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Enhanced activation of STAT3 in ascites-derived recurrent ovarian tumors:
inhibition of cisplatin-induced STAT3 activation reduced tumorigenicity
of ovarian cancer by a loss of cancer stem cell-like characteristics
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Abstract: Chemotherapy resistance is a major obstacle for the treatment of ovarian cancer patients. Combination of drugs
which can exert synergistic effect can be a promising strategy to overcome this resistance. In this study, we report
significantly enhanced activation of Janus kinase 2 (JAK2) and its downstream target signal transducer and activation of
transcription 3 (STAT3) in tumor cells isolated from the ascites of recurrent ovarian cancer patients (CR) compared to tumor
cells isolated from the ascites of chemonaïve patients (CN). Enhanced activation of JAK2 and STAT3 in the tumor cells of
recurrent patients coincided with the in vitro activation of JAK2 and STAT3 pathway in cisplatin-surviving ovarian cancer cell
lines. This coincided with the emergence of cancer stem cell (CSC)-like characteristics in response to cisplatin treatment in
ovarian cancer cell lines. Both cisplatin-induced JAK2/STAT3 activation and CSC-like characteristics were inhibited by a
low dose JAK2-specific small molecule inhibitor CYT387 in vitro. Subsequent, in vivo transplantation of cisplatin and
CYT387 in vitro treated ovarian cancer cells in mice resulted in a significantly reduced tumor burden compared to that
observed in mice injected with cisplatin only-treated cells. In vitro analysis of tumor xenografts at the protein level
demonstrated a loss of CSC-like (CD117 and Oct4) and tumorigenic (CA125) markers in cisplatin and CYT387-treated
cell-derived xenografts, compared to cisplatin only-treated cell-derived xenografts. These results were consistent with
a significantly reduced activation of JAK2 and STAT3 in cisplatin and CYT387-treated cell-derived xenografts compared
to cisplatin only-treated cell derived xenografts. These data suggest that the inhibition of the JAK2/STAT3 pathway
by the addition of CYT387 in combination with cisplatin may have important implications for ovarian cancer patients who are
treated with platinum-based first line therapies.
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INTRODUCTION
Ovarian cancer continues to be a major worldwide

gynaecological malignancy with 15,000 deaths and

25,000 new cases diagnosed each year in US alone [1].

The cancer is extremely heterogeneous and manifests in

multiplemorphological forms within themajor common-

ly recognised sub-types [2]. The treatment options for the

majority of the four sub-types, that is serous, endome-

trioids, mucinuous and clear cell carcinomas are similar

and have remained unchanged for the last two decades

[3]. Thus, most ovarian cancer patients are treated with

platinum or taxane-based chemotherapy, or a combina-

tion of both, which results in killing of tumor cells by

affecting the DNA or cytoskeletal elements of the cells

[4]. Although, these interventions initially provide a short

disease-free progression period they generally result in

the evolution of an aggressive and drug-resistant disease

that ultimately results in disease progression and ulti-

mately patients’ death [5]. Hence, the discovery and

development of targeted therapies that directly affect

chemotherapy resistance and regrowth of drug-refractory
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tumors is urgently needed for the treatment of ovarian

cancer patients.

With the recent advancement in gene expression pro-

filing and the implementation of next generation DNA

sequencing and RNA sequencing technologies, a broad

heterogeneity in samples from patients diagnosed with the

serous ovarian tumors has been identified [6, 7]. Although

these tools have segregated tumors into broad subclasses,

the reasons behind this enormous genetic variability are

still unknown and as such no suitable targeted therapeutic

options are available.

One important concept in cancer biology has gained

considerable momentum in the past decade is the con-

cept that supports the cancer stem cell (CSC) paradigm,

a theoretical model that not only supports the existence

of a small sub-population of tumor cells that drives the

tumor growth and progression but also sustains cyto-

toxic therapeutic pressure and persists to support the re-

growth of tumors [8]. Accordingly, it is reasonable to

suggest that cancer will be best diagnosed and treated if

knowledge of the events related to CSCs are unravelled.

Hence, the development of personalised medicine will

depend on the efficient implementation of DNA and

RNA sequencing of the identified tumor specific CSCs

in each of the respective tumor subtypes as well as the

pathways regulating the survival of these CSCs.

We and others have recently demonstrated an associ-

ation between chemoresistance and CSC-like phenotypes

in ovarian cancer [9–12], and found chemoresistant recur-

rent ovarian tumors to be enriched in CSCs and stem cell

pathway mediators, suggesting that CSCs may contribute

to recurrent disease [13, 14]. CSCs have also been isolated

from ovarian cancer cell lines based on their abilities to

differentially efflux the DNA binding dye Hoechst 33342

[15]. This population of cells termed the ‘side population’

(SP) displayed the classical stem cell property in tumor-

igenicity assays. Other recent reports have shown the

presence of CSCs in ovarian tumors in patients’ ascites

[16–20]. CSCs in these studies were reported to be resis-

tant to conventional chemotherapy and were able to

recapitulate in vivo the original tumor suggesting that

these CSCs control self-renewal as well as metastasis and

chemoresistance.

The JAK/STATs are well-characterised signalling

kinases which are activated in response to growth factors

and cytokines through the phosphorylation of tyrosine

residues [21]. These kinases are exploited by malignant

cells and they contribute to the pathogenesis of several

cancers, including ovarian cancer [22]. STAT3 is a latent

transcription factor that is activated by upstream receptor

kinases such as Janus activated kinases (JAKs) through

cytokines such as interleukin-6 (IL-6), interleukin-10

(IL-10), granulocyte colony stimulating factor (G-CSF),

leukaemia inhibitory factor (LIF) or leptin [23].When these

cytokines or growth factors bind to their respective recep-

tors STAT3 is phosphorylated at Tyr-705, which leads to

the formation of STAT3 homodimer that translocates to the

nucleus where it binds to the promoter region of several

genes including Mcl-1, survivin and cyclin-D1 [23].

STAT3 also activates vascular endothelial growth fac-

tor (VEGF) and is involved with the vascularisation of

tumors [24].

Cisplatin is a common platinum-based drug used for the

treatment of cancers, including ovarian cancer. It is aDNA

strand cross-linking drug that generates DNA damage

[25]. Most patients treated with cisplatin are either resis-

tant to cisplatin or initially respond and then relapse [25].

Severalmechanisms of resistance to platinum-based drugs

have been described in cancers some of which include

tolerance of the formation of platinum-DNA adducts,

DNA repair mechanisms, altered cellular transport of the

drugs, increased antioxidant production, and reduction of

apoptosis [26–28]. In this context, altered gene expression

affecting cellular transport, DNA repair, apoptosis and

cell-cell adhesion have been observed in cisplatin resistant

ovarian cancer patient samples [29–31]. In parallel, there

are several DNA repair systems involved in the repair of

cisplatin-DNA adducts [32] and activation of p53 and

several other pathways have been shown to be involved

[33], but the underlying mechanism(s) which specifically

dictate cisplatin acquired resistance still remain unknown.

