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Chemoresistance to platinum therapy is a major obstacle that
needs to be overcome in the treatment of ovarian cancer patients.
The high rates and patterns of therapeutic failure seen in patients
are consistent with a steady accumulation of drug-resistant cancer
stem cells (CSCs). This study demonstrates that the Notch signaling
pathway and Notch3 in particular are critical for the regulation of
CSCs and tumor resistance to platinum. We show that Notch3
overexpression in tumor cells results in expansion of CSCs and
increased platinum chemoresistance. In contrast, γ-secretase inhib-
itor (GSI), a Notch pathway inhibitor, depletes CSCs and increases
tumor sensitivity to platinum. Similarly, a Notch3 siRNA knockdown
increases the response to platinum therapy, further demonstrating
that modulation of tumor chemosensitivity by GSI is Notch specific.
Most importantly, the cisplatin/GSI combination is the only treat-
ment that effectively eliminates both CSCs and the bulk of tumor
cells, indicating that a dual combination targeting both populations
is needed for tumor eradication. In addition, we found that the
cisplatin/GSI combination therapy has a synergistic cytotoxic effect
in Notch-dependent tumor cells by enhancing the DNA-damage re-
sponse, G2/M cell-cycle arrest, and apoptosis. Based on these results,
we conclude that targeting the Notch pathway could significantly
increase tumor sensitivity to platinum therapy. Our study suggests
important clinical applications for targeting Notch as part of novel
treatment strategies upon diagnosis of ovarian cancer and at recur-
rence. Both platinum-resistant and platinum-sensitive relapses may
benefit from such an approach as clinical data suggest that all relap-
ses after platinum therapy are increasingly platinum resistant.

tumor models | Notch3 expression patterns | isobologram and combination
index analysis | platinum-induced DNA damage response | synergistic
cytotoxic effects for GSI/cisplatin combination therapy

Ovarian cancer is the fifth leading cause of cancer death in
women. Each year in the United States ∼22,000 women are

diagnosed resulting in over 16,000 deaths annually (1). The high
mortality results partially from the nonspecific and commonly
misinterpreted symptoms associated with the disease. As a result,
more than 70% of patients are diagnosed only after the disease
has progressed to a late stage (2). Although standard treatment
involving cytoreduction surgery and platinum/paclitaxel therapy
can achieve clinical remission independent of disease stage,
more than two-thirds of late-stage patients will relapse and de-
velop resistance to the first-line drugs (2, 3). Therefore it is es-
sential to target the mechanisms governing intrinsic and acquired
chemoresistance. Improving the current responses to platinum
chemotherapy is key not only for achieving a better outcome clin-
ically, including a longer survival, but also for allowing patients to
have a better quality of life during treatment.
Most research studies currently are focusing on investigating

the key genetic mutations and pathways leading to malignancy
for all tumor types, independent of tumor heterogeneity and
differences in biology and tumorigenic potential (4–8). Cancer
stem cells (CSCs) are thought to be important for both tumor
development and chemoresistance to therapy because of their

ability to divide indefinitely, contribute to cancer invasion and
metastasis through the epithelial–mesenchymal transition program,
and survive standard cancer chemotherapies (9–11). Numerous
reports support the existence of tumor subpopulations with CSC-
like properties in hematological and solid malignancies, including
ovarian cancer (12–17). Five-year survival rates for women with
newly diagnosed ovarian cancer are dismally low (20–25%) despite
the use of conventional platinum-based chemotherapy, with no
recent meaningful gains in life expectancy (18–21). Drug-resistant
self-renewing CSCs, which evade the anti-cancer effects of systemic
chemotherapy, are a potential reason for the observation that most
patients with advanced ovarian cancer will recur at some point post
platinum-based chemotherapy and develop multidrug resistance
(MDR). It is well established that CSCs have important similarities
with normal stem cells: they both express high levels of efflux
transporters and are very efficient in repairing DNA damage.
Consequently, these stem-cell characteristics render CSCs resistant
to conventional chemotherapy. Current therapies target the bulk of
the rapidly dividing, non-CSC tumor cells, thus reducing tumor
mass but leaving behind drug-resistant CSCs. Successful tumor
elimination requires a combination therapy that affects both dif-
ferentiated cancer cells and the CSC population (22).
Increasing evidence suggests that elucidating the genetic muta-

tions and pathways that specifically target CSCs is critical. Several
cellular signaling pathways, including Notch, WNT/β-catenin,
PTEN,FGF, IGF1,TGF-β, andBmi-1,whichhavebeen implicated
in regulating self-renewal and cell-fate determination in normal
somatic stem cells, also are mutated in human cancers (5–12). For
example, Notch signaling, which controls the cell fate determina-
tion, survival, proliferation, andmaintenance of somatic stem cells,
has also been proposed to have a key role in the function ofCSCs in
a variety of cancers. In ovarian cancer, Notch3 signaling is believed
to play a critical role: Notch3 overexpression is found in more than
20% of ovarian serous adenocarcinomas and is correlated with
particularly aggressive tumors that have a poor prognosis (23–25).
Signaling of the Notch pathway is initiated by the binding of Notch
ligands (Jagged and Delta) to Notch receptors. This in turn acti-
vates the Notch signaling cascade (HES and other downstream
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effectors) by releasing the intracellular domain of the Notch re-
ceptor (NICD) through a cascade of proteolytic cleavages medi-
ated in part by γ-secretase.
In this study we sought to explore the involvement of the Notch

pathway in the regulation of CSCs. In addition, we determined the
efficacy of a Notch pathway inhibitor, γ-secretase inhibitor 1 (GSI),
in both murinemodels and human cell lines in vitro and in vivo and
found that it synergized with standard platinum therapy in ovarian
cancer. The importance of the Notch pathway, and especially
Notch3, in CSC regulation suggests that GSI plays a critical role in
decreasing CSCs and, as a result, it reduces chemoresistance and
improves the therapeutic response to platinum treatment. In ad-
dition, inhibition of Notch3 activity with either siRNAs or GSI
sensitizes ovarian cancer cells to cisplatin (CDDP) in tumor cell
lines and patient samples exhibiting high levels of Notch3 expres-
sion but not in lines where Notch3 is absent. Moreover, we found
that Notch pathway inhibitors synergize with CDDP by enhancing
the DNA-damage response and cell death induced by platinum.
Our results show that key pathways, such asNotch signaling, play an
important role in the maintenance of CSCs and platinum chemo-
resistance and suggest an important clinical application of Notch
pathway inhibitors in ovarian cancer therapy.

Results
CSCs Are Important Targets for Overcoming Resistance to Platinum
Therapy. Side population (SP) cells, isolated based on their ability to
efflux the Hoechst 33342 fluorescent dye, have been shown to be an
enriched source of cancer stem and progenitor cells in hemato-
poietic and several solid malignancies, including ovarian cancer
(12–17). Using animal models (26) and human tumors and ascites,
we have further characterized SP cells that display characteristics
consistent with CSCs or early progenitors (12). We have generated
specific molecular profiles of SP cells isolated from ovarian tumors
and demonstrated that SP are indeed enriched for ovarian CSCs

based on their gene transcriptional profile, key stem-cell surface
markers (CD44, CD24, c-kit, CD133, andALDH1), overexpression
of multidrug transporters (ABCG2, ABCB5, and MDR1), self re-
newal and differentiation properties, and increased tumor-initiating
capacity. Furthermore, we have found that ovarian CSCs are re-
sistant to platinum therapy, suggesting that they contribute to in-
trinsic and acquired platinum chemoresistance in patients.
We identified SP cells enriched for ovarian CSCs in murine cell

lines (4306 and 4412) isolated from the cre-activated conditional
LSL-K-rasG12D/+/PtenloxP/loxP genetically engineered murine
model (GEMM) of ovarian cancer (26), as well as in established
human lines (OVCAR5) and patient samples (ASC05) (Fig. 1A). SP
is a reliable marker for the identification of cells enriched for CSCs
in both mouse and human samples: the average SP percent in mu-
rine 4306 cells is 6.2% (n=25FACS experiments, range 1.33–19.5),
1.8% inmurine 4412 cells (n=8FACS experiments, range 0.4–3.2),
and 10.49% in human OVCAR5 cells (n = 5 FACS experiments,
range 4.04–22.6), respectively. Our studies demonstrate that ovarian
cancer SP cells aremore tumorigenic thannon-SP (NSP) cells in vivo
(Fig. 1B), are able to divide indefinitely, and give rise to cobblestone-
like epithelial colonies consisting of both SP and NSP cells, whereas
NSP cells senesce after 1–2 wk (Fig. 1C). In addition, when treated
with a wide range of CDDP concentrations (0–80 μM), SP cells are
significantly more resistant than NSP cells at concentrations ranging
from 2.5 to 40 μM in both murine 4306 and human OVCAR5 cells
(P < 0.05) (Fig. 1D). SP cells were significantly more resistant than
NSP cells at individualCDDPdoses and showed an increased IC50 in
response to CDDP as compared with NSP in both lines (a 3.7-fold
increase in 4306 cells and a 1.9-fold increase inOVCAR5 cells) (Fig.
1D). We also found increased tumor-initiating capacity for SP cells
in tumor xenograft studies in vivo using a limiting dilutionmethod to
inject sorted SP cells and NSP cells subcutaneously (s.c.) or
intraperitoneally (i.p.) into SCIDmice (Fig. S1A). Injection of as few
as 1,000 SP cells resulted in tumor growth in 50% (3/6) of mice,

