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Abstract

Drug development for front-line treatment of epithelial ovarian cancer (EOC) has been stagnant
for almost three decades. Traditional cell culture methods for primary drug screening do not
always accurately reflect clinical disease. To overcome this barrier, we grew a panel of EOC cell
lines in three-dimensional (3D) cell cultures to form multicellular tumor spheroids (MCTS). We
characterized these MCTS for molecular and cellular features of EOC and performed a
comparative screen with cells grown using two-dimensional (2D) cell culture to identify
previously unappreciated anti-cancer drugs. MCTS exhibited greater resistance to
chemotherapeutic agents, showed signs of senescence and hypoxia, and expressed a number of
stem cell-associated transcripts including ALDHIA and CD133. Using a library of clinically
repurposed drugs, we identified candidates with preferential activity in MCTS over 2D cultured
cells. One of the lead compounds, the dual COX/LOX inhibitor licofelone, reversed the stem-like
properties of ovarian MCTS. Licofelone also synergized with paclitaxel in ovarian MCTS models
and in a patient-derived tumor xenograft (PDX) model. Importantly, the combination of licofelone
with paclitaxel prolonged the median survival of mice (>141 days) relative to paclitaxel (115
days), licofelone (37 days), or vehicle (30 days). Increased efficacy was confirmed by Mantel-
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Haenszel hazard ratio compared to vehicle (HR=0.037) and paclitaxel (HR=0.017). These results
identify for the first time an unappreciated, anti-inflammatory drug that can reverse
chemotherapeutic resistance in ovarian cancer, highlighting the need to clinically evaluate
licofelone in combination with front-line chemotherapy in primary and chemotherapy-refractory

EOC.

INTRODUCTION

Epithelial ovarian cancer (EOC) is the most common reproductive cancer. EOC is the 9t
most prevalent cancer and the 5" most common cause of cancer-related death in women (1).
The average 5- and 10-year survival rates for women diagnosed with EOC are ~44% and
~30%, respectively (2). These poor outcomes are attributed to many factors including late
stage diagnosis, disease heterogeneity, and drug resistance. Front-line therapy (surgical
resection followed by taxane and platinum-based chemotherapy) shows success in most
patients by eliminating the detectible disease. However, many patients will ultimately
develop recurrent, chemotherapy resistant tumors, and the majority of patients will succumb
to the disease within one year (3). Efforts to add a third cytotoxic agent in clinical trials have
shown no improvement in survival (4). There continues to be an urgent need to develop new
drugs that can target mechanisms associated with resistance to chemotherapy and disease
recurrence.

Recently it has become clear, stem cell properties, or “stemness”, can play a critical role in
both progression and development of drug resistance in many types of cancers. Two
common stem cell factors, CD133 and ALDH1A, are of interest for improving preclinical
drug development models. EOC cells with expression of both CD133 and ALDH1A have
been identified (5-7). CD133, also known as promomin-1, is a transmembrane glycoprotein
encoded on the PROM1 gene. Aldehyde dehydrogenase-1A1 (ALDH1A) is a member of the
17 different isotypes of aldehyde dehydrogenase enzymes. CD133 expression in cell culture
models, animal models, and patient tumors is associated with enhanced tumorigenicity, drug
resistance, and disease recurrence (8-10). ALDH1A expression has a negative correlation to
progression-free survival (PFS) in EOC patients and knockdown of ALDHIA restored
chemo sensitivity /n vitro (11). Co-expression of CD133 and ALDH1A subpopulations in
EOC patients are associated with both decreased time-to-recurrence and patient survival
(12). Front line drug screening models, that more accurately represent stem-like properties
in vitro, could be useful in developing more efficacious drugs to treat EOC.

In this study, we used a model of multicellular tumor spheroids (MCTS) using three-
dimensional (3D) cell culture. We observed induction of common cellular features
associated with drug resistance (cellular senescence, hypoxia, and stem-like properties) in
EOC cells grown in 3D. MCTS formation has been shown to induce stem like properties,
including CD133 and ALDH1A expression, across many different cancer cell lines (13-15).
Given these observations, the use of MCTS drug screening has been proposed to better
predict patient drug response (16). Therefore, the focus of this study was to i) exploit MCTS
models for drug screening in order to identify repurposed drugs with previously
unappreciated anti-tumor activity in ovarian cancer, and ii) determine if viable drug hits
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could synergize with frontline therapies to improve response and/or overcome acquired
resistance. Using various ovarian cancer MCTS models as screening tools, we identified
drugs with preferential anti-proliferative/cell killing activity in spheroids compared to 2D
cultures. We show that one of the top candidate drugs, licofelone, reverses stem-like
properties of MCTS and enhances paclitaxel activity in both EOC cell line MCTS and EOC
patient derived xenografts.

MATERIALS and METHODS

Cell culture

EOC and HIO cell lines used in these studies were previously described in detail (17-20).
Cell lines used in this study were kindly provided by Dr. Thomas Hamilton (A1847, A2780,
OVCARS3, OVCAR4, OVCARS5, OVCARS8, OVCAR10, PEO1, SKOV3) or were derived by
Dr. Andrew Godwin (C30, CP70, UPN275) while at the Fox Chase Cancer Center
(Philadelphia, PA). Cell lines were authenticated by the Clinical and Molecular Oncology
Laboratory at KUMC by multiplex short tandem repeat (STR) using the Promega PowerPlex
16 System used for human identity testing run on an Applied Biosystems instrument. All of
the EOC cell lines were maintained in normal growth media consisting of RPMI 1640 media
supplemented with 10% fetal bovine serum (FBS) (vol/vol), insulin (7.5 pg/mL), penicillin
(100 U/mL), and streptomycin (100 pug/mL) at 37°C in a humidified atmosphere with 5%
COo. HIO cells were cultured in medium 199 and MCDB 105 (1:1) supplemented with 15%
FBS (vol/vol), insulin (0.25 U/mL), L-glutamine (2 mM), penicillin (100 U/mL), and
streptomycin (100 pg/mL). Cells were passaged using 0.25% Trypsin with 2.21 mM EDTA
and 1X sodium bicarbonate (Corning) for 5 minutes. Cell lines were kept in passage for no
longer than two months. Mycoplamsa testing was performed by either Hoechst staining or
the LookOut Myco PCR Test (Sigma).

Spheroids were formed using the liquid-overlay method with agarose coated 96-well plates,
modified from a previous publication (21). Briefly, 1.5% agarose was dissolved in RMPI
1640 media and then used to coat the bottom of 96-well flat bottom plates with 50 pL of the
agarose solution. Agarose was allowed to solidify for a minimum of 30 minutes and then
3,000 cells were plated in 50 pL using standard cell culture media. These plated cells were
then allowed to form spheroids undisrupted for four days. On day 4 spheroids were visually
inspected and 50 pL of fresh, standard media was supplemented to each well.

