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FGF9 promotes cisplatin resistance in colorectal cancer
via regulation of Wnt/p-catenin signaling pathway
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Abstract. Development of cisplatin resistance in colorectal
cancer is largely caused by dysregulation of signaling path-
ways, including the Wnt/B-catenin signaling pathway, in cancer
cells. Further investigation into the molecular mechanism of
chemoresistance could improve outcomes for patients with
colorectal cancer. The present study determined that fibroblast
growth factor 9 (FGF9) was overexpressed in tumor tissues
compared with normal tissues from patients with colorectal
cancer. Using the colorectal cancer cell line LoVo, transfec-
tion of recombinant FGF9 decreased cisplatin-induced cell
apoptosis whilst FGF9 silencing increased cisplatin-induced
apoptosis. Western blot analysis and reverse transcrip-
tion-quantitative polymerase chain reaction demonstrated
that FGF9 decreased adenomatous polyposis coli (APC)
mRNA and protein expression and contributed to activation
of the Wnt/p-catenin signaling pathway. Notably, an increase
in FGF9 and p-catenin protein expression and a decrease in
APC protein expression was observed in the established LoVo
cisplatin resistant cell line (LoVo/cisplatin). Silencing of FGF9
reversed cisplatin resistance of LoVo/cisplatin cells. In conclu-
sion, the present findings suggested that FGF9 activated the
Wht signaling pathway and was a mediator of cisplatin resis-
tance in colorectal cancer.

Introduction

Colorectal cancer is ranked as the second most commonly
diagnosed cancer type in males and third most commonly
diagnosed cancer type in females (1). Chemotherapy using
agents such as cisplatin and oxaliplatin is the conventional
treatment approach for colorectal cancer patients (2,3); however
development of chemoresistance frequently occurs leading to
a mortality rate of >33% in developed countries (4). Due to
an increased understanding of colorectal cancer molecular
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pathogenesis, multiple target therapy agents have been used for
colorectal cancer patients (5,6); however, the clinical beneficial
rate is often unsatisfactory (7). Therefore, there is an urgent
need for research into chemoresistance in order to provide
novel targets for colorectal cancer therapy.

The fibroblast growth factor (FGF) signaling pathway
is involved in regulation of homeostasis, angiogenesis and
organogenesis (8,9). Aberrant activation of FGF signaling is
observed in cancer cells and considered a critical step during
carcinogenesis (10). During activation of FGF signaling, FGFs
bind to high affinity tyrosine kinase FGF receptors (FGFRs)
on the surface of cells (11). FGF9 is highly conserved and
ubiquitously expressed in embryos (12,13). Overexpression of
FGF9 is observed in several types of cancer and its expres-
sion is associated with prognosis (14,15). Recent research has
determined that FGF9 exerts oncogenic activity in cancer
cells via regulating expression of several key genes such as
T-box 3 and vascular endothelial growth factor A (16,17). In
colorectal cancer cells, FGF9 protein expression is main-
tained at a high level via translational activation (18). To date,
whether FGF9 mediates cisplatin resistance in colorectal
cancer and the underlying mechanisms remain not fully
understood.

Overactivation of the Wnt signaling pathway is an
important step during cancer initiation and development (19).
Following Wnt binding to receptors, the signal is transduced to
the nucleus leading to stabilization of transcription co-activator
[-catenin and activation of Wnt target gene expression (20).
Activity of (-catenin is tightly controlled in cells. Negative
regulators of the Wnt/p-catenin pathway, such as tumor
suppressor adenomatous polyposis coli (APC), determine the
stability and cellular location of B-catenin (21). In particular,
the Wnt/p-catenin pathway is a well-known mediator of cancer
stemness and promotes chemotherapy resistance (22). In alde-
hyde dehydrogenase-positive colorectal cancer, activation of
the Wnt/f3-catenin pathway facilitates development of cisplatin
resistance (23).

The present study determined that FGF9 was elevated in
colorectal tumors compared with matched normal tissue. In
colorectal cancer cells, FGF9 overexpression decreased cispl-
atin-induced cell apoptosis whilst FGF9 silencing increased
cisplatin-induced cytotoxicity. Mechanistically, FGF9
repressed APC expression and activated the Wnt/p-catenin
signaling pathway. Notably, FGF9 and (-catenin protein
expression increased whilst APC protein expression decreased
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in the LoVo cisplatin resistant cell line (LoVo/cisplatin). FGF9
knockdown reversed cisplatin resistance of LoVo/cisplatin
cells. In conclusion, the results demonstrated that FGF9
activated the Wnt signaling pathway and was a mediator of
cisplatin resistance in colorectal cancer.

