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Background: Poly (ADP-ribose) polymerase 1 (PARP1) has an important role in homologous
recombination repair. The purpose of this study was to investigate the effect of PARP1 inhibitor
on oxaliplatin treatment for colorectal cancer (CRC).

Methods: A cell counting kit-8 assay was used to determine the sensitivity of CRC cells to
olaparib and/or oxaliplatin. The gene and protein expressions of PARP1 and the gamma histone
variant H2AX (YH2AX) were measured by real-time quantitative polymerase chain reaction
and western blotting, respectively. The YH2AX foci formation assay was used to investigate
the influence of treatments on cells. Flow cytometry was used to examine the changes in cell
cycle distribution. Finally, we investigated the combination of olaparib and oxaliplatin in the
CRC tumor model.

Results: Olaparib changed the expression of YH2AX and PARP1, and increased the sensitivity
of CRC cells to oxaliplatin. The YH2AX foci assay showed that olaparib did not induce double-
strand breaks (DSBs) alone, but it enhanced the induction of DSBs by oxaliplatin. The flow
cytometry results showed that cells exposed to combination treatment had more G,/M-phase
cells than control. Additionally, tumor xenograft studies suggested that combined treatment
inhibited the growth of CRC.

Conclusion: CRC cells are sensitized to combined treatment with olaparib and oxaliplatin,
and this could be a promising strategy for clinical chemotherapy in CRC.
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Introduction

Colorectal cancer (CRC) is one of the most common malignant tumors in clinical
practice. CRC is the second most frequent cancer following lung cancer in the US and
Europe that leads to death.! At present, there are approximately 1.25 million patients
diagnosed with CRC, and more than 600,000 patients will die from this disease every
year around the world.? In the People’s Republic of China, the incidence of CRC has
been increasing annually and will continue to rise in the next few years.? Today, targeted
therapies of CRC have made significant progress but have failed to reach satisfactory
effects, and therefore there is a need for better targeted drugs.

Oxaliplatin is a third-generation platinum analog of the 1,2-diaminocyclohexane
family, and has a spectrum of activity and mechanisms of action that appear to be
different from those of other platinum-containing compounds.*> Moreover, its antican-
cer effects are optimized when it is administered in combination with other anticancer
agents, such as 5-fluorouracil® and S-1.%7 Oxaliplatin can induce DNA cross-links and
lead to DNA double-strand breaks (DSBs).%° After DSBs are induced by irradiation
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or cytotoxic drugs, H2AX is rapidly phosphorylated and
there is always a constant number or percentage of gamma
histone variant H2AX (YH2AX) formed per DSB.!° Chiu et
al’ found that oxaliplatin-induced phosphorylation of YH2AX
in a concentration- and time-dependent manner in HCT116
CRC cells.” DSBs are one of the most important threats to
genomic integrity and trigger the activation of repair proteins
involved in the homologous recombination repair and non-
homologous end-joining pathways. Poly (ADP-ribose) poly-
merase 1 (PARP1) has important roles in these pathways and
is crucial for the outcome of PARP1 inhibitor monotherapy.'!
Inhibitors of PARP1 increase the levels of persistent single-
strand breaks that lead to DNA DSBs upon replication.'>!
Our aim in this study was to examine the characteristics of
the sensitizing effects of a PARPI inhibitor on oxaliplatin
treatment for potential clinical application.

Materials and methods

Cell line and drugs

CRC cell line SW480 was obtained from American Type
Culture Collection (Manassas, VA, USA). Cells were cul-
tured in RPMI-1640 medium (HyClone, Logan, UT, USA)
supplemented with 10% fetal bovine serum (HyClone) and
maintained in a humidified atmosphere at 37°C with 5% CO,.
Olaparib (AZD2281) was obtained from Selleckchem (Hous-
ton, TX, USA) and oxaliplatin was obtained from Hengrui
Medicine Co., Ltd (Jiangsu, People’s Republic of China).