In addition, cisplatin induced genotoxic stress has been

shown to result in activation of multiple signal transduc-

tion pathways, among which are members of NFkappaB

family [34] andmitogen activated protein kinase (MAPK)

pathway family which includes the involvement of ERK,

JNK and p38, the three major kinase cascades within the

MAPK family [35]. Recently we have demonstrated that

short-term single treatment of chemotherapy (paclitaxel or

cisplatin) to ovarian cancer cell lines as well as isolated

tumor cells from ascites results in the emergences of CSC-

like cells which produces greater tumor burden in mice

compared to untreated cells [10, 11, 36]. These results

suggest that CSCs may have a crucial role in the emer-

gence of aggressive tumors after chemotherapy treatment.

In this study, we present data that demonstrate that

tumor cells isolated from the ascites of CR patients have

enhanced JAK2/STAT3 pathway activation compared to

isolated tumor cells from CN patients. We also demon-

strate that a short-term single exposure of OVCA 433 and

HEY ovarian cancer cell lines to cisplatin resulted in the

activation of JAK2/STAT3 pathway in cisplatin surviving

viable cells which coincided with the emergence of CSC-

like cells. Both cisplatin-induced JAK2/STAT3 activation

and CSC-like characteristics were inhibited by a low

dose JAK2-specific small molecule inhibitor CYT387.

The in vitro suppression of CSC-like characteristics and

activation of the JAK2/STAT3 pathway by CYT387 was

manifested in in vivo mouse xenografts with a reduced

tumor burden. These data emphasize the need to explore

further the effect of CYT387 in combination with chemo-

therapy in pre-clinical ovarian cancer models.
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METHODS AND MATERIALS
Cell lines

The human ovarian OVCA 433 and HEY cell lines were

derived from the ascites and peritoneal deposit of a

patient diagnosed with papillary cystadenocarcinoma

of the ovary [10, 37]. The cell lines were grown as

described previously [11].

Antibodies and reagents

Polyclonal antibody against phosphorylated (Tyr-705)

STAT3 (P-STAT3), total STAT3 (T-STAT3), phosphor-

ylated (Tyr-1007/1008) JAK2 (P-JAK2), total JAK2

(T-JAK2) and GAPDH were obtained from Cell Signal-

ling Technology (Beverly, MA, USA). Antibodies against

cytokeratin 7 (cyt7), Ki67, CA125, Oct4 and CD117

(c-Kit) used for immunohistochemistry were obtained

from Ventana (Roche, Arizona, USA). CYT387 was

obtained from Gilead Sciences (CA, USA).

Patients

Human ethics statement

Ascites was collected from patients diagnosed with

Stages III–IV serous ovarian carcinoma and adenocar-

cinoma Not Otherwise Specified (NOS) (Table 1) after

obtaining written informed consent under protocols

approved by the Human Research and Ethics Committee

(HREC approval # 09/09) of The Royal Women’s

Hospital, Melbourne, Australia. HREC approval #09/

09 also obtained consent from participants to publish the

results from this study provided anonymity of patients is

maintained at all times.

The histopathological diagnosis, including tumor

grades and stages was determined by independent staff

pathologists as part of the clinical diagnosis (Table 1).

Ascites was collected as they were received by the lab-

oratory. For chemona€ıve (CN) patients, ascites was col-

lected at diagnosis before commencement of any

treatment. Ascites was also collected from patients at the

time of recurrence (CR). Patients in this group were not all

treated identically and had previously received combina-

tions of chemotherapies as described in Table 1. Ascites

was collected from these patients at recurrence after the

patients have completed combination chemotherapies

described in Table 1.

Preparation of tumor cells from ascites of ovarian

cancer patients

Tumor cells from ascites were isolated as described

previously [13]. Briefly, 500 ml of ascites was used to

collect tumor cells. The ascites cells were seeded on

low attachment plates (Corning Incorporated, NY) in

MCDB:DMEM (50:50) growth medium supplemented

Table 1. Description of the patients recruited in the study

Sample ID Patient status Stage Grade Treatment

Age at

diagnosis

Overall

Survival

Ascites 77 Chemoresistant (CR) IV High Grade Serous Carboplatin and Paclitaxel 2 cycles 53 years 1 month as of

4/06/2013

Ascites 98 Chemoresistant (CR) IIIc High Grade Serous Paclitaxel 1 cycle 59 years 4 years 7

monthsCarboplatin and Paclitaxel 6 cycles

OVAR16/VEG1106551 Trial 4 cycles

ICON62 Trial 7 cycles

Cisplatin 6 cycles

Doxorubicin Pegylated Liposomal 6 cycles

Docetaxel 3 cycles

REZOLVE3 Study 3 cycles

Ascites 99 Chemonaive (CN) IIIc High Grade Serous No treatment 64 years NA

Ascites 101 Chemonaive (CN) Unknown Adenocarcinoma NOS No treatment 75 years NA

Ascites 102 Chemoresistant (CR) IV High Grade Serous Carboplatin and Paclitaxel 6 cycles 50 years 1 year 10

months as of

09/07/2014

Carboplatin 3 cycles

Cisplatin 2 cycles

Doxorubicin Pegylated Liposomal (ongoing)

Ascites 105 Chemonaive (CN) IV High Grade Serous No treatment 83 years 1 month as of

05/08/2014

ForCNpatients; asciteswas collected after diagnosis, before treatment. CRpatients; asciteswas collected at recurrence after the patients had undergone the above

described cycles of chemotherapy.
1OVCAR16/VEG110655: A phase III Study to evaluate the efficacy and safety of pazopanib monotherapy vs placebo in women who have not
progressed after first line chemotherapy for epithelial ovarian, fallopian tube, or primary peritoneal cancer (Sponsor: GlaxoSmithKline). http://
clinicaltrials.gov/ct2/show/NCT00866697.
2ICON6: A double-blind, placebo-controlled, three arm, randomised phase III trial of concurrent cediranib AZD2171 (with platinum-based
chemotherapy) and as a single agent maintenance therapy in women with ovarian cancer relapsing more than 6 months following completion
of first line platinum-based treatment Sponsor: Medical Research Council (UK). http://www.controlled-trials.com/ISRCTN68510403.
3REZOLVE: A phase II study to evaluate the safety and potential palliative benefit of intraperitoneal bevacizumab in patients with symptomatic
ascites due to advance, chemotherapy-resistant ovarian cancer. http://www.anzgog.org.au/uploads/REZOLVE/2014%20Trials%20Summary%
20REZOLVE.pdf.
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with fetal bovine serum (10%), glutamine (2 mM) and

penicillin/streptomycin (2 mM) (Life Technologies,

CA, USA) after removal of the red blood cells by

hypotonic shock using sterile MilliQ water as describ-

ed previously [13]. Cells were maintained at 37�C
in the presence of 5% CO2 and tumor cells floating

as non-adherent population were collected after 2–3

days, and screened for CA125, EpCAM, cytokeratin

7 (CK7) and fibroblast surface protein (FSP) by Flow

Cytometry to assess their purity [13]. Cells were pas-

saged weekly and experiments were performed within

1–2 passages.

