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ARTICLE INFO ABSTRACT

Keywords: Although the first line of therapy for epithelial ovarian cancer typically consists of taxane-platinum combination
Ovarian cancer therapy, many patients develop a platinum-resistant tumor within a year. Several previous studies have looked
Cisplatin

at this cross-resistance between cisplatin and anti-microtubule drugs, but their findings have been somewhat
o conflicting. Here, we developed cisplatin-resistant cell lines that are resistant to low and high levels of cisplatin
Anti-microtubule drugs L. . S I
INF and explored the effects of three anti-microtubule drugs (paclitaxel, vincristine, and colchicine) on the parental
NF«B and cisplatin-resistant cells. We found that cells resistant to lower levels of cisplatin were no more resistant
to anti-microtubule drugs than parental cells, while cells that were resistant to higher levels of cisplatin had a
subpopulation of cells that were cross-resistant to anti-microtubule drugs, clarifying discrepancies within the field.
We then isolated this subpopulation by applying selective pressure with anti-microtubule drugs and performed
RNA sequencing and gene set enrichment analysis to identify resistance mechanisms. This subpopulation was
found to express increased levels of pro-survival TNF/NF«B signaling, among other enriched pathways, suggesting

Drug resistance

that cross-resistance was due to more general survival mechanisms found in the cisplatin-selected cells.

Introduction

Cisplatin is a platinum-based chemotherapeutic drug that acts by
cross-linking with DNA, resulting in DNA damage and subsequent in-
duction of apoptosis [1,2]. While cisplatin is initially effective against
ovarian cancer cells, a significant portion of those cells will develop re-
sistance. Mechanisms of resistance include increased tolerance to DNA
damage [3], decreased accumulation of cisplatin [4], and increased up-
take of thiol-containing species such as glutathione, which facilitates
cisplatin export from the cell by forming glutathione-bound cisplatin
conjugates [5]. More recently, carboplatin is used as a treatment for
ovarian cancer. Because cisplatin is thoroughly studied and we wanted
to have a reference point to test the validity of our study, we decided
to utilize cisplatin instead of carboplatin for our study. Although some
studies have suggested that microtubules play a role in cisplatin re-

sistance [6,7], this is an area of research that needs to be further ex-
plored. Several reports have suggested that cisplatin-resistant cells are
also cross-resistant to anti-microtubule drugs, but the mechanism for
this has not been clearly defined [8-10]. In contrast, it has also been re-
ported that there is no cross-resistance between cisplatin-resistant cells
and anti-microtubule drugs [11]. Irrespective of the potential role of mi-
crotubules in cisplatin resistance, paclitaxel, a microtubule-stabilizing
agent, is an effective treatment for ovarian cancer and is often used
prior to or in conjunction with cisplatin. Thus, we investigated whether
selection for cisplatin resistance confers resistance to anti-microtubule
drugs to clarify whether there is a relationship between these two types
of resistance.

There are many anti-microtubule (polymerizing and depolymer-
izing) drugs. One of these, paclitaxel, functions by binding to a
microtubule polymer and augmenting the polymerization of tubulin.

Abbreviations: GTP, guanosine triphosphate; STR, short tandem repeat; MEM, minimum essential medium; FBS, fetal bovine serum; PBS, phosphate-buffered
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Typically, guanosine triphosphate (GTP) is a necessary component
for the polymerization of microtubules; however, paclitaxel promotes
polymerization without GTP by binding to the p-tubulin subunit of
microtubules [12]. In contrast, vincristine binds to p-tubulin and
prevents proteins from polymerizing into microtubules, resulting in
metaphase arrest and eventual apoptosis [13]. Similarly, colchicine
blocks mitotic cells in metaphase by binding to soluble tubulin, which
then attaches to the ends of microtubules, preventing further elongation
of the polymer [14]. Supplementary Fig. 1 displays the structure of an
af-tubulin heterodimer with the various binding sites of these three
anti-microtubule drugs (Supplementary Fig. 1A) [15-18] and their
chemical structures (Supplementary Fig. 1B) [19].

The objective of this study is to explore whether selection for cis-
platin resistance confers resistance to anti-microtubule drugs. We hy-
pothesized that resistance to increasing concentrations of cisplatin re-
sults in cross-resistance to anti-microtubule drugs. We tested this by gen-
erating the cisplatin (CP)-resistant cell lines OVCAR8-CP1 and OVCARS-
CPS5 from the parental cell line, OVCARS, by gradually exposing the cells
to 1 uM and 5 uM cisplatin, respectively. We found that the less resistant
cell line, OVCARS8-CP1, displayed no greater resistance to the three anti-
microtubule drugs than did the parental cell line. However, we found
that the more resistant cell line, OVCARS8-CP5, included a subpopulation
of cells that showed cross-resistance to the same three drugs. Through
RNA sequencing and gene set enrichment analysis, we identified in-
creased levels of pro-survival TNF/NFkB signaling within this specific
subpopulation that demonstrated cross-resistance to both cisplatin and
anti-microtubule drugs. Our data suggest that even though both of these
cell populations are resistant to cisplatin, the differing levels of cisplatin
resistance in the two populations may contribute to differing mecha-
nisms of resistance that could potentially explain the conflicting data in
the literature.

Materials and methods
Visualization of tubulin structure

The structure of the af-tubulin dimer was downloaded from The
Protein Data Bank (PDB ID: 6E7B; www.rcsb.org) and presented us-
ing PyMOL Molecular Graphics System, Version 2.0 Schrédinger, LLC
(www.pymol.org).

