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Abstract

Purpose—To demonstrate the functional, clinical and biological significance of INK-1 in
ovarian carcinoma.

Experimental Design—Analysis of the impact of INK on 116 epithelial ovarian cancers was
conducted. The role of INK /n vitroand in experimental models of ovarian cancer was assessed.
We studied the role of WBZ_4, a novel JNK inhibitor redesigned from imatinib based on targeting
wrapping defects, in cell lines and in experimental models of ovarian cancer.

Results—We found a significant association of pJNK with progression free survival in the 116
epithelial ovarian cancers obtained at primary debulking therapy. WBZ_4 led to cell growth
inhibition and increased apoptosis in a dose dependent fashion in four ovarian cancer cell lines. /n
vivo, while imatinib had no effect on tumor growth, WBZ_4 inhibited tumor growth in orthotopic
murine models of ovarian cancer. The anti-tumor effect was further increased in combination with
docetaxel. Silencing of INK-1 with systemically administered siRNA led to significantly reduced
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tumor weights as compared to non-silencing siRNA controls, indicating that indeed the antitumor
effects observed were due to JINK-1 inhibition.

Conclusions—These studies identify JNK-1 as an attractive therapeutic target in ovarian
carcinoma and that the re-designed WBZ_4 compound should be considered for further clinical
development.
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INTRODUCTION

JNKSs or Stress Activated Protein Kinases (SAPK) are members of the Mitogen Activated
Protein Kinase (MAPK) family. Of the three isoforms that have been described, JINK1 and
JNK2 are ubiquitously expressed while JINK3 is only present in the brain, heart and testes.
Controversial effects have been reported for JINKs (1-3). JNKs have been shown to serve as
mediators of apoptosis in response to cellular stress (1-7), to sustain cell proliferation, and
survival in response to extracellular stimuli such as cytokines (1). JNKs are serine/threonine
protein kinases that can be activated by a variety of stimuli including environmental stress
(UV and ionizing radiation, heat shock, osmotic or redox shock), inflammatory cytokines
and growth factors. Induction by their own phosphorylation, leads to the activation of
different transcription factors including c-Jun and JunD. This induction, depending on the
cellular context, can have effects at the level of apoptosis, differentiation, survival and
carcinogenesis. Based on gene disruption experiments, it was concluded that INK1 and
JNK2 have overlapping functions (8-10). However, Sabapathy et al showed that in
fibroblasts, INK1 has a prominent role in c-Jun activation leading to cell proliferation while
JNK?2 inhibits cell proliferation by promoting c-Jun degradation in unstimulated cells (11).

Recent findings suggest that INK mediates oncogenic functions in several cancer types
including head and neck, gastric, and breast cancers, and melanoma (12-19), thus it may be
an attractive therapeutic target. Gross and colleagues (15) demonstrated that JNK inhibition,
mediated by the competitive inhibitor SP600125 or by specific siRNA, inhibited growth of
head and neck squamous cell carcinoma /n vitro and in vivo (15). The anti-tumor effects
were thought be mediated via effects on both tumor and endothelial cells. Specifically,
JNK1 but not INK2 has been shown to be important in promoting cell survival by
controlling cell cycle arrest and apoptosis (12). Little is known about the role of INK1 in
ovarian cancer growth; therefore, we examined the potential of INK1 as a therapeutic target
in the current study. We utilized a novel small molecule inhibitor, WBZ_4, which was
designed, synthesized, and characterized by our team to curb the potential for side effects of
the original compound, imatinib (20). WBZ_4 was designed to target both c-Kit and JINK1
while avoiding the Abl-kinase. The redesign process was based on comparing the residence
time of water molecules that solvate the interfacial aligned residues across known targets of
imatinib. Non-conserved sites with low residence time that had a higher propensity to
dehydrate (de-wetting hot spots) were used to build blueprints for each target. By adding a
methyl group to the original imatinib, we were able to attack a de-wetting hot spot present in
C-Kit and JNK1 but absent from BCR-AbI, thereby increasing the specificity of the drug
towards the desired targets (20-21). Here, we report on the biological effects of INK-1
inhibition, both /n vitro and in vivo using experimental models of ovarian cancer.
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Materials and Methods

Cells and culture conditions

The human ovarian epithelial cancer cells IGROV1, SKOV3ipl, SKOV3.TR, HeyAS8,
HEYAB8.MDR, A2780PAR, and A2780CP20 cells have been described elsewhere (22-24).
All tumor cell lines were regularly screened for Mycoplasma using MycoAlert (Cambrex
Bioscience, East Rutherford, NJ) as described by the manufacturer. Cells were maintained in
RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) in 5% CO,/95% air
at 37°C. /n vitro assays were performed at 70-85% cell density.

