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Summary
Intended to explore synthetic lethality and develop better combinatorial regimens, we screened colorectal cancer (CRC)
cells using poly ADP-ribose (PAR) polymerase (PARP) inhibitors and cytotoxic agents. We studied four PARP inhibitors
and three DNA-damaging agents, and their combinations using sulforhodamine B assay. Rucaparib demonstrated the
greatest synergy with irinotecan, followed by olaparib and PJ34. Rucaparib and irinotecan was further subjected to
detailed examination to determine combination index (CI) and underlying mechanism of action. Effectiveness and se-
quence dependence of this combination were assessed in microsatellite stable (MSS) and unstable (MSI) CRC and
HCT116 isogenic cell lines. The degree of cell cycle arrest and apoptosis was determined by FACS. In vivo studies were
performed to confirm efficacy of this combination. PAR levels in MSI and PARP expression in MSI and MSS cell lines
were diminished upon combinatorial treatment. HCT116 isogenic cells revealed the importance of p21, p53 and PTEN in
exerting synergy. In MSI cells, administration of rucaparib prior to irinotecan enhanced cytotoxicity compared to other
strategies explored. FACS revealed S-phase arrest and increased late-stage apoptosis in MSS, and G2-M arrest and total
and early-stage apoptosis in MSI cells. In in vivo murine xenograft models, a significant reduction in tumor volume and
expression of Ki67, pancytokeratin and RPS6KB1, and increase in expression of caspase 3 were observed with the
combination. In conclusion, among the various combinations studied, rucaparib plus irinotecan was the most synergistic
one. Alterations in cell cycle arrest and apoptosis were dependent on MSI status in CRC cells.
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Introduction

Overall survival for patients with metastatic colorectal cancer
(CRC) has improved over the past decade. Current chemother-
apeutic regimens for CRC include drugs that result in DNA
damage via different mechanisms. Oxaliplatin causes the for-
mation of DNA adducts, while irinotecan blocks re-ligation of
DNA strands by inhibiting topoisomerase 1 [1]. These two

agents are often given in combination with the nucleotide ana-
log 5-fluorouracil, an irreversible competitive inhibitor of
thymidylate synthase that results in incorporation ofmetabolites
into DNA [2]. Although these treatments are initially effective,
all patients eventually develop resistance. The current 5-year
survival rate for CRC is still 11%, partly due to the development
of resistance over the course of treatment [3]. A major cause of
drug resistance is increased DNA damage repair (DDR) [4].

During the process of continuous replication, cancer cells
undergo DNA damage, which activates key proteins, includ-
ing BRCA and poly ADP-ribose (PAR) polymerase (PARP)
that repair this damage [5]. PARP1 has high affinity for single-
and double-stranded DNA breaks and thought to play a role in
base excision repair. PARP1 binds tightly to DNA-strand
breaks and following auto–poly ADP-ribosylation, is re-
leased, gaining access to the damaged DNA [6]. PARP inhib-
itors (PARPi), either alone or in combination with cytotoxic
drugs, are utilized for BRCA1/2 mutated breast cancer [7].
Similarly, p53-deficient breast cancer cells treated with
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PARPi have been shown to lose resistance to the apoptosis-
promoting and clinically active antitumor agent anthracycline
[8].

Currently, three distinct PARPi, namely olaparib,
rucaparib and niraparib are USFDA-approved for use in
patients with ovarian cancer [9]. Olaparib is also indicated
in triple negative breast cancer [5]. Additionally, single
agent and combination trials are ongoing for a number of
additional indications [7, 10, 11]. The use of PARPi in the
management of CRC is poorly defined. No studies to date
have demonstrated a significant reduction of CRC tumor
growth by specific PARPi when combined with standard
chemotherapeutic agents. The complexity of the genetic
underpinnings of CRC may explain the limited activity of
PARPi observed thus far in this disease. While ∼84% of
sporadic tumors show chromosomal instability, 13–16%
exhibit hypermutation and demonstrate a microsatellite in-
stability (MSI) phenotype due to defective DNA mismatch
repair (MMR) [12]. Mismatch repair-proficient tumors in-
clude those that are microsatellite stable (MSS) or MSI-low
[13]. For this study, we hypothesized that concurrent treat-
ment of CRC cells with a DNA-damaging drug and a
PARPi would be synergistic, potentially paving the way
for more effective management of CRC. In addition, by
utilizing Bsynthetic lethality ,̂ combinatorial treatment
may provide added benefit in MSI-high CRC. In order to
test our hypotheses, we used a collection of human CRC
cell lines to identify the most synergistic PARPi and
chemotherapeutic/cytotoxic drug combination and its
mechanism of action. In addition, experiments were per-
formed in MSI and MSS CRC cell lines to demonstrate
efficacy in different genetic backgrounds. Finally, in vivo
xenograft studies were performed to translate in vitro ob-
servations into a proof-of-concept pre-clinical treatment
strategy.