Cell culture

The OVCARS cell line is an NCI-60 cell line obtained from the
National Cancer Institute Division of Cancer Treatment and Diagno-
sis Tumor Repository (NCI DCTD; Frederick, MD). OVCARS cell line
was utilized in our study because based on its functional characteris-
tics, it closely resembled high grade serous ovarian cancer [20]. The
parental ovarian cancer cell line, OVCARS (here, termed OVCARS8-CPO,
was grown in 0 uM cisplatin (CP)), in Roswell Park Memorial Institute
medium 1640 (RPMI; Gibco; Cat#11,875-093) supplemented with 10%
fetal bovine serum (FBS; Atlanta Biologicals; Cat# S11150) and 1% peni-
cillin and 1% streptomycin (Gibco; Cat# 15,140-148) in a 37 °C incuba-
tor with 5% CO,. OVCAR8-CP1 and OVCARS-CP5 cells were grown in
the same media supplemented with 1 yuM and 5 yM cis-Diamineplatinum
(II) dichloride (cisplatin; Sigma-Aldrich; Cat# P4394) dissolved in
phosphate-buffered saline (PBS; KD Medical; Cat# RGE-3190), respec-
tively. Both resistant cell lines, OVCAR8-CP1 and OVCARS8-CP5, were
established from their parental cell line, the OVCARS8 ovarian adenocar-
cinoma cell. All cell lines were authenticated by short tandem repeat
(STR) analysis and tested for mycoplasma using a MycoAlert Plus My-
coplasma Detection Kit (Lonza; Cat# LT07-710). Positive control cell
lines used for efflux assays included MDR19 (ABCB1 positive) and R5
(ABCG2 positive) [21]. These cell lines were cultured in Minimum Es-
sential Medium (MEM; Corning; Cat# 10-010-CM) supplemented with
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10% FBS (Gibco; Cat# 26,140-079), 1% penicillin and 1% streptomycin,
and 2 mg/mL G418 selecting agent (Corning; Cat# 61-234-RG).

Generation of resistant cell lines

OVCARS8-CPO was used to generate cisplatin-resistant cells. The
OVCARS8-CPO resistant cell line variants, OVCAR8-CP1 and OVCARS-
CP5, were established by continual exposure to gradually increas-
ing concentrations of cisplatin with final concentrations of 1 xM and
5 uM cisplatin, respectively. The OVCAR8-CP5 cells were derived from
OVCARS8-CP1 cells. Cells were passaged to reach an equivalent passage
number to avoid variability caused by passage number. The resistant
cells retained their resistance for several days (we have not tested for
months).

Cell viability assay

All ovarian cancer cell lines (OVCARS8-CPO, OVCARS8-CP1, and
OVCARS8-CP5) were plated in 96-well plates with 2-5 x 10° cells per
well and treated with a serial dilution of cisplatin, paclitaxel (Sigma-
Aldrich; Cat# T7402), vincristine (Sigma-Aldrich; Cat# V8879), or
colchicine (Sigma-Aldrich; Cat# C9754). Cisplatin was dissolved in PBS
while paclitaxel, vincristine, and colchicine were dissolved in dimethyl
sulfoxide (DMSO; Sigma-Aldrich; Cat# D2660). Specific drug concen-
trations are indicated either in the Fig. or in the Fig. legends and
were optimized to develop a full killing curve. Cellular proliferation
was measured using a CellTiter-Glo Luminescent Cell Viability Assay
(Promega; Cat# G7573) at 72h and luminescence values were mea-
sured at an integration time of 100 ms on a SpectraMax ID3 (Molecular
Devices).

Cell growth assay

OVCARS8-CP0, OVCARS8-CP1, and OVCARS8-CP5 cells were plated on
60 x 15 mm polystyrene plates at a density of approximately 1x10° cells
per plate. Plates were washed with PBS eight days after plating, fixed
with 4% paraformaldehyde (Electron Microscopy Sciences; Cat# 15710)
for 12 min, and stained with crystal violet (Sigma-Aldrich; Cat# C3886).
Plates were then imaged using a BioTek Lionheart FX machine at an
optical density of 595 nm. The object sum area obtained from the BioTek
Lionheart FX machine was used to calculate the rate of cell proliferation.

Cell cycle flow cytometry analysis

All cell lines were plated at a density of 2.5 x 10° per well in a
6-well plate and treated with a vehicle control (PBS) or cisplatin af-
ter 24 h. Specific drug concentrations are indicated either in the fig-
ure or in the figure legends. Cells were then harvested by trypsin
24h post-treatment and incubated with 50 yg/mL propidium iodide
(Sigma-Aldrich; Cat# P4170), 0.1% Triton X-100 (Sigma-Aldrich; Cat#
648462), and 200 U/mL RNase A (USB Corporation; Cat# 27033002)
for 15 min. Samples were then read using a FACSCanto II Flow Cytome-
ter (BD Biosciences; Cat# 338960) and FlowJo software was used to
determine the percentage of cells in cell cycle phases.

