
forms liver cells in vitro, and is implicated in the deve-
lopment of HCC in HBx transgenic mice with sustained
high levels of its expression [1].

  The mechanism(s) whereby HbxAg contributes to
the development of HCC are unknown, although Hbx-
Ag-associated transactivation activity may lead to al-
terations in cellular gene expression that contribute to
transformation. The finding that HbxAg binds and al-
ters the activity of several transcription factors, such as
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activation of transcription factor 2 and cyclic AMP re-
sponse element binding protein, a subunit of RNA poly-
merase II, and other elements of the basic transcrip-
tional machinery, is consistent with this hypothesis. Also
it has been shown that HbxAg binds to and inactivates
the transcription factor and tumor suppressor P53.
HbxAg may also alter gene expression more indirectly,
by activating selected signal transduction pathways,
such as those involving ras, JAK/STAT, and nuclear
factor κB (NFκB). However, little is known about the
liver gene products whose expression is altered by
HbxAg. Several effectors of HbxAg include the insu-
lin-like growth factor receptor, c-jun, α-fetoprotein, the
pancreatic secretory trypsin inhibitor, interleukin 6, and
tumor necrosis factor α. The role of these or other ef-
fectors of HbxAg in the development of HCC have not
been adequately explored [2]. Hence, mRNA isolated
from HBxAg-negative HepG2 cells by polymerase
chain reaction (PCR) select complementary DNA
(cDNA) subtraction, The results yielded several up-
regulated proteins, one of which is characterized in this
report.

MATERIALS AND METHODS

Establishment of HBxAg-positive and -negative
HepG2 cells. For the construction of recombinant ret-
roviruses encoding the HBV X gene product or bacterial
chloramphenicol acetyltransferase (CAT), pSLXCMV-
neo plasmid was used. Separate cultures of HepG2 cells
were transduced with recombinant retroviruses enco-
ding HbxAg (from pSLXCMV-HBx) or CAT (from pSLX-
CMV-CAT). Cultures were then selected on the medi-
um containing G418 for 14 days. Retrovirus preparation
and transduction was performed as described earlier [3].
Standard CAT assays were performed on HepG2CAT
lysates using 14C-chloramphenicol, and acetylated forms
were separated by thin-layer chromatography accor-
ding to instructions of manufacturer (Shanghai BBST
company, China). Lysates prepared from 5 · 106 HepG2X
cells were assayed for HbxAg by Western blotting with a
mixture of well-characterized rabbit HBx peptide anti-
bodies by previously published procedures [4].

HepG2.2.15 cells. HepG2.2.15 cells, which sup-
port HBV replication, were a kind gift from Dr. Sun (The
Medical College, Fudan university, China).

PCR select cDNA subtraction, cloning, and se-
quencing of the gene fragment from up-regulated
gene clone 5. The differences in gene expression,
which distinguish HepG2X from HepG2CAT cells were
determined by using a commercially available subtrac-
tion hybridization approach (the PCR-select cDNA sub-
traction kit from Clontech) according to the enclosed
instructions with minor modifications. PCR fragments
corresponding to differentially expressed mRNAs were
cloned into the pT7Blue(R) T vector, sequenced, and
compared with existing sequences within GenBank for
homology to known genes. One of these differentially
expressed PCR fragments, initially designated as up-
regulated gene clone 5(APG), was chosen for further
characterization.

In situ hybridization. In situ hybridization (ISH) was
conducted to verify that the APG probe obtained from
PCR select cDNA subtraction was differentially ex-
pressed in HepG2X compared to HepG2CAT cells. ISH
was performed using the Oncor ISH and digoxygenin/
biotin detection kits according to the enclosed instruc-
tions and also on fresh frozen samples from HCC and
nontumor liver specimens collected from HBV carriers
and on liver samples obtained from healthy individuals
(see below).

Northern blot analysis of APG mRNA. Total cel-
lular mRNA from HbxAg-positive and -negative HepG2
cells, as well as from liver tissue samples, was isolated
by standard RNA extraction protocol according to the
enclosed instructions (Prime-a-Gene System, Prome-
ga, USA). Equivalent amounts (20 µg) of RNA from each
cell line or tissue sample were analyzed by denaturing
agarose gel electrophoresis and Northern blot hybri-
dization using the APG probe obtained from PCR se-
lect cDNA subtraction. This probe was radiolabelled with
α32P-dCTP by random priming (Prime-a-Gene Sys-
tem, Promega, USA), pT7Blue(R) was similarly pre-
pared as a control probe. Hybridization and washing
were performed under stringent conditions, RNA le-
vels were semiquantitated by scanning of the autoradio-
grams. Normalization of signal was performed by com-
parison to that of glyceraldehyde 3-phosphate dehy-
drogenase (G3PDH).

