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Abstract

Objective.—Paclitaxel, a microtubule inhibitor, is subject to tumor resistance while treating
high-grade serous ovarian and uterine cancer. This study aims to directly compare the effects of
SQ1274, a novel microtubule inhibitor that binds to the colchicine-binding site on tubulin, and
paclitaxel in high-grade serous ovarian and uterine cancer cell lines both /n vitro and in vivo.

Methods.—We assessed the sensitivity of ovarian (OVCARS) and uterine (ARK1) cancer cell
lines to SQ1274 and paclitaxel using XTT assays. We used western blot and quantitative real-time
PCR to analyze changes in AXL RNA and protein expression by SQ1274 and paclitaxel.
Differences in cell-cycle arrest and apoptosis were investigated using flow cytometry. Finally, we
treated ovarian and uterine xenograft models with vehicle, paclitaxel, or SQ1274.

Results.—First, we demonstrate that SQ1274 has a much lower 1Csq than paclitaxel in both
ARK1 (1.26 nM vs. 15.34 nM, respectively) and OVCARS (1.34 nM vs. 10.29 nM, respectively)
cancer cell lines. Second, we show SQ1274 decreases both RNA and protein expression of AXL.
Third, we show that SQ1274 causes increased cell-cycle arrest and apoptosis compared to
paclitaxel. Finally, we report that SQ1274 more effectively inhibits tumor growth /in vivo
compared to paclitaxel.
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Conclusions.—SQ1274 presents as a viable alternative to paclitaxel for treating ovarian and
uterine cancer. This study supports the development of SQ1274 as a chemotherapeutic to treat
ovarian and uterine cancer.

1.

2.

Introduction

High-grade serous ovarian cancer presents at an advanced stage and is the deadliest of all
gynecologic cancers; fewer than 50% of women with this disease survive 5 years [1,2].
Similarly, high-grade uterine serous cancer, which constitutes just 10% of all endometrial
cancers, is responsible for 40% of endometrial-cancer-related deaths [3]. The standard of
care for both of these cancers is surgical removal of tumors followed by combination
chemotherapy with carboplatin and the microtubule stabilizer paclitaxel [4-6]. Although
60% to 85% of patients with high-grade serous ovarian cancer initially respond to this
regimen, the majority eventually relapse with chemotherapy-resistant disease [7].
Additionally, most patients with ovarian cancer die because of the chemoresistance they
develop [8,9]. Indeed, resistance to paclitaxel and related microtubule inhibitors is common
in women with high-grade ovarian or uterine cancer. Thus, much research is focused on
identifying new chemotherapy drugs.

One strong chemotherapeutic candidate is SQ1274, an optimized analogue of bifidenone
[10,11]. Like paclitaxel, SQ1274 disrupts microtubule dynamics. However, rather than
binding to the taxane binding site on microtubule polymers and stabilizing microtubules
[12], SQ1274 binds to the colchicine-binding site on tubulin and destabilizes microtubules
[10]. This is an attractive feature because many reports have shown that cancer cells are less
susceptible to developing resistance to colchicine and colchicine derivatives than to other
microtubule inhibitors [13—-15]. One proposal is that, whereas cells develop resistance to
paclitaxel and related compounds by upregulating expression of the drug efflux protein P-
glycoprotein [16,17], this is less likely to occur in response to drugs that bind to the
colchicine binding site on tubulin.

In initial testing, Williams et al. showed that many cancer cell types were sensitive to
bifidenone including NCI-H460, SF-295, ACHN, M14, A375, UACC-62, and SK-Mel-2.
Moreover, this compound caused cell cycle arrest in the G2/M phase of NCI-H460 human
lung cancer cells [10]. In this study, we sought to directly compare the effects of SQ1274
and paclitaxel in high-grade serous and uterine cancer cell lines both /n vitro and /n vivo.

