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Abstract

PURPOSE—We previously identified the R-enantiomer of ketorolac as an inhibitor of the Rho-
family GTPases Racl and Cdc42. Racl and Cdc42 regulate cancer-relevant functions including
cytoskeleton remodeling necessary for tumor cell adhesion and migration. This study investigated
whether administration of racemic (R,S) ketorolac after ovarian cancer surgery leads to peritoneal
distribution of R-ketorolac, target GTPase inhibition in cells retrieved from the peritoneal cavity,
and measureable impact on patient outcomes.

EXPERIMENTAL DESIGN—Eligible patients had suspected advanced stage ovarian, fallopian
tube or primary peritoneal cancer. Secondary eligibility was met when ovarian cancer was
confirmed and optimally debulked, an intraperitoneal port was placed, and there were no
contraindications for ketorolac administration. R- and S-ketorolac were measured in serum and
peritoneal fluid, and GTPase activity was measured in peritoneal cells. A retrospective study
correlated peri-operative ketorolac and ovarian cancer-specific survival in ovarian cancer cases.
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RESULTS—Elevated expression and activity of Racl and Cdc42 was detected in ovarian cancer
patient tissues, confirming target relevance. Ketorolac in peritoneal fluids was enriched in the R-
enantiomer and peritoneal cell GTPase activity was inhibited after ketorolac administration when
R-ketorolac was at peak levels. After adjusting for age, AJCC stage, completion of chemotherapy,
and neo-adjuvant therapy, women given peri-operative ketorolac had a lower hazard of death
(Hazard Ratio=0.30 [95%CI 0.11-0.88]).

CONCLUSION—Ketorolac has a novel pharmacologic activity conferred by the R-enantiomer
and R-ketorolac achieves sufficient levels in the peritoneal cavity to inhibit Racl and Cdc42,
potentially contributing to the observed survival benefit in women who received ketorolac.
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INTRODUCTION

Ovarian cancer is the leading cause of death from gynecologic malignancies and the second
most common gynecologic cancer (1). Five year patient survival remains less than 50% and
the mortality rate hasn’t changed appreciably in two decades (1). The majority of women are
diagnosed with metastatic disease, and although a substantial proportion of women respond
to initial treatment, recurrence is common (2). Despite concerted efforts, identification of
effective targeted therapies has remained elusive in this disease (3). There remains a great
need to identify new strategies to treat and manage ovarian cancer.

The Ras-homologous (Rho) family of small GTPases (Rac, Cdc42 and Rho) are key
regulators of cancer-relevant cellular functions including actin reorganization, cell motility,
cell-cell and cell-extracellular matrix (ECM) adhesion and invasion (4-6). In many human
tumors (including colon and breast), there is clinical and experimental evidence that aberrant
Rho-family signaling contributes to tumor growth, survival, invasion and metastasis (4, 7—-
10). Based on these functions, Racl and Cdc42 have been recognized as attractive
therapeutic targets (11, 12) and inhibitors are effective in experimental systems (13-19), but
specific inhibitors of Racl or Cdc42 have not been translated to clinical use.

A Cdc42 selective inhibitor effectively blocked migration of two ovarian tumor cell lines
(19, 20) suggesting that Rho-family GTPases may be potential therapeutic targets in ovarian
cancer. Using findings obtained from a high throughput screen of the Prestwick library of
off patent, FDA-approved drugs and cheminformatics approaches, we identified the R-
enantiomers of a limited number of non-steroidal anti-inflammatory drugs (NSAIDs) as
inhibitors of Racl and Cdc42. The corresponding S-enantiomers are considered the active
component in racemic drug formulations acting as NSAIDs with selective activity against
cyclooxygenases (COX). One candidate, R-ketorolac, inhibited ovarian tumor cell migration
and adhesion without causing cytotoxicity (21-24). Our data indicate that the clinically
administered racemic ketorolac (Toradol®) has two distinct pharmacologic activities; the
well-established inhibition of COX 1 and 2 by S-ketorolac serving as the basis of the FDA-
approved indication for pain management, and a previously unrecognized property of Racl
and Cdc42 inhibition conferred by the R-enantiomer. Cell based measurement of GTPase
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activity demonstrated that R-ketorolac specifically inhibits epidermal growth factor
stimulated Racl and Cdc42 activation at low micromolar concentrations. The GTPase
inhibitory effects of R-ketorolac in cells mimic those of established Racl (NSC23766) and
Cdc42 (CID2950007/ML141) specific inhibitors (24).