Construction, cloning, and sequencing of full-
length cDNA. The full-length cDNA clone containing
the APG sequences was obtained by rapid amplifica-
tion of cDNA ends by PCR using the Marathon cDNA
Amplification Kit (Clontech, USA). Briefly, one 3' and
one 5' gene specific primer were synthetised. PCR was
performed with human placental cDNA as template
using these primers together with an adaptor primer to
get the 3' or 5' cDNA-specific products in separate
amplification reactions. The products were cloned into
pT7Blue®T vector and sequenced. The appropriate 3'
and 5' gene -specific fragments were then digested
with suitable restriction enzymes and cloned into
pcD-NA3 (Invitrogen) at the chosen site(s), and the
integrity of the full length clone was verified by DNA
sequencing, the full-length sequence was again ana-
lyzed for homology to entries in GenBank. The full-
length HBx gene obtained from the sequence was also
subcloned into pcDNA3, as described [3].

Construction of APG frameshift mutant. The si-
multaneous introduction of a translation stop-codon and
frameshift mutation was created by insertion of a thy-
midine at nucleotide position 128 of the full length APG
clone by a primer carrying the corresponding point
mutation. The resulting plasmid encoded the first
7 amino acids of APG prior to termination. This muta-
tion was constructed using the QuickChange XL Site-
Change XL Site-Directed Mutagenesis kit according
to the instructions of manufacturer (Stratagene, USA).

Preparation and use of APG antisera. The full-
length cDNA from APG was used to deduce the corre-
sponding amino acid sequence using the TRANSLATE
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program. The amino acid sequence was then subjected
to analysis in the PEPTIDESTRUCTURE and PLOT-
STRUCTURE programs to identify hydrophilic peptides
likely to be on the surface of APG that would be suitable
candidates for solid phase peptide synthesis. Accor-
dingly, peptides spanning inclusive residues 12–25 and
56–70 were made in the peptide Synthesis Facility. The
peptides were coupled to keyhole limpet hemocyanin
carrier and used to raise antisera in New Zealand rab-
bits (2 rabbits/peptide), as described [4]. Antisera were
initially characterized in specific enzyme linked immuno-
sorbent assays before use in Western blotting. Each
antiserum was used at a dilution of 1 : 500, and blotting
was conducted by using a mixture of antisera from both
specificities. A mixture of these antibodies, each at 1 :
5000 dilution, was also used for immunohistochemistry
on slides prepared from formalin-fixed paraffin-embed-
ded tissues, as described. Preimmune serum and pre-
incubation of primary antibodies with an excess of the
corresponding synthetic peptide(s) served as controls.
Western blots for β-actin were performed as an internal
(sample loading) control using commercially available
antibody (Ab-1).

Construction of HepG2 overexpressing the
HBx-Ag up-regulated gene, APG, and assessment
of multidrug resistance. HepG2 cells were stably trans-
fected with pcDNA3, pcDNA3-HBx, or pcDNA3-APG,
and the cultures were selected in the medium contain-
ing G418 for 4 weeks. APG mRNA was detected in cul-
tured cells by Northern blot hybridization, and APG and
HBxAg polypeptides were detected by Western blot-
ting. Once APG overexpression was verified, 2 · 104 cells
of each type were seeded into individual wells in a
96-well plate, The plate was incubated overnight at 37 °C
in a humidified 5% CO2 atmosphere in Dulbecco’s modi-
fied Eagle medium supplemented with 10% fetal calf
serum. The next day, cells were treated with doxorubi-
cin (at 0, 1, 5, 10, 20, 25, 50, or 75 µmol/L), cisplatin (at
0, 10, 25, 50, 100, 150, or 200 µmol/L) or fluorouracil (at
0, 10, 25, 50, 75,100, 150, 200 µmol/L) for 24 to 48 h. All
drugs were purchased from Sigma (USA) and assayed
in triplicate at each concentration. Cell viability was de-
termined by the modified tetrazolium salt assay, as de-
scribed by the manufacturers (Cell Titer 96 Non-radio-
active Cell Proliferation Assay, Promega, USA), quanti-
fied on an automatic enzyme linked immunosorbent
assay reader at wavelength 570 nm.