Cell proliferation assay

Cell proliferation was measured using the cell counting
kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan)
according to the manufacturer’s instructions. For the
CCK-8 assay, cells were divided into four groups: controls;
olaparib (1 umol/L); oxaliplatin (20 pug/mL); and olaparib
(1 umol/L) + oxaliplatin (20 png/mL). Cells were seeded
into 96-well plates at 1x10° cells per well with 100 puL
complete medium and cultured at 37°C; 10 uL CCK-8
solution was added to each well after 24, 36, 48, and 72
hours. Plates were incubated at 37°C for 2 h. The absor-
bance at 570 nm was then measured using a microplate
reader (Bio-Rad, La Jolla, CA, USA). All experiments were
performed in triplicate, and three independent experiments
were carried out.

Flow cytometry analysis

Cultured cells were trypsinized into single-cell suspensions,
fixed with 70% ethanol for 30 min, and treated with Cell Cycle
and Apoptosis Analysis Kit (Beyotime, Guangzhou, People’s

Republic of China) following the manufacturer’s instructions.
DNA content was assessed by FACS Calibur flow cytometry
(Becton Dickinson, Franklin Lakes, NJ, USA) and data were
analyzed by FlowJo (FlowJo, LLC, Ashland, OR, USA).

YH2AX foci assay

Cells, diluted to appropriate numbers, were grown on a
glass slide after exposure to olaparib (1 uM) and/or oxali-
platin (10 uM) for 36 h. Mouse monoclonal anti-yH2AX
(1:200; CST, Boston, MA, USA) antibody was used as the
primary antibody. Alexa-546-conjugated anti-mouse IgG
(Molecular Probes) was used for visualization of YH2AX.
We then stained with 4”,6-diamidino-2-phenylindole (DAPI)
(Nanjing KeyGEN Biotech. Co., Ltd., Jiangsu, People’s
Republic of China). Foci were observed with an Olympus
fluorescent microscope. For quantification of foci, clear and
easily distinguished dots of certain brightness were counted
as positive foci. The number of foci was counted in 100 cells
of each sample by visual inspection, and the average number
of foci per cell was calculated.

RNA extraction and real-time

quantitative PCR

Total RNA was extracted using TRIzol (Invitrogen,
Carlsbad, CA, USA) according to the manufacturer’s
instructions. Real-time quantitative reverse transcription
polymerase chain reaction (QPCR) was performed using
SYBR Green I (Invitrogen) with an ABI 7500 system
(Applied Biosystems, Foster City, CA, USA). Gene expres-
sion data were normalized to the geometric mean of the
glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
housekeeping gene to control for variability in expres-
sion levels, and were calculated as 271(Ct of gene) = (Ct of GAPDH)]
where Ct represents the threshold cycle for each transcript.
The following primers were used: GAPDH forward:
5’-GACTCATGACCACAGTCCATGC-3’, GAPDH
reverse: 5'-AGAGGCAGGGATGATGTTCTG-3; yYH2AX
forward: 5-GGCCTCCAGTTCCCAGTG-3’, yH2AX
reverse: 5-TCAGCGGTGAGGTACTCCAG-3’; PARP1
forward: 5'-ACAGTGTGCAGGCCAAGGTG-3’, PARP1
reverse: 5'-CTCGGCTTCTTCAGAATCTCTGTC-3".

Western blotting

Proteins from cell lysates were prepared, separated on SDS-
PAGE, and transferred to PVDF membranes, according to
the manufacturer’s instructions. Anti-human YH2AX mouse
monoclonal antibody (1:1,000; CST, Boston, MA, USA),
anti-human PARP1 mouse monoclonal antibody (1:1,000;
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Abcam, Cambridge, UK), and anti-B-tubulin mouse mono-
clonal antibody (1:1,500; Sigma-Aldrich, St Louis, MO,
USA) were used as primary antibodies. Goat anti-mouse anti-
body (1:2,000; Santa Cruz Biotechnology, Santa Cruz, CA,
USA) was used as a secondary antibody. Signal amplification
and detection were achieved by exposing the membrane to
ECL reagent (GE Healthcare), followed by visualization on
the storm imaging system (Amersham Biosciences).