Drugs and Reagents

The design and total synthesis of WBZ_4 (A-5-[4-(4- methyl piperazine methyl)-
benzoylamido]-2-methylphenyl-4-[3-(4-methyl)-pyridyl]-2-pyrimidine amine) has been
described previously (21). For in vivo therapy, WBZ_4 and docetaxel (Aventis Pharma,
Bridgewater, NJ) were reconstituted in Ca2* and Mg?2* free PBS. For /n vitrotesting,
docetaxel, WBZ_4 and the JNK inhibitor SP600125 (Calbiochem, Whitehouse Station, NJ)
were reconstituted in 100% DMSO. When added to the cells, the final concentration of
DMSO on the culture medium was 0.1% or less.

Western blot

Ovarian cancer cells were treated with 10 uM WBZ_4 and collected at various time points.
To activate INK, A2780CP20 cells were seeded on 10-cm plates at 1x106 cells/plate. After
attaching overnight, cells were treated with 10 uM WBZ_4 or JNK inhibitor SP600125
(Calbiochem) and incubated for 8 hours. Next, medium was removed and saved, and the
plates were washed twice with PBS. After the last wash, cells were exposed to 20, 40 and
80J/m2 of UV light using an FB-UVXL-1000UV crosslinker (Fisher Scientific, Pittsburgh,
PA). After a 30 min recovery, cells were harvested and processed for Western blot analysis.

For p-JNK and p-c-JUN, protein lysates were separated on 10% SDS-PAGE gels and blotted
onto nitrocellulose membranes (Life Science Research; BioRad, Hercules, CA). Primary
antibodies used were: anti p-JNK (Thr183/Tyr185), anti-JNK, anti-p-c-JUN (Ser 61), anti c-
JUN (Cell Signaling, Danvers, MA) and anti f-actin monoclonal antibody (Sigma-Aldrich,
St. Louis, MO). Secondary antibodies used were: goat HRP anti-rabbit and goat HRP anti-
mouse (Cell Signaling).

In vitro cell viability assay

Cells were seeded on 96 well plates at 2 x 103 cells/well and incubated overnight. The next
day, cells were treated with different concentrations of WBZ_4 (1, 5, 7.5, 10 and 20 pM),
docetaxel (0.005, 0.01 and 0.05 M) and/or the combination of both drugs and incubated for
72 hr. MTS (Promega, Madison, WI) assay was performed according to the manufacturers
instructions. Plates were read at 490 nm in an ELISA plate reader (Kinetic Microplate
Reader; Molecular Devices Corp. Sunnyvale, CA). The results are expressed in terms of
percent of growth inhibition with respect to the untreated control.

Assessment of cell apoptosis

To determine cell death, cells were plated 24 hr before treating them with 5, 10 and 20 oM
of WBZ_4. Cells were incubated further for 72 hr and then collected. FITC Annexin-V and
Propidium lodide (P1) staining was detected by flow cytometry analysis (FACScan/
CellQuest system Becton-Dickinson, San Jose, CA), measuring emission at 530 nm (FL1)
and 575 nm (FL3).

Clin Cancer Res. Author manuscript; available in PMC 2013 July 19.
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Orthotopic tumor implantation

Female athymic nude mice (NCr-nu, 8 to 12 weeks old.) were purchased from Taconic
(Hudson, NY, USA). To generate tumors, HeyA8 (3x10° cells/0.1 mL HBSS) and A2780-
CP20 (1x106 cells/0.1 mL HBSS) were injected into the peritoneal cavity of nude mice.
Mice (N=10 per group for WBZ_4 experiment and 5 per group for the INK-siRNA) were
monitored for adverse effects of therapy and sacrificed on day 24 or when any of the mice
began to appear moribund. Mouse weight, tumor weight, and tumor distribution were
recorded.

