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Abstract

Many signaling pathways, including the JAK/STAT3 pathway, are aberrantly activated and associated with ovarian cancer
growth and progression. However, inhibition of STAT3 pathway alone was not sufficient to effectively block human
ovarian cancer cell survival in vitro, which could be due to the activation and compensation of multiple survival pathways.
In this study, we investigated a strategy that can enhance antitumor activity of JAK/STAT3 inhibitor by combining with
inhibitors targeting other growth and survival pathways. We found that the /in vitro activity of JAKi was remarkably
increased when additional survival pathway was blocked. Blocking SRC pathway with SRC inhibitor (SRCi) increased the
efficacy of JAKi more effectively than blocking AKT or MAPK pathway. The increased activity of JAKi in combination with
SRCiis synergistic and associated with attenuation of p-STAT3, p-SRC, p-AKT and p-MAPK and increased inhibition of p-
AKT. Simultaneous blockade of multiple survival pathways by combining JAKi with both AKT inhibitor (AKTi) and MEK
inhibitor (MEKI) also resulted in a synergistic inhibition of cell survival. Furthermore, the combined treatment of JAKi and
SRCi led to an increased apoptosis and greater inhibition of tumor growth and ascites formation. Taken together, our
results demonstrate that the antitumor efficacy of JAKi is improved most effectively when combined with SRCi, providing
a potential combination strategy for the treatment of advanced ovarian cancer.

Translational Oncology (2019) 12, 1015-1025

Introduction

The JAK/STAT3 pathway has emerged as an attractive target for
cancer treatment. STAT3 is a member of the STAT family of
transcription factors that mediate cellular responses to cytokines and
growth factors. In healthy tissue, STAT3 is predominantly located in

Several recent studies have demonstrated a critical role of STAT3
in ovarian cancer growth and progression. For example, elevated levels
of IL-6 in serum, ascites, and malignant cancer cells correlate with

the cytoplasm in an inactive form. However, in response to cytokine
stimulation, STAT3 is phosphorylated at Tyr705 by Janus family
kinases (JAK) [1,2] and translocated into the nucleus where it binds
DNA and activates the transcription of various genes that regulate
vital cellular functions, including cell survival, proliferation, angio-
genesis, and tumor evasion [3]. In contrast to normal cells, where
activation of STAT3 is tightly regulated and transient, STAT3 is
frequently constitutively activated in cancer cells [3-7]. Persistent
activation of STAT3 is associated with a poor prognosis in cancer
patients, including ovarian cancer patients [8,9].
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Table 1. Effects of Combining JAK Inhibitor (AZD1480) with SRC Inhibitor (Dasatinib and
Saracatinib), AKT Inhibitor (MK2204), and MEK Inhibitor (AZD6244) on the Viability of
Ovarian Cancer Cells

Inhibitors Com- Fold Reduction CI
bined with JAKi
1C50 1C90 ED50 ED75 ED90
SKOV3 SRCi (Dasatinib) 25.32 31.81 0.53 0.08 0.03
SRCi (Saracatinib) 43.17 29.62 0.27 0.03 0.03
AKTi (MK2206) 4.24 1.31 0.48 0.72 1.67
mTORi (RAD001) 6.29 1.86 0.19 0.29 0.54
MEKi (AZDG6244) 0.50 0.85 2.21 2.33 2.54
OVCARS SRCi (Dasatinib) 2.26 2.53 0.62 0.59 0.56
SRCi (Saracatinib) 2.54 4.52 0.59 0.37 0.25
AKTi (MK2206) 2.07 1.24 0.72 0.90 1.13
MEKi (AZD6244) 1.77 1.08 0.57 0.72 0.92
MDAH2774 SRCi (Dasatinib) 8.41 1.24 0.27 0.47 0.80
SRCi (Saracatinib) 4.09 5.55 0.29 0.34 0.39
AKTi (MK2206) 2.18 2.39 0.63 0.47 0.42
MEKi (AZD6244) 9.33 3.31 0.21 0.18 0.30

poor overall patient survival [8,10-13]. Additionally, inhibition of
STAT3 activation leads to reduced tumor growth, decreased
peritoneal dissemination, and diminished ascites production in a
peritoneal ovarian tumor model [14-16]. Although JAK/STAT3
pathway can be effectively suppressed with JAK inhibitor (JAKi) at
doses lower than100 nM, the effect of JAKi on cell survival was
relatively weaker [15]. One possible explanation for this is that
multiple survival pathways are activated in ovarian cancer cells, and
therefore, suppressing a single pathway may not be sufficient to
suppress cell growth iz vitro due to compensation by other survival
pathways.