Tumor volume assessment

SW480 cells were used as a xenograft model in female athy-
mic nude mice (nu/nu, 5-6 weeks old; Guangdong Medical
Laboratory Animal Center, Guangzhou, People’s Republic
of China). A suspension of 5x10° cells in 200 UL volume
was injected subcutaneously into the right posterior flank of
mice using a 1 mL syringe. Tumors grew for 20 days until
the average tumor volume reached 0.23 cm?. There were four
treatment groups (n=3 in each): vehicle control (5% dimethyl
sulfoxide, DMSO), olaparib alone (dissolved in DMSO),
oxaliplatin alone, and olaparib plus oxaliplatin. The vehicle
control and olaparib were administered daily at doses of
50 mg/kg via intraperitoneal injection for 6 consecutive days.
Oxaliplatin was administered at a dose of 5 mg/kg via intra-
peritoneal injection twice a week for 4 consecutive weeks.
Tumors were measured twice or three times weekly in three
perpendicular dimensions using a vernier caliper and tumor
volume was calculated using the modified ellipsoid formula:
V (mm?) =1/6 7 X length (mm) x width? (mm?).

Histologic sections, YH2AX and Kié67
staining

Twenty-eight days after the first dose, mice were euthanized
and tumors were paraffin fixed, and YH2AX and Ki67 staining
was performed in our laboratory. Anti-human YH2AX mouse
monoclonal antibody (1:100; CST, Boston, MA, USA)
and anti-human Ki67 mouse monoclonal antibody (1:50;
Epitomics, Burlingame, CA, USA) were used as primary
antibodies. The number of positive cells was scored and
graphed by averaging three repeated assessments.

Statistical analysis

Differences among the cell lines following treatment with
olaparib and/or oxaliplatin were analyzed using the repeated
measures analysis of variance. The Student’s #-test was used
to evaluate significant differences between two groups of
data in all relevant experiments. All results are presented as
means * standard deviation; the level of significance was
set at P<<(0.05.

Results

The chemosensitizing effect of olaparib
in SW480 cells

We analyzed the surviving fraction of cells treated with
olaparib at 24, 36, 48, and 72 hours after administration.
The surviving fraction of cells in response to olaparib com-
bined with oxaliplatin was significantly lower than that of
the control cells and of those treated with oxaliplatin alone
(Figure 1A; P<<0.05). Furthermore, according to repeated
measures analysis of variance, the estimated marginal mean
of the olaparib combined with oxaliplatin group was lower
than that of the control group and that of the oxaliplatin
alone treatment group (Figure 1B; P<<0.01). This suggests
that olaparib can increase the sensitivity of CRC cells to
oxaliplatin.

Olaparib changes the expression of
PARPI and yH2AX

QPCR showed that the expression of PARP1 following
olaparib treatment was decreased compared with that of
the control (P<<0.01). Furthermore, we found that YH2AX
was markedly upregulated in cells following olaparib and
oxaliplatin treatment compared with the control (Figure 1C;
P<0.01). However, there was no significant difference
between the cells treated with olaparib alone and the control
cells. The Western blot analysis results were consistent with
the results of the QPCR (Figure 1D).

Combination of olaparib and oxaliplatin
induces YH2AX foci formation

The kinetics of olaparib- and/or oxaliplatin-induced DNA
damage was investigated by analysis of the expression levels
of YH2AX. We analyzed YH2A X foci by immunofluorescence
staining following treatment with olaparib and/or oxalipla-
tin. There was no difference between the cells treated with
olaparib and control cells, suggesting that olaparib alone did
not induce DSBs. Additionally, cells exposed to oxaliplatin
combined with olaparib showed more YH2AX foci than cells
treated with oxaliplatin or olaparib alone, or the untreated
control cells (Figure 2; P<<0.01).

