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Abstract. The pre-S mutant LHBs, especially the pre-S2 type, 
is believed to be crucial in HBV-associated hepatocellular 
carcinogenesis. However, the mechanism of HBV-induced 
hepatocellular carcinoma is not fully understood. To iden-
tify the mechanism, pre-S2 LHBs-interacting proteins were 
studied, by performing a yeast two-hybrid screen of a human 
liver cDNA library. Screening of the library resulted in the 
isolation of several positive clones. Sequencing of the positive 
clones identified the full-length cDNA of the C53 gene. After 
identification of the interaction, the roles of LHBs on Cdk1, 
Chk1 activation and mitotic entry were studied. Screening of 
the library resulted in the isolation of several positive clones, 
that encoded the full-length cDNA of the C53 gene. We found 
that C53 interacts with pre-S2 LHBs both in vitro and in vivo, 
but not with LHBs or other mutants. The binding of pre-S2 
LHBs with C53 causes increased Cdk1 activation and mitotic 
entry, and the function of Chk1 is partially inhibited by the 
binding of pre-S2 LHBs with C53. Taken together, our results 
strongly suggest that the binding of pre-S2 LHBs with C53 
is a novel negative regulator of the checkpoint response. By 
counteracting C53, pre-S2 LHBs promotes Cdk1 activation 
and mitotic entry in unperturbed cell cycle progression and 
delays the function of Chk1, which may be a novel potential 
mechanism for HBV-induced hepatocellular carcinoma (HCC).

Introduction

Hepatitis B virus (HBV) is an enveloped DNA virus that is a 
common infectious agent worldwide (1). More than 2 billion 
people have been infected with hepatitis B virus (HBV) and 
~350 million remain chronically infected (2). Most infected 
patients are able to mount an effective immune response and 
clear the virus. However, a substantial minority fails to do so and 
becomes chronically infected. They are susceptible to devel-
oping chronic hepatitis, cirrhosis and especially hepatocellular 
carcinoma (3,4). About 1/3 of the world's population have had 
contact with HBV, and ~2/3 of all liver cancers are attributable 
to an HBV infection (5). The human hepatitis B virus (HBV) 
is a remarkably small, enveloped, DNA-containing pararetro-
virus (6). The envelope of HBV is formed by three different 
surface proteins (HBs) termed L- (large), M- (middle) and 
S- (small), with a ratio of ~1:1:4 (7). On biogenesis, the HBV 
L protein, together with the structurally closely related middle 
M and small S envelope proteins, is expressed from a single 
ORF of the viral genome by differential translation initiation. 
As a consequence, the entire sequence of S is repeated at the 
C terminus of M and L, which contain the additional pre-S2 
domain or pre-S2 and pre-S1 domains, respectively (8). 

In the late 1990s, two major types of pre-S deletion mutant 
LHBs were identified and were associated with HCC (9,10). In 
the two types of pre-S mutant LHBs, pre-S1 and pre-S2 mutant 
LHBs, the pre-S1 and -S2 regions, respectively, are partially 
deleted (11,12). They accumulate in the endoplasmic reticulum 
(ER) and induce strong ER stress (13). Through an ER stress-
mediated pathway, they cause oxidative stress and DNA damage 
(14). Through an ER stress-independent pathway, however, 
pre-S2-mutant LHBs contributes to the increased proliferation 
of hepatocytes (15). Pre-S2 mutant large HBsAg expressed in 
hepatocytes cluster into groups and exhibit clonal expansion 
and growth advantage. Based on the findings of these previous 
studies, pre-S mutant LHBs, especially the pre-S2 type, is 
believed to be crucial in HBV-associated hepatocellular 
carcinogenesis. We previously demonstrated that the pre-S2 
LHBs interacted with C53 with yeast two-hybrid analysis. The 
interaction was further studied.

Jiang et al originally reported that by counteracting Chk1 
and antagonizing its function, C53 promotes Cdk1 activation 
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and mitotic entry in both the unperturbed cell cycle progression 
and in the DNA damage response (16). Herein, the interaction 
between C53 and pre-S2 LHBs, and the roles of this interac-
tion on Cdk1, Chk1 activation and mitotic entry were studied.

Materials and methods

Culture cells. L02, OSG-7701 and HL-7702 cells were cultured 
in Dulbecco's modified Eagle's medium (DMEM) supple-
mented with 10% fetal bovine serum and antibiotics. The results 
obtained from OSG-7701 and HL-7702 cells are not mentioned.

Plasmids. For the yeast two-hybrid assay, the bait plasmid 
pGBKT7-pre-S2 LHBs was generated by inserting a PCR- 
amplified cDNA fragment containing pre-S2 LHBs into 
pGBKT7 (Clontech) and pBIND, pEGFP-C1 (Clontech), 
pGEX-2T vector. Human full-length C53 cDNA and the 
cDNAs for its truncated mutants (C53N and C53C1-3) were 
PCR-amplified and subcloned in-frame into pCMV-5a (Sigma). 
C53 was cloned into pACT, pDsRed1-N1 (Clontech), pCDNA-
3.1(-) myc/his (A) vector. To construct C53 shRNA expression 
vectors, we ligated shRNA oligonucleotide template into 
linearized pAdTrack-CMV vector to generate pAdTrack-CMV-
C53 expressing C53 shRNA. Oligonucleotide templates were 
designed and synthesized according to guidelines provided by 
Clontech, which were described in Jiang et al (17). 