Materials and methods

Tissue samples from patients. Tumor tissue and matched
normal tissue (5 cm away from the tumor) was collected
from 20 patients with colorectal cancer (age, 47-64 years old,;
mean age, 54.3+7.2 years old; 14 male and 6 female) at the
Shanghai Eighth People's Hospital between March 2015 and
October 2016. Patients who received any prior radiotherapy
or chemotherapy treatment were excluded from enrollment.
Written consent was provided by all enrolled patients. All
experiments were approved by the Ethics Committee of the
Shanghai Eighth People's Hospital. Samples were immediately
frozen at -80°C following collection. The stage of colon cancer
was defined according to the TNM system classification of the
American Joint Committee on Cancer (AJCC, 7th edition) (24).

Cell culture. The colorectal cancer cell line LoVo (parental)
was purchased from American Type Culture Collection
(Manassas, VA, USA). Cells were cultured in Ham's F-12K
medium (Thermo Fisher Scientific, Inc., Waltham, MA, USA)
supplemented with 10% fetal bovine serum (HyClone; GE
Healthcare Life Sciences, Logan, UT, USA) under standard
conditions (37°C; 5% CO,).

Cisplatin was purchased from Selleck Chemicals
(Houston, TX, USA). To determine cisplatin sensitivity, cells
were treated for 48 h with various concentrations of cisplatin
(1,2,4,8 and 16 uM).

To establish the cisplatin resistant LoVo subline
(LoVo/cisplatin), LoVo cells were divided into two groups and
treated with gradually increasing concentrations of cisplatin
(100, 200, 400 nm, 1, 2, 5 uM, for 1 month) or dimethyl
sulfoxide (DMSO) for 6 months. The cell viability (data not
shown) of LoVo cells which was determined by Cell Counting
Kit-8 (Dojindo Molecular Technologies, Inc., Kumamoto,
Japan) was initially significantly suppressed by cisplatin;
however, following 6 months of cisplatin treatment, cells no
longer responded to 5 uM cisplatin and were considered to be
a cisplatin resistant subline (LoVo/cisplatin). The LoVo cells
treated with DMSO were considered as the parental cell line
(LoVo/parental).

Construction of plasmid and overexpression of FGF9. Full
length FGF9 cDNA was amplified from LoVo cells by poly-
merase chain reaction (PCR) using a Taq DNA polymerase
SuperMix kit (Invitrogen; Thermo Fisher Scientific, Inc.)
under the following thermocycling conditions: 94°C for 2 min
followed by 35 cycles of 94°C for 2 sec, 60°C for 60 sec and
72°C for 1 min and ligated into pcDNA3.1 vector (Addgene,
Inc., Cambridge, MA, USA) using the restriction sites for
HindIII and Xhol (New England Biolabs, Inc.). The primer
sequences for FGF9 were as listed: Forward, 5-AAGCTT
ATGGCTCCCTTAGGTGAAGT-3', and reverse, 5'-CTGCAG
TCAACTTTGGCTTAGAATAT-3'. The amplified sequence
was verified by sequencing. For overexpression of FGF9, 2 ug
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pcDNA3.1-FGF9 vector was mixed with Lipofectamine 3000
(Invitrogen; Thermo Fisher Scientific, Inc.) in serum-free
Ham's F-12K medium for 15 min, then added to cells cultured
in 6-well plates (1x10° cells/well). In the control group, 2 ug
pcDNA3.1 was mixed with Lipofectamine 3000 in serum-free
Ham's F-12K medium for 15 min, then added to cells cultured
in 6-well plates (1x10° cells/well). The cells were maintained
for 48 h, and transfection efficiency was confirmed by western
blotting before experimentation.