In this study we report that R-ketorolac achieved an effective concentration in peritoneal
fluids and inhibited Racl and Cdc42 activity in cells retrieved from the peritoneal
compartment of post-surgical ovarian cancer patients following administration of the
racemic drug for post-operative pain management. A medical record review to compare the
ovarian cancer-specific survival of ovarian cancer patients who did or did not receive
ketorolac for post-operative analgesia revealed increased survival of patients receiving
ketorolac. This observation is in keeping with reports for improved clinical outcomes
associated with ketorolac usage, as compared to other NSAIDs, in breast cancer patients
(25-27). Although it has been long recognized that R-enantiomers of NSAIDs are poor
inhibitors of cyclooxygenase activity (28-30), potential pharmacologic activities or benefits
of the R-enantiomers has remained largely unexplored. Our findings show that Racl and
Cdc42 are unrealized therapeutic targets in ovarian cancer and use of ketorolac may benefit
ovarian cancer patients.

PATIENTS AND METHODS

Immunohistochemical Analyses of GTPase Targets

Immunohistochemical staining was performed using standard procedures (see Supplemental
Methods). Racl was stained with mAb (clone 102, BD Biosciences, 10155-1-AP) and
Cdc42 was stained with rabbit pAb (Protein Tech Group). A Vectastain Ready-to-Use
(RTU) ABC-peroxidase kit and ImmPact DAB (SK-4105) were used to visualize primary
antibody labeling with hematoxylin nuclear counterstain (H-3401) for tissue staining and
samples were mounted in VectaMount (H-5000); (all from Vector Laboratories).

For large scale ovarian tumor profiling, tissue microarrays were purchased from US
BioMax, Inc. (Rockville, MD, cat# OV1005 061 and OV8010 009). In total 180 unique
tissue samples were included in the evaluation; ranging from stage I-1V and grades 1-3 (see
Supplemental Table S1). All tumor types were validated and staining was scored by a
pathologist with gynecologic pathology specialty (Dr. Lomo) and evaluated for location
(nuclear and cytoplasmic), as well as intensity of positive staining. Scoring was based on the
product of the percentage of cells stained and the intensity of the staining in each
localization (3+: strong, 2+: intermediate, 1+: weak and 0: no staining), resulting in a
minimum of 0 (100% cellsx0) and a maximum of 300 (100% cells x 3+).

Quantitative PCR (qPCR) of Ovarian Cancer cDNA Arrays

gPCR analysis of Rho family GTPases was performed using Tissuescan Ovarian Cancer
cDNA microarrays from Origene (Rockville, MD, cat# HORT301, HORT302, HORT303)
and standard techniques (see Supplemental Methods and Supplemental Table S2). g°PCR
amplification utilized Qiagen Quantitect primers for Cdc42 (Valencia, CA, QT01674442),
Racl (QT00065856), and RhoA (QT00044723), and B-actin (Origene), and custom Raclb
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primers from Invitrogen (Carlsbad, CA). Primer information for Raclb, methods for PCR
product validation and additional information on the Ovarian Cancer cDNA arrays is
presented in Supplemental Methods and Supplemental Table S2. Analysis of serous cancer
only is shown in Supplemental Figure S1. CT values obtained using iCycler software.
Relative expression levels were determined using AACT values.

Patients, Study Design and Treatment

A Phase 0 trial investigating the use of postoperative ketorolac was reviewed and approved
by the University of New Mexico Health Sciences Center Human Research Review
Committee (clinicaltrials.gov - NCT01670799). Patients presenting with a new diagnosis of
ovarian, fallopian tube or primary peritoneal cancer were screened for eligibility. Eligible
women were at least 18 years old, an ECOG Performance Status <2 and had consented to a
planned debulking surgery- Consent was obtained prior to surgery if primary eligibility was
met. Secondary eligibility after surgery included confirmed histologic diagnosis of epithelial
ovarian, fallopian tube or primary peritoneal cancer; optimal cytoreduction and placement of
an intraperitoneal port for planned chemotherapy; adequate renal function and no
postoperative complications prohibiting ketorolac use. Patients with known bleeding
disorders or other contraindications to NSAID use were excluded.