All plasmids were verified by restriction enzyme analysis 
and DNA sequencing. Informed written consent was obtained 
from the patient. The study was approved by the Ethics 
Committee according to the Declaration of Helsinki. 

Primers. For the yeast two-hybrid assay, the bait 
plasmid pGBKT7-pre-S2 LHBs was generated by 
inserting a PCR-amplified cDNA fragment containing 
pre-S2 LHBS into pGBKT7 (Clontech) using the 
upst ream pr imer 5'-GCTAGCTATGGAGGACCAT 
CAGCACGT-3' and the downstream primer 5'-GGATCC 
AATGTATACCCAAAGAC-3'. Pre-S2 LHBs was cloned 
into parent vector pBIND using the forward primer 5'-GGA 
TCCAAATGGGAGGTTG-3') and the reverse primer 
5'-AAGCTTTCAAATGTATACCCAAAG-3'.

Enhanced green fluorescent protein (GFP)-tagged fusion 
protein constructs were made by inserting PCR-amplified 
pre-S2 LHBs cDNA fragments into pEGFP-C1 (Clontech) 
using the upstream primer 5'-AAGCTTATGGGAGGTTGG-3' 
and the downstream primer 5'-GGATCCAATGTATACCCA 
AAGAC-3'. Pre-S2 LHBs was cloned into pGEX-2T using the 
forward primer 5'-GGATCCAAATGGGAGGTTG-3' and the 
reverse primer 5'-GAATTCAATGTATACCCAAAGAC-3'.

Human full-length C53 cDNA and the cDNAs for its trun-
cated mutants (C53N and C53C1-3) were PCR-amplified and 
subcloned in-frame into pCMV-5a (Sigma), and the resulting 
constructs were used for expression of C-terminal Flag-tagged 
C53 in mammalian cells. Primers for full length C53 were 
5'-GCGTCGACATGGAGGACCATCAGCAC-3' (forward) 
and 5'-GCGGTACCCAGAGAGGTTCCCAG-3' (reverse). 
Primers for C53 C1, C2 and C3 were 5'-GCGTCGACATGTGG 
GGCGGACTTTGGGGTAG-3' (C1, forward), 5'-GCGTCGA 
CATGTCTGGCATCTCTGCCGAGG-3' (C2, forward), and 
5'-GCGTCGACATGGATGCTGTTGCTTTGCAGAT-3' (C3, 

forward), respectively. The reverse primer for C53N was 
5'-CCGGATCCTTCAATCGCATCTTCTGCCAC-3'. C53 
was cloned into pACT using the forward primer 5'-GTCGAC 
TAATGGAGGACCATCAGCACGT-3' and the reverse primer 
5'-GGTACCTCACAGAGAGGTTCCCATCA-3'. Using the 
upstream primer 5'-GCTAGCTATGGAGGACCATCAGCA 
CGT-3' and the downstream primer 5'-GGTACCATTCACA 
GAGAGGTTCCCATCA-3', enhanced red fluorescent protein 
(RFP; 1)- tagged fusion protein constructs were made by 
inserting PCR-amplified C53 cDNA fragments into pDsRed1-
N1 (Clontech). C53 was cloned into pCDNA-3.1(-) myc/his (A) 
vector using the forward primer 5'-TATCTGATGGAGGAC 
CATCAGCACGT-3' and the reverse primer 5'-GGTACCAT 
TCACAGAGAGGTTCCCATCA-3'.

Mutation of LHBs. LHBs was amplified from serum of a patient 
with chronic hepatitis B (subtype B) in China, using the upstream 
primer 5'-CGGAATTCCGATGGGAGGTTG-3' and the down-
stream primer 5'-CCAAGCTTGGTCAAATGTATACCC-3'. 
Then LHBs cDNA was cloned into pCDNA-3.1(-) myc/his (A) 
vector.

Site-directed mutagenesis was performed using the 
Transformer™ Site-Directed Mutagenesis kit (Clontech) as 
recommended by the manufacturer. For simplification, amino 
acid numbering used herein will refer to consecutive numbering 
of the L protein rather than to the envelope protein domains 
(data not shown).

The selection primer was 5'-CAAGTGTATCATAGGCCAA 
GTACGCCC-3' [nucleotides (nts) 31-57]. The N15S mutation 
was introduced with the mutagenic primer 5'-GGCATGGGG 
ACAAGTCTTTCTGTTCCC-3' (nts 31-57). The N123S muta-
tion was introduced with the mutagenic primer 5'-GCCATGCA 
GTGGAGCTCCACCACATTC-3' (nts 355-381). The N177S 
mutation was introduced with the mutagenic primer 5'-CGAA 
CATGGAGAGCACAACATCAGG-3' (nts 518-542). The 
N320K mutation was introduced with the mutagenic primer 
5'-CTTCGGACGGAAAGTGCATTGTATTC-3' (nts 947-973). 