For secondary assays, spheroids were removed from each well using wide bore pipette tips
and pooled together from 96 wells for each single treatment. Spheroids were centrifuged at
2,000 RPM for 5 minutes at 4°C, the media was removed, and washed with sterile PBS.
Following another spin and removal of PBS, spheroids were dissociated in a 1:1 (vol/vol)
combination of trypsin and Accutase (10 mL) for 30 minutes at 37°C, with mild shaking
every 3 to 10 minutes. Cells were then rinsed, spun down, suspended, and plated overnight
on a 10 cm cell culture dish. Following overnight seeding, viable cells were counted for
subsequent assays following standard protocols.
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Cell cycle analysis

Cells were stained using propidium iodide (Guava Cell Cycle reagent, EMD Millipore)
following the manufacturer’s established protocol. The cell cycle assays were performed
three independent times with two technical replicates for each. A Guava Easycyte HT
instrument (EMD Millipore) was used to measure the changes in cell cycle.

Immunofluorescence

Sections (4 um) from formalin-fixed, paraffin-embedded (FFPE) MCTS were made for
immunofluorescence (IF) staining. After deparaffinization and rehydration, tissue sections
were treated using citrate buffer (pH 6.0) for antigen retrieval. Sections were blocked with
1% normal goat serum for 1 h then incubated with Ki67 rabbit mAB (1:1,000, Cell
Signaling Tech) overnight at 4 °C. Cells were washed with PBS and then incubated with
secondary antibody (goat anti-rabbit 1gG, DyLight 594, Thermo Scientific) for 1 h at room
temperature. The coverslips containing cells were mounted onto glass slides in
VECTASHIELD® mounting medium with DAPI (Mector Labs, Inc.). Pimonidazole staining
was performed following the manufacture’s protocol (Hypoxyprobe). Fluorescence digital
images were captured using a Nikon Eclipse 80/ microscope attached with a Nikon Q-
imaging camera adaptor. MetaMorph Image Analysis software (version 7.7.0.0) was used to
acquire and analyze images.

Immunohistochemistry

Immunohistochemical staining was performed using the IntelliPATH FLX Automated
Stainer at room temperature. Epitomics (Abcam) was used for Immunohistochemical
staining according to the following procedure. Four micron paraffin sections were mounted
on Superfrost (Fisher) slides and baked for 60 minutes at 60° C then deparaffinized. Epitope
retrieval was performed in Biocare Decloaking Chamber, under pressure for 5 min, using pH
6.0 Citrate buffer followed by a 10 minute cool down period. Endogenous peroxidase was
blocked with 3% H202 for 10 minutes followed by incubation with Ki-67 (M7240,
ThemoFisher) (1:200) primary antibody for 30 min., followed by Envision+Mouse, Dako
(Carpinteria, CA) for 30 minutes and DAB+ chromogen (Dako, Carpinteria, CA.) for 5
minutes. After washing, a light hematoxylin counterstain was performed, following which
the slides were dehydrated, cleared, and mounted using permanent mounting media. Images
were captured using a Nikon Eclipse 80/ microscope attached with a Nikon Q-imaging
camera adaptor and analysis was performed with HALO 2.0 next generation digital
pathology (Indica Labs).

Immunoblot analysis

All lysates were extracted using RIPA buffer supplemented with protease inhibitors (Roche
Molecular Biochemicals) and phosphatase inhibitors (Fisher Scientific). Protein
concentration was measured using the DC Protein Assay (Bio Rad) following manufacture’s
protocol. 30 ug of whole-cell extract was electrophoresed on a 4-20% precast gradient
polyacrylamide gel (Bio-Rad) and transferred onto nitrocellulose membranes using the
Trans-Blot Turbo (Bio-Rad). After blocking with 5% skim milk (Difco), membranes were
incubated overnight at 4 °C with primary antibodies, HIF1-a (1:1,000, Cell Signaling),
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JMJD1A (1:1,000 Cell Signaling), and PARP (1:500, Cell Signaling). HRP-conjugated
secondary antibody (1:10,000) was incubated at room temperature; development was carried
out using chemiluminescence substrate (Pierce). To measure mitochondrial complexes, the
OXPHOQOS array, the Total OXPHOS Rodent WB Antibody Cocktail (Abcam, Cambridge,
United Kingdom) was used following manufacture’s recommendations. Lysates were heated
for 5 minutes to 50 °C and run on the gel as described above. For transfer, a high pH (11)
CAPS transfer buffer was used for 2 hours at 100 mA onto a pvdf membrane. Antibody
treatment was performed as described above using a 1:500 dilution. Pixel densities of blot
images were calculated using Image-J software (NIH). Changes in protein levels were
normalized to loading controls and expressed as fold change relative to treatment controls.

RT-PCR and RNASeq analysis

RNA was isolated using Trizol and Phase Lock Gel Heavy tubes (5 Prime) followed by
RNeasy Mini Kits (Qiagen) following manufacture’s protocols. RNA quality (A260:A280
ratio > 1.8) and quantity was assessed using the Infinite 200Pro (Tecan). For TagMan gRT-
PCR, 1 ug of RNA of subjected to reverse transcription using SuperScript I11
(ThermoFisher) following manufacture’s protocol. For amplification, 10 uL of TagMan
Gene Expression Master Mix (2x) (Applied Biosystems) was combined with 2 pL of diluted
cDNA (1:2), 7 uL of sterile water, and 1 uL of TagMan primers (PROMI, NANOG,
POUSF1, SOX2, CD44, KLF4, ALDHIA, LOX, IMJD1A, VEGF, PPIA, BACTIN, and
GAPDH). Amplification was performed on the Bio-Rad CFX96 (BioRad). The fluorescence
threshold value was calculated using the CFX96 real-time system software Ver 2.1
(BioRad). The relative change in mRNA levels was measured by the delta-delta CT method
normalizing to the geometric mean of three housekeeping genes (PPIA, BACTIN, and
GAPDH).

For high-throughput PCR analyses, the Fluidigm BioMark™ HD system was used to run
96x96 dynamic arrays. Basal mRNA expression levels were measured in spheroids
following 72 h treatment with vehicle, 1 uM paclitaxel, 20 uM licofelone, or 1 uM paclitaxel
plus 20 uM licofelone. Total RNA was extracted as described above and three biological
replicates were pooled for analysis. 500 ng of mRNA were reverse transcribed and the
resulting cDNA was pre-amplified using a multiplexed specific target amplification protocol
with gene specific TagMan assays (Applied Biosystems). The Qiagen Glucose Metabolism
RT2 profiler PCR array was used to measure gene transcript expression. All subsequent
assays were performed following the manufacture’s recommended protocols. Absolute Ct
values were determined using amplification curves and equality of amplifiable mMRNA was
assessed by comparing geometric means of three internal reference controls.