Materials and methods

2.1. Celllines

The established human, immortalized, uterine serous cancer cell line ARK1 [18] was
provided by Shi-Wen Jiang (Mercer University School of Medicine, Savannah, GA, USA).
The human, immortalized, uterine serous cancer cell line ARK4 [19], was purchased from
Dr. A. Santin (Yale University, New Haven, CT). The ovarian cancer cell line OVCARS8 was
purchased from the National Cancer Institute-Frederick Division of Cancer Treatment and
Diagnosis tumor cell line repository. The ovarian cancer cell line ES2 [20] was provided by
Dr. Branimir Sikic (Stanford University). All cell lines were maintained in RPMI (Sigma, St.
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Louis, MO) supplemented with 10% heat-inactivated FBS (Sigma, St. Louis, MO) and 1%
penicillin and streptomycin (Invitrogen, Carlsbad, CA) at 37 °C in a 5% CO> incubator. Cell
lines were confirmed negative for mycoplasma, as indicated by the Mycoalert MycoPlasma
Detection Kit (Lonza), before performing any experiments.

2.2. Preparation of chemotherapy agents

For in vitro use, aliquots of a stock solution of 0.01 M paclitaxel (Sigma-Aldrich, St. Louis,
MO) in DMSO were stored at —20 °C. Aliquots of 13.8 mM SQ1274 (Sequoia Sciences, St.
Louis, MO) in DMSO were stored at room temperature. For /7 vivo use, paclitaxel was
diluted in supplemented PBS to 2.34 mM. SQ1274 was prepared by dissolving the
compound to 19.6 mM in 38% PEG400 (Sequoia Sciences, St. Louis, MO), 22% ethanol,
and 40% 20 mM citrate buffer.

2.3. Western blot analysis

Cells were lysed in 9 M Urea, 0.075 M Tris buffer (pH 7.6) 72 h after indicated treatment.
Protein concentration was determined by using the Bradford assay, and proteins were
subjected to reducing SDS/PAGE by standard methods. Western blots were incubated with
primary antibodies against AXL (R&D Systems; 1:1000), phospho-Histone H3 (Millipore;
1:3000), Parp/cParp (Cell Signaling; 1:1000), Gas 6 (R&D Systems; 1:100) and p-actin
(Sigma Aldrich; 1:3000, St. Louis, MQ). Blots were then incubated with appropriate horse-
radish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch), and
antibody complexes were detected with the Thermo Scientific SuperSignal West Pico
Chemiluminescent kit. A ChemiDoc (Bio-Rad Laboratories) was used to detect the signal.

2.4. cDNA Preparation and gPCR

Total RNA was isolated from cells by using the RNeasy Mini Kit (Qiagen). cDNA was made
from 1 pg of RNA by using the SuperScript 1V system (Thermo Fisher Scientific) following
the manufacturer’s directions. Applied Biosystems 7500 detection system and SYBR-green
master mix (Thermo Fisher Scientific) were used to perform gPCR. mRNA expression was
normalized with respect to 18S ribosomal RNA. Fold change was calculated using the
282G method. Primer sequences for AXL were published previously [21-23].

2.5. Drug treatment and cell growth (XTT) assays

For cell growth assays, 4500 cells were plated in a 96 well plate in 10% RPMI with 1%
penicillin and streptomycin. The cells were allowed to attach for 24 h and then either vehicle
or drug was added to the wells. Cells were treated with either SQ 1274 or paclitaxel in
increasing concentrations from 0.1 to 80 nM. After 72 h, an 2,3-bis
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide inner salt (XTT)-
based assay (Sigma-Aldrich) was performed as described previously to measure cell
viability [24]. The plates were placed back in the 37 °C incubator for 2 h. XTT metabolism
was quantified by measuring the absorbance at 450 nm (Tecan Infinite M200 Pro).
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2.6. Cell-cycle analysis

Cells were plated at a density of 4 x 10° cells per 10 cm dish and allowed adhering and
growing for 24 h. Next, the cells were treated with vehicle (DMSO), paclitaxel, or SQ1274
and incubated for 24 h. Cells were collected, fixed with 70% ethanol for 30 min at 4 °C,
pelleted, washed in PBS, and then stained with 100 ug/mL propidium iodide for 30 min at
room temperature. Fluorescence was measured by flow cytometry on a FACSCalibur flow
cytometer (BD Bioscience), and cell cycle was fit with FlowJo software.

2.7. Assessment of apoptotic nuclei

Cells were plated at a density of 1 x 10° cells per well in 6-well plates and allowed attaching
overnight. DMSO, paclitaxel, or SQ1274 was added to the plate and incubated for 24 h.
Then, cells were fixed in 4% paraformaldehyde (Thermo Fisher Scientific) and
permeabilized with 0.1% Triton X-100 (Sigma-Aldrich) in cold PBS. Mounting media
containing 6-diamiidino-2-phenylindole (DAPI; Vector Laboratories) was applied to fixed
cells, and nuclear morphology was assessed by fluorescent microscopy.