Therapy experiments in nude mice

To determine the optimal dose of WBZ_4 needed to achieve anti-tumor effects, nude mice
bearing HeyA8 tumors were randomly divided into 4 groups (N=10 per group): PBS alone
or 75, 150 or 300mg/kg of WBZ_4 by gavage (orally). All therapeutic experiments were
started 7 days after tumor cell injection. Once the mice in the control group became
moribund (~25 days) mice were sacrificed and the therapeutic effect of the different doses
was evaluated in terms of tumor weight and number of nodules. To determine the
therapeutic efficacy of WBZ_4 in combination with docetaxel, nude mice bearing HeyA8 or
A2780CP20 tumors were randomly divided into 4 groups (N=10 per group): 1) PBS (orally)
daily; 2) docetaxel (50 pg/mouse for HeyA8 bearing mice and 35 pg/mouse for the
A2780CP20 bearing mice) once a week intraperitoneally (7.p.); 3) WBZ_4 (orally) daily;
and 4) WBZ_4 (orally) daily plus docetaxel /.p. once a week. For comparative studies
between WBZ_4 and imatinib, nude mice bearing HeyA8 tumors were randomly split into 6
groups (N=10 per group): 1) vehicle control (PBS); 2) imatinib (50 p.g/mouse orally daily);
3) WBZ_4 (orally) daily; 4) 50 pg/mouse docetaxel (7.p) once a week; 5) 50 pg/mouse
imatinib daily + 50 pg/mouse docetaxel once a week; and 6) WBZ_4 daily + 50 pg/mouse
docetaxel once a week.

The therapeutic activity of JINK1 siRNA was evaluated using HeyA8 or SKOV3ip1 tumor
cells injected 7p. Seven days later, the mice (HEY A8, N=5 and SKOV3ip1, N=10) were
randomly assigned to four treatment groups (all treatments were administered 7.p.): 1)
control sSiRNA-DOPC (5 pg/mouse) twice weekly; 2) control siRNA-DOPC (5 pg/mouse)
twice weekly plus docetaxel (50 pg/mouse) once a week; 3) INK1 siRNA-DOPC (5 g/
mouse) twice weekly; and 4) INK1 siRNA-DOPC (5pg/mouse) in combination with 50 pg/
mouse docetaxel.

SiRNA incorporation into DOPC liposomes

For /n vivo delivery, the control and JNK1 siRNAs were incorporated into 1,2-Dioleoyl-sr+-
Glycero-3-Phosphocholine (DOPC) liposomes (Avanti Polar Lipids, Alabaster, AL). SIRNA
and DOPC were mixed in the presence of excess t-butanol at a ratio of 1:10 (w/w) as
described previously (25). After Tween 20 was added, the mixture was frozen in an acetone-
dry ice bath, and lyophilized. Before in vivo administration, the lyophilized powder was
hydrated with Ca2* and Mg2* free PBS at a concentration of 25 wg/mL to achieve the
desired dose in 200 pL/injection.

Immunohistochemistry

Expression of Ki67 and assessment of deoxynucleotidyl transferase-mediated dUTP nick
end labeling (TUNEL)-positive cells were determined by immunohistochemical analysis
using paraffin-embedded tumors as described previously (26). Ki67 primary antibody
(BioCare Medical, Concord, CA) and secondary goat HRP anti-rabbit (Jackson
Laboratories, Bar Harbor, ME) were used. Immunohistochemistry for CD31 was done on
freshly cut frozen tissue as described before (26). Primary antibody used was anti-CD31
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(platelet/endothelial cell adhesion molecule-1, rat IgG; PharMingen). Secondary antibody
was goat HRP anti-rat (Jackson Laboratories). Staining was analyzed with 10x objective on
a Microphot-FX microscope (Nikon, Garden City, NY) equipped with a three-chip charge-
coupled device color video camera (model DXC990, Sony, Tokyo, Japan).

To quantify microvessel density (MVD), 10 random fields at 100x final magnification were
examined for each tumor (one slide per mouse, five slides per group) and the number of
microvessels per field was counted. To quantify Ki67 expression, the number of positive and
negative cells (3,3’ -diaminobenzidine staining) was counted in 10 random fields at 100x
magnification and the percent of Ki67 positive cells was calculated for each group. To
quantify TUNEL positive cells, the number of positive cells was counted in 10 random
fields at 100x magnification.