In this study, we studied the contribution of multiple survival
pathways to ovarian cancer cell viability in response to STAT3
inhibition. Our results demonstrate that the limited 7 vitro activity
of JAK inhibitor (JAKi) in ovarian cancer cells can be enhanced
through combination with inhibitors of other survival pathways. We
find that blocking the SRC pathway increased antitumor activity of
JAKi more effectively than blocking AKT or MAPK pathway.

Materials and Methods

Reagents

JAKi, AZD1480, was kindly provided by AstraZeneca. SRCi,
saracatinib, and dasatinib were purchased from LC lab. MK2206 and
AZD6244 were purchased from Selleck Chemicals. Antibodies against
p-STAT3 (Y705), STAT3, p-MAPK (1202/Y204), MAPK, p-AKT
(8473), p-SRC (Y416), SRC, p-JAK2 (Y1007/1008), JAK2, PARP,
Caspase 3, and GAPDH were obtained from Cell Signaling
Technology (Danvers, MA). The antibody against AKT was purchased
from Santa Cruz Biotechnology (Dallas, TX). The antibody
against actin was purchased from Sigma (St. Louis, MO).
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Table 2. Synergistic Interaction Between JAKi and SRCi in Variety of Molar Ratios on the Viability
of SKOV3 Cells

Ratio al 1C50 (uM) 1C90(uM)
(JAKi: ) ) ) )
SRC) ED50 ED75 ED90 JAKi SRCi JAKi SRCi
12 0.63 0.061 0.055 0.26 0.52 3.19 6.38
1:1 0.46 0.087 0.086 0.35 0.35 496 496
41 0.58 0.153 0.082 111 0.28 474 1.19
8:1 0.55 0.208 0.119 1.42 0.18 6.89 0.86
Cell Culture

SKOV3, MDAH2774, CaOV3, and OVCAR 3 cells were
obtained from ATCC. OVCAR-8 cells were obtained from the
National Cancer Institute. SKOV3 and MDAH2774 cells were
cultured in DMEM. OVCAR3, CaOV3, and OVCAR-8 cells were
cultured in RPMI1640 medium. Culture media were supplemented
with 10% FBS and 1% penicillin/streptomycin (P/S). All cells were
grown in 5% (v/v) CO, at 37 °C.

Cell Viability Assays

Cells (4000 per well for all cells except 7000 per well for MDAH2774)
were plated in 96-well plate format in 100 ul growth medium. Cells were
treated with DMSO or drugs the next day at the indicated concentrations
and incubated for an additional 2-3 days. Viable cells were determined
either by the MTS assay (Promega, Madison, W1I) or the acid phosphatase
assay as described previously [17]. For the MTS assay, 25 pl MTS
solution was added directly into each well according to the manufacturer's
instructions. For the acid phosphatase assay, all media were removed; p-
nitrophenyl phosphate substrate (10 mM 100 pl) was added into each
well and incubated at 37 °C for 45 minutes. NaOH was added to stop the
reaction, and the absorbance was read at 415 nM. The ICs; was
determined using Calcusyn software (Biosoft, Ferguson, MO).

Determination of Combination Index (CI)

Statistical analysis of synergy was used to evaluate the effect of
combined treatment. A CI for synergy was determined by comparing
the antiproliferative effect of JAKi or SRCi alone with that of the
combination of both drugs. CI was determined using the Chou-
Talalay method [18] using the Calcusyn software (Biosoft). CI values
were calculated for the effective doses EDsg, ED7s, and EDgq. A CI
<1 indicates synergy (CI = 0.3-0.7, synergy; CI = 0.1-0.3, strong
synergy; CI<0.1, very strong synergy), CI >1 indicates antagonistic
interactions, and a CI value = 1 indicates additive effect.