2.8. Detection of apoptosis by annexin V staining

ARK1 and OVCARS cells were plated at a density of 1.2 x 10° cells per well in 6-well
plates and allowed attaching overnight. Next, the cells were treated with vehicle (DMSO),
paclitaxel (2 nM), or SQ1274 (2 nM) and incubated for 24 h. The percentage of apoptotic
cells was determined by Annexin V allophycocyanin (BioLegend) staining according to
manufacturer’s instructions and by flow cytometric analysis. The viability stain 7-amino-
actinomycin D (BioLegend) was also included in the assay and used as indicator of
membrane structural integrity. Data were collected on LSRFortessa X-20 (BD) flow
cytometer and analyzed using FlowJo software.

2.9. Mouse studies

Experiments were conducted according to Institutional Animal Care and Use Committee
Policy. Tumor xenograft models were established by injecting female NOD SCID (Jackson
Laboratory) or NU/FOX (Charles River) mice age 6 to 8 weeks subcutaneously with ARK1
(10 x 106) or OVCARS (5 x 106) cells, respectively. The cells were resuspended in 1 mg/mL
Matrigel (Corning) before subcutaneous injection. After tumors engrafted, they were
measured every 3 days, and tumor volume (V) was calculated by using the equation: V= /x
(w212) (/= longest diameter, w= shortest, perpendicular diameter).

After reaching an average tumor volume of 150 mms3 mice were either left untreated (n = 8
for both xenograft models), treated intraperitoneally with 50 mg/kg vehicle (Ark1 n = 8,
OVCARS8 n = 10), treated intraperitoneally with 20 mg/kg of paclitaxel every 3 days for two
weeks (ARK1 n =10, OVCARS8 n = 9), or treated intraperitoneally with SQ 1274 treatment
intraperitoneally with 50 mg/kg SQ 1274 for 3 days on and 2 days off for two weeks (ARK1
n =10, OVCAR8 n =9).
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3. Results

3.1. SQ 1274 inhibits growth and decreases AXL expression in endometrial cancer and
ovarian cancer cell lines

We first compared the sensitivity of the ovarian cancer cell line OVCARS and the
endometrial cancer cell line ARK1 to SQ1274 and paclitaxel. We found that the 1C5q values
for SQ1274 were 7.7—- and 12.2- fold lower than the 1Csq values for paclitaxel in OVCARS
and ARKZ1 cells, respectively (Fig. 1A). Because we previously demonstrated that paclitaxel-
resistant ovarian and uterine cancer cells overexpress the receptor tyrosine kinase AXL and
that knockdown or inhibition of AXL restored paclitaxel sensitivity [21,25], we wondered
whether SQ1274 affected AXL expression in these cells. Also, we questioned whether SQ
1274 treatment decreased Gas6 expression since we have shown that Gasé levels are
correlated to AXL expression in the past indicating that it is an important factor to consider
when examining AXL protein expression [26]. Whereas paclitaxel-treated ARK1 cells had
more AXL and Gas6 protein than untreated cells, SQ1274-treated cells had less. Similarly,
SQ1274-treated OVCARS cells had less AXL and Gas6 protein than untreated cells (Fig.
1B). These same findings were also observed in the ARK4 and ES2 cell lines (S1A-B).
However, at increasing concentrations of paclitaxel on the ARK1 cell line, we found that
AXL expression also decreases (S2A). Additionally, whereas paclitaxel-treated cells had
more AXL mRNA than DMSO-treated cells, this was not the case in SQ1274-treated cells
(Fig. 1C). We conclude that SQ1274 more effectively inhibits OVCARS8 and ARK1 cell
growth than paclitaxel and that it may do so by decreasing AXL expression.