Combination of olaparib and oxaliplatin
induces GZ/M arrest in SW480 cells

The flow cytometry assay showed that there was no differ-
ence in the proportion of cells in G,/M-phase between the
cells treated with olaparib and the control cells, suggesting
that olaparib alone did not induce G,/M arrest. Addition-
ally, cells treated with olaparib and oxaliplatin had more
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Figure | The CCK-8 assays and the expressions of PARP| and YH2AX.

Notes: (A) The surviving fractions of the SWW480 cells treated with olaparib and/or oxaliplatin were measured by CCK-8 assays. (B) The estimated marginal means of the
three groups following treatments, according to the repeated measures analysis of variance. (C) The PARP| and YH2AX mRNA expressions of cells following the treatments.
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G,/M-phase cells than the cells treated with oxaliplatin alone
or the untreated control cells (P<<0.05; P<<0.01, respec-
tively). Collectively, these results suggest that olaparib helps
oxaliplatin to arrest CRC cells in G,/M-phase (Figure 3).

Combination of olaparib and oxaliplatin

inhibits tumor growth in a mouse model
To determine whether olaparib enhances oxaliplatin-induced
tumor volume changes, an SW480 cell CRC xenograft model
was established and tumor volumes were measured using
calipers (Figure 4). Tumor volume changes were calculated
for treatment groups relative to control tumors. The tumor
volume changes are shown in Figure 4B (tumor volume
change = tumor volume — original volume). At day 28,
following the first administration, olaparib and oxaliplatin
combination treatment significantly slowed tumor growth
(tumor volume change of 0.61 ¢cm®) compared to the con-
trol (tumor volume change of 1.32 cm®; P=0.025<0.05).
However, olaparib or oxaliplatin treatments alone did not
slow tumor growth (tumor volume change of 2.37 cm’® for
olaparib, P=0.55; volume change of 0.73 cm? for oxaliplatin,
P=0.1).

The body weight changes of the mice were tracked to
assess whether the combined treatment yielded systemic
toxicity. However, the results showed that there was no
difference in body weight among the groups (Figure 4C;
P>0.05).

Combined treatment reduces Ki67
and increases YH2AX marker in tumor

models

To determine whether the tumor growth delay from the
combined therapy results from decreased tumor prolif-
eration, Ki67 staining was performed using tissue sec-
tions from SW480 tumors in all groups. The Ki67 index
was lowest in the combined treatment sections (P<<0.05)
(Figure 4D and E). Furthermore, we found that the expression
of YH2AX in the combined treatment group was higher than
that of the other groups (P<<0.05). This result is consistent
with the results of the immunofluorescence staining of the
SW480 cells (Figure 4).

Discussion

Various PARP1 inhibitors have been studied in recent years.
Olaparib is a bioavailable inhibitor of PARP1/2, and a Phase
I trial using olaparib has been reported. In a clinical study,
the plasma concentration of olaparib reached 11.5 uM after
oral administration of 100 or 200 mg, which are doses that
do not cause dose-limiting toxicity.'* Calabrese et al'® found
that benzimidazole-4-carboxamides (BZ1-6) and tricyclic
lactam indoles (TI1-5) can inhibit cell growth by 50% at
concentrations ranging from 8 to 94 um. When investigat-
ing the function of a PARP1 inhibitor (veliparib, ABT-888),
Vilar et al'® found that the cell line harboring biallelic muta-
tions in MRE11 had higher sensitivity to veliparib compared

A Control Olaparib B
200
G,/G,: 41.9% G,/G,: 40.3%
o S:19.1% S:16.5% | @l G,/M phase (%) |
- G,M: 38.4% G,M: 40.2%
c *%
> 60 -
o *
= <
© <
(&] o 404
n
: 2
DNA content 2
s 20
~—
Oxaliplatin Olaparib + oxaliplatin (DN
G,/G,: 38.9% G,/G,: 38.2%
@ 200- S:10.2% S:8.5% 0-
- G,/M: 47.8% G,/M: 51.8%
c
=]
[*]
o
)
(&)

DNA content

Figure 3 The flow cytometry analysis of cell cycles.