Western Blot Analysis

Western blots were performed as described previously [15,19].
Cells were grown in complete medium overnight and treated with
DMSO or drugs at various concentrations for 24 hours. Cells were
washed in ice-cold PBS and lysed in RIPA lysis buffer (Thermo
Scientific) containing Halt protease and phosphatase inhibitors

Figure 1. Suppressing additional survival pathway enhances the antitumor activity of JAKi in human ovarian cancer cells. (A) Effect of JAKi
on downstream signaling pathways in ovarian cancer cells. Human ovarian cancer cells, SKOV3 and MDAH2774, were treated with the
indicated concentrations of JAKi for 24 hours and tested for the expression of p-STAT3, p-AKT, p-SRC, and p-MAPK by Western blot.
GAPDH and actin were used as a loading control. (B-E) Combination of JAKi and a small molecule inhibitor of other survival pathways in
SKOV3 cells. SKOV3 cells were treated with JAK inhibitor (AZD1480) or AKT inhibitor (MK2206), MEK inhibitor (AZD6244), and SRC
inhibitor (dasatinib and saracatinib), either alone or in combination, at various concentrations. Cell viability was determined 72 hours later.
(F) SKOV3 cells were treated with JAKi (5 uM) or SRCi (5 uM) either as single agent or in combination. Cell viability was determined
24 hours, 48 hours, and 72 hours later. (G) SKOV3 cells were treated with JAKi or SRCi, alone or in combination, at various molar ratios.
Cell viability was determined 72 hours later. Results are representative of three or more preparations.
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Figure 2. Suppressing the SRC pathway enhances the antitumor activity of JAKi in several human ovarian cancer cell lines. OVCARS (A),
MDAH2774 (B), OVCAR 3 cells (C), CaOV3 cells (D), and primary ovarian cancer cells (E) were treated with JAKi or SRCi (saracatinib) either
alone or in combination. Cell viability was determined 72 hours later. (F) Synergistic interaction between JAKi and SRCi on the viability of

various ovarian cancer cells.

(Thermo Scientific). Proteins were quantified using BCA protein assay
reagent (Thermo Scientific). Equal amounts of protein were separated
by SDS-polyacrylamide gel electrophoresis, transferred to polyvinyli-
dene fluoride membranes, and incubated with total and phosphorylated
protein-specific antibodies. Binding of primary antibody was detected
using a horseradish peroxidase—conjugated secondary antibody and
chemiluminescent substrates (Thermo Scientific).

Annexin V Staining

Apoptosis was measured using the annexin V apoptosis detection
kit (BD Bioscience). Briefly, ovarian cancer cells were treated with
JAKi, SRCi, or both compounds. After 48 hours, both floating and
attached cells were collected and stained with FITC-annexin V and PI
(propidium iodide). The staining intensity was then quantified using
fluorescence-activated cell sorting.

Transfection with Small Interfering RNA (siRNA)

RNAIMAX (Invitrogen) was used to transfect siRNA according to
the manufacturer's instructions. After 24 hours of incubation with
RNAIi (Santa Cruz Biotechnology), cells were treated with drugs as
described in Results.

Animal Models

All animal studies were carried out under protocols approved by
the Institutional Animal Care and Use Committee at City of Hope in
accordance with all applicable federal, state, and local requirements
and institutional guidelines. MDAH2774 cells (5 x 10® in 100 pl)
were inoculated into peritoneal cavity of 6- to 8-week-old female
athymic nude mice (National Cancer Institute). Animals were
randomized into groups with 10 mice for each group starting 1
week after inoculation. Mice were then treated by oral gavage with
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vehicle, AZD1480 (20 mg/kg daily), dasatinib (15 mg/kg daily), ora
combination of both agents. The doses for these two drugs were
chosen based on previously published studies [15,20]. The mice were
monitored for ascites production and any adverse effect, then
euthanized 3-5 weeks after cell inoculation. Visible tumor nodules
were excised and weighed, and the ascites fluid was collected and
measured for volume.