Efflux flow cytometry analysis

To examine ABCB1- or ABCG2-mediated transport in the cisplatin-
resistant progression cell lines, we conducted an efflux assay via flow
cytometry analysis as described previously [22]. Briefly, all cell lines
were harvested by trypsin and resuspended in phenol red-free improved
minimal essential medium (IMEM; Corning; Cat# 10-026-CV) supple-
mented with 10% FBS (Gibco; Cat# 26140-079), and 1% penicillin and
1% streptomycin. In order to detect ABCB1 mediated transport, cells
were then incubated with 0.5 ug rhodamine/mL (ABCB1 fluorescent
substrate; Sigma-Aldrich; Cat# 83702) in the absence or presence of
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3 uM valspodar (ABCB1 inhibitor; MedChemExpress; Cat# HY-17384)
for 30 min in a 37 °C incubator with 5% CO,. Cells were subsequently
incubated in substrate-free medium in the absence or presence of valspo-
dar for two hours. Samples were then washed with cold PBS and intracel-
lular substrate fluorescence was measured by flow cytometry on a FAC-
SCanto II Flow Cytometer. To detect ABCG2-mediated transport, cells
were incubated with 5uM pheophorbide A (PHA; ABCG2 fluorescent
substrate; Frontier Scientific; Cat# Pha-592) in the absence or presence
of 10 uM fumitremorgin C (FTC; ABCG2 inhibitor; isolated by Thomas
McCloud, NCI Developmental Therapeutics Program, Natural Products
Extraction Laboratory) for 30 min in a 37 °C incubator with 5% CO,.
Cells were then incubated in substrate-free medium in the absence or
presence of FTC for two hours. Samples were subsequently washed with
cold PBS and intracellular substrate fluorescence was measured by flow
cytometry on a FACSCanto II Flow Cytometer. FlowJo software was later
used to determine the mean fluorescence in the presence of inhibitor and
the mean fluorescence in the absence of inhibitor for both ABCB1- and
ABCG2-mediated transport.

Annexin V flow cytometry analysis

All cell lines were plated at a density of 5 x 10> cells per well in
a 6-well plate and treated with DMSO, cisplatin, paclitaxel, vincristine,
or colchicine after 24 h. Specific drug concentrations are indicated ei-
ther in the figure or in the figure legends. Cells were harvested six days
post-treatment and incubated with allophycocyanin-conjugated annexin
V (APC Annexin V; BioLegend; Cat# 640941) and SYTOX green (Invit-
rogen; Cat# S7020) for 20 min. Samples were read using a FACSCanto
II Flow Cytometer and FlowJo software was used to determine the per-
centage of annexin-positive cells.

Immunoblot analysis

OVCAR8-CPO, OVCARS8-CP1, and OVCARS8-CP5 cell lines were
plated in a 100 x 20mm polystyrene plate at a density of 1 x 10°
cells per plate and treated with indicated treatments after 24 h. Cells
were harvested 24h post-treatment and re-suspended in lysis buffer
(50mM Tris-HCl pH 7.4, 150mM NaCl, 1% NP-40, 1% protease in-
hibitor cocktail (Bimake; Cat# B14001), sonicated, and centrifuged to
remove cell debris. Supernatant was reserved and protein was loaded
into a 4-12% Bis-Tris NuPAGE gel (ThermoFisher; Cat# NP0321PK2),
subjected to electrophoresis and transferred to a 0.2 ym pore nitro-
cellulose membrane (VitaScientific; Cat# DBOC80004). The resulting
membrane was blocked in Odyssey PBS Blocking Buffer (LI-COR; Cat#
927-40000) for 1h at room temperature and subsequently incubated
with the following primary antibodies overnight: anti-cleaved Caspase-
3 (1:1000; Cell Signaling Technology; Cat# 96618S), anti-ABCB1 (C219)
(1:1000 dilution; Fujirebio Diagnostics, Inc., Malvern, PA), anti-ABCG2
(also called as breast cancer resistance protein) (1:1000; Enzo Life Sci-
ences; Cat# ALX-801-029-C250); anti-NFkB p65 (1:1000; Cell Signal-
ing; Cat# 6956); anti-phospho-NFkB p65 (1:1000; Cell Signaling; Cat#
3033), anti-detyrosinated alpha tubulin antibody (1:1000; Abcam; Cat#
ab48389), anti-alpha tubulin antibody (DM1A) (1:5000; Abcam, Cat#
7291), and anti-GAPDH (1:1000; American Research Products, Inc; Cat#
05-50118). GAPDH was used as a reference control in our study. ABCB1
and ABCG2 overexpressing cells were used as positive controls. These
cells were generated as described previously [22]. Membranes were
then washed with 0.5X TBS (KD Medical) containing 0.5% TBS-Tween-
20 (Boston BioProducts; Cat# IBB-181) three times for 5 min prior
to and after the addition of an IRDye Goat anti-Rabbit (LI-COR; Cat#
926-32211) or anti-Mouse (LI-COR; Cat# 926-68070) secondary anti-
body. Proteins were visualized using an Odyssey CLx imaging system
(LI-COR). Relative expression of cleaved Caspase-3 was quantified us-
ing Image Studio Lite Quantification Software (LI-COR).
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Confocal imaging

OVCARS8-CPO and OVCARS8-CP5 cell lines were plated in 4-well
chamber slides (Thermo Fisher Scientific; Cat# 154526) at a density
of 1 x 10* cells per well. After 24 h of plating, the cells were fixed with
4% paraformaldehyde for 15 min. Cells were rinsed with PBS and were
blocked with blocking buffer (PBS containing 0.3% Triton X-100 with
1% BSA). Cells were treated with anti-detyrosinated alpha tubulin anti-
body (1:100; Abcam; Cat# ab48389) in blocking buffer for 3 h at room
temperature. Cells were then washed with PBS at least 5 times. Cells
were treated with secondary antibody (Alexa Fluor 488) for 1 h fol-
lowed with by hoechst stain (1:10,000; Thermo Fisher Scientific; Cat#
H3569) for 5 min. Cells were washed and imaged to determine their
fluorescence levels using the Zeiss LSM780 confocal microscope.