Fig. 1. Identification and characterization of SP cells in ovar-
ian cancer cell lines. (A) K-ras/Pten (4306 and 4412) murine lines
and human (OVCAR5) and primary patient (ASC05) lines were
labeled with Hoechst 33342 dye and analyzed by flow cytom-
etry before and after treatment with reserpine. (B) 4306 cells
were sorted for SP and NSP, and 104 cells were injected into the
right and left flanks of SCID mice. Within 9 wk, more tumors
were generated from SP xenografts (in three of three mice)
than from NSP xenografts (in one of three mice). (C) 4306 SP
and NSP cells were cultured and photographed at the same
magnification. 4306 SP cells formed tight colonies after 4 d in
culture, whereas NSP cells were scattered and did not pro-
liferate. (D) 4306 and OVCAR5 SP cells are more chemoresistant
than NSP cells (*P < 0.05), as shown by MTT assay. SP cells were
significantly more resistant than NSP cells at individual plati-
num (CDDP) doses and showed an increased IC50 in response to
CDDP as compared with NSP in both lines (a 3.7-fold increase in
4306 cells and a 1.9-fold increase in OVCAR5 cells). *P < 0.05.
(E) CDDP-resistant lines 2008/C13 and A2780/CP showed a high
increase in CSC percentage (0.55% and 23.8%) as compared
with their respective CDDP-sensitive lines (0.04% and 0.01%).
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whereas no tumor growth was observed for the same number of
sorted NSP cells. In addition, both murine (4306) and human
(OVCAR5) SP cells expressing CD44 (CD44+) exhibited stem-cell
characteristics of shorter tumor-free intervals in vivo after limiting
dilution (Fig. S1A).
In further support of the CSC hypothesis, SP analysis of estab-

lished CDDP-sensitive (2008 and A2780) and -resistant (2008/C13
and A2780/CP) ovarian cancer lines, provided by Stephen Howell
(University of California at San Diego, La Jolla, CA), showed
a marked increase in the SP percent in the CDDP-resistant lines
compared with their CDDP-sensitive counterparts (0.04% in 2008
increasing to 0.55% in 2008/C13 and 0.01% in A2780 increasing to
23.8% in A2780/CP, respectively) (Fig. 1E). Our results suggest
that CSCs are greatly expanded during the acquisition of CDDP
resistance. These data further prove that conventional treatments
target the bulk of cancer cells but leave behind CSCs, which
maintain and propagate an increasingly chemoresistant tumor.

Notch Signaling Pathway and Notch3 Specifically Are Critical for the
Regulation of CSCs and Platinum Chemoresistance. Given that SP
contains a heterogeneous population of cells, including CSCs and
progenitors (12), we sought to enrich and purify CSCs further by
identifying key cell-surface markers. Thus, we identified and vali-
dated a functional and molecular profile of ovarian CSCs (Fig. 2).
For this purpose we sorted SP andNSP cells by FACS frommurine
models for ovarian carcinoma and human cell lines. Sorted SP and
NSP cells from murine K-ras/Pten tumor lines (4306) and human
tumor lines (OVCAR5 and A2780) were subjected to high-
throughput quantitative real-time PCR analysis. RT Profiler PCR

Arrays (SA Biosciences) are designed to determine the relative
expression profile of various markers for stem cells, chemo-
resistance, cell proliferation, invasion, metastasis, and tumor me-
tabolism (Fig. 2A). The array results were validated further by
quantitative real-time PCR of selected markers (Fig. 2 A and B).
The experimental results for thesemarkers closelymatch the stem-
cell marker data seen previously with arrays. The compilation of
array results and validation data of selected markers strengthens
the ovarian SP marker profile.
Differential gene expression results were examined further using

computational gene network prediction tools (Ingenuity and
GeneGo’s MetaCore Pathway Analysis Systems) to provide
a profile of key pathways for ovarian CSC function (Fig. S1B). In
the process we identified significant up-regulation in ovarian CSCs
of genes important in pluripotency, homing, and maintenance (c-
Kit, Nanog, Notch, Dtx2, connexin43/Gja1, FGF1, and IGF1), self
renewal (Hspa9a and Myst1/2), tumorigenic-related/angiogenic
genes (EGFR family, EGFR, Her2, Erbb4, c-Met, Relb, c-Myc,
Fos, andHif1-α), chemoresistance caused by increased capacity for
DNA repair (ATM and Brca2), and high multidrug transporter
expression (ABCG2, MDR1, and ABCB5). We identified key
stem-cell surface markers, including CD44, CD24, c-kit, CD133,
and ALDH1, and key pathways such as Notch, TGF-β, IGF, EGF,
FGF, andWNT/ β-catenin required for the maintenance of CSCs,
further confirming that SP includes CSCs (Fig. 2 A and B and Fig.
S1B). CD44, a keymarker identified in our studies of ovarianCSCs,
is a well-known adhesion molecule and membrane receptor for
hyaluronan involved in cell motility and metastasis; it is also widely
used for the isolation of CSCs in blood, breast, pancreas, colorectal,

Fig. 2. Inhibition of CSC-related pathways depletes SP cells enriched for CSCs. (A and B) 4306, OVCAR5, and A2780 cells were analyzed for differential gene
expression of various stem-cell and drug-resistance genes and pathways. (C) 4306 cells were treated with specific CSC pathway inhibitors: SB431542 (TGF-β
inhibitor), PD173074 (FGF/VEGF inhibitor), AG1024 (IGF-1R inhibitor), EGFR inhibitor, GSI (Notch inhibitor), or cyclopamine (Shh inhibitor), followed by SP flow
cytometry analysis. CSCs depletion is seen when using inhibitors of key CSC pathways identified by our Ingenuity and MetaCore study. Interestingly, inhibition
of the Shh pathway, which was not identified by Ingenuity and GeneGo’s MetaCore Pathway Analysis Systems, had no effect on CSCs. The SP percent in cells
treated with Shh inhibitor was similar to that in controls.
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head and neck, and ovarian cancers (12–17). FACS sorting using
four cell stem-cell markers, includingCD44 andCD24, consistently
yielded a small number of cells, especially in patient samples, which
made their extensive analysis difficult. In contrast, we found SP to
be an extremely reliable marker for the identification and charac-
terization of tumor cells enriched for CSCs in a large number of
experiments involving both murine and primary patient samples.
As a result, we chose to use SP as a marker for the identification of
therapeutics targeting the tumor population broadly enriched for
CSCs rather than focusing on individual CSCs with various com-
binations of cell surface markers.
Using this strategy, we were able to deplete the SP population

when we blocked the Notch, TGF-β, IGF, EGF, or FGF signaling
pathways using specific inhibitors in vitro, suggesting that activation
of these pathways is necessary for the maintenance of ovarian CSCs
(Fig. 2C). The percent of SP was significantly lower in all the path-
ways tested, with the exception of the Sonic hedgehog (Shh) path-
way, which was not activated in putative CSCs, validating the results
obtained from the Ingenuity Analysis System (Fig. S1B). Inter-
estingly, the Notch signaling pathway, which has been implicated in
cell differentiation and self-renewal of stem cells, also is a key
pathway for ovarian CSCs. We have found that targeting ovarian
CSCs using a pan Notch pathway inhibitor, such as GSI, results in
depletion of ovarian CSCs, suggesting that activation of the Notch
pathway is necessary for the maintenance of CSCs. Consequently,
GSI, which targets CSCs, could lead to tumor eradication in com-
bination with cytotoxic therapies targeting the bulk of tumor cells.
To examine further the role of Notch activation in CSCs, we