For transcriptome sequencing (RNA-seq), RNA was isolated from 2D cultures at 80%
confluency, from 3D cultures at 7 days of spheroid growth from twelve ovarian cancer cell
lines (A1847, SKOV3, OVCAR3, OVCARS, C30, PEO1, OVCARS5, OVCAR10, OVCAR4,
UPN275, A2780, and CP70). RNA was prepared for paired end sequencing on a HiSeq 2500
using a stranded library prep kit (Illumina). Initial analyses were prepared using RSEM
expected gene counts. First, data were filtered to remove non/low-expressed genes. This
resulted in a total of ~14,000 genes examined for differential expression between the
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different 2D and 3D cultures. Next, normalization factors were calculated to scale the library
sizes followed by estimation of tag wise negative binomial dispersion values. The EdgeR
Bioconductor package was used to conduct a differential expression analysis, comparing
gene expression between 3D cultures and 2D cultures. To identify potential pathway
regulators, IPA Pathway Analysis (QIAGEN) was applied to the significantly overexpressed
genes in the 3D compared to 2D cultures (FDR < 0.05 and fold-change > 1.5), and the top 5
regulators based on p value were reported. Data were made publicly available through the
Sequence Read Archive by uploading fasq files for all cell lines sequenced in 2D and 3D
cultures (PRINA472611).

Drug screening

Four EOC cell lines (A1847, OVCAR3, OVCAR4, and OVCARS) were selected for drug
screening. 2D cultures were plated overnight before drug treatment, while spheroids were
grown for 4 days before the addition of drug. A custom 304 drug library was purchased from
the 10 mM, FDA-Approved Library at Selleckchem. Drugs were diluted into 1 mM stock
plates in DMSO and then twice diluted in media by the Hamilton Nimbus 96 with the final
dilution of 5 pl drugs into 95 pl cell media, for a final concentration of 10 uM drug. After 72
h of drug exposure, cell viability was measured using CellTiter-Glo incubated 1:1 to culture
media for 1 h at 37°C. Relative viability was established for the control (DMSO) treated
cells and directly compared to the 2D and 3D cultures for each drug treatment. Secondary
screening was performed at 25 pM following the same plating protocol across all 3D hits
and select hits from 2D culture and hits from 2D and 3D culture. For all dosage response
and function assays, licofelone powder was purchased from Santa Cruz Biotechnology and
glafenine hydrochloride powder was purchased from Sigma Aldrich Inc.

DNA mutation analysis

To determine if any specific gene mutation(s) correlated with response to drug treatments,
we used an /n silico approach to reanalyze cell line DNA sequencing data available from our
laboratory. Specifically, sequence variants found using the TruSeq Amplicon Cancer Panel
(IMlumina) (22) were classified as Tier 1, Tier 2, or Tier 3 using QIAGEN Clinical Insight
(QCI™). Tier 1 and 2 mutants were compared to the 1Csq for either licofelone or glafenine.
Mutational analysis was performed through the CLIA approved and CAP accredited Clinical
Molecular Oncology Laboratory (CMOL) at KUMC.

Drug combination assays

Drug combination studies were performed using the Combination Index (CI) method
described by Chou and Talalay (23). Spheroids from A1847 and OVCARS cell lines were
grown for 4 days before addition of either paclitaxel (1 uM or 250 nM) or licofelone (10 uM
or 20 uM) and then 3 days later serial dilutions of licofelone were added on top of the
paclitaxel treated cells or serial dilutions of paclitaxel were added on top of the licofelone
treated cells. Assays were performed as biological triplicate using triplicate wells within
each experiment. Cell viability was evaluated using CellTiter-Glo and the viability data were
then analyzed using CalcuSyn (version 2.1, BioSoft, UK) to calculate the CI at each molar
ratio evaluated. Drug combinations which yielded CI values less than 1 were considered to
be synergistic.
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Ovarian Cancer PDX Model

Statistics

RESULTS

Preclinical efficacy studies were performed using patient-derived xenograft (PDX) models
for EOC. De-identified fresh clinical samples were provided from the KU Cancer Center’s
Biospecimen Repository Core Facility (BRCF) along with detailed clinical outcomes and
phenotypes. Tissue specimens were obtained from individuals enrolled under the
repository’s IRB approved protocol (HSC #5929) and following U.S. Common Rule. Once
the patient provides written, informed consent in accordance with our IRB protocol, discard
tumor tissue is collected in the OR by BRCF staff and placed in McCoy’s media without
FBS. The sample is de-identified to the user and transported directly to the laboratory for
processing and implanting. For these /n vivo drug efficacy experiments, tumor from a
treatment naive patient diagnosed with a high grade serous ovarian cancer (Stage Ilic) was
provided. The tissue was minced into slurry and added to a syringe in a 1:1 volume with
McCoy’s media. Four to six-week-old NOD scid gamma (NSG) mice were anesthetized
using gaseous isoflurane and tumor slurry was injected intraperitoneally. Once the implanted
tumor grew in the recipient mice it developed bloody ascites that was collected, cleared of
red blood cells using a Ficol gradient and passaged into additional NSG mice. The second
generation PDX mice are evaluated weekly for overall health and body weight, once
abdominal distention was pronounced, ascites was collected for further studies.

For drug efficacy studies, 21 days after intraperitoneal inoculation with tumor cells from
ascites, the mice were randomized into four different treatment groups (n=7) of either i.p.
delivery of vehicle, paclitaxel (12 mg/kg), licofelone (50 mg/kg), or paclitaxel plus
licofelone. Mice were monitored for disease progression (development of ascites fluid) and
overall survival. Median survival was compared to each group and survival curves were
compared using the Mantel-Haenszel hazard ratio (HR).

All statistics (t-test and Two-way ANOVA) were performed using GraphPad Prism 6 (\er
6.02, GraphPad Software Inc).

MCTS Formation Induces Cellular Changes Associated with Drug Resistance in Solid

Tumors

A three dimensional cell culture of EOC cell lines was adapted from a previous study, using
the liquid overlay method on agarose coated 96-well plates (21). Tight spheroids were
formed after four days in six ovarian tumor-derived cell lines (Figure 1A, Supplemental
Figure 1), while three of the cell lines formed loose aggregates (green scale bar)
(Supplemental Figure 1). Compact spheroids, which remained adherent following pipetting,
were selected for phenotypic analysis.

Cell proliferation in MCTS was measured using immunofluorescence (IF) staining and cell
cycle analysis. Staining for the proliferation marker Ki-67 showed a gradient of positive
cells on the spheroid surface and Ki-67 negative cells in the spheroid center (Figure 1B).
However, near ubiquitous positive staining of Ki-67 was observed in 2D cultures (Figure
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1B). Cell cycle analysis showed an increased accumulation of cells in G1 phase (58% at day
4 and 53% at day 7) as compared to cells in 2D cultures (40%, 45%, and 34% at 24 h, 48 h
and 72 h, respectively) (Figure 1C). In the tightly formed MCTS, the smaller ones, e.g.,
formed using OVCAR3 and OVCARA4 cells, still showed a similar percentage of Ki-67
positive cells (27% and 37%, respectively) to that of the larger spheroids A1847 (41%) and
OVCARS (36%) indicating that changes in spheroid size is independent of the percent of
proliferative cells across the cell line panel (Supplemental Figure 2).