RNA sequencing

OVCARS8-CPS5 cells were treated with DMSO, 0.1 uM paclitaxel, 1 uM
vincristine, or 0.2 uM colchicine for 72 h to isolate the subpopula-
tion of OVCARS8-CP5 cells resistant to these anti-microtubule drugs.
Libraries constructed from CP-resistant OVCARS8-CP5 cell lines and
pooled subpopulations of OVCARS8-CP5 cells conferring cross-resistance
to paclitaxel, vincristine, and colchicine were sequenced on a NextSeq
500 using Ilumina’s TruSeq Stranded mRNA Library Prep Kit. The se-
quencing quality of 14-25 million reads per sample was assessed us-
ing FastQC (version 0.11.5), Preseq (version 2.0.3) [23] Picard tools
(version 1.119), and RSeQC (version 2.6.4). Reads were trimmed us-
ing Cutadapt (version 1.18) [24] to remove adapter sequences, prior
to mapping to the human reference genome, hg38, using STAR (ver-
sion 2.7.0f) in two-pass mode [25]. Across all samples, the average per-
centage of mapped reads was 93.2%. Expression levels were quantified
using RSEM version 1.3.0 [26] with GENCODE annotation version 30
[27]. Low count genes were removed prior to differential expression
analysis. Genes with counts per million > 0.5 in at least two samples
were considered for downstream analysis. The RSEM counts were then
normalized using the voom algorithm [28] from the Limma R package
(version 3.40.6) [29]. These normalized counts were used for cluster-
ing and data visualization. The R package EnhancedVolcano (version
1.2.0) was used to distinguish genes into four separate groups using the
following thresholds: p-value < 10e-6 and abs|log, (fold-change)| > 1.0.
The autoplot function within the R package ggplot2 (version 3.2.1) was
used to generate a PCA plot and pheatmap (version 1.0.12) was used to
visualize expression of ABC transporters. The R package ggpubr (version
0.2.3) was used to generate the box plot of gene expression for ABCB1
and ABCG2. The Limma package was used to test for differential gene
expression between experimental conditions. Significant differentially
expressed genes were identified with a false-discovery rate < 0.05. Path-
way enrichment was performed using pre-ranked Gene Set Enrichment
Analysis (GSEA) [30] with the KEGG genesets [31] from the Molecular
Signatures Database [32].

Statistical analyses

Unless noted otherwise, all statistical analyses including standard
error of mean (SEM) and statistical significance were determined us-
ing GraphPad Prism 8. Data in this study was considered as statistically
significant when p < 0.05 using a two-tailed Student’s t-test.

Results
Establishment of cisplatin-resistant cell lines

In order to develop cisplatin-resistant cell lines, OVCARS cells were
first grown in the presence of 1 uM cisplatin for three months to select

for the less resistant cell line, OVCAR8-CP1. Beginning with this resis-
tant population, the cisplatin concentration was gradually increased to
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Fig. 1. Generation and confirmation of cisplatin resistance in OVCAR8-CP1 and OVCARS-CPS5 cell lines. (A) Schematic depicting the development of the cisplatin-
resistant cell lines. (B) Bright-field microscopic images of OVCAR8-CP0O, OVCARS8-CP1, and OVCARS-CP5. Scale bar =200 ym. (C) All three cell lines were incubated
with various concentrations of cisplatin, with a final concentration of 1000 M cisplatin, for 72h. Cell viability was determined by the CellTiter-Glo assay system.
Values shown represent the mean of eight biological replicates, with the standard error of mean indicated by error bars. (D) ICg, levels are displayed as the mean
of eight biological replicates at which% cell survival is at y=50%. n=8, **** p < 0.0001. (E) Bright-field microscopic images of OVCAR8-CP0O, OVCARS8-CP1, and
OVCARS-CP5 cells 8 days after plating. Scale bar =10,000 ym (F) Object sum area (um?) of all plates was determined using BioTek Lionheart FX and is shown as
the mean of six biological replicates with the standard error of mean indicated by error bars. n=6, **** p < 0.0001.

5uM over a time period of three more months to establish the more
resistant OVCARS8-CP5 cell line. Both OVCAR8-CP1 and OVCARS8-CP5
were grown in the presence of cisplatin for four additional months
prior to beginning experiments and continued to grow in cisplatin for
the remainder of the study (Fig. 1A). The OVCARS8-CP0O and OVCARS-
CP1 cell populations were also passaged to reach an equivalent passage
number as OVCAR8-CP5. We observed changes in cell morphology be-

tween the parental and resistant cell lines (Fig. 1B). Cell elongation in
cisplatin-resistant cells have been observed previously [33]. It is possi-
ble that the cell elongation could be due to microtubule involvement.
To test that hypothesis, we analyzed levels of polymerized microtubules
in the three cell lines and found increased microtubule polymerization
in both cisplatin-resistant cell lines, with more polymerization observed
in the more resistant OVCARS8-CP5 cells (Supplementary Fig. 2A and
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Fig. 2. Comparison of cell cycle analyses of parental cell line and cisplatin-resistant cells. (A) OVCAR8-CP0O, OVCARS8-CP1, and OVCARS8-CP5 cells were treated for
24h with cisplatin as indicated, stained with propidium iodide, and analyzed by flow cytometry. Cell cycle histograms of one biological replicate of all three cell
lines depicting populations of various cell cycle phases is shown. (B) Bar graph displaying the quantitative analysis of distribution of cells in G,/G;, S, and G, phases
of the cell cycle represented as the mean of three biological replicates with the standard error of mean indicated by error bars. n=3.