overexpressed the Notch1–3 intracellular domain (NICD1–3) in
ovarian cancer cell lines using MigR1 retroviral vectors, which
coexpress GFP with our target gene product (Fig. S1 C andD). An
empty MigR1 plasmid was used to generate control cells. Over-
expression of NICD was confirmed by Western blotting (Fig. 3 A–
C) and real-time PCR (Fig. S1C). In addition, NICD overexpres-
sion resulted in increased levels forHES1, a downstreameffector of
Notch signaling (Fig. S1C). Furthermore, NICD3 overexpression
was correlated with the highest increase in the levels of CD44 gene
expression, a key stem-cell marker (Fig. S1C). The rise in CD44
levels suggests possible cross-talk between the Notch3 and CD44
signaling pathways in regulating CSCs. Indeed, when cells were
analyzed for the presence of SP enriched in CSCs via flow cytom-
etry, the percent of SP increased only in 4306 cells overexpressing
NICD3 (2.36% increased to 6.53%, a 2.8-fold increase compared
with control) but not in the otherNICDs-transduced cells (Fig. 3D).
This result suggests that Notch3 has a key role within the Notch
signaling pathway in regulating CSCs. Furthermore, NICD over-
expression conferred significant resistance to CDDP, with the
highest chemoresistance seen for overexpressedNotch3 (P< 0.001)
(Fig. 3E). Thus, cells with overexpressed Notch3 were 2.3 times
more chemoresistant than the control cells (Fig. 3E). Taken to-
gether, our results indicate that the Notch pathway and Notch3 in
particular are important for CSC maintenance and tumor chemo-
resistance to platinum.We further showed that the response toGSI
is specific to theNotch pathway. FACS analysis of the SP percent in
tumor cells treated with 5 or 10 μMGSI showed a dose-dependent
response to GSI only in control cells but not in lines overexpressing
NICD1–3 (Fig. 3F). This result further suggests that the effects of
GSI in the maintenance of CSCs and tumor chemoresistance are
indeed mediated by the Notch pathway (Fig. 3F). In addition, cell
viability assays showed that NICD overexpression blocked the in-
hibitory effect of GSI (Fig. 3G). As expected, control cells
responded to both 5- and 10-μM GSI treatments; in contrast GSI
had no effect on cells overexpressing NICD1–3.

Notch Targeting by GSI Increases Tumor Sensitivity to Platinum
Therapy in Vitro. Given our observation that drug-resistant CSCs
were modulated by inhibition of Notch signaling, we examined
whether Notch inhibitors increase tumor sensitivity to platinum
therapy. Interestingly, we observed synergistic drug interactions
between GSI and platinum therapy in both in vitro and in vivo
studies (Fig. 4 and Figs. S2, S3, and S4; also see Fig. 6). Data col-

lected from 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) cell viability assays and tumor growth in animal
models indicate a strong response to GSI and platinum and a dra-
matic increase in platinum sensitivity in samples from both sensitive
and resistant patients. Tumor cells collected from ascites of newly
diagnosed and relapsed patients were cultured in vitro. Platinum-
sensitive patients were characterized by a diagnosis of clinical re-
mission lasting longer than 6 mo after the final chemotherapy
treatment. Platinum-resistant patients were defined as having re-
lapsed within 6mo of the final chemotherapy treatment. Refractory
patients, defined by absence of a clinical response to platinum and
disease progression in response to treatment, are included in the
platinum-resistant group. The clinical characteristics, tumor sub-
type (histopathology), and sensitivity to platinum therapy for the
patients included in the study are shown in Fig. S2A. Primary tumor
cells were treated with 1 μMGSI, 10 μMCDDP, or a combination

Fig. 3. Overexpression of NICD3 in 4306 cells enriches tumor CSCs and in-
creases tumor resistance to platinum. (A–C) The intracellular domains of
Notch family genes (NICD1–3) were overexpressed in 4306 murine ovarian
cancer cells. Overexpression of NICD1 (A), NICD2 (B), and NICD3 (C) as com-
pared with MigR1 vector control, was confirmed by Western blotting analysis.
(D and E) NICD3 overexpression increased SP cell frequency (6.63%) compared
with MigR1 control (2.36%) (D) and significantly increased tumor chemo-
resistance to platinum (E). (F and G) Notch overexpression assays confirm that
GSI effects are Notch specific. Intracellular NICD overexpression rescues cells
from GSI treatment. NICD1–3 overexpression blocks the reduction in SP cells
(F) and cell viability (G) in response to GSI. Cells were treated with DMSO
(control), 5 μM GSI, or 10 μM GSI for 48 h and then were analyzed for SP
percent by FACS (F) Control 4306 cells showed a dose-dependent decrease in
SP percent in response to 5 μM (7.65%) and 10 μM (0.37%) GSI compared with
no GSI (10.1%). In contrast, the overexpressed NICD1–3 lines showed no dif-
ference in SP in response to GSI compared with control (F). Furthermore,
when tumor cells were treated with GSI in MTT assays (G), control cells
showed a dose-dependent decrease in cellular viability in response to 5 μM
(70.48%) and 10 μM (29.56%) GSI; in contrast, GSI had no effect on cell sur-
vival (G) in cell lines overexpressing NICD1–3. **P < 0.01; ***P < 0.001.
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Fig. 4. MTT, isobologram, and CI analysis validates the evidence of a synergistic response to CDDP/GSI therapy in vitro. (A and B) Cells were cultured from
platinum-sensitive and -resistant patients (n = 99) Primary tumor cells were treated with 1 μMGSI, 10 μM CDDP, or a combination of the two treatments. Mean
results as assessed by MTT assays for all patient samples (n = 99) indicate a synergistic response to CDDP/GSI cotherapy as compared with either monotherapy
(***P < 0.001, two-way ANOVA analysis in A). Cell viability in response to treatment is shown for all patients (A) and for individual representative platinum-
sensitive and -resistant patients (B). Platinum-sensitive patients showed either a synergistic (ASC02, HA02, ASC03) or additive (ASC01, HA01) response to
cotherapy, whereas platinum-resistant patients showed a synergistic (ASC04, ASC05, ASC07, ASC10, ASC11), additive (ASC06, ASC08, ASC09), or competitive
(ASC12) response to cotherapy. The response to CDDP and to GSI monotherapy is shown in red and blue, respectively; the response to combination therapy is
shown in gray. All samples showed statistical significance except for the ASC12 patient sample. *P < 0.05; **P < 0.01; ***P < 0.001. (C) Primary patient cell
lines, which were analyzed previously by two-way ANOVA, were assessed further using MTT, isobologram, and CI analysis to validate the evidence of
a synergistic response to GSI/CDDP therapy. Cell viability was measured by MTT assay and assessed with CalcuSyn software to provide evidence for a CDDP/GSI
synergistic response in ASC02, HA02, ASC03, ASC13, and ASC11 samples (CI <1) or an additive response in ASC01 and ASC06 cells (CI = 1). Additional
established cell lines (OVCAR5) were assessed using the same method. OVCAR5, which overexpresses Notch3, shows a synergistic cytotoxic response to CDDP/
GSI therapy (CI <1). The CI values are shown for ED25, ED50, ED75, and ED90. The CI values provided demonstrate a synergistic effect for a wide range of CDDP
and GSI effective doses.
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of the two treatments (Fig. 4 A and B). Mean results as assessed by
MTT assays for all patient samples (n = 99) indicate a synergistic
response to CDDP/GSI cotherapy compared with either mono-
therapy (P < 0.001, two-way ANOVA analysis) (Fig. 4A). Cell vi-
ability in response to treatment is shown for all patients (Fig. 4A)
and for individual representative platinum-sensitive and -resistant
patients (Fig. 4B). Platinum-sensitive patients showed either a syn-
ergistic (ASC02, HA02, ASC03) or additive (ASC01, HA01) re-
sponse to cotherapy, whereas platinum-resistant patients showed
a synergistic (ASC04, ASC05, ASC07, ASC10, ASC11), additive
(ASC06, ASC08, ASC09), or competitive (ASC12) response to
cotherapy. The synergistic response was verified in a subset of the
patient population using an isobologram and combination index
(CI) analysis (CalcuSyn software; Biosoft) for an extended range of
CDDP (0–80 μM) and GSI (0–8 μM) concentrations (Fig. 4C and
Fig. S2B). CI values were obtained for a reduction in cell viability of
25% (ED25), 50% (ED50), 75% (ED75), and 90% (ED90) and
demonstrated a consistent synergistic response at all dose con-
centrations. Furthermore, patterns of significant reduction (P <
0.05, two-tailed t test) in cell viability for the combination therapy
compared with CDDP monotherapy were observed across thera-
peutically relevant CDDP (2.5–20 μM) and GSI (0.25–2 μM) doses
for all patient samples in which a synergistic or additive CDDP/GSI
cotherapy responsewas observed (Fig. S2B). Synergism is indicated
by CI values less than 1, whereas a CI value equal to 1 indicates an
additive interaction. Most importantly, the Notch-based therapy
showed great efficacy for both platinum-sensitive and -resistant
patients as well as for newly diagnosed and relapsed patients.
Therefore, the clinical status or platinum sensitivity of the patient
does not appear to influence the efficacy of the combination ther-
apy.Additional established cell lines (OVCAR5 and SKOV3) were
assessed using MTT, isobologram, and CI analysis. Consistent with
our other in vitro and in vivo findings, OVCAR5 cells, which over-
express Notch3, show a synergistic cytotoxic response to CDDP/GSI
therapy (CI<1) (Fig. 4C). In contrast, SKOV3 tumor cells, in which
Notch3 expression is not detected, demonstrate an antagonistic
response to combination therapy (CI > 1) (Fig. S2B).