Treatment of HEY and OVCA 433 cell lines with

cisplatin, CYT387 or a combination of both

Ovarian cancer cell lines OVCA 433 and HEY were

treated with cisplatin concentrations at which 50% growth

inhibition was obtained (GI50 � 5 mg/ml for OVCA 433

cells and 1 mg/ml for HEY cells for five and three days

respectively) [11]. For CYT387 treatment, cells were

screened for the response to different concentrations of

CYT387 in both cell lines. The concentration of CYT387

that gave optimum inhibition of the active (phosphorylat-

ed) JAK2/STAT3 pathway in response to cisplatin in

OVCA433 cells was �0.5 mM and 1 mM for HEY cells

was used throughout the study. For combination treatment,

OVCA433 cells were treatedwith 5 mg/ml of cisplatin and

with 0.125, 0.25 or 0.5 mM of CYT387 concentrations,

while the HEY cells were treated with 1 mg/ml of cisplatin

and 1 mMofCYT387. Treatment was performed for three-

five days.

Immunofluorescence analysis

Immunofluorescence analysis of P-STAT3, T-STAT3,

P-JAK2 and T-JAK2 was performed as described pre-

viously [11, 13, 36]. Images were captured by the photo

multiplier tube (PMT) using the Leica TCS SP2 laser,

and viewed on a HP workstation using the Leica micro-

systems TCS SP2 software. CellR software (Olympus

Soft Imaging Solution) was used to perform semi-quan-

titative analysis amongst control and treated groups. For

consistency and comparative results, as well as to avoid

the edge effect, images were taken randomly at the

centre of each well. CellR has inbuilt parameters which

were set up with equal intensity for control and treated

cells. These control measures were taken to justify the

statistical differences between the control and treated

preparations whilst avoiding biased measurement. To

determine translocation of P-STAT3 from cytoplasm to

nucleus in the absence and presence of treatments

(cisplatin, CYT387 or combination of both), a semi-

quantitative analysis was performed using CellR pro-

gram. These measurements allowed quantification of P-

STAT3 staining for a selection of cells which showed

nuclear localisation in response to cisplatin, CYT387

and a combination of both.

RNA extraction and real time-PCR (q-PCR)

Solid tumors derived frommice inoculatedwithHEYcells

were homogenised using PowerLyzerTM 24 (MO BIO

Laboratories Inc, Carlsbad CA, United States) according

to manufacturer’s instruction. RNA was extracted from

the homogenized xenograft and cDNA synthesized as

described previously [36]. Quantitative determination of

mRNA levels of various genes was performed in triplicate

using SYBR green (Applied Biosystems, Australia) as

described previously [36]. The primers for Oct-4, CD117,

and EpCAM have been described previously [36].

SDS-PAGE and Western blot analysis

SDS-PAGE and Western blot was performed on cell

lysates by the methods described previously [10]. Protein

loading was monitored by stripping the membrane with

RestoreWestern blot Stripping Buffer (Thermo Scientific,

MA, USA) and re-probing the membrane with b-actin
primary antibody (Sigma-Aldrich, Sydney, Australia).

Flow cytometry analyses

Flow cytometry was used to assess the expression of cell

surface markers and was performed as described previ-

ously [10–13]. 80–90% confluent cultures of OVCA 433

cells grown in the presence or absence of cisplatin for 5

days were collected and rinsed twice with PBS. 1 � 106

cells were incubated with primary antibody for 1 hour at

4�C and excess unbound antibody was removed by wash-

ing twice with PBS. Cells were stained with secondary

antibody conjugated with phycoerythrin (PE) for 20 min-

utes at 4�C,washed twice with PBS and then re-suspended
in 0.5 ml PBS prior to FACScan (Becton-Dickinson (Bed-

ford, MA, USA) analysis. In each assay, background

staining was detected using an antibody-specific IgG

isotype. All data were analysed using Cell Quest software

(Becton-Dickinson, USA). Results are expressed as mean

intensity of fluorescence (MIF). GeoMean value was used

to calculate the relative expression of each cell surface

marker analysed. IgG Geo mean was used as a negative

control. For semi-quantitative analyses, expression of cell

surface expression of CSC markers was calculated as a

ratio betweenGeomean of the cell surfacemarker over the

Geo mean of the IgG.

3[H]-Thymidine assay
3[H]-Thymidine uptake assay as a measure of cell pro-

liferation was performed as described previously [13].

Briefly, 1 � 105 OVCA 433 or HEY cells untreated or

treated with cisplatin or CYT387C cisplatin were seeded

in triplicate on 24 well plates. After 3 days, 0.5 mCi of
3[H] thymidine was added to each well, and cells were

incubated at 37�C for an additional 16 h. Cells were

washed with PBS, harvested and lysed in 1% Triton and

incorporation of 3[H] thymidine was measured by liquid

scintillation counting (Hidex 300SL, LKB Instruments,

Australia).
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Animal studies

Animal ethics statement

This study was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of the

Laboratory Animals of the National Health and Medical

Research Council of Australia. The experimental protocol

was approved by the Ludwig Institute/Department of

Surgery, Royal Melbourne Hospital and University of

Melbourne’s Animal Ethics Committee (Project-006/

11), and was endorsed by the Research and Ethics Com-

mittee of Royal Women’s Hospital Melbourne, Australia.

Animal experiments

The animal experiments were performed as described

previously [11, 13, 36]. The overall experiment was set

out in six groups of mice which were as follows: (i) no

treatment or control group, (ii) paclitaxel treatment group,

(iii) CYT387 treatment group, (iv) paclitaxelCCYT387

treatments group, (v) cisplatin treatment group and (vi)

cisplatinCCYT387 treatments group. The effects of pac-

litaxel treatmentwith orwithoutCYT387 onHEYcell line

in a mouse model has recently been published [36]. The

current study focused on understanding the effects of

cisplatin treatment in combination with CYT387 and as

such included the overlapping control andCYT387 groups

used in [36] in addition to cisplatin and cisplatinCCYT387

groups on HEY cells on a mouse model.

Briefly, female Balb/c nu/nu mice (age, 6–8 weeks)

were obtained from the Animal Resources Centre, West-

ern Australia. Animals were housed in a standard patho-

gen-free environment with access to food and water. HEY

cells were treated with cisplatin (1 mg/ml) or CYT387

(1 mM) or cisplatin (1 mg/ml) plus CYT387 (1 mM) as

described previously [36]. 5 � 106 cells surviving treat-

ments after three days were injected intraperitoneally (ip)

in nude mice. Mice were inspected weekly and tumor

progression was monitored based on overall health and

bodyweight until one of the pre-determined endpointswas

reached. Endpoint criteria included loss of body weight

exceeding 20% of initial body weight and general pattern

of diminished well-being such as reduced movement and

lethargy resulting from lack of interest in daily activities.

Mice were euthanized and organs (liver, stomach, lungs,

gastrointestinal tract, pancreas, uterus, skeletal muscle,

colon, kidney, peritoneum, ovaries and spleen) and solid

tumors were collected for further examination. Metastatic

development was documented by a Royal Women’s Hos-

pital pathologist according to histological examination

(H & E staining) of the organs.

