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PJ34, an inhibitor of PARP-1, suppresses cell

growth and enhances the suppressive effects
of cisplatin in liver cancer cells
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Abstract. It has been suggested that poly(ADP-ribose)
polymerase-1 (PARP-1) plays an important role in DNA repair,
cell death and proliferation, as well as in the stabilization of
the genome. Pharmacological inhibition or genetic ablation
of PARP-1 had a beneficial outcome in cancer chemotherapy
since the cancer cells lacked PARP-1 and were sensitive to
chemotherapeutic DNA damage. As a novel potent specific
inhibitor of PARP-1, PJ34 has been reported to enhance
chemotherapeutic effects in certain types of tumors. In a
previous study, we found that PARP-1 expression was
significantly increased in human hepatocellular carcinoma
(HCC) compared to its surrounding liver tissue. This study
investigated whether or not the inhibition of PARP-1 activity
by PJ34 produces suppressive effects on human liver cancer
cells and sensitizes the tumor cells to chemotherapeutic agents.
We conclude that PJ34 significantly suppresses HepG2 cell
growth in a dose-dependent manner, and inhibits HepG2 cell-
derived tumor growth in nude mice. The suppressive effects
of PJ34 are associated with increased cell apoptosis.
Furthermore, PJ34 enhances suppressive effects of cisplatin in
HepG?2 cells. These results suggest that PJ34 may be developed
into an effective agent for the treatment of human HCC.

Introduction

Hepatocellular carcinoma (HCC) is a common malignant
disease in Asia and Africa (1). HCC is resistant to most
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chemotherapeutic protocols and radiation therapy and hepatic
resection remains the most effective treatment (2). However,
most of the patients present in the late stages of HCC on their
first visit and do not have the chance for resection. Even for
those who undergo liver resections, postoperative recurrence
and tumor metastasis inevitably leads to a poor clinical
outcome. To develop potential effective treatments for HCC,
recent studies have focused on exploring the molecular
mechanisms of HCC formation and progression. HCC is
closely linked to persistent HBV infection and the intake of
a-flatoxin B-contaminated food (3), however, the mechanistic
clues for the development of this type of cancer are largely
unknown. HCC is hypothesized to represent a multi-stage
process resulting from the accumulation of genetic changes
(4.5). Different genes have been implicated in the pathogenesis
of HCC and genes regulating DNA damage response play an
important role in maintaining genomic integrity or leading to
the pathogenesis of HCC (6).

PARP-1 is a 116 kDa nuclear enzyme that catalyzes the
poly(ADP-ribosyl)ation of target proteins in response to DNA
damage and has been proposed to play an important role in
DNA repair, cell death and proliferation, as well as in the
stabilization of the genome (7,8). Overexpression of PARP-1
has been reported in various human malignancies, such as
malignant lymphoma (9), breast carcinoma (10), Ewing's
sarcoma (11) and HCC (12-14). Previous studies demon-
strated that pharmacological inhibition or genetic ablation of
PARP-1 not only provided remarkable protection from tissue
injury in various oxidative stress-related disease models but
resulted in a clear beneficial outcome in the treatment of
cancer (15). In certain types of tumors including lung cancer,
colon carcinoma and Hela cells, PARP-1 inhibition was
shown to be an effective means of enhancing tumor
sensitivity to radiation and chemotherapy (16-19). Pharmaco-
logical inhibition of PARP-1 with 3,4-dihydro-5-[4-(1-
piperidinyl)butoxyl]-1(2H)-isoquinolinone (DPQ) results in a
delay in tumor formation and in a dramatic reduction in
tumor size and multiplicity during 7,12-dimethylbenz(a)-
anthracene plus 12-O-tetradecanoylphorbol-13-acetate-
induced skin carcinogenesis (20), which suggests that
PARP-1 inhibitors not only increase tumor cell sensitivity to
radiation and chemotherapy, they also suppress tumor growth
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in certain types of tumors. However, whether or not PARP-1
inhibition is able to suppress tumor cell growth and whether it
improves chemotherapeutic effects in human liver cancer
remains unknown.

PJ34 [N-(6-0x0-5, 6-dihydrophenanthridin-2-yl)-N, N-
dimethylacetamide HCI] is a newly-generated specific
inhibitor of PARP-1. PJ34 has demonstrated wide-spread
therapeutic activity in suppressing the inflammatory response
in colitis, autoimmune diabetes and uveitis (21,22) and in a
number of models of ischemia (21). Additionally, PJ-34
was found to reduce VEGF-induced proliferation, migration
and tube formation of human umbilical vein endothelial cells
in vitro in a dose-dependent manner, which suggested that the
treatment with PJ34 may exert additional benefits in various
cancers by decreasing angiogenesis (23). In this study, the
suppressive effects of PJ34 alone and PJ34 in combination
with a chemotherapeutic agent in human liver cancer cell
lines have been investigated in vivo and in vitro and the role
of the PARP-1 inhibitor, PJ34, in human liver cancer therapy
has been evaluated.