SiRNA transfection

Pre-designed siRNA targeted against INK1 (S 5" GGAUGCAAAUCUUUGCCAA [dT]
[dT]; AS 5" UUGGCAAAGAUUUGCAUCC [dT] [dT]) as well as the control sSiRNA (25)
were purchased from Sigma (Sigma-Aldrich). For transfection, cells were seeded on 6 well
plates at 8 x 104 cells/well and allowed to attach overnight. The next day, JNK1 and control
SiRNA were transfected using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) following the
manufacturer’s instructions. Target downmodulation was confirmed by Western blot. To
determine an effect on cell growth and apoptosis, cells were transfected and incubated for
72hr. Next, total cell number was counted and the results expressed as % of growth
inhibition or percent of annexin-V positive cells (apoptosis) relative to the untransfected
cells.

Analysis of ovarian cancer clinical specimens

One hundred and sixteen epithelial ovarian cancers were obtained at primary debulking
surgery and protein was extracted from these tumors as previously described (27-29). The
median patient age was 61 years (range, 38-88). Of the 116 tumors, 92 were serous, 5
endometrioid, 3 clear cell and 16 others. Of the tumors, 10 were stage 1, 16 were stage 2, 66
were stage 3, 18 were stage 4 and 6 were unknown for stage. The diagnosis stage was 1 in
10 cases, 2 in 11, 3in 66 and 4 in 18 cases (remainder unknown) and the tumor was
suboptimally debulked in 32 cases. The tumor lysates were subjected to reverse phase
protein array (RPPA) with antibodies to JNK (Santa Cruz, Inc. (Santa Cruz, CA) cat. no.
474) and phosphorylated JNK (Cell Signaling, Inc. cat. no. 9251) as previously described
(27-29). Note that these antibodies are not JNK isoform-specific. The raw spot signal
intensities from quantification of the RPPA slide images were processed by the R package
SuperCurve (version 0.997) (30). The protein concentrations for JINK and pJNK were then
normalized by loading correction and the data were log2 centered as previously described
(27-29). Kaplan-Meier survival curves were used to determine the association between the
concentrations of JNK and pJNK and survival endpoints (both progression-free (PFS) and
overall survival (OS) times, both measured from the time of debulking surgery). Cox
proportional hazards models were applied to clinical and antibody variables that were
significantly associated with outcome measures in univariate analysis.

Statistical analysis

For the in vivo experiments, differences in continuous variables (mean body weight, tumor
weight, MVD, Ki-67 and TUNEL staining) were analyzed using the Student’s t test for
comparing two groups and by ANOVA for multiple group comparisons with £< 0.05
considered statistically significant.

Clin Cancer Res. Author manuscript; available in PMC 2013 July 19.
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WBZ_4 inhibits JNK basal activity in ovarian cancer cells

We first used Western blot analysis to examine phospho-JNK-1 and 2 and JNK-1 and 2
levels in different ovarian cancer cell lines (S1). Then, we tested the efficacy of WBZ_4 for
inhibiting JINK-1 expression in some of those cells. A2780CP20 cells were treated with
WBZ_4 (10 uM) and collected at different time points up to 24 hours after the treatment.
Untreated cells and cells treated with 0.1% DMSO showed the presence of pJNK1/2 at low
levels (Fig 1A). Starved cells given serum shock were used as a positive control for pJNK
activation showing indeed an increase in the levels of pJNK1/2. Treatment with WBZ_4
resulted in a sustained decrease in pJNK1/2 levels noticeable as soon as 2 hr after the
treatment and lasting for up to 12 hr. No changes were noted in total INK1/2 levels.

UV induction has been shown to activate JNK phosphorylation as well as that of its
downstream targets (1, 4, 31). To determine whether WBZ_4 can block JNK activation,
A2780CP20 cells were treated with 10 M of either WBZ_4 or SP600125 for 8 hr followed
by exposure to UV light (20, 40 and 80 J/m2). Western blot analysis was performed on the
cells extracts to assess the levels of both p-JNK and p-c-Jun as indicators of JNK activity
(Fig 1B). JNK was readily activated in untreated A2780CP20 cells as shown by increased
levels of p-JNK and p-c-Jun. However, at UV levels of 20 and 40 J/m?, WBZ_4 and
SP600125 prevented phosphorylation of both JNK and c-Jun. Particularly, when the UV
levels were 40 J/m?, the addition of WBZ_4 or SP600125 reduced p-JNK levels by 5-fold
(p<0.001). Under the same UV levels, the addition of SP600125 or WBZ_4 reduced p-c-Jun
levels by 2.5- and 3-fold (p<0.01), respectively (Figure 1C-D). At 80 J/m?, neither drug was
capable of inhibiting INK activity, suggesting that this high level of UV overrides any type
of inhibition occurring in the cells.