Statistical Analysis
Data are presented as mean + S.D. Student's # test was used to
compare the means of two groups. All experiments were carried
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out at least in triplicate. P <.05 was considered statistically
significant.

Results

Effects of JAKi on Signaling Pathways in Human Ovarian
Cancer Cells

When JAK inhibitor (JAKi) AZD1480 was tested for its effect on
cell viability in various cancer cells, including human ovarian cancer
cell lines MDAH2774, OVCAR 8, and SKOV3, the IC50s were
found to range from 1.57 uM to 14.96 pM for inhibition of cell
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Figure 3. Suppressing SRC signaling enhances JAKi-induced apoptosis in human ovarian cancer cells. SKOV3 (A & B) and MDAH2774 (C &
D) cells were treated with JAKi and SRCi, either alone or in combination, for 48 hours. Apoptosis was determined by flow cytometry using
Annexin V and Pl staining (A & C) or by Western blot for cleaved poly-ADP ribose polymerase (PARP) and cleaved caspase-3 by (B & D). *,
P <.05, **, P < .005; *** P < .0005, combination vs. JAKi alone or SRCi alone. (E) SKOV3 cells were transfected with siRNA against SRC
or control siRNA and treated with JAKi (5 uM) or (F) transfected with siRNA against JAK1 or STAT3 and treated with SRCi (saracatinib,10
uM). After 48 hours, cells were harvested and evaluated for apoptosis using annexin V staining. *, P < .05; **, P < .005, vs. control siRNA.
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viability, much higher than the IC50 for inhibition of STAT3
phosphorylation [15].

The limited inhibitory effect of JAKi on cell survival could be
due to the activation and compensation of multiple survival pathways
in vitro. A number of survival pathways are persistently activated in
ovarian cancer cells, including AKT, MAPK, SRC, and STAT3
signaling [21]. To understand the effect of inhibiting STAT3
pathway on these signaling pathways in ovarian cancer cells, we
incubated SKOV3 and MDAH2774 cells with increasing concen-
trations of JAKi (0.1-5 pM) followed by Western blot analysis. Our
results demonstrated that JAKi significantly decreased phosphoryla-
tion of STAT3 in a dose-dependent manner, but we also observed
increased phosphorylation of MAPK in both cell lines. Phosphory-
lation of AKT was decreased in SKOV3 cells but not in MDAH2774
cells. Phosphorylation of SRC remained unchanged in both cell lines
(Figure 1A). These results suggest that the efficacy of JAKi in human
ovarian cancer cells could be attenuated by other survival pathways.

Combination Treatment by Targeting JAK/ISTAT3 Pathway
with Other Survival Pathways

To understand whether inhibiting other survival pathways could
increase the sensitivity of human ovarian cancer cells to JAKi, we
tested the effect of JAKi on cell viability in SKOV3 ovarian cancer
cells, either alone or in combination with AKT inhibitor (MK2206),
MEK inhibitor (AZD6244), or SRC inhibitor (dasatinib and
saracatinib), at various concentrations in a fixed molar ratio. The
CI was determined using the Chou-Talalay method (CI = 1, additive
effect, CI < 1, synergism; CI > 1, antagonism). The combination
treatment of JAKi and SRCi decreased cell viabilitcy much more
robustly than either agent alone with synergy to very strong synergy
(CI <0.1), but inhibition of MEK with AZD2206 did not
significantly reduce the IC50 of JAKi in SKOV3 cells. Although
MK2206, an AKT inhibitor, also synergistically increased JAKi
sensitivity in SKOV3 cells, this inhibitor was less effective than SRCi
(Figure 1, B-E, Table 1). The concentration of JAKi that gave 50%
inhibition in SKOV3 cells decreased by about 25-fold and 43-fold,
respectively, by including dasatinib or saracatinib in the treatment
(Figure 1 and Table 1). These results suggest that inhibiting the SRC
pathway was more effective than inhibiting AKT and MEK signaling
pathways in sensitizing these human ovarian cancer cells to JAKi. The
enhanced antitumor activity by combining JAKi and SRCi was time-
dependent, with the strongest inhibition seen at 72 hours (Figure
1F), and ratio dependent, with strongest inhibition and synergy seen
at 1:1 or 1:2 JAKi:SRCi molar ratio (Figure 1G, Table 2) in SKOV3
cells. The combined treatment of JAKi and SRCi was also
investigated in other human ovarian cancer cells, including
OVCAR 8, MDAH2774, OVCAR 3, CaOV3, as well as primary
ovarian cancer cells isolated from ascites of ovarian cancer patients
[15]; synergy to very strong synergy (CI < 0.1) was observed in these
cell lines (Figure 2, Table 1).