B). Therefore, it is clear that cells become more elongated as they be-
come more resistant to cisplatin. A cell viability assay was performed
to confirm cisplatin resistance (Fig. 1C). The IC5, values of OVCARS-
CPO, OVCARS8-CP1, and OVCARS8-CP5 were 9.56 +0.913, 16.51+ 0.59,
and 26.1 +1.49 uM, respectively (Fig. 1D). We also observed that
the cisplatin-resistant cells grew more slowly than the parental cells
(Fig. 1E and 1F). The object sum area for OVCAR8-CP0O, OVCARS8-CP1,
and OVCARS-CP5 was 9.00 x 108 +2.04x 107, 6.14x 108 +3.27 x 107,
and 1.80x 108 +£1.92x107 ym?, respectively. The OVCAR8-CP1 cells
showed a 31.78% decrease in rate of growth and the OVCAR8-CPS5 dis-
played an 80.04% decrease in rate of growth. These data are consistent
with reports suggesting that cisplatin resistance mechanisms require ad-
ditional resources for proliferation, which leads to a deficiency in the
cells’ fitness [34].

Increased cell cycle arrest upon cisplatin treatment is seen in the parental
cell line as compared to cisplatin-resistant cells

We then determined the distribution of cell cycle phases of our cell
lines in the presence or absence of cisplatin (Fig. 2A and B). After treat-

ment with cisplatin, cells with increased resistance to cisplatin exhibited
less arrest in the S phase. With no drug treatment, the percentage of cells
in the S phase for OVCAR8-CPO, OVCARS8-CP1, and OVCARS8-CP5 was
similar (20.67% =+ 0.41, 20.43% + 0.89, 17.27% =+ 0.20, respectively).
With 5 M and 10 uM cisplatin treatment, the percentage of OVCARS-
CPO cells in the S phase increased to 43.07% and 45.20%, respectively.
In the case of the less resistant line, OVCARS8-CP1, the percentage of cells
in S phase was 36.17% + 1.73 and 38.17% =+ 1.62, respectively. Con-
sistent with the extent of resistance, the more resistant line, OVCARS-
CP5, showed the least amount of change with the addition of cisplatin
(25.27% + 0.27 and 30.70% + 1.12 upon 5 xM and 10 uM treatment of
cisplatin).

A subpopulation of cisplatin-resistant cells is cross-resistant to
anti-microtubule drugs

Since ovarian cancer patients are often treated with paclitaxel in
conjunction with cisplatin or carboplatin, we wanted to examine how
anti-microtubule drugs (paclitaxel, vincristine, and colchicine) in com-
bination with cisplatin affect the viability of cisplatin-resistant cells. We



R.P. Patel, S. Kuhn, D. Yin et al.

A B

Cisplatin C

Translational Oncology 14 (2021) 100917

Cisplatin
- OVCARS-CPO %0 El OVCARS-CPO 807 BN OVCARS-CPO
. —
= 1004 -=- OVCARS-CP1 : OVCARS8-CP1 : OVCAR8-CP1
> OVCARS8-CP5 — OVCARS8-CP5
< —— OVCAR8-CP5 S s
=] 2 E] =
@ 8 3
= o o
Q = =
8 50 \\ 10 20
=X
\\‘\\ [ o]
2 L L &
K &
0 -1 00 01 2 103 & & & Qg’p <23"0 ‘23’0
10 10 10 10 10 FFF & K&K
N S S o o o
Cisplatin (uM)
Paclitaxel Paclitaxel
000257 == 0.05
& 0.0020: 0.04 ]
>
2 s < 003
2 3 0.0015 . %
2 <
g & 00010 9“@ 0.02
= 0.0005 0005T  us
0.0000: AR 0.000
T T T T T T 1 ‘b,éz %,C? (b,cg ;?Q d\ ,Q(o
106 105 104 103 102 10" 10° 10 & & & & E
i s s KRS
Paclitaxel (uM) o O O
Vincristine Vincristine
1004 0087 ——p 4 "
® — =
2 3
s 0.06
3 = ns =
7] % — % 2
3 = 0.04 =
[} Q
L\i ” \\\ g &
2 02
0.0 0.2 s
\%\A\ 0.00 0.0
T T T T T L Q N o) Q N D
B S A SO A 4
104 10 102 107" 100 10" 102 & & & & & &
¥ F K ¥ F K
- S RS & F
Vincristine (UM) S S S
Colchicine Colchicine
)4
25 e
100+ L — L—
= 20 iy
> 0.03
= 1.5
S s . s
n = — 2 1.0
2 0.02 2
= o
8 504 o g os
R 0.01 0051 —t—
0.00 o.ool-—lj—l
0 T T T T T T 1(30 ;ﬁz\ (36 ;ﬁzg ,(jz\ C?b
104 103 102 10" 100 10" 102 & & & & &
¥ F K
RealRalitea & F ¢
Colchicine (uM) S o O o o ©

Fig. 3. Cell viability of parental cell line and cisplatin-resistant cells when treated with anti-microtubule drugs. (A) OVCAR8-CP0, OVCARS8-CP1, and OVCAR8-CP5
cells were incubated with various concentrations of cisplatin, paclitaxel, vincristine, or colchicine as indicated for 72h and cell viability was determined by the
CellTiter-Glo assay system. Values shown represent the mean of four biological replicates with the standard error of mean indicated by error bars. (B) ICs, levels are
displayed as the mean of four biological replicates at which% cell survival is at y =50x%. n=4, *** p < 0.001, ** p < 0.01, * p < 0.05, ns > 0.05. (C) IC,5 levels are
displayed as the mean of four biological replicates at which% cell survival is at y =25%. n=4, *** p ( 0.001, ** p < 0.01, * p < 0.05, ns ) 0.05.

