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Abstract

Background: GP-2250, a novel analog of taurultam (TRLT), has emerged as a
potent anti-neoplastic drug; however, the mechanisms underlying its effects are
not well understood. Here, we investigated the mechanism of action and the bio-
logical effects of GP-2250 using in vitro and in vivo models.

Methods: We carried out a series of in vitro (MTT assay, Annexin V/PI assay, col-
ony formation assay, reverse-phase protein array [RPPA], and HRLC/IC analysis)
to determine the biological activity of GP-2250 and investigate the mechanism of
action. In vivo experiments were carried out to determine the therapeutic efficacy
of GP-2250 alone and in combination with standard-of-care drugs (e.g., paclitaxel,
cisplatin, topotecan, and poly ADP-ribose polymerase [PARP] inhibitors).
Results: We investigated the cytotoxic effect of GP-2250 in 10 ovarian cancer cell
lines and found GP-2250 combined with a PARP inhibitor had the greatest syn-
ergy. RPPA revealed that GP-2250 inhibited hypoxia-inducible factor-1a, AKT,
and mammalian target of rapamycin (mTOR) activation and expression. High-
resolution mass spectrometry revealed that hexokinase2 activity and protein ex-
pression were significantly reduced by GP-2250 exposure. Furthermore, GP-2250
reduced glycolysis and ATP synthesis in cancer cells. An in vivo pharmacody-
namic experiment using the OVCARS8 mouse model demonstrated that 500 mg/
kg GP-2250 was effective in downregulating AKT and mTOR activation and ex-
pression. In the in vivo therapy experiment using an orthotopic mouse model, a
combination of GP-2250 with either PARP inhibitors or bevacizumab showed a
significant reduction of tumor weights and nodules compared to those treated
with a vehicle, control IgG groups, or monotherapy groups.

Conclusions: Taken together, our data indicate that GP-2250 exerts profound
effects on tumor metabolism and, in combination with PARP inhibitors or beva-
cizumab, showed promising anti-tumor efficacy. These findings could have im-
plications for the clinical development of GP-2250.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Ovarian cancer remains the leading cause of death among
all gynecological cancers.”* Almost 70% of ovarian can-
cer patients present with advanced disease at diagno-
sis, and most patients die of relapsed disease by 5years
after diagnosis. The best standard therapeutic regimen
for advanced ovarian cancer is cytoreductive surgery
and systemic chemotherapy. Maintenance therapy with
bevacizumab, an anti-vascular endothelial growth factor
(VEGF) antibody (AVA), or a poly (ADP-ribose) poly-
merase (PARP) inhibitor is increasingly used following
upfront therapy.® About half of ovarian cancer cases have
homologous recombination DNA repair defects in re-
sponse to double-strand breaks.* The role of PARP inhib-
itors in treating homologous recombination-deficiency
(HRD) ovarian cancer has been well studied. However,
the benefits for those with homologous recombination
proficient (HRP) ovarian cancer are limited.>° Thus, new
therapies are needed to improve the clinical outcomes of
patients with ovarian cancer. Taurolidine (TRD), a sub-
stance derived from the amino acid taurine, has been
clinically used to prevent catheter-related bloodstream
infections.” TRD has antiproliferative and antineoplastic
activity in vitro and in vivo against various cancer types,
such as glioblastoma,8 melanoma,’ mesothelioma,'® and
colon (:arcinoma,11 with minimal to no toxicity in pa-
tients with gastric carcinoma or glioblastoma.'>"* The fa-
vorable safety profile of TRD makes it a promising agent
for novel application in cancer treatment. However, TRD
use is limited owing to a short half-life. Researchers re-
cently developed the oxathiazinane derivative GP-2250
(1,4,5-oxathiazan-dioxide-4,4) (Figure 1). They demon-
strated that it has an increased metabolic half-life and
antineoplastic effects on pancreatic tumor cells as well
as patient-derived xenograft models of pancreatic adeno-
carcinoma.'*'> Therefore, we investigated the biological
effects of GP-2250 in combination with standard-of-care
drugs on ovarian cancer models. As described herein, we
evaluated the therapeutic effect of GP-2250 in combina-
tion with the PARP inhibitors olaparib, niraparib, and ru-
caparib and with bevacizumab in ovarian cancer models
in vivo and in vitro. Based on our results, we hypothe-
size that GP-2250 has antineoplastic effects on ovarian
cancer, especially in combination with a PARP inhibitor
or bevacizumab. Our findings provide evidence for the
clinical development and use of these combinations in
patients with ovarian cancer.
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FIGURE 1 Molecular structure of GP-2250 (1.4.5-oxathiazan-
dioxid-4.4), an oxathiazine derivative of taurultam with a molecular
weight of 137.5 g/mol. The chemical structure of GP-2250 presented
in Figure 1 has been reproduced from the study by Buchholz M

et al. [15]. In compliance with BMC Cancer guidelines, this figure
may be used without restriction, provided it is properly cited. There
is no requirement to obtain permission to use this figure.

2 | MATERIALS AND METHODS

2.1 | Celllines and culture conditions

The human ovarian cancer cell lines A2780, Caov3,
HeyAS8, HeyA8-MDR, Kuramochi, OVCAR3, OVCAR4,
OVCARS5, OVCARS, and SKOV3 were obtained from
the ATCC and University of Texas MD Anderson Cancer
Center Cytogenetics and Cell Authentication Core. All
cells were cultured in RPMI 1640 medium (HyClone)
supplemented with 10% fetal bovine serum (Sigma-
Aldrich) and 1% gentamycin at 37°C with 5% CO, and
ambient atmospheric O,. The cells were cultured with 1%
O, as indicated for a hypoxia experiment. All cell lines
were authenticated by the MD Anderson Cytogenetics
and Cell Authentication Core using short tandem repeat
fingerprinting. Also, they were tested for mycoplasma
contamination using polymerase chain reaction (PCR).
Cells were used within 20 passages after thawing for
in vitro experiments and 10 passages after thawing for
in vivo experiments.

