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Chemotherapy exacerbates ovarian cancer cell migration
and cancer stem cell-like characteristics through GLI1

Yawei Zhao', Meihui He', Lianzhi Cui?, Mohan Gao', Min Zhang', Fengli Yue', Tongfei Shi', Xuehan Yang', Yue Pan’, Xiao Zheng’,
Yong Jia®, Dan Shao'*, Jing Li', Kan He' and Li Chen'?

BACKGROUND: Despite the great clinical response to the first-line chemotherapeutics, metastasis still happens among most of the
ovarian cancer patients within 2 years.

METHODS: Using multiple human ovarian cancer cell lines, a transwell co-culture system of the carboplatin or VP-16-challenged
feeder and receptor cells was established to demonstrate the chemotherapy-exacerbated migration. The migration and cancer
stem cell (CSC)-like characteristics were determined by wound healing, transwell migration, flow cytometry and sphere formation.
mRNA and protein expression were identified by gPCR and western blot. Bioinformatics analysis was used to investigate the
differentially expressed genes. GLIT expression in tissue samples was analysed by immunohistochemistry.

RESULTS: Chemotherapy was found to not only kill tumour cells, but also trigger the induction of CSC-like traits and the migration
of ovarian cancer cells. EMT markers Vimentin and Snail in receptor cells were upregulated in the microenvironment of
chemotherapy-challenged feeder cells. The transcription factor GLI1 was upregulated by chemotherapy in both clinical samples and
cell lines. Follow-up functional experiments illustrated that inhibiting GLI1 reversed the chemotherapy-exacerbated CSC-like traits,
including CD44 and CD133, as well as prevented the migration of ovarian cancer cells.

CONCLUSIONS: Targeting GLI1T may improve clinical benefits in the chemotherapy-exacerbated metastasis in ovarian cancer

treatment.
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BACKGROUND

Ovarian cancer is the leading cause of death among gynaecolo-
gical cancers.' Platinum, paclitaxel or the combination of platinum
and paclitaxel-based chemotherapy are used as the first-line
chemotherapeutics for the clinical management of ovarian
cancer.? Despite the achievement of a complete clinical response,
recurrence and metastasis are still observed among ~70% of the
patients within 2 years after initial diagnosis, which is responsible
for the high mortality of ovarian cancer.® Although chemotherapy
is one of the major efficient medical interventions, our and other
recent studies have found that it may also induce intratumoural or
systemic changes, which may paradoxically exacerbate the
proliferation and dissemination of cancer cells.* Different che-
motherapy drugs, including paclitaxel and carboplatin, were
observed to induce the migration of cancer cells in different
kinds of cancers.>™” The secretion of cytokine and inflammatory
mediators, such as the C-X-C chemokine receptor type-4 (CXCR4)
and prostaglandinE2 (PGE2) that are essential for inducing the
epithelial-mesenchymal transition (EMT) of cancer, was found to
be elevated in the tumour microenvironment after chemotherapy
treatments, indicating that the altered tumour microenvironment
by chemotherapy may contribute to the chemotherapy-induced
metastasis.®”

Cancer stem cells (CSCs) are reported to exacerbate the
initiation, differentiation, maintenance, dissemination, drug resis-
tance and recurrence of tumour in various types of cancers.'”
Some recognised markers, such as CD133, ALDH, CD44 and
CD117, are used to identify ovarian cancer stem cells (0CSCs).M
The upregulation of CSC markers has been reported to induce the
process of EMT and the migration of tumour cells in different
cancers.'*"3 Recently, an in vivo study has demonstrated that the
short-term treatment of cisplatin and paclitaxel resulted in an
increase in CSC-like traits and led to an increased tumour burden
and metastatic potential, suggesting that the first-line chemother-
apy treatment may result in the increase of CSC-like phenotype in
ovarian tumours, and trigger the facilitation of the metastasis and
relapse of ovarian cancer.'” However, the early molecular
mechanisms triggered by the chemotherapy treatments that
increased the cancer stem cell-like characteristics and ultimately
induced the migration ability of ovarian cancer cells are still not
well established.