Growth of hepG2-pcDNA3, and HepG 2-pcD-
NA3-HBx, and HepG2-pcDNA3- APG cells in se-
rum-free medium. HepG2-pcDNA3, pcDNA3-HBx,
HepG2-pCDNA3- APG, and HepG2.2.15 cells were
grown in complete or serum-free medium and the num-
ber of viable cells was determined at daily intervals
during 5 days after seeding. Cell viability was deter-
mined by trypan blue staining. Cell viability was inde-
pendently determined using the modified tetrazolium
salt assay, as described by the manufacturer (Cell Ti-
ter 96 Non-radioactive Cell Proliferation Assay, Prome-
ga, USA). Cell growth was also assayed in identically
treated cultures by fluorescence activated cell sorting

(FACS) for DNA content in the FACS facility. All experi-
ments were conducted in triplicate, and the results were
evaluated blindly.

HepG2 cells stably transfected with pcDNA3 or with
pcDNA3 encoding APG or HBx were tested for an-
chorage-independent growth in soft agar and for tumo-
rigenicity in nude mice. For growth in soft agar,
1 · 104 cells/well were seeded in triplicate into 6-well
plates and allowed to grow for 21 days. The colonies
were then counted under code. For tumorigenicity as-
says, 1 · 107cells were injected subcutaneously at a sin-
gle site in nude mice. The mice were observed for
6 weeks, then sacrificed and the tumors were reco-
vered. The number of tumors, as well as the diameter
and wet weight of each nodule, was determined for each
animal. The procedures with experimental animals were
reviewed and approved by the Institutional Animal Care
and Use Committee in accordance with guidelines of
National Institute of Health.

Construction of dominant negative inhibitor of
NFκκκκκB cells. Two million HepG2X cells were stably
transfected with 15 µg of pSVzeo-dominant negative
inhibitor of NFκB (IκBα) using standard calcium phos-
phate precipitation. The cells were selected in 500 µg/ml
of zeocin for 3 weeks. All zeocin-resistant colonies were
trypsinized and used for further analysis.

Anti-Fas treatment. HepG2-pcDNA3, HepG2-
pcDNA3-HBx, HepG2-pcDNA3- APG, or HepG2.2.15
cells were added to 6-well plates (7 · 105cells/well) and
incubated overnight in complete medium. Then cul-
tures were treated with 0.5 µg/ml of anti-Fas (Ab-2,
monoclonal mouse lgG, Oncogene Research Products,
USA) or 0.5 µg/ml of mouse lgG (Sigma Chemical Co,
USA) as control in the presence of actinomycin D
(0.3 µg/ml) or cycloheximide (2 µg/ml). After 0, 24, 36,
48, and 72 h of treatment, all cells (adherent and floa-
ting) in each well were collected by trypsinization,
stained by trypan blue, and counted in a hemocyto-
meter. About 800 cells in each sample were counted.
The percentage of live cells, as determined by trypan
blue exclusion, was calculated as follows: (no. of  vital
cells in anti-Fas treated well/no. of vital cells in control
well) · 100. All tests were done in duplicate. Cell viability
was independently determined using the modified tetra-
zolium salt assay.

Surgical samples. Paired tumor and nontumor liver
tissues used for analysis were obtained from 115 Qi-
dong patients who had undergone surgery. Formalin-
fixed, paraffin-embedded tissues were collected from
these patients, used for diagnostic purposes, and used
for the studies. Analogous pieces of uninfected human
liver from 10 individuals were available to serve as con-
trols. From 20 carriers, fresh tumor and nontumor tis-
sues samples frozen in liquid nitrogen within 30 min
after surgery were available for comparative Northern
and Western blot analysis.

Statistical analysis. The relationship between ISH
and protein staining results for APG, as well as bet-
ween APG and HbxAg staining, have been evaluated
in 2 x 2 tables in a 2-tailed analysis. The results were
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significant when P < 0.05. The mean difference in
growth between HepG2.2.15 cells and HepG2 cells sta-
bly transfected with pcDNA3, pcDNA3-HBx, pcDNA3-
APG, or with the pcDNA3-APG frameshift mutant, was
analyzed by the Student’s t-test as well as the mean
difference in growth and survival of HepG2X cells sta-
bly transfected with pSVzeo or pSVzeoIkBα and treat-
ed with anti-Fas. The difference was recognized as
significant when P < 0.05.

