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Abstract
AIM: To investigate whether hepatitis B virus (HBV) 
infection activates DNA damage response and DNA 
repair cofactors inhibit HBV infection and replication.
METHODS: Human hepatocyte cell line HL7702 was 
studied. Immunoblotting was performed to test the 
expression of ataxia telangiectasia-mutated (ATM)-
Rad3-related protein (ATR), p21 and the level of 
phosphorylation of Chk1, p53, H2AX, ATM in HBV-
infected or non-infected-cells. Special short RNAi 
ol igos was transfected to induce transient ATR 
knockdown in HL7702. ATR-ATM chemical inhibitors 
caffeine (CF) and theophylline (TP), or Chk1 inhibitor 
7-hydroxystaurosporine (UCN01) was studied to 
determine whether they suppress cellular DNA damage 
response and MG132 inhibits proteasome.
RESULTS: The ATR checkpoint pathway, responding to 
single-strand breaks in DNA, was activated in response 
to HBV infection. ATR knockdown cells decreased 
the HBV DNA yields, implying that HBV infection and 
replication could activate and exploit the activated 
DNA damage response. CF/TP or UCN01 reduced the 
HBV DNA yield by 70% and 80%, respectively. HBV 
abrogated the ATR-dependent DNA damage signaling 
pathway by degrading p21, and introduction of the p21 
protein before HBV infection reduced the HBV DNA 
yield. Consistent with this result, p21 accumulation 
after MG132 treatment also sharply decreased the HBV 

DNA yield. 
CONCLUSION: HBV infection can be treated with 
therapeutic approaches targeting host cell proteins by 
inhibiting a cellular gene required for HBV replication 
or by restoring a response abrogated by HBV, thus 
providing a potential approach to the prevention and 
treatment of HBV infection.
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INTRODUCTION
Eukaryotic cells employ multiple strategies of  checkpoint 
signaling and DNA repair mechanisms to monitor and 
repair damaged DNA. There are two branches in the 
checkpoint response pathway: ataxia telangiectasia-
mutated (ATM) branch and ATM-Rad3-related (ATR) 
branch[1,2]. Many viruses are now known to interact with 
DNA damage sensing and repair machinery. These 
viruses have evolved tactics to eliminate, circumvent, or 
exploit various aspects of  the DNA damage response 
to the host cells. Strategies include activation of  repair 
proteins or targeting of  specific cellular factors for 
degradation or mislocalization[3-6]. It is necessary to 
examine the DNA damage pathway activated by viral 
replication for generation of  antiviral drugs. In human 
immunodeficiency virus (HIV), it has been clearly 
determined that prevention of  viral integration inhibits 
viral replication and promotes cellular apoptosis. The 
ATM-specific inhibitor ku55933 can inhibit HIV 
replication in primary T cells[7].

Although a safe and efficient vaccine is available 
at present, chronic hepatitis B virus (HBV) infection 
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remains a major health problem worldwide. Interferon 
treatment is effective in only approximately one-
third of  the patients and produces considerable 
side effects. Long-term treatment with the second-
generation of  nucleoside analogue lamivudine (lam) 
efficiently inhibits HBV replication with frequent viral 
polymerase mutations. We found that HBV infection 
could trigger ATR-dependent DNA damage response, 
resulting in increased ATR and Chk1 phosphorylation 
levels. However, ATR checkpoint signaling is blocked 
downstream of  the p53-dependent pathway to evade 
apoptosis by degrading p21. We designed a strategy 
to select new drug targets that inhibit a cellular gene 
required for HBV replication or restore a response 
stalled by HBV in the ATR DNA damage pathway.

The ATM and ATR kinases are targets of  a known 
inhibitor, caffeine (CF), of  DNA damage response. CF 
has shown to inhibit the activity of  these kinases in vitro 
and the response to cellular DNA damage controlled 
by ATM and ATR. Theophylline (TP) is a product of  
CF metabolism in vivo and has been clinically used in 
treatment of  asthma. It has also been demonstrated that 
TP exhibits CF-like effects on DNA damage response[8].