Silencing of FGF9. Control small interfering RNA (siRNA,
5'-CAGUACUUUUGUGUAGUACAA-3") and FGF9 siRNA
(5'-GCGAUACUAUGUUGCAUUATT-3', 3'-UAAUGCAAC
AUAGUAUCGCCT-5") were purchased from GenePharma
Co. Ltd. (Suzhou, China). For knockdown of FGF9, FGF9
siRNA was mixed with Lipofectamine RNAiMax (Invitrogen)
in serum-free Ham's F-12K medium for 5 mins then the
mixture was added into culture medium of 6-well plates
(1x10° cells/well). Following incubation for 48 h, cells were
collected and transfection efficiency was confirmed by western
blot before the subsequent experiments.

Cell viability assay. LoVo cells were seeded in 96-well plates
at a density of 1x10° cells/well. The cell viability of each well
was determined by Cell Counting Kit-8 (Dojindo Molecular
Technologies) according to manufacturer's protocol. Cell
viability was evaluated by detection of the absorbance of each
well at 450 nm using a plate reader (Bio-Rad Laboratories,
Inc., Hercules, CA, USA).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA from tissues and cells were extracted
using TRIzol reagent (Invitrogen) according to the manufac-
turer's instructions. RNA concentration was detected using
Nanodrop 1000 (Thermo Fisher). RNA was reverse transcribed
into cDNA with PrimeScript RT reagent Kit (Takara Bio, Inc.,
Otsu, Japan). RT-qPCR was performed with a SYBR Premix
Ex Taq Kit (Takara) on a CFX-96 Real-Time PCR Detection
System (Bio-Rad). The following thermocycling conditions
were used: Denaturing, 95°C for 30 sec; annealing, 95°C for
5 sec; elongation, 60°C for 30 sec, for 40 cycles. The primer
sequences were as follows: FGF9, forward 5-ATGGCTCCC
TTAGGTGAAGTT-3' and reverse 5'-CCCAGGTGGTCACTT
AACAAAAC-3'; APC, forward 5-GGAGACAGAATGGAG
GTGCT-3" and reverse 5“-TCTTCAGTGCCTCAACTTGC-3";
and GAPDH, forward 5'-GGACTCATGACCACAGTCCAT
GCC-3'and reverse 5"-TCAGGGATGACCTTGCCCACAG-3'.
Quantification was carried out by the 224°4 method (25).

Western blot analysis. Lysates were prepared using radio-
immunoprecipitation lysis buffer (Beyotime Institute of
Biotechnology, Shanghai, China) following the manufac-
turer's instruction. Protein concentration was determined
by the BCA method. For western blot, proteins in lysates
(20 pg/lane) were separated by 8% SDS-PAGE, transferred
to a polyvinylidene difluoride membrane, then blocked
with 5% non-fat milk. Membranes were incubated with
primary antibody against APC (cat. no. 2504; 1:1,000;
Cell Signaling Technology, Danvers, MA, USA), B-catenin
(cat. no. 848; 1:1,000; Cell Signaling Technology), GAPDH



EXPERIMENTAL AND THERAPEUTIC MEDICINE 19: 1711-1718, 2020

1713

A B
5 3 53
w Thx w *
w w
o ] o [
o 24 T 2-
< < .EE [}
=z pd
[i'd e® = .
E L] ™ s E °®
o 14 o 1
w [ ] [T
(O _'%r (O]
[ . [
)] @
= =
T 0 T T T 0 T T
& Non-tumor Tumor & land Il stage Il and IV stage

Non-tumor o “ Tumor il and Il stage)

Tumor (Il and IV stage)

Figure 1. FGF9 expression is elevated in colorectal cancer. (A) In comparison with matched normal tissues, expression of FGF9 mRNA was increased in
colorectal tumor tissues from 20 patients with colorectal cancer. (B) Overexpression of FGF9 mRNA was detected in late-stage colorectal tumor tissues (n=8)
compared with early-stage colorectal tumor tissues (n=12). (C) FGF9 protein expression levels were examined in the normal and tumor tissues by immunohis-
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tochemistry. Representative images are shown (magnification, x200). "P<0.05 and ““P<0.001. FGF9, fibroblast growth factor 9.