The GLI family are transcription factors of the Hedgehog (Hh)
signalling, including GLI1, GLI2 and GLI3. GLIT usually acts as a
strong activator of targets, whereas GLI2 and 3 have dual
functions as repressor or activator depending on different
circumstances.” Hh signalling is essential for embryonic
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development and maintaining many tissues and organs.'® Studies
have also observed an activation of Hh signalling in pancreatic,
glioma and gastric cancers, functioning in maintaining the
characteristics of cancer stem cells.'®™'® GLI1 is known to be
associated with the CSC-like phenotype formation in gastric
cancer,’® and its inhibitor GANT61 can inhibit the growth of
pancreatic cancer stem cells.'® Other studies have linked GLI1 with
the EMT and invasion of tumour cells."®

In our study, the Transwell co-culture system of the chemother-
apy drug-treated and -untreated ovarian cancer cells was
established, to investigate the indirect influence of chemotherapy
on the CSC-like characteristics of ovarian cancer cells by altering
the tumour microenvironment. The migration and sphere forma-
tion ability were significantly enhanced in the microenvironment
of the chemotherapy-challenged dying cells in two different
ovarian cancer cell lines. The EMT markers as well as the
pluripotency-associated gene BMI1, which was regulated by
transcription factor GLI1, were upregulated by chemotherapy
treatments. GLI1 was clinically associated with chemotherapy
treatments and the survival of ovarian cancer patients. Down-
regulation of GLI1 reversed the chemotherapy-induced CSC-like
characteristics and migration of ovarian cancer cells. Our study
emphasised the paradox that in spite of the crucial role
chemotherapy played in the medical treatments of ovarian
cancer, it may also trigger the increase in the CSC-like
characteristics of tumour cells and induce the metastasis of
ovarian cancer. A thorough understanding of the molecular
mechanisms of the chemotherapy-exacerbated migration of
ovarian cancer cells may contribute to the development of new
strategies of better chemotherapy treatments.

METHODS

Cell culture

The human ovarian cancer cell lines SKOV3, A2780 and
KURAMOCHI were cultured in RPMI 1640 (Cat#11875119, Gibco,
USA) supplemented with 10% foetal bovine serum (FBS,
Cat#10099141, Gibco, USA) and 1% penicillin-streptomycin liquid
(Cat#P1400, Solarbio Life Sciences, China). Cells were incubated at
37°C in 5% CO,-95% air atmosphere.

Treatment of ovarian cancer cells with chemotherapy drugs and
Transwell co-culture system

Treatment of ovarian cancer cells with chemotherapy drugs and
the Transwell co-culture system was consistent with our previous
studies with minor modification.**° The human ovarian cancer cell
lines SKOV-3 and A2780 were seeded into 6- (10° cells per well) or
24-well (2.5 x 10* cells per well) plates and incubated for 24 h and
allowed to reach 60-65% confluence. The cells were then treated
with a single dose of 100 uM carboplatin (Cat#51215, Selleck
Chemicals, USA) or 5uM VP-16 (Etoposide Injection, Qilu
pharmaceutical Co., LTD) for 24 h (Day 0). Then the cells were
rinsed with phosphate-buffered saline (PBS) twice, and fresh
culture medium was added into each well. For SKOV-3 or A2780
cells treated with carboplatin, the cells were cultured for another
3 days (Day1-Day 3); for SKOV-3 treated with VP-16, the cells were
cultured for another 6 days (Day1-Day 6); for A2780 treated with
VP-16, the cells were cultured for another 5 days (Day 1-Day 5).
The majority of cells died gradually during the culture period after
the chemotherapy drugs were removed from the system, and the
cells and conditioned medium of the culture system were used for
future experiments.

The 4.0-um pore-size semipermeable membrane filter chambers
(Cat#3450, Corning, USA) were used in the Transwell co-culture
system. First, the SKOV-3 cells or A2780 cells (as feeder cells) were
treated by the chemotherapy drugs consistent with the conditions
mentioned above for 24 h. In the meantime, SKOV-3 cells or A2780
cells (4 x 10* cells per well, as receptor cells) were seeded into six-

Chemotherapy exacerbates ovarian cancer cell migration and cancer stem...

Y Zhao et al.

well plates and allowed to adhere overnight. Then the same
number of feeder cells in each group in 2mL of fresh culture
medium were seeded into the upper inserts that were placed into
the six-well plates seeded with receptor cells. The cells in the
upper and lower chambers were co-cultured for 3-5 days
consistent with the conditions mentioned above. Then the
receptor cells in the lower chamber were collected for western
blot or quantitative real-time PCR analysis. In the RNA interference
experiments using SiRNA of GLI1, the chambers with
chemotherapy-treated or -untreated feeder cells were inserted
into the wells with siRNA or negative control (NC)-transfected
receptor cells. After 48 h of co-culture, the receptor cells in the
lower chamber were collected for quantitative real-time PCR
analysis. After 72 h of co-culture, the receptor cells in the lower
chamber were collected for western blot analysis.