Originally developed as a protein kinase C (PKC) 
inhibitor, 7-hydroxystaurosporine (UCN-01) has 
been subsequently shown to inhibit several other cell 
survival/cell cycle regulatory proteins, including Chk1 
and 3-phosphoinositide-dependent protein kinase-1 
(PDK1)/protein kinase B (Akt). By inhibiting Chk1, 
UCN-01 blocks the proteasome degradation of  the 
cdc25C phosphatase, resulting in dephosphorylation 
(activation) of  p34cdc2. In this way, UCN-01 functions as 
a checkpoint abrogator that potentiates the lethal effects 
of  several DNA-damaging agents, including ara-C18 and 
camptothecin[9,10].

Proteasome, a multicatalytic enzyme complex, 
controls the regulation (by means of  degradation) of  
many proteins involved in cell cycle arrest and apoptosis. 
The proteasome inhibitor MG132 can restore wild-
type (WT) p53 levels reduced by E6 and sensitize HPV-
positive cervical cancer cell lines to apoptotic stimuli 
such as rhTRAIL. It was also reported that MG13 could 
inhibit HSV replication by preventing HSV-1-induced 
NF-κB activation[11,12].

In this paper, we report that HBV infection activates 
and exploits DNA damage response to replication stress. 
We investigated whether inhibition of  DNA damage 
response by CF, TP and UCN01 or restoration of  p21 
expression by p21 transfection or proteasome inhibition 
leads to suppression of  HBV replication. We set up 
a chronic HBV infection model by culturing HL7702 
liver cells with HBV-positive serum without washing 
off  input virus as conventional. HBV DNA titers 
inside the infected cells represent the final viral amount 
including the infected DNA not degraded and the newly 
synthesized HBV DNA. In this way, we could study 
the efficacy of  DNA damage response inhibitors on 
HBV infection and replication. In addition, since DNA 
damage response is an acute response occurring quickly 
after virus infection, we assume that early intervention 

of  the DNA damage pathway would function more 
efficiently, and thus can be used in clinical practice as a 
HBV infection therapy during its early infectious stage 
or fulminant HBV infection. 

MATERIALS AND METHODS
Chemicals 
CF, TP, UCN01 and MG132 were obtained from 
Sigma (St. Louis, MO). The stock concentration was 
100 mmol/L. CF and UCN01 were dissolved in water, 
whereas TP was dissolved in 0.1 mol/L NaOH, and 
MG132 was dissolved in DMSO. 

Cell cultures, HBV strains, and infections
The human hepatocyte cell line HL7702, isolated from 
a HBV sera-negative individual, was obtained from 
Shanghai Biochemistry Institute. HL7702 cells were 
cultured in RPMI-1640 with 10% heat-inactivated fetal 
bovine serum (FBS). Serum samples from HBV carriers 
obtained for infection test were analyzed. The number 
of  serum HBV viral particles was 7 × 109 copies/mL, 
as quantified by FQ-PCR. The sera were stored at -80℃ 
until use.

HBV infection was monitored by culturing 105 

HL7702 cells in a 6-cm plate in 3 mL RPMI-1640 
containing 106 HBV virus particles. Infected cells were 
simultaneously treated with different types of  drugs (CF, 
TP and UCN01) at various concentrations. The cells 
were washed thoroughly 8 times to remove excessive 
viral inputs and drugs before harvesting. Serum from 
healthy individuals was used as a negative control. All 
procedures were performed under level P2 biosafety 
conditions to minimize the possibil ity of  cross-
contamination.

RNA interference
siRNA duplex composed of  21-bp sense and antisense 
oligonucleotides of  ATR was synthesized by Beijing 
AuGCT Biotechnology Co. Ltd (China). The sequence of  
siRNA oligos used in this study was (only the sense strand 
is shown) siATR: 5'-AACCUCCGUGAUGUUGCUUG
ATT-3'. HL7702 cells were transfected with 50 nmol/L  
siRNA using lipofectamine 2000 (Promega Corp., 
Madison, WI, USA) according to the manufacturer’s  
protocol. At 24 h after transfection, cells were subjected 
to HBV infection and then the HBV DNA load was 
tested at indicated time points post-infection.