Immunohistochemistry of mouse tumors

For immunohistochemistry, formalin fixed, paraffin

embedded 4 mm sections of the xenografts were stained

using a Ventana Benchmark Immunostainer (Ventana

Medical Systems, Inc, Arizona, USA) as described previ-

ously [11]. Immunohistochemistry images were taken

using Axioskop 2 microscope, captured using a Nikon

DXM1200C digital camera and processed using NIS-

Elements F3.0 software. Images were scored indepen-

dently by four reviewers blind to the molecular data as

previously described [11, 36, 38].

Statistical analysis

Data are presented as mean � SEM. Treatment groups

were compared with the control group using one way-

ANOVA and Dunnett’s Multiple Comparison post-tests.

A probability level of p< 0.05 was adopted throughout to

determine statistical significance.

RESULTS
Enhanced activation of STAT3 in tumor cells isolated

from the ascites ofCRpatients compared to tumor cells

isolated from the ascites of CN patients

The expression of phospho (P)-JAK2 and P-STAT3 in

isolated tumor cells from the ascites of CNandCRpatients

were analysed by immunofluorescence staining. In the

three ascites samples analyzed from each CN and CR

groups, the expression of P-JAK2 and P-STAT3 were

significantly higher in CR group compared to CN group

(Fig. 1). The expressions of P-JAK2 and P-STAT3 were

standardized to total (T)-JAK2 andT-STAT3 in each case.

Cisplatin treatment activated the JAK2/STAT3

pathway in chemotherapy surviving viable ovarian

cancer cells; CYT387 inhibited cisplatin-induced

JAK2/STAT3 activation

We assessed the levels of P-JAK2 and P-STAT3 in

response to cisplatin treatment in viable OVCA 433 cells

byWestern blot (Fig. 2A). The expression of P-JAK2 was

increased as a result of cisplatin treatment (5mg/ml) after 5

days. Cisplatin induced phosphorylation of JAK2 was

inhibited by the addition of CYT387 at 0.5 mM concen-

tration, while differential effects were observed at 0.125

and 0.25 mM concentrations. The expression of total

JAK2, on the other hand, under these conditions was

evenly expressed across the samples. Equal protein load-

ing was determined by the expression ofb-actin (Fig. 2A).
The activation of P-JAK2 coincided with the downstream

activation of STAT3 in response to cisplatin treatment

(Fig. 2B); however, inhibition of cisplatin-induced

P-STAT3 was observed at all CYT387 concentrations

used (Fig. 2B). b-actin confirmed the equal loading of

protein in each sample (Figs. 2A and 2B).

We next assessed the activation of P-JAK2 and STAT3

by cisplatin and its concomitant inhibition by CYT387 by

immunofluorescence (Fig. 3A). In previous experiments

with Western blot we were able to show that CYT387 at a

concentration of 0.5 mM inhibited cisplatin-induced

JAK2/STAT3 activations. Thus, for this series of experi-

ments CYT387 at 0.5 mM concentration was used. To

determine whether treatment with cisplatin and CYT387

alone or in combination had a significant impact on the

Cisplatin resistance and the JAK2/STAT3 pathway in ovarian cancer 5
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translocation of P-STAT3 from cytoplasm to nucleus, a

semi-quantitative immunofluorescence analysis was per-

formed. The expression of P-STAT3 in the control cells

was mostly confined to the cytoplasm while very few

nuclear staining was evident in some sections (Fig. 3A).

However, P-STAT3 was predominantly translocated to

the nucleus in OVCA 433 cells treated with cisplatin, yet

some staining in the cytoplasm was also observed. In

addition to the activation of P-STAT3, cisplatin also

induced EMT in cisplatin treated OVCA 433 cells as we

have reported previously [10] (Fig. 3A). A comparison

between the control and cisplatin treated samples revealed

that the translocation of P-STAT3 to the nucleus in

response to cisplatin treatment was significantly increased

(p < 0.05) (Fig. 3B). However, this translocation was

decreased when CYT387 was added concomitantly in

addition to cisplatin (�2-fold, p < 0.05) (Fig. 3B). On

the other hand, treatment with CYT387 on its own had no

significant effect on the translocation of P-STAT3 to the

nucleus compared to the control untreated cells (Fig. 3B).

Consistent with OVCA 433 cells, treatment with

cisplatin resulted in the activation of the JAK2/STAT3

pathway in the ovarian cancer HEY cell line (Supple-

mentary Fig. 1). This observation was confirmed by

immunofluorescence which demonstrated significant

enhancement in the level of phosphorylated JAK2

(Tyr-1007/1008) and downstream STAT3 (Tyr-705)

compared to control untreated cells (Supplementary Fig.

1). Both P-JAK2 and P-STAT3 in cisplatin-treated cells

were found to be localized in the nucleus as well as

cytoplasm of the cisplatin-treated cells (Supplementary

Fig. 1). The expression of T-JAK2 and T-STAT3 which

was localized mostly in the cytoplasm under the same

experimental conditions remained unchanged (Supple-

mentary Fig. 2).

CYT387 treatment significantly reduced the CSC-like

trait associated with cisplatin treatment in ovarian

cancer cells

We have previously shown the enhancement of CSC-like

phenotypes in OVCA 433 and HEY ovarian cancer cell

lines in response to short-term treatment with cisplatin

[11]. In this study we demonstrate the suppression of

expression of cisplatin-induced CSC-like markers by

CYT387 in OVCA 433 cells. The cell surface expression

of CSC markers in control untreated and cisplatin treated

Figure 1. Enhanced expression of P-JAK2 and P-STAT3 in

isolated tumor cells obtained from the ascites of CR patients

compared toCNpatients.Expressions of P-JAK2 and P-STAT3 in

isolated tumor cells from ascites of CN and CR patients were

analysed by immunofluorescence using rabbit polyclonal (red) and

mouse monoclonal (green) antibodies as described in the Materials

and Methods. Cellular staining was visualized using secondary

Alexa 488 (green) or Alexa 590 (red) fluorescent labelled anti-

bodies. Nuclear staining was visualized using DAPI (blue) staining.

Images are representative of three independent patients in each

group. The mean fluorescence intensity of P-JAK2 and P-STAT3

were quantified using Cell-R software (Olympus Soft Imaging

Solutions) and standardised to T-JAK2 and T-STAT3. Magnifica-

tion 200�; scale bar ¼ 50 mM.

Figure 2. Activation of JAK2 and STAT3 in response to cis-

platin treatment and inhibition by CYT387 in OVCA 433 cells.