Cell migration assay

Cell migration assay was carried out as previously described.?'
Briefly, the Transwell chambers (Cat#3464, Corning, USA) with 8.0-
MM pore-size semipermeable membrane filters were inserted into
the 24-well plates with an equal number of the chemotherapy
drug-treated or -untreated cells in the bottom of the wells, and the
SKOV-3 or A2780 cells (10 cells/200 pL) in medium containing 1%
FBS were seeded into the chambers. After 24 h of incubation, the
cells in the upper surface of the chambers were removed by
cotton swabs. The cells on the lower surface of the membranes
were fixed and stained by 0.1% crystal violet for 15-20 min at
room temperature. Rinsed with PBS twice, the stained cells were
then photographed under the microscope. Finally, the cells were
solubilised with 33% acetic acid (500 ul per well), and then
quantified at the absorbance of 570 nm. A minimum of three wells
were used for each group. All experiments were performed in
triplicate.

Wound-healing assay

Wound-healing assay was carried out as previously describe
Afterwards, the cell-free wound areas were scratched by 10-puL
sterile pipette tips. Debris was removed by rinsing with PBS, and
then the culture medium was replaced with conditioned medium
of the chemotherapy drug-treated or -untreated cells; in the
meantime, GANT61 (Cat#S8075, Selleck Chemicals, USA) was
added into the relative groups. Images were taken at 0 and 24 h
after the scratch. The wound healing = (0-h width - 24-h width)/0-
h width x 100%.

d 22,23

Sphere formation assay

The chemotherapy drug-treated or -untreated cells were collected
for sphere formation assays. GANT61 at a final concentration of 5 pM
was added simultaneously into the culture medium as the cells were
seeded in the relative groups. Sphere formation assays were
performed as previously described with minor modifications.?**®
Single-cell suspensions (5x 10%cells per well) were seeded into
serum-free DMEM/F12 medium (Cat# C11320033, Gibco, USA)
supplemented with 20 ng/mL Animal-Free Recombinant Human
EGF (EGF, Cat#AF-100-15, Peprotech, USA), 10 ng/mL Recombinant
Human fibroblast growth factor-basic (bFGF, Cat#100-18B, Pepro-
tech, USA) and B-27 supplement (Cat# 17504044, Gibco, USA) in
ultra-low-attachment plates (Cat#3471, Corning, USA) and cultured
for 10 days. The number of spheres formed under three different
fields were evaluated under microscopy. Colony diameters >50 um
were counted as a single positive colony. For all sphere formation
experiments, three wells were run for each group. All experiments
were performed in triplicate.

Flow cytometric analysis

The chemotherapy drug-treated or -untreated cells were collected
for flow cytometric analysis. The flow cytometry analysis was
performed as described previously.?® In total, 10° cells in 100 pL of
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1640

PBS were incubated with APC anti-human CD133 antibody (5 pL/
10° cells) (clone 7, Cat#372806, Biolegend, USA), FITC anti-mouse/
human CD44 antibody (5 uL/10°cells) (clone IM7, Cat#103006,
Biolegend, USA) for 30 min in the dark at 4°C, following the
manufacturer’s instructions. Then the cells were washed with PBS
twice and resuspended in 300 pL of PBS prior to FACS analysis.

Bioinformatics analysis

Dataset GSE109934 in Gene Expression Omnibus (GEO) database
(http://www.ncbinlm.nih.gov/geo)®” was used to identify differen-
tially expressed genes (DEGs). The dataset included 19 chemother-
apy samples and 19 non-chemotherapy samples of ovarian cancer
patients. Microarray-based bioinformatics analysis was performed
using R software and Bioconductor 3.3.2 (http://www.bioconductor.
org/). We screened the significant DEGs by Limma package of R
software. The fold change > 2 and p<0.05 were considered
statistically significant. Biological significance and pathway of DEGs
was explored by GO term and KEGG enrichment analysis using
ClusterProfiler package of R software. p < 0.05 was considered to be
significant. Using the PROGgeneV2 website tool (http://watson.
compbio.iupui.edu/chirayu/proggene/database/?url=proggene),?®
the relationship between GLI1 expression and survival probability
was investigated in ovarian cancer datasets by calculating p-value
and hazard ratios (HR) with relative confidence intervals (Cl).

Quantitative real-time PCR

The quantitative real-time PCR was performed as described
previously.”® Total RNA was extracted using Trizol
(Cat#15596026, Invitrogen, USA), and complementary DNA was
synthesised using TransScript First-Strand cDNA Synthesis Super-
Mix (Cat#AT301, TransGen Biotech, China). Specific quantitative
real-time PCR experiments were performed using FastStart
Universal SYBR Green Master (Rox) (Cat#4913914001, Roche,
Swiss) following the manufacturer’s protocols. Specific primers
used for qRT-PCR assays are listed in Table S1.