The resulting product was cut with SacI used to substitute 
for the wild-type fragment of pEGFP-C1-LHBs. The fragment 
containing the N15S, N123S (pre-S2), N177S and N320K muta-
tion were subcloned into the pCDNA-3.1(-) and pGBKT7 vector.

Yeast two-hybrid assay. The bait plasmid pGBKT7-pre-S2 LHBs 
was used to screen a human liver cDNA library in pGADT7 
according to the manufacturer's instructions (Clontech). 
Transformants were plated on synthetic medium lacking 
tryptophan, leucine, adenine and histidine but containing 
1 mM 3-aminotriazole. Approximately 4 million transfor-
mants were screened. The screened positive clones were also 
verified by one-on-one transformations and selection on agar 
plates lacking tryptophan and leucine, or adenine, histidine, 
tryptophan and leucine, respectively, and were also processed 
by a β-galactosidase assay.

Co-immunoprecipitation. For transfection-based co-immuno-
precipitation assays, cells were transfected with the indicated 
plasmids using Lipofectamine™ 2000 (Invitrogen, Carlsbad, 
CA, USA), lysed in 0.5 ml lysis buffer (50 mM Tris at pH 8.0, 
150 mM NaCl, 0.25% NP-40, 1 mM DTT and protease inhib-
itor tablets from Roche), and immunoprecipitated with Protein 
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G Plus/Protein A Agarose Suspension beads (Calbiochem) for 
3 h at 4˚C. The beads were washed four times with the lysis 
buffer, and eluted in SDS sample buffer. The eluted proteins 
were separated by SDS-PAGE, followed by Western blotting 
with antibody.

Mammalian two-hybrid analysis. To test the hypothesis of C53 
interacting with pre-S2 LHBs in vivo using the CheckMate™ 
mammalian two-hybrid system (Promega), plasmids pACT-
C53 and plasmids pBIND-pre-S2 LHBs were constructed, 
which were used for co-transfections of cells in culture which 
were grown on culture in 6-well plates. pACT-C53 plasmid 
(2 µg) and 2 µg pBIND-pre-S2 LHBs plasmid were used for 
co-transfections with Lipofectamine 2000. The plasmids pACT-
C53+pBIND, pACT+pBIND-pre-S2 LHBs, pACT, pBIND and 
blank were used for transfections respectively as a negative 
control. The plasmids pBIND-Id and pACT-MyoD Control 
Vector were co-transfected as a positive control. At 48 h after 
transfection, cells were washed three times with PBS and lysed 
by passive buffer. Firely luciferase assays were performed using 
the Dual-Glo Luciferase Assay System (Promega) following the 
manufacturer's instructions. The firefly results were corrected 
for transfection efficiency using the Renilla luciferase. Signifi
cance was determined using the paired Student's t-test on the 
mean of three different experiments.

GST pull-down assay. The GST- and His-tagged fusion proteins 
were expressed and purified by glutathione-sepharose 4B beads 
(GE) and Ni-NTA agarose (GE), respectively. The expression 
plasmid for C53 was used for in vitro transcription and trans-
lation in the TNT system (Promega). The C53 or the purified 
His-tagged fusion protein was incubated with GST fusion 
protein bound to glutathione-sepharose beads in 0.5 ml of the 
binding buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM 
EDTA, 0.3 mM DTT, 0.1% NP-40) at 4˚C. The beads were 
precipitated, washed four times with the binding buffer, eluted 
by boiling in SDS sample buffer, and analyzed by SDS-PAGE. 
Western blot analysis was performed using anti-His (Santa 
Cruz). A quantitative measurement of the band intensity was 
performed using the GE Typhoon Trio (GE, USA).

Co-localization. Cells were grown on glass coverslips in 
culture plates. Cells were co-transfected with plasmids 2 µg of 
pEGFP-C1-pre-S2 LHBs (green fluorescent protein, GFP) and 
2 µg pDS-RED1-N1-C53 by Lipofectamine  2000 for 48 h, and 
then cells were treated with 4% paraformaldehyde (PFA) for 
10 min, washed 3 times with PBS, stained with PBS including 
0.1 µg/ml 4',6-diamidino-2-phenylindole (DAPI) for 30 min 
at 30˚C. Confocal images were acquired using the Zeiss 510 
META confocal microscope.

Retrovirus transduction and C53 knockdown by shRNA. 
The short hairpin RNA (shRNA) interference oligonucle-
otides against C53 described previously were inserted into 
the shRNA shuttle expression vector pAdTrack-CMV. The 
resultant plasmid was linearized by PmeI and subsequently 
co-transformed into E. coli BJ5183 with an adenoviral back-
bone plasmid (pAdEasy-1). Subsequently, the recombinant 
adenoviral plasmid (pAd-C53) was transfected into HEK 293 
cells by Lipofectamine 2000 for amplification. Adenovirus 

was purified by centrifugation in a cesium chloride gradient. 
Final virus yields were 1010-1011 PFU/ml. The Ad-eGFP was 
constructed similarly using the Ad virus as control. Cells were 
infected, and the infection efficiency (95-100%) was determined 
by GFP expression 24 h after infection. Cells were harvested 
for preparation of protein extracts 72 h after infection.