Sensitivity to GSI Is Correlated to Notch3 Expression Patterns. In light
of our results using GSI therapy and recent data from the Cancer
Genome Atlas (TCGA) (27) showing that Notch3 is amplified in
high-grade ovarian serous carcinomas, we decided to determine
how Notch3 levels affected the response of primary ovarian cancer
cells to 1 μM GSI. Using cell viability MTT assays, we determined
primary cell line sensitivity to GSI (Fig. 5A). The response to GSI
for SKOV3, an established ovarian cancer cell line that lacks
Notch3 expression and that has been shown to be relatively re-
sistant toGSI (60–70% cell viability in response toGSI) bymultiple
groups (23, 24), including ours, was chosen as the threshold for GSI
sensitivity. Patient samples deemed GSI sensitive (cell viability in
response to 1 μM GSI lower than 60%) or GSI resistant (cell via-
bility in response to 1 μM GSI higher than 60%) were analyzed by
Western blotting analysis for the presence or absence of Notch3
expression (Fig. 5A). Interestingly, 100% of the GSI-sensitive
patients showed various levels of Notch3 expression, whereas all
GSI-resistant patients showed no detectable Notch3 expression.

GSI and CDDP Combination Therapy Contributes to Tumor Eradication
by Effectively Targeting Both CSCs and the Bulk of Tumor Cells. To
test further the effects and mechanism of action of CDDP and
GSI on both SP and NSP cells, we analyzed SP and NSP per-
centages in OVCAR5 cells treated for 48 h with CDDP, GSI,
and CDDP/GSI combination therapy by flow cytometry (Fig.
5B). We found that the CDDP/GSI combination enhances cell
death in vitro compared with either monotherapy and is the only
treatment that effectively targets both CSCs (SP) and the bulk of
tumor cells (NSP). Interestingly, CDDP alone has only a minimal
effect on the SP, decreasing it from 12.8 to 10.2% while effec-
tively killing a large proportion of the bulk tumor cells (NSP
decreases in CDDP-treated cells from 23.6 to 7.33%) (Fig. 5B).
This finding corroborates our previous results suggesting that

conventional chemotherapies are ineffective against CSCs. In
contrast, GSI treatment specifically decreased the percent of SP
from 12.8% in the control to 2.31%, which was decreased further
to 0.81% when treated in conjunction with CDDP (Fig. 5B).
Consequently, CDDP targets mostly NSP cells, whereas GSI
targets Notch-dependent cells, including SP. Most importantly,
the CDDP/GSI combination treatment is the only therapy that
effectively eliminates both SP and NSP cells, indicating that
a dual combination targeting both cancer stem cells and the bulk
of tumor cells is critical for tumor eradication.

Similar to GSI, Notch3 siRNA Knockdown Increases Platinum Sensitivity,
Further Demonstrating That Modulation of Tumor Chemosensitivity by
GSI Is Notch Specific. Interestingly, we have found that inhibition of
Notch3 activity with either siRNA or GSI sensitizes ovarian
cancer cells to CDDP in tumor cell lines and patient samples that
show Notch3 expression but not in lines in which Notch3 ex-
pression is absent. For these experiments we successfully used an
siRNA specific for the Notch3 protein, which results in effective
knockdown of Notch3 gene expression (both Santa Cruz and
Sigma siRNAs were used, with similar results). PA-1 and
OVCAR3 cells, which overexpress Notch3, and SKOV3 cells, in
which Notch3 is absent, were transfected with a Notch3-specific
siRNA and used as a negative control. Cell lines were chosen
based on their basal Notch3 expression levels as determined by
Western blotting analysis (Fig. 5C). RNA was extracted from the
transfected cells and was analyzed by quantitative real-time PCR
for gene expression of Notch3 and HES-1, a downstream effector
of the Notch signaling pathway.
As expected, our study showed decreased expression of both

Notch3 and HES-1 in PA-1 cells. In comparison with PA-1 cells
transfected with a fluorescent control, expression of HES-1 and
Notch3 decreased 23-fold and 37-fold, respectively (Fig. 5D).
Similarly, HES-1 and Notch3 expression were decreased 11-fold
and 28-fold, respectively, in OVCAR3 cells transfected with
Notch3 siRNAas comparedwithOVCAR3 control cells (Fig. 5D).
In contrast, HES-1 and Notch3 expression levels were not signifi-
cantly different from the control in SKOV3 cells transfected with
Notch3 siRNA or cells transduced with a scrambled siRNA neg-
ative control sequence (Fig. 5D). Using cell viability MTT assays,
we further showed that PA-1 cells transfected with siRNA were
sensitized to CDDP treatment (Fig. 5E). Thus, PA-1 cells trans-
fectedwithNotch3 siRNAshowed a significant twofold decrease in
cell viability comparedwith control when treated with 2 μMCDDP
(32.7% in siRNA transfected cells versus 62.78% detected in
control PA-1 cells) (Fig. 5E). Similarly, OVCAR3 cells transfected
with Notch3 siRNA showed improved response to platinum ther-
apy compared with control when treated with 10 μM CDDP (Fig.
5E). By contrast, SKOV3 cells transfected with Notch3 siRNA and
treated with 10 μM CDDP showed a cell viability of 58.21%,
compared with 39.08% seen in SKOV3 control cells (Fig. 5E).
Therefore, given that SKOV3 does not have a significant amount
of Notch, the siRNA did not knock down the protein effectively or
increase sensitivity to CDDP.

Treatment of Ovarian Tumors with CDDP/GSI Cotherapy Significantly
Increases Platinum Response and Survival in Vivo in GEMM and
Primary Tumor Xenografts. To further explore the role of the
Notch pathway and CSCs in chemoresistance and disease re-
currence, we used several animal models, including the K-ras/Pten/
luciferase (luc) GEMM and human tumor xenografts PA-1/luc,
OVCAR5/luc, and SKOV3/luc, which show varying levels of SP
percent andNotch3 expression. PA-1 andOVCAR5 cells have high
Notch3 expression; the K-ras/Pten GEMM model, from which we
derived the 4306 and 4412 cell lines, shows low to moderate Notch3
expression; and SKOV3 cells shownodetectableNotch3 expression
(Fig. 5C and Fig. S3A).
We first compared the efficacy of CDDP (3 mg/kg body weight),

GSI (5 mg/kg body weight), and the combination therapy in the K-
ras/Pten/luc GEMM model, which develops de novo ovarian
tumors that propagate intraperitoneally. Treatments were admin-
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istered once every 3 d for a total of six treatments (two cycles of
three treatments per cycle).Using the IVIS imaging system (Caliper
Life Sciences Inc.), we quantified the treatment efficacy by mea-
suring the change in bioluminescence signal compared with a pre-
treatment baseline (Fig. S3B). We observed disease stabilization in
mice receiving GSI or CDDPmonotherapies (mean fold change in
bioluminescence 1.19 and 0.96, respectively, compared with base-
line). Tumor bulk and metastases showed the greatest reduction in
response toCDDP/GSI cotherapy, as indicated by bioluminescence
signaling (mean fold change in bioluminescence 0.47 compared
with baseline, P < 0.001, two-way ANOVA analysis compared with
either monotherapy) (Fig. S3B). Furthermore, the effect of com-
bination therapy in 50% of mice resulted in a complete response to
treatment, because we found no evidence of tumor burden by
palpation and imaging after treatment. These mice also showed no
occurrence of relapse immediately following cessation of treatments.
Conversely, disease progression resumed shortly in monotherapy
groups once treatment was stopped. Survival curves revealed that, in
addition to causing disease remission, the combinatorial effect of
CDDP/GSI also prolonged survival significantly relative to CDDP
(P < 0.05) or GSI (P < 0.01) monotherapies.
Likewise, CDDP/GSI cotherapy in tumor xenografts injected