Materials and methods

Drugs and chemicals

Oxaliplatin, irinotecan and 5-fluorouracil, obtained from
Montefiore Medical Center outpatient pharmacy, were freshly
prepared in deionized water/MEMmedia for each experiment.
The PARP inhibitors olaparib and PJ34 were purchased from
Selleck Chemicals (Houston, TX), veliparib from Cancer
Therapy Evaluation Program (CTEP) (NCI, Bethesda, MD)
and rucaparib from Clovis Oncology (San Francisco, CA).
Olaparib, rucaparib and veliparib were dissolved in anhydrous
DMSO (Sigma-Aldrich, St. Louis,MO) and PJ34 in water. All
PARPi were kept as 10 mM stock solutions and stored at
−20 °C. The following antibodies and concentrations were
used for Western blotting: PARP-1 and p21–1:500 (Santa

Cruz Biotechnology, Inc., Dallas, TX), γH2AX - 1:1000
(EMD Millipore, Billerica, MA) and β actin - 1:15,000
(Sigma-Aldrich). All other chemicals were of analytical grade
and commercially available.

Cell culture

The study was performed in parental HCT116 that harbors
both act ivat ing KRAS (KRASG13D ) and PIK3CA
(PIK3CAH1047R) mutations, and its isogenic derivatives in-
cluding HCT116 Bax−/−, HCT116 p21−/−, HCT116 p53−/−,
HCT116 PTEN−/−, HCT116 KRAS wt (Hke3) and HCT116
PIK3CA wt, along with LIM2405, HCT15, RKO (all are
MSI), HT29, SW837 and Caco2 (all are MSS) human CRC
cell lines. All parental cell lines were obtained from the
American Type Culture Collection (ATCC, Manassas, VA).
Isogenic HCT116 KRAS and PIK3CA wt and mutant cells
were generously provided by the Sasuzaki and Vogelstein/
Velculescu laboratories, respectively [14–16]. All cell lines
were cultured in MEM supplemented with 10% fetal bovine
serum, 1x antibiotic/antimycotic (100 units/ml streptomycin,
100 units/ml penicillin, and 0.25 μg/ml amphotericin B), 1x
MEM Non-Essential Amino Acids Solution, and 10 mM
HEPES buffer solution (all from Thermo Fisher Scientific,
Waltham, MA). All lines were tested to be negative for my-
coplasma contamination (Venor™GeM Mycoplasma
Detection Kit, Sigma-Aldrich). Cell lines were authenticated
by clustering analysis of genome-wide mRNA expression mi-
croarray data at the time of these experiments [17]. Cell lines
were cultured until they reached 70–80% confluence.

Cytotoxicity assay

After exposure to drugs or controls in 96-well plates, cell
survival/proliferation was measured by a spectrophotometric
dye incorporation assay using sulforhodamine B (SRB) [18].
Cells were fixed with trichloroacetic acid (Sigma-Aldrich) for
1 h, followed by staining for 30 min with 0.4% (wt/vol) SRB
(Sigma-Aldrich) dissolved in 1% acetic acid. The number of
viable cells was directly proportional to protein bound-dye,
which was solubilized with 10 mM Tris base solution
pH 10.5 and quantified by fluorometric ELISA at 540 nM
(Bio-Rad, Hercules, CA;Microplate Reader). All experiments
were performed in duplicate and repeated a minimum of three
times. The IC50 was assessed from the dose-response curves.

Multiple drug effect analysis

1, 2 and 5 μM concentrations of PARPi (olaparib, rucaparib,
PJ34 and veliparib) and 0.2μMconcentration of oxaliplatin or
0.5 μM concentration of either 5-fluorouracil or irinotecan
were used to analyze combination strategies. During the sec-
ond phase, various concentrations of irinotecan and rucaparib

Invest New Drugs (2019) 37:948–960 949



were added in a fixed IC50-based molar ratio (irinotecan:
rucaparib) of 1:2 for HCT15, HCT116, HT29, LIM2405,
RKO and SW837. All assays were done in duplicates. The
mode of interaction (synergy, antagonism or additivity) was
determined by calculating the CI [19] using CompuSyn soft-
ware program (CompuSyn, Inc., Paramus, NJ). CI is a quan-
titative measure of the degree of drug synergy (CI 1 = additive
effects), (CI < 1, synergy), (CI > 1, antagonism) [10].

Protein extraction and Western blotting

Expression of PARP1, γH2AX, p21 and β-actin were deter-
mined by Western blotting. Cells were treated with specified
concentrations of irinotecan and/or rucaparib for 24, 48 or
72 h prior to lysis in RIPA buffer (Cell Signaling
Technology, Inc., Danvers, MA) containing 1 mM
phenylmethanesulfonylfluoride (Sigma-Aldrich). Protein con-
centrations were determined with a bicinchoninic (BCA) pro-
tein assay (Thermo Fisher Scientific). Equal quantities of total
protein were loaded and separated by 12% SDS-PAGE then
transferred to a polyvinylidene difluoride membrane (Thermo
Fisher Scientific). Next, blocking with 5% w/v non-fat dry
milk or 5% w/v bovine serum albumin in Tris-buffered saline
with 0.1% Tween 20 (TBST-T) was performed. The mem-
branes were incubated overnight at 4 °C with relevant primary
antibodies followed by incubation with horseradish
peroxidase-conjugated secondary antibody (dilution,
1:10,000; GE Healthcare Bio-Sciences/Amersham, Pittsburg,
PA) for 2 h at room temperature. Proteins were visualized
using a Kodak Gel Logic 2200 imaging system (Kodak,
Rochester, NY) with Luminata™ Crescendo Western HRP
substrate (EMD Millipore, Billerica, MA, USA) [20].