Antibodies and immunoblotting. Immunoblotting was 
performed as previously described (18). The following anti-
bodies obtained from Santa Cruz Biotechnology (Santa Cruz, 
CA, USA) unless otherwise noted, were used at the indicated 
dilutions for immunoblotting: C53 antibody (1:1,000 dilution), 
β-actin (1:1,000), GST (1:1,000), Flag (1:1,000), His (1:1,000), 
Cdk1 and p-Y15-Cdk1 (Cell Signaling, 1:1,000), Chk1 (1:2,000), 
p-S10-Histone H3 (Upstate, 1:3,000), Myc (1:1,000). All affinity-
purified and species-specific fluorophore-conjugated secondary 
antibodies were obtained from Santa Cruz Biotechnology, and 
used at dilutions between 1:500 and 1:800.

Cell synchronization, BrdU labeling and mitotic index. To 
avoid potential carry-over effects of plasmids or transfection-
induced cell cycle defects in the previous cycle on the 
following mitotic entry during the next cycle, we transfected 
plasmids into cells during the interval between two thymidine 
blocks, so that we were able to evaluate the direct impact of 
the interaction of C53 with pre-S2 LHBs on mitotic entry (19). 
Cells were synchronized by double thymidine block. Briefly, 
cells were plated at 40% confluency and arrested with 2 mM 
thymidine. After 19 h incubation, cells were washed 4 times 
with fresh medium and transfected with shRNA vectors (C53 
and control) using Lipofectamine 2000. After incubation 
with DNA-lipid mixture for 3 h, cells were washed twice and 
incubated in fresh medium for an additional 5 h. Subsequently, 
cells were cultured in medium containing 2 mM thymidine and 
2 µg/ml puromycin for the second arrest and drug selection. 
After 16 h incubation, cells were released into the cell cycle by 
incubation in fresh medium. Cells were collected or fixed at 
indicated time points and subjected to specific analyses. 

BrdU labeling was used to evaluate DNA synthesis. After 
release from the second thymidine arrest at indicated time 
points, cells grown in 12-well plates were pulse labeled with 
BrdU (50 µM) for 30 min. After three washes of PBS, cells 
were fixed with 1 ml of Carnoy's fixative (3 parts methanol, 
1 part glacial acetic acid) at -20˚C for 20 min, followed by 
three washes of PBS. Subsequently, DNA was denatured by 
incubation of 2 M HCl at 37˚C for 60 min, followed by three 
washes in borate buffer (0.1 M borate buffer, pH 8.5). After 
incubation with the blocking buffer, cells were stained with 
anti-BrdU antibody (BD Biosciences, 1:100) overnight 
at 4˚C. After washing in PBS, cells were incubated with 
Texas Red-conjugated anti-mouse goat IgG for 30 min at 
RT. After washing, cells were mounted and BrdU-positive 
cells were manually scored under an immunofluorescence 
microscope. 

Mitotic events were scored by time-lapse videomi-
croscopy and DNA staining. Cells were synchronized as 
described above. Real-time images were captured every 
10 min with the Openlab software. Mitotic events of control 
and C53-depleted cells were scored by their morphological 
change (from flat to rounded). For each experiment, at least 
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800 cells of control or C53-depleted cells were videota- 
ped, tracked and analyzed. Alternatively, nocodazole (100 ng/
ml) was added into the medium after release, cells were 
collected, fixed and stained with DNA dye (Hoechst 33258). 
Mitotic cells were scored by nuclear morphology and  
DNA condensation. Alternatively, the mitotic index was 
evaluated by phospho-H3 staining and f low cytometric 
analysis.

In vitro kinase assay. The in vitro Cdk1 kinase assay was 
performed as described in Jiang et al (17) with minor modi-
fication. Cdk1 was immunoprecipitated with Cdk1 antibody 
(Cell Signaling).

Statistical analysis. Significance was determined using the 
one-way ANOVA test on the mean of three different experi-
ments. Significance was determined using the paired Student's 