WBZ_4 inhibit growth of ovarian cancer cell lines

On the basis of the JINK-1 inhibitory activity of WBZ_4, we next asked whether this
inhibitor would affect /n vitro growth of ovarian cancer cells. Following treatment for 72
hours, dose dependent growth inhibition was observed in all the cell lines tested with IC50
values ranging between 7.5 .M and 15 uM (Fig 2A). In order to assess whether the effects
on cell viability were related to apoptosis, FACS analysis after FITC-Annexin V staining
was performed. This analysis showed a dose dependent increase in the percentage of cells
labeled positively with Annexin V, indicating that the growth inhibition observed was likely
a result of cellular apoptosis (Fig 2B). WBZ_4 was originally designed to specifically inhibit
c-Kit and JNK-1 to avoid potential cardiotoxicity (21). Given that ovarian cancer cells do
not express detectable levels of c-Kit (data not shown), we reasoned that WBZ_4 was most
likely functioning via JNK-1 inhibition. The JNK inhibitor SP600125 was used as a positive
control. As shown in Figure 2C, ovarian cancer cells treated with increasing concentrations
of SP600125 for 72 hr showed dose dependent growth inhibition (IC50 levels between 25
and 30 wM). The IC50s observed with SP600125 were similar to those published for other
tumor cell lines (12, 15, 19, 32).

Given the effect established for the SP600125 JNK inhibitor in arresting cells at the G2/M
phase of the cell cycle (33), we studied the effects of both, SP600125 and WBZ_4 on cell
cycle distribution of the ovarian cancer cells. Treatment of either A2780 or HeyAS8 cells
with 15 M of SP600125 led to a decrease in the percentage of cells in the G1 phase and an
increase in the cells at the S and G2/M phases of the cell cycle (Fig 2D) in accordance with
the published data (20). However, in the HeyA8 cells, WBZ_4 induced a clear increase in
the percentage of cells in the SubG1 population (dead cells) at the two concentrations tested
(10 and 15 pM), whereas in the A2780CP20 cells, 10 uM of WBZ_4 led to arrest of the
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cells at the G2/M. Higher concentrations (15 jtM) resulted in an approximately 20%
increase in the subG1 population with a concomitant decrease in the percentage of cells at
the G1 phase of the cell cycle.

Therapeutic efficacy of WBZ_4

To evaluate /n vivothe therapeutic effect of the combination of WBZ_4 and docetaxel
(34-39), we first performed preliminary dose-response experiments for WBZ_4. Nude mice
bearing HeyA8 tumors were treated daily with one of three different doses of WBZ_4 (75,
150 and 300 mg/kg) for approximately three weeks. Assessment of tumor weight and
number of nodules at the end of the experiment revealed that the 150 mg/kg dose gave the
most consistent results, which was selected for subsequent experiments (S2). The in vivo
anti-tumor activity of WBZ_4 was determined in nude mice implanted with either HeyA8 or
A2780CP20 cells (Fig 3). Seven days later, mice were randomly distributed into four
treatment groups: 1) Control: PBS; 2) WBZ_4 (gavage); 3) docetaxel (1.P.) and 4) WBZ_4
(gavage) plus docetaxel (1.P.). The in vitro effect of docetaxel in these cell lines alone or in
combination with WBZ_4 is shown in S3. In the HeyA8 tumor bearing mice, comparison of
the mean tumor weights across different groups revealed that WBZ_4 and docetaxel resulted
in a statistically significant reduction in mean tumor weight when compared to the PBS
treated mice (p<0.01), and this reduction was increased even further when both drugs were
combined (p<0.001). Each drug alone also induced a statistically significant decrease in the
number of nodules (p<0.05), which were further decreased when both drugs were combined
(p<0.01) (Fig 3A). In the A2780CP20 model (Fig 3B), WBZ_4 and the combination of
WBZ_4 plus docetaxel were effective in reducing tumor weight compared to controls
(p<0.05). In this model, each treatment induced a reduction in the number of nodules
compared to controls (p<0.05 for the combination group).