Effects of Combination Treatment with JAKi and SRCi on
Apoptosis

Next, we determined whether the synergistic effects of JAKi and
SRCi were due to the induction of apoptosis. We treated cells with
JAKi and SRCi either alone or in combination for 48 hours and
determined the number of apoptotic cells by annexin V staining. As
shown in Figure 3, JAKi-induced apoptosis increased from 8.5% to
46.1% in SKOV3 cells and from 16.1% to 24.6% in MDAH2774

JAKi (2uM) -+
SRCi (2uM)

+
+ +
"
o+
+

+ +

p-STAT3

STAT3

p-SRC
skov3 sRe
p-AKT

AKT

p-MAPK

MAPK

GAPDH

2hr 24hr

JAKi (2uM) -+
SRCi (2uM) -

+
+ +
o+
+
+ +

p-STAT3

STAT3

p-SRC

SRC

MDAH2774 o AKT

AKT
p-MAPK

MAPK

GAPDH

2hr 24hr

Figure 4. Combination treatment with JAKi and SRCi attenuates of
multiple signaling pathways. SKOV3 (A) and MDAH2774 (B) cells
were treated with JAKi, SRCi, or the combination for 2 hours and
24 hours and analyzed by Western blot. GAPDH was used as a
loading control.

cells when combined with SRCi (Figure 3, A and C). Consistent with
the annexin V staining results, more cleaved caspase 3 and cleaved
poly-ADP ribose polymerase (PARP), two molecular markers for
apoptosis, were generated in cells that were treated with both JAKi
and SRCi (Figure 3, B and D). These results indicate that inhibition
of the SRC pathway could effectively enhance the sensitivity of these
human ovarian cancer cells to JAKi by promoting apoptosis.

Effect of JAKi on the Viability of Cells with SRC Knockdown

To further understand whether inhibition of the SRC pathway
could increase the sensitivity of human ovarian cancer cells to JAKi,
we tested the effect of JAKi on apoptosis in SKOV3 cells in which
SRC was knocked down by siRNA. As shown in Figure 3E, JAKi-
induced apoptosis increased from 21.6% to 40.5% when cells were
transfected with SRC siRNA. This result further demonstrates that
inhibition of SRC pathway is an effective way to enhance JAKi
activity in ovarian cancer.
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Similarly, we also investigated whether knockdown of JAK/STAT3
expression could increase SRCi-induced apoptosis. Our previous
studies showed that depletion of JAKI, but not JAK2, abolished
phosphorylation of STAT3 in SKOV3 and MDAH2774 cells,
suggesting that JAK1 is a major kinase responsible for STAT3
phosphorylation in these two cell lines [15]. Here, we examined the
sensitivity of ovarian cancer cells to SRCi when the JAK/STAT3
pathway was depleted either with JAK1 siRNA or STAT3 siRNA. In
response to SRCi treatment, the number of apoptotic cells
significantly increased from 12.3% in cells transfected with a control
siRNA to 22.9% or 30.1% in cells transfected with siRNA against
JAK1 or STAT3, respectively (Figure 3F), suggesting that inhibition
of JAKI could potentiate SRCi-induced apoptosis in ovarian cancer.