Notes: (A) The number of cells in G /G,, S phase, and G,/M were quantified by flow cytometry. (B) The cell cycle distribution of SW480 cells following exposure to olaparib

and/or oxaliplatin. *P<<0.05, **P<<0.0| (Student’s t-test).
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Abbreviation: YH2AX, gamma histone variant H2AX.

with the wild-type cell line. In this study, we chose to use
1.0 uM olaparib (according to the specification and results
of our previous experiment). We compared the effects of
olaparib and/or oxaliplatin on SW480 cells and found that
olaparib had a cytotoxic effect when compared with the
control. Furthermore, the results showed that a combina-
tion of oxaliplatin and olaparib significantly increased the
lethal effect compared with that of oxaliplatin alone. Thus,
combining PARP inhibitors with oxaliplatin may be a

promising strategy for clinical application for the treatment
of CRC cells.

Yoshikawa et al'” deemed that there was no close cor-
relation between residual foci and radiosensitivity in cancer
cells with high expression of endogenous YH2AX foci.
However, many researchers agree that YH2AX foci is a good
marker of DSBs, and therefore could be introduced to detect
DSBs by counting foci in cells using an antibody against
YH2AX.'"1 Accordingly, we detected YH2AX levels after
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treatment with olaparib and oxaliplatin. Although Chan et al*
found that PARP inhibition alone did not induce a statisti-
cally significant increase in YH2AX expression in vitro or
in vivo, Western blotting showed that olaparib combined
with oxaliplatin produced the most foci among all the groups;
this was consistent with the results of immunofluorescence
and immunohistochemical staining. These findings suggest
that the sensitizing effect of olaparib for oxaliplatin may be
related to the induction of DSBs.

Arango et al*' found that exposure of colon cancer
cells to oxaliplatin resulted in G,/M arrest and apoptosis.
Cheng et al*? found that there was a significant increase
in the G/M population in ERCC1-low HCC827 and PC9
cells induced by either cisplatin or olaparib, and that
the combination of cisplatin and olaparib led to an even
more prominent G,/M arrest than either agent alone. Our
results suggest that oxaliplatin alone can cause G,/M
arrest (P<<0.05), and that cells treated with combination of
olaparib and oxaliplatin have more G,/M-phase cells than
control cells (P<<0.01). Additionally, our study found that
cells treated with combination of olaparib and oxaliplatin
have more G,/M-phase cells than cells treated with oxali-
platin alone (P<<0.05). Taken together, these results show
that olaparib and oxaliplatin have a synergistic effect on
G,/M arrest, and that olaparib helps oxaliplatin to arrest
CRC cells in G /M-phase.

We performed the in vivo experiments using an SW480
CRC cells xenograft model. When analyzing the data on
tumor volume, we compared the differences between the
total curves of the groups, rather than the differences at spe-
cific times, such as at 22, 25, or 28 days following the first
administration. Olaparib or oxaliplatin treatments alone did
not slow tumor growth (P>0.05). However, when compared
with controls, the combination of olaparib and oxaliplatin
delayed tumor growth (P<<0.05). Consequently, we conclude
that olaparib helps oxaliplatin to slow tumor growth. Immu-
nohistochemical staining of Ki67 showed that proliferation
in the combined treatment group was lower than that of the
other groups.

When we compared the effects on tumor volume, we
demonstrated that treatment with oxaliplatin alone did not
slow tumor growth (P>0.05), but that the combination of
olaparib and oxaliplatin did (P<<0.05). However, our results
do not prove that tumor cells treated with olaparib and
oxaliplatin are of less volume or weight than those treated
with oxaliplatin. This is a limitation of our study. We plan
further studies exploring the combination of olaparib and
oxaliplatin.
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