i.p. with either PA-1 or OVCAR5 tumor cells resulted in a signifi-
cantly prolonged disease remission and increased survival in vivo
(Fig. 6A andB, respectively). In contrast, no increased response to
CDDP/GSI therapy was seen in the SKOV3/luc mice, in which
tumors do not showdetectableNotch3 levels (Fig. 5C and Fig. S3A
and C). In the PA-1 cohort (Fig. 6A), we observed the expected
disease progression in the control group (fold change in bio-
luminescence 20.7 ± 6.7 compared with baseline) and disease

stabilization (mean bioluminescence fold change 1.1 ± 0.5 com-
pared with baseline) in CDDP-treated mice. The greatest tumor
response was seen in the CDDP/GSI combination group (mean
bioluminescence fold change 0.19 ± 0.12 compared with baseline
and a 5.8-fold significant decrease in average tumor burden com-
paredwithCDDP) (Fig. 6A). The response toCDDP/GSI cotherapy
was significantly increased compared with CDDP (P < 0.05). In-
terestingly, although disease was stabilized initially inmice treated
with CDDP, they all relapsed once treatment was discontinued. In
contrast, the majority of the mice that received cotherapy showed
disease remission after completion of treatment. Furthermore,
the CDDP/GSI mice survived for a longer time after treatment,
with most of the treated mice still alive and with no evidence of
disease at the end of the experiment (Fig. 6A). Likewise, in the
OVCAR5 cohort (Fig. 6B), we observed disease stabilization in
CDDP (mean bioluminescence fold change 0.41 ± 0.20 compared
with baseline) andGSI (mean bioluminescence fold change 0.71±
0.22 compared with baseline) monotherapy groups after six
treatments. OVCAR5mice showed a similar strong response after
six CDDP/GSI treatments (mean bioluminescence fold change
0.06 ± 0.10 compared with baseline), resulting in eradication of
tumor in four of the six mice after six treatments (Fig. 6B). The
response toCDDP/GSI treatment was significantly greater than to
either monotherapy alone (a 5.8-fold and an 11.8-fold significant
decrease in average tumor burden compared with CDDP, P <
0.01, or GSI, P < 0.001, respectively). In contrast, in the SKOV3
group we did not see greater efficacy or increased survival when
comparing the CDDP/GSI and CDDP groups (Fig. S3C). Further-
more, FACS analysis of primary cell lines developed from excised
PA-1 tumors treated with CDDP demonstrate an average 3.6-fold

Fig. 5. Similar to GSI, down-regulation of Notch3
expression using a Notch3 siRNA knockdown strat-
egy increases platinum sensitivity. (A) Western
blotting analysis was carried out with lysates from
GSI-resistant patients (lanes 1 and 2) and GSI-sensi-
tive patients (lanes 3–10). Notably, lysates from GSI-
sensitive patients showed overexpression of Notch3,
but lysates from GSI-resistant patients showed no
detectable expression of Notch3. Control response
for all cell lines was averaged. The response to GSI
treatment was statistically significant compared
with control cells (**P < 0.01, ***P < 0.001). (B)
OVCAR5 cells were treated with CDDP, GSI, CDDP/
GSI, or DMSO (control) for 48 h and analyzed for
CSC (SP) percentage. The CDDP/GSI combination is
the only treatment that effectively reduces both
CSCs (SP percent decreases from 12.8 to 0.81%) and
the bulk of tumor cells (NSP percent decreases from
23.6 to 6.5%). CDDP treatment had a minimal effect
on SP (SP percent decreases only from 12.8 to
10.2%) but depleted the majority of NSP cells (NSP
percent decreases from 23.6 to 7.3%). (C) Notch3
was found to be overexpressed in PA-1, OVCAR3,
and OVCAR5 human ovarian cancer cell lines and
absent in SKOV3 when analyzed by Western blot-
ting analysis. (D) HES1 and Notch3 expression levels
are significantly lower in PA-1 and OVCAR3 cells
transfected with Notch3 siRNA than in controls.
SKOV3 cells transfected with Notch3 siRNA or cells
transduced with a scrambled siRNA negative control
sequence show no decrease in Notch3 or HES1. *P <
0.05, ***P < 0.001. (E) Notch3 knockdown increases
platinum sensitivity in PA-1 and OVCAR3 cells com-
pared with control cells. SKOV3 shows no significant
change in CDDP sensitivity following Notch3 knock-
down. *P < 0.05.
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increase in the percentage of SP cells in comparison with control
tumors (Fig. 6C). Similarly, quantitative real-time PCR analysis of
tumors excised from OVCAR5 mice treated with CDDP shows
significantly higher levels for stem cell surface and drug-resistance
markers, including CD44, ALDH1, andMDR1 (P< 0.01 for CD44,
ALDH1; P < 0.001 for MDR1). This indicates that tumor exposure
to conventional platinum therapy leads to enrichment of SP cells
(Fig. 6C). In contrast, GSI treatment significantly decreases CD44,
ALDH1, and MDR1 gene-expression levels (P < 0.001) (Fig. 6C),
suggesting that Notch-based therapy targets and decreases the
percent of SP tumor cells. As expected, we also observed decreased
levels of cleaved intracellular Notch3 and HES1 downstream effec-
tor in GSI-treated OVCAR5 tumors (P < 0.001) (Fig. 6C), further
suggesting that the inhibitory GSI effects are Notch pathway specific.

To compare and contrast the difference in response to treat-
ment between newly diagnosed and relapsed mice, we treated
a cohort of PA-1 mice with CDDP/GSI cotherapy and examined
the effects of therapy from initial treatment to relapse and
subsequent treatment. After initial diagnosis of the disease, one
cycle (three injections per cycle) of the CDDP/GSI cotherapy
successfully eradicated tumors (Fig. 6D). After treatment was dis-
continued and mice achieved lengthy remissions, some of the ani-
mals (#124, 115, and 123) eventually relapsed. Relapsed mice
underwent an additional cycle of therapy andwere then imaged and
sacrificed (Fig. 6D). Interestingly, they responded more slowly and
less significantly to therapy than they did upon initial diagnosis
(Fig. 6D). Excised tumors fromCDDP and CDDP/GSI treated PA-
1 mice were used to prepare tissue lysates for Western blotting
analysis of Notch3 expression in controls and treated tumors. Al-

Fig. 6. Treatment of ovarian tumors with
CDDP/GSI cotherapy significantly increases
platinum response and survival in vivo. (A and
B) Drug-efficacy studies were conducted in
PA-1/luc and OVCAR5/luc tumor xenograft
models. To generate all xenograft models,
mice were injected i.p. with 2.5 million PA-1/
luc and OVCAR5/luc cells, respectively. (A)
Both CDDP monotherapy (n = 6) and CDDP/
GSI cotherapy (n = 8) showed significant in-
hibition of disease progression (*P < 0.05 for
CDDP and **P < 0.01 for CDDP/GSI) compared
with PA-1/luc control mice (n = 4). CDDP/GSI-
treated mice showed a statistically significant
decrease in tumor burden compared with
CDDP alone (*P < 0.05) and is the only group
that achieved long-term remission. Kaplan–
Meier survival curves indicate that the com-
bination therapy greatly enhances survival
time compared with CDDP. 3Tx, mice re-
ceiving three treatments; 6Tx, mice receiving
six treatments. (B) Similar results are seen in
OVCAR5/luc-injected xenografts. In compari-
son with monotherapy, CDDP/GSI treatment
(n = 6) resulted in a significant decrease in
tumor burden after three treatments (**P <
0.01 vs. CDDP, n = 6, or GSI, n = 4, respectively)
and six treatments (**P < 0.01 vs. CDDP and
***P < 0.001 vs. GSI). (C) FACS analysis of cell
lines developed from excised tumors in PA-1
CDDP-treatedmice showa 3.6-fold increase in
the percent of SP cells compared with control
tumor cells. Similarly, real-time PCR analysis
of tumors removed from OVCAR5 mice trea-
ted with CDDP demonstrates that CDDP
enriches tumors for CSCs and increases stem-
cell and drug-resistant markers MDR1, CD44,
and ALDH1 compared with control tumors
(**P< 0.01 for CD44 andALDH1; ***P< 0.001
for MDR1). In contrast, GSI treatment effec-
tively reduces the percent of CSCs and decrea-
ses the same stem-cell and drug-resistant
markers MDR1, CD44, and ALDH1 (***P <
0.001 vs. control). GSI also significantly down-
regulatesNotch3 andHES1 levels (***P< 0.001
vs. control), suggesting an efficient target in-
hibition of the Notch pathway in tumor cells.
(D) Three mice in the PA-1 cohort (#124, 115,
and123) initiallywere treated successfullywith
CDDP/GSI cotherapy but later relapsed after
a lengthy remission. Following initial diagnosis
of the disease, three CDDP/GSI treatments
(3Tx) successfully eradicated tumors and ach-
ieved remissions. In contrast, the relapsed tumors became less responsive to combination therapy. Quantification of tumor signals in newly diagnosed and relapsed
mice indicates that newly diagnosed tumors respond to the initial treatment much more rapidly and efficiently than they do following relapse. (E) Western blotting
analysis of tumors excised from CDDP/GSI-treatedmice demonstrates complete inhibition of Notch3 by GSI in both newly diagnosed and relapsedmice. Furthermore,
the inhibitory effect of GSI replicates that of a Notch3 siRNA by specifically blocking the expression of cleaved Notch3.
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though imaging still indicated significant tumor presence, no
Notch3 expression was detected in Western blots of tumors treated
with CDDP/GSI cotherapy. As a positive control, PA-1 and PA-1
cells transfected with Notch3 siRNA also were analyzed. Normal
PA-1 cells showed high Notch3 protein levels, whereas PA-1 cells
transfected with Notch3 siRNA showed noNotch3 expression. This
finding demonstrates that GSI effects are Notch specific, given that
the results of an efficient Notch3 knockdown with siRNA are vir-
tually identical to those seen with GSI (Fig. 6E). Despite effective
blocking of the Notch signaling pathway by GSI, animals that suf-
fered a relapse could not achieve a long-term remission. Conse-
quently, relapsed tumor cells, including CSCs, no longer were
completely dependent on the Notch signaling pathway; additional
signaling pathways provided input and were responsible for the
failure to achieve remission. Therefore, our data suggest that Notch
inhibitors should be added to the first line of platinum treatment to
achieve the best results therapeutically.