2.2 | Reagents

GP-2250 powder (Geistlich Pharma) was set to physi-
ological pH after being dissolved in Lactated Ringer's
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solution (Avantor) and subsequently sterile-filtered.
The preparation was freshly performed and used
within 2 h.

2.3 | Cell viability assay

Cell viability assays were performed to evaluate the cyto-
toxic effects of GP-2250 and standard chemotherapy drugs
(paclitaxel, cisplatin, topotecan, and olaparib) alone and
in combination. Ovarian cancer cells were seeded in a
96-well plate at a density of 3000 cells per well in a 100 pL
total volume with quadruplicate replicates. After cells were
incubated for 24 h, the culture medium was removed and
replaced with a medium containing serial dilutions of GP-
2250 and chemotherapy drugs. The cells cultured with
cisplatin were incubated for 96h, and those cultured with
the other drugs were incubated for 72 or 96h. Cell viabil-
ity was determined using a CellTiter-Glo Luminescent Cell
Viability Assay (Promega) according to the manufacturer's
instructions. The viable cell luminescence was quanti-
fied using a Multilabel Plate Reader (Agilent, Cytation 5).
Dose-response curves were plotted using Prism software
(version 9.0.0; GraphPad Software). The CompuSyn soft-
ware program (http://www.combosyn.com/) was used to
examine drug-drug interactions in the results of fraction
affected-combination index (CI) plots. A CI of less than 1.0
indicated a synergistic effect, whereas a CI greater than 1.0
indicated an antagonistic one.'® All experiments were per-
formed in triplicate.

2.4 | Western blotting

Total protein cell lysates were extracted using a modified
RIPA buffer (1% Triton X-100, 25mmol/L Tris, pH7.4,
150mmol/L NaCl, 0.1% sodium dodecyl sulfate, 0.5% so-
dium deoxycholate) with protease and phosphatase inhibi-
tors (Roche). BCA Protein Assay Reagent (Thermo Fisher
Scientific) was then used to measure protein concentrations
in the lysates. Equal amounts of isolated proteins were sepa-
rated via electrophoresis on 4%-12% NuPAGE gels (Thermo
Fisher Scientific) and transferred to nitrocellulose mem-
branes. After blocking with a Tris-buffered saline solution
with 0.1% Tween 20 containing 5% nonfat milk, the mem-
branes were incubated with primary antibodies (1:1000)
at 4°C overnight. The membranes were then exposed to a
horseradish peroxidase-conjugated secondary antibody
(1:3000) and visualized using an enhanced chemilumines-
cence detection kit (Pierce Biotechnology). Anti-p-actin,
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), and
vinculin antibody (0.1 pg/mL; Sigma-Aldrich) were used as
a loading control.
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2.5 | Quantitative reverse
transcription-PCR analysis

Briefly, total RNA (1 pg/sample) was extracted from cells
using the RNeasy Mini Kit (QIAGEN), and the quantity
and quality of RNA were assessed using a NanoDrop
spectrophotometer (Thermo Fisher Scientific). cDNA was
synthesized using a Verso cDNA Synthesis Kit (Thermo
Fisher Scientific) and used as the template in a real-time
PCR assay with Power SYBR Green PCR Master Mix
Reagent (Thermo Fisher Scientific) and a 7500 Real-Time
PCR System (Thermo Fisher Scientific). All procedures
followed the protocols provided by the manufacturer.
The expression of the target hexokinase (HK) genes
(HK1 and HK2) was calculated using the AACt method
and normalized according to 18S rRNA expression as de-
scribed previously.!” Primers for hexokinases were made
by Sigma, with the following primer sequences: HK1 for-
ward primer, CTGCTGGTGAAAATCCGTAGTGG; HK1
reverse primer, GTCAAGAAGTCAGAGATGCAGG; HK2
forward primer, GAGTTTGACCTGGATGTGGTTGC;
HK?2 reverse primer, CCTCCATGTAGCAGGCATTGCT;
18S forward primer, CGCCGCTAGAGGTGAAATTC; 18S
reverse primer, TTGGCAAATGCTTTCGCTC.

2.6 | Colony formation assay

In the colony formation assay, 2 x 10° cells pretreated with
GP-2250 were seeded into 35mm culture dishes and fur-
ther cultured for 7days. Then, cells were washed using
PBS and stained using a CellMAX clonogenic assay kit
(BioPioneer) according to the manufacturer's instructions.

2.7 | RNA interference

Small interfering RNAs (siRNAs) targeting HK1 and HK2
were purchased from Sigma-Aldrich (sequences are listed
in Table S1). Using a Basic Local Assignment Search Tool
search, a siRNA with a nonspecific function that did not
share sequence homology with any known mRNA was
used as a control. Briefly, cancer cells at 50%-60% conflu-
ence were transfected with siRNA at a final concentration
of 100nmol/L. Reverse transcription-PCR and Western
blot analysis confirmed knockdown of the HK1 and HK2
proteins after transfection for 48 and 72 h, respectively.