Cellular hypoxia was detected using pimonidazole staining in spheroid sections.
Pimonidazole staining was positive in the spheroid center at day 4 (Figure 1D). Using
Western blot analysis, HIF-1a is stabilized in A1847 spheroids at day 4 under atmospheric
oxygen levels and 2D cultures under hypoxic conditions, but not in 2D cultures under
normoxic conditions (Figure 1E). Gene expression analysis of hypoxia regulated genes
(IMJD1A, LOX, VEGF) using gRT-PCR was performed across four EOC cell lines (A1847,
OVCAR3, OVCAR4 and OVCARS) when grown under 2D and 3D culture conditions.
Significant increases (o< 0.05, n=3, t-test) of the hypoxia-related genes were observed in the
3D cultured cells relative to the 2D cultured cells (Figure 1F).

In addition, expression of stem cell genes associated with drug resistance in EOC
(ALDH1A, CD133, CD44) and traditional stem cell markers (MANOG, OCT4, SOX2) were
measured in tumor cells from both 2D and 3D cultures. The expression of ALHDIA,
NANOG, and OCT4 was significantly increased (p< 0.05, n=3, t-test) in 3D cultures
compared to 2D cultures across all four ovarian cancer cell lines (Figure 1G). The other
transcripts (CD133, CD44, and SOX2) were significantly increased (p< 0.05, n=3, t-test) in
A1847, OVCAR3, and OVCARA4 cell lines (Figure 1G). None of these transcripts were
significantly increased in 3D culture of immortalized, non-tumorigenic human ovarian
surface epithelial cell line, HIO107, indicating the drug induction of stem-like properties
may be specific to tumorigenic cells in 3D cultures (Supplemental Figure 3A-C).
Interestingly, the protein expression of JMID1A, a known hypoxia response element that
regulates stemness in cancer (24), is overexpressed in the spheroids compared to 2D cells
(Supplemental Figure 4). Taken together, these data suggest there is an increase in multiple
cellular mechanisms associated with clinical drug resistance in MCTS when compared to 2D
cultures in EOC cell lines.

Ovarian MCTS Paclitaxel Resistance is Associated with Increased Stemness

To measure paclitaxel response, cells grown in 2D were plated overnight before drug
addition, whereas ovarian cancer cell-derived spheroids were allowed to develop for four
days before drug treatment (Figure 2A). MCTS showed a robust decrease in paclitaxel
response compared to 2D cultures (Figure 2B). Consequently, Ki-67 staining revealed a
decrease in Ki-67 positive cells compared to control following paclitaxel treatment (41.09 %
Vs 23.72 %) (Figure 2C). Using qRT-PCR, we found multiple stem cell markers showed a
significant, robust increase in ovarian MCTS following 1 pM paclitaxel treatment (Figure
2D, *=p< 0.05, t-test). Interestingly, in 2D cultured cells, small molecule drugs, such as
dasatinib, nilotinib, ganestespib, with robust /in vitro activity, but limited clinical activity,
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also induced extensive expression of stem-like genes (red bars) over typical cancer-
associated genes (black bars) following drug treatment (Supplemental Figure 5A-C).

To test if phenotypic changes in MCTS are contributing to decreased paclitaxel sensitivity or
driven by reduced drug penetration, we formed MCTS, dissociated the spheroids, and
evaluated paclitaxel sensitivity of dissociated cells under 2D culture conditions (Figure 2E).
Cells derived from MCTS showed reduced paclitaxel response compared to parental 2D
cultures in both A1847 and OVCARS cells (Figure 2F, compare @ and A). Cells derived
from paclitaxel treated MCTS showed an even greater decrease in paclitaxel response when
evaluated under 2D culture conditions (Figure 2F, compare ¥ with @ and A). Furthermore,
the expression of stem cell markers remained high in the MCTS-derived cells even after
growth for 3 days under 2D conditions (Figure 2G). Interestingly, in cells derived from
paclitaxel treated spheroids, stem cell-associated gene expression was greater than in those
derived from vehicle treated spheroids (Figure 2G, compare red and blue lines), suggesting
that the 3D phenotype is stable. These data show using a MCTS model of EOC induces a
drug resistant phenotype which could be exploited for front-line drug screening.

Drug Repurposing Screening in MCTS Identifies Unappreciated Drug Candidates

To determine if phenotypic changes in MCTS lead to alter drugs response compared to 2D
cultures, we screened a targeted library of FDA-approved drugs to identify drug candidates
that can be repurposed in order to accelerate a path to the clinic. RNA sequencing was
performed between 2D and 3D cultures (BioProject ID: PRINA472611) to identify potential
regulatory pathways altered in MCTS and in turn to develop a focused library of
compounds. In cell lines grown under 3D conditions, 630 genes showed at least a 1.5-fold
over expression compared to 2D cultures, with a False Discovery Rate (FDR) of less than
0.05 (Figure 3A, blue points). Likewise, 96 genes showed at least a 1.5-fold over expression
with a FDR of less than 0.05 in 2D cultures when compared to 3D cultures (Figure 3A, red
points). Ingenuity Pathway Analysis (IPA) of the overexpressed genes in 3D cultures showed
the top upstream regulators were related to cellular hypoxia: H/F1A (p=1.34E-10), ERAS1
(p=4.55E-08), and cobalt chloride (p=1.22E-07) (Figure 3B). Interestingly, the two top drug
hits predicted to reverse 3D gene expression were a nonsteroidal anti-inflammatory drug
(NSAID), fluticasone (p=1.44E-09), and an anti-diabetic, rosiglitazone (p=4.55E-07). Other
proteins associated with drug resistance, such as the ABC transporters, were found at the
RNA level to also be overexpressed in spheroids compared to 2D cultures (Supplemental
Table 1). In total, the mMRNA transcripts for seven of the 72 known ABC transporters were
found to be elevated, four of which were significantly overexpressed in the spheroids
compared to 2D cells (logFC> 1.5-fold, FDR< 0.05). However, none of these encoded
proteins were identified as top regulators of the 3D culture phenotype using IPA pathways.
Based on the pathways identified from the RNA-seq analysis, a drug library (n=304)
including known cancer therapeutics, and agents that target inflammation and metabolic
disorders, was selected from Selleck Chemicals’ FDA-approved drug library.

For this screening, four EOC cell lines (A1847, OVCAR3, OVCAR4, and OVCARS) were
grown in 3D culture for four days or in 2D culture overnight before 10 uM drug was added
and incubated for 72 h (Figure 3C). Relative viability to DMSO controls was directly
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compared between 2D and 3D cultures using Cell-TiterGlo, which better measures spheroid
drug response than other viability methods (Supplemental Figure 6A-C). Drugs classified as
three different hits: i) preferential 2D hits (> 75% reduction in relative viability in 2D
cultures and < 50% reduction in relative viability in 3D cultures); ii) 2D and 3D hits (> 50%
reduction in relative viability for both 2D and 3D cultures); and iii) preferential 3D hits
(>75% reduction in relative viability in 3D cultures and < 50% reduction in relative viability
in 2D cultures). Overall, there were 78 drugs classified as hits, with 38 being enriched in 2D,
25in 2D and 3D, and 15 in 3D (Figure 3 D-E). Interestingly, the preferential 3D hits were
mostly comprised of drugs from the inflammatory (47%) and metabolic (26%) groups
compared to anticancer drugs (20%) (Table 1). We searched these drugs on PubMed for
previous studies in EOC (numerator) or all cancers (denominator) and found few positive
findings (Table 1). These results confirm many of these drugs have not been identified in
previous screens for cancer. Drug screening in HIO107 and HIO118 showed no 3D drug hits
(Supplemental Figure 7), indicating these compounds may target the more quiescent drug
resistance cells. Two drugs, licofelone and glafenine, were validated as 3D hits across at
least three EOC cell lines in a secondary screen at 25 uM (Supplemental Figure 8).
Interestingly the hits from each class, as defined during primary drug screening, tend to
retain the same activity in secondary screening if they showed enough activity to be
classified (Supplemental Figure 9A). Validation of select agents classified as 2D (afatinib)
hits or 2D and 3D (bortezomib) hits confirmed the activity across multiple cells lines in a
dose-dependent manor (Supplemental Figure 9B-C). These results identified licofelone and
glafenine as candidate anticancer drugs with enhanced activity against ovarian MCTS that
would not have been identified through traditional 2D drug screening.