Subjects received a single 1V dose of Toradol® (15 or 30 mg based on the patient age and
creatinine clearance) within the first 72 hours of surgery when all clinical safety parameters
were met. Use of other NSAIDs during the trial were not permitted; however narcotic
regimens were allowed for postoperative pain management. All study protocols were
reviewed by an independent data and safety monitoring board. Baseline ascites samples
were obtained at surgery. Subsequent peritoneal fluid samples were collected from the
intraperitoneal port prior to dosing and at 1, 6, and 24 h after single dose ketorolac
administration. Peripheral blood was collected at the same time points. Serum and peritoneal
fluid were separated from cellular material via low speed centrifugation. Tumor cells were
further purified on Ficoll gradients to remove red blood cells and negative selection with
anti-CD45 beads to remove lymphocytes. The resulting tumor cell fractions were analyzed
by flow cytometry for EpCAM and MUC16/CA125 (see Supplemental Figure S2 for
representative purity).

High Performance Liquid Chromatography

R- and S-enantiomers of ketorolac were analyzed by high performance liquid
chromatography (HPLC) using published procedures (31, 32). See Supplemental Methods
and Supplemental Figure S3 for additional information. The R-value for the standard curve
of total ketorolac was 0.9997 and represented a concentration range that spanned established
human serum concentrations [0.092 pg/ml to 6.0 pg/ml).

Analysis of GTPase activity

Two methods were used to assess GTPase activity in cells based on effector binding.
Commercial GLISA kits from Cytoskeleton, Inc., analyzed Racl (Denver, CO, cat#
BK-128), Cdc42 (BK-127) or RhoA (BK-124) per manufacturer’s instructions.
Alternatively, Racl, Cdc42 and RhoA activities were measured using a flow cytometric
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effector binding assay (24, 33). Briefly, active Racl and Cdc42 GTPases in prepared cell
lysates were quantified individually based on binding to GST-PAK1-PBD from Millipore
(Bellerica, MA, cat#14-864) immobilized on GSH beads and use of specific antibodies for
bound GTPase detection. Antibodies used to quantify the amount of active (GTP-bound)
GTPases captured on the beads are listed in Supplemental Methods. Fluorescence intensity
(mean channel fluorescence, MCF) was measured by flow cytometry (Accuri C6). GTPase
activity was calculated by (MCF of sample group — MCF of unstimulated group) / MCF of
stimulated group. Equal amounts of protein were used for each assay.

Retrospective Patient Outcomes Review

A medical record review was conducted under institutional review board approval with a
waiver of patient consent. Ovarian cancer patients were identified from the New Mexico
Tumor Registry [NMTR] a member of the population-based Surveillance, Epidemiology,
and End Results [SEER] Program of the National Cancer Institute (34). Inclusion criteria
were as follows: invasive, epithelial ovarian cancer (any histology), age 40-79 years at
diagnosis, years of diagnosis 2004-2006, and receipt of surgery at an Albuguerque, NM
hospital (only three hospitals in the metropolitan area provide this level of surgery).
Diagnosis years of 2004-2006 ensured at least 6 years follow-up (mortality followed
through Dec 31, 2012) for each patient. We abstracted the surgical medical records for all
analgesics and anesthesia medications used before hospital admission, during surgery and
hospital stay, and given at discharge. Of the 138 potential cases, 6 women did not undergo
surgery because of advanced disease/severe co-morbidities or desired palliative care only, 1
woman had her surgery in another state, 2 women died before surgery, and medical records
were not located for 6 women, leaving 123 women in the final analysis.

Statistical analysis

gPCR findings for GTPase expression levels were analyzed using one-way ANOVA
followed by Dunnett’s Multiple comparisons test to determine differences between ovarian
cancer grade. IHC data was analyzed using one-way ANOVA followed by Tukey's post test
to determine significant differences between groups. Data obtained from patient fluid and
cell samples was analyzed as a repeated measure ANOVA followed by Dunnett’s multiple
comparisons test to determine significant differences between groups. For the retrospective
medical record review, information from the medical record was merged with information
from the NMTR for final analysis. Clinical and treatment characteristics of patients who did
and did not receive peri-operative ketorolac were compared with chi-square tests and t-tests.
In a preliminary, crude analysis the Kaplan-Meier method was used to estimate the survival
probabilities. The difference in survival based on receipt of peri-operative ketorolac was
examined using the stratified log-rank test to adjust the effect of a single categorical factor
such as age group, AJCC stage, etc. Because this was an observational study and not a
randomized controlled trial, the final analysis was based on a Cox proportional hazards
model to adjust for clinical and treatment characteristics that may have differed between
those who did and did not receive peri-operative ketorolac. We estimated the hazard ratio
(HR) for ovarian cancer-specific mortality comparing those who did and did not receive
peri-operative ketorolac while adjusting for age at diagnosis (<50, 50-64, =65) AJCC stage
(1, 11, 11, 1V), completion of chemotherapy as planned (yes, no), and receipt of neo-adjuvant
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chemotherapy (yes, no). Based on the Cox proportional hazards regression, an example
survival plot is presented in Figure 5. Additional survival plots are presented in
Supplemental Figures S4-S7.