Since WBZ_4 was redesigned from imatinib, we also asked whether the activity of WBZ_4
is distinct from imatinib against ovarian carcinoma. In the HeyA8 model, treatment with
imatinib did not affect tumor growth (Fig 3C). However, WBZ_4 monotherapy reduced
tumor growth by 50% (p=0.03) and the combination of WBZ_4 and docetaxel reduced
tumor growth by 90% (p<0.001; Figure 3C). Tumor samples harvested from this experiment
confirmed that WBZ_4 reduced the levels of pJNK whereas imatinib had no effect on p-
JNK (Fig 3D).

Effect of WBZ_4 therapy on angiogenesis, cell proliferation, and apoptosis

Next, we examined the effects of WBZ_4 therapy on cell proliferation, apoptosis and
microvessel density (MVD). WBZ_4 or docetaxel treatment resulted in decreased MVD
when compared to controls (Fig 4A), which was further decreased by combination
treatment. Cell proliferation was assessed by staining for the nuclear marker Ki-67. WBZ_4
induced a significant decrease in the Ki-67 index (p<0.05; Fig 4B) which was decreased
further in the combination group (p<0.001). Tunel staining showed similar effects on
apoptosis in response to therapy (Fig 4C).

JNK1 silencing inhibits cell growth

To confirm that JNK inhibition leads to growth arrest in ovarian cancer cells, we used JINK1
SiRNA to specifically target JNK1 in the HEY A8, A2780CP20, SKOV31ipl and
SKOV3.TR ovarian cancer cells (Fig 5). Cells treated with siRNA showed a 60-90%
decrease in JNK1 expression compared to the untreated or the control siRNA treated cells
(Fig 5A). Compared with control siRNA, a 30-40% reduction in cell growth was observed in
the four cell lines tested (Fig 5B). Likewise, FACS analysis indicated that JNK1 siRNA
transfection increased apoptosis in the four cell lines tested (Fig 5C).

Clin Cancer Res. Author manuscript; available in PMC 2013 July 19.
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Therapeutic effect of in vivo JNK1 silencing

To determine if JNK1 silencing specifically was responsible for the /n vivo anti-tumor
effects, we utilized INK1 siRNA incorporated into DOPC nanoliposomes in HeyA8 (N=5)
and SKOV3ipl (N=10)-bearing nude mice according to the following groups: 1) control-
SiIRNA DOPC liposomes; 2) INK1-siRNA DOPC liposomes; 3) docetaxel + control-siRNA
DOPC liposomes; 4) INK1-siRNA DOPC liposomes + docetaxel. Either INK1 siRNA-
DOPC or docetaxel significantly decreased tumor weight, which was further reduced in the
combination group (p < 0.05 for HEYAS8, Fig 6B; and p < 0.001 for SKOV3ip1, Figure 6E).
JNK1 siRNA-DOPC also induced a significant decrease in the number of nodules in both
HEYAS8 (p < 0.05, Fig. 6A) and SKOV3ipl (p < 0.01) models. The number of nodules was
further decreased in the combination groups (HEY A8 p <0.05, Figure 6A; and SKOV3ipl p
< 0.001, Figure 6D).

JNK and pJNK expression in human ovarian carcinoma

Given the paucity of data regarding JNK expression in human ovarian carcinoma, we
examined JNK and pJNK in 116 epithelial ovarian cancers obtained at primary debulking
surgery by reverse phase protein assay (RPPA). Out of the 116 specimens, 50% (58) showed
high levels of pJNK. Low and High expression were simply defined using the mean
expression value for pJNK. We found that pJNK was significantly associated with
progression free survival (PFS; Fig. 6G), but not with overall survival (OS). JNK expression
was not significantly associated with either PFS or OS time. Since both residual disease at
debulking surgery and stage at diagnosis were also significantly associated with PFS time, a
Cox model for PFS was constructed using pJNK, stage and residual disease. In this model,
both residual disease (p=0.01) and pJNK (p=0.04) remained significant predictors of PFS.
When the survival analysis was confined to those with stages 3 or 4 cancer only, PFS was
still significant (Supplementary Figure 4). In addition, pJNK was significantly more highly
expressed in stage 3 and 4 cases versusstage 1 and 2 cases (t test p value = 0.024).

Discussion

The key finding from our study is that activated JNK1 is present in a substantial proportion
of ovarian cancers, and is predictive of decreased PFS. Inhibition of JINK-1 in ovarian
cancer cells leads to growth inhibition and apoptosis resulting in anti-tumor efficacy in vivo.
To inhibit INK1 activity, we used the newly developed WBZ_4 compound, which
suppressed both basal, and UV induced phosphorylation of JINK1 in ovarian cancer cells.
WBZ_4 demonstrated even greater therapeutic activity in combination with docetaxel.