Licofelone and Glafenine Reduce Stemness in Ovarian MCTS

In order to confirm the preferential activities of licofelone and glafenine in 3D culture
models, we performed secondary functional analyses. These assays focused on the ability of
licofelone and glafenine to reverse the drug resistant signatures induced by MCTS.

Licofelone, a dual COX/LOX inhibitor developed by Merckle and Ratiopharm (Teva
Pharmaceuticals, Germany) to treat osteoarthritis (25, 26), was evaluated using a dosage
response from 195 nM to 50 uM and showed preferential activity in 3D cultures compared to
2D cultures following 72 h treatments (Figure 4A). Specifically, the ICgq values for
licofelone were lower in 3D cultures than in 2D cultures across A1847 (21.6 uM vs 50+
M), OVCARS3 (13.5 pM vs 50+ pM), OVCAR4 (33.5 UM vs 50+ pM), and OVCARS (17.4
UM vs 44 uM) cell lines.

Glafenine, an NSAID derivative of anthranilic acid, was developed by Alecandria Co.
(Egypt) for the relief of all types of pain. Due to a high incidence of anaphylaxis and kidney
failure it has been withdrawn from the market in most countries (27-29). When evaluated
using a dosage response from 195 nM to 50 uM, glafenine also showed preferential activity
in 3D cultures compared to 2D cultures following 72 h treatments (Figure 4B). The 1Csg
values for glafenine were consistently lower in 3D cultures as compared to 2D cultures of
A1847 (24 uM vs 33 uM), OVCARS3 (18.0 UM vs 50+ uM), OVCAR4 (30.3 M vs 50+
M), and OVCARS (9.1 uM vs 50+ pM) cell lines.
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To test the effect of both drugs on stem-like gene expression, A1847 and OVCAR8 MCTS
were treated with licofelone or glafenine for 72 h at the calculated ICgg concentrations and
RNA was isolated for gRT-PCR. In A1847 spheroids, licofelone and glafenine significantly
reversed the expression of CD133, ALDH1A, and KLF4while the expression of NANOG,
OCT4, and SOX2were either not changed or actually increased (Figure 4C, * = p<0.05, t-
test). In OVCARS8 MCTS licofelone treatment significantly reversed the expression of
CD133, ALDHIA, KLF4, NANOG, and SOX2while glafenine significantly reversed the
expression of only ALDHI1A and NANOG (Figure 4C, * = p<0.05, t-test).
Immunofluorescence analysis of A1847 spheroid sections, following 72 h treatment with
ICsq concentrations of licofelone or glafenine, showed an increased number of Ki-67
positive cells (63.5% and 67.9%, respectively) when compared to vehicle treated MCTS
(41%) (Figure 4D).

Interestingly, we observed licofelone showed enhanced activity in 2D cultured cells, which
were derived following paclitaxel treatment of spheroids, as compared to the parental 2D
cultured cells (Supplemental Figure 10A-B). Furthermore, licofelone showed greater
efficacy in comparison to a COX-2 specific inhibitor, celecoxib, in A1847 spheroids
(Supplemental Figure 11), suggesting the dual inhibition of COX/LOX better inhibits
ovarian MCTS cell growth than COX-2 inhibition alone.

Finally, licofelone response was correlated to baseline ALDH1A expression across all four
cell lines in 2D and 3D cultures. Since licofelone response did not reach less than 50% cell
viability in most 2D cultures, the 1C5 was used across 2D (red dots) and 3D cultures (blue
dots). Licofelone IC75 showed a significant correlation to baseline ALDHI1A expression
levels (r2= 0.6094, p= 0.0222) (Figure 4E, top panel). However, in MCTS alone, the
correlation of ICsq and ALDH1A expression was much more robust (r2= 0.9500, p= 0.0253)
(Figure 4E, bottom panel). Mutational analysis of the various ovarian cancer cell lines found
no obvious correlation to either licofelone or glafenine activity. Specifically, Tier 1 or Tier 2
mutations found, when using the TruSeq Amplicon Cancer Panel (Illumina) and classified
using QIAGEN Clinical Insight (QCI™), did not find common gene alterations, albeit from
a small panel, associated with drug sensitivity to licofelone or glafenine (Supplemental Table
2).

Taken together these data demonstrate two different anti-inflammatory drugs, licofelone and
glafenine, reverse stem-like properties of ovarian cells grown as MCTS. Therefore, we
hypothesized that reversing stem-like properties of ovarian MCTS and inducing a more
proliferative phenotype could enhance the activity of paclitaxel by circumventing drug
resistance when combined with licofelone or glafenine.

Licofelone Synergistically Enhances Paclitaxel Activity and Blocks Stem-like Properties in
Ovarian MCTS

To test for synergistic activity with paclitaxel, licofelone was selected for further
development due to a more favorable clinical profile. MCTS from A1847 and OVCARS cell
lines were grown for four days and pretreated for 48 h with licofelone before treatment with
a serial dilution of paclitaxel for 72 h (Figure 5A). In both A1847 and OVCARS spheroids,
there was leftward shift in dosage response, a decrease in ICsg, and a decrease in the percent
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viability remaining at 3 UM paclitaxel (Figure 5B). To quantify the synergy between
licofelone and paclitaxel, combination index (ClI) values were calculated using the Chou-
Talalay method. Strong synergy was measured in both A1847 and OVCARS spheroids
(Supplemental Figure 12). Likewise, pretreatment with paclitaxel followed by treatment with
licofelone showed significant synergy in A1847 and OVCARS spheroids (Supplemental
Figure 13A-C).

Licofelone, in combination with paclitaxel, led to a significant reduction in the expression of
a number of stem-like transcripts in A1847 MCTS (ALDHI1A, CD133, NANOG, OCT4, and
SOX2) and OVCAR8 MCTS (ALDHIA, CD133 and KLF4) when compared to paclitaxel
alone (Figure 5C, n=3, *= p<0.05, t-test). The combination therapy of 1 uM paclitaxel and
20 UM licofelone in A1847 MCTS significantly increased the expression of cleaved poly
(ADP-ribose) polymerase (PARP) compared to total PARP (3-fold) compared to vehicle
treatment, as measured by Western blot. Single treatments compared to vehicle only showed
a trend towards increase in licofelone (1.3-fold) and paclitaxel (2.2-fold) (Supplemental
Figure 14, n=3, p<.05, t-test).