Detection of HBV DNA by FQ-PCR
For FQ-PCR analyses, virus DNA was extracted from 
the culture medium using an alkaline lysis method. 
Briefly, HBV DNA was measured using a FQ-PCR 
diagnostic kit from Da-An Gene Corporation. FQ-PCR 
was performed using a Lightcycler™ Roche FQ-PCR 
system with the following amplification cycle: an initial 
denaturation at 93℃ for 2 min, followed by 40 cycles 
of  annealing at 93℃ for 5 s, at 57℃ for 45 s, and a final 
extension at 37℃ for 10 s.
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Immunoblotting assay
Cel l extracts were lysed in ice-cold Tris buffer  
(50 mmol/L, pH 7.5) containing 5 mmol/L EDTA, 
300 mmol/L NaCl, 0.1% Igepal, 0.5 mmol/L NaF,  
0 .5 mmol/L Na 3VO 4, 0 .5 mmol/L PMSF, and 
antiprotease mixture (Roche Molecular Biochemicals) 
for 30 min and centrifuged at 13 000 × g for 10 min. The 
supernatant protein concentration was determined with 
the Bradford procedure (BioRad). The proteins were 
resolved on a 7%-15% SDS-PAGE gel and transferred 
onto nitrocellulose membranes. Blots were blocked in 
TBST containing 5% nonfat dried milk and incubated 
with the primary antibodies. Antibodies against p21, 
ATR (Santa Cruz) and tubulin (Sigma) were incubated at 
room temperature for 1 h, while antibodies against ATM 
phosphoserine 1981 (ATMp), Chk1 phosphoserine 
345 (Chk1p), and p53 phosphoserine 15 (p53p) (cell 
signaling) were incubated at 4℃ overnight. Secondary 
antibodies were from Jackson Laboratories. Horseradish 
peroxidase-based detection was performed using a 
chemiluminescence reagent (Amersham Biosciences), 
according to the manufacturer’s instructions.

RESULTS
HBV infection induced an ATR-dependent cellular DNA 
damage response 
To identify whether a cellular DNA damage response was 
induced upon HBV infection, we set up a HBV infection 
and replication model by culturing normal HL7702 
liver cells with HBV-positive serum[13]. A monolayer 
(105) of  the human HL7702 liver cells in 6-cm plates 
was infected with 106 HBV-DNA copies/mL serum at 
37℃ in an atmosphere containing 50 mL/L CO2. HBV 
infection induced an increase in the steady state levels of  
the ATR protein and in the phosphorylation levels of  its 
downstream substrates Chk1 and p53 (Figure 1A). Chk1 
phosphorylation at Ser-345 was evidently increased at the 
start of  infection with a further increase from 6 to 48 h.  
p53 phosphorylation at Ser-15 was elevated beginning at 
24 hpi and increased considerably at 48 hpi. 

In contrast to ATR and its target, the phosphorylated 
form of  ATM at Ser-1981 did not effectively increase 
upon infection. Furthermore, the phosphorylation of  its 
downstream substrate Chk2 at Thr-68 began to decrease 
from 3 hpi (data not shown). p53 transcriptional 
target p21cip1/waf1-, a cyclin-dependent kinase inhibitory 
protein, decreased substantially with time after infection, 
suggesting that p53-dependent downstream signaling can 
be blocked during HBV infection despite the appearance 
of  phosphorylated p53. Taken together, these results 
indicate that HBV infection elicited activation of  the 
ATR DNA damage checkpoint pathway that responds 
to replication stress rather than the ATM DNA damage 
checkpoint pathway.