2.8 | AKT kinase assay

Equal amounts of protein lysates isolated from ovar-
ian tumor samples were used for an AKT kinase assay,

85UB917 SUOWILIOD SATES1D) 8|edl|dde aU Aq psuRA0B 8.2 S9D1LE VO ‘88N JO S9INI 10} ATRIG1T BUIIUQ A8|IA LD (SUONIPUCD-PUE-SLLIBI WD A 1M Aleq Ul |uo//SdNL) SUONIPUOD Pue SWid | 8y} 89S * [7202/80/80] UO AfqITaUIIUO AS|IM *BIUBD JedueD UesIpuY PN Sexe L JO A1seAlun A TE00L vLUed/Z00T 0T/I0p/Wod" A3 (1M Aleld 1 Bui|uo//Sdny woly pepeojumoqd ‘ST ‘v202 '¥E9./Sh0Z.


http://www.combosyn.com/

KIM ET AL.

40f 16 ..
—I—WI LEY_Cancer Medicine _

and the protein concentration was quantified using the
Bradford method. The AKT activity in the lysates was an-
alyzed using an AKT kinase assay kit (Abcam; ab139436)
according to the manufacturer's instructions.

2.9 | HK activity assay

HK activity was determined using a hexokinase activity
assay kit (Abcam; ab136957) following the manufacturer’s
instructions. Cells were incubated for 12h in a glucose-
free medium (RPMI; Sigma-Aldrich) prior to the HK ac-
tivity assay.

2.10 | Reactive oxygen species assay

A total of 5x10° ovarian cancer cells were plated onto
35mm tissue culture dishes and incubated overnight
following treatment with a vehicle or GP-2250 for 24h.
Reactive oxygen species (ROS) and peroxide levels
were measured using a cell-based fluorogenic assay Kkit.
(Abcam; ab139476).

211 | ATP assay

A total of 2.5%x10° ovarian cancer cells were incubated
overnight onto 100mm tissue culture dishes. The cells
were treated with vehicle or indicated concentration of
GP-2250 for 12h. Total ATP levels in the cells were then
measured using a luminescent ATP detection assay kit
(ab113849).

212 | Glycolysis assay

Extracellular lactate was measured using an L-lactate
assay kit (Abcam, ab169557) according to the manufac-
turer's instructions. Ovarian cancer cells were treated as
described above. Treated cancer cells were collected and
then homogenized with 110 pL of cold lactate assay buffer
on ice and centrifuged at 14,000g for 5min. The superna-
tant was used for the lactate measurement.

2.13 | VEGFELISA

A total of 2x10° ovarian cancer cells were plated into
100mm tissue culture dishes and incubated overnight
at 1% (hypoxic condition) or 20% (normoxic condition).
Then, cells were treated with vehicle or GP-2250 and
further incubated for 24h in either hypoxic or normoxic

conditions for the indicated time. The cell culture super-
natants were collected and assayed for the secreted level
of VEGF according to the manufacturer's instructions.

2.14 | Immunohistochemical staining
Formalin-fixed, paraffin-embedded ovarian tumor sec-
tions were stained for AKT, phospho-AKT, mamma-
lian target of rapamycin (mTOR), and phospho-mTOR.
Paraffin slides were prepared via deparaffinization and
antigen retrieval following endogenous peroxidase
blocking with 3% hydrogen peroxide and a protein block
with 4% fish gelatin. Then, slides were incubated with a
primary antibody (1:100 dilution) in 5% goat serum in
phosphate-buffered saline containing 0.1% Tween-20
(PBS-T) overnight at 4°C. After incubation with the pri-
mary antibodies, the slides were washed with PBS-T and
further incubated with either a peroxidase-conjugated
goat anti-rabbit or anti-mouse secondary antibody for
1h at room temperature. Peroxidase was visualized by
incubating with 3,3’-diaminodbenzidine to monitor for
the appropriate staining density. Coverslips were placed
on the slides and affixed using a Permount mounting
medium (Thermo Fisher Scientific). The images were
acquired using a Leica DM4000 Microscope (Wetzlar,
Germany), and five mid-power (20x) microscopic fields
per slides were examined using IHC toolbox in the
Imagel] software program.

2.15 |
(RRPA)

Reverse-phase protein array

RPPA was performed by harvesting cancer cells treated
with vehicle control or GP-2250 for 24h and prepar-
ing cell lysates using RIPA buffer (1% Triton X-100,
25mmol/L Tris, pH 7.4, 150 mmol/L NaCl, 0.1% SDS, 0.5%
sodium deoxycholate) containing freshly added protease
and phosphatase inhibitors. Protein concentrations were
quantified using a BCA Assay Kit (Pierce Biotechnology)
and adjusted to 1.5pg/mL. The RPPA analysis was per-
formed by MD Anderson Cancer Center's Functional
Proteomics RPPA Core Facility as described previously.'®