Determination of cellular PAR

Total cellular PAR levels were quantified using a commercial-
ly available PARP in vivo Pharmacodynamic Assay 2nd
Generation (PDA II) Kit (4520–096-K; Trevigen Inc.,
Gaithersburg, MD) according to the manufacturer’s instruc-
tions and as described previously [21]. Briefly, serially diluted
PAR standards, diluted test samples, Jurkat cell lysate stan-
dards as positive controls and sample buffer (background con-
trol) were analyzed in triplicate. LIM2405 and SW837 cells
(106) were seeded in 60 mm dishes and analyzed after 72 h of
treatment. Dishes were placed on ice and lysed according to
the kit protocol. After cell lysis and DNA digestion, total
protein was quantified in each sample, and 10 μg of cell ex-
tracts were added to PAR-capture antibody pre-coated plates,
which were covered with sealing film and incubated overnight
at 4 °C. Wells were washed four times with PBS with Tween-
20 (PBST), and PAR-detecting polyclonal antibody (1:250)
was added at 25 °C for 2 h. Each well was again washed four
times in PBST. HRP conjugate (1:250) was added at 25 °C for

1 h. After washing, goat anti-rabbit IgG-HRP conjugate was
added at 25 °C for 1 h. Cells were washed four times and a 1:1
mixture of PARP PeroxyGlow A and B was added.
Luminescence was measured using BMG LUMIstar Galaxy
microplate reader. The validation criteria of the assay were
met and double measurement was conducted to validate reli-
ability of the assay. Units of measure were pg/mL PAR, nor-
malized to 100 μg protein as determined with the BCA assay.

Cell cycle analysis

Flow cytometric analyses of LIM2405 and SW837 were car-
ried out using a BD LSR II machine (Becton Dickinson
Immunocytometry Systems USA, San Jose, CA) after treat-
ment in duplicate with control IgG1 (10 μg/ml; Calbiochem,
San Diego, CA) or with 200 nM irinotecan and/or 400 nM
rucaparib and combination for 24 h. To monitor DNA synthe-
sis, determination of BrdU (Sigma-Aldrich) incorporation was
performed using standard protocols. DNAwas counterstained
with 5μg/ml propidium iodide (PI) for at least 20 min before
flow cytometric analysis [22].

Apoptosis determination

This assay is based on the phosphatidylserine detection on the
apoptotic cells surface, using fluorescently labeled annexin V
in combination with the dead cell marker, PI [23]. LIM2405
and SW837 cells were treated in duplicate in 1 of 4 groups;
control IgG1 (10 μg/ml; Calbiochem, San Diego, CA),
200 nM irinotecan, 400 nM rucaparib, and combination.
After 3, 6, 12, 24 and 48 h of drug(s) treatment, cells were
harvested, washed in PBS and fixed using 1x binding buffer.
The cells were stained with annexin V-FITC and PI using
Annexin VApoptosis Detection kit and according to the man-
ufacturer’s instructions (eBioscience, San Diego, CA). The
level of apoptosis was assessed by fluorescence-activated cell
sorting analysis within 4 h of dye addition. We calculated the
apoptotic ratio by identification of four populations: (i) live
cells, not undergoing detectable apoptosis: Annexin V (−) and
PI (−), (ii) early apoptotic cells: Annexin V (+) and PI (−), (iii)
late apoptotic cells: Annexin V (+) and PI (+), and (iv) cells
that died through non-apoptotic pathway – necrotic cells:
Annexin V (−) and PI (+).

In vivo xenograft experiments

All animal care and experimental procedures were performed
in accordance with protocols approved by the Albert Einstein
College of Medicine’s Institutional Animal Care and Use
Committee (IACUC). A total of 106 HCT116 cells were
suspended in 50μl of serum-free media and mixed with an
equal volume of Matrigel (BD Biosciences, Bedford, MA).
The mixtures were injected subcutaneously into the dorsal
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flanks of 8-week-old athymic nude mice [24], which were
obtained from Jackson Laboratory (Bar Harbor, ME). After
the tumors had grown to approximately 100mm3, the mice
were treated with irinotecan, rucaparib, irinotecan combined
with rucaparib, or the control group (n = 4–6 for each group;
experiments done in triplicate). Animals received intraperito-
neal injections of 1.25mg/kg bodyweight of irinotecan in nor-
mal saline twice weekly, and 20mg/kg of rucaparib in 0.5%
(w/v) methylcellulose, daily, for 3 weeks. The combined group
received the same doses of both agents at the same frequency
and duration. The non-treated control group received a mix-
ture of sucrose solution and normal saline. Tumor volume was
measured every 3 days using caliper and calculated as follows:
volume = longest tumor diameter × (shortest tumor diame-
ter)2/2 [25]. Animals were euthanized and tumors were ex-
cised upon reaching 2 cm3 size.

Tissue microarray and immunohistochemistry
analysis

To determine the expression of caspase 3, Ki67,
pancytokeratin and RPS6KB1 in excised HCT116 xenografts,
tissues were harvested, formalin fixed, and used to create a
tissue microarray (TMA) for immunohistochemistry [26].
TMA provide an opportunity to detect tissues on a large scale
in a consistent manner. The process was as follows: TMA
slides were deparaffinized twice with xylene for 5 min each,
then sequentially transferred through 100%, 95%, 85%, 75%
alcohol. Then, antigen recapture was performed on tissue sec-
tions using microwave treatment in 10 mmol/L sodium citrate
buffer (pH 6.0) for 10 min. Immunohistochemistry was per-
formed using the Cell and Tissue Staining Kit (R&D Systems,
Inc., Minneapolis, MN). The sections were incubated over-
night at 4 °C with anti-caspase 3 (1:400 dilution, ab2302,
Abcam, Cambridge, MA), anti-pancytokeratin (1:200 dilu-
tion, ab27988, Abcam), and anti-RPS6KB1 (1:200 dilution,
LS-C96584, LifeSpan Biosciences, Inc., Seattle, WA). TMA
slides stained with PBS served as the controls. 3,3′-diamino-
benzidine with hematoxylin was employed for counter stain.
The slides were examined using an inversion fluorescence
microscope (Olympus IX-71, Tokyo, Japan).