Given that we found that the spheroids formed in our studies were resistant to both paclitaxel
and carboplatin (Figure 2 and Supplemental Figure 15A), we also assessed whether
licofelone could enhance the activity of a platinum-based drug. Interestingly, the
combination of licofelone and carboplatin showed a minimal response in A1847 MCTS.
However, in OVCARS8-derived spheroids, the combination of 20 UM licofelone treatment
reduced the 1Csq of carboplatin by ~3.8 fold (24 uM vs 92 uM) (Supplemental Figure 15B).
With the existence of PARP inhibitors that already work in concert with DNA repair
deficiency and platinum induced DNA damage, we chose instead to focus the remaining
experiments on a drug that could more universally enhance taxol’s activity.

To test the stem-like function of MCTS cells that survived drug treatments, A1847 or
OVCARS8 MCTS were treated with drug (vehicle, 1 uM paclitaxel, 20 uM licofelone, or 1
UM paclitaxel plus 20 uM licofelone) for 72 h, washed repeatedly, disassociated, then re-
plated into 2D cultures, followed by colony forming assays (Figure 5D). For the A1847
cells, the size of individual colonies increased significantly in cells that survived paclitaxel
treatment alone when compared to vehicle treatments (Figure 5E, n=30, p<0.05, Two-way
ANOVA). Interestingly, the cells which survived the combination of licofelone and
paclitaxel showed significantly reduced colony forming ability (7.e., size) when compared to
paclitaxel treatment alone (Figure 5E, n=30, p<0.05, Two-way ANOVA). In comparison, and
somewhat unexpected, the ability to form colonies after treatment of spheroids followed by
dissociation and re-plating was completely lost in OVCARS cells that survived licofelone
treatment (Figure 5E). Alternatively, the size of colonies formed by OVCARS cells that
survived paclitaxel treatment was significantly increased when compared to vehicle
treatments (Figure 5E, n=30, p<0.05, Two-way ANOVA). The combination of licofelone
with paclitaxel significantly reduced subsequent colony size compared to paclitaxel alone
(Figure 5E, n=30, p<0.05, Two-way ANOVA). These data demonstrate that licofelone can
reverse the downstream stem-like function (as measured by colony diameter) that is induced
by paclitaxel treatment.
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Here we have found licofelone not only synergizes with paclitaxel, but it can reverse the
stem-like properties observed in ovarian cancer cells grown as MCTS. Therefore, licofelone
appears to be a promising agent for further preclinical development for combination therapy
with paclitaxel in EOC.

Licofelone Reduces Mitochondrial Metabolism, a Potential Mechanism to Regulate
Stemness in Ovarian Cancer Cells

Mitochondrial metabolism has been shown to be a critical regulator of cancer stemness (30).
To measure the potential effect of licofelone alone or in combination with paclitaxel, we
performed both a gene expression array of transcripts coding for enzymes within the citric
acid cycle (TCA) and an immunoblot array of oxidative phosphorylation (OXPHQOS)
mitochondrial complexes. From the gene expression array analysis, we observed that
paclitaxel induces expression (>1 log(ddCT)) of most of the TCA transcripts across both
A1847 and OVCARS spheroids (Supplemental Figure 16A). Analysis of the OVCARS
spheroids found that licofelone (20 uM) treatment results in reduced expression of several
TCA transcripts, including /DHZ2, IHDH3A, MDHZ2, PCKZ2, SDHD, and SUCLGZ2
(Supplemental Figure 16A). Recent studies have shown that inhibiting mitochondrial
complexes, and therefore inhibiting OXPHOS, could reverse stemness in cancer cells(30). In
our spheroids, treatment with 20 uM licofelone reduced the expression of multiple OXPHOS
complexes (1, I, and 1V) in OVCARS spheroids, while no noticeable effect was observed in
A1847 spheroids (Supplemental Figure 16B). These results suggest that licofelone could be
modulating the expression of stem-like markers through regulation of mitochondrial
metabolism and OXPHOS.

Licofelone Combination Increased the Efficacy of Paclitaxel in Ovarian Cancer PDX Mice

To support /n vivo analysis of licofelone, an ovarian cancer PDX ascites model was
generated from both subcutaneous (s.c.) and intraperitoneal (i.p.) passaging of ovarian tumor
in NOD scid gamma (NSG) mice. De-identified fresh tumor tissue was obtained following
informed consent from a treatment naive patient diagnosed with high grade serous (Stage
Ilic) ovarian cancer (see MATERIALS and METHODS section for specific details). The
ovarian tumor cells from this PDX model grew within the ascites fluid. Mice were injected
i.p. with tumor cells isolated from this primary PDX ascites model (passage 3). Twenty-one
days after inoculation the mice were sorted into four different treatment groups (n=7) for i.p.
delivery of vehicle, paclitaxel (12 mg/kg), licofelone (50 mg/kg), or paclitaxel plus
licofelone. Mice were monitored for disease progression (development of ascites fluid) and
overall survival (Figure 6A). Median survival was calculated for each group and survival
curves were compared using the Mantel-Haenszel hazard ratio (HR). In the EOC PDX
model, licofelone alone shows minimal difference in median survival (37 days) when
compared to vehicle (30 days) (Figure 6B, Supplemental Table 3). As expected, paclitaxel
has enhanced efficacy compared to vehicle alone (median survival 115 days, HR= 0.0452)
(Figure 6B, Supplemental Table 3). Importantly, in the combination group the median
survival (>141 days, some mice were tumor free past 200 days) was significantly improved
compared to vehicle alone (HR = 0.0373), licofelone alone (HR = 0.046), and to paclitaxel
alone (HR = 0. 172) (Figure 6B, Supplemental Table 3). Transcript expression analysis
revealed that paclitaxel treatment increased the expression of CD133and significantly
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increased the expression of ALDHIA (Figure 6C, p< 0.05, Two-way ANOVA). Likewise,
the combination of licofelone and paclitaxel significantly reversed the expression of
ALDHIA compared to paclitaxel alone (Figure 6C, p< 0.05, Two-way ANOVA).
Interestingly, the percent of Ki-67 positive cells in the recurrent tumor cells isolated from the
ascites was significantly reduced in the 1 uM paclitaxel group compared to vehicle
(Supplemental Figure 17A-B, p< .05, t-test). However, in the licofelone treated tumor cells,
the percent of Ki-67 positive cells was significantly increased compared to vehicle, while the
combination of paclitaxel and licofelone showed no statistical different compared to vehicle
(Supplemental Figure 17A-B, p< .05, t-test). These data confirm our previous observations
that paclitaxel reduces cell proliferation, while licofelone induces proliferation alone and
reverses the paclitaxel proliferative phenotype.