2.16 | High-resolution liquid
chromatography/ion chromatography
analysis

Cell extracts were prepared and analyzed via ultrahigh-
resolution mass spectrometry to determine the relative
abundance of polar metabolites in samples. About 80%
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of confluent ovarian cancer cells were seeded in 10-cm
dishesin triplicate. Metabolites were extracted using 1 mL
of ice-cold 80/20 (v/v) methanol/water. Extracts were
centrifuged at 17,000g for 5min at 4°C, and supernatants
were transferred to clean tubes, which was followed by
evaporation of the extracts to dryness under nitrogen.
Dried extracts were reconstituted in deionized water, and
5pL of the extract was injected for ion chromatography-
mass spectrometric analysis. The ion chromatography
mobile phase A (weak) was water, and the mobile phase
B (MPB; strong) was water containing 100mM KOH.
A Dionex ICS-5000" system including a Dionex IonPac
AS11 column (4-pm particle size, 250X 2mm; Thermo
Fisher Scientific) with the column compartment kept at
30°C. The autosampler tray was chilled to 4°C. The mo-
bile phase flow rate was 360 pL/min, and the gradient elu-
tion program was as follows: 0-5min, 1% MPB; 5-25 min,
1%-35% MPB; 25-39 min, 35%-99% MPB; 39-49 min, 99%
MPB; 49-50min, 99%-100% MPB. The total run time was
50 min. For enhanced sensitivity, methanol was delivered
using an external pump and combined with the eluent
using a low-dead volume mixing tee. Data were acquired
using an Orbitrap Fusion. Tribrid Mass Spectrometer
(Thermo Fisher Scientific) in electrospray ionization-
negative ionization mode. For hydrophilic interaction
liquid chromatography (LC.) analysis, the same samples
were diluted in 90/10 acetonitrile/water containing 1%
formic acid, and 15pL following injection for LC-mass
spectrometric analysis. The LC mobile phase A (weak)
was acetonitrile containing 1% formic acid, and the
LC MPB (strong) was water containing 50mM ammo-
nium formate. A Vanquish LC system (Thermo Fisher
Scientific) with an Intrada amino acid column (3-pm
particle size, 150.0 X 2.1 mm; Imtakt) and a column com-
partment kept at 30°C. The autosampler tray was chilled
to 4°C. The mobile phase flow rate was 300 pL/min, and
the gradient elution program was as follows: 0-5min,
15% MPB; 5-20 min, 15%-30% MPB; 20-30 min, 30%-95%
MPB; 30-40min, 95% MPB; 40-41 min, 95%-15% MPB;
41-50min, 15% MPB. The total run time was 50 min. Data
were acquired using the Orbitrap Fusion Tribrid Mass
Spectrometer in electrospray ionization—positive ioniza-
tion mode at a resolution of 240,000. Raw data files were
imported to the TraceFinder software program (Thermo
Fisher Scientific) for final analysis. The relative abun-
dance of each metabolite was normalized according to
the DNA concentrations.

2.17 | Invivo models of ovarian cancer

All animal protocols were approved by MD Anderson
Institutional Animal Care and Use Committee. Eight- to
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12-week-old female nu/nu mice (n=10) were obtained
from Taconic Biosciences. Five mice were housed per
cage under pathogen-free conditions at a constant tem-
perature and humidity. All mice were fed a regular diet
and water ad libitum according to American Association
for Laboratory Animal Science guidelines and the US
Public Health Service Policy on Humane Care and Use
of Laboratory Animals. The mice were euthanized via
carbon dioxide asphyxiation followed by cervical dis-
location once the mice were moribund. To establish
xenograft models of ovarian cancer, luciferase-labeled
OVCARS ovarian cancer cells were cultured to 70%-90%
confluence and then trypsinized, washed twice with
phosphate-buffered saline, and resuspended in ice-cold
Hank's balanced salt solution (CellGro Technologies,
21-021-CV). The mice were then inoculated with 1x10°
luciferase labeled OVCARS cells via intraperitoneal (IP)
injection into the right side of the abdomen. Tumor es-
tablishment was subsequently confirmed after injection
of 200 pL of 14.3 mg/mL luciferin (GoldBio; #LUCK-1G)
using a Xenogen IVIS imaging system (Xenogen). For
the pharmacodynamic (PD) study, treatment was ini-
tiated 21 days after cancer cell injection once imaging
demonstrated tumor establishment. Next, the mice
were given treatment twice (24-h intervals) with one
of three dose levels of GP-2250 (250, 500, or 1000 mg/
kg) via IP injection. Then, the mice were euthanized at
6h, 1day, and 2days after treatment. For the therapeu-
tic experiments (n=10), after confirming tumor uptake
at 18 days after cell injection, mice were randomly as-
signed to the following treatment groups: (1) vehicle
control, (2) GP-2250 (500 mg/kg, IP, 3 days a week), (3)
PARP inhibitor: olaparib, niraparib, rucaparib, (50 mg/
kg, orally, 5days a week), (4) combination of the GP-
2250 and PARP inhibitor, (5) IgG control (BioX Cell, at
6.25mg/kg, IP, twice a week), (6) bevacizumab (anti-
human VEGF antibody, at 6.25 mg/kg, IP, twice a week)
and (7) combination of GP-2250 and bevacizumab.
PARP inhibitors were reconstituted in 10% dimethyl
sulfoxide and 10% 2-hydroxypropyl-p-cyclodextrin
(Sigma). Treatment continued for 4 weeks. If any group
of mice became moribund, then all of the mice were
to be euthanized. None of them were euthanized due
to tumor burden. Mouse body weights, tumor weights,
and nodule numbers were recorded. Tumor samples
obtained from the mice were formalin-fixed and snap-
frozen for further analysis.

2.18 | Statistical analysis

All quantitative data were analyzed and compared using
Prism software (version 9.0). The Student ¢-test was used
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FIGURE 2 The cytotoxic effects of GP-2250 on ovarian cancer
cells. (A) Cell viability at 72h after treatment with GP-2250. The
dose-response curves for cell viability are representative of three
independent experiments. (B) ICs,s of GP-2250. Each ICs, was
calculated using Prism software (version 9.0). The error bars in the
top graph indicate mean (+ SD) values and are representative of
three biological experiments.

to analyze statistical differences between groups, and p
values less than 0.05 were considered significant. All sta-
tistical tests were two-sided unless otherwise noted.