Effects of Combined JAKi and SRCi Treatment on Down-
stream Signaling Pathways

To understand the molecular mechanism underlying this synergistic
effect, we evaluated the molecular changes in ovarian cancer cells in
response to treatment with JAKi and SRCi either alone or in
combination. A number of signaling pathways, including MEK/
MAPK, SRC, PI3K/AKT, and JAK/STAT3 pathways, are constitu-
tively activated and play important roles in the growth and progression
of ovarian cancer. To study the effect of JAKi and SRCi on these
signaling pathways, we treated SKOV3 cells and MDAH2774 cells
with JAKi and SRCi either alone or in combination for 2 hours or
24 hours, and tested for the expression of p-STAT3, p-SRC, p-AKT,
and p-MAPK by Western blot. As shown in Figure 4, treatment with
JAKi alone inhibited p-STAT?3 as expected in both cell lines at 2 hours
and 24 hours but had little or no inhibitory effect on p-SRC, p-AKT, or
p-MAPK. Treatment with SRCi alone resulted in a decreased level of p-
SRC, p-AKT, and p-MAPK in both cell lines at 2 hours and 24 hours.
The combined treatment with both JAKi and SRCi led to inhibition of
p-STAT3, p-SRC, p-AKT, and p-MAPK (Figure 4). The inhibition of
p-AKT caused by combined treatment was considerably greater
compared to any single treatment in both cell lines. Taken together,
these results demonstrate that combined targeting of both JAK/STAT3
and SRC pathways inhibit multiple survival pathways and result in a
greater inhibition of p-AKT.

Effects of Combined JAKi, AKTi, and MEKi Treatment on
Cell Viability

Because the combination of JAKi and SRCi led to simultaneous
inhibition of AKT and MEK pathways, we next investigated whether
the combined targeting of these three pathways, JAK/STAT3, AKT,
and MEK/MAPK, could achieve a similar result. We treated SKOV3
and MDAH2774 cells with JAKi either alone or in combination with
both AKT inhibitor (MK2206) and MEK inhibitor (AZD6244) at
various concentrations. As shown in Figure 5, combined treatment of all
three inhibitors led to a stronger inhibition of cell viability in both cells
line with very strong synergy (CI < 0.1). To further study the effect of
triple treatment on cell viability, we treated SKOV3 cells with JAKi
along with both AKTi and MEKi. The number of apoptotic cells was
determined by annexin V staining 48 hours later. JAKi-induced
apoptosis increased from 12.34% to 36.32% when combined with
AKTi, from 12.34% to 14.16% when combined to MEKi, and from
12.34% and to 84.73% when combined with both AKTi and MEKi.
These results further support that inhibition of multiple survival
pathways, such as JAK/STAT3, AKT and MEK/MAPK, in ovarian

cancer cells is more potent than inhibition of any single pathway.
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Effect of Combination Treatment on Ovarian Cancer Growth
in Mice

Next, we investigated whether the combination treatment could
suppress tumor growth 7 vivo more effectively than either treatment
alone. NSG mice were inoculated intraperitoneally with MDAH274
ovarian cancer cells. One week after inoculation, we randomized mice
into four groups and treated with vehicle control, JAKi, SRCi
(dasatinib), or JAKi plus SRCi through oral gavage. No toxicity was
observed in mice with any of the treatments, whether the drugs were
used alone or in combination, as indicated by absence of significant
(>5%) change in body weight (not shown). Treatment with SRCi
alone was not very effective; the tumor weight was reduced from 0.33
g to 0.21 g, but not significantly. In fact, the ascites volume increased
from 4.21 ml to 6.58 ml (Figure 6). Treatment with JAKi alone at a
daily dose of 20 mg/kg decreased the tumor burden from 0.33 g to
0.16 g and ascites volume from 4.21 ml to 1.75 ml. However, the
combination treatment further decreased the tumor weight to 0.06 g
and ascites volume to 1.07 ml (Figure 6A), suggesting that the
combination treatment was more effective than any single treatment.