Statistical analysis

Data were expressed as mean values ± SEM. As appropriate
for the experimental design, statistical analysis was conducted
using an unpaired t-test, or one-way analysis of variance
(ANOVA) with post hoc test. A minimal level of statistical
significance for differences in values was considered to be
p < 0.05 and is indicated with an ‘*’. Data was analyzed with
Excel (Microsoft) and GraphPad Prism®
Version 7.0 (GraphPad Software Inc.).

Results

Effects of cytotoxic drugs combined with PARP
inhibitors on CRC cell growth

Oxaliplatin, 5-fluorouracil and irinotecan, as well as the small
molecule PARPi olaparib, rucaparib, PJ34 and veliparib were
tested as single agents for their effects on growth of CRC cell
lines. The additive, synergistic or antagonistic effects of these
drug combinations were analyzed by combining them in dif-
ferent molar ratios and for varying durations (Fig. 1a, heat
map). Based on the percentage difference from additive effect,
irinotecan and rucaparib exhibited the most synergistic growth
inhibition. In contrast, oxaliplatin and veliparib had an antag-
onistic effect on cell growth.

The irinotecan rucaparib combination was further investi-
gated. Result of CompuSyn analysis and CI values for six
CRC cell lines are presented in Fig. 1b. Strikingly, synergistic
antiproliferative effects (CI < 1) were observed in all except
for ED75 and ED90 of SW837, an MSS cell line. Significant
synergy (CI < 0.5) was observed in HCT116 and RKO. The
CI values for ED50 and ED90 in cell lines are as follows:
HCT15, 0.79–0.93; HCT116, 0.08–0.35; HT29, 0.57–0.96;
LIM2405, 0.51–0.98; RKO, 0.38–0.39 and SW837, 0.75–
111.8. As irinotecan in combination with rucaparib exhibited
the most synergistic cytotoxic effect, further in-depth analyses
were performed using this combination only.

Viability check of single-agent and combinatorial
treatment

Irinotecan and rucaparib were tested individually or in com-
bination in a number of CRC cell lines to determine the range
of cytotoxicity. For these experiments four MSI cell lines,
including HCT116, RKO, HCT15 and LIM2405, and two
MSS CRC cell lines, including SW837 and HT29 were tested
in the SRB assay. Results are shown for the representative cell
lines RKO and HT29. As shown in Fig. 2, a spectrum of
sensitivity to irinotecan and rucaparib were observed. RKO
was more sensitive both to single-agent rucaparib treatment
(p < 0.05) and combination therapy (p = 0.04) compared with
HT29, which might be due to the MMR-deficiency status of
RKO. A cytotoxic effect by irinotecan alone was observed at
200 nM, and for rucaparib at 400 nM after 48 h of treatment.
These findings prompted us to select these concentrations for
future experiments.

Functional assessment of PARP inhibition
in combination with irinotecan

PAR levels, PARP1 and γH2AX expression were defined as
functional aspects of PARP inhibition (Fig. 3). Rucaparib
400 nM was administered for 3, 6, 12, 24 and 48 h as single
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agent and in combination with 200 nM of irinotecan.
Rucaparib alone reduced PAR levels by ~25% in LIM2405
and ~70% in SW837 compared to untreated cells. Effects on
PAR levels of the drug combination were more pronounced in
the MSI cell lines compared to the MSS lines. Notably,

administration of irinotecan as single agent increased PAR
by 30–60% in LIM2405, perhaps due to the drug’s increased
potential to cause DNA damage and stress in an MSI context
[27]. SW837 demonstrated two-fold endogenous PAR com-
pared to LIM2405 (Fig. 3a).

Fig. 1 Drug interactions with PARPi. a Heat maps represent additive,
synergistic or antagonistic interactions of drugs and small molecule
PARPi in CRC cell lines. Data correspond to percentage variation from
additive effect of oxaliplatin, 5-fluorouracil and irinotecan with olaparib,
rucaparib, PJ34 and veliparib. HCT116 and LIM2405 were treated with
various concentrations and mixing ratios of these agents for 24, 48 and
72 h followed by SRB assay for cell viability [18]. Values ≥200 are
considered as synergism (green blocks) and ≤ −20 is antagonism (red
blocks). Combinations of irinotecan and rucaparib considered as most

synergistic; combinations of irinotecan and PJ34, and oxaliplatin and
veliparib considered as antagonistic [n = 4]. b Synergism was further
demonstrated by CI analysis. Four MSI (HCT15, HCT116, LIM2405
and RKO) and two MSS (HT29 and SW837) CRC cell lines were
subjected to varying but uniformly distributed concentrations of
irinotecan and rucaparib for 24 h, and SRB assay done. CI was
determination using CompuSyn v.1.0 at ED50 (effective dose 50%),
ED75 and ED90 [19]
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Expression of PARP1 and γH2AX was consistent with a
response to DNA-damage. We measured protein levels of
PARP1 in HCT116, LIM2405, SW837, RKO, and HT29 cell
lines and the DNA double-strand breaks sensor, γH2AX, in
all except SW837 byWestern blot analysis (Fig. 3b) and quan-
tified using the Image J software (NIH). When quantified and
corrected for load (β-actin) the expression of PARP1 was
increased by treatment with irinotecan in HCT116 and
LIM2405, whereas rucaparib and combination downregulated
it significantly (p = 0.04). γH2AX levels were upregulated by
treatment with single agents and with combination therapy in
LIM2405, and with irinotecan and combination therapy in the
remaining three cell lines. Only HCT116 demonstrated a re-
duction in γH2AX level upon treatment with rucaparib.