3 | RESULTS

3.1 | Cytotoxic effect of GP-2250 on
ovarian cancer cells

We first evaluated the biological effect of GP-2250 (Figure 1)
on the panel of 10 ovarian cancer cell lines using cell viabil-
ity assay. The half-maximal inhibitory concentration (ICs)
of GP-2250 in ovarian cancer cells ranged from 3.8+0.2
to 289.8 + 5.4 pumol/L after 72h of treatment. As shown in
Figure 2, Kuramochi, OVCAR4, and OVCARS cells were
more sensitive to GP-2250 (<100 pumol/L ICs,) than were
A2780, Caov3, OVCAR3, OVCARS5, HeyA8, HeyA8-MDR,
and SKOV3 cells (>200 pmol/L ICs;). We confirmed that
GP-2250 reduced the proliferation and increased the apop-
tosis of ovarian cancer cells (Figure S1). Also, we found that
HRD positive ovarian cancer cells (Kuramochi, OVCAR4,

and OVCARS) were more vulnerable to GP-2250 than
HRP ovarian cancer cells (A2780 and OVCARS5). Thus, we
chose Kuramochi, OVCAR4, and OVCARS cells for fur-
ther studies. A previous study revealed that GP-2250 alone
had dose-dependent cytotoxic effects and synergized with
gemcitabine in pancreatic adenocarcinoma models.”>*° To
determine the biological effects of GP-2250 in combination
with standard chemotherapy drugs on ovarian cancer cells,
we tested GP-2250 combined with paclitaxel, cisplatin, to-
potecan, or olaparib. We first assessed the cytotoxicity of
these drugs individually and in combination with GP-2250.
Among all combinations, olaparib showed the most potent
synergistic effect with GP-2250 in OVCAR4 cancer cells,
and GP-2250 combination with paclitaxel or topotecan
showed less synergistic effect than GP-2250 and olaparib
combination. (Figure 3A). Notably, we found a synergistic
effect of GP-2250 with olaparib in both HRD-positive and
HRD-negative ovarian cancer cells (Figure 3B). GP-2250
combined with the other two PARP inhibitors (niraparib
and rucaparib) had similar synergy. It clearly showed that
GP-2250 enhanced the PARP inhibitor activity. However,
among the PARP inhibitors alone, rucaparib has less effect
than olaparib and niraparib (Figure S2). In addition, we
observed a marked reduction in the number of OVCAR4
and OVCARS colonies that formed following treatment
with GP-2250, PARP inhibitors, and in combinations
(Figure 3C).

3.2 | GP-2250 decreases the AKT/mTOR
signaling pathway in ovarian cancer cells

Next, we performed RPPA analysis to identify the down-
stream pathways that are impacted by GP-2250 treat-
ment. We treated OVCAR4 and OVCARS cells with a
vehicle (control) or GP-2250 for 6 and 24h and then sub-
jected cell lysates to RPPA analysis. Ingenuity Pathway
Analysis identified that GP-2250 inhibited AKT and
mTOR kinase activation and expression (data not shown).
Western blot analysis confirmed decreased phospho-AKT,
AKT, phospho-mTOR, and mTOR levels in these cells
(Figure 4A). In addition, RPPA results revealed that GP-
2250 decreased hypoxia-inducible factor (HIF)-1a expres-
sion level. As shown in Figure 4B, HIF-1a expression level
was increased 6h after exposure to hypoxic conditions
(1% oxygen), reaching a maximum level in 12h. However,
HIF-1a expression level did not increase under hypoxic
conditions after pretreatment with GP-2250 for 2h. Given
the role of HIF-1a in VEGF regulation,20 we further exam-
ined the effects of GP-2250 on VEGF secretion. Hypoxia in-
creased VEGF secretion 2.4-fold over that under normoxic
conditions. However, treatment with GP-2250 significantly
abrogated VEGF secretion.
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FIGURE 3 Effects of GP-2250 and standard-of-care chemotherapy drugs on ovarian cancer cells. (A) Cell viability assay. OVCAR4

cells were treated with GP-2250 and the chemotherapy drugs paclitaxel, cisplatin, topotecan, or olaparib alone and in combinations at

the indicated concentrations for 72-96 h. (B) HRD (OVCAR4 and OVCAS8) and HRP (A2780 and OVCARS5) ovarian cancer cells were
treated with GP-2250 and the PARP inhibitor, olaparib, alone and in combinations at the indicated concentrations for 72h. CI values were
calculated using CompuSyn software. CI less than 1.0 indicated a synergistic effect, whereas a CI greater than 1.0 indicated antagonism. (C)
Colony formation assay. OVACR4 and OVCARS ovarian cancer cells (2x 10° cells per plate) were treated with GP-2250 and PARP inhibitors
alone or in combination and then further cultured for 7 days. The colony was stained using CellMAX clonogenic assay kit. Representative

images from three independent experiments are shown. The error bars indicate mean (+ SD) values and are representative of three
biological experiments. *p <0.05; **p <0.01; ***p <0.001 (Student t-test).
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FIGURE 4 GP-2250 inhibits mTOR, AKT, and HIF-1a expression.