JNKSs are members of the well known family of MAPKSs. Despite the controversial roles
described for JINKs in mediating cell death as well as cell survival and tumorogenesis,
several lines of evidences support the notion that under basal conditions JNK is necessary to
promote progression through the cell cycle and therefore to promote cell proliferation
(12-19). JNK was even shown to be necessary for the development of gastric cancer,
indicating the tumorigenic potential of this protein and the importance of its inhibition in
this model (13). Work done in other models and cell lines arrived to similar conclusions.

Given the role of several kinases in cell survival, proliferation, differentiation, apoptosis and
transformation, tyrosine and in general, kinase inhibitors have emerged as strong agents for
the treatment of different types of cancers and other diseases (40-41). However, because of
the great degree of conservation present across kinases, it is difficult to control specificity of
the inhibitors and in many cases, this leads to undesired toxicity (42-43). Here, we used
WBZ_4, a compound recently derived from imatinib after applying a new conceptual model
in order to curve its activity towards c-Kit and JNK1. We demonstrated earlier that non-
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conserved sites among different targets with low water residence time have a higher
propensity to dehydrate, therefore called de-wetting hot spots. Given that these hot spots are
present in non-conserved residues, they serve as a discriminator among paralogs. Targeting
these unique de-wetting hot spots allows for the design of potentially more specific kinase
inhibitors (20-21).

Earlier work using this paradigm led to the synthesis of WBZ_4, which indeed was more
specific for c-Kit and was able to bind in vitro to c-Jun NH2-terminal Kinase 1 (21), a
property absent from the parental compound. Previously, we showed that WBZ_4 is highly
effective for the management of gastrointestinal stromal tumors (GIST) due to inhibition of
c-Kit activity; however, it does not have any effect on chronic myeloid leukemia where
imatinib is widely used. While imatinib lacks activity in ovarian carcinoma, WBZ_4 is
highly active. This finding is likely reflective of JNK1 inhibition since ovarian cancers
largely lack c-Kit expression. This contention is supported by the fact that INK1 siRNA-
DOPC was able to inhibit tumor growth to an extent that was similar to WBZ_4.

In summary, we demonstrate the functional, clinical and biological significance of JINK-1 in
ovarian carcinoma. Moreover, we provide evidence for a novel inhibitor of JNK that merits
further clinical development.
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Figurel.

WBZ_4 inhibits JNK activity in ovarian cancer cells. A. Basal p-JNK levels in cells treated
with WBZ_4. Protein extracts from A2780CP20 cells treated with 10 oM WBZ_4 and
collected at different time points were probed with pJNK, total JNK and B-actin. U,
untreated sample; D, vehicle treated sample; S, serum shocked positive control. B. UV-
dependent JNK activation and c-Jun phosphorylation. Protein extracts from cells treated
with 10 uM of WBZ_4 or SP600125 and exposed to UV lights were probed with antibodies
against the phosphorylated and total form of JINK and c-Jun. To show equal loading, blots
were also probed with -actin. UV, level of energy in J/m2; WBZ, WBZ_4; SP, SP600125.

C-D. Densitometric analysis of blots shown in Figure 1B.
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Figure 2.

WBZ_4 and the JNK inhibitor SP600125 inhibit growth of ovarian cancer cells. A.
Percentage growth inhibition of ovarian cancer cells vs. different concentrations of WBZ_4.
Cells were treated with the drug for 72 hr followed by MTS assay. B. Percentage of FITC-
Annexin V positive cells. A2780CP20 cells were treated with WBZ_4 and 72hr later,
Annexin V labeling was assayed by FACS. 5 uM (*p<0.05), 10 uM (***p<0.001) and 20
M (***p<0.001) C. Percentage growth inhibition vs. WBZ_4 and SP600125. Cell viability
was assessed by MTS assay 72 hr after treatment. A2780CP20: 5 uM WBZ_4 (*p<0.05), 10
pM WBZ_4 (***p<0.001) and 20 oM WBZ_4 (***p<0.001); 5 oM SP600125 (*p<0.05),
10 M SP600125 (**p<0.01) and 20 tM SP600125 (**p<0.01). HEYAS8: 5 M WBZ_4
(p>0.05), 10 oM WBZ_4 (*p<0.05) and 20 pM WBZ_4 (***p<0.001); 5 .M SP600125
(*p<0.05), 10 .M SP600125 (**p<0.01) and 20 .M SP600125 (***p<0.001). D. Cell cycle
distribution of HeyA8 and A2780CP20 cells treated with WBZ_4 and SP600125. Cell cycle
was evaluated by FACS based on the PI staining of cells treated with WBZ_4 and SP600125
for 72 hr. Error bars, SEM.