(cat. no. sc-47724; 1:1,000; Santa Cruz Biotechnology, Inc.,
Dallas, TX, USA) and FGF9 (cat no. sc-8413; 1:1,000; Santa
Cruz Biotechnology, Inc.) at 4°C overnight. Membranes
were then incubated with horseradish peroxidase-labeled
secondary antibodies against mouse (cat no. ab6289;
1:10,000; Abcam, Cambridge, UK) and rabbit (cat no. ab6721;
1:10,000; Abcam) at room temperature for 2 h. Protein bands
were visualized using enhanced chemiluminescence western
blot substrate (Pierce; Thermo Fisher Scientific, Inc.). The
intensity of bands was calculated using Image J software
version 1.8.0 (National Institutes of Health, Bethesda, MD)
and normalized to GAPDH.

Immunohistochemical staining. The normal tissues and
tumor tissues were fixed with 4% paraformaldehyde (PFA)
solution at 4°C overnight, embedded in paraffin and sliced
into 4-ym sections. Immunohistochemistry (IHC) was
performed as follows: The sections were first deparaffinized
and rehydrated in 0.03% H,0O, in 95% methanol for 20 min
at room temperature to block the endogenous peroxidase
activity; antigen retrieval was carried out by water bath
(Immunosaver; Nisshin EM, Tokyo, Japan) for 45 min at 98°C;
sections were blocked with normal horse serum (Thermo
Fisher Scientific, Inc.) for 20 min at room temperature to
eliminate non-specific staining prior to incubation with
an anti-FGF9 antibody (cat no. ab71395; 1:1,000; Abcam)
overnight at 4°C; the next day, sections were incubated with
horseradish peroxidase (HRP) conjugated goat anti-rabbit
IgG (cat no. ab205718; 1:2,000; Abcam) for 1 h at room
temperature; color was developed by 3, 3'-diaminobenzidine

(ZsBio, Beijing, China), sections were counterstained with
hematoxylin for 30 sec at room temperature. Images from
6 individual fields of view were captured using a light micro-
scope and the attached camera (x40, Nikon, Tokyo, Japan).

Cell apoptosis assay. The Annexin V-fluorescein isothio-
cyanate (FITC)/propidium iodide (PI) Apoptosis Detection kit
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA)
was used to investigate apoptosis, according to manufacturer's
protocol. Following treatment with siRNA and/or cisplatin,
cells were harvested and suspended in 1X binding buffer.
Annexin V-FITC and PI solution were then added into cell
suspension and incubated for 15 min. Finally, the cells were
analyzed using a FACSCalibur system (Becton, Dickinson and
Company). The % apoptotic cells was calculated with FlowJo
software version 10.2 (FlowJo LLC, Ashland, OR).

Statistical analysis. All data were analyzed using Graphpad
Prism 6.0 (GraphPad Software, Inc., La Jolla, CA, USA)
and expressed as mean + standard deviation. The two-tailed
Student's t-test was used to compare two groups and deter-
mine the P-value. Three or more groups were compared with
one-way analysis of variance followed by Newman Keul's test.
P<0.05 was considered to indicate statistical significance.

Results
Overexpression of FGF9 in colorectal tumor tissues and

normal tissues. To investigate the role of FGF9 in colorectal
cancer, RT-qPCR was used to detect FGF9 mRNA expression
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Figure 2. FGF9 regulates cisplatin sensitivity in colorectal cancer cells. (A) Transfection of recombinant FGF9 elevated FGF9 protein expression in LoVo cells.
(B) Quantitative analysis of relative FGF9 expression. (C) Treatment with cisplatin (1, 2, 4, 8, 16 uM) reduced cell viability of LoVo cells in a dose-dependent
manner. FGF9 overexpression attenuated the cytotoxicity induced by cisplatin. (D) Transfection of FGF9 siRNA decreased FGF9 protein expression in LoVo
cells. (E) Quantitative analysis of relative FGF9 expression. (F) Compared with LoVo cells transfected with control siRNA, silencing of FGF9 increased
cytotoxicity induced by cisplatin. “P<0.01 and ““P<0.001 vs. control. FGF9, fibroblast growth factor 9; siRNA, small interfering RNA.
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Figure 3. FGF9 promotes cell apoptosis induced by cisplatin. (A) Apoptosis was examined by flow cytometry in LoVo cells treated with cisplatin and FGF9
overexpression or silencing. Representative plots are shown. (B) Quantitative analysis of % of apoptotic cells. ““P<0.001 with comparisons indicated by lines.
FGF9, fibroblast growth factor 9; siRNA, small interfering RNA.
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Figure 4. FGF9 activates the Wnt/B-catenin signaling pathway in colorectal cancer cells. (A) Overexpression of FGF9 reduced APC mRNA expression
but did not alter $-catenin mRNA expression in LoVo cells. (B) FGF9 overexpression reduced APC protein levels and elevated f-catenin protein levels.
(C) Quantitative analysis of relative FGF9 and APC protein expression from panel B. (D) Knockdown of FGF9 increased APC mRNA expression but did not
alter B-catenin mRNA levels in LoVo cells. (E) Knockdown of FGF9 increased APC protein levels and decreased 3-catenin protein levels. (F) Quantitative
analysis of relative FGF9 and APC protein expression from panel E. “P<0.01 and ""P<0.001 vs. control. FGF9, fibroblast growth factor 9; APC, adenomatous