RESULTS

Discovery of APG as a gene differentially ex-
pressed in HepG2X compared with HepG2CAT
cells. HepG2X and HepG2CAT cells were subjected
to PCR select cDNA subtraction. One of the genes
whose expression was apparently up-regulated in
HepG2X compared with HepG2CAT cells, referred to
as APG, was cloned for further characterization. The
cloned PCR fragment was 600 bp long, and on se-
quencing and comparison of this fragment to the en-
tries in GenBank, there was 96.8% homology between
APG and the human fetal liver cDNA clone H49417
(Fig. 1).

on normalization to G3PDH mRNA in 3 independent
experiments (p < 0.01). These results show that the
mean levels of APG mRNA are higher in HepG2X cells
compared to HepG2CAT cells, thereby validating the
results of PCR select cDNA subtraction (Fig. 2, b).

Fig. 1. Electrophoresis of differentially expressed PCR fragments
of HepG2X cDNAs (lane 5 — clone 5, designated as up-regu-
lated APG gene clone) (a); (b) PCR select cDNA subtraction of
APG from HepG2X (1) and HepG2CAT cells (2)

a

b

Fig. 2. In situ hybridization of HepG2X cells (1) and HepG2CAT
cells (2) using the cDNA fragment of APG obtained from subtrac-
tive hybridization as a probe (a). Northern blot analysis of RNA
isolated from HepG2X cells (2) and HepG2CAT cells (1) blotted
with the APG probe obtained from subtractive hybridization (b)

a 1 2

b

ISH experiments were performed to determine
whether the APG PCR fragment was part of an mRNA
that was differentially expressed in HepG2X compared
with HepG2AT cells. The results show a strong signal
for APG mRNA in the cytoplasm of HepG2X cells,
whereas weak or no signals were observed in HepG2
CAT cells  (Fig. 2, a). Northern blot analysis showed
that full-length APG mRNA was approximately 800 bp,
and that the levels of expression in HepG2X cells was
4.9 ± 0.3-fold higher than in HepG2CAT cells, based

Differential expression of APG in tumor, non-
tumor, and uninfected liver. Experiments were de-
signed to determine whether APG mRNA was diffe-
rentially expressed in HCC compared to surrounding
nontumor liver among infected Qidong patients, and/or
whether there was a difference in expression in infec-
ted compared with uninfected liver. When the APG frag-
ment obtained from subtractive hybridization was used
as a probe for ISH on fresh frozen tumor tissue sec-
tions, hybridization was observed in 100 from 115 pa-
tients (87%). In contrast, if nontumor liver tissues from
the same patients were used, hybridization was ob-
served in 45% of infected liver samples (45 of 115 pa-
tients). ISH signals were also detected in scattered
hepatocytes from unifected individuals (Fig. 3, a, b, c).
When ISH was conducted on liver tissue sample with
the pT7Blue (R) control vector as probe, no hybridiza-
tion was observed, suggesting that the ISH signals were
specific. Confirmation that APG was differentially ex-
pressed in tumor tissue compared with uninfected liver
was provided by Northern blot analysis with RNA iso-
lated from snap frozen tissue samples (Fig. 3, d). So,
APG mRNA is up-regulated in cancer tissue compared
to uninfected liver tissue. The hybridization signals of
RNA isolated from nontumor tissue were weak or ab-
sent, in accordance with the ISH results. Hence, APG
mRNA is overexpressed in HCC.

The antibodies to APG, as well as the available anti-
HBx Ab were used to further characterization of the
patterns of APG expression and its relationship to
Hbx-Ag expression in clinical samples (Qidong pa-
tients). Accordingly, consecutive sections of paired,
formalin-fixed, paraffin embedded liver tumor samples
were stained for APG and HbxAg. APG staining was
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cytoplasmic and was more intense in the hepatocytes
surrounding tumor nodules than in the tumor cells. Posi-
tive staining was observed in 48% samples of surroun-
ding nontumor tissues (33 from 115) and in 87% sam-
ples of tumors tissues (100 from 115) (Fig. 4, a, b).
Thus, in clinical samples APG expression is up-regu-
lated at mRNA and protein levels. When consecutive
tissue sections were stained for HbxAg, most of the
staining was also located in the cytoplasm (Fig. 4, c,
d). Consecutive tissue sections were negative if pre-
immune rabbit serum was used. Immunohistochemi-
cal staining was also completely blocked by preincu-
bation of primary antibidies with an excess of the cor-
responding synthetic peptides prior to staining,
confirming the specificity of staining. Normal, uninfect-
ed liver also had detectable APG-positive immuno-
histochemical staining, but at much lower levels than
infected liver. This observation is consistent with the
low levels of APG detection in uninfected liver by ISH.
Elevated expression of APG in liver cancer tissue, com-
pared with normal one, was also shown by Western