Clin Cancer Res. Author manuscript; available in PMC 2013 July 19.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Vivas-Mejia et al.

Page 15

w

Number of nodules
~

Individual tumor weights ()
o o

Mean tumor weight (g)

IC]
B z
2 £
2 10 ,‘E 2 )
3 ® E
2 e 5
B 5 5 4 E
F : 2
g é 2
= [
& & & & & 3,.? & E
& o & T
C
D
=
‘EJ ) Vehicle ~ WBZ 4 Imatinib
) 2
e s 55 = PINK1/2
EasE=sams v
E g —— p-actin
e

Figure 3.

Therapeutic efficacy of WBZ_4 in combination with docetaxel. HeyA8 (A) or A2780CP20
(B) cells were implanted intraperitoneally as described in Materials and Methods. Mice were
randomly allocated to one of the following groups, with therapy beginning 1week after
tumor cell inoculation: PBS, PBS+ docetaxel, WBZ_4 and WBZ_4 + docetaxel. Left
columns, number of nodules; center columns, mean tumor weights (bars, SD). Right,
individual weights. C. WBZ_4 therapeutic activity was compared to that of imatinib in
HeyA8 tumor bearing mice. Nude mice were injected i.p. with HeyA8 cells and randomly
allocated to one of the following groups, with therapy beginning 1week after tumor cell
inoculation: Vehicle, imatinib, WBZ_4, PBS+ docetaxel, WBZ_4 + docetaxel and WBZ_4
+ imatinib. D. pJNK levels in tumor samples treated with vehicle control, WBZ_4 or
imatinib (3 mice per group are shown). * p<0.05; ** p<0.01; *** p<0.001.

Clin Cancer Res. Author manuscript; available in PMC 2013 July 19.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Vivas-Mejia et al. Page 16

PBS Docetaxe WEBZ 4 ‘WBZ_Mdocetaxel
40

30

20

=
Average vessel #field

Ki-67 positive cells

s n‘::“’("

# of apoptotic cellsf10 fields

Figure 4.

Effect of WBZ_4 with or without docetaxel on cell proliferation, apoptosis and microvessel
density. A. MVD was determined after immunohistochemical peroxidase staining for CD31.
B. Ki67 immunohistochemistry (IHC). Original magnification, 100x. Columns, mean
percentage of Ki67-positive cells; bars, SD. Five animals per group and at least five fields
per animal were counted. C. TUNEL IHC. Tumor sections from each group were stained for
TUNEL. Representative slides from each group are shown. The number of apoptotic cells
was counted. Columns, mean number of TUNEL-positive cells; bars, SD. Ten fields per
slide and at least five slides per group (all from different animals) were counted.
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Figure5.

JNK1 siRNA inhibits growth of ovarian cancer cells. A. Effect of INK1 siRNA on JNK1
expression in different ovarian cancer cells. Western blot of extracts from cells transfected
with control and JNK1 siRNA and probed with JINK and p-actin antibodies. B. Effect of
JNK1siRNA on cell growth. Seventy two hr after transfection, total cell number was
counted on the different groups and results are expressed as % growth inhibition relative to
the cells transfected with the control siRNA. Error bars, SD. C. Cell death after INK1
silencing. Cells transfected with INK1 siRNA were stained with FITC Annexin V and Pl
and cell death was assessed by FACS.
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Figure6.

In vivo therapeutic efficacy of INK1 siRNA in combination with docetaxel. Nude mice were
injected i.p. with HeyA8 (A-C) or SKOV3ipl (D-F) cells and randomly allocated to one of
the following groups, with therapy beginning 1week after tumor cell inoculation: control
siRNA DOPC, control siRNA DOPC + Docetaxel, INK1 siRNA DOPC and JNK1 siRNA
DOPC + Docetaxel. Number of nodules (A and D); mean tumor weight (B and E); bars, SD.
Individual tumor weights (C and F). G: Kaplan-Meier survival curves for progression free
survival (PFS) for all stage tumors based on pJNK (JNKp183_5) levels.
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