polyposis coli; siRNA, small interfering RNA.

in tumor tissues and matched normal tissues from 20 colorectal
cancer patients. There was a significant increase of FGF9
mRNA expression levels in colorectal tumor tissue compared
with normal tissue (Fig. 1A), which was consistent with
previous literature (18). In addition, clinicopathological anal-
ysis revealed that higher FGF9 expression was associated with
late stage colorectal cancer (III and IV stage) rather than early
stage colorectal cancer (I and II stage) (Fig. 1B). IHC staining
demonstrated that FGF9 expression was markedly higher in
tumor tissues (I and II stage; III and IV stage) compared with
the non-tumor tissues. In addition, FGF9 expression was obvi-
ously increased in tumor tissues at III and I'V stage compared
with tissues at I and II stage (Fig. 1C). These results suggested
that FGF9 overexpression might promote colorectal cancer
progression.

FGF9 regulates cisplatin sensitivity in colorectal cancer
cells. To study whether FGF9 expression was related to
cisplatin resistance, FGF9 was overexpressed in LoVo cells
then sensitivity to cisplatin was detected. Transfection of
recombinant FGF9 increased FGF9 expression in LoVo cells
(Fig. 2A and B). Cisplatin treatment decreased cell viability
in a dose dependent manner whilst overexpression of FGF9
decreased this cytotoxic effect of cisplatin (Fig. 2C). By
contrast, silencing of FGF9 expression by transfection of FGF9
siRNA enhanced the cytotoxic effect of cisplatin on LoVo cells
(Fig. 2D-F). Therefore, FGF9 expression was associated with
cisplatin sensitivity of colorectal cancer cells.

FGF9 inhibits cisplatin-induced cell apoptosis in colorectal
cancer cells. Cisplatin inhibits tumor cell growth via induction
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[3-catenin protein expression from panel B. (D) Silencing of FGF9 enhanced cisplatin-induced cytotoxicity in LoVo/cisplatin cells. “P<0.01 vs. control siRNA.
FGF9, fibroblast growth factor 9; APC, adenomatous polyposis coli; siRNA, small interfering RNA.

of cell apoptosis (26). Using flow cytometry analysis, it was
determined that cisplatin (8 M) significantly increased the
% of apoptotic LoVo cells compared with the control (Fig. 3).
Notably, overexpression of FGF9 decreased cisplatin-induced
cell apoptosis. By contrast, silencing of FGF9 increased cell
apoptosis (Fig. 3), which suggested that FGF9 sensitized
colorectal cancer cells towards cisplatin and induced cell
apoptosis.

FGF9 activates the Wnt/f3-catenin pathway via repression of
APC. The Wnt/B-catenin signaling pathway is responsible for
chemoresistance in cancer cells (27). APC decreases [3-catenin
expression and is a negative regulator of Wnt/fB-catenin
signaling (28). Using RT-qPCR, it was demonstrated that
FGF9 overexpression significantly decreased APC mRNA
expression, but not -catenin mRNA expression in LoVo
cells (Fig. 4A). Western blot analysis demonstrated that APC
protein expression was downregulated and -catenin protein
expression was elevated upon transfection of pcDNA3.1-FGF9
(Fig. 4B and C). By contrast, silencing of FGF9 significantly
increased APC mRNA expression and protein levels, whilst
[(-catenin protein levels decreased (Fig. 4D and F). These
results suggested that FGF9 might regulate cisplatin sensitivity
of colorectal cancer cells via activation of the Wnt/p-catenin
pathway.