HBV infection and replication exploited activated DNA 
damage response
To investigate the effect of  the activated DNA damage 
response on HBV infection and replication, HBV 

infection was performed in ATR knockdown cells. ATR 
knockdown was conducted with short RNAi oligos 
transfection using lipofectamine 2000. RNAi technique 
diminished total ATR protein from 24 h to 72 h after 
RNA oligos transfection (Figure 1B). Based on this, 
HBV-positive serum was added to ATR knockdown cells 
24 h after the transfection, cells were then harvested for 
HBV DNA titer assay at 9, 24 and 48 h, respectively, 
after infection. HBV DNA load in ATR knockdown 
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Figure 1  An ATR-dependent cellular checkpoint response activated by HBV 
infection. A: 105 human HL7702 monolayer liver cells in a 6 cm plate were 
infected with 106 virus particles from HBV-positive patients at 37℃ in an 
atmosphere containing 50 mL/L CO2. Normal serum from healthy individuals 
was used as non-infected control. Prior to cell harvesting, the cells were 
washed 8 times thoroughly to remove the excessive viral input. Whole cell 
lysates were prepared at various time points of infection (hours of infection, 
hoi) and subjected to immunoblotting assay using antibodies to the indicated 
proteins. Alpha-tubulin was used as the equal loading control; B: Specialized 
siRNA for ATR was transfected in HL7702 cells using lipofectamine 2000. At the 
indicated time points, cells were collected for Western blotting testing the ATR 
level; C: HBV-positive serum was added to ATR knockdown cells 24 h after 
transfection, cells were then harvested for FQ-PCR to test HBV DNA titers at 
the indicated time points post-infection.
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cells was reduced to about 20% of  control (Figure 1C), 
indicating that HBV replication is dependent on the 
presence of  ATR protein.

ATM-ATR kinase inhibitor suppressed HBV infection and 
replication
To evaluate the inf luence of  the ATR and ATM 
kinase inhibitor CF and its methylxanthines on HBV 
replication, the infected cells were simultaneously treated 
with different types of  drugs (CF and TP) at various 
concentrations. Trypan blue staining was performed and 
viable cells were counted at different time points after 
drug addition. The percentage of  cells survived was 
determined by the ratio of  the number of  treated cells 
divided by the number of  untreated cells. The DNA 

extracted from the infected cells was subjected to FQ-
PCR analysis, and the degree of  amplification of  the 
viral genome over the time course of  infection was 
determined. We observed a 70% decrease in HBV DNA 
yields in cells treated with 1.1 mmol/L CF at 48 h during 
HBV infection (Figure 2C). However, such a dose did 
not affect cell proliferation (Figure 2A) but abrogated 
the phosphorylation of  target proteins with ATR kinase 
activity such as Chk1 at Ser-345, H2AX at Ser-139, and 
p53 at Ser-15 (Figure 2B).

Chk1 inhibitor suppressed HBV infection and replication
Chk1 phosphorylation was greatly increased during 
HBV infection. We therefore investigated whether Chk1 
inhibitors would have an effect on HBV replication. 
Infected cells were simultaneously treated with various 
concentrations of  UCN01. The percentage of  survived 
cells was calculated as described above. The DNA 
extracted from infected cells was subjected to FQ-PCR 
analysis. We observed a 90% decrease in HBV DNA 
yields in cells treated with 50 nmol/L UCN01 (Figure 
3B), which did not significantly affect the cell survival 
was not significantly affected in 48 h (Figure 3A).

p21 introduction suppressed HBV infection and 
replication
In contrast to increased levels of  sustained ATR and 
Chk1 (ATR substrate) phosphorylation during HBV 
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cells were treated with the indicated concentrations of UCN01, and survived 
cells were counted 48 h post-treatment with trypan blue staining; B: FQ-PCR 
analysis of HBV DNA from the infected cells (HBV) or addition of both HBV and 
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Figure 2  HBV infection and replication suppressed by CF and TP. A: Cells 
were treated with CF or TP at different concentrations for 48 h, and survived 
cells were counted with trypan blue staining; B: Results of whole cell lysis, 
Western blotting of infected cells (M) or addition of CF-treated cells (1.1 mol/L 
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infection, HBV abrogated p53-dependent cell cycle 
checkpoint signaling by degrading p21 (Figure 1A). We 
thus introduced p21 into host cells to investigate its effect 
on HBV replication. WT p21 cDNA was transfected into 
HL7702 cells, which were infected with HBV-positive 
serum 24 h later, harvested at 9, 24 and 48 h respectively 
after HBV infection, and subjected to FQ-PCR and 
immunoblotting. p21 expression decreased with time after 
infection, and myc-tagged p21 expression was higher in 
the transfected host cells than in the mock-transfected 
cells (Figure 4A). We then investigated the effects of  p21 
transfection on HBV infection and replication. Figure 
4B showed that the yield of  HBV DNA in the p21-
transfected cells was only approximately 8% of  that in the 
cells infected only with HBV, indicating that recovery of  
p21 destroyed by HBV infection has a detrimental effect 
on replication of  the virus.