  E

  A   B

  D

  C

Figure 1. C53 interacts with pre-S2 LHBs in yeast, in mammalian cells and in vitro. (A) Identification of C53 as a pre-S2 LHBs-interacting protein by the 
yeast two-hybrid assay. Yeast AH109 cells were transformed with different plasmids and grown on SD/-Trp-Leu-His-Ade. +, grown within 96 h; -, no growth 
within 96 h. Positive colonies were tested for β-galactosidase activity. +, turned blue within 2 h; -, did not turn blue within 2 h. (B) Interaction of C53 with 
pre-S2 LHBs in mammalian cells. L02 cells, cultured in regular medium, were transfected with expression plasmids as indicated. Immunoprecipitation (IP) 
and immunoblotting (IB) was performed using the anti-FLAG or anti-Myc monoclonal antibodies (Santa Cruz Biotechnology), respectively. (C) Assessment 
of C53 interaction with pre-S2 LHBS in vivo by the mammalian two-hybrid system. L02 cells were transfected with expression plasmids as indicated and 
cultured in regular medium. At 48 h after transfection, cells were evaluated by firely luciferase assays. Significance was determined on the mean of three 
different experiments. The luciferase levels of pACT-C53 and pBIND-pre-S2 LHBS were at least 2.54-fold higher than in the negative control (P<0.05). These 
results indicate that C53 interacted with pre-S2 LHBs in vivo and in vitro. (D) Expression of C53 and pre-S2 LHBs in the lysate of those cells. The lysates of 
L02 cells transfected with those plasmids were detected by IB with anti-C53 and anti-LHBs monoclonal antibody. (E) Interaction of pre-S2 LHBs with C53 in 
vitro. Glutathione-sepharose beads bound with FLAG-pre-S2 LHBs or with FLAG were incubated with His-C53. After washing the beads, the bound proteins 
were eluted and subjected to SDS-PAGE and autoradiography. To demonstrate the co-localization of C53 and pre-S2 LHBs in L02 cells. Cells were cultured 
then co-transfected with plasmids. After 48 h, cells were treated with PFA and DAPI, and confocal images were acquired using the Zeiss 510 META confocal 
microscope. (F) C53 protein (red) localized in the cytoplasm. (G) Pre-S2 LHBs (green) localized in the endoplasmic reticulum. (H) The nuclei of cells (blue) 
were stained by DAPI. (I) The overlaid images indicate that C53 overlapped partly with pre-S2 LHBs on the surface of the endoplasmic reticulum.
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t-test on the mean of three different experiments. Probabilities 
of 0.05 or less were considered to be statistically significant.

Results

Identification of C53 as a pre-S2 LHBs-interacting protein by 
a yeast two-hybrid system. To identify novel pre-S2 LHBs-
interacting proteins, we performed a yeast two-hybrid screening 
of a human liver cDNA library using full-length pre-S2 LHBs as 
bait. Screening of 4 million transformants resulted in the isola-
tion of several positive clones, which encoded the full-length 
cDNA of the C53 gene. To further confirm the interaction of 
C53 with pre-S2 LHBs in yeast, we next examined the ability 
of C53 protein to bind to pre-S2 LHBs in yeast cells (Fig. 1A). 
These data demonstrate that C53 interacts with pre-S2 LHBs 
in yeast cells.

Interaction of C53 with pre-S2 LHBs in vivo and in vitro. To 
confirm the interaction between C53 and pre-S2 LHBs, we 

next examined the ability of C53 protein to bind to pre-S2 
LHBs in mammalian cells. Cells were co-transfected with 
Flag-tagged C53, Myc-tagged pre-S2 LHBs, or Myc control 
vector. Immunoprecipitation (IP) of cell lysates with an anti-
Flag monoclonal antibody was followed by immunoblotting 
(IB) with anti-Myc. Results showed a specific interaction 
between the Flag-C53 and Myc-pre-S2 LHBs (Fig. 1B). To test 
the hypothesis of C53 interacting with pre-S2 LHBs in vivo, 
the CheckMate mammalian two-hybrid system (Promega) 
was used. The plasmids pACT-C53 and pBIND- pre-S2 LHBs 
were used for co-transfections with Lipofectamine 2000. The 
plasmids pACT-C53+pBIND, pACT+pBIND-pre-S2 LHBs, 
pACT, pBIND and blank were used for transfections, respec-
tively, as a negative control. The plasmids pBIND-Id and 
pACT-MyoD Control Vector were co-transfected as a positive 
control. After 48 h transfection, cells were lysed. Luciferase 
assays were performed using the Dual-Glo Luciferase Assay 
System (Promega) following the manufacturer's instructions. 
The results were corrected for transfection efficiency using 
Renilla luciferase. Significance was determined using the 
paired Student's t-test on the mean of three different experi-
ments. The luciferase levels of pACT-C53 and pBIND-pre-S2 
LHBs were at least 2.54-fold higher than in the negative control 
(P<0.05) (Fig. 1C). 

Expression of C53 and pre-S2 LHBs in lysate of those cells 
was detected by WB with anti-C53 and anti-LHBs monoclonal 
antibody (Fig. 1D). To demonstrate the interaction of C53 and 
pre-S2 LHBs in vitro, GST pull-down assays were performed 
in which in vitro translated His-C53 was incubated with full-
length GST-pre-S2 LHBs or Flag. As shown in Fig. 1E, C53 
interacted with GST-pre-S2 LHBs but not with Flag alone. To 
test the co-localization of C53 and pre-S2 LHBs, cells were 
grown on glass coverslips in culture plates then co-transfected 
with plasmids pEGFP-C1-pre-S2 LHBs and pDS-RED1-
N1-C53. After 48 h, cells were deal with PFA and DAPI, 
confocal images were acquired using the Zeiss 510 META 
confocal microscope. C53 protein (red) localized to the 
cytoplasm (Fig. 1F). Pre-S2 LHBs (green) localized in the 
endoplasmic reticulum (Fig. 1G). The nuclei of cells (blue) 
were stained by DAPI (Fig.  1H). The overlaid images 
indicated that C53 overlapped partly with pre-S2 LHBs 
on the surface of the endoplasmic reticulum. These results 
indicate that C53 interacted with pre-S2 LHBs in vivo and 
in vitro.