OVCA 433 cells were treated with cisplatin and a combination of

cisplatin and different concentrations of CYT387. Cell lysates were

prepared as described in the Methods and Material section and

assessed by Western blot for the activation of (A) JAK2 and (B)

STAT3. Samples are arranged as follows: 1) control, 2) cisplatin (5

mg/ml), 3) cisplatin (5 mg/ml)CCYT387 (0.125 mM), 4) cisplatin (5

mg/ml) C CYT387 (0.250 mM), 5) cisplatin (5 mg/ml) C CYT387

(0.5 mM). Total protein loading was determined by probing the

membranes for b-actin. Results are representative of two indepen-

dent experiments.
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OVCA 433 was assessed by Flow cytometry. Low or no

expression of CD117 and CD133 was observed in control

cells. In contrast, high expression of CD44 and EpCAM

was evident in control cells. The expression of CD117,

CD133, CD44 and EpCAM were all enhanced with cis-

platin treatment, while no change in the expression of

these markers were observed between control and

CYT387 treatment with the exception of CD44 expression

where it was observed to be decreased (Figs. 4A and 4B).

Importantly, no visual reduction in the expression of CSC

markers when cisplatin and CYT387 (0.5 mM) were used

concomitantly was observed compared to only cisplatin

treated cells (Fig. 4B).

To evaluate further the effect of CYT387 in combina-

tion with cisplatin on the expression of CSC markers, a

semi-quantitative analysis was performed which took into

account the expression ofCSCmarkers byFlowcytometry

and standardised that to respective IgG controls as dis-

cussed in the Methods and Materials. The expression of

CD133 in control, CYT387 treatment only and a combi-

nation of cisplatin and CYT387 treatments remained the

same (Fig. 4C). Despite an approximate three-fold

increase in CD133 expression in cisplatin treated OVCA

433 cells compared to control untreated cells, no signif-

icant difference was observed between the two groups (p

> 0.054) (Fig. 4C). There was a decrease in the expression

of CD133 in the presence of both cisplatin and CYT387

compared to cisplatin treatment only but it was not sig-

nificant. The expression of EpCAM, however, was sig-

nificantly enhanced in cisplatin-treated OVCA 433 cells

compared to control cells (Fig. 4C). However, no signif-

icant change between the cisplatin treatment and cisplatin

CCYT387 treatments were observed (Fig. 4C). The

expression of CD117 was significantly enhanced in the

cisplatin treated cells compared to control cells (p <
0.001) (Fig. 4C). This enhancement in cisplatin-induced

expression was significantly reduced by the addition of

CYT387 in the presence of cisplatin (p < 0.001). Similar

results were observed for CD44 expression which was

significantly enhanced by cisplatin treatment compared to

control cells (p < 0.01) and significantly reduced by the

addition of CYT387 in combination with cisplatin (p <
0.01) (Fig. 4C).

The addition ofCYT387 had no significant effect on the

sensitivity of OVCA433 cells compared to cisplatin

treatment

The effect of CYT387 (0.5 mM) to inhibit the growth of

OVCA 433 cells in presence of cisplatin was assessed by

the 3[H]-thymidine uptake assay. Cisplatin treatment of

OVCA433 cells significantly reduced cell proliferation by

approximately 54% when compared to control (p < 0.05)

Figure 3. Immunofluorescence eval-

uation of P-STAT3 inOVCA433 cell

line treated with cisplatin and

CYT387. (A) Immunofluorescence

evaluation of P-STAT3was performed

as described in Figure 1. Activation of

P-STAT3 was detected by a mouse

monoclonal antibody and staining was

visualized using the secondary Alexa

488 (green) fluorescent-labelled anti-

body. The nuclei were detected by

DAPI (blue) staining. Results are rep-

resentative of five independent experi-

ments. Magnification was 200X; scale

bar ¼ 10 mm. (B) Mean fluorescence

intensity of P-STAT3 stained cells

translocated to the nucleus in the con-

trol, cisplatin (5 mg/ml), CYT387

(0.5 mM) and combination of cis-

platin (5 mg/ml) C CYT387 (0.5 mM)

(CisCCYT) treatment of OVCA 433

cells was evaluated using Cell-R soft-

ware (Olympus Soft Imaging Solu-

tions). Results are expressed as the

average intensity of five independent

samples CSEM. Significance, � p <
0.05, ��p < 0.01.
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(Fig. 5). Even though the combination of cisplatin and

CYT387was effective in reducing the cell proliferation by

a further 20% it was not significant compared to cisplatin

alone treatment (Fig. 5). However, a comparison between

CYT387 and combination of CYT387 and cisplatin treat-

ments resulted in a significant reduction in proliferation (p

< 0.05) (Fig. 5). CYT387 on its own had no significant

effect on the proliferation of OVCA 433 cells compared to

control cells (Fig. 5).

Significantly lower tumor burden in mice generated

fromHEY cells treated with a combination of cisplatin

and CYT387 compared to tumor burden derived from

cisplatin-treated cells

Human ovarian OVCA 433 cells could not be grown in

nude mouse intraperitoneally, as observed previously

[39]. The effect of the addition of CYT387 in conjunction

with cisplatin treatment was tested in in vivo mouse

intraperitoneal (ip) HEY xenograft model used previously

[36]. Mice (n ¼ 5) injected with untreated HEY cells

developed solid tumors in the form of 3–4 small lesions

(<0.5 cm3) in the peritoneum within six weeks. The

average weight of the debulked tumors from the five

control mice injected with untreated HEY cells weighed

approximately 4.8% � 2.3 of the total body weight

(Fig. 6). In contrast, mice injected with the same number

(5 � 106) of cisplatin-surviving HEY cells produced a

significantly larger tumor burden within the same time

period, with the average tumors weighing � 11% � 3 of

the total body weight (Fig. 6). On the other hand, tumors

in mice injected with CYT387 plus cisplatin treated cells

weighed on average 3.2% � 2 of the total mouse body

Figure 4. Flow cytometry assess-

ment of CSC markers expressed on

OVCA 433 cells in response to cis-

platin andCYT387 treatments.Flow

cytometry assessment of CSCmarkers

in control, cisplatin (5 mg/ml),

CYT387 (0.5 mM) and combination of

cisplatin (5 mg/ml) C CYT387 (0.5

mM) (CisCCYT) was performed as

described in Methods and Materials.

(A) The filled histogram in each figure

represents control IgG, the dotted line,

in panel A, represent the antigen

expression of cells treated with

CYT387 (0.5 mM). (B) The filled his-

togram in each figure represents con-

trol IgG, the dark dotted lines represent

CSC expression in response to cisplat-

in (5 mg/ml) while light dotted lines

represent expression of CSCs in

response to CisCCYT. Results are

representative of three independent

experiments and represented by arbi-

trary fluorescence. (C) Flow cytome-

try semi-quantitative analysis of the

expression of CSC markers was per-

formed as described in Methods and

Materials. Results are expressed as

the difference between the arbitrary

expression of CSC markers to that

of IgG � SEM of three independent

samples. Significance, �p < 0.05 and
���p < 0.001.
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weight (Fig. 6). The average tumorweight inmice injected

with CYT387 only treated HEY cells was� 3.5%� 1.3 of

the total body weight. In short, no significant difference in

the tumor burden was observed between groups of mice

injected with control untreated HEY cells or HEY cells

treated with CYT387 (Fig. 6). On the other hand, signif-

icantly lower tumor burden was observed in mice injected

with HEY cells treated with a combination of cisplatin and

CYT387 versus mice injected with cells treated with

cisplatin alone (Fig. 6). These results suggest that CYT387

in combination with cisplatin reduces the tumor burden

induced by cisplatin only treatment however, CYT387 on

its own had no significant effect in reducing the tumor

burden compared to control HEY cells-derived tumor

burden.