Efficacy of concurrent vs sequential administration
of irinotecan and rucaparib

After establishing synergy between irinotecan and rucaparib
treatment in vitro, subsequent studies were carried out to ex-
amine whether simultaneous versus sequential administration
of irinotecan and rucaparib altered the efficacy of this combi-
nation (Fig. 4). Each drug was administered for 24 h. We
found that concurrent administration of the drugs was more
effective than sequential therapy. For sequential combinations,
it was more effective to administer irinotecan before
rucaparib. The exception was inHCT15 and SW837 cell lines,
where administration of rucaparib followed by irinotecan was
found to be more effective. MSI and MSS status were not
determinants of efficacy of concurrent vs sequential

treatments. However, administration of irinotecan followed
by rucaparib proved to be less effective than concurrent treat-
ment in all conditions (Fig. 4a).

Being prominent regulators of cell cycle, proliferation and
apoptosis, we also analyzed role of Bax, KRAS, p21, p53,
PI3-kinase and PTEN in relation to efficacy of concurrent vs
sequential treatment (Fig. 4b and c). We used six isogenic cell
lines derived from parental HCT116 and repeated the experi-
ments as described above. For each cell line, except for the
line carrying a p21 mutation, treatment with rucaparib prior to
irinotecan increased the percentage of cell death compared to
other treatment conditions (Fig. 4b). From these results we
speculate that perhaps the absence of Bax, p21, p53 or
PTEN caused antagonism upon simultaneous treatment of
two drugs, or when irinotecan administered prior to rucaparib.
In addition, in the presence of rucaparib, PARP activity and
expression were reduced, which may have promoted re-
sponses to irinotecan via DNA-strand break-mediated cyto-
toxicity and cell death. Under all treatment conditions across
the isogenic panel of cell lines, antagonism was more promi-
nent in p21 mutants (Fig. 4c). These results suggested that
p21, a cyclin-dependent kinase inhibitor and positive regulator
of cell cycle arrest in presence of p53, was an important me-
diator of response to combination irinotecan and rucaparib.

To further examine the role of p21 and p53 in the response
to combination irinotecan and rucaparib, we analyzed expres-
sion of p21 in p53mutant andwt cells (Fig. 4d).While none of
the treatments altered outcome in wt cells, p21 expression
drastically increased upon combination treatment in p53 mu-
tant HCT116. However, p53 wt LIM2405 also increased

Fig. 2 Dose ratio-dependent effects of irinotecan and rucaparib.
Representative MSI (RKO) and MSS (HT29) CRC cell lines were
subjected to SRB assay for cell viability/growth inhibition 48 h post
drug-addition. Each point on the plot corresponds to concentrations or
combinations of drugs as mentioned in the table below chart – x axis

representation. Combinatorial effect of irinotecan and rucaparib were
highly synergistic (p ≤ 0.04) and more pronounced in MSI than MSS
(p = NS). ‘#’ represents p ≤ 0.05 compared to irinotecan single agent
and ‘$’ represents p ≤ 0.05 compared to rucaparib single agent. Each
point represents mean ± SEM of triplicate experiments
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expression of p21 upon treatment with rucaparib and the com-
bination, which was correlated with the synergistic effect of
the two drugs on G2-M cell-cycle phase arrest (Fig. 5a). This
prompted us to speculate that the initiation of cell death might
be p21- and p53-dependent. p21 expression was significantly
reduced after rucaparib treatment for 24 h in LIM2405 and
p53 mutant of HCT116.

Cell cycle perturbations and apoptosis in MSI andMSS
cell lines

Cell cycle perturbations were analyzed by flow cytometry,
after a 24 h of exposure to irinotecan and rucaparib in two
CRC cells (Fig. 5a). In MSI cell line, LIM2405, treatment
with irinotecan caused accumulation of cells in G2M, which
was increased with the addition of rucaparib. Combination
treatment reduced the fraction of cells in S phase to ~40%
(Fig. 5b). In theMSS cell line, SW837, combination treatment
induced significant accumulation of cells in S phase (p = 0.03)
by reducing the number of cells in G0–1 peak. Although

single-agent treatments also showed a similar trend, neither
increase in S phase nor decrease in G0-G1 was significant.

We assessed the effect of two drugs to induce apoptosis
over 3–48 h (Fig. 5c and d). The percentage of cells undergo-
ing apoptosis increased upon duration of treatment. Combined
treatment delayed apoptosis in SW836 compared to
LIM2405. Except for the 3 h group, combination treatment
significantly increased apoptosis in LIM2405. However, apo-
ptosis was evident only at the 48 h treatment group in SW837
(data not shown). Noticeably, only LIM2405 demonstrated
increased apoptosis after combination treatment. Levels of
apoptosis upon single-agent treatment was indirectly propor-
tional to combinatorial treatment (data not shown).