Clinical samples

The ovarian cancer tissue samples were collected from Jilin Cancer
Hospital, China. Tissue samples from patients who underwent
surgery without chemotherapy (non-chemotherapy group, stage |,

[}

n=6) or from patients who received chemotherapy before surgery
(chemotherapy group, n=16) were analysed by immunohisto-
chemistry. The FIGO stage and histology of the tissue samples are
listed in Table S2. The work was approved by the Ethics Committee
of Jilin Cancer Hospital and performed in accordance with the
Declaration of Helsinki. All patients signed written informed consent.

Immunohistochemistry

Histological sections of paraffin-embedded biopsies were stained
by immunohistochemistry using the UltraSensitive SP IHC Kit
(Cat#KIT9710, Maxim Biotechnologies, China), following the
manufacturer’s instructions. The primary antibody anti-GLI1 anti-
body (Cat. # ab151796, Abcam) was diluted at 1:100. Immuno-
chemistry results were evaluated semi-quantitatively using a H
score as previously described.®° Briefly, five fields were randomly
selected. The percentage of positive cells was determined by the
staining intensity (0: no signal, 0%; 1: weak signal, <25%; 2:
intermediate signal, 25-50%; 3: strong signal, =50%). The H scores
of each field were determined using the following formula: H
score % = 1 x (% of cells with an intensity 1) 4+ 2 X (% of cells with
an intensity 2) 4+ 3 X (% of cells with an intensity 3). Then the
average of the H scores of five individual fields was calculated as
the final H score of each group.

Western blot analysis

The chemotherapy drug-treated or -untreated SKOV-3 or A2780
cells were collected for Western Blot analysis. Western blot
analysis was performed as previously described.?® The primary
antibodies, including anti-GLI1 antibody (Cat. # ab151796, Abcam),
anti-Bmi 1 (D42B3) antibody (Cat. # 5856, Cell Signaling
Technology) and beta-actin antibody (Cat. # 60008-1-lg, Protein-
tech Group, USA) were 1:1000 diluted. Secondary antibodies
including HRP-conjugated Affinipure Goat Anti-Mouse IgG(H + L)
(Cat. # SA00001-2, Proteintech Group, USA) and HRP-conjugated
Affinipure Goat Anti-Rabbit IgG(H + L) (Cat. # SA00001-1, Protein-
tech Group, USA) were 1:5000 diluted.

RNA interference
GLIT siRNA (5-GCGUGAGCCUGAAUCUGUGTT-3', 5-CACAGAUUC
AGGCUCACGCTT-3")*' was designed and chemically synthesised
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Fig. 1 Chemotherapy exacerbated the migration of ovarian cancer cell lines. SKOV-3 and A2780 cells were treated with carboplatin or VP-

16 for 24 h. The two cell lines treated with carboplatin were cultured for an extra duration of 72 h. The two cell lines treated with VP-16 were
cultured for another 5-6 days. a, b Transwell migration assay was then conducted using the two cell lines respectively in the conditioned
medium of the chemotherapy-treated cells. The cells on the lower surface of the semipermeable membranes were fixed and stained with
0.1% crystal violet, then solubilised with 33% acetic acid and quantified at absorbance of 570 nm. ¢, d Conditioned medium of the
carboplatin- or VP-16-treated cell lines was used in the wound-healing assay of the SKOV-3 and A2780 cell lines. The results were expressed as
the mean + SD, *p < 0.05 compared with the control group.
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Fig. 2 Chemotherapy induced the cancer stem cell (CSC)-like characteristics of ovarian cancer cell lines. a, b The SKOV-3 and A2780
cell lines co-cultured with the carboplatin- or VP-16-treated cells were used in the sphere formation assay and cultured for 10 days.
Colony diameters >50 um were counted as a single positive colony. ¢, d Quantitative analysis of positive colonies in the sphere formation
assay. e, f The expression of the OCSC markers (CD44+/CD133+) in the SKOV-3 and A2780 cell lines co-cultured with the carboplatin- or
VP-16-treated cells was analysed by flow cytometric analysis. All experiments were performed in triplicate. The results were expressed as the
mean + SD of three parallel experiments, *p < 0.05 compared with the control group.

by Sangon (Shanghai, China). Scramble siRNA was used as a
negative control. siRNA transfection was performed as previously
described.?" Briefly, the cells were seeded into six-well plates and
cultured for 24 h until the cells reached ~70% confluence. Then the
cells were starved for 1h in serumfree culture. The transfection
mixture containing Lipofectamine 2000 (Invitrogen, Cat#11668019,
USA) and the siRNA of GLI1 (40 nM) was incubated together for 20
min and then added into the culture medium gently. Cells were
incubated in the mixture for 4h, and then the medium was
replaced by normal 10% FBS- containing medium. After 48 h of
incubation, the expression of GLI1T was detected by real-time
quantitative PCR and western blot. About 24 h after the transfec-
tion, cells were collected and seeded into 8.0-um pore-size
Transwell chambers for migration assay.