Mapping of the pre-S2 LHBs and C53 interaction regions. 
To identify the region of C53 required for its interaction 
with pre-S2 LHBs, co-immunoprecipitation experiments 
were performed in which four deletion mutants were identi-
fied. C53 is cleaved by caspase-3 at three sites (D268, D286 
and D311, Fig. 2A). As shown in Fig. 2A, both full-length 
and the carboxy-terminal fragments C53 C1 interacted with 
Myc-pre-S2 LHBs, but the amino-terminal fragment of C53 
(C53N, residues 1-256) did not (Fig. 2A). As shown in Fig. 2B, 
the Flag-C53 C1 (268-506) bound specifically to pre-S2 LHBs, 
but the Flag-N (1-268), Flag-C53 C2 (282-506), Flag-C53 C1 
(311-506) and Flag did not, suggesting that the 268-282 region 
is required for the interaction with pre-S2 LHBs. Among the 
C-terminal cleavage fragments, C53-C1 appeared to bear 
the highest affinity to Myc-pre-S2 LHBs, indicating that the 

  A

  B

Figure 2. Mapping of the C53 and pre-S2 LHBs interaction regions. (A) Mapping 
of pre-S2 LHBs interaction region in C53. (B) Co-immunoprecipitation of 
C53 and pre-S2 LHBs. Mapping of C53's pre-S2 LHBs-interacting domains. 
Myc-pre-S2 LHBs and C53-Flag and its derivatives were overexpressed in 
L02 cells. C53-Flag protein was pulled down by Protein G Plus/Protein A 
agarose suspension beads. The presence of pre-S2 LHBs was detected by 
Myc immunoblotting.

Figure 3. Western blot analysis for the expression of LHBs protein. The results 
showed that expressions of C53 in cells and C53 shRNA expression vectors 
pAdTrack-CMVC53, respectively.
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region between residues 268-282 may be important for 
C53-pre-S2 LHBs interaction (Fig. 2B). We also examined 
the pre-S2 LHBs-C53 interaction in vitro using purified  
C53 proteins which were in agreement with our Co-IP 
results.

Interaction of C53 with pre-S2 LHBs promotes mitotic entry 
and Cdk1 activation. Expression of C53 protein could be 
inhibited by C53 shRNA in L02, OSG-7701 and HL-7702 
cells (Fig. 3). Cells were synchronized at the G1/S boundary by 
double thymidine block, and then released into mitosis. After 

Figure 4. Interaction of C53 with pre-S2 LHBs increases mitotic entry and Cdk1 activation. (A) Interaction of C53 with pre-S2 LHBs did not affect DNA 
synthesis. L02 cells were transfected with plasmids and synchronized at the G1/S transition as described in Materials and methods. Cells were pulse labeled 
with BrdU (50 µM) for 30 min at indicated time points after release from the second thymidine block. BrdU-positive cells were detected by immunostaining and 
scored manually. More than 500 cells were counted in each of three independent experiments. (B) Interaction of C53 with pre-S2 LHBs promoted mitotic entry. 
Cell cycle progression of >1,000 cells was recorded by time-lapse videomicroscopy. The number of mitotic cells was scored by examination of individual 
cells. (C) Interaction of C53 with pre-S2 LHBs promoted mitotic entry. Plasmids were transfected into L02 cells by HiPerfect transfection agent. Cells were 
harvested at indicated time points and subjected to phospho-H3 staining and flow cytometry analysis. (D) Interaction of C53 with pre-S2 LHBs causes less 
inactive Cdk1. Cell lysates were collected at indicated time points after release from the second block, and subjected to immunoblotting using indicated 
antibodies. (E) Interaction of C53 with pre-S2 LHBs promoted Cdk1 activation in vitro. Cdk1 was precipitated from cell lysates at the indicated time, and 
subjected to an in vitro kinase assay with histone H1 as a substrate. Relative intensity was measured with Openlab software and marked at the bottom of the 
gel. All data are represented as mean ± SEM.
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24 h, BrdU was added into the medium at indicated time points 
to evaluate DNA synthesis. As shown in Fig. 4A, incorpora-
tion of BrdU into the control, pre-S2 LHBs transfected, C53 
and pre-S2 LHBs transfected, C53 shRNA and pre-S2 LHBs 
transfected cells, did not significantly vary between the groups 
(Fig.  4A), indicating that interaction of C53 with pre-S2 
LHBs may not affect the G1/S transition and DNA synthesis. 
In contrast, accumulation of mitotic cells was significantly 
promoted in cells transfected with pre-S2 LHBs+C53 or 
pre-S2 LHBs, and delayed in C53-knockdown cells transfected 
with pre-S2 LHBs (Fig. 4B). To further examine the specific 
effect of the interaction of C53 with LHBs on mitotic entry, 
we repeated this experiment and evaluated the mitotic entry 
using phospho-H3 staining and flow cytometry. As shown 
in Fig. 4C, pre-S2 LHBs+C53 or pre-S2 LHBs significantly 
promoted mitotic entry and pre-S2 LHBs+C53 shRNA signifi-
cantly delayed mitotic entry as noted by changes in the percent 
of phospho-H3 positive cells. Promotion of mitosis was 
further confirmed by our observation that there was increased 
phosphorylation of histone H3 in pre-S2 LHBs+C53 cells 
than in the control cells and less in pre-S2 LHBs+C53 shRNA 
(Fig. 4D, panel of p-histone H3). We also examined whether 
pre-S2 LHBs+C53 promotes Cdk1 activation and pre-S2 
LHBs+C53 shRNA delays Cdk1 activation. Consistently, pre-S2 
LHBs+C53 or pre-S2 LHBs-transefcted cells contained more 
actived Cdk1 than control cells, and pre-S2 LHBs+C53 shRNA 
cells contained more inactive Cdk1 than the control cells (Fig. 
4D, panels of Cdk1 and p-Y15-Cdk1) (P<0.05). Moreover, an 
in vitro kinase assay showed that Cdk1 in pre-S2 LHBs+C53 
cells was more active and pre-S2 LHBs+C53 shRNA cells was 
less active (Fig. 4E). Together, our data strongly indicate that the 
interaction of pre-S2 LHBs with C53 may serve as a positive 
regulator for Cdk1 activation at the onset of mitosis.