(A) Ovarian cancer cells were treated with GP-2250 for 24 h, and cell
lysates were analyzed using Western blotting. (B) OVCARS cells were
pretreated with a vehicle or GP-2250 for 6h and incubated in a hypoxia
incubator (1% oxygen) for the indicated times. HIF-1a expression in the
cells was measured using Western blotting (top). An enzyme-linked
immunosorbent assay was used to determine VEGF secretion levels

in the cells (bottom). The error bars indicate mean (+ SD) values and
are representative of three biological experiments. ns, not significant,
*p<0.05; **p<0.01 (vs. control; Student t-test).

3.3 | GP-2250 decreases cell glycolysis
through the inhibition of HK activity

Next, we investigated the metabolic changes in cancer
cells treated with GP-2250 using ultrahigh-resolution
mass spectrometry. We treated ovarian cancer cells with
GP-2250 for 8, 24, and 48 h and then prepared metabo-
lite extracts as described in Section 2. We analyzed the
data using TraceFinder software and normalized the
DNA concentrations according to each metabolite's
relative abundance. Metabolomic analysis revealed
a reduction in the level of glucose-6-phosphate and
fructose-6-phosphate, which are upstream metabolites
of glycolysis. We also observed that treatment with
GP-2250 reduced pyruvate and ATP production and in-
creased cellular ROS levels in a dose-dependent manner
in ovarian cancer cells (Figure $3)."> An important hall-
mark of many cancers is the need to metabolize glucose
at an elevated rate. HK plays a critical role in glucose
metabolism to produce glucose-6-phosphate, the first in-
termediate of glycolysis and the pentose phosphate path-
way, and plays a central role in energy metabolism.***
To determine whether treatment with GP-2250 affects
upstream metabolites of glycolysis, we examined HK1
and HK2 mRNA and protein expression and activity lev-
els in ovarian cancer cell lines (Figure 5A-C). We found
various expressions of HK1 and HK2 mRNA and protein
levels in ovarian cancer cells. Interestingly, we found
that high expression of HK2 but not HK1 correlated with
GP-2250 sensitivity. SKOV3 was not vulnerable to GP-
2250 even though it showed a high level of HK2. Next,
we examined the effects of GP-2250 on HK2 activity and
expression. We treated OVCAR4 and OVCARS cells with
a vehicle or GP-2250 for 12h and then determined HK
activity and protein expression in cell lysates. HK activ-
ity was significantly decreased by GP-2250 exposure in
both OVCAR4 and OVCARS cells. Western blot analysis
demonstrated that HK2 protein expression was reduced
following treatment with GP-2250; however, HK1 expres-
sion was not affected (Figure 5D). We confirmed these
results by employing transient transfection of siRNA tar-
geting HK1 and HK2. As shown in Figure 5E, we found
a significant reduction of HK activity and cell viability
induced by treatment with GP-2250 alone or along with
siRNA targeting HK2 rather than HK1. In addition, we
found a more robust decrease in HK activity and cell
viability when we combined the HK2 siRNA with GP-
2250 than when we combined HK1 siRNA with GP-2250.
These results indicated that the inhibition of expression
and activity of HK2 by GP-2250 decreases cell glycoly-
sis and increases ROS level (Figure S3); as a result, GP-
2250 increases anti-neoplastic effects on cancer cells.
siRNA sequences targeting HK1 and HK2 were validated
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FIGURE 5 GP-2250 decreases glycolysis via inhibition of HK2 activation and expression. HK1 and HK2 mRNA (A) and protein (B)
expression levels in ovarian cancer cells were determined. (C) The indicated ovarian cancer cell lysates were prepared, and the HK activity in
them was measured according to NADH level. (D) Ovarian cancer cells were pretreated with GP-2250 for 6h and then cultured for 24h. The HK
activity and protein expression levels in the cells were then determined. (E) OVCARS cells were transiently transfected with siRNA targeting
HK1 or HK2 following treatment with or without GP-2250 and then further cultured for 24 h (Hexokinase activity) or 72h (Cell viability). The
error bars indicate mean (+ SD) values and are representative of three biological experiments. **p <0.01, ***p <0.001 (vs. control; Student ¢-test).
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by downregulating their protein expression level using
Western blot analysis (Figure S4).

3.4 | GP-2250is highly effective in
combination with PARP inhibitor and
bevacizumab-based therapy

To determine the effective dose and interval of GP-2250
treatment, we performed an in vivo PD study with an
orthotopic luciferase-labeled OVCAR8 mouse model
of ovarian cancer. In this study, we randomized mice
after confirmation of tumor establishment via biolumi-
nescent imaging on Day 14 and gave three dose levels of
GP-2250 (250, 500, and 1000 mg/kg) two times on Days
21 and 22 with 24-h intervals. We then euthanized the
mice 6, 24, and 48h after treatment (Figure 6A). As ex-
pected, the mouse body and tumor weights did not differ
in each group (Figure S6). We assessed the PD response
using AKT kinase assay, Western blot analysis, and im-
munohistochemical analysis with anti-phospho-AKT,
anti-AKT, anti-mTOR, and anti-phospho-mTOR anti-
bodies; we selected these markers based on the RPPA re-
sults. As shown in Figure 6B, among the mice given 500
or 1000 mg/kg GP-2250, the phosphorylation and expres-
sion of mTOR decreased after 24 h of treatment. AKTI,
AKT2, and mTOR protein levels were also decreased at
24 h of treatment with 500 or 1000mg/kg GP-2250. The
decreased total and phosphorylation level of these pro-
teins was sustained until 48 h of treatment; however, the
phosphorylation and expression of AKT3 did not change.
We also performed immunohistochemical staining of
ovarian tumors for AKT and mTOR of mouse tumor sam-
ples (Figure 6C). To further assess the effect of GP-2250,
we measured AKT kinase activity in tumor samples.
We found that 500 and 1000mg/kg GP-2250 treatment
was the most effective treatment for AKT inhibition
(Figure 6D). Based on these results, we administered a
500 mg/kg GP-2250, twice weekly in subsequent therapy
experiments.

