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High expression of FUSE binding protein 1 in breast cancer
stimulates cell proliferation and diminishes drug sensitivity
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Abstract. Breast cancer is the most common malignant tumor
affecting women worldwide and is divided into the following
subtypes: Luminal A, Luminal B, HER-2 overexpression
and triple-negative breast cancer (TNBC). TNBC accounts
for approximately 15-20% of all breast cancer cases. Due to
the characteristics of low differentiation, the likelyhood of
recurrence and metastasis, strong invasiveness and the lack
of hormone receptors and human epidermal growth factor
receptor 2 (HER?2), patients with TNBC cannot benefit
from endocrine therapy or other available targeted agents.
Chemotherapy is one of the main treatments for patients with
TNBC, and cisplatin is one of the most commonly used and
effective drugs. The human far upstream element binding
protein 1 (FBP1) is a potent pro-proliferative and anti-apoptotic
oncoprotein, which is overexpressed in numerous tumor types.
The present study demonstrated that FBP1 and its target, c-Myc,
were more highly expressed in breast cancer tissues compared
with para-carcinoma tissues, and the FBP1 and c-Myc levels
are decreased by cisplatin treatment. The knockdown of FBP1
in TNBC cells decreased cell proliferation by arresting the cell
cycle at the G2 phase. The knockdown of FBP1 decreased the
expression of G2 phase-associateed protein cyclin A2, whereas
it increased that of cyclin Bl and p-CDC2. Furthermore, the
knockdown of FBP1 decreased cell migration and metastasis
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by downregulating matrix metalloproteinase 2 expression,
and enhanced the sensitivity of TNBC cells to cisplatin by
inducing apoptosis. These results thus suggest that FBP1 is a
potential novel biological marker for the diagnosis and treat-
ment of TNBC.

Introduction

Breast cancer is the most common malignant tumor affecting
women worldwide (1). According to the expression of
estrogen receptor (ER), progesterone receptor (PR), human
epidermal growth factor receptor 2 (HER-2) and Ki-67 in
breast cancer cells, breast cancer is divided into Luminal A,
Luminal B, HER-2-overexpressing and triple-negative breast
cancer (TNBC) subtypes (2). TNBC, which is ER-, PR- and
HER-2-negative, accounts for 15-20% of breast cancer cases.
TNBC is characterized by a low differentiation, strong inva-
siveness, an increased likelihood of recurrence and metastasis,
and a poor prognosis (3,4). Due to the lack of hormone receptor
and HER-2 expression, patients with TNBC cannot benefit
from endocrine therapy or other available targeted agents.
Therefore, the understanding of the underlying molecular
mechanisms of TNBC is crucial in order to be able to identify
novel therapeutic targets.

Platinum-based drugs are used extensively in the treatment
of malignant tumors. Carboplatin can reduce the expression
of FBPI in ovarian cancer cells, and the silencing FBP1 can
enhance the sensitivity of ovarian cancer cells to carboplatin (5).
Furthermore, a number of clinical trials have demonstrated
that platinum-based drugs can significantly improve the
pathological complete remission rate of neoadjuvant chemo-
therapy in patients with TNBC (6-8), particularly for patients
with the BRCA1/2 mutation (9). Cisplatin is a commonly used
chemotherapeutic drug in patients with TNBC. Studies have
reported that cisplatin interacts with DNA to form intra-chain
cross-linking and inter-strand cross-linking, and exerts anti-
tumor effects by activating multiple DNA repair pathways and
enhancing the DNA damage repair processes (10,11). However,
the specific mechanisms underlying the effects of cisplatin on
TNBC and FBP1 expression in TNBC remain unknown.