found that upon treatment with anti-microtubule drugs, the more re-
sistant cell line, OVCARS8-CP5, does exhibit cross-resistance, while the
less resistant cell line, OVCAR8-CP1, does not. By conducting cell via-
bility assays, we detected the ICs, values for each treatment (Fig. 3A
and B) as well as the IC,5 values (Fig. 3C). We provide both the ICs,
and IC,5 values to illustrate the level of resistance of the different cell
lines to anti-microtubule drugs. The parental and less cisplatin-resistant
cells, OVCARS8-CP0 and OVCARS8-CP1, showed similar levels of sensi-
tivity to paclitaxel, vincristine, and colchicine, consistent with previ-
ous studies that suggest there is no cross-resistance between cisplatin-
resistant cells and anti-microtubule drugs [11]. On the other hand, it is
evident that OVCARS8-CP5 cells have significantly higher resistance to
anti-microtubule drugs compared to the OVCAR8-CP1. At a very high
drug concentration, OVCARS8-CP5 cells plateau at approximately 25%

cell survival, as indicated by the dotted line. This suggests that a subset
of these cells was able to survive high concentrations of anti-microtubule
drug. We wanted to investigate the transcriptional profile of these cell
lines to extrapolate their resistance mechanism.

Cisplatin-resistant cell lines do not show increased activity of either ABCB1
or ABCG2

In an effort to characterize the subpopulation of OVCAR8-CP5 cells
that survived these higher concentrations, we looked at the activity of
two common multidrug resistance proteins, ATP-binding cassette sub-
family B member 1 (ABCB1) and ATP-binding cassette subfamily G
member 2 (ABCG2). We conducted efflux assays via flow cytometry
analyses to determine if any of the cell lines contained ABCB1 or ABCG2,
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but we did not detect significant expression or activity of either pro-
tein in the cell lines (Supplementary Fig. 3A-C), suggesting other re-
sistance mechanisms were responsible for the cross-resistance to anti-
microtubule drugs.

Cisplatin-resistant cells exhibit less apoptosis than parental cells when
treated with anti-microtubule drugs

To better understand how the higher concentrations of various
anti-microtubule drugs may be affecting apoptosis in the parental
and cisplatin-resistant cell lines, we performed an annexin V assay
by flow cytometry (Fig. 4A). We found that after treatment with
anti-microtubule drugs, OVCAR8-CP5 displayed the least amount of
apoptosis among the three cell lines. Although there was no significant
difference in the level of annexin-positive cells between OVCAR8-CP0O
and OVCARS8-CP1 when treated with each of the anti-microtubule
drugs, there was a significant decrease in the percent of annexin-
positive cells in OVCAR8-CP5 (Fig. 4B). This decreased apoptosis was
further verified by examining caspase cleavage in all three cell lines
after treatment with cisplatin, paclitaxel, vincristine, and colchicine
(Fig. 4C). A low basal level of cleaved caspase 3 was observed in
the untreated control OVCARS8-CP5 cells. Despite this, OVCAR8-CPO
displayed the most cleaved caspase 3 when compared to OVCARS-
CP1 and OVCARS8-CP5 after treatment with anti-microtubule drugs.
Furthermore, OVCARS8-CP1 exhibited less cleaved caspase 3 than
OVCARS-CPO, but OVCARS8-CP5 had even less cleaved caspase 3.

Gene set enrichment analysis (GSEA) reveals enrichment for survival
pathways within a subpopulation of OVCAR8-CP5 cells

We further characterized the subpopulation of OVCARS8-CP5 cells
that survived higher concentrations of paclitaxel (0.1 uM), vincristine
(1 uM), and colchicine (0.2 uM). Subpopulations from each treatment
group were pooled for RNA sequencing to identify the most predomi-
nant resistance mechanism. We then performed a differential gene ex-
pression analysis of the subpopulations that were resistant to paclitaxel,
vincristine, and colchicine in comparison to the untreated OVCARS-
CP5 cells. A principal component analysis (PCA) was implemented to
evaluate the reproducibility of the biological replicates within the RNA
sequencing data and also to compare how different the cells treated
with anti-microtubule drugs were to the untreated cells or to other
treatment groups (Fig. 5A). We found that OVCARS8-CP5 cells treated
with anti-microtubule drugs clustered closer together; variance was fur-
ther reduced between replicates of cells treated with a microtubule-
destabilizing agent (vincristine or colchicine) versus a microtubule-
stabilizing agent (paclitaxel). We looked at differential gene expres-
sion of each treatment group against the untreated control to observe
which genes were upregulated and downregulated when the cells were
treated with an anti-microtubule drug for 72h (Fig. 5Band D). In ad-
dition, we found this subpopulation of cells expressed higher levels of
ABCB1 (Fig. 5E) and ABCG2 (Fig. 5F) than the general population of
cisplatin-resistant OVCAR8-CP5 cells (Supplementary Fig. 3A-C). Upon
further observation, we found altered gene expression in several ABC
transporters that survived anti-microtubule drug treatment in compar-
ison to the untreated population (Supplementary Fig. 4A). ABCB1 and
ABCG2 efflux assays demonstrated that despite upregulation of these
gene transcripts, ABCB1 transporter activity only slightly increases in
the isolated subpopulation of OVCAR8-CP5, while hardly any changes
are seen in ABCG2-mediated transport (Supplementary Fig. 4B and C).