Statistical analysis

Statistical analysis was performed by GraphPad Prism software 5.
The results were presented as the mean+SD unless indicated
otherwise. The significance of difference between groups was
assessed by the Student's t test for single comparisons or the
analysis of variance (ANOVA) with the Newman-Keuls tests for
multiple comparisons. A value of p<0.05 was considered
statistically significant.

RESULTS
Chemotherapy exacerbated the migration of ovarian cancer cell
lines
Metastasis is considered as one of the major causes of cancer
treatment failure. Our previous study found that chemotherapy-
treated apoptotic ovarian cancer cells could induce the repopula-
tion of a small number of surviving cells through the increased
PGE2 level in the tumour microenvironment.® In our study, a
similar Transwell system was established as previously to explore
the influence of chemotherapy-induced apoptotic ovarian cancer
cells on the migration ability of the remaining ovarian cancer cells.
Two representative ovarian cancer cell lines SKOV-3 and A2780
were used. A first-line chemotherapy drug carboplatin and a
second-line chemotherapy drug VP-16 was used respectively as
chemotherapy treatments. Compared with vehicle treatment, the
24-h treatments of carboplatin or VP-16 significantly induced the
death of feeder cells (Fig. S1). The altered microenvironment of
either carboplatin- or VP-16-treated ovarian cancer cells signifi-
cantly increased the migration of the two cell lines (Fig. 1a-d,
Fig. S2A-D). This chemotherapy- exacerbated migration was also
observed in the KURAMOCHI cell line that was reported to be
most similar to the high-grade serous ovarian cancer (HGSOC)
cells®? (Fig. S3A-C).
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SKOV-3 and A2780 cell lines co-cultured with carboplatin- or VP-16-treated cells were analysed by gRT-PCR. The mRNA expression of the
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performed in triplicate. The results were expressed as the mean + SD, *p < 0.05 compared with the control group.

Chemotherapy induced the cancer stem cell (CSQC)-like
characteristics of ovarian cancer cell lines

Since studies have shown that the migration ability of tumour cells
was associated with the cancer stem cell-like properties, we studied
the influence of chemotherapy treatment on the CSC-like proper-
ties of the two ovarian cancer cell lines. Ovarian cancer cells co-
cultured with either carboplatin- or VP-16-treated cells exhibited
higher sphere formation ability (Fig. 2a-d), which was also
confirmed in the KURAMOCHI cell line (Fig. S3D, E). The properties
of these cells expressing the OCSC markers (CD44+/CD133+)
(Fig. 2e, f) and the mRNA level of CD44 and CD133 were also
significantly increased in the microenvironment of chemotherapy-
challenged cells (Fig. 3a, b), which confirmed again that the
chemotherapy treatment can significantly increase the CSC proper-
ties of ovarian cancer cells. The expression of three EMT markers in
ovarian cancer was also investigated. The expression of Vimentin
(VIM) and Snail was significantly increased, while the expression of
Twist remained still (Fig. 3a, b). Then the expression of several
reported key genes that may regulate the CSC-like characteristics
was analysed in the receptor cells. The expression of SOX-2 and BMI
was dramatically increased in both cell lines treated by both drugs.
The expression of Nanog was significantly increased in SKOV-3 cells
but not in A2780 cells, suggesting that the expression of Nanog
may differ in different cell lines. The expression of Oct-4 was not
regulated by either chemotherapy treatment in both cell lines
(Fig. 3a, b). Therefore, we focus on the two pluripotency-associated
genes SOX-2 and BMI to investigate the influence of chemotherapy
on them.

The chemotherapy-induced cancer stem cell-like property
increase is associated with transcription factor GLI1

In order to identify the potential transcription factors that were
alternated by chemotherapy treatment and may regulate the
expression of pluripotency-associated genes, the expression of
784 genes in the gene chips of ovarian cancer tissues treated or
untreated by chemotherapeutics was analysed. By using Limma
package of R software, a total of 63 DEGs were identified between
the chemotherapy and non-chemotherapy groups in ovarian
cancer patients (Fig. 4a). Hierarchical clustering analysis was
obtained for the 63 DEGs. The general gene expression patterns
were evidently different in the two groups (chemotherapy vs. non-
chemotherapy) presented by TreeView, including 45 upregulated
(orange ones) and 18 downregulated genes (green ones, Fig. 4b).
Among them, six transcription factors regulating the cancer stem
cell-associated genes were verified by the reported literatures
(marked with deep red, Fig. 4b, c), including NR4A1, FOS, KLF-4,
GLI1, NFATC1 and JUN (Table S3).