Taken together, these data support the notion that licofelone, a clinically repurposed drug
unappreciated by traditional drug screening, can enhance the activity of the front-line
chemotherapeutic agent, paclitaxel. The clinical development of licofelone for EOC could
provide benefits to primary and recurrent patients with EOC, although further studies using
additional models might be warranted. Outside recent activities around PARP inhibitors in
EOCs with homologous recombination (HR) deficiency, e.g., BRCA mutations, these
patients have not seen improvements in front-line therapy for almost three decades.

DISCUSSION

Limited clinical success of EOC drugs could be attributed to the fact that many drugs are not
targeting the stem-like cells that persist after chemotherapy (8). We showed some molecular
targeted agents with limited clinical efficacy produce a similar stem-like phenotype after
high dose treatment. In this study, we demonstrate that 3D /i vitro screening is superior to
traditional screening approaches for identifying new drug leads for the treatment of women
with chemotherapy refractory ovarian cancer. We extrapolate that this /n vitro screening
approach can be used to identify more robust drug leads for other solid tumors as well.

Studies have used MCTS to validate primary drug screens (31, 32). However, these
approaches rely on traditional drug screening methods in two-dimensional cultures to
identify the initial drug hits, focused primarily on cytotoxic activity. As our results show, the
activity of some drugs are preferentially revealed in 3D than in 2D and therefore, would not
have been identified using traditional screening approaches for cytotoxic drugs.

The use of three-dimensional cell culture in primary screening employed in this study can be
used to better mimic the clinical disease, including hypoxia and stem-like properties which
are driving mechanisms of drug resistance(14, 33, 34). Cellular hypoxia was not only
identified as the top regulator from the IPA data, it has also been shown to drive stemness
through epigenetic regulation in many different cancer models(35-38). Regulation of
hypoxia-related epigenetic modifiers has been shown to reduce spheroid forming function of
ovarian cancer cells (39). Likewise, IMDJ1A is overexpressed in MCTS compared to 2D
cells which in itself can regulate the expression of stem-like genes and influence
chemotherapy sensitivity in ovarian cancer cells (24). Taken together, the relationship
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between hypoxia and stemness could be a critical regulator of response to paclitaxel and is
mimicked in our ovarian MCTS models used for drug repurposing screens.

To exploit these differences for drug screening, we directly compared the activity of
clinically repurposed drugs across 2D and 3D cultures to identify novel candidates,
unappreciated by traditional screening in 2D cultures. The drugs classified as 2D and 3D hits
were predominantly from the current cancer therapeutic class that would have been
identified by traditional screening and validated in /7 vivo xenograft tumor models. Recent
studies have suggested that 3D models will be predictive of patient response(16, 40) while
our study focused on drugs with activity only in the 3D model would certainly have been
overlooked by a traditional screening approach. Most of these 3D hits came from metabolic
or anti-inflammatory drugs that had not been extensively studied in cancers. To date, the top
two 3D only hits, licofelone and glafenine, have not been evaluated in preclinical or clinical
studies for EOC. Our screening results explain why these have not been studied in EOC
previously.

Licofelone is a dual inhibitor of COX-2/5-LOX developed for the treatment of arthritis.
COX-2, or cyclooxygenase-2, is prostaglandin synthase that converts arachidonic acid to
PGH2. COX-2 is overexpressed in EOC patients and may play a role in tumor
progression(41, 42). Interestingly, COX-2 has been shown to induce stem cells in breast
cancer cell lines(43). 5-LOX, or 5-lipoxygenase, is associated with promoting hypoxia
response and inflammation in EOC (44, 45). While the use of licofelone in cancer therapy
has been limited, it has been shown to inhibit cigarette smoke-induced lung cancer (46) and
block pancreatic cancer induction with a marked decrease in stem cell markers (47). While
licofelone has not been evaluated clinically for cancer, including ovarian, celecoxib, a
COX-2 inhibitor, enhanced the efficacy of chemotherapy in a Phase Il trial (48). In our
MCTS model, licofelone showed greater activity than celecoxib and is known to have fewer
side effects (49). Furthermore, the enhanced cytotoxic activity of licofelone in cells
correlates with higher basal expression of ALHDIA. Interestingly, in OVCAR8 MCTS,
licofelone reduced the expression of cancer stem cell-related transcripts (ALDH1A and
CD133) and the canonical stem cell markers (OCT74, SOX2, and NANOG). This effect
corresponded to a complete loss in colony forming activity, whereas in A1847-derived
MCTS, licofelone reduced the expression of only the cancer-related stem transcripts. In this
study, we showed licofelone could reverse stem-cell like characteristics of ovarian MCTS
and enhance sensitivity to the front-line chemotherapeutic agent, paclitaxel.

Both licofelone and celecoxib are NSAIDs which might indicate a role of mitochondrial
regulation blocking stemness in our MCTS model (50). The use of NSAIDs, specifically
aspirin, has been retrospectively shown to lower the risk of EOC in a dose and frequency
dependent manner(51). Recent studies have shown that mitochondrial metabolism is both
favored and critical for cancer stem-like cells (30). Ovarian cancer stem cells favored
OXPHOS to glucose metabolism, shunted pyruvate to the Krebs cycle, and showed an
increase in ROS production (52). EOC spheroid stem cells have been reported to favor the
Krebs cycle to induce hypoxia resistant metabolism(53). Targeting mitochondrial function
by inhibiting complex 111 with atovaquone showed a reduction in OXPHOS and inhibited
breast cancer stem cells (54). Licofelone can induce mitochondrial apoptosis in colon cancer
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cells independent of arachidonic acid cascade activity(55). In our studies we showed that the
expression of TCA-related genes is upregulated in response the paclitaxel therapy, and
strongly downregulated in OVCARS-derived spheroids following licofelone treatment. The
level of expression of stem cell-related genes in OVCARS spheroids is much more sensitive
to licofelone than A1847 cells, suggesting a relationship between mitochondrial metabolism
and stemness in ovarian MCTS. Further studies will help provide insight into the regulation
of stem-like cell expansion or induction in EOC patient tumors.

Overall, this study highlights the importance of alternative drug screening models in order to
better mimic /n vitro the disease state of clinical EOC. Drugs with specific activity in
ovarian cancer MCTS show the ability to induce proliferation, reverse stemness, and in turn
show synergistic activity with front-line chemotherapy. These results suggest the possibility
to develop future clinical trials with companion diagnostics to evaluate licofelone in
combination with front-line chemotherapy in women with primary and recurrent ovarian
cancer.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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SIGNIFICANCE