Discussion

Inhibition of STAT3 pathway alone does not appear to be sufficient
to effectively suppress human ovarian cancer cell viability in vitro
[15]. This could be due to the compensation by alternative growth/
survival pathways that are often activated in ovarian cancer cells. In
this study, we investigated a strategy that can enhance antitumor
activity of JAK/STAT3 inhibitor by combining with inhibitors
targeting other growth and survival pathways, such as SRC, AKT, and
MAPK. Our results demonstrated that blocking the SRC pathway
with SRC inhibitors, dasatinib or saracatinib, more effectively
increased the antitumor activity of JAK/STAT3 inhibitor than
blocking the AKT or MAPK pathways. Combination treatment of
SRCi and JAKi resulted in greater inhibition of AKT, indicating the
critical role of these interconnected signaling proteins.

SRC family kinases (SFK) are a family of nonreceptor tyrosine
kinases that includes nine members: C-SRC, FYN, YES, LYN, LCK,
HCK, BLK, EGR, and YRK [22]. In healthy tissue, SRC is
predominantly inactive. SRC becomes active in response to cytokine
stimulation, and its activation is tightly regulated and transient.
However, in cancer cells, SRC can become constitutively active
[22-24]. Increased SRC activity has been found in ovarian cancer cell
lines and late-stage, poor-prognosis ovarian tumors [25,26]. The
aberrant activated SRC is important in tumor growth and metastasis
by promoting cell proliferation, survival, migration, invasion, and
angiogenesis via multiple signaling pathways, including PI3K/AKT,
MEK/MAPK, and STAT3 [23,27]. Preclinical studies have demon-
strated antitumor activity of SRC inhibitors in a number of tumors,
including prostate, colon, breast, and ovarian [20,28,29]. Several
pharmacologic SRC inhibitors, dasatinib (BMS-354825; Bristol-
Myers Squibb), saracatinib (AZD0530; AstraZeneca), and bosutinib
(SKI-606; Wyeth/Pfizer), have been evaluated in clinical trials for the
treatment of various solid tumors including ovarian cancer, either as a
single agent or in combination with carboplatin and paclitaxel
[26,30,31]. However, these inhibitors have shown limited activity
[32]. Dasatinib has shown little activity as a single agent for recurrent
high-grade serous ovarian cancer, with only 21% of patients
progression-free after 6 months [33,34]. Saracatinib has shown no
additive benefit when combined chemotherapy in recurrent
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Figure 5. The antitumor activity of JAKi in combination with both AKT and MEK inhibitor is enhanced human ovarian cancer cells. SKOV3

(A and B) and MDAH2774 (C and D) cells were treated with JAKi
combination, at various concentrations. Cell viability was determine

(AZD1480), AKTi (MK2206), or MEKi (AZD6244), either alone or in
d 72 hours later. (B and D) Synergistic interaction between JAKi and

AKTi /MEKi on the viability of ovarian cancer cells. (E) SKOV3 cells were treated with JAKi (AZD1480, 2 uM), AKTi (MK2206, 10 uM), or
MEKi (AZD6244, 10 uM), either alone or together, for 48 hours. Apoptosis was determined by flow cytometry using annexin V and Pl

staining. **, P < .005; ***, P < .0005, combination vs. control, alon

platinum-resistant ovarian cancer. The limited antitumor activity of
SRC inhibitor could be due to the compensation of other survival
pathways [24]. It has been shown that the sustained inhibition of
SRC results in reactivation of STAT3 after initial inhibition in
multiple cancer cell types, including advanced head and neck
squamous cell carcinoma, mesothelioma, squamous cell skin

e or combination of two.

carcinoma cell lines, and non—small cell lung cancer. Suppression of
STAT3 reactivation increases cell death induced by SRC inhibition in
these cells [35-38]. It has also been shown that inhibition of SRC
leads to the activation of MEK/MAPK pathway, and dual inhibition
of both SRC and MEK has a more effective antitumor activity in
ovarian cancer [39]. Here, we demonstrated that inhibition of JAK/
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Figure 6. SRCi increases the antitumor activity of JAKi in mice. (A-
C) MDAH2774 cells were implanted into the peritoneal cavity of
female athymic nude mice. Tumors were treated daily with vehicle,
JAKi (20 mg/kg), SRCi (15 mg/kg), or their combination by oral
gavage. Mice were euthanized 4 weeks later. The tumor nodules
throughout the peritoneal cavity were excised and weighed (A).
Ascites were collected, and the volumes were measured (B).
Representative tumors were photographed (C). The percentage of
treated compared to vehicle controlled were calculated (C). Data
represents means=SD (n=4-10).%, P < .05, **, P <.005, ****,
P <.0001, NS, not significant.