We further quantified stages of apoptosis in both cell lines
under different treatment conditions and durations. Early-
stage apoptotic cells were significantly increased in
LIM2405, whereas late-stage apoptotic cells were increased
in SW837 (Fig. 5d), particularly in the rucaparib single agent
treated group (data not shown). In SW837, 48 h combinatorial
treatment alone significantly increased late-stage apoptotic
cells (Fig. 5d).

Fig. 3 Measurement of PAR levels and expressions of PARP1 and
γH2AX. a PAR assay was performed using Trevigen’s PARP in vivo
Pharmacodynamic Assay 2nd Generation kit. PAR levels were reduced
upon administration with 400 nM rucaparib single agent and in
combination with 200 nM irinotecan. These experiments were repeated
twice, and mean ± SD was plotted. b Expressions of PARP1 and γH2AX
in CRC cell lines. Rucaparib alone and combination with irinotecan

significantly reduced PARP1 in all cell lines tested. DNA damage
sensor, γH2AX, was significantly increased (p ≤ 0.05 compared to
controls) upon treatment with irinotecan and its combination with
rucaparib in all cell lines studied. These experiments were repeated
twice. There was no significant difference in the expression of
housekeeping protein β-actin
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Increase in growth inhibition of human colorectal
carcinoma xenografts in mice following combined
treatment

In order to confirm these in vitro findings, nude mice were
injected with HCT116 and allowed to generate tumors.
Irinotecan and rucaparib were administered alone or in com-
bination for 2.5 weeks [28]. All treatments significantly re-
duced tumor size compared to control (Fig. 6a).
Combination therapy resulted in a more significant reduction
in tumor volume than single-agent groups. By day 17 of drug
administration, the mean tumor volume of the combination
treatment group was significantly smaller than that of either
irinotecan-alone or rucaparib-alone groups (p = 0.005 vs
irinotecan and p = 0.007 vs rucaparib). Indeed, in

combination, the inhibitory ratio of tumor weight was 96%,
while it was 80% and 79% in the irinotecan and rucaparib
groups, respectively (Fig. 6b) [29]. No significant weight loss
was observed before or after treatments in any of the cohorts
(data not shown).

Immunohistochemical analyses of xenograft tumors dem-
onstrated that expression of caspase 3, a marker of early apo-
ptosis and activator of death protease, was increased upon
treatment with rucaparib, irinotecan and their combination.
Ki67, pancytokeratin and ribosomal protein S6 kinase beta-1
(RPS6KB1) were each significantly decreased in the combi-
nation treatment group as compared to control. These results
suggest that combinatorial treatment suppressed tumor growth
and differentiation by inhibiting cell proliferation and induc-
ing cellular apoptosis in vivo. Absence of cytokeratin staining

Fig. 4 Effectiveness of simultaneous and sequence-dependent
treatments of irinotecan and rucaparib in MSI (HCT116, RKO,
HCT15 and LIM2405), MSS (HT29 and SW837) and six isogenic
cell lines of HCT116. Cells were treated with irinotecan, 200 nM and
rucaparib, 400 nM for 24 h. Degree of cell death was inferred by SRB
assay after 48 h of incubation. a Simultaneous treatment and
administration of irinotecan prior to rucaparib were observed to be
more cytotoxic in MSI cell lines. Administration of rucaparib prior to
irinotecan led to significantly higher cytotoxicity as compared to
simultaneous and vice versa treatments in SW837 (MSS). b Bax, p21,
p53 and PTENwere most and mutational status of KRAS and PI3Kwere

least important for eliciting synergy under simultaneous treatment. p53 is
shown to be most important for the mechanism of irinotecan action. c
Absence of Bax and p21 produced antagonism in HCT116 isogenic cell
lines by any method of treatment. Each bar represents mean and SEM
from 4 separate experiments. Statistical significance at p ≤ 0.05 compared
with * - control, $ - rucaparib and # - irinotecan. d Figure represents
expression of p21 in isogenic HCT116 p53+/+ (p53 wt), HCT116 p53
−/− (p53-null) and LIM2405 upon treatment with irinotecan and
rucaparib, 200 nM and 400 nM respective, for 24 h as seen in Western
blots. Expression of p21 was drastically reduced upon treatment with
rucaparib in p53 mutant and wt LIM2405 cell line
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may be an indication of reduced cancer cell invasion and
migration/metastasis. Reduced expression of RPS6KB1 has
been shown to be an indication of diminished activity of
mTOR (mammalian target of rapamycin) (Fig. 6c).