The human far upstream element (FUSE) binding
protein 1 (FBP1) is a multifunctional DNA- and RNA-binding
protein involved in diverse cellular processes, which regulates
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transcription, splicing and translation (12). FBP1 promotes cell
proliferation, enhances cell migration and inhibits apoptosis
by modulating complex networks (13). FBP1 is overexpressed
in a variety of malignant tumors, such as hepatocellular
carcinoma, ovarian cancer, nasopharyngeal carcinoma and
breast cancer (5,14-16). The overexpression of FBP1 has
been shown to be associated with a lower overall survival
rate in ovarian cancer and nasopharyngeal carcinoma (5,16).
Therefore, FBP1 is considered a proto-oncogene. FBP1 was
originally identified as a factor that binds the FUSE motif in
the promoter of the oncogene c-Myc (13). Moreover, c-Myc,
the deubiquitinating enzyme ubiquitin specific peptidase 29
and the cell cycle inhibitor p21, are regulated by FBP1 (17).

The present study hypothesized that FBP1 plays an impor-
tant role in promoting breast cancer development, and therefore
a lack of FBP1 may interfere with TNBC cells exiting the
cell cycle and migration. It was identified that the silencing
of FBP1 enhanced the sensitivity of TNBC cells to cisplatin.
Additionally, cisplatin treatment inhibited TNBC cell viability
and promoted cell apoptosis by inhibiting the expression of
FBP1. Therefore, FBP1 may be a potential novel biological
target for the treatment of TNBC.

Materials and methods

Clinical sample collection. Informed consents for the use
of their samples in scientific research were obtained from
all patients. The present study was conducted after the
protocol was approved by the Medical Ethics Committee of
Guangzhou Red Cross Hospital of Jinan University (approval
no. 2015-045-01). For immunohistochemical analysis, a total of
54 breast tissue samples, including 27 breast cancer tissues and
the corresponding 27 para-carcinoma normal breast tissues,
were collected from the Department of Breast, Guangzhou
Red Cross Hospital from January, 2015 to December, 2018
with a median age of 60 (from 47 to 85 years). None of the
patients had received any pre-operative therapies, such as
chemotherapy, radiotherapy, endocrine therapy, targeted
therapy or immunotherapy prior to the study.

Antibodies and reagents. GAPDH (#5174), c-Myc
(#13987), cleaved caspase-3 (#9661), cyclin A2 (#91500),
cyclin B1(#12231), cdc2 (#77055), p-cdc2 (#4539) and
matrix metalloproteinase (MMP)2 (#13132) antibodies
were purchased from Cell Signaling Technology, Inc. FBP1
(#ab213525) antibody was obtained from Abcam. All anti-
bodies were used at the concentrations recommended by the
supplier. Fetal bovine serum (FBS) and Dulbecco's modi-
fied Eagle's medium (DMEM) were purchased from Gibco;
Thermo Fisher Scientific, Inc. Penicillin and streptomycin
sulfate were obtained from Hyclone (Logan, UT, USA).
Cisplatin was purchased from Sigma-Aldrich; Merck KGaA.
The CellTiter 96® AQueous One Solution proliferation assay kit
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium, inner salt; MTS) was
provided by Promega Corporation.

Immunohistochemical staining. Paraffin tissue sections
(4-pm-thick) were dewaxed by xylene, hydrated in a gradient
alcohol and an aqueous solution, and then subjected to antigen
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retrieval using a citric acid buffer (pH 6.0). The peroxi-
dase was blocked with 3% H,0O, for 10 min and 10% BSA
(Boster Biological Technology Co. Ltd.) for 30 min at room
temperature. Rabbit anti-FBP1 antibody (diluted 1:500) was
then incubated with the sections overnight at 4°C. After
washing with phosphate-buffered saline (PBS: KH,PO,,
2 mM; Na,HPO,, 8 mM; NaCl, 136 mM and KCI, 2.6 mM,
pH 7.2-7.4), the appropriate amount of secondary antibody
(1:2,000; THC Detection Reagent (HRP, rabbit) #8114, Cell
Signaling Technology, Inc.) was incubated with the sections for
1 h at room temperature. DAB (#ZLI-9018, Beijing Zhongshan
Jinqgiao Biotechnology Co., Ltd.) was used to display color
reaction at room temperature for 5 min, and hematoxylin
(#Z1.1-9620, Beijing Zhongshan Jingiao Biotechnology Co.,
Ltd.) was used for counterstaining at room temperature for 10
min, and the slices were then dehydrated by immersing them
in 75, 80, 90, 95% and absolute alcohol for 3 min each and
sealed. Image processing and analysis were performed using
ImagePro Plus 6.0 software (Media Cybernetics, Inc.). The
intensity of the immunohistochemistry was expressed as the
integrated optical density (IOD) of the DAB brown reaction
product. Each sample was measured 5 times separately and the
results are expressed as the means + standard deviation (SD).