3.5 | Combination of GP-2250 with PARP
inhibitors

To evaluate the therapeutic efficacy of GP-2250 alone
and in combination with PARP inhibitors, we used the
OVCARS orthotopic ovarian cancer model. We rand-
omized female tumor-bearing nude mice into eight treat-
ment groups (10 mice/group): vehicle (control), 500 mg/kg
GP-2250, 50 mg/kg olaparib, 50 mg/kg niraparib, 50 mg/
kg rucaparib, GP-2250 combined with olaparib, GP-2250
combined with niraparib, and GP-2250 combined with

rucaparib. We started treatment 2weeks after tumor cell
injection (Figure 7A). The mice were treated with intra-
peritoneal administration of GP-2250 twice a week and
oral administration of PARP inhibitors daily as described
previously.”® At the end of the experiment, on Day 49, the
mouse body weights in all groups did not differ markedly
(Figure 7B). As shown in Figure 7C and D, the mean (+
SD) tumor weightsin the GP-2250(0.25 +£0.12 g; p < 0.001),
olaparib (0.53+0.29g; p<0.05), niraparib (0.38+0.17g;
p<0.001), and rucaparib (0.52+0.27g; p<0.05) groups
were significantly lower than that in the control group
(0.95+0.33g). In combination treatment, we observed
a significant reduction in tumor weight in the GP-2250
combination with olaparib (0.16+0.15g; p<0.05) and
niraparib (0.13+0.18g; p<0.05) groups compared to
those of PARP inhibitor monotherapy group; olaparib
(0.53+0.29g) and niraparib (3.09+0.17g). However,
the combination of GP-2250 and rucaparib (0.29+0.17g;
p <0.05) did not show significant tumor reduction com-
pared to those of rucaparib monotherapy treatment
group (0.53+0.27g). Also, tumor nodule number was
significantly lower in the GP-2250 (2.90+1.52; p < 0.001),
olaparib (3.30+1.93; p<0.001), niraparib (3.40+0.44;
p<0.001), and rucaparib (4.80+2.11; p<0.01) groups
than in the control group (8.40 +2.06). The relative reduc-
tions in tumor nodule number in monotherapy groups
were 65.4% in the GP-2250 group, 60.7% in the olaparib
group, 59.5% in the niraparib group, and 42.8% in the
rucaparib group, respectively. A significant reduction
of tumor nodule number was observed in the GP-2250
combination with olaparib compared to those of olapa-
rib monotherapy group. These results demonstrated that
mice given GP-2250 combinations of olaparib had sub-
stantially lower tumor weights and fewer nodules than
those in the monotherapy groups.

3.6 | Combination of GP-2250 with
bevacizumab

Given the observed effects of GP-2250 on HIF-1a expres-
sion, we next examined the combination of GP-2250
and bevacizumab in vivo. Specifically, we subjected the
OVCARS xenograft mouse model to treatment with nor-
mal IgG (control; 6.25mg/kg twice a week), GP-2250,
bevacizumab (6.25 mg/kg twice a week), or GP-2250 com-
bination with bevacizumab intraperitoneally. As shown in
Figure 7C,D, mouse body weights did not change signifi-
cantly with treatment. We observed that the mean (+ SD)
tumor weights in the GP-2250 (0.25+0.12g; p<0.001),
bevacizumab (0.43+0.26g; p<0.05), and GP-2250 plus
bevacizumab (0.07 +0.07 g; p <0.001) groups were signifi-
cantly lower than that in control IgG group (0.86 +0.38 g).
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We also observed tumor nodule numbers in the bevaci-  than that in the normal IgG group (9.40 +3.92). We found
zumab (3.80+2.25; p<0.001) and GP-2250 combination that the GP-2250 combination of bevacizumab showed
bevacizumab (0.77 £0.66; p <0.0001) groups were lower  the most profound antitumor effect.
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4 | DISCUSSION NCTO0384110) and should be extended to other types
yp

The key finding of our investigation is that GP-2250 ex-
erts a profound antitumor effect in combination with
PARP inhibitors and bevacizumab. GP-2250 is a novel
cancer metabolism-based therapeutic agent currently
in phase 1 clinical trials for advanced pancreatic cancer

of cancer. Previous studies demonstrated that GP-2250
has cytotoxic and antiproliferative effects on pancreatic
carcinoma cells through oxidative-stress-driven pro-
grammed cell death mechanism in vitro. Also, treatment
with GP-2250 reduced tumor growth both alone and,
more significantly, combined with gemcitabine in vivo,
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with good tolerance and no secondary resistance.'®!>*?