RESULTS

Expression of Racl and Cdc42 in ovarian cancer

Based on the established functions of Rho-family GTPases, ovarian cancer metastasis is
predicted to be strongly dependent on Rac1/Cdc42-regulated pathways for exfoliation,
formation of multicellular aggregates, mesothelial adhesion, and localized invasion into the
interstitial collagen-rich submesothelial matrix (2, 3, 35). To test if these GTPases are
dysregulated in ovarian cancer, we examined grade dependent expression of Cdc42 and
Rac1 protein by immunohistochemical staining of human tumor samples (Figure 1) and
GTPase mRNA using quantitative PCR analysis of ovarian cancer tissue cDNA arrays
(Figure 2 and Supplemental Figure S1). Cdc42 protein overexpression levels were highly
significant for malignant, high-grade tumors (p<0.001) compared to lower grade tumors
without an apparent increase in mMRNA levels. In contrast, there was little evidence of
increased expression of Racl protein with increasing grade (Figure 1). However,
significantly elevated expression of a constitutively active splice variant Raclb (36-38), was
detected in ovarian tumors (Figure 2). These findings provide evidence for aberrant
expression of Racl and Cdc42 in ovarian cancer and suggest that they may represent
therapeutic targets for this disease.

Study design and patient population

In previous work, we identified R-ketorolac as an inhibitor of Racl and Cdc42 at low
micromolar concentrations (21-24). R-ketorolac is inactive against the enzyme targets of S-
ketorolac, COX-1 and COX-2 (28-30), and the inhibitory concentration (IC)sq values for
inhibition of Racl and Cdc42 by S-ketorolac were more than 100-fold greater than R-
ketorolac (24). Thus, the racemic [R,S] ketorolac possesses two distinct pharmacologic
activities and our findings identify R-ketorolac as a novel inhibitor of Racl and Cdc42.

In this “Phase 0” feasibility study, ketorolac was administered for its FDA-approved
indication for post-operative pain management. Eligible patients had suspected advanced
stage ovarian, fallopian tube or primary peritoneal cancer with planned optimal
cytoreductive efforts. Secondary eligibility was met if the patient had confirmed ovarian
cancer, was optimally cytoreduced and had an intraperitoneal (IP) port placed for planned
peritoneal chemotherapy. The patients had no active post-operative bleeding, did not require
therapeutic anticoagulation and had good post-operative organ function. Forty-two patients
met primary eligibility, and considering secondary eligibility requirements, twenty patient
samples were collected at surgery. Samples of blood and peritoneal fluids after ketorolac
administration were obtained from thirteen patients. Pathologic analysis of the twenty
surgical samples confirmed fifteen patients (75%) had stage 111 or IV disease. Histologically,
100% had high-grade carcinoma; one was a carcinosarcoma, 16/19 were pure serous
carcinomas, one was primary peritoneal and one fallopian tube primary, and the rest ovarian
primary tumors. The average age was 60.8 (Range 33-81), race and ethnic distribution was
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85% Caucasian (29.4% Hispanic), 5% American Indian and 10% Black or African
American. Ketorolac dosages administered based on clinical indications were 15 mg (33%
of patients) or 30 mg (77% of patients). As illustrated in Figure 3A, blood and peritoneal
fluid were obtained at T=0, 1 h, 6 h and 24 h after administration of the recommended dose
of ketorolac.

Distribution of R- and S-ketorolac in peritoneal fluids

Serum and peritoneal fluid samples were analyzed by HPLC to resolve and quantify R- and
S-ketorolac enantiomers in order to determine enantiomeric ratios and distribution over time
(Figure 3B,C). Clinical-grade ketorolac tromethamine is a 1:1 mixture of R- and S-
enantiomers (Supplemental Figure S3); however, the racemic distribution favors the R-form
in both serum and peritoneal fluids at each time point in keeping with the established shorter
half-life of S-ketorolac in human serum based on differences in pharmacokinetic parameters
for each enantiomer (28, 30, 39). Ketorolac distributes to the peritoneum within 1h after IV
administration, and ketorolac levels in the peritoneal fluids are nearly equivalent to those
present in the serum at 6 h and decline dramatically by 24 h in both serum and peritoneal
fluids. Our results represent the first evidence of ketorolac distribution to peritoneal fluids.