Cell culture and generation of stable cells in which FBPI
was knocked down. The TNBC cells, MDA-MB-231 and
normal breast cells, MCF-10A were purchased from the
Chinese Academy of Sciences Cell Bank. The cells were
cultured in DMEM containing 10% FBS, 100 U/ml penicillin,
100 pg/ml streptomycin in 37°C and 5% CO, incubator. The
lentivirus containing the FBPI silenced sequence (sc 43760)
and the control lentivirus (sc 108080) were purchased from
the Santa Cruz Biotechnology, Inc., and 10 ug each of these
were transfected into the MDA-MB-231 cells according to the
protocol provided by the manufacturer. After screening with
10.0 ug/ml of puromycin for approximately 2 weeks, the cells
were collected and the silencing of FBP1 was determined by
western blot analysis; these cells were then termed as ‘FBP1
knockdown’ (FBP1-KD) and FBP1 normal control (FBP1-C)
MDA-MB-231 cells, respectively.

Western blot analysis. After the TNBC MDA-MB-231 cells
were treated without or with cisplatin (20, 40 and 80 uM)
for 48 h, they were collected and lysed in a modified RIPA
buffer [150 mM NaCl, 1% NP-40, 50 mM Tris-CI (pH 8.0)
and 0.1% SDS] supplemented with PMSF (1 mM) protease and
phosphatase inhibitor. The homogenate was incubated in ice
for 30 min and centrifuged at 12,000 x g for 15 min at 4°C. The
protein concentrations were determined by double-acetyl acid
protein analysis (Pierce; Thermo Fisher Scientific, Inc.), and
the protein samples were then dissolved by a 12% SDS-PAGE
gel and transferred to a polyvinylidene difluoride filter
membranes (PVDF) (Merck KGaA). Following transfer, the
membranes were blocked with 5% skim milk in TBS-Tween
(0.05 M Tris, 0.15 M NaCl, pH 7.5, 0.2% Tween-20) for 1 h and
then incubated at 4°C overnight with the primary antibodies
(FBP1, 1:1,000; c-MYC, 1:500; Cyclin A2, 1:1,000; Cyclin BI,
1:1,000; p-cdc2, 1:1,000; cdc2, 1:1,000; MMP-2, 1:1,000;
C-Caspase-3, 1:1,000; and GAPDH, 1:1,000). The membranes
were then washed 3 times with TBST and then incubated
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with anti-rabbit/mouse HRP-labeled secondary antibodies
(goat anti-rabbit IgG antibody, 1:5,000, #ARG65351; goat
anti-mouse IgG antibody, 1:5,000, #ARG65350; Taiwan
Arigo Biolaboratories Corp.) for 1 h at room temperature, and
detected using the ECL-Plus detection system (Pierce; Thermo
Fisher Scientific, Inc.). Relative abundance was quantified by
densitometry using Quantity One 4.6.7 software (Bio-Rad
Laboratories, Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Total RNA was extracted from the FBP1-KD and
FBP1-C MDA-MB-231 cells using TRIzol reagent (Takara
Biotechnology Co., Ltd.) and cDNA synthesis was carried out
by reverse transcription using PrimeScriptTM RT Master Mix
(Takara Biotechnology Co., Ltd.) according to the manufac-
turer's protocol. PCR amplification of FBPI, c-Myc and
GAPDH was carried out using TB GreenTM Premix Ex
TaqTM (Takara Biotechnology Co., Ltd.). The primers used
were as follows: FBP1 forward, 5'-GGAACTCCAATGGA
CCAATACAAC-3' and reverse, 5-AGTGAGGTAATAAG
CAGCCAAG-3"; c-Myc forward, 5'-CGGTGCAGCCGTAT
TTCTACT-3" and reverse, 5-TTCCAGATATCCTCGCT
GGG-3"; and GAPDH forward, 5-GAGGTGAAGGTCGGA
GTC-3' and reverse, 5-GAGAGAGAGATGATGGGATTC-3'.
The amplification conditions were as follows: initial denatur-
ation at 95°C for 5 min, followed by 40 cycles of denaturation
95°C for 5 sec, annealing at 60°C for 20 sec. All reactions were
performed on an Applied Biosystems 7300 PCR system
(Applied Biosystems; Thermo Fisher Scientific, Inc.). Relative
quantification was performed using the 2224 method (18).
Each PCR amplification was performed in triplicate to verify
the results.