Discussion

DNA repair inhibitors can improve the therapeutic index of
chemotherapeutic drugs by targeting cancer cells over normal
cells. A number of preclinical studies have demonstrated that
PARP inhibitors can be potentially viable as chemo-
potentiators or chemo- and radio-sensitizers [30]. Although
combining PARP inhibitors with a wide range of drugs is
actively being pursued, it is critical to elucidate whether dif-
ferent PARP inhibitors should be considered equal and how

such combinations work. Some PARP inhibitors selectively
induce PARP-DNA trapping in addition to catalytic PARP
inhibition [31]. By screening a collection of twelve combina-
tions of DNA damaging/cytotoxic agents and small molecule
PARP inhibitors, we identified one particular combination,
irinotecan and rucaparib, which synergistically inhibited the
growth of colorectal cancer cell lines and tumor/HCT116 xe-
nografts in athymic nude mice. Our preclinical study demon-
strates marked differences among combinations of established
chemotherapeutic agents - oxaliplatin, 5-fluorouracil and
irinotecan - with PARP inhibitors in advanced clinical devel-
opment - olaparib, rucaparib, PJ34 and veliparib - which differ
by their PARP-trapping efficiencies [11]. Here, we compared
not only the combinations among themselves, but also with
respective to single agent treatments. These interactions were
tested and confirmed in multiple CRC cell lines. The platinum

Fig. 5 Cell cycle progression and apoptosis in MSS and MSI by flow
cytometry. LIM2405 (MSS) and SW837 were untreated or treated with
irinotecan, rucaparib and combination. a Distribution and percentage of
cells in pre-phase, G0–1, S and G2-M phase of the cell cycle are
indicated. Combined treatment of irinotecan, 200 nM, and rucaparib,
400 nM, caused S phase arrest in SW837 and G2-M arrest in LIM2405
(b). Measurement of apoptosis is depicted in Fig. c and d. Cells were
treated with rucaparib, irinotecan and combination for 3, 6, 12, 24 and
48 h and measured total and early- and late-stage apoptosis using
Annexin Vand PI stains under flow cytometry. c Figure provides percent-
age of total apoptotic cells upon 48 h of treatment. Combined treatment
yielded significant levels of apoptosis in LIM2405, whereas in SW837,

the combination did not produce significant apoptosis compared to single
agents. d This figure shows percentage of early- and late-stage apoptotic
cells in LIM2405 and SW837 upon combined treatment for 3–48 h.
Early-stage apoptotic cells increased significantly in LIM2405 whereas
late-stage increased in SW837 except for 48 h. Cells that are considered
viable are both Annexin V and PI negative, while cells that are in early
apoptosis are Annexin V positive and PI negative, and cells that are in late
apoptosis or already dead are both Annexin Vand PI positive. Each value
represents mean ± SD of duplicate experiments. p ≤ 0.05 (* - compared to
control, $ - compared to rucaparib, # - compared to irinotecan) is consid-
ered as statistically significant
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analogues function by forming complex DNA adducts includ-
ing intra-strand and inter-strand crosslinks [32]. Repair of
these lesions is mediated by multiple DNA repair systems.
The antagonism or lack of synergy between olaparib/
rucaparib/veliparib and oxaliplatin might be explained by the
fact that inhibition of PARP blocks only one of several repair
pathways, and also fails to sensitize cells to these agents.

Topoisomerase inhibitors exert their cytotoxic effects by
stabilizing and trapping the topoisomerase enzyme complex
on the DNA, thereby preserving transient double-strand
breaks or introducing new double-strand breaks from
topoisomerase-mediated single-strand breaks during S phase
of the cell cycle [33]. The broken 3′-DNA ends are covalently
attached to topoisomerase I, whereas the 5′-DNA ends bear a
sugar hydroxyl. The binding of PARP1 depends on the DNA
substrate [34, 35]. PARP1 preferentially binds directly to base
excision repair–intermediates with a 5′-2-deoxyribose-5-
phosphate (5’-dRP) rather than to 5′-phosphate ends [36].
PARP is critical for the repair of topoisomerase I cleavage
complexes [37]. PARylation can reverse topoisomerase I
cleavage complexes [38], limit replication fork collisions,
and facilitate homologous recombination at replication forks
stalled by topoisomerase I cleavage complexes [11, 39]. This
makes it logical for a combination of irinotecan and rucaparib
to function most synergistically. Administration of rucaparib
for 48 h significantly reduced irinotecan-induced PAR accu-
mulation in tumors, which was more evident in the MSI cell
line, LIM2405, compared to its MSS counterpart, SW837.
The combinatorial effect was reflected in enhanced expression

of γH2AX and dramatic cell cycle arrest. As a sensor of DNA
damage signaling, γH2AX plays an important role in
recruiting DDR proteins to the DNA lesion sites and initiating
DDR, including activating cell cycle checkpoints [40].

G2-M arrest observed with irinotecan treatment was an
added proof of the DNA damaging effect of the drug [41].
However, the effect was enhanced most prominently by the
addition of rucaparib in the MSI cell line, LIM2405. In the face
of DNA damage, cells arrest in G2-M to facilitate repair and
although functional p53 is not required for this arrest, it is
needed for cells to leave G2-M phase efficiently [42].
Irinotecanwas shown to induce cell cycle arrest with a decrease
in the proportion of cells in S and a relative increase in the
percentage of cells in G2-M phase when given at IC50 concen-
trations (250 nM) [43]. Active p53 facilitates cell cycle progres-
sion in the presence of DNA damage and this progression is
inhibited by rucaparib. One possible explanation for this could
be that p53 is PARylated in response to PARP activation,
preventing nuclear export [44]. Thus, it is possible that the
presence of the PARP inhibitor abrogates p53 PARylation
preventing normal functionality. PARP has a number of diverse
cellular functions including: regulation of cell survival and
death pathways, transcription regulation, telomere cohesion,
mitotic spindle formation, intracellular energy metabolism
and trafficking of signaling proteins such as p53, p63 and
NFκB [45, 46]. In this context PARylation prevents interaction
of these molecules with exportin-1 (XPO-1), a mediator of
nuclear export, and as such inhibits normal trafficking to the
cytoplasm [47]. Our results are in keeping with that of others