Based on this, the gRT-PCR was conducted to verify the
alternations of these genes in the two cell lines treated by the two
different chemotherapy drugs. GLI1 was confirmed to be
upregulated by either carboplatin or VP-16 treatments in both
cell lines most significantly (Fig. 4d, e). KEGG and GO analysis was
done to analyse the biological significance and pathways of the
DEGs. In KEGG analysis, the DEGs were mainly enriched in
pathways in cancer, cell cycle, MAPK signalling pathway, Wnt
signalling pathway and p53 signalling pathway. GLIT was enriched
in pathways in cancer that was the most significant pathway
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(Fig. S4A). In GO analysis, the significant biological functions
of GLI1 were regulation of cell proliferation, positive regulation
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relationship between the expression of GLI1 and overall survival of
ovarian cancer samples. The results suggested that 5-year overall
survival was significantly decreased in the GLIT highly expressed
group. The high expression of GLI1 indicated a poor prognosis
(Fig. 4f). The expression of GLI1 in clinical samples from ovarian
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Fig. 4 The chemotherapy-exacerbated cancer stem cell-like property increase is associated with the expression of GLI1. a, b Dataset
GSE109934 in GEO database (http://www.ncbi.nlm.nih.gov/geo), including 19 chemotherapy samples and 19 non-chemotherapy samples of
ovarian cancer patients, was used to identify DEGs. ¢ The expression of 784 genes in the gene chips of the above ovarian cancer tissues was
analysed. In total, 45 upregulated (orange ones) and 18 downregulated genes (green ones) were identified. Among them, six transcription
factors regulating the cancer stem cell-associated genes were verified by the reported literatures. d, e The SKOV-3 and A2780 cell lines co-
cultured with the carboplatin- or VP-16-treated cells were analysed by qRT-PCR. The six reported transcription factors regulating the cancer
stem cell-associated genes were investigated. f The relationship between GLI1 expression and survival probability was investigated in ovarian

cancer datasets by the PROGgeneV2 website tool

(http://watson.compbio.iupui.edu/chirayu/proggene/database/?url=proggene).

g Immunohistochemistry analysis of tissue samples from patients who underwent surgery without chemotherapy (control group, n =6) or
from patients who received chemotherapy before surgery (chemotherapy group, n = 16). h Quantitative analysis of the IHC analysis. i After
the 3-5 days’ co-culture, the receptor cells co-cultured with the carboplatin- or VP-16-treated feeder cells were collected for western blot
analysis. The results were expressed as the mean+SD, *p <0.05 compared with the control group. *p <0.05 compared with the non-

4chemotherapy group.

cancer patients who went through chemotherapy (chemotherapy
group) or not (non-chemotherapy group) was also analysed
(Fig. 49, h). The GLIT expression of the chemotherapy group
significantly increased compared with the non-chemotherapy
group. Western blot of the chemotherapy drug-treated ovarian
cancer cell lines showed similar results. The expression of GLI1 of
the receptor cells was significantly upregulated in chemotherapy
groups (Fig. 4i), also confirmed in KURAMOCHI cells (Fig. S3F).
These indicated that GLIT as a key transcription factor in the
Hedgehog signalling pathway may play a crucial role in the
chemotherapy-induced regulation of cancer stem cell-like
properties.

Downregulation of GLI1 inhibited the chemotherapy-exacerbated
CSC-like properties and migration in ovarian cancer cell lines

To explore the role GLIT may play in regulating the chemotherapy-
exacerbated CSC-like properties and migration, siRNA was used to
knock down the GLI1 expression (Fig. S5). As shown in Fig. 5a, b
and Fig. S6A, the migration induced by carboplatin (carb group) or
VP-16 treatments (VP-16 group) was significantly reversed by
knocking down the expression of GLI1 in both cell lines (VP-16 + si
group or carb + si group). The siRNA of GLI1T (si-GLIT group) could
also inhibit the migration of both cell lines compared with the NC-
treated ones (control group). The inhibitor of GLI1T GANT61 was
also used in the wound-healing assay; similar results were
observed in both cell lines treated with carboplatin or VP-16
(Figs. 5¢, d, S6B). The expression of GLIT was inhibited by GANT61
in both cell lines (Fig. S7). The sphere formation ability enhanced
by the chemotherapy treatments (carb group or VP-16 group) was
also dramatically inhibited by GANT61 (carb + GANT61 group or
VP-16 + GANT61 group) (Fig. 5e-h). Flow cytometric analysis
showed that the increased cancer stem cell-like properties (CD44
+/CD133+) after chemotherapy treatments (carb group or VP-16
group) were reversed by knocking down GLIT (VP-16 + si group or
carb + si group) (Fig. 5i, j), indicating the crucial role of GLI1 in the
regulation of CSC-like characteristics.