blotting which revealed a strong band with expected
molecular weight of approximately 11.1 kD (the ratio of
the bands was 12.3 (Fig. 4, e)). High-power photomi-
crographs of consecutive sections from infected liver
samples showed overlapping staining between APG
and HbxAg (Fig. 4, f). This was confirmed by statistical
analysis of APG and HbxAg staining in all surgical sam-
ples, which showed a significant relationship between
these markers in both tumor (P < 0.01) and nontumor
(P < 0.025) specimens. When extrahepatic tissues from
uninfected individuals were stained for APG, faint stain-
ing was consistently observed in breast tissue, and in
some samples from stomach, colon, prostate, lung, kid-
ney, and uterus tissues (data not shown). No staining
was observed in thyroid, pancreas, and spleen (data
not shown). These results show that APG expression
is tissue-specific and that low-level expression is in-
dependent of HBV infection.

Cloning and preliminary characterization of the
full-length APG cDNA. The full-length APG cDNA
was obtained by the rapid amplification of cDNA ends.
This clone was 800 bases long, which correlated closely
with the estimated size of the mRNA obtained by North-
ern blotting, and encodes a polypeptide composed of
100 amino acids with the predicted molecular weight of
11.1 kD. Analysis of the full-length polypeptide showed
a striking homology with the amino terminal residues
of multidrug resistance and multidrug resistance-like
proteins (MRP). However, MRPs are usually hundreds
of amino acids long and fold to form pores in the plas-
ma membrane from which cytotoxic drugs are pumped
out of the cell in an ATP-dependent reaction [5]. APG
was only 100 amino acids long, lacked the multiple
transmembrane residues to form a pore structure, and
also lacked ATP-binding sites, so it is unlikely that the
observed homology has functional meaning. However,
the possibility that APG may be related to MRPs is sug-
gested by the results of Northern blot analysis with RNA
isolated from HepG2 cells. In these experiments, the
APG probe revealed the presence of several minor
bands (< 10% to 15% of the hybridized mRNA) with
higher-molecular weight in HepG2 and HepG2X cells
that could potentially encode these MRPs (data not
shown). The intensity of these minor bands was the
equal in HepG2CAT and HepG2X cells, suggesting that
their levels of expression were independent of HbxAg
(data not shown). Hence, both primary sequence ana-
lysis and Northern blotting suggest that APG is related
to the MRP class of proteins.

To test whether APG conferred a drug–resistance
phenotype, individual cultures of HepG2 cells were sta-
bly transfected with pcDNA3, pcDNA3-HBx, pcDNA3-
APG, or pcDNA3-APG frameshift mutant. The level of
APG polypeptide in each cell line was assayed by Wes-
tern blotting. The results showed that the mean levels
of APG in stable overproducing cells were nearly 5-fold
higher than those in HepG2 cells  transfected with the
empty vector or frameshift mutant. Then pcDNA3-HBx,
pcDNA3- APG cells were treated with doxorubicin, cis-
platin, or fluorouracil at a wide range of concentrations.

Fig. 3. In situ hybridization with the isolated APG fragment as a
probe in liver tumor tissue (a), surrounding nontumor tissue (b),
and in uninfected liver (c). Original magnification x 200; (d) Nor-
thern blot analysis of APG mRNA from the liver tumor tissue (T)
and surrounding nontumor tissue (N) (The corresponding G3PDH
mRNA controls are shown in lower lanes 1–12 (28S, 18S))

a b c

d

Fig. 4. Immunohistochemical staining of APG (liver cancer tissue
(a) and surrounding nontumor tissue (b), magnification x 200), of
HBxAg (liver cancer tissue (c) and surrounding nontumor tissue
(d), magnification x 200). Consecutive sections of nontumor liver
tissue from an HBV carrier were stained for APG or HbxAg (e)
(double staining, magnification x 200), (f) Western blot analysis
of APG in liver cancer tissue from an infected liver (T) and unin-
fected liver (N). The β-actin loading controls are shown below

a b c

d

f
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The stable overexpression of APG in HepG2 cells did
not affect the resistance of these cells to the cytotoxic
drugs. These results suggest that APG does not con-
fer the MRP phenotype.