The half-maximal inhibitory concentration (ICsg) for Racl and Cdc42 by R-ketorolac are
0.57 and 1.07 pM, respectively whereas the I1Cgq values for S-ketorolac for these targets was
>100 uM (24). The concentrations of R- and S-ketorolac in the peritoneal fluids were 0.98
UM and 0.32 uM respectively, 6 h after IV ketorolac administration. Thus, R-ketorolac
achieved concentrations in the peritoneal fluids at or above the ICgq values for Racl and
Cdc42 and is predicted to inhibit these GTPase targets in cells obtained from this
compartment.

Analysis of patient-derived cells

Tumor cell enriched fractions were prepared from ascites samples obtained at the time of
cytoreductive surgery from ovarian cancer patients and post-surgery immediately prior and 1
h, 6 h, and 24 h post 1V ketorolac administration (Figure 3A). Both Racl and Cdc42 were
highly activated in freshly isolated tumor cells from ascites and the activity level declined
within 48 h in culture medium (Figure 4A) suggesting that the ovarian tumor environment
fosters Racl and Cdc42 GTPase activation. Post-surgery, we observed a statistically
significant decrease in Racl and Cdc42 activity with time after ketorolac administration
(Figure 4B,C). In contrast, RhoA activity was insensitive to ketorolac (Supplemental Figure
S8), further affirming the selectivity of the drug. R-ketorolac predominates in the peritoneal
fluids at the S-enantiomer is virtually undetectable at 24 h (Figure 3C) indicating that the R-
enantiomer is bioactive and accounts for the observed inhibition of the GTPases in vivo.

Retrospective Patient Outcomes Review

Peri-operative ketorolac was used in 14% of the 123 women in the study. Younger women
(<50 years) were more likely than older women to receive peri-operative ketorolac (p<0.05);
all other clinical and treatment characteristics were similar between the two groups. At 60
months of follow-up, 3/17 ketorolac treated patients (18%) and 40/92 non-treated patients
(43%) had died of ovarian cancer. Stratified log-rank tests for categorical factors such as age
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group, AJCC stage, completion of chemotherapy as planned, and receipt of neo-adjuvant
chemotherapy as coded in Table 1, showed a consistent ketorolac survival benefit in each
strata (see Supplemental Figures S4-S7). The better survival in women treated with
ketorolac consistently found in the stratified analysis was also evident in the proportional
hazards analysis when we adjusted for age at diagnosis, AJCC stage, completion of
chemotherapy as planned, and receipt of neo-adjuvant chemotherapy: the adjusted hazard
ratio for ovarian cancer-specific mortality associated with perioperative ketorolac (yes vs.
no) was 0.30 (95% CI 0.11-0.88) (Table 1). Based on the proportional hazards model, an
example survival plot is shown in Figure 5 for women who had AJCC stage Il cancer, were
50-60 years at diagnosis, did not receive neoadjuvant therapy, and completed post-surgery
chemotherapy as planned. Based on the proportional hazards model, an example survival
plot is shown in Figure 5 for women who had AJCC stage 11 cancer, were 50-60 years at
diagnosis, did not receive neoadjuvant therapy, and completed post-surgery chemotherapy
as planned. Other survival plots are shown in Supplemental Figures S4-S7 and while these
plots highlight the results for women who completed their post-surgery chemotherapy as
planned, all combinations of women defined by stage of disease, age at diagnosis,
neoadjuvant therapy, and post-surgery chemotherapy showed a consistently better survival
with ketorolac versus without. These preliminary findings are suggestive that perioperative
ketorolac reduces ovarian cancer-specific mortality.