Cisplatin in combination with CYT387 significantly

reduced activation of JAK2, STAT3 and CSC marker

expression in xenografts compared to xenografts

derived from cisplatin only treated cells

Debulked mouse tumors from mice inoculated with con-

trol, cisplatin, CYT387 or cisplatin plus CYT387 treated

HEY cells were analysed using immunohistochemistry.

We performed immunohistochemistry analysis of the

active (phosphorylated) and total JAK2 and STAT3 levels

inmouse xenografts in all four groups. Cisplatin-treatment

cell derived tumors displayed significantly enhanced

staining for both P-JAK2 and P-STAT3 compared to

tumors derived from untreated or CYT387-treated HEY

cells derived tumors (Fig. 7A–C). On the other hand,

tumors derived from HEY cells treated with cisplatin plus

CYT387 displayed significantly decreased staining for

P-JAK2 and P-STAT3 compared to tumors derived

from cisplatin-treated cells, but expressed P-JAK2 and

P-STAT3 at the same level as tumors derived from control

untreated or CYT387-treated HEY cells (Fig. 7A–C). The

expression of T-JAK2 and T-STAT3 remained unchanged

in control and treatment groups. Coinciding with the

activation of the JAK2/STAT3 pathway, immunohis-

tochemistry analysis of mouse tumors for the CSCmarker

Figure 5. Effect of CYT387 on the proliferation of OVCA 433

cells. OVCA 433 cells were treated with cisplatin (5 mg/ml) or

CYT387 (0.5 mM) or cisplatin (5 mg/ml) C CYT387 (Cis CCYT)

(0.5 mM) for three days. 3[H]-thymidine was added and the cells

were harvested as described in theMethods andMaterials. The data

is a representation of three independent experiments performed in

triplicate. Significant variations between the groups are indicated by
�P < 0.05, �� P < 0.01.

Figure 6. Tumor burden in mice injected with control or cisplatin or CYT387 or a combination of cisplatin plus CYT387-treated cells.

Total tumor burden obtained frommice 6weeks after ip injection of control, cisplatin-treated, cisplatin plus CYT387-treated and combination of

both CYT387 and cisplatin-treated (CisCCYT) HEY cells (n ¼ 5/group). 5 � 106 cells were inoculated in each case. �P < 0.05, significant

increase in tumor burden in cisplatin-treated HEY cells derived tumors compared to control untreated group; and cisplatin-treated HEY cells

derived tumors to CisCCYT-treated cells derived tumors. Images represent total tumors debulked from one mouse in each group. Control and

CYT387 groups are the same as described in [36].
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CD117 (c-kit), the embryonic stem cell marker Oct4 and

the ovarian cancer marker CA125 revealed significantly

enhanced staining in xenografts derived from cells surviv-

ing cisplatin treatment compared to control untreated cells

(Fig. 8A-B). The expression of CD117, Oct4 and CA125

were reduced significantly in CYT387 plus cisplatin

treated cells-derived xenografts compared to cisplatin only

treated cells-derived xenografts, and was more comparable

to xenografts derived from control untreated or CYT387-

treated cells xenografts (Fig. 8A-B). To determine if the

changes in CSC markers seen in mouse xenografts derived

from cisplatin-treated and cisplatin plus CYT387-treated

HEY cells were consistent at the mRNA level; q-PCR was

performed on cDNA prepared from RNA extracted from

these tumors. Compared to xenografts derived from control

untreated HEY cells, tumors derived from cisplatin surviv-

ing cells showed significant enhancement of mRNA

expression of CD117 and EpCAM (Fig. 9). Although

cisplatin treatment derived tumors showed significant

enhancement of Oct4 at the protein level, and an apparent

Figure 7. Immunohistochemical ex-

pression of P-JAK2, T-JAK2,

P-STAT3 and T-STAT3 in mouse

tumors generated from ip trans-

plantation of control or cisplatin,

CYT387 and a combination of cis-

platin plus CYT387 treated HEY

cells. Tumor sections were stained for

the expression of (A) P-JAK2,

T-JAK2, (B) P-STAT3 and T-STAT3

as described in Materials and Meth-

ods. (C) The data was obtained from

three independent xenografts and

scored by four blind reviewers as

described in Materials and Methods.

Significant variations between the

groups are indicated by �P< 0.05, ��P
< 0.01 and ���P < 0.001. Magnifica-

tion 200X, scale bar ¼ 10 mm.
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increase at the mRNA level, this enhancement was not

statistically significant. CYT387 on its own had no signif-

icant effect on the mRNA expression of CD117, EpCAM

and Oct4 compared to control cells. However, concomitant

addition of cisplatin and CYT387 addition to cells led to

significant reduction in the mRNA expression of CD117

and EpCAM expression compared to cisplatin only effect

(Fig. 9). The mRNA expression of Oct4 when cisplatin and

CYT387 were added together compared to cisplatin only

treatment showed no significant difference (Fig. 9).

Negative IgG controls for Figures 7A–B and 8A are

provided in Supplementary Figure 3.

Cisplatin in combinationwithCYT387 does not reduce

tumor invasion in mice

The tumor infiltration pattern within the peritoneal cavity

in response to cisplatin, CYT387, cisplatin plus CYT387

was assessed usingH&Estaining. In linewith our previous

study [11, 36], sections of mouse organs (pancreas, liver,

intestine, colon, and kidney) displayed infiltrating tumors

with epithelial morphology. Although the addition of

CYT387with cisplatin resulted in the significant reduction

of tumor burden, an observation using a minimum of three

mice in all treatment groups revealed a similar invasion

pattern in all treatment regimens (images for pancreas and

liver presented in Supplementary Fig. 4).

DISCUSSION
Ovarian cancer cells with CSC-like features have been

proposed to be resistant to cancer therapies [9–12], sug-

gesting that their effective elimination may require the

identification of signaling pathways on which they are

dependent for their survival. In this study we demonstrate

enhanced activation of STAT3 in tumor cells isolated from

the ascites of CR patients compared to tumor cells derived

from the ascites of CN patients. We also demonstrate

Figure 8. Expression of CSCs and

CA125 in mouse tumors generated

from ip transplantation of control or

cisplatin or CYT387 and a combi-

nation of cisplatin and CYT387-

treated HEY cells by immunohis-

tochemistry. (A) Tumor sections

were stained and (B) scoring for the

expression of Oct4, CD117 and

CA125 was performed as described in

Figure 8. Significant variations

between the groups are indicated by
�P < 0.05 and ��P < 0.01. Magnifica-

tion 200X, scale bar ¼ 10 mm.
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activation of the JAK2/STAT3 pathway in cisplatin-treat-

ment surviving viable ovarian cancer cells in vitro with

concurrent enhancement of CSC-like traits. In addition,

suppression of this cisplatin treatment-induced activation

of JAK2/STAT3 pathway, by a potent JAK2-specific

inhibitor, CYT387, not only resulted in the abrogation of

CSCs in vitro but also in vivo and correlated with the

reduction of a significant tumor burden inmice. These data

suggest that combination of CYT387 with cisplatin could

be a therapeutic option for chemoresistant ovarian cancer

patients as it targets the JAK2/STAT3 pathway which is

required for the CSC-like chemotherapy resistant cells.