MG132 inhibited HBV replication
Previous studies have established that HIV-1 infection 
can be enhanced by treatment of  infected cells with 
proteasome chemical inhibitors[7,8]. It is likely that such 
inhibitors protect the viral core from degradation in 
target cells. We have proved that introduction of  p21 
into infected cells leads to decreased HBV replication. 
Therefore, we tested whether the proteasome inhibitor 
MG132 would have an effect on HBV replication in 
the presence of  p21 accumulation. To determine p21 
levels and the effect of  proteasome inhibitors on cell 
susceptibility to HBV infection, we pretreated cultures 

of  HL7702 cells with MG132 (10 µM) for 2 h and then 
monitored HBV infection. HBV-infected cells were 
harvested at 0, 9, 24, 48 h after extensive washes 8 times 
with PBS, and then subjected to immunoblotting and 
FQ-PCR. The level of  p21 expression decreased with 
time after infection, the addition of  MG132 resulted in a 
substantial increase in the p21 expression levels (Figure 
5A). To investigate whether treatment with MG132 can 
also effectively inhibit virus replication, we analyzed 
the effect of  MG132 on HBV replication. The yield of  
HBV in the presence of  proteasome inhibitors was only 
approximately 10% of  that in control cells 48 h after 
HBV infection (Figure 5B), indicating that proteasome 
inhibitors can reduce HBV replication by up-regulating 
p21.

DISCUSSION
Several viruses, including DNA virus herpes simplex 
v i r us (HSV) [14,15], K apos i ’s sarcoma-assoc ia ted 
herpesvirus[16], human cytomegalovirus (HCMV)[17] 

Epstein-Barr virus (EBV)[18], papillomavirus[19,20], simian 
virus 40 (SV40)[21] and retrovirus HIV[22-24], trigger 
cellular signaling cascades that are characteristic of  a 
DNA damage response. Infection and replication of  
HBV have been achieved in human hepatoma cell lines 
and primary fetal human hepatocytes using transfected 
HBV genomes or HBV serum. In this study, HL7702 
cells were inoculated with HBV serum consistently (106 

particles per 105 cells), mimicking the HBV infection 
process. Serum from healthy individuals was used as the 
non-infected control. By using FQ-PCR and southern 
blotting, we demonstrated that human hepatocytes 
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could maintain HBV infection in vitro and support the 
replication of  HBV DNA (data not shown), suggesting 
that HBV infection activates the DNA damage response 
to replication stress accompanying increased ATR and 
Chk1 (ATR substrate) phosphorylation. Furthermore, 
HBV abrogated the checkpoint signaling by degrading 
p21. The results of  this study show that the ATM and 
ATR inhibitor CF and its methylxanthine TP, the Chk1 
inhibitor UCN01, the proteasome inhibitor MG132 
and p21 up-regulation could suppress HBV replication. 
These findings suggest that some DNA damage 
responsive proteins are implicated in modulating HBV 
infections and therefore can be used in treatment of  
drug-resistant viral strains. In addition, targeting cellular 
proteins with a low mutation rate may not lead to the 
rapid emergence of  HBV strains that are resistant to 
inhibitors of  these proteins.