CDDP/GSI Cotherapy Enhances the DNA-Damage Response, G2/M Cell-
Cycle Arrest, and Cell Death. In addition to reducing the percent of
CSCs, GSI was found to act synergistically with CDDP in Notch-
dependent tumor cells to enhance the DNA damage, cell-cycle
arrest, and apoptotic response. We chose OVCAR5 cells to test
the extent of DNA damage induced by CDDP and GSI because it
has shown high Notch3 expression (Fig. S4A). We treated cells
with 5μM CDDP, 1μM GSI, or a combination therapy, respec-
tively, for 4 h and determined by immunofluorescence (IF) the
number of γ-H2AX foci, a sensitive marker of DNA damage (Fig.
S4 B and C). Both CDDP and GSI were effective in initiating
DNA damage after 4 h. Interestingly, tumor exposure to the
CDDP/GSI combination therapy increased the number of
γ-H2AX foci compared with either monotherapy. Quantification
of IF data showed that DNA damage induced by CDDP/GSI
combination therapy in OVCAR5 cells was increased signifi-
cantly (P < 0.001 by two-way ANOVA analysis) compared with
either monotherapy (Fig. S4 B and C). In contrast, SKOV3 cells,
which do not express Notch3, showed no significant difference
between DNA-damage responses to CDDP/GSI and CDDP
treatments (Fig. S4 B and C). To substantiate our findings that
GSI potentiates the DNA-damage response and apoptosis in-
duced by CDDP, we performed a cell-cycle analysis using pro-
pidium iodide staining of the same OVCAR5 and SKOV3 cell
lines. Cells were treated with 5 μM CDDP, 1 μM GSI, or a com-
bination therapy for 24 h before staining. Previous work has
shown that CDDP arrests cells in G2/M and induces apoptosis
(28–30). We found that GSI significantly potentiated the cell-
cycle arrest in G2/M induced by CDDP in OVCAR5 cells (P <
0.001, two-way ANOVA) (Fig. S4D); the percentage of cells
arrested in G2/M was significantly higher in response to CDDP/
GSI combination treatment than to either monotherapy. In
contrast, no significant increase in the G2/M cell-cycle arrest was
observed in SKOV3 cells (Fig. S4D). Furthermore, we performed
a Western blotting analysis of poly(ADP-ribose) polymerase
(PARP) cleavage, a well-characterized apoptotic marker, to as-
sess the levels of apoptosis that occur in OVCAR5 and SKOV3
cells treated with CDDP/GSI cotherapy versus monotherapy.
Accumulation of PARP cleavage was found to be significantly
greater in OVCAR5 cells treated with CDDP/GSI combination
treatment than in cells treated with either monotherapy (P <
0.001, two-way factorial ANOVA) (Fig. S4E), but this difference
was not significant when CDDP/GSI therapy was compared with
CDDP in SKOV3 cells (Fig. S4E). These results assess multiple
aspects of the cell-death response induced by the CDDP/GSI
combination treatment and support the addition of a Notch in-
hibitor to platinum therapy clinically. Combined, these data
corroborate our previous in vitro and in vivo results indicating
that GSI and CDDP cooperate to induce an enhanced DNA-
damage response, a G2/M cell-cycle arrest, and increased cell
death in Notch-dependent tumor cells.

Discussion
Standard chemotherapy in ovarian cancer results in tumor cytor-
eduction but infrequently results in a cure. It is well established that
CSCs have key characteristics allowing them to survive standard
cancer chemotherapy and radiation therapy. Our data and results
of recent studies indicate that CSCs are a major source of tumor
development and resistance to chemotherapy (5–17). We and
others have demonstrated that SP cells are more tumorigenic and
chemoresistant than NSP cells (12–17, 31).We confirmed the CSC
characteristics of SP cells by establishing a transcriptional molec-
ular profile of sorted ovarian cancer SP. In addition to stemness-
related genes, we also identified several tumorigenic and angio-
genesis-related, drug-resistance, and key pathways for stem cells,
including Notch, in SP cells. The increased expression of these
proto-oncogenes in ovarian cancer has been associated with ag-
gressive tumor behavior, advanced disease stage, and poor prog-
nosis. Interestingly, our study indicates that ovarian CSCs express
high levels of CD44 and drug transporters (MDR1, ABCG2,
ABCB5), DNA repair genes (ATM, Brca2), and genes associated
with platinum resistance, such as Connexin43/Gja1, and Cyp1a1.
Up-regulation ofATP-binding cassette transporters within CSCs is
likely a major mechanism that contributes to the acquisition of
multidrug chemoresistance. Indeed, we have shown that ovarian
CSCs show an inherently high chemoresistance to platinum. We
also have demonstrated that CSCs expand during acquisition of
platinum chemoresistance.
Notch is a conserved pathway that has been implicated in the

maintenance of tissue homeostasis by regulation of self-renewal
and cell-fate determination in normal stem cells and early pro-
genitors. Recent studies, including TCGA data, have found that
the Notch pathway is misregulated in ovarian cancer (23–25, 27,
32–33). In addition, Notch3 gene copy number is increased and
correlates with aggressive tumor behavior and poor prognosis in
ovarian serous adenocarcinomas (23–25, 27, 32–33). Interestingly,
we now have data showing that the Notch signaling pathway, and
Notch3 in particular, plays a key role in CSC maintenance and
platinum chemoresistance. Thus, our results indicate that when we
blocked the Notch pathway using GSI, a pan-Notch inhibitor, we
observed a significant depletion in SP cells, further validating our
hypothesis that the activation of Notch is necessary for the
maintenance of ovarian CSCs. In addition, our data indicate that
when the Notch signaling pathway is constitutively activated via
overexpression of NICDs, specifically NICD3, SP cell frequency
increased several fold. Similarly, we found that cell lines in which
NICD1–3, and especially NICD3, were overexpressed were more
resistant to CDDP treatment. Furthermore, inhibition of Notch3
activity with either siRNA or GSI sensitizes ovarian cancer cells to
CDDP in tumor cell lines and in patient samples exhibiting high
levels of Notch3 expression but not in lines in which Notch3 is
absent. Park et al. (32) determined that Notch3 expression is
higher in recurrent tumors than in primary samples, providing
further evidence that Notch3 signaling is a factor contributing to
the development of tumor chemoresistance and disease relapse.
Our results strongly suggest that the Notch3 signaling pathway is
important for CSC maintenance and tumor resistance to plati-
num. The effects of GSI in depleting CSCs and sensitizing
tumors to platinum therapy are Notch pathway specific, given
that NICD1-3 overexpression rescues cells from GSI action.
Thus, GSI had no effect on cell viability or on the percent of SP
cells in cell lines in which NICD1–3 is overexpressed.
Furthermore, we have observed synergistic drug interactions

between GSI and platinum therapy in both in vitro and in vivo
studies. Interestingly, sensitivity to GSI was correlated with the
presence or absence of Notch3 gene expression in a panel of
samples from GSI-sensitive and -resistant patients. This obser-
vation may become important in clinical studies, because it will
allow us to identify the patients who would benefit most from GSI
treatment based on their Notch3 expression levels. Our analysis
of primary patient samples shows that CDDP and GSI cotherapy
has a synergistic cytotoxic effect compared with CDDP or GSI
monotherapies in both platinum-resistant and -sensitive patient
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groups. Furthermore, the CDDP/GSI combination treatment is
the only therapy that effectively eliminates both SP and NSP cells,
indicating that a dual combination targeting both CSCs and the
bulk of tumor cells is critical for tumor eradication. Our in vivo
data from both GEMM and human tumor xenografts with various
levels of Notch3 expression support this observation. GSI sensi-
tizes cells to CDDP action and allows CDDP to reduce tumor
burden more effectively and prolong disease-free survival in tu-
mor cells dependent on Notch signaling, including CSCs.
It is well known that platinum-based drugs, such asCDDP, cause