In order to broaden our understanding of affected pathways, we per-
formed gene set enrichment analysis (GSEA) and identified significantly
affected pathways in OVCARS8-CP5 cells treated with paclitaxel, vin-
cristine, and colchicine (Fig. 6A-C). As expected, of the 15 most signif-
icant pathways, 7 of the pathways were shared between OVCARS8-CP5
cells treated with the destabilizing anti-microtubule drugs vincristine
or colchicine. We found multiple cell survival-associated pathways that
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were common to all three groups (Fig. 6A-C, Supplementary Fig. 5A-
C). Upregulated pathways included the pro-survival pathways of nu-
clear factor kappa-light-chain-enhancer of activated B cells (NFxB) and
tumor necrosis factor (TNF), both of which have been implicated in cis-
platin resistance [35-37]. Downregulated pathways included DNA repli-
cation and the biosynthesis of amino acids, correlating with our results
(Fig. 1D and E) showing that resistant cells proliferate more slowly. In-
terestingly, components of the cell cycle were downregulated, but to
a lesser degree than DNA replication and biosynthesis of amino acids,
suggesting that the upregulated pro-survival pathways enabled the cells
to progress through the cell cycle without succumbing to mitotic arrest
(Fig. 6D-F). We further verified our RNA-seq finding that aside from the
upregulation of NFKBI mRNA transcripts in OVCARS-CP5 cells upon
treatment with anti-microtubule drugs, the protein level was also up-
regulated (Fig. 7). In addition, unlike the untreated cells, OVCAR8-CP5
cells had increased NFxB activity upon treatment. More interestingly,
NF«B expression and activity were highest in OVCAR-CPS5 cells treated
with anti-microtubule drugs compared to OVCARS8-CP1, suggesting a
different response mechanism. Taken together, the results of our study
indicate that although both OVCAR8-CP1 and OVCARS8-CP5 cells are
resistant to cisplatin, the differing levels of resistance in the two popu-
lations may contribute to differing mechanisms of resistance that could
potentially explain the conflicting data in the literature.

Discussion

Several studies have suggested that microtubules play a role in cis-
platin resistance, and ovarian cancer patients are often treated with pa-
clitaxel, an anti-microtubule drug, in conjunction with cisplatin. How-
ever, previous findings have also suggested that there is no cross-
resistance between cisplatin or carboplatin-resistant cells and anti-
microtubule drugs. In this study, we observed the effects of the anti-
microtubule drugs paclitaxel, vincristine, and colchicine on the parental
cell line and on two different cisplatin-resistant ovarian cancer cell lines
to better understand the reason for discrepancies in the literature.

As mentioned earlier, since various reports have characterized
cisplatin-resistant cells as both cross-resistant and not cross-resistant to
anti-microtubule drugs, we wanted to investigate the reason for these
inconsistencies. Previous studies have typically reported ICs, values
for a wide range of drugs, using those values to draw conclusions re-
garding cross-resistance to other drugs. In our analysis, we focus on
a deeper understanding of three specific anti-microtubule drugs: pacli-
taxel, vincristine, and colchicine. For that purpose, we chose to focus
our studies on one cell line to extensively study how cisplatin resis-
tance may contribute to anti-microtubule drug cross-resistance. We de-
termined that less-resistant cells (OVCARS8-CP1) acted in a manner sim-
ilar to OVCARS-CPO in all of our studies using anti-microtubule drugs;
both of these cell lines showed similar cross-resistance to paclitaxel, vin-
cristine, or colchicine. In contrast, more-resistant cells (OVCAR8-CP5)
included a subpopulation of cells that were simultaneously resistant to
the same three anti-microtubule drugs. Since anti-microtubule drugs
preferentially target rapidly proliferating cells [38] it is possible that
the OVCARS8-CP5 cells are evading anti-microtubule-mediated killing
by proliferating slowly.

While previous studies have reported that cisplatin-resistant cells are
also cross-resistant to anti-microtubule drugs, the mechanism for this
has not been clearly defined [8-10]. One potential useful study would
be to generate resistant cells with a 2-drug combination (cisplatin and
paclitaxel). However, we decided to not add cisplatin and paclitaxel at
the same time because their half-lives are not the same. The combined
treatment would select for cells for cisplatin (longer half-life) longer
than paclitaxel and it would be very difficult to regulate and extrapolate
what the underlying cause of resistance. We decided that it would be
best to first better have a clear understanding of cisplatin resistant
cells’ response to anti-microtubule drugs. For a future study, it would
be useful to generate paclitaxel-resistant cells and then expose them to
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Fig. 4. Effect of anti-microtubule drugs on apoptosis of parental and cisplatin-resistant cell lines. (A) OVCAR8-CPO, OVCAR8-CP1, and OVCAR8-CP5 cells were
treated for 72 h with drugs as indicated, stained with Annexin V and SYTOX green, and analyzed by flow cytometry. The two right-hand quadrants of each graph (see
dotted box as an example) represent annexin-positive cells. (B) Quantitative analysis of annexin-positive cells represented as the mean of three biological replicates
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GAPDH was used as a loading control.