The effect of  CF is mediated by inhibiting its cellular 
target, the ATR kinase involved in retroviral integration. 
The precise role of  ATR in HBV replication is unclear. 
The integration of  HBV DNA into chromosomes 
has been reported[13]. Interestingly, treatment with TP 
has an inhibitory effect on HBV replication even at a 
concentration as low as 0.1 mmol/L, which is too low 
to impact ATM/ATR kinase activity. Therefore, the 
antioxidant function of  TP or CF may have a great 
inhibitory effect on HBV infection process, and further 
experiments should be done on this issue.

Chk1 is activated following HBV infection and the 
Chk1 inhibitor UCN01 can inhibit HBV replication. 
however, the precise mechanism underlying this 
inhibition remains to be determined. The resultant S-G2 
phase-like cellular condition appears to favor replication 
of  viral DNA.

In cervical carcinogenesis, the p53 suppressor 
pathway is disrupted by HPV E6-mediated proteasome 
degradation. MG132 could restore WT p53 levels and 
thus may sensitize papillomavirus (PV) positive human 
cervical cancer cells to apoptosis[11,25]. Several studies 
have recently demonstrated that proteasome is a suitable 
neoplastic target with a clinical potential[26-28]. We 
report here that MG132 can be used to suppress HBV 
replication by up-regulating p21. As a latency virus, 
HBV abrogates the checkpoint signaling controlled by 
ATR to prevent triggering of  apoptotic signals. The 
mechanism underlying the regulation of  apoptosis by 
HBV is via both p53-dependent pathways. The p53-
dependent cell cycle checkpoint pathway involves p21-
mediated inactivation of  cdk2/cyclinE. HBV abrogates 
p53-dependent checkpoint activation by degrading p21. 
Our results demonstrate that MG132 could up-regulate 
p21 and thus suppress HBV replication, possibly due to 
the partial recovery of  the p53-dependent checkpoint 
signaling pathway.

In summary, CF and its related methylxanthines can 
suppress replication of  HIV as previously reported[8]. 
However, since DNA damage response is acute, DNA 
repair cofactors against HBV infection and replication 
should be used in early stage HBV infection. Further 
studies are necessary to determine the mechanism by 

which DNA damage response inhibitors down-regulate 
HBV infection and replication.

 COMMENTS
Background
Eukaryotic cells employ multiple strategies of checkpoint signaling and DNA 
repair mechanisms to monitor and repair damaged DNA. There are two 
branches in the checkpoint response pathway: ataxia telangiectasia-mutated 
(ATM) branch and ATM-Rad3-related (ATR) branch. Many viruses are now 
known to interact with DNA damage and repair machinery. These viruses 
have evolved tactics to eliminate, circumvent, or exploit various aspects 
of DNA damage response to the host cells. Strategies include activation 
of repair proteins or targeting of specific cellular factors for degradation or 
mislocalization.
Research frontiers
In human immunodeficiency virus (HIV), prevention of viral integration inhibits 
viral replication and promotes cellular apoptosis. Thus, the ATM-specific 
inhibitor ku55933 can inhibit HIV replication in primary T cells. 
Innovations and breakthroughs
In this paper, we first report that (hepatic B virus) HBV infection activates and 
exploits DNA damage response to replication stress. We investigated whether 
the inhibition of DNA damage response by CF, TP and UCN01 or the restoration 
of p21 expression by p21 transfection or proteasome inhibition would lead 
to suppression of HBV replication. We set up a chronic HBV infection model 
by culturing HL7702 liver cells with HBV-positive serum without washing off 
input virus as conventional. HBV DNA titers inside the infected cells represent 
the final viral amount including the infected DNA not degraded and the newly 
synthesized HBV DNA. In this way, we can study the efficacy of DNA damage 
response inhibitors on HBV infection and replication.
Applications 
Since DNA damage response is an acute response occurring quickly after virus 
infection, we assume that early intervention of the DNA damage pathway would 
function more efficiently and thus can be used in clinical practice as a HBV 
infection therapy during its early infectious stage or fulminant HBV infection. 
Peer review
This is an interesting article that reports data on the effect of DNA repair 
cofactors on HBV replication and infection. The study is well designed. The 
data or findings are reliable.
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