Fig. 6 In vivo xenograft study. a Line graph represents the results of
HCT116 xenograft studies performed in athymic nude mice. Highly
significant (p = 0.005) reduction in tumor volume was observed in mice
treated with irinotecan and rucaparib. Each value is expressed as mean ±
SD for 6 mice in each group. b Pictorial representation of reduction in
tumor volume after treatment with agents for about 2 weeks. c
Immunohistochemical staining for caspase 3, Ki67, pancytokeratin and

RPS6KB1 (10x magnification) in HCT116 xenografted tissue. Caspase 3
was significantly increased, whereas Ki67, pancytokeratin and RPS6KB1
were reduced in expression in combinatorial treatment group. While
some degree of caspase activity was seen in the single-agent treated
groups also, there was no significant difference in expression of other
proteins between controls and single-agent treated groups
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that showed the PARP inhibitor, rucaparib, synergized with the
topoisomerase I poisons topotecan and camptothecin and in-
duced cell death via apoptosis [48]. Like many of the PARP
inhibitors, rucaparib is an NAD+ analogue small molecule in-
hibitor of PARP and may function by preventing cross
PARylation (PARylation of PARP by PARP) and subsequent
release of PARP fromDNA damage sites. As such DNA bound
PARP would induce cell death by interfering with transcription
and the progress of replication forks [6]. Here we report a
synergistic effect for combined treatment of olaparib with
irinotecan too; but, olaparib required higher concentration than
that of rucaparib in order to exert synergy.

Our results indicate that combinatorial treatment remarkably
increased the expression of cleaved caspase-3, which is activat-
ed by the upstream caspase-8 and caspase-9, and serves as a
convergence point for different apoptosis signaling pathways
[49]. Cleaved caspase-3 could inactivate PARP in turn, and
thus eventually result in activation of the apoptotic cascade
[50]. Increased Ki67, the nuclear antigen expressed in prolifer-
ating cells from G1 to M-phase of the cell cycle, is an indepen-
dent good prognostic marker in CRC [51]. The role of combi-
nation of irinotecan and rucaparib in reducing the expression of
Ki67 might be linked to cell cycle arrest as observed in S phase
of SW837 or G2-M of LIM2405, or expression of p53 and β-
catenin in regulating cell proliferation.β-Catenin is a key factor
in Wingless Int-1 (WNT) signaling, and nuclear translocation
of β-catenin characterizes cells with active WNT signaling.
Active WNT signaling leads to enhanced cell proliferation
and, thus, to elevated Ki67 [52]. We also examined the role
of combination treatment in reducing the expression of
RPS6KB1, a substrate of mammalian target of rapamycin
(mTOR) that regulates cell proliferation [53]. Major mediators
of mTOR function, the RAS/MAPK and PI3K/AKT pathways
and PTEN loss are constitutively altered in CRC [54].

Besides factors that influence cell proliferation, biomarkers
that play a critical role in regulating epithelial–mesenchymal
transition (EMT) in cancer cells have been associated with
poor prognosis or progressive disease in CRC [55].
Decreased expression of pan-cytokeratin, a commonly used
epithelial cell marker, in the treated groups might be an indi-
cation of improved prognosis. Satelli et al. has suggested that
detecting and measuring cell-surface vimentin on the surface
of EMT-circulating tumor cells may predict progressive dis-
ease in CRC [55]. However, the relationship between regula-
tion of WNT, mTOR and EMT pathways and combinatorial
effect of irinotecan and rucaparib in reducing cell proliferation
and inducing apoptosis need to be further elucidated.

This investigation is perhaps the first to demonstrate that not
all PARPi are equal in exerting antitumor efficacy when com-
bined with chemotherapeutic agents such as oxaliplatin,
irinotecan and 5-fluorouracil. The combination of irinotecan
and rucaparib for 48 h proved to be the optimal synergistic strat-
egy based on the cytotoxic effect, the combination index and the

levels and expression of PAR, PARP1 and γH2AX respectively.
Cell cycle perturbations and percentage of cells appearing in
total, early-and late-stage apoptosis in MSI over MSS cells im-
proved upon combination treatment. Although observed differ-
ences between concurrent and sequential administration of
irinotecan and rucaparib were not statistically significant in
MSI, MSS and isogenic cells, rucaparib prior to irinotecan ad-
ministration was more cytotoxic than the alternative sequence.
Confirmative studies using animal models demonstrated that the
combination of irinotecan and rucaparib is effective in nudemice
bearing HCT116 xenografts, and the treatment strategy also led
to the alteration in expression of key signaling proteins such as
caspase 3, ki67, pancytokeratin and RPS6KB1.

The role of PARPi in the clinical setting is progressively
gaining space and speed. The USFDA has currently approved
3 different PARPi, namely, olaparib, niraparib, and rucaparib,
all for indications to treat ovarian cancer. The approval further
mandates testing and confirmation of BRCA mutations as a
biomarker for certain indications. Further, there are multiple
clinical trials ongoing that are testing various PARPi, alone
and in combination with cytotoxic chemotherapy. Preclinical
studies exploring optimal utilization of these agents are essen-
tial to rational drug development. We have used a unique
approach of testing multiple PARPi with the cytotoxic agents
used in CRC, and demonstrated in both in vitro and in vivo
models that an optimal precision approach appears to be com-
bination irinotecan with rucaparib to treat CRC.
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