This study highlights the use of an /n vitro spheroid 3D drug screening model to identify
new therapeutic approaches to reverse chemotherapy resistance in ovarian cancer.
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Figure 1. MCTS formation induces senescence, hypoxia and stemnessin ovarian cancer cells
(A) Light microscopy images of MCTS of EOC cell lines. (B) Immunofluorescence staining

of Ki-67 in 2D A1847 cells and in a cross-section of MCTS. (C) Cell cycle analysis reveals
an increase in G1 cell populations at both day 4 and day 7 in A1847-derived MCTS,
compared to 2D cells. (D) Piminidozole staining in A1847 and OVCARS cells indicates
areas of cellular hypoxia in spheroid cores at day 4. Cell nuclei were labeled with DAPI. (E)
HIF-1a protein is stabilized in A1847 2D cultures under hypoxia (0.5 % oxygen) and in
A1847 MCTS under atmospheric (normoxic) oxygen but not in A1847 2D cultures. (F)
Expression of hypoxia related transcripts were increased in ovarian MCTS compared to
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parental 2D cultures under normoxia after 7 days (n=3,* = p<0.05, t-test). (G) Several stem-
like genes were upregulated in in day 7 MCTS compared to parental 2D cultures (* =
p<0.05, t-test). All bar graphs are represented as mean +/- SD, n=3.
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Figure 2. Paclitaxel resistanceis associated with increased stem-like propertiesin ovarian cancer
MCTS

(A) Graphical representation of 2D and 3D culture growth for paclitaxel treatment. (B)
Ovarian MCTS showed a robust decrease in paclitaxel sensitivity compared to 2D cultures.
(C) Immunofluorescence detection of Ki-67, and DAPI, reveals a decrease in Ki-67
expression following paclitaxel treatment in MCTS. (D) Gene expression was increased
following 1 uM paclitaxel treatment in MCTS compared to 2D cultures measured using
gRT-PCR (n=3) (*= p< 0.05, t-test). (E) Graphic representation of spheroid disassociation
experiments. (F) Cells grown in 2D culture derived from vehicle (blue) or paclitaxel (red)
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pretreated spheroids have reduced paclitaxel response compared to standard 2D cultured
cells (green). (G) Transcript expression of stem-like genes is maintained in 2D cultures
derived from vehicle (blue) or paclitaxel (red) pretreated spheroids for three days. All data
are represented as mean +/- SD, n=3.
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Figure 3. Drug repurposing screen in ovarian cancer MCT S identifies unappreciated drug
candidates

(A) Analysis of RNA-seq data identified genes expressed 1.5-fold or greater in 3D cultures
(blue) versus 2D and genes 1.5-fold or greater in 2D cultures (red) versus 3D with a FDR
less than 0.05 (dashed line). (B) IPA shows the top five regulators inferred from the genes
identified to be over expressed in 3D cultures. (C) Representative time-line for drug
screening in 2D and 3D cultures. (D) Relative viability compared to vehicle (DMSQ)
compared in both 2D and 3D cultures following 72 h treatment using 10 uM drug. (E) Venn
diagram representing unique and common drug hits: 2D hits with >75% reduction viability
in 2D cultures and < 50% reduction in viability in 3D cultures; 2D and 3D hits with > 75%
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reduction in viability for both 2D and 3D cultures; and 3D hits with > 75% reduction in
viability in 3D cultures and < 50% reduction in viability in 2D cultures.
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Figure 4. Licofelone and glafenine decrease stemnessin ovarian cancer MCTS
(A-B) Dosage response to the top two 3D specific drug hits, licofelone and glafeline,

following 72 h treatments shows both drugs are more sensitive in ovarian MCTS than 2D
cultures. (C) Expression of stem-like transcripts following 72 h, 1Csy dosage treatment of
both drugs in MCTS was measured using qRT-PCR. (D) Immunofluorescence detection of
Ki-67 and DAPI reveals an increase in Ki-67 expression following treatment with licofelone
or glafeline at their respective I1Csq values in MCTS. (E) Correlation of baseline licofelone
expression in 2D and 3D to either the 1C5 of licofelone (top panel) or the ICsq of licofelone
(bottom panel). All data are represented as mean +/- SD, n=3.
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Figure5. Licofelone synergistically enhances paclitaxel activity in combination whilereversing
the stem-like characteristics of ovarian MCTS

(A) Representative time-line of drug combinations in A1847 and OVCARS spheroids. (B)
Dosage response to paclitaxel alone (black line) is lower than paclitaxel following 72 h
pretreatments with 10 pM licofelone (top) or 20 uM licofelone (bottom) (red lines).
Licofelone alone treatments of 10 uM or 20 uM are represented by the horizontal dashed
lines (mean) and grey boxes (SD). (C) Expression of cancer stem cell-related genes

following 72 h treatment of

vehicle (DMSO), 1 uM paclitaxel, or 1 uM paclitaxel and 20 uM

licofelone in A1847 or OVCARS spheroids. (D) Graphical representation of secondary
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colony forming assays from MCTS. (E) Colony size (um) was significantly increased in
cells derived from previously paclitaxel treated MCTS and was decreased from cells derived
from paclitaxel and licofelone treatments (n>10, *=p<0.05, two-way ANOVA). Colony
formation assays were carried out in the absence of drug treatment. All data are represented
as mean +/- SD, n=3.
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Figure 6. Licofelone significantly improves paclitaxel efficacy in an ovarian cancer PDX mouse
model

(A) Graphical representation of PDX development and treatment timeline. (B) Kaplan-
Meyer survival curve for each arm of therapy: vehicle (black, n=7), 12 mg/kg paclitaxel (red,
n=7), 50 mg/ kg licofelone (blue, n=7), and 12 mg/kg paclitaxel + 50 mg/kg licofelone
(green, n=8). Median survival was significantly higher in the combination group (~141days,
p< 0.05), compared to paclitaxel alone (115 days), licofelone alone (37 days), or vehicle (30
days). (C) Expression of stem-like genes (ALDH1A, CD133) is increased in paclitaxel PDX
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tumors at the time of sacrifice while licofelone treatment inhibits the induction (n=4, p<
0.05, Two-way ANOVA).
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Table 1
3D Hitsfrom Primary Screening

List of the fifteen 3D drug hits identified from the primary drug screen. The disease indication from most
drugs was from either inflammation or metabolic disease. The specific target or use for each specific drug as
listed from the Selleckchem database. PubMed search results for searching each drug with either “ovarian
cancer” (numerator) or “cancer” (denominator) indicates most 3D specific drugs have had limited studies in
ovarian cancer.

Drug Indication Target or Use Pub Med Hits
Pizotifen malate Inflammation Serotonin antagonist 0/0
Risedronic acid (Actonel) Metabolic Disease Osteoporosis drug 0/109
Hydroxyurea (Cytodrox) Cancer Free radical nitroxide 43/4234
Pioglitazone hydrochloride (Actos) | Metabolic Disease | Cytochrome P450 (CYP)2C8 and CYP3A4 3/529
Mecarbinate Metabolic Disease Antihypertension 0/0
Licofelone Inflammation COX/LOX 0/24
OSI-420 (Erlotinib) Cancer EGFR 82/5077
Geniposidie Inflammation Glucagon-like peptide-1 0/2
Phenformin HCI Metabolic Disease Anti-diabetic. Glycolysis 2/129
Cinepazide maleate Inflammation Calcium Channel blocker 0/0
Beclomethasone dipropionate Inflammation Glucocorticoid 0/60
Dexamethasone acetate Inflammation Glucocorticoid 302/14137
Allylthiourea Inflammation Ammonia oxidation 0/3
Bergapten Cancer DNA mutagen 0/76
Glafenine Inflammation NSAID 0/4
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