STAT3 pathway increases sensitivity of ovarian cancer cells to SRC
inhibition. In fact, blocking JAK/STAT3 pathway increases antitu-
mor activity of SRCi more effectively than blocking AKT or MAPK
pathway in human ovarian cancer cells.

In human ovarian cancer cells, the phosphorylation of STAT3 can
be inhibited by JAK inhibitor, but not by SRC inhibitor (dasatinib),

Increasing Antitumor Activity of JAK Inhibitor ~ Wen et al. 1023

or other kinase inhibitors, such as EGFR inhibitor (gefitinib),
multiple kinase inhibitor (sunitinib) and mTOR inhibitor (RADO001)
[15]. Our previous results demonstrated that JAK1 is a critical kinase
responsible for the persistent activation of STAT3 in human ovarian
cancer cells. Consistent with previous results, the present study also
demonstrated that inhibition of SRC pathway had negligible effect on
STAT3 phosphorylation, and inhibition of STAT3 has negligible
effect on SRC pathway either. Combined treatment with both JAKi
and SRCi leads to the inhibition of both pathways and much stronger
antitumor activity in human ovarian cancer cells.

Mutations in ovarian cancer are rare [40-42]. Instead, the
concurrent activation of multiple signaling pathways, including
PI3/AKT, SRC, MEK/MAPK and JAK/STAT?3, appears to be more
common in ovarian cancer and may play an important role in the
ovarian tumor growth. Inhibition of each single pathway was not
sufficient to effectively block ovarian cancer growth and survival.
Although JAKi blocks activation of STAT3, other survival pathways
remain active, which could compromise the antitumor activity of
JAKi in vitro. Combination treatment targeting JAK/STAT3 pathway
with one of other survival pathways, including AKT/mTOR, MEK/
MAPK, or SRC, results in an increased antitumor activity compared
to targeting JAK/STAT3 alone. The combined targeting of both JAK/
STAT3 and SRC pathways results in blockade of multiple survival
pathways, including p-STAT3, p-SRC, p-AKT, and p-MAPK, and
dramatically increased antitumor activity both in vitro and in vive.
Consistent with this result, combined targeting of three pathways,
JAK/STAT3, AKT, and MEK/MAPK, also causes a greater
antitumor activity with a very strong synergy (CI < 0.1). Therefore,
concurrent activation of multiple signaling pathways might be the
critical force that drives ovarian cancer cells to proliferate and survive.
If this is the case, simultaneous blockade of multiple survival
pathways may be required to achieve maximum antitumor activity.

Although our present study suggests a possible mechanism
for limited activity of inhibiting the STAT3 pathway in wvitro,
suppression of the JAK/STAT3 pathway could inhibit tumor
progression through regulating the tumor microenvironment iz
vivo. Activation of STAT3 has been shown to play a critical role in
promoting immunosuppressive tumor microenvironment during
tumor progression [3,43]. Myeloid-derived suppressor cells and
M2 tumor-associated macrophages are often linked to STAT3
mediated immunosuppressive tumor microenvironment [3].
Endothelial cells are another important cell type in the microenvi-
ronment [44]. It has been reported that activated STAT3 upregulates
VEGEF levels in human cancer cells and induce angiogenesis, the
formation of new blood vessel, which is critical for tumors to grow

and progress [4].

Conclusions

Taken together, our results demonstrate that the antitumor activity of
JAK/STAT?3 inhibitor can be improved with blockade of additional
survival pathways. Blocking SRC pathway with SRCi increased the
efficacy of JAKi more effectively than blocking AKT or MAPK
pathway. The increased activity of JAKi in combination with SRCi is
synergistic, leading to simultaneous attenuation of multiple survival
pathways, increased inhibition of p-AKT and a greater inhibition of
tumor growth and ascites formation. This study may provide a
potential combination therapeutic strategy for the treatment of
advanced ovarian cancer.
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