Materials and methods

Cell lines and culture. Human liver cancer cell lines, HepG2
and SMMC7721, and the normal human hepatocyte line LO2
were maintained by the Hepatic Surgery Center, Tongji
Hospital, Tongji Medical College. The cell lines were cultured
with Dulbecco's modified Eagle's medium (DMEM, Sigma),
containing 10% fetal bovine serum supplemented with
penicillin (100 U/ml) and streptomycin (100 yg/ml). The cell
lines were maintained at 37°C in a humidified incubator with
95% air and 5% CO,.

Cell proliferation assay. To establish cell growth curves,
5x10* cells were seeded in 18 plates with a 6-cm diameter. The
plates were divided into two groups, each of which had nine
plates. One group was cultured with DMEM only, while the
other group was cultured with DMEM plus PJ34 at different
concentrations. The medium was changed every 2-3 days. Cell
numbers were counted on days 3, 6 and 9 after seeding. The
optimal concentration of PJ34 was determined by pre-culturing
the HepG2 cells with different concentrations of PJ34 at 0.5,
1.0 and 2.0 mg/l, respectively. The optimal concentration
was chosen as 1.0 mg/l as it was the highest concentration at
which the normal liver cell line LO2 cells survived well and
no drug-related cell death was observed in the culture. The
assay was repeated three times.

Cell apoptosis analysis. The same number of HepG2 cells
were seeded in 10 plates with a 6-cm diameter. Five plates
were cultured with a regular medium containing 1.0 mg/l of
PJ34, while the other five plates had regular medium only.
Cells were harvested at 0, 12, 24, 48 and 72 h after
incubation. Cells were suspended twice with ice cold PBS.
The cell densities were adjusted to 1-2x10° cells/ml in each
tube. The chilled 80% methanol was added to each tube and
stored at -20°C overnight. The tubes were centrifuged and the
methanol was removed. PI was added (1 ml) (5 mg propidium
iodine, 0.1 ml Triton X-100, 3.7 mg EDTA in 100 ml PBS) and
10.1 ul of RNase solution (100 U/ml ) and mixed gently and
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incubated in a dark at room temperature for 30 min. The
samples were subjected to a flow cytometer (Becton Dickinson
Immunocytometry Systems, USA) for analysis within 1 hour.

Animals and tumor growth. Fifteen male balb/c nude mice
were provided by the Experimental Animal Center of Tongji
Medical College. Mice were 8 weeks old and weighed
between 18 and 20g. Exponentially growing cells were
harvested and 2x10° HepG2 cells were injected into each of
the bilateral flanks of nude mice. The HepG2-derived tumors
were formed around day 14 after injection. Tumor-bearing
mice were randomly divided into two groups, the PJ34 group
with 8 mice and the control group with 7 mice. The PJ34
group had 15 tumors, while the control group had 12 tumors.
PJ34 at 3 mg/kg in 0.1 ml was injected intraperitoneally into
the nude mice in the PJ34 group every other day for 21 days,
while the same volume of saline was injected into the mice in
the control group at the same time interval. The tumors were
measured using a vernier caliper every 3-4 days. Tumor sizes
were calculated on day 21 after using the following formula:
average diameter = (longitudinal diameter + transverse
diameter)/2.

Chemopotentiation assay. HepG2 cells (5x10%) were seeded in
27 plates with a 6-cm diameter. The plates were divided into
three groups, where each group had nine plates. One group
was cultured with DMEM plus cisplatin at the concentration
of 0.25 mg/l and the second group was cultured with DMEM
plus PJ34 at 1.0 mg/l, while the third group had DMEM plus
cisplatin at 0.25 mg/l and PJ34 at 1.0 mg/l. The medium was
changed every 2-3 days. Cell numbers were counted on days
3, 6 and 9 after seeding. The assay was repeated three times.
The average cell numbers were determined for each counting
day in each group.

Statistical methods. Data are presented as the mean + SD and
were analyzed by the t-test, with significance (P) set at <0.01.

Results

PJ34 inhibits the growth of liver cancer cell lines, but not the
normal liver cell line in vitro. When HepG2 cells were
cultured with PJ34 at concentrations of 0.5, 1.0 and 2.0 mg/l,
HepG2 cell growth was significantly suppressed compared to
those cells cultured without PJ34. As the concentration of PJ34
was increased, its suppressive effects were gradually enhanced
(Fig. 1A). There was a significant difference in the cell
numbers between the group without PJ34 and the group with
the different concentrations of PJ34 on days 6 and 9 of
culture (P<0.01). To further study the suppressive effects of
PJ34 on HCC cells, SMMC7721 cells were cultured with PJ34
at 1.0 mg/l for 9 days, where there was a significant difference
in the cell numbers between the group with PJ34 and the
group without PJ34 on days 6 and 9 of culture (Fig. 1B,
P<0.01). However, when the human normal liver cell line,
LO02, was cultured with PJ34 at 1.0 mg/l, no suppressive effect
was observed on days 3, 6 and 9 of culture (Fig. 1C, P>0.05).