Overexpression of APG promotes HCC growth
and tumorigenesis. The finding that HbxAg stimula-
ted hepatocellular growth allows suggest that genes
whose expression is up-regulated by HbxAg may also
mediate HCC growth and survival. To test whether APG
mediates the growth stimulatory properties of HbxAg,
the growth curves of HepG2 cells stably transfected
with vector, or pcDNA3-HBx, pcDNA3-APG, or with
the pcDNA3-APG frameshift mutant were compared
with that of HepG2.2.15, where HbxAg is expressed
with in the context of virus replication. The experiment
was carried out in the culture medium containing 10%
of FCS. The results showed that APG stimulates the
growth of HepG2 cells at significantly greater level com-
pared with HepG2-pcDNA3 cells (P < 0.008 after 96 h)
or frameshift mutant transfected cells (P < 0.007) (data
not shown), but not at the same level as HbxAg does
(P < 0.002). This is consistent with the idea that the
up-regulated expression of APG by HbxAg is one of
several pathways whereby HBxAg stimulates cell
growth. Interestingly, HepG2.2.15 cells also grew sign-
ficantly faster than control cells (P < 0.01 after 96 h of
culturing). At the majority of time points, there was no
difference in the growth rate of HepG2.2.15 cells and
APG-overexpressing cells. However, if the experiment
was repeated in serum-free medium, the survival
curves for cells expressing HBxAg, overexpressing
APG, or replicating virus were similar: their survival le-
vels were significantly stimulated compared with con-
trol cells (P < 0.01 after 96 h) or APG frameshift mutant
transfected cells (data not shown). These results were
confirmed by FACS analysis in serum starved synchro-
nized cells. In these experiments, 34% of HepG2-pcD-
NA3 control cells were in S or G2 phase at 24 h after
the addition of serum whereas this number was 67%
for HepG2-pcDNA3-APG cells analyzed at the same
time point (P < 0.01). The results for HepG2.2.15 cells
were similar to that of APG but statistically lower than
HepG2X cells (P < 0.002). Taken together, these re-
sults suggest that APG overexpression stimulates DNA
synthesis in HepG2 cells.

Additional experiments were conducted to test
whether APG overexpression correlated with increased
anchorage independent growth in soft agar. Accor-
dingly, 1 · 104 cells were seeded into individual wells
and allowed to grow for 21 days. The results show that
APG overexpressing cells are stimulated to grow in soft
agar compared with vector transfected control cells,
even though HbxAg stimulates such growth (P < 0.01).
HepG2 cells stably transfected with the APG frame-
shift mutant or replicating HBV (HepG2.2.15) did not
promote anchorage independent growth (Fig. 5). More-
over, in a tumorigenesis assay, HepG2-pcDNA3-APG
cells promote tumor formation similarly to HepG2-pcD-
NA3, HepG2-pcDNA3-APG frameshift mutant, or
HepG2.2.15. In all cases, there was statistically signifi-

cant difference between the number of tumors obtained,
their average size (i.e., wet tumor weights) and dia-
meter, or their onset of appearance.

APG mediates the NFκκκκκB-dependent resistance
of HepG2 cells to anti-Fas Ab-2 killing. HepG2 cells
transfected with pcDNA3, pcDNA3-HBx, PcDNA3-APG
or pcDNA3-APG frameshift mutant were treated with
anti-Fas Ab-2 or an equivalent amount of normal mouse
IgG in the presence or absence of either cycloheximide
or actinomycin D for up to 72 h. For comparison,
HepG2.2.15 cells were treated identically. Although in
the test with actinomycin D the cells were similar, after
48 h of treatment with anti-Fas AB approximately 90%
of HepG2-pcDNA3 cells, 50% of HepG2-pcDNA3-HBx
cells (P < 0.006) and roughly 35% of the HepG2-pcD-
NA3-APG cells (P < 0.001) were killed. Anti-Fas Ab
killing of HepG2.2.15 cells was similar to that of HepG2-
pcDNA-HBx cells, although the former line was killed to
a significantly greater extent at 48 h (P < 0.05) and 72 h
(P < 0.02). The survival curves for the APG frameshift
mutant were the same as those for 4 pcDNA3-trans-
fected cells (data not shown). Independent date collect-
ed from the modified tetrazolium salt assay confirmed
these findings (data not shown). The fact that APG
polypeptide levels are higher in HepG2-pcDNA3-APG
cells compared with HepG2-pcDNA3-HBx, is consis-
tent with the fact that the APG-overexpressing cells
possessed a greater degree of resistance to anti-Fas
treatment than Hbx-Ag-positive cells at some of the time
points. Controls treated with normal IgG showed less
than 6% of trypan blue inclusion, suggesting that the
killing was associated with anti-Fas treatment. Hence,
the up-regulation of APG appears to mediate the resis-
tance of HbxAg-positive cells to anti-Fas killing.