Interaction of C53 with pre-S2 LHBs delays Chk1 activation. 
If indeed the interaction of pre-S2 LHBs with C53 negatively 
regulates Chk1 activity, we speculated that the role of the 
pre-S2 LHBs interaction with C53 may be the same as the 
role of Chk1 inhibition which reverses delayed Cdk1 activa-
tion induced by C53 knockdown. The Chk1 inhibitor UCN-01 
(7-hydroxystaurosporine) (300 nM) was added 5 h after the 
cells were released from the second thymidine block. As 
shown in Fig. 4, addition of UCN-01 abolished delayed Cdk1 

activation caused by C53 knockdown. Meanwhile, the role of 
pre-S2 LHBs interacted with C53 was the same as UCN-01. 
This result indicates that the interaction of pre-S2 LHBs with 
C53 delays Chk1 activity, further promoting Cdk1 activation 
and the onset of mitosis (Fig. 5).

Discussion

Some studies led to the identification of a topogenic element 
mapped to a pre-S1 C-terminal sequence located between 
residues 70 and 94, termed cytosolic anchorage determinant 
(CAD). CAD interacts with the cognate heat-shock protein 
Hsc-70 preventing pre-S co-translational translocation into an 
e-pre-S topology and glycosylation of the Asn-15 and Asn-4 
of the pre-S1 and pre-S2 domains, respectively (20,21). When 
anchored on the ER, the entire pre-S domain of the large enve-
lope protein is exposed in the cytosol. 

Interestingly, our findings suggest that the interaction 
between pre-S2 LHBs and C53 by yeast two-hybrid system, 
mammalian two-hybrid analysis, co-immunoprecipitation, 
GST-pull down and co-localization. We show that pre-S2 
LHBs physically interacts with C53 in vitro and in vivo, but not 
with LHBs or other mutants. The overlaid images of confocal 
microscopy indicated that C53 overlapped partly with pre-S2 
LHBs on the surface of the endoplasmic reticulum (Fig. 1). 
This result suggests that the CAD of pre-S2 LHBs may interact 
with C53.

Jiang et al have reported that C53 protein is a novel regu-
lator of checkpoint kinases in cell cycle control (16). Their 
study demonstrated that C53 antagonizes the checkpoint 
kinases increasing Cdk1 activation, and C53 depletion delays 
Cdk1 activation and mitotic entry in unperturbed cell cycle 
progression. Moreover, C53 overexpression partially inhibits 
checkpoint kinase activation in DNA damage response, 
thereby overriding the G2/M checkpoint-mediated Cdk1 
inactivation. Intriguingly, they found that C53 interacts with 
Chk1 and counteracts its activity to promote Cdk1 activation 
both locally and globally. Taken together, their results strongly 
suggest that C53 acts as a promoter for Cdk1 activation through 
antagonizing checkpoint kinases (16).