DISCUSSION

In many human cancers, aberrant Rho-family GTPase activity or downstream signaling
pathways are associated with increased aggressiveness and poor patient prognosis (4, 6,8, 9,
11, 12). The specific mechanisms by which Rho-family GTPases modulate tumor
development and progression remain under investigation (4, 5,7-9, 14); however,
experimental evidence places Racl and Cdc42 within the metastatic cascade. Little is known
regarding Racl and Cdc42 expression in ovarian cancer. We demonstrated elevated
expression of Racl and Cdc42 in human ovarian cancer specimens and high activity of these
GTPases in freshly isolated tumor cells from ascites obtained at surgery (Figs. 1 and 4). Ina
recent study paralleling our own work, high Racl protein expression in ovarian cancer was
associated with early recurrence and poor prognosis (40). Furthermore, partial silencing of
Racl by shRNA decreased tumor cell proliferation, migration and invasion in culture, and
decreased growth of subcutaneous ovarian cancer xenografts in vivo (40). We find that R-
ketorolac inhibits adhesion and invasion of primary human ovarian tumor cells from patient
ascites (Guo et al, in preparation) thereby indicating that pharmacologic inhibition of Racl
and Cdc4z2 also blocks these tumor-relevant functions. The cumulative observations in
conjunction with inhibition of ovarian tumor cell migration by a Cdc42 specific inhibitor
(19) indicate the potential value of targeting Rac1 and Cdc42 in ovarian cancer.

In the present study, we show evidence that Racl and Cdc42 inhibition can be achieved in
ovarian cancer patients following administration of racemic ketorolac (Toradol®). Ketorolac
is a 1:1 racemic mix of the R- and S-enantiomers. The S-form inhibits COX enzymes which
confers the drug’s anti-inflammatory activities. The COX inhibitory action of S-ketorolac
supports its indication for post-operative pain management, but also limits its long term use
due to COX-related toxicity (28-30). R-ketorolac has little activity against COX (28-30)
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and therefore is not functional as an NSAID, but is bioactive and inhibits Racl and Cdc42
(24). Importantly, the levels of R-ketorolac within the peritoneal fluids were sufficient to
inhibit Racl and Cdc42 activity in cells obtained from the peritoneal cavity following
ketorolac administration. The innovative Phase O clinical trial design enabled real time
sampling of fluids and cells from the peritoneal cavity. Direct demonstration of the
difference in racemic distribution of ketorolac enantiomers illustrates the value of a study
design that allows direct testing of drug and cell activities within peritoneal fluids rather
than extrapolation from serum drug levels.

Furthermore, the peritoneal bioactivity of ketorolac is shown to have benefit for ovarian
cancer patient outcomes. We found that perioperative use of ketorolac reduces ovarian
cancer specific mortality (Fig. 5). There is precedence in the literature that ketorolac usage
in the perioperative period is associated with improved cancer outcomes. The first
observation was made for breast cancer patients in 2010 (25). In this study, ketorolac use
was associated with a decrease risk of breast cancer relapse (HR=0.37, 95%CI1=0.0-0.79).
Follow-up papers noted that this relapse reduction was most pronounced in the first 24
months post-surgery (26, 27). No change in breast cancer recurrence was noted in patients
who received sufentanil, clonidine, ketamine, or other intraoperative analgesics. Lung
cancer patients receiving ketorolac displayed improved overall survival as well (41). The
authors hypothesize that the benefit is due to the anti-inflammatory actions of ketorolac,
particularly on the extravasation of circulating tumor cells in the transient inflammatory
environment stimulated by surgery (42). Ketorolac appears to have more pronounced
positive outcomes than other NSAIDs (42), and this may be based on the combined impact
of anti-inflammatory activity by the S-enantiomer and R-enantiomer effects on Racl and
Cdc42 leading to decreased adhesion and implantation of circulating or residual tumor cells.
Ketorolac is not cytotoxic to ovarian tumor cells (24), but predicted decreases in
establishment or further development of micrometastases due to Racl and Cdc42 inhibition
would be expected to improve response to subsequent chemotherapy, which cannot be
initiated until patients have recovered from cytoreductive surgery, approximately 4 weeks.