FGF9 overexpression is responsible for development of
cisplatin resistance. The role of FGF9 in the development of

cisplatin resistance in colorectal cancer cells was investigated.
Via continuous exposure of LoVo cells with either DMSO or
cisplatin, cisplatin resistant LoVo cells (LoVo/cisplatin) and
parental LoVo cells (LoVo/parental) were established. Cell
viability assays demonstrated that LoVo/cisplatin cells were less
sensitive to cisplatin treatment compared with LoVo/parental
cells (Fig. 5A). Western blot analysis determined that FGF9 and
[-catenin protein expression was increased and APC protein
expression was decreased in LoVo/cisplatin cells, compared
with LoVo/parental cells (Fig. 5B and C). Notably, silencing
of FGF9, enhanced cisplatin sensitivity of LoVo/cisplatin
cells (Fig. 5D), which suggested that the FGF9/Wnt signaling
pathway has a key role in cisplatin resistance development in
colorectal cancer cells.

Discussion

Overexpression of FGF9 has been reported in colorectal
cancer and is associated with poor clinical outcome
in patients (29). A recent study demonstrated that
FGF9-overexpressing colorectal cancer cells exhibited
anti-epidermal growth factor receptor therapeutic properties
via overactivation of FGFR signaling (30). To date, the role
of FGF9 in mediating chemotherapy resistance in colorectal
cancer remains not fully understood. The present study deter-
mined that FGF9 was a regulator of cisplatin sensitivity in
colorectal cancer cells and a potential molecular mechanism
was identified.
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Several mechanisms have been identified to promote FGF9
expression in colorectal cancer including gene amplification,
hypoxia stimulation and non-coding RNA elevation (18,30,31).
The present study observed significant elevation of FGF9 in
colorectal tumor tissues compared with normal tissues, which
is consistent with a previous study (18). In addition, higher
expression of FGF9 was associated with late-stage colorectal
cancer compared with early-stage, suggesting that FGF9 may
have a pivotal role in progression of colorectal cancer. FGF9
promotes colorectal cancer cell proliferation, migration and
invasion (15). The present study determined that overexpres-
sion of FGF9 attenuated the cytotoxic effect of cisplatin in
LoVo cells, whilst silencing of FGF9 enhanced the cytotoxic
effect of cisplatin. Furthermore, FGF9 overexpression reduced
cisplatin-induced cell apoptosis whilst FGF9 knockdown
enhanced the apoptotic effect of cisplatin treatment. Notably,
FGF9 expression was significantly elevated in the established
cisplatin-resistant LoVo cells compared with parental LoVo
cells. Silencing of FGF9 sensitized LoVo/cisplatin cells to
cisplatin treatment. Taken together, these findings suggested
that FGF9 was a mediator of cisplatin resistance in colorectal
cancer cells, and might be a biomarker and treatment target for
colorectal cancer.

It is well-known that the Wnt/B-catenin signaling pathway
has a critical role in progression of colorectal cancer (28). In
particular, activation of the Wnt/B-catenin signaling pathway
is essential for maintenance of colorectal cancer cell stem-
ness which contributes to development of chemotherapy
resistance (27,32). The transcriptional control exerted by
[(-catenin is under stringent negative regulation mediated
by various interacting factors, such as APC (21). It has been
reported that FGF9 activates the Wnt/B-catenin signaling
pathway in epithelial cells (33), and FGF9 has been identified
as a target gene of Wnt/B-catenin signaling (34). The present
study observed that FGF9 overexpression decreased APC
expression and elevated B-catenin expression in LoVo cells.
By contrast, FGF9 silencing increased APC expression and
decreased B-catenin levels. In LoVo/cisplatin cells, an increase
in APC expression and reduction of 3-catenin expression was
demonstrated. Taken together, these findings suggested that
FGF9 might promote cisplatin resistance via activation of the
Wnt/B-catenin signaling pathway in colorectal cancer cells.

In conclusion, the present study determined that FGF9
was an important mediator of cisplatin resistance in colorectal
cancer cells via regulation of Wnt/B-catenin signaling, which
suggested that FGF9 may be a potential biomarker and treat-
ment target for colorectal cancer.
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