Our findings demonstrated that incorporation of BrdU 
into the control, pre-S2 LHBs transfected, C53 and pre-S2 
LHBs transfected, C53 shRNA and pre-S2 LHBs-transfected 

Figure 5. C53 interaction with pre-S2 LHBs delays Chk1 activity. L02 cells were transiently transfected with pre-S2 LHBs and C53 constructs. Cells were 
collected at 24 h after transfection. Total cell lysates were subjected to immunoblotting using the indicated antibodies. The Chk1 inhibitor UCN-01 prevented 
delayed Cdk1 activation. L02 cells were synchronized by a double thymidine block. UCN-01 (300 nM) was added into the medium at 5 h after release from the 
second block. Cells were collected 10 h after release, and the total cell lysates were subjected to SDS-PAGE and immunoblotting using the indicated antibodies.
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cells did not significantly differ during cell cycle progression 
(Fig. 4A), and the interaction of C53 with pre-S2 LHBs may 
not affect the G1/S transition and DNA synthesis. In contrast, 
accumulation of mitotic cells was significantly promoted in 
cells transfected with pre-S2 LHBs+C53 or pre-S2 LHBs, and 
delayed in C53-knockdown cells transfected with pre-S2 LHBs 
(Fig. 4B). As shown in Fig. 4C, pre-S2 LHBs+C53 or pre-S2 
LHBs significantly promoted mitotic entry and LHBs+C53 
shRNA significantly delayed mitotic entry using phospho-H3 
staining and flow cytometry. Mitotic promotion was further 
confirmed by our observation that there was increased phos-
phorylation of histone H3 in LHBs+C53 cells than in the 
control cells and less in pre-S2 LHBs+C53 shRNA (Fig. 4D). 
We also examined whether pre-S2 LHBs+C53 promotes 
Cdk1 activation and pre-S2 LHBs+C53 shRNA delays Cdk1 
activation. Consistently, pre-S2 LHBs+C53 or pre-S2 LHBs 
transefcted cells contained more actived Cdk1 than control 
cells, and pre-S2 LHBs+C53 shRNA cells contained more 
inactive Cdk1 than the control cells (Fig. 4D). Moreover, an 
in vitro kinase assay showed that Cdk1 in pre-S2 LHBs+C53 
cells was more active and pre-S2 LHBs+C53 shRNA cells was 
less active (Fig. 4E). Together, our data strongly indicate that 
the interaction of pre-S2 LHBs with C53 may serve as a posi-
tive regulator for Cdk1 activation at the onset of mitosis. 

Cells utilize the checkpoint mechanisms to coordinate 
cell cycle progression and cellular response to cell cycle 
irregularities, such as replication stress and DNA damage, 
thereby maintaining accurate transmission of genetic material 
during cell division. One of the key checkpoints is the G2/M 
checkpoint that regulates activation of Cdk1 (cyclin dependent 
kinase 1) and mitotic entry. In an unperturbed cell cycle, the 
components of the checkpoint are also essential for surveil-
lance of cell cycle progression. For example, Chk1 is essential 
for animal development and proper cell cycle progression 
(22-24). Inhibition of Chk1-mediated signaling may lead 
to increased DNA replication and DNA breakage, aberrant 
mitotic entry and apoptosis (22,25).

Chk1 activity has been reported to be responsible for delayed 
Cdk1 activation in C53 depleted cells at the onset of mitosis, 
further supporting the notion that C53 is an antagonist of Chk1, 
which is essential for unperturbed cell cycle progression. The 
results suggest that C53 may directly inhibit Chk1 kinase activity 
in vivo through an activity localized at its C-terminal fragment; 
it is likely that C53 exerts its function through modulating Chk1 
activity in an unperturbed cell cycle (16).

Our study supports the notion that the interaction of 
pre-S2 LHBs with C53 delays Chk1 activity, further 
promoting Cdk1 activation and the onset of mitosis (Fig. 5). 
The role of pre-S2 LHBs interaction with C53 may be the 
same as the role of Chk1 inhibition which reverses delayed 
Cdk1 activation induced by C53 knockdown. The addition 
of UCN-01 abolished delayed Cdk1 activation caused by 
C53 knockdown. The funtion of the pre-S2 LHBs interac-
tion with C53 was similar to UCN-01. 

Recent studies strongly suggest that cell cycle checkpoints 
are essential for maintenance of replication accuracy and genome 
stability, and defects in the checkpoints are largely responsible 
for tumorigenesis and genome instability of cancer cells (26). 
Many efforts have been made to identify checkpoint kinase 
inhibitors as chemo- and radio-sensitizing agents in cancer 

treatment (27).Our study strongly suggests that the binding 
of pre-S2 LHBs with C53 is a novel negative regulator of the 
checkpoint response. By counteracting C53, pre-S2 LHBs 
promotes Cdk1 activation and mitotic entry in unperturbed 
cell cycle progression and delays the function of Chk1, which 
may be a novel potential mechanism for HBV-induced hepato-
cellular carcinoma (HCC). Identification of the interaction of 
C53 with pre-S2 LHBs as a negative regulator of checkpoint 
kinases sheds light on a novel regulatory mechanism for 
checkpoint response, and provides a basis for development 
of novel chemosensitizing agents for the treatment on HCC 
related to HBV.
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