Collectively, our findings support the potential repositioning of ketorolac as an addition to
current ovarian cancer therapy. Our work demonstrates that the R-enantiomer of ketorolac
acts as a first-in-class drug for inhibition of the cancer-relevant targets Racl and Cdc42 (23,
24) and provides the first evidence that these therapeutic targets can be inhibited in humans
using an approved drug. There is precedence for pharmacologic activities dictated by R-
enantiomers of specific NSAIDs against novel (non-COX) targets (43-45). For example, R-
etodolac and its analogs SDX-301 and SDX-308 display anti-tumor activity in chronic
lymphocytic leukemia and activity against multiple myeloma in cell and animal models (44,
46-49). R-etodolac also significantly suppressed tumors in a colitis-related mouse model
colon cancer (43) and retarded tumor development and metastasis in a transgenic mouse
model of prostate cancer (45). These examples and others demonstrate that R-enantiomers of
NSAIDs can possess unanticipated anti-cancer activities based on interactions with non-
COX targets. Further evidence that targeting Racl may provide therapeutic benefit in
ovarian cancer was recently reported (50). Zoledronic acid is a nitrogen containing
bisphosphonate that inhibits prenylation of small GTPases. Administration of this drug
inhibited growth of ovarian cancer peritoneal xenografts through inhibition of angiogenesis
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driven by a Racl mediated pathway (50). Collectively, our results suggest that racemic
ketorolac may provide a survival benefit to ovarian cancer patients through inhibition of
COX enzymes by the S-enantiomer and inhibition of the small GTPases Racl and Cdc42 by
the R-enantiomer. Additional studies to determine whether clinical benefit can be observed
in ovarian cancer patients through perioperative administration of ketorolac in a placebo-
controlled clinical trial are in process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Statement of translational significance

Clinically administered racemic ketorolac has two distinct pharmacologic properties;
inhibition of cyclooxygenases by S-ketorolac and a previously unknown inhibitory
activity against the small GTPases Racl and Cdc42 by R-ketorolac. Racl and Cdc42 are
highly relevant tumor targets lacking clinically available selective inhibitors. In this study
we provide the first demonstration that ketorolac administration inhibits Racl and Cdc42
in cells retrieved from the peritoneal cavity of post-surgical ovarian cancer patients. A
novel Phase 0 trial design allowed real time sampling of fluids and cells from the
peritoneal cavity. Measurement of each enantiomer within the peritoneal fluids revealed
greater concentration of the R- versus S-enantiomer thereby accounting for the GTPase
inhibition. Furthermore, a retrospective study identified improved ovarian cancer specific
survival in patients who received ketorolac. This work provides evidence that targeting
the tumor-relevant Rho-family GTPases Racl and Cdc42 through repositioning of
ketorolac may benefit ovarian cancer patients.
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Figure 1. Overexpression of Racl and Cdc42 protein in ovarian cancer specimens
(A-C) Representative images of ovarian serous cancer tissue are shown. Clinical

characteristics of the samples in the array are provided in Supplemental Table S1.
Magnification 200x. Scale bar 20um. (A) Hematoxylin/Eosin staining (H&E). (B-C)
Samples were stained with antibodies against Racl or Cdc42 and avidin/biotin horse radish
peroxidase enzyme complex. Controls and tissue samples were developed for identical
times. (D-E) Tissue pathology and staining evaluated by board certified pathologist with
gynecologic pathology specialization (Lesley Lomo, MD) and statistical analyses by
statistician (Ed Bedrick, PhD). For Racl one way non-parametric ANOVA (p=0.0087) and
Tukey's post-test shows normal stroma vs. intermediate to high grade carcinoma p<0.05
with all other comparisons non-significant. For Cdc42 one way non-parametric ANOVA
(p=0.0001) and Tukey's post-test shows normal stroma and benign to borderline tumor vs.
intermediate to high grade carcinoma p<0.05 with all other comparisons non-significant.
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Figure 2. Expression of constitutively active Raclb mRNA iselevated in ovarian cancer
specimens
Tissuescan ovarian cancer cDNA microarrays (Origene) were amplified using primers

against Racl, Raclb, Cdc42, RhoA, and B-actin as described in methods. As per the
manufacturer's description, patients with endometriosis, leiomyoma of myometrium,
follicular cysts, abscesses, or secretory endometrium, but otherwise healthy ovarian tissue,
were considered normal (n=19). Tissues defined as low grade have a FIGO score of 1
(n=19) or 2 (n=32). Tissues considered high grade have a FIGO score of 3 (n=60) or 4
(n=9). The cDNAs of 10 patients were excluded due to a lack of grade information. Clinical
characteristics of the samples in the array are provided in Supplemental Table S2. Groups
were compared to normal using a two-tailed t-test, and significant increase in Raclb was
detected. * indicates significance is p<0.05. Serous only, analysis by grade is reported in
Supplemental Figure S1.
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Figure 3. Ketorolac distributesto peritoneal fluidsand isenriched in the R-enantiomer
(A) Ascites samples were obtained at cytoreductive surgery and one to three days after