Chemotherapy exacerbated the CSC-like properties of ovarian
cancer cell lines through GLI1-BMI1 signalling pathway

The key genes that were observed to be regulated by the
chemotherapy treatments were then tested by qRT-PCR to
investigate whether they were regulated by the transcription
factor GLI1. It was shown that although the two pluripotency-
associated genes SOX-2 and BMI were significantly upregulated by
chemotherapy treatments, silencing GLIT did not regulate the
enhanced SOX-2 expression, but significantly inhibited the
chemotherapy-induced upregulation of BMI1 in the receptor cells
of both chemotherapy-challenged groups. Therefore, the upregu-
lation of BMI1 but not SOX-2 may be regulated by GLI1. The
expression of the chemotherapy-induced upregulated EMT
markers (VIM and Snail) and stem cell markers (CD44 and
CD133) in ovarian cancer was also reserved by GLI1 knockdown
(Fig. 6a, b). The protein expression of GLIT and BMI was also
upregulated in the receptor cells of both chemotherapy-
challenged groups in both cell lines, while GLIT silencing could

reverse this upregulation (Fig. 6¢). These results indicated that the
GLIT-BMI1 signalling pathway may be one of the activated
pathways in the process of chemotherapy-exacerbated migration
and the increase in CSC-like characteristics.

DISCUSSION

It is becoming clear that ovarian cancer is a heterogeneous
disease.®>® Approximately 90% of the ovarian cancer is epithelial
cancer. Other subtypes include germ cell (2.6%), sex-cord stromal
(1.2%) and mixed-cell types. Among the epithelial ovarian cancer
subtypes, 68-71% patients were classified as having serous
histology. Other histological subtypes include endometrioid
(9-11%), clear cell (12-13%), mucinous (3%), malignant Brenner
tumours (1%) and mixed histologies (6%).>**> Histologic and
molecular characters differ in different histological types.*® In our
study, two mostly used ovarian cancer cell lines SKOV-3 and
A2780, as well as KURAMOCHI cell line that is most genomically
similar to the high-grade serous ovarian cancer (HGSOC) cells,*
were employed to explore the unexpected influence of che-
motherapy on migration of ovarian cancer cells remaining in vitro
rather than the widely known therapeutic efficacy. SKOV-3 cells
were collected from the ascites of an ovarian cancer patient and
represent well-differentiated serous adenocarcinoma cancer. This
cell line forms xenograft tumours with a histology very similar to a
human serous cancer.?” A2780 cells were collected from the
tumour tissue with no clear histological classification in the
original publication. The putative histological subtype was
endometrioid or clear cell3® Our results first indicated that all
the three cell lines showed similar response to the first- or second-
line chemotherapy treatments: the increase in CSC-like character-
istics and migration. It first indicated that the chemotherapy-
exacerbated metastasis may be universal in the treatment of
different histological types of ovarian cancer. This phenomenon
may be attributed to generic host repair mechanism in response
to chemotherapy-induced extensive tissue damage, but does not
depend on the specific types of chemotherapy agents.

Studies have described the increase in CSCs and EMT induced
by chemotherapy treatments. However, whether the induction of
CSCs and EMT is due to the selection of chemotherapy or
mediated by chemotherapy treatments remains disunited.***°
Among the studies demonstrating that chemotherapy may induce
the CSC-like traits or the migration ability of tumour cells, whether
chemotherapy directly triggers intracellular signalling or it may
alter the microenvironment while killing the tumour cells and
indirectly influence the EMT of the remaining cells or the two ways
exist also remains unclear*®' In our study, the Transwell co-
culture system was established to solely investigate the influence
of the altered microenvironment by chemotherapy-treated dying
cells on the tumour cells. We proved that chemotherapy-treated
dying cells altered the microenvironment and induced the CSC-
like characteristics by upregulating the GLI1T-BMI1 pathway.