The suppressive effects of PJ34 is associated with increased
cell apoptosis. To explore the potential mechanism by which
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Figure 1. PJ34 inhibits HepG2 and SMMC7721 cell growth in vitro. PI134 at
0.5, 1.0 and 2.0 mg/1 significantly inhibits HepG2 cell proliferation on days 6
and 9 of culture (A) and PJ34 at 1.0 mg/l suppresses SMMC7721 cell
proliferation on days 6 and 9 of culture (B). However, PJ34 at 1.0 mg/l does
not suppress LO2 cell proliferation (C). “Statistically different (P<0.01).

PJ34 suppresses HepG2 cell growth, cell apoptosis indices of
the PJ34-treated HepG2 cells and the untreated HepG2 cells
were investigated. Flow cytometry analysis showed that the
apoptosis indices of HepG2 cells at 0, 12, 24 and 48 h of
culture in the PJ34-treated HepG2 cells were comparable to
those untreated HepG2 cells at the same time points of culture,
however, the apoptosis index of the untreated-HepG2 cells
at 72 h of culture was significantly higher than that in the
untreated HepG2 cells (Fig. 2A). There was a significant
difference in the apoptosis index at 72 h of culture between the
PJ34-treated HepG2 cells and the untreated HepG2 cells
(P<0.01) (Fig. 2B).

PJ34 inhibits HepG?2 cell-derived tumor growth in nude mice.
To confirm the suppressive effects of PJ34 on HepG2 in vivo,
2x10¢ of the HepG2 cells were injected into each of the
bilateral flanks of the nude mice. Tumors formed after two
weeks, and tumor-bearing mice were randomly divided into
two groups, the PJ34 group and the control group. PJ34 at 3
mg per kg of mouse weight was injected intraperitoneally into
each nude mouse of the PJ34 group every other day for 21
days, while the same volume of only saline was injected into
the mice of the control group. The tumor sizes of the PJ34
group were significantly smaller than those of the control
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group (Fig. 3A). There was a significant difference in tumor
size between the two groups (P<0.05) (Fig. 3B).

PJ34 enhances the suppressive effects of cisplatin in HepG2
cells. Either cisplatin at 0.25 mg/l or PJ34 at 1 mg/l alone
inhibited HepG2 cell growth. There was a significant
difference in the cell numbers between the cells with cisplatin
or PJ34 and the cells with a regular medium on days 6 and 9 of
culture. However, when cisplatin (at 0.25 mg/l) was combined
with PJ34 (at 1 mg/l), the suppressive effects of cisplatin
were significantly enhanced, there was a significant difference
in the cell numbers between the cells cultured with cisplatin or
PJ34 and the cells cultured with the combination of PJ34 and
cisplatin on days 3, 6 and 9 of culture (Fig. 4A). The cell
growth suppression rates in the HepG2 cells cultured with the
combination of PJ34 and cisplatin were significantly higher
than those in the HepG2 cells with cisplatin or PJ34 only on
days 6 and 9 of culture (Fig. 4B), and there was a significant
difference in the suppression rates between the HepG2 cells
with cisplatin or PJ34 only and those with both PJ34 and
cisplatin (P<0.01).

Discussion

It has been suggested that HCC results from the accumulation
of genetic changes (4) and genes regulating DNA damage
response such as PARP-1 and the Ku80 gene plays an
important role in maintaining genomic integrity or leading to
the pathogenesis of HCC. Recent studies have indicated that
haplo-insufficiency of Ku80 in PARP-1/- mice promotes the
development of hepatocellular adenoma and HCC (6), which
suggests that PARP-1 deletion plays an important role in the
pathogenesis of HCC. Theoretically, after a cell suffers from
DNA damage, it is imperative for a cell to accurately repair
its DNA after damage and to return to a normal cellular
phenotype. If cell DNA damage can not be repaired
completely and with high fidelity, some severely damaged
cells can survive as neoplastic transformants. In certain
human cancers, however, a high frequency of DNA lesions
and an overactived PARP-1 pathway were observed. In this
regard, PARP-1 was implicated in playing a protective role
against the accumulated DNA damage of tumor cells,
PARP-1 activation may be vital for tumor cells surviving
from accumulated DNA damage. Thus, the inhibition of
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Figure 2. The flow cytometry analysis shows that the apoptosis area (denoted
by M1) of the HepG2 in the PJ34 group is more significant than that in the
control group at 72 h of culture (A). At 72 h of culture, HepG2 cells cultured
with 1.0 mg/l of PJ34 exhibit a higher apoptosis index than the HepG2 cells
cultured without PJ34 (B). “Statistically significant difference (P<0.01).