surgery patients received a single dose of either 15 mg or 30 mg of clinical racemic
ketorolac. Blood and peritoneal fluid from patients were collected prior to dosing (T=0), and
at 1 hour, 6 hours, and 24 hours after dosing as depicted by the arrows. (B—C) Ketorolac
enantiomers (R and S) were measured in blood and peritoneal fluids using HPLC. (B) Total
ketorolac levels in sera and peritoneal fluids. (C) The levels of each ketorolac enantiomer (R
or S) at each time point in sera and peritoneal fluids were measured. Concentration
conversion to micromolar in serum and peritoneal fluids is provided in Supplemental Table
S3. Administered drug is a 1:1 ratio of R to S (Supplemental Figure S3), but S-ketorolac is
eliminated more rapidly than R-ketorolac leading to a ratio favoring the R-enantiomer in
both serum and peritoneal fluids. The R-value for the standard curve used to calculate the
ketorolac concentrations was 0.9997 and represented a concentration range that spanned
established human serum concentrations [0.092 pg/ml to 4.0 pg/ml; 3.0 yg/ml= 10 uM).
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F_igure4. GTPases are activated in patient ascites and inhibited by ketorolac administration in
VIVO

(A) GTPase activity and target inhibition in patient derived cells. GLISA PAK-effector
binding was used to individually detect activated Rac1-GTP or Cdc42-GTP in tumor cells
isolated from ovarian cancer patient ascites. Purified GTP-loaded GTPases were used to
calculate ng GTP-bound GTPase in the patient sample. Unpaired, two-tailed t-tests showed
samples in culture for 48 h were statistically different from fresh ascites samples for both
Racl and Cdc42 (p=0.0109). The levels of active GTPase declined sharply with 48 h in
culture indicating that soluble factors in the ascites serve to upregulate Racl and Cdc42
GTPase activities. (B—C) Racl GTPase target inhibition following administration of racemic
ketorolac to ovarian cancer patients post-surgery. Cells isolated from patient ascites samples
post-surgery were assayed for active Racl or Cdc42 using a flow based effector binding
assay. Patient diagnoses were all stage 111, high grade ovarian serous or papillary serous
carcinoma, with one mixed serous endometrioid carcinoma and one suspected primary
peritoneal carcinoma (Pt 20, 24, 35, 39, 43). Fluorescence readings were normalized to the 0
h time point drawn immediately prior to ketorolac administration. For Rac1, one way non-
parametric ANOVA (p=0.0009) and Bonferroni multiple comparison test p<0.05 for: 0 h vs
6h(**);0hvs24h (**); Lhvs6h (*); 1 hvs 24 h (**). Differences betweenOh vs. 1 h
and 6 h vs. 24 h were non-significant. For Cdc42, one way non-parametric ANOVA
(p=0.0250) and Bonferroni multiple comparison test p<0.05 for 0 h vs 24 h (*) was
significant and all others were non-significant. RhoA was not responsive to ketorolac
(Supplemental Figure S8).
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Figure 5. Example Survival among Ovarian Cancer Patientswith and without Peri-oper ative
Ketorolac

Cox proportional hazards regression was used to estimate ovarian cancer specific survival
probabilities for women who did (dashed line, 17 women) and did not (solid line, 92
women) receive ketorolac among ovarian cancer cases with AJCC Stage |11 cancer, 50-60
years of age at diagnosis, no neoadjuvant chemotherapy and completed chemotherapy as
planned (overall adjusted Hazard Ratio = 0.30, 95%CIl = 0.11 — 0.88, likelihood ratio test p-
value = 0.013).
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Table 1

Hazard ratios for ovarian cancer specific mortality for each characteristic adjusted for the other characteristics
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in the table.

Characterigtic Number | Hazard Ratio (95% | p.yalue™
Confidence Interval)
Peri-operative ketorolac
No 106 1.00 (reference) 011
Yes 17 0.30 (0.11-0.88)
Alcc* stage
| 26 1.00 (reference)
1 11 0.52 (0.11 - 2.47) .050
1] 57 2.17 (0.97 - 4.86)
v 29 1.56 (0.65 - 3.74)
Age (years)
<50 36 1.00 (reference)
.045
50 - 60 55 2.50 (1.17 - 5.35)
60 + 32 1.85 (0.80 — 4.29)
Completion of post-surgery chemotherapy as planned
No 78 1.00 (reference) 557
Yes 45 1.19 (0.67 - 2.14)
Neoadjuvant chemotherapy
No 101 1.00 (reference) .050
Yes 22 1.94 (1.03 - 3.66)

*
AJCC = American Joint Committee on Cancer

*

*
Likelihood Ratio Test p-value
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