The presence of ascites has been associated with a poor

prognosis [5, 40]. However, the origin and phenotype of

the cellular content of ascites and its association with

chemoresistance and recurrence is poorly understood.

Microscopic inspection of ascites usually display a com-

plex heterogeneous image which consists of single cells

and multicellular aggregates or spheroids and non-cancer

inflammatory single cells, cancer-associated fibroblasts,

myeloid cells and activatedmesothelial cells [40]. Recent-

ly, we have developed a novel method of isolating tumor

cells from the ascites of ovarian cancer patients [13].

Using thismethod,we have previously shown that isolated

tumor cells from the ascites of CR patients demonstrate

CSC-like characteristics compared to tumor cells isolated

from CN patients [13]. In this study, we demonstrate that

ascites-derived tumor cells from CR patients have an

enhanced level of activated JAK2/STAT3 pathway com-

pared to tumor cells ofCNpatients. These observations are

consistent with one previous study where metastatic and

drug resistant recurrent ovarian tumors showed a signif-

icantly higher IL6 induced STAT3 phosphorylation com-

pared to the matched primary tumors [41]. Furthermore, a

monoclonal anti-IL6 antibody, siltuximab (CNTO 328)

was shown to suppress IL-6 induced STAT3 phosphory-

lation and nuclear translocation and decrease the expres-

sion of STAT3 downstream targets and sensitize

paclitaxel resistant ovarian cancer cell lines to chemo-

therapy [41].

CYT387 is an orally available, bioactive inhibitor of the

JAK1/2 pathway currently in Phase III clinical trial for the

treatment of myelofibrosis, a frequently diagnosed fatal

myeloproliferative disorder [42]. The preliminary data on

the drug has shown durable anemia responses and favor-

able toxicity profile in patients, suggesting CYT387 to be

the best candidate among the JAK inhibitors so far dis-

covered for the management of myelofibrosis. CYT387

has shown effectiveness in a JAK2V617F mutation-asso-

ciated animal model where it inhibited STAT3 functions

associated with constitutively activated JAK2, by normal-

ising inflammatory cytokines [43]. Preclinical analysis has

shown CYT387 to be well tolerated in mice when admin-

istered orally at doses up to 50mg/kg of body weight, with

no sign of overt toxicity [43]. Besides the myeloprolifer-

ative disorder, CYT387 has also potential for the treatment

of phenotypically diverse myelomas and recently has

shown efficacy in K-RAS driven lung cancer model by

inhibiting the innate immune signaling kinase Tank-bind-

ing kinase-1 [44, 45]. In this studywe demonstrate another

novel cellular effect of CYT387 in vitro and in a in vivo

mouse model where it suppressed the activated STAT3 in

response to cisplatin-treatment in vitro, and produced

significantly smaller tumors when injected in mice with

ovarian cancer cells treated in vitro with cisplatin and

CYT387 compared to the tumors derived from mice

injected with cisplatin only treated cells. These results

correlated with the abrogation of CSC-like characteristics

Figure 9. The mRNA expression of

CSC markers in control or cisplatin

or CYT387 or cisplatin plus

CYT387-treated HEY cells-derived

xenografts. RNA from control and

treated HEY cells-derived xenografts

was extracted, cDNA was prepared

and q-PCR for EpCAM, CD117 and

Oct4 was performed as described in

the Materials and Methods section.

The resultant mRNA levels were nor-

malized to 18S mRNA. The experi-

ments were performed using four

independent samples in triplicate.

Significant variations between the

groups are indicated by �P < 0.05 and
��P < 0.01.
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in vitro and in vivo mouse xenografts when CYT387 was

added in conjunction with cisplatin compared to cisplatin

only treatment.

The current study is an extension of our recently

published study where we have shown similar effects of

CYT387 in combination with paclitaxel [36]. Hence, one

can say that even though the mode of action of cisplatin

and paclitaxel are considerably different, both drugs are

able to activate the JAK2/STAT3 pathway in surviving

ovarian cancer cells which tolerated the cytotoxic effects

of these chemotherapies. Platinum-based cisplatin or

carboplatin in combination with taxane-based paclitaxel

are the most frequently used chemotherapeutic drugs for

the treatment of ovarian cancer for the last thirty years

[4]. Considering that the overall survival of ovarian

cancer patients has not improved significantly for the

last thirty years is related to the observation that certain

population of ovarian cancer cells exhibit resistance to

these chemotherapies and are able to regrow and regen-

erate tumors locally and/or at distant sites after chemo-

therapy treatments [10, 46]. In this study, we propose a

putative explanation for cisplatin and paclitaxel resis-

tance relating to the CSC hypothesis and activation of

JAK2/STAT3 pathway as a mechanistic pathway for the

generation of residual CSC-like cells. Using two very

different ovarian cancer cell lines originating from

ascites (OVCA 433 cells) or ovarian peritoneal metas-

tasis (HEY cells) we have demonstrated previously

in vitro enhanced expression of drug-resistant markers

such as ERCC1 or b-tubulin type III in response to

short-term cisplatin or paclitaxel treatments [13]. These

markers are known to be expressed in tumor samples

resistant to platinum or taxane-based therapies [47, 48].

The fact that the enhancement in the expression of

these markers coincided with enhanced CSC-like fea-

tures in ovarian cancer cells strongly suggests an overlap

between the chemoresistant features and CSC-like char-

acteristics in ovarian carcinomas.

We observed that cisplatin treatment enhanced the

expression of CSC-like markers (EpCAM, CD117, CD44,

CD133) in residual ovarian cancer cells. Enhanced expres-

sion of these markers in ovarian cancer cells have been

shown to be tumorigenic in mouse models [14, 18, 49]. In

addition, tumors isolated from ovarian cancer patients at

relapse have been shown to have significantly enhanced

expression of these markers compared to primary tumors

[13, 14]. These findings provide preclinical support for the

association of these markers with chemoresistance and

recurrence, suggesting CSCs as an attractive target pop-

ulation for novel treatment modalities, whose eradication

should potentially lead to permanent tumor regression.