3.2. SQ 1274 induces cell cycle arrest and apoptosis

Previously, Williams et al. showed that SQ1274 causes human lung cancer cells to arrest in
the G2/M phase [10,27]. To determine whether SQ1274 more effectively caused cell cycle
arrest than paclitaxel, we treated ARK1 and OVCARS cells with equivalent concentrations
of the two drugs. Flow cytometry analysis indicated that a higher percentage of SQ1274-
treated cells were in the G2/M phase compared to DMSO-treated cells for uterine (44% vs.
16%) and ovarian (32.5% vs. 22.8%) cancer cell lines (Figs. 2A-B, S3A-B). Additionally,
in the uterine cancer cell line there were significantly more SQ1274-treated cells in the
G2/M phase compared to paclitaxel-treated cells (Fig. 2A). Consistent with findings by flow
cytometry, Western blot analysis showed that SQ1274-treated cells had higher expression of
the mitotic marker phosphor-Histone H3 compared to DMSO-treated cells in both cell lines
(Fig. 3A).

Given that SQ1274 caused cell cycle arrest and reduced growth, we wondered whether it
also caused apoptosis. Three findings indicate that this was the case. First, SQ1274-treated
cells had higher levels of the apoptotic marker cleaved poly-ADP ribose polymerase than did
DMSO-treated cells (Fig. 3A). Second, a significantly higher percentage of SQ1274-treated
cells than DMSO-or paclitaxel-treated cells showed nuclear blebbing and abnormal DNA
condensation (Figs. 3B, S4A), two common features of apoptosis. Finally, flow cytometry
analysis of Annexin V stained cells showed a higher percentage of SQ1274-treated being in
apoptosis compared to paclitaxel treated cells in both the OVCARS8 and ARK1 cell lines
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(Figs. 3C, S5A-B). Together, these results indicate that SQ1274 is able to initiate apoptosis
in cells more effectively than paclitaxel (Fig. 4).

3.3.  SQ 1274 strongly inhibits tumor growth in vivo

Given the above /n vitro data, we wondered whether SQ1274 would also be effective /n vivo.
We subcutaneously injected ARK1 and OVCARS cells into NOD/SCID and NU/FOX mice,
respectively, allowed them to engraft, and then treated the mice with vehicle, paclitaxel, or
SQ1274 for two weeks. We found in both xenograft models that SQ1274 more effectively
inhibited tumor growth compared to paclitaxel. To begin to assess SQ1274 toxicity, we
examined mouse weight throughout the experiment and found that SQ1274-treated mice
maintained similar body weight to the control mice in the OVCARS xenograft model. In the
ARK1 xenograft model there was a decrease in body for the SQ1274-treated mice compared
to the control mice indicating the drug needs to be further optimized.

4. Discussion

Uterine and ovarian serous cancers are deadly diseases that present at an advanced stage
because we lack effective screening tests [28-30]. Currently, the first-line adjuvant therapy
for advanced gynecologic cancers is combination treatment with carboplatin and paclitaxel
[29,31]. Although this treatment strategy is initially effective, the majority of tumors develop
resistance to these drugs [16,31]. Colchicine-binding site microtubule inhibitors have
recently been identified as an attractive improvement to taxane binding inhibitors [32-36].
Here, we present three lines of evidence that the novel colchicine-binding site inhibitor
SQ1274 is a viable alternative to paclitaxel for treating ovarian and uterine cancer. First, we
demonstrate that SQ 1274 has a much lower 1Cgq than paclitaxel in both uterine (1.26 vs.
15.34, respectively) and ovarian (1.34 vs. 10.29, respectively) cancer cell lines. Second, flow
cytometric analysis indicates that SQ1274 causes cell-cycle arrest and apoptosis. Finally, we
report that SQ1274 effectively prevents tumor growth /n vivo.

Resistance of ovarian and uterine cancers to paclitaxel therapy is a major clinical issue. One
mechanism contributing to this resistance is high expression of the receptor tyrosine kinase
AXL [25,37-43]. For example, our lab and others have shown that high expression of AXL
promotes invasion and migration in multiple cancers including ovarian and uterine serous
cancer [26,44-47] and that AXL expression contributes to paclitaxel resistance in uterine
serous cancer [25]. Thus, our finding that SQ1274-treated cells had lower levels of AXL
protein than control or paclitaxel-treated cells indicates that this drug may act through
inhibiting AXL to promote chemosensitivity.