DNA damage (28–30, 34). Both cisplatin and carboplatin induce
DNA damage, primarily at guanine residues, generating mono-
adducts and interstrand crosslinks leading to inhibition of DNA
replication, transcription, and ultimately to cell death (28–30, 34).
In our study, we examined the effect of Notch pathway inhibition
by GSI on DNA damage by observing the phosphorylation of
histone γ-H2AX foci. The combination therapy significantly in-
creased the effects of DNA damage, G2/M cell-cycle arrest, and
apoptosis compared with either monotherapy. These results fur-
ther confirm our observation that GSI increases the efficacy of
platinum therapy by sensitizing cells to CDDP-induced DNA
damage and enhancing the rate of tumor cell death. Based on our
results, we believe that inhibition of theNotch pathway withGSI or
an equivalent inhibitor could be a highly effective strategy in
overcoming platinum chemoresistance in a clinical setting.
Long-term survival of ovarian cancer patients is poor due to high

rates of therapeutic failure and tumor relapse. Patient stratification
based on individual genetic make-up and the addition of a front-
line therapeutic agent specifically targeting CSCs to the first line of
therapy have the potential to result in more effective therapies for
ovarian cancer patients. Discovering reliable chemosensitivity
markers and assays that could predict clinical outcome accurately
is critical. In future studies we plan to identify Notch transcrip-
tional signatures using both patient and murine samples. Such
analysis will allow us to identifymarkers of clinical interest to assess
the response to Notch therapy in vivo; these markers could be of

great use in clinical trials using GSI or Notch-selective inhibitory
antibodies. Recently, multiple studies have described Notch-se-
lective inhibitory antibodies that specifically inhibit individual
Notch receptors by blocking their negative regulatory domains
(35). Intestinal toxicity, which is mentioned as a secondary effect
for GSI therapy in some patients, likely will be avoided when using
a Notch3-selective antibody (35). We anticipate that this work will
pave the way in the near future for a clinical trial to evaluate the
efficacy of selective anti-Notch antibodies, such as anti-Notch3, in
enhancing the response to platinum treatment.

Materials and Methods
Additional experimental details are included in SI Materials and Methods.

Notch Overexpression and Knockdown Studies. We employed both gain-of-
function and loss-of-function strategies to assess the contribution of the Notch
pathway to CSC function and platinum chemoresistance. NICD1-3 intracellular
domainswere overexpressed in 4306 ovarian cancer cells. Additionally, we used
siRNAs to downregulate Notch3 gene expression in human PA-1 and OVCAR3
cell lines,which overexpress Notch3, and SKOV3, inwhich noNotch3 is detected
(negative control). FACSanalysis andMTT cell viability assayswereused to assess
the percentage of SP cells and response to CDDP.

Statistical Analysis. Dose-response curves were analyzed using Prism
(GraphPad) and CalcuSyn software packages. Statistical significance of in vitro
and in vivo assay results was determined using univariate two-tailed t-tests,
one-way ANOVA, and two-way factorial ANOVA tests. The isobologram and
CI analysis was performed using the dose effect analysis software (CalcuSyn).
All data were expressed as means ± standard error. A P < 0.05 was considered
statistically significant.
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Tumor Cell Culture. Murine cell lines (4306 and 4412), human cell
lines (PA-1, OVCAR5, IGROV1,OVCAR3, SKOV3, A2780, and
2008), and primary lines from patient samples (HAandASC) were
cultured in monolayer using DMEM or RPMI (Invitrogen) sup-
plemented with 10%FBS (vol/vol) (Gemini Bio-Products) and 1%
penicillin/streptomycin (vol/vol) (Invitrogen). Patient samples were
obtained from the Dana Farber Cancer Institute and Brigham and
Women’s Hospital. Institutional Review Board approval of the
study was obtained from both participating institutions. Side pop-
ulation (SP) analysis and immunophenotyping of cells were per-
formed in the Flow Cytometry Cores at Joslin Diabetes Center and
Brigham and Women’s Hospital. Flow cytometry data were ana-
lyzed using FlowJo software.

Total RNA Isolation and cDNA Synthesis. Total RNA was isolated
from cell lines and patient samples, and genomic DNA was
extracted following manufacturers’ instructions (Qiagen and
Promega, respectively). The quality of RNA was assessed with
NanoDrop1000 (Thermo Fisher Scientific Inc.) technology, and
cDNA was synthesized using the SuperScript III First-Strand Syn-
thesis System (Invitrogen).

Quantitative Real-Time PCR Analysis. Quantitative real-time PCR
was conducted in triplicate for each gene of interest using SYBR
Green dye and the protocol provided by SABiosciences. Gene
expression levels were measured in an ABI PRISM 7300HT Se-
quence Detection System (Applied Biosystems). Relative quan-
tification of target genes was calculated using the comparative
cycle threshold (CT) method (2−ΔΔCT) with genes normalized to
GAPDH. A subset of genes was verified independently using self-
designed real-time PCR primer sets. All quantifications were
normalized to the mRNA expression of GAPDH.

Immunofluorescence Studies. Cells were stained with a primary
phospho-Histone γ-H2AX (Ser139) (20E3) rabbit mAb (Cell Sig-
naling) using a 1:200 dilution overnight followed by a 2-h incubation
with anti-rabbit IgG FAB2 Alexa Fluor (R) 488 (Cell Signaling).
For quantification, 10 fields of cells were viewed at 20× magnifica-
tion and positively stained γ-H2AX nuclei were counted as a per-
centage of total nuclei (assessed by DAPI staining).

Cell-Cycle Analysis. Treated cells were fixed overnight in 100%
ethanol and then stained with propidium iodide (PI)/RNase
solution (Cell Signaling) for at least 1 h before analysis by flow
cytometry for PI incorporation. A total of 10,000 events were
collected for final analysis. ModFit LT software (Verity Software
House) was used for cell-cycle analysis.

Assessing the Efficacy of Cisplatin/γ-Secretase Inhibitor in Vivo.
Drug-efficacy studies were conducted in genetically engineered
K-rasLSL/+/Ptenfl/fl/luciferase (luc) (K-ras/Pten) mouse models of
ovarian cancer and SCID tumor xenografts. To generate all xe-
nograft models, mice were injected i.p. with 2.5 million PA-1/luc,
OVCAR5/luc, and SKOV3/luc cells, respectively. Animals began
treatment once tumors were established, and a baseline pre-

treatment image was recorded for each animal. SKOV3 and PA-1
cohorts were each divided into three groups: control, cisplatin
(CDDP) monotherapy, and CDDP/γ-secretase inhibitor (GSI)
cotherapy. K-ras/Pten and OVCAR5 mice were each divided into
four groups: control, CDDPmonotherapy, GSI monotherapy, and
CDDP/GSI cotherapy. Mice in each group were injected i.p. with
PBS (control), CDDP (3 mg/kg of body weight), GSI (5 mg/kg of
body weight), or a combination of CDDP (3 mg/kg body weight)
and GSI (5 mg/kg of body weight). Treatments were administered
every third day for two cycles of three treatments per cycle, for
a total of six treatments. Treatment efficacy was quantified by
measuring fold change in bioluminescence imaging. All studies
were conducted in accordance with the Institutional Animal Care
and Use Committee guidelines of the Brigham and Women’s
Hospital and Harvard Medical School.

Notch Overexpression and Knockdown Studies. NICDs were over-
expressed in ovarian cancer cell lines to analyze the role of Notch
signaling in CSC maintenance and platinum chemoresistance. All
MigR1 vectors were derived from human or mouse cDNAs as
previously described (1). The plasmids were transfected using
a Lipofectamine protocol (Invitrogen). GFP+ cells were sorted by
flow cytometry 48–72 h posttransfection and were regrown in
DMEM. Notch3 knockdown was accomplished using siRNA re-
agents and protocols from either Sigma or Santa Cruz Bio-
technology, with similar results.