cisplatin to understand the cross-resistance of the drugs. In this study,
in an attempt to understand why a subpopulation of OVCAR8-CP5 was
able to survive higher concentrations of anti-microtubule drugs, we con-
ducted efflux assays via flow cytometry analysis to determine if these
cells expressed two common multidrug resistance proteins (ABCB1
or ABCG2). All three anti-microtubule drugs, paclitaxel, vincristine,
and colchicine, used in this study are ABCB1 substrates [39]. It would
be unusual, but not impossible, for cisplatin-resistant cells to display
increased levels of ABCB1 [10] since cisplatin is not a substrate for
ABCBI1 transport. In addition, even though paclitaxel, vincristine, and
colchicine are not ABCG2 substrates [40], some studies have suggested
that ABCG2 plays a role in cross-resistance in cisplatin-resistant cells
[9]. Despite these inferences, the efflux assays we conducted showed
little to no increase in activity of ABCB1 (Supplementary Fig. 3A,
Supplementary Fig. 4B) or ABCG2 (Supplementary Fig. 3B, Supplemen-
tary Fig. 4C) with increasing resistance to cisplatin. Previous reports
have suggested ABCB1 or ABCG2 are involved in conferring cisplatin
and anti-microtubule drug cross-resistance. Our studies indicate that
although these transporters may account for some of the resistance,
there are other underlying mechanisms that need further investigation.

Our RNA-sequencing data on OVCAR8-CP5 cells treated with
anti-microtubule drugs show that cells treated with a microtubule-
destabilizing agent (vincristine or colchicine) have a distinct transcrip-
tional profile compared to cells treated with a microtubule-stabilizing
agent (paclitaxel) (Fig. 5A). While vincristine and colchicine have simi-
lar mechanisms of action, treatment with these drugs leads to observable
transcriptional differences that may be due to differences in their ability
to bind to tubulins [41]. While colchicine takes about 4 h to reach maxi-
mum binding capacity to tubulin, vincristine takes less than 5 min. This
may potentially affect downstream pathways. Furthermore, we found
that NF«xB, a master transcriptional regulator, is more highly activated
in OVCARS8-CP5 cells. This also affects what pathways are activated, and
may explain why gene enrichment analysis showing similar hits would
also exhibit differences in enriched pathways, suggesting different re-
sponse/resistance mechanisms in the OVCAR8-CP5 and OVCARS8-CP1
cells (Fig. 6A-C).

Our study first generated cisplatin resistant cells before exposing the
cells to anti-microtubule drugs. It is very likely that the acquired re-
sistance mechanisms from cisplatin selection is also involved in anti-
microtubule drug resistance. As mentioned earlier, through gene set en-
richment analysis of our RNA-sequencing data, we found multiple path-
ways related to cellular survival, such as the TNF signaling pathway and
its downstream NF«B signaling pathway to be significantly enhanced
upon treatment with all three of our anti-microtubule drugs. Several cis-
platin resistance mechanisms have been described previously such as al-
teration of glutathione levels, altered transport of cisplatin, involvement
of ATP7A and ATP7B, and activation of DNA repair pathways [2]. How-
ever, when cisplatin resistant cells were treated with anti-microtubule

drugs, these resistance mechanisms were not the main drivers that we
found to be involved in resistant mechanisms to anti-microtubule drugs
(Fig. 6). In our models, we found genes associated with TNF/NF«B sig-
naling to be enriched in cells that were also resistant to anti-microtubule
drugs (Figs. 6 and 7).

The TNF cytokines and NFxB transcription factors have been im-
plicated in several pathways including the regulation of inflamma-
tion, cellular survival, and proliferation. As the name suggests, TNF is
largely known for its cytotoxic abilities; however, it is also an impor-
tant inducer of NF«xB, a transcription factor that, when activated, me-
diates the transcription of proteins involved in cell survival and prolif-
eration, which could possibly mask the death-inducing capabilities of
TNF [42].

Although not much has been published concerning the involvement
of the cytoskeleton in NFxB regulation, it has been shown that short
exposures to extremely high concentrations of anti-microtubule drugs
can affect TNF induction of NFxB [43]. Jackman and colleagues showed
that paclitaxel, a microtubule-stabilizer, in the absence of other inducers
including TNF, can induce NF«B in a TNF-independent manner. Impor-
tantly, paclitaxel plus TNF does not show an additive effect, indicat-
ing that cells activate NFxB either by TNF or paclitaxel, but not both.
Moreover, colchicine, a microtubule-destabilizing agent, inhibited TNF
activation of NFxB. Since our data shows TNF and NF«B signaling is
upregulated in cells treated with either a microtubule-stabilizing or -
destabilizing agent, this suggests that the upregulation is a consequence
of the cisplatin resistance, and not the 72 h anti-microtubule drug treat-
ment.

Furthermore, the cell cycle pathway seems to be relatively unaffected
in cells that survive anti-microtubule drug treatment, despite decreases
in DNA replication and biosynthesis of amino acids (Fig. 6D-F). As anti-
microtubule drugs are known to induce apoptosis in cells by inducing
mitotic arrest [44], average enrichment scores for the cell cycle path-
way indicate that although the cells were proliferating more slowly, as
signified by decreases in DNA replication in the biosynthesis of amino
acids, the anti-microtubule drugs were unable to exert their anti-mitotic
effects on these cells. Although there are many potential mechanisms of
resistance against anti-microtubule drugs, it is possible that cisplatin-
induced NF«B activation through TNF signaling is contributing to the
cross-resistance in these cells, as NFxB has been found to promote sur-
vival during mitotic cell cycle arrest [45]. Future studies including in-
vestigation of the mechanism of resistance to cisplatin may help define
the role of cell survival mechanisms and whether these alterations di-
rectly affect anti-microtubule drug resistance.
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