The data [6] have shown that HbxAg promotes the
resistance of various cell lines to anti-Fas-mediated ap-
optosis. The finding that APG may mediate resistance
to anti-Fas treatment, that HbxAg activates NFκB and
activated NFκB contributes to mediating this resistance,
suggest that APG may be an effector of activated NFκB.
To test this hypothesis, HepG2X cells were stably trans-
fected with exogenous IκBα. HbxAg stimulated steady
state levels of APG mRNA more than 4-fold in HepG2
cells (P < 0.01). Introduction of exogenous IκBα result-
ed in approximately 2-fold reduction of the steady state
levels of APG mRNA in HepG2X cells, although this was
not statistically significant (P > 0.2). However, the levels
of endogenous IκB mRNA were more than 30-fold low-
er in HbxAg-positive compared with HbxAg -negative
cells (P < 0.001) (Fig. 6, a). An IkB expression plasmid
restored most of the steady state levels of IκB mRNA to
that observed in HepG2CAT cells. Importantly, the le-

Fig. 5. Anchorage independent growth in soft agar of APG over-
expressing cells (a), control cells transfected with vector (b),
HepG2 cells (c), HepG2 cells stably transfected with the APG
frameshift mutant (d) or replicating HBV (HepG2.2.15) (e)
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vels of APG polypeptide observed were 2.7-fold lower
(Fig. 6, b). This fold difference in endogenous APG pro-
tein levels were approximately the same as that observed
in HepG2-pcDNA3 compared with HepG2-pcdNA3-
HBx cells. This magnitude of difference is associated
with significant differences in the growth and survival of
HepG2 cells as well as the resistance of the cell line to
anti-Fas treatment. Hence, it is likely that APG is an
effector of NFκB, and that the activation of NFκB by
HbxAg may up-regulate APG, which then confers, at
least in part, a survival advantage to HBV-infected cells
during chronic infection.

HBxAg promotes cell growth and survival in cul-
ture, so experiments were designed to ask whether
some or all of these properties were mediated by APG.
When APG was stably overexpressed in HepG2 cells,
it promoted cell growth and survival in medium con-
taining 10% serum compared with that in control vec-
tor-transfected cells, however on lower level than that
in HepG2-pcDNA3-HBx or HepG2.2.15 cells. This
suggests that APG mediates some of the growth stimu-
latory properties of HbxAg. APG overproducing cells
also showed higher growth and survival rates in se-
rum-free medium similar to those of HbxAg-positive
cells, suggesting that APG may be responsible for most
of the growth factor independent survival of HBxAg-
expressing cells. This stimulatory activity was also
observed by FACS analysis. In the context of chronic
infection, this stimulated growth and survival may be
important for the maintenance and selection of HBx-
Ag-positive hepatocytes during chronic liver disease.
This possibility is supported by experimental data
showing a direct correlation between X antigen expres-
sion and the intensity of chronic liver disease in infect-
ed patients and woodchucks [6, 7].

APG as well as HbxAg promoted HepG2 growth in
soft agar. Moreover, APG promoted tumor formation in
immunodeficient mice. These results suggest that APG
is involved in the stimulation of HCC growth.

There is increasing evidence that the Fas system is
important for the destruction of virus-infected cells du-
ring chronic infection [8]. The finding that APG as well as
HbxAg may impact to resistance to anti-Fas killing sug-
gests that this up-regulated gene is anti-apoptotic. Al-
though the mechanism(s) whereby APG prevents cell
death and/or promotes cell growth remain(s) to be clari-
fied, APG is an important mediator of HCC growth and
survival, possibly, via NFκB. Accordingly, the stable in-
troduction of the dominant negative NFκB inhibitor, IκBα,
into HepG2X cells resulted in decreased APG protein
expression. Interestingly, the 2.7-fold decrease in APG
protein expression in HepG2X-IκBα cells compared with
HepG2X cells is equal to such difference in HepG2-pcD-
NA3 from HepG2-pcDNA3-APG overexpressing cells.
Because the latter 2 cell lines have different growth and
survival characteristics in culture, it is likely that the 2.7-
fold difference in APG expression is biologically signifi-
cant. Together, these results suggest that APG is an ef-
fector of NFκB that promotes HCC growth and survival
and helps to prevent cell death [9, 10].