Statistical Analysis. The efficacy of each treatment compared with
control (e.g., GSI treatment versus control), was evaluated using
univariate two-tailed t tests and one-way ANOVA as shown
before (2). GSI and CDDP monotherapies were compared with
vehicle as a control; then each drug alone was compared with
combination treatment. In addition, a two-way factorial ANOVA
test was used to test for an interaction between GSI and CDDP.
If an interaction was found (P ≤ 0.05), and the growth inhibition
was greater than seen with either treatment alone, the in-
teraction was deemed synergistic (2). If an interaction was found
(P ≤ 0.05), and the inhibition was less than seen with either
treatment alone, the interaction was deemed antagonistic or
competitive (2). If no interaction was found (P ≥ 0.05), but the
effect was greater than seen with either treatment alone, the
effect of the combined treatment was considered additive (2).
Results determined by this method were validated further in
a subset of patient samples and established cell lines (OVCAR5
and SKOV3) by an isobologram and CI analysis using CalcuSyn
dose effect analysis software (Biosoft). This software package
uses dose-dependent MTT assay data to calculate drug-in-
teraction effects as described previously (3). Synergism is in-
dicated by CI values less than 1; a CI value equal to 1 indicates
an additive interaction (3). CI values higher than 1 are consistent
with a competitive cytotoxic response. The CI values are shown
for ED25, ED50, ED75, and ED90, as described previously (3).
The CI values are provided for a wide range of CDDP and GSI
effective doses.

1. Aster JC, et al. (2011) Notch ankyrin repeat domain variation influences leukemogenesis
and Myc transactivation. PLoS ONE 6:e25645.

2. Pieretti-Vanmarcke R, et al. (2006) Mullerian Inhibiting Substance enhances subclinical
doses of chemotherapeutic agents to inhibit human and mouse ovarian cancer. Proc
Natl Acad Sci USA 103:17426–17431.

3. Taylor-Harding B, Orsulic S, Karlan BY, Li AJ (2010) Fluvastatin and cisplatin demonstrate
synergistic cytotoxicity in epithelial ovarian cancer cells. Gynecol Oncol 119:549–556.
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Fig. S1. Cancer stem cells (CSCs) display increased tumorigenic potential in vivo and feature key pathways that can be successfully targeted therapeutically. (A) SP
and non-SP (NSP) cells were sorted frommurine K-ras/Pten (4306) and humanOVCAR5 ovarian cancer lines and injected into the right and left flanks, respectively, of
SCIDmice. SP cells gave rise tomore tumors thandidNSP cells. Injection of as few as 1,000 SP cells generated tumors in three of sixmice, but injectionwithNSP cells did
not generate tumors in any of the six mice. In addition, injection of 10,000 SP/CD44+ 4306 cells generated tumors in five of six mice, but injection of SP/CD44− cells
generated tumors in only three of eightmice. Similarly, injection of OVCAR5 SP/CD44+ cells generated tumors in two of threemice, but injection of SP/CD44− cells did
not generate tumors in any of the three mice. (B) Key pathways (red arrows) for ovarian CSC function were identified using Ingenuity and GeneGo’s MetaCore
Pathway Analysis Systems. These key signaling networks include Notch, Wnt/β-catenin, IGF1, VEGF, FGF, EGF, and TGF-β pathways. (C) Notch receptor intracellular
domains (NICDs) were overexpressed in ovarian cancer cell lines to analyze the role of Notch signaling in CSC maintenance and platinum chemoresistance. Quan-
titative real-time PCR analysis demonstrates overexpression of Notch receptors (intracellular domains, NICD1–3) in transfected 4306 murine ovarian cancer cells. As
expected, overexpression of NICD1–3 increases levels for Notch receptors and HES1, a Notch pathway downstream effector, as compared with MigR1 control.
Furthermore, NICD3 overexpression, which increases the percent of SP cells enriched for CSCs, is also correlatedwith high levels of CD44 gene expression, a key stem-
cell marker. (D) GFP expression is shown in tumor cells overexpressing NICD1–3 as a positive control for transfection levels. NICD1–3 vectors express GFP as amarker of
transduced cells. GFP+ cells were sorted by flow cytometry 48–72 h posttransfection and were regrown in DMEM.
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Fig. S2. Summary of patient characteristics and isobologramanalysis of patient cell linesdemonstrating a synergistic cytotoxic effect in vitro. (A) Clinical characteristics,
tumor subtype (histopathology), and platinum sensitivity are shown for the patients included in the study. (B) Primary patient cell lines, whichwere analyzedpreviously
by two-way ANOVA, were assessed further using MTT, isobologram, and combination index (CI) analysis to validate a synergistic response to GSI/CDDP therapy. Cell
viabilitywasmeasuredbyMTTassayandassessedwithCalcuSyn software toprovideevidence for aCDDP/GSI synergistic (ASC02,HA02,ASC03,ASC13,ASC11) or additive
(ASC01,ASC06) cytotoxic response. Significant reductions in cell viability for the combination therapy in comparisonwith CDDPmonotherapy are denotedby anasterisk
(*P< 0.05, Student’s t- test). Reductions in cell viability in response to CDDPor GSImonotherapy are shown in red and blue, respectively, and the combination therapy is
depicted ingray.Additional establishedcell lines (SKOV3)were assessedusing the samemethod. In contrast toOVCAR5,which showsa synergistic response toCDDP/GSI,
SKOV3 tumor cells, in which Notch3 expression is not detected, demonstrates an antagonistic response to combination therapy (CI >1).
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Fig. S3. GSI and platinum cotherapy significantly increases therapeutic response and survival time in K-ras/Pten/luc genetically engineered mouse models. (A)
Western blotting analysis of Notch3 expression in murine and human ovarian cancer cell lines detects Notch3 in murine K-ras/Pten lines (4412) and human PA-1;
Notch3 expression is absent in SKOV3 ovarian cancer cells. β-Actin was used as a loading control. (B) K-ras/Pten tumor models treated with CDDP/GSI cotherapy
(n = 8) showed significant inhibition of disease progression (***P < 0.001, two-way ANOVA) and longer survival as compared with either GSI (n = 5) or CDDP
monotherapy (n = 4. (C) In contrast, in SKOV3 tumor xenografts, in which Notch 3 is not detected, CDDP/GSI treatment (n = 3) shows no additional therapeutic
efficacy compared with CDDP monotherapy (n = 5). Quantification of tumor imaging shows no significant difference between CDDP and CDDP/GSI cotherapy.
Kaplan–Meier survival curves for each treatment group show that the combination therapy does not increase survival time significantly compared with CDDP
monotherapy in SKOV3 tumor xenografts. 6tx, mice administered six drug treatments.
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Legend continued on following page

Fig. S4. GSI and platinum cotherapy shows enhanced response to DNA damage and cell death in Notch-dependent tumor cells. (A) Western blotting analysis
of Notch3 expression in human ovarian cancer cell lines detects Notch3 overexpression in all lines (A2780, IGROV1, OVCAR3, and OVCAR5) except for SKOV3. (B
and C) The response to DNA damage in human OVCAR5 and SKOV3 cells was analyzed by examining the number of γ-H2AX foci in immunofluorescence (IF)
experiments. (B) Quantification of IF data shows that DNA damage induced by CDDP/GSI combination therapy is significantly greater (***P < 0.001 two-way
ANOVA analysis) than seen with either monotherapy in human OVCAR5 cells expressing Notch3. In SKOV3 cells, in which Notch3 is not detected, the DNA-
damage response (as indicated by the number of γ-H2AX foci) is not significantly different between the control and GSI groups or between the CDDP and
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CDDP/GSI cotherapy groups. (C) Representative IF slides of γ-H2AX staining for both cell lines. (D) The effect of the CDDP/GSI combination therapy on cell-cycle
progression was determined using propidium Iodide staining and FACS analysis of human OVCAR5 and SKOV3 cells, respectively. Quantification of G2/M
subpopulations is shown as an average of four independent experiments alongside representative histograms for each cell line and treatment. GSI potentiated
the G2/M cell-cycle arrest induced by CDDP in OVCAR5 cells (***P < 0.001, two-way ANOVA compared with either monotherapy). In contrast, SKOV3 cells show
no statistically significant increase in the G2/M cell-cycle arrest in response to CDDP/GSI. (E) Accumulation of poly(ADP-ribose) polymerase (PARP) cleavage,
a marker of cell death, was quantified by Western blotting analysis in OVCAR5 and SKOV3 cells that were treated with GSI, CDDP, or CDDP/GSI combination
therapy. OVCAR5 cells treated with CDDP/GSI combination therapy show a significant increase in PARP cleavage compared cells treated with either mono-
therapy (***P < 0.001, two-way ANOVA), whereas in SKOV3 cells PARP cleavage in response to CDDP/GSI is not significantly increased compared with CDDP
alone. β-Actin is shown as a loading control for tumor lysates.
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