In the present study, we investigated the antitumor ef-
fect of GP-2250 on various ovarian cancer cell lines and
its therapeutic efficacy using an orthotopic ovarian can-
cer mouse model. The key finding of our investigation is
that GP-2250 inhibits ovarian cancer cell proliferation
in vitro and has enhanced antitumor effects in combina-
tion with PARP inhibitors or bevacizumab. Physicians
have mainly used PARP inhibitors such as olaparib
in the maintenance treatment of patients with BRCA-
mutated or HRD positive ovarian cancer after respond-
ing to platinum-based regimens.?*”*® Furthermore, it
has been reported that there is a significant benefit in
patients with non-BRCA-mutated, platinum-sensitive
ovarian cancer and even lower in small numbers of
those with platinum-resistant ovarian cancer.””® In the
present study, we first investigated GP-2250's direct in-
hibitory effect on ovarian cancer cell proliferation in a
series of in vitro experiments, including MTT and BrdU
assays, trypan blue exclusion, and an annexin V/propid-
ium iodide (PI) assay. We found that HRD positive ovar-
ian cancer cells (Kuramochi, OVCAR4, and OVCARS)
were more vulnerable to GP-2250 than were HRP cells
(A2780 and OVCARS). Also, an in vitro study revealed
that combinations of GP-2250 with PARP inhibitors had
greater synergistic effects than those of GP-2250 with
other standard-of-care drugs, such as paclitaxel, cispl-
atin, and topotecan. Further analysis showed a signifi-
cant reduction of tumor weight in GP-2250 combination
with olaparib and niraparib, while a combination of GP-
2250 and niraparib was not significant. Additionally,
we found synergistic effects of GP-2250 combined with
PARP inhibitors in HRD positive ovarian cancer cells.
These results demonstrated that GP-2250 might enhance
the inhibition of DNA single-strand break repair or pro-
mote double-strand breaks, which can lead to cell death
when the homologous recombination repair machinery
is absent or compromised. Next, we investigated the mo-
lecular mechanism of GP-2250 in ovarian cancer cells.
We observed that GP-2250 decreased the initial metabo-
lites of glucose, such as glucose-6-phosphate, and GP-
2250 reduced HK2 expression and activity. In addition,
HK2-knockdown cells were more sensitive to the com-
bination of GP-2250 than nonspecific siRNA transfected
control cells. Early studies demonstrated that a key hall-
mark of many cancers is the need to metabolize glucose
at an elevated rate. HK plays a critical role in glucose
metabolism to produce glucose-6-phosphate, the first in-
termediate of glycolysis and the pentose phosphate path-
way that plays a central role in energy metabolism.*!*
Among the HK isoforms, HK2, the most active isozyme,
is markedly expressed in cancer cells, and its expression
is related to the progression of and poor prognosis for
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glioblastoma and epithelial ovarian cancer.?*3! Also,
Kaplan-Meier analysis demonstrated that increased
HK?2 expression was related to shortened progression-
free survival of patients with ovarian cancer (Figure S5).
We demonstrated that GP-2250 inhibits HK2, the rate-
limiting first step of glycolysis, resulting in decreased
glycolysis. Consequently, it causes depleted ATP levels
and increases ROS, which induces cell death.'>!° In
addition, it has been previously demonstrated that HK
binds to PARP and is involved in DNA repair.** The de-
finitive mechanism behind GP-2250 regulation of HK2
remains to be investigated. Our RPPA analysis revealed
that the expression and activation of AKT and mTOR
levels are decreased with GP-2250, demonstrating that
this may be a predicted biomarker of response to GP-
2250 treatment. We found that 500 mg/kg is the thera-
peutically effective dose of GP-2250 because this dose
most effectively reduced AKT and mTOR expression
and activation. In a pancreatic cancer mouse model, GP-
2250 was safe and well-tolerated, with no major organ
toxicity.'>'® Likewise, the mice given GP-2250 in our
in vivo studies had no weight loss or behavioral changes,
a finding consistent with the absence of side effects of
GP-2250 at the therapeutically effective dose of 500 mg/
kg. We subsequently noted a profound antitumor effect
of GP-2250 in the OVCARS8 mouse model and further
demonstrated the antitumor efficacy of GP-2250 when
given with PARP inhibitors or bevacizumab. Of note,
the combination of GP-2250 and bevacizumab produced
greater tumor reduction than each monotherapy and
the combination of GP-2250 with PARP inhibitors. We
also found inhibition of HIF-1a protein expression and
VEGF secretion in cancer cells following treatment with
GP-2250 in vitro. These results support the therapeutic
benefit of GP-2250 in combination with bevacizumab in
the mouse model of ovarian cancer. Anti-VEGF therapy
has been used in both up-front and recurrent ovarian
cancer patients: however, all tumors eventually develop
resistance to anti-VEGF, and the patient eventually suc-
cumbs to their disease.” Even though this study showed
a profound antitumor effect of GP-2250 in combination
with bevacizumab, further investigations are needed
to evaluate GP-2250 and bevacizumab combination ef-
fect on the adaptive resistance ovarian cancer model.
In conclusion, we suggest that the mechanism behind
GP-2250's anti-neoplastic effect on ovarian cancer cells
includes inhibition of glycolysis via modulation of HK2
activation and expression and inhibition of HIF-1a in-
duced VEGF secretion. (Figure 8). Taken together, our
in vivo results demonstrated that GP-2250 combina-
tion with PARP inhibitors or bevacizumab is well tol-
erated and suggests a rational combination for further
development.
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FIGURE 8 Schematic of the
proposed biological effects of GP-2250.
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5 | CONCLUSIONS

GP-2250 displayed anti-neoplastic potential in pancreatic
carcinoma cells; however, the inhibitory mechanism of
antitumor effects and in vivo therapeutic efficacy have
not been fully delineated. We exploited the mechanism of
action and biological effects of GP-2250 using in vitro and
in vivo models of ovarian cancer, and results showed GP-
2250 exerts profound effects on tumor metabolism and,
in combination with PARP inhibitors or bevacizumab
therapy, provides a potential combination therapy for ho-
mologous recombination-proficient ovarian cancers.
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