We noted an important difference between our /n vitroand in vivoresults. In cell-based
assays, SQ1274 was more effective than paclitaxel in reducing ovarian and uterine cancer
cell growth, but the two drugs were equivalently effective in the /n vivo model. However, we
note that we used a subcutaneous xenograft model rather than an intraperitoneal model in
which it is possible to assess metastasis. Thus, future experiments should compare the
abilities of SQ1274 and paclitaxel to prevent metastasis in the intraperitoneal model.
Nonetheless, our /n vivo findings support SQ 1274 as a viable alternative to paclitaxel,
especially in the case of cells that highly express AXL.
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In summary, SQ1274 has many excellent qualities of a chemotherapy drug. SQ1274 targets
the colchicine binding site to depolymerize microtubules, leading to cell-cycle arrest and
apoptosis. SQ1274 also has the ability to suppress AXL expression at both the protein and
RNA level. While paclitaxel is also able to cause cell-cycle arrest and apoptosis as well as
decrease AXL expression in vitro [23], we show that SQ1274 can initiate these affects at a
much lower dosage than paclitaxel. Finally, SQ1274 demonstrates strong tumor inhibition
effects /n vivo without causing significant loss of body weight. These pre-clinical
observations, in combination with previous studies of SQ1274, strongly support its further
development as a therapeutic alternative to paclitaxel for both ovarian and uterine serous
cancers.
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Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

. SQ1274, a colchicine-binding site inhibitor, is a viable alternative to
paclitaxel in treating ovarian and uterine cancer.

. SQ1274 has a much lower ICgq than paclitaxel in both ovarian and uterine
cancer.

. SQ1274 decreases both RNA and protein expression of AXL.

. SQ1274 causes increased cell-cycle arrest and apoptosis compared to
paclitaxel.
. SQ1274 effectively prevents tumor growth /n vivo.
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Fig. 1.

O\g/CAR8 and ARK(1 cells are more effectively treated with SQ1274 than paclitaxel. A)
Results of XTT assay of relative cell viability in ARK1 and OVCARS cells treated with
increasing concentrations of paclitaxel and SQ1274. Cell viability is reported relative to
controls treated with vehicle. These assays were performed in triplicate and graphed as mean
+ SD. *, P<0.05 compared to controls. B) Western blot analysis of AXL and Gas6
expression in ARK1 and OVCARS cell lines treated with vehicle (DMSO), 2 nM paclitaxel,
or 2 nM SQ1274. B-actin is shown as a loading control. C) gPCR was performed on cells
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treated with vehicle, 2 nM paclitaxel or 2 nM SQ1274 and AXL mRNA expression was
assessed. Significance was calculated using SD or DDCr. Error bars indicate the range of
fold change. **, P< 0.01; ***, < 0.001.
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Fig. 2.

SQ 1274 induces mitotic arrest. A & B) Representative image of flow cytometry analysis of
cell-cycle distribution in ARK1 and OVCARS cells treated with DMSO, paclitaxel, or
SQ1274. Numbers correspond to the percentage of cells found in the Go-M phase + SD, *, P
< 0.05; *** P<0.001. Significance was calculated by one-way ANOVA.
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Fig. 3.

Mitotic arrest induces apoptosis. A) Western blot analysis of mitotic and apoptotic markers
in ARK1 and OVCARS cells treated with DMSO or 2 nM SQ1274 for 24 h. B)
Representative images and quantitation of apoptotic OVCARS cells treated with DMSO,
paclitaxel, or SQ1274 detected by staining with DAPI and microscopic analysis of nuclear
morphology. Arrow, abnormal DNA condensation; arrowhead, nuclear blebbing. **, P<
0.01; *** P<0.001. C) Quantitation of apoptotic ARK1 and OVCARS cells treated with
DMSO, paclitaxel, or SQ1274 detected by staining with Annexin V/7-AAD and flow
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cytometric analysis. The mean apoptosis percentage + SD are plotted, *, < 0.05; *** P<
0.001.
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Fig. 4.

SQ1274 inhibits tumor more effectively than paclitaxel. Tumor volume, tumor weight, and
body weight measurements of mice injected with A) ARK1 no treatment n = 8, vehicle n =
8, paclitaxel n = 10, SQ1274 n = 10 or B) OVCARS cells no treatment n = 8, vehicle n = 10,
paclitaxel n =9, SQ1274 n = 9. The mean tumor volume, tumor weight, and body weight £
SD are plotted, *, £< 0.05; **, < 0.01; *** P< 0.001. Significance was calculated by

unpaired #test.
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