Independent lines of evidence suggest that HbxAg
mRNA and protein are overexpressed in the liver tissue
of patients with developed HCC. Moreover, sustained high
levels of HbxAg expression appear to be important for
hepatocellular transformation in vitro and for HCC forma-
tion in transgenic mice [11, 12]. By ISH and immounohis-
tochemcal staining, we have shown that APG was ex-
pressed predominantly in the cytoplasm of nontumor
hepatocytes and suggested that the up-regulated ex-
pression of this gene is a common feature in the patho-
genesis of chronic hepatitis B. The fact that there is con-
siderable co-staining with HbxAg in vivo supports the re-

DISCUSSION

HBxAg contributes importantly to multistep hepato-
carcinogenesis during chronic HBV infection, although
many of the biochemical changes that contribute to this
process remain to be identified and functionally cha-
racterized. In this study, evidence is presented that HBx-
Ag is associated with the up-regulated expression of a
gene encoding a protein composed of 100 amino acid
residues and possessing homology to the N-terminal
region of a MDR proteins. Multidrug resistant proteins
function by forming pores in the plasma membrane of
the cell to pump cytotoxic drugs out of the cell in ATP-de-
pendent reactions [5]. The relatively small size of the
APG, combined with the lack of ATP binding sites, im-
plies that APG is not capable to form pores and pump
cytotoxic drugs out. This was confirmed in functional
studies with several cytotoxic drugs where APG-over-
expressing cells were just as susceptible to killing as
control cells (data not shown). Although the sequence
of APG appears to resemble a highly truncated version
of classic MDR proteins, the finding of a 800 kb mRNA
by Northern blot analysis that matches the size of the
full-length cloned cDNA (0.8 kb), suggests that a much
smaller protein is encoded. In addition, the presence of
a single band (approximately 11.1 kD) by Western blot-
ting that is predicted from the size of the open reading
frame for the full-length cDNA also suggests that APG
is the full-length product of a cellular mRNA.

Fig. 6. APG mRNA and protein expression in HepG2X cells ex-
pressing exogenous IκBα (a): Northern blot analysis for APG mRNA
in HepG2CAT cells (column 1), HepG2X cells (column 2), and in
HepG2X cells stably transfected with IκBα (column 3) (ratio of the
bands 1 : 4.3 : 2.2 respectively). Northern blot analysis of IκBα
mRNA in HepG2CAT cells (column 1), HepG2X cells (column 2),
and in HepG2X cells stably transfected with IκBα (column 3) (ratio
of mRNAs is 1 : 0.03 : 0.82 respectively). (G3PDH serves as a
control); (b) Western blot analysis of APG protein (using APG pep-
tide antisera) in HepG2CAT cells (column 1), HepG2X cells (co-
lumn 2), and HepG2X cells stably transfected with IκBα (column
3) (ratio of protein is 1.0 : 6.6 : 2.4 respectively). β-actin loading
serves as a control. Northern and Western blot analysis data shown
here were from 1–3 independently conducted experiments
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sults of subtractive hybridization in cell lines and demon-
strated that APG is up-regulated in the presence of HbxAg
in the liver tissues of infected patients. Based on the pro-
perties of APG, it is proposed that this gene encodes liver
survival factor 1 (LSF1), which mediates some of the epi-
genetic steps whereby HbxAg contributes to the patho-
genesis and development of HCC. In uninfected liver, and
other tissue types, LSF1 expression may promote the
growth and survival of cells to optimize the function of
these other cell types during normal homeostaisis [8–10].
The results of this study are consistent with the model
that HbxAg stimulation of NFκB results in the up-regula-
tion of LSF1 expression, which in turn promotes hepato-
cellular growth and survival during chronic liver disease.
This may occur in part by conferring resistance to Fas-
mediated hepatocytolysis. Additional work is under way
to discern the mechanism(s) of LSF1 action in multistep
hepatocarcinogenesis.
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