Activation of JAK2/STAT3 has been shown to confer

chemo and radioresistance by inducing stem cell-like

phenotypes in many cancers including breast [50], pros-

trate [51], thyroid [52], non-small cell lung [53] and in

other cancers. The link between activation of the JAK2/

STAT3 pathway andCSCs has also been shown in ovarian

cancer, where the stem cell marker CD44 coupled with the

embryonic stem cell marker Nanog was linked with the

activation of STAT3 in ovarian cancer cells [54]. Such

activation of STAT3 in ovarian cancer cells induced the

expression of multidrug resistant genes resulting in con-

comitant chemoresistance. Consistent with these studies,

STAT3 pathway activation has been shown to be required

for the proliferation andmaintenance of glioblastoma stem

cells [55], as well as rapidly cycling intestinal stem cells

[56]. In addition, LIF and IL-6 mediated STAT3 depen-

dent regulation of the Oct4-Nanog circuitry has been

shown to be necessary to maintain the pluripotent inner

cell mass, the source of embryonic stem cells [57]. These

studies suggest a close relationship between the cytokine-

mediated activation of the JAK2/STAT3 pathway and the

survival of normal, cancer and embryonic stem cells. In

that context, IL-6 secretion has been shown to occur in

radiation induced DNA damage [58]. Additionally, ele-

vated levels of IL-6 and transforming growth factor beta

(TGFb) together have been shown to confer resistance to
erlotinib [59].Wehave recently shownenhanced secretion

of IL-6 in paclitaxel surviving ovarian cancer cells [60].

The activation of the JAK2/STAT3 pathway by cisplatin

in the current study may be mediated by cytokines such as

IL-6 to facilitate resistance to apoptotic pressures in

response to cisplatin, thus pushing the residuals cells to

survive as a chemoresistant phenotype. As we show in this

study, activation of JAK2/STAT3 is crucial for the sur-

vival of chemotherapy-resistant CSCs which potentially

are the drivers of repopulation and the eventual recurrent

disease.

In the present study we demonstrate suppression of

enhanced CSC-like characteristics observed in ovarian

cancer cells after a single dose of cisplatin treatment in

combination with CYT387 in vitro, and the retention of

these characteristics in in vivo mouse xenografts. Tumor

xenografts generated from cisplatin and CYT387-treated

cells had a lower expression of CA125. Elevated level of

CA125 is the hallmark of ovarian cancer diagnosis in

patients and is frequently observed on relapse of ovarian

cancer [4]. CA125 expression has been shown to regulate

the growth, tumorigenesis and metastasis of ovarian

cancer cells as knock down of CA125 (deleted N-ter-

minal region) completely abrogated the subcutaneous

tumor forming ability of SKOV3 ovarian cancer cells in

nude mice [61]. Conversely, the same study showed that

ectopic expression of CA125 with intact cytoplasmic tail

enhanced ovarian tumor growth and metastases in SCID

mice. These findings provide evidence that CA125 plays

a critical role in ovarian cancer cell growth, tumorigen-

esis and metastases. The relatively lower abundance of

tumorigenic markers in tumors derived from ovarian

cancer cells treated with CYT387 and cisplatin compared

to cisplatin-treated cells derived tumors suggest a crucial

role of the JAK2/STAT3 pathway in maintaining the
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tumorigenic phenotype in ovarian cancer. The fact that

these characteristics induced by chemotherapy and

CYT387 can be translated from in vitro to in vivo mouse

xenografts suggest that the initial molecular phenotypic

changes induced by treatment modalities on surviving

cancer cells are retained in recurrent tumors. This may

explain sustained activation of JAK2/STAT3 in isolated

CR tumor cells compared to tumor cells derived from CN

patients.

One limiting aspect of our model like the previously

described paclitaxel model [36], was lack of differences

in the invasion pattern observed between control untreat-

ed, cisplatin-treated, CYT387-treated and cisplatin plus

CYT387-treated cells-derived xenografts. This may

occur as the cancer cells only received a single short-

term dose of cisplatin and/or CYT387 treatments before

inoculation into mice. Such short-term treatments even

if induced invasiveness (if any) in vitro was not sus-

tained during the six week tumor development in the

in vivo microenvironment. However, we observed a

more pronounced effect of CYT387 in combination with

cisplatin on tumor cell growth in vivo than in vitro. This

may potentially result due to the interruption of tumor

promoting paracrine effects induced by tumor growth

supporting infiltrating and stromal cells in vivo. In future

studies, this aspect of the work needs to be investigated

further by systemic administration of cisplatin and/or

CYT387 in mice intraperitoneally inoculated with ovar-

ian cancer cells. This is likely to show differences in the

invasion pattern imposed by cisplatin and/or CYT387

in vivo.

A great number of studies and clinical trials have been

designed for the effective management of ovarian cancer

patients in the last decade. However, there still remains a

need to identify new agents that will specifically target

the sustenance of chemoresistant CSC-enriched cancer

cells which are represented highly in CR ovarian tumors

and are responsible for the relapse of cancer [13, 14]. In

this study we have identified activation of STAT3

pathway which is sustained in ascites-derived CR ovar-

ian tumors. The fact that this activation is observed in

the absence of stromal or other infiltrating cells may

suggest that activation of this pathway may be inher-

ently maintained in tumor cells at recurrence and may be

independent of any paracrine effects mediated by the

supporting cells. In addition, using cell line models we

demonstrate that JAK2/STAT3 pathway is specifically

required for the sustenance of CSC-like cells and that it

is retained after chemotherapy treatment both in vitro

and in vivo. Inhibition of this pathway by CYT387 in

conjunction with chemotherapy is a promising strategy

for targeting the residual CSC-like ovarian cancer cells

which are retained in CR tumors. As CYT387 is already

in Phase III clinical trial for myelofibrotic disorder [42]

as well as pancreatic cancer (https://clinicaltrials.gov/

ct2/show/NCT02101021?term¼momelotinib&rank¼1),

it is possible to rapidly translate the findings described in

this study for ovarian cancer treatment.
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SUPPORTING INFORMATION
Supplementary Figure 1: Expression and localization

of P-JAK2 and P-STAT3 in HEY cells in response to

cisplatin treatment. The images were evaluated as

described in Figure 1. Images are representative of three

independent experiments. The mean fluorescence inten-

sity of P-JAK2 and P-STAT3were quantified usingCell-R

software (Olympus Soft Imaging Solutions). Significant

intergroup variations are indicated by ��� P < 0.001.

Magnification 200x; scale bar ¼ 10 mM.

Supplementary Figure 2: Expression and localization

of T-JAK2 and T-STAT3 in HEY cells in response to

cisplatin treatment. The images were evaluated as

described in Figure 1. Images are representative of three

independent experiments. The mean fluorescence inten-

sity of T-JAK2 and T-STAT3 was quantified using Cell-R

software (Olympus Soft Imaging Solutions). Magnifica-

tion 200x; scale bar ¼ 10 mM.

Supplementary Figure 3: Negative IgG controls for

P-JAK2, T-JAK2, P-STAT3, T-STAT3, Oct4, CD117

andCA125.Tumor sectionswere stainedwith IgG control

antibodies as described in Methods and Materials. Mag-

nification 200X, scale bar ¼ 10 mm.

Supplementary Figure 4: H and E staining of control

and treated HEY cell derived-tumor associated infil-

trated organs in mice. 5 � 106 cells were injected ip in

each mouse. Histological images of liver and pancreas

showing infiltration of control, cisplatin-treated, CYT387

and combination of cisplatin and CYT387-treated

(CisCCYT) HEY cells. Arrows indicate tumor cells

invading the respective organs. Magnification 200X, scale

bar ¼ 10 mm.
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