The chemotherapy-altered factors in the tumour microenviron-
ment that lead to the upregulation of GLIT may be different. Our
previous study has observed the increased level of PGE2 in the
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Fig. 5 Downregulating GLI1 inhibited the chemotherapy-exacerbated CSC-like property increase and migration in ovarian cancer cells.
a, b SKOV-3 or A2780 cells were transfected with negative control or siRNA of GLI1 for 24 h. Then the cells were seeded into 8.0-um pore-size
Transwell chambers in 24-well plates with chemotherapy drug-treated or -untreated cells in the bottom of the wells for migration assay. ¢, d
The conditioned medium of the carboplatin- or VP-16-treated cells was used in the wound-healing assay. GANT61 was added simultaneously
with the replacement of the conditioned culture medium. e-h The chemotherapy drug-treated or -untreated cells were collected and
reseeded into the ultra-low- attachment plates and cultured for 10 days for sphere formation assays. GANT61 was added simultaneously into
the culture medium as the cells were seeded in the relative groups. i, j The receptor cells transfected with negative control or siRNA of GLI1
were co-cultured with the chemotherapy drug-treated or -untreated cells (feeder cells) for 72 h and then collected for FACS analysis. All
experiments were performed in triplicate. The results were expressed as the mean + SD, *p < 0.05 compared with the control group. *p < 0.05
compared with carb or VP-16 group.
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Fig. 6 Chemotherapy induced the CSC-like properties of ovarian cancer cell lines through GLI1-BMI1 signalling pathway. The siRNA or
NC-transfected receptor cells were co-cultured with chemotherapy-treated or -untreated feeder cells. a, b After 48 h of co-culture, the key
genes that were observed to be regulated by the chemotherapy treatments in the receptor cells were tested by qRT-PCR. ¢ After 72 h of co-
culture, the receptor cells were collected for western blot analysis. All experiments were performed in triplicate. The results were expressed as
the mean + SD, *p < 0.05 compared with si-GLI"/carb™ or VP-16 group. *p < 0.05 compared with si-GLI"/carb™ or VP-16" group.

microenvironment of chemotherapy-induced apoptotic cells,
which leads to the proliferation of ovarian cancer cells.”>*' PGE2
is known as an important inducer of the proliferation and
migration of cancers,** and it was reported to activate GLI1 by
the activation of integrin $1.** Another recent study has indirectly
co-cultured cancer cells and bone marrow mesenchymal stem
cells (BM-MSCs) without direct cell contact: a paracrine effect of
cancer cells has been observed by secreting soluble factors, such
as TGF-B, which promoted a more stem-like state of non-CSCs.** In
line with these researches, our study emphasised the role of
microenvironment in the chemotherapy-induced CSC-like traits,
and the upregulation of GLIT may result from several different
factors in the chemotherapy-altered tumour microenvironment.
Recent studies have shown steady progress in demonstrating
the mechanism of chemotherapy-exacerbated cancer metastasis:

paclitaxel-involved neoadjuvant chemotherapy was proven to
induce breast cancer metastasis in a tumour microenvironment of
metastasis (TMEM)-mediated way.®” However, the randomised
controlled or prospective clinical studies investigating the
influence of chemotherapy on the metastasis of ovarian cancer
are limited due to the present treatment guideline and the
difficulty in obtaining the cases of early-stage patients. To
investigate the possible impact of chemotherapy on the meta-
static potential of ovarian cancer, information of 163 consecutive
ovarian cancer patients between August 2018 and May 2019 at
Jilin Cancer Hospital, Jilin, China was collected. Among all patients
who underwent chemotherapy, patients without metastasis at the
first diagnosis (FIGO stage la and Ib) and whose stages of
metastasis were again confirmed by open exploration in 5 years
were included for the analysis. Due to the extremely low diagnosis



rate of early-stage ovarian cancer, only four patients met the
inclusion criteria. Three of them had intra-abdominal, lymphatic or
distant metastasis in the second open exploration. One patient
accepted secondary operation due to the recurrence of ovarian
cancer and no metastasis was found. Despite the difficulty in
finding the proper cases due to the characteristics of ovarian
cancer, there may be a possibility that in non-metastasis patients
who underwent chemotherapy, the primary tumour tends to
metastasise. Also, in our study, there was significant difference on
the stages and histology in our tissue samples with or without
chemotherapy, and it was extremely difficult to be controlled for.
Therefore, there may be other factors such as stages and histology
that contributed to the higher expression of GLI1 in the
chemotherapy group. More efforts are still needed to fully explore
the possible impact of chemotherapy on the metastatic potential
of ovarian cancer.

In conclusion, chemotherapy may trigger the induction of CSC-
like characteristics and metastasis of ovarian cancer while killing
the tumour cells by GLIT-BMI1 signalling. The inhibition of GLI
following chemotherapy may serve as a novel strategy to ensure
the crucial killing effect of chemotherapy on tumour cells and
inhibit the chemotherapy-exacerbated metastasis in ovarian
cancer treatment.
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