PARP-1 activation may result in tumor cell death or
enhanced sensitivity of tumor cells to further DNA damage
caused by radiation and chemotherapy. Previous studies have
indicated that pharmacological inhibition of PARP-1 inhibits
tumor development in skin cancer (19). PARP-1 inhibition
also shows promise as an effective means of enhancing tumor
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Figure 3. PJ34 significantly inhibits HepG2 cell-derived tumor growth in
nude mice. The tumors of the PJ34 group were significantly smaller than
those in the control group (A). “Statistical difference in tumor size between
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sensitivity to radiation and chemotherapy for lung cancer,
colon carcinoma, HeLa cells and intracranial melanoma,
glioma and lymphoma (15-18,24). In HCC, PARP-1 expression
and activity were significantly increased compared to their
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Figure 4. PJ34 enhances the suppressive effect of cisplatin in HepG2 cell growth. Either cisplatin at 0.25 mg/l or PJ34 at 1 mg/l alone inhibited HepG2 cell
growth on days 6 and 9 of culture. There was a statistical difference in the cell numbers between the control group and the group with cisplatin or PJ34 on day
9 of the culture (“p<0.01) and in association with PJ34, the suppressive effects of cisplatin were significantly enhanced on days 6 and 9 of culture. There was a
statistical difference in the cell numbers between the group with cisplatin plus PJ34 and the group with cisplatin or PJ34 on day 9 of culture (“P<0.01) (A).
HepG2 cell growth suppression rates of the group with PJ34 plus cisplatin are significantly higher than that of the group with cisplatin or PJ34 on days 6 and 9 of
culture (B). There was a significant difference in the growth inhibition rate between the two groups on day 9 of culture ("P<0.01).
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Our study suggested that PJ34 alone was able to inhibit the
growth of the liver cancer cell line, HepG2 and SMMC7721.
In HepG2 cells, the suppressive effects of PJ34 were observed
in a dose-dependent manner. In order to exclude the effects
of cellular toxicity produced by PJ34 itself, the normal liver
cell LO2 cell line was used as a control and no suppressive
effects on the growth of normal liver LO2 cells was found.
Further studies indicated that growth suppression mediated
by PJ34 was associated with increased apoptotic rates in
HepG?2 cells. In addition, PJ34 was able to inhibit hepG2-
derived tumor growth in nude mice. These observations
suggest that PJ34 alone is able to suppress liver cancer cell
growth in vitro and in vivo. However, the ability of DNA
repair inhibitors in preventing cancer development is still
difficult to interpret. Inhibitors may act on multiple aspects of
DNA repair as well as the cellular signaling pathways
activated in response to the initial damage. The possible
mechanisms that have been suggested include the selective
killing of homologous recombination-deficient tumor cells,
the down-regulation of tumor-related gene expression and a
decrease in the apoptotic threshold in the co-treatment with
chemo and radiotherapy (15). Some studies have indicated
that PARP-1 inhibition prevented tumor promotion through
their ability to cooperate with the activation of AP-1, NF-«xB,
and HIF-1a (20). Our data demonstrated that the growth
suppression of HepG2 cells mediated by the PARP-1
inhibitor, PJ34, was associated with increased cell apoptosis.

Cisplatin is one of the most widely used antitumor drugs
and demonstrates the phenomenon of drug resistance (intrinsic
or acquired) against a wide variety of tumors including liver
cancer. By inhibiting Poly(ADP-ribose) polymerase-1, the
chemosensitivity of cisplatin to tumor cells can be increased
so that cisplatin resistance can be circumvented. For
example, PARP-1 inhibitor 3-aminobenzamide (3-AB)
increases the cytotoxic activity of the platinum compounds
cisplatin, trans-[PtCI(2)(4-picoline)(piperazine)] and
transplatin against CHI1cisR cisplatin-resistant ovarian
tumor cells (25). Our study indicated that PJ34 significantly
enhanced the suppressive effects of cisplatin in HepG2
cells.

In summary, our studies demonstrated that the PARP-1
inhibitor, PJ34, was able to suppress cell growth of liver
cancer cell lines in vitro and HepG2-derived tumor
development in vivo. In addition, PJ34 enhanced the
suppressive effects of cisplatin in HepG2 cells. This finding
exerts a profound impact in the search for a more effective
treatment for human liver cancer. Future studies will be
focused on clinical trails of the PARP-1 inhibitor, PJ34, for
the treatment of HCC and will further evaluate its clinical
value.
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