Cell viability assay. For the cell viability assay, approximately
1x10° FBP1-C and FBP1-KD cells were added to a 96-well
plate and were incubated without or with cisplatin (20, 40 and
80 uM) for 24, 48 and 72 h. Cell viability was determined
by MTS assay in accordance with the CellTiter 96 Aqueous
One Solution Viability assay manual. The absorbance was
read at 490 nm with an automated plate reader (ELXS800,
BioTek Instruments Inc.). The experiment was repeated at least
3 times.

Colony formation assay. The FBP1-C and FBP1-KD
MDA-MB-231 cells (5x10° cells/plate) were plated in
60 mm plates and cultured for 14 days without or with 20,
40 and 80 uM of cisplatin. Colonies were washed with PBS,
fixed with 10% formalin for 10 min at room temperature and
stained with 1% (w/v) crystal violet (#C8470, Beijing Solarbio
Science & Technology Co., Ltd.) for 10 min at room tempera-
ture. The colony formation images were captured using a
scanner (x1 magnification, UMAX).

Cell cycle and cell apoptosis analysis. Flow cytometry was
used to analyze cell cycle distribution and apoptosis. FBP1-C
and FBP1-KD cells were treated without or with cisplatin (20,
40 and 80 M) for 48 h. The cells were collected and washed
twice with cold PBS, and the cells were then resuspended into
a single cell suspension with PBS, supplemented with 200 yul
binding buffer. This was followed by the addition of 10 ul of
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Annexin V-FITC and 10 gl of 50 ug/ml propidium iodide (PI;
BD Biosciences) in PBS containing 1% Triton X-100 at room
temperature for 15 min. The data were acquired using a BD
FACSCAN flow cytometer (FACSAria II, BD Biosciences) and
analyzed using BD ModFit LT version 3.3 (BD Biosciences).

Wound healing and Transwell invasion assays. The FBP1-C
and FBP1-KD cells were treated with mitomycin for 4 h, then
cross-sectioned with 100 yul tips in a 6-well plate, and cultured
for 48 h. After fixing with 4% paraformaldehyde solution at
room temperature for 15 min, microscopic examination was
performed and the cell migration distance was determined.
Matrigel was preliminarily spread in a 12-well Transwell, and
the cultured FBP1-C and FBP1-KD cells were prepared in a
1x10° cell/ml suspension with 1% FBS culture solution. A total
of 200 ul cell suspension was added to the upper chamber, and
600 ul of 10% FBS cell culture medium was added to the lower
chamber. After the cells in the Transwell were cultured at 37°C
for 48 h, they were stained with 0.1% crystal violet, and the
number of invaded cells was then counted using a microscope
(BX63, Olympus Corporation). Images were acquired using
an Olympus inverted microscope (Olympus Corporation) at a
magnification of x200.

Statistical analysis. Values are presented as the means + SD.
Data were analyzed using the Student's t-test and two-way
ANOVA (followed by Tukey's post hoc test) using SPSS 18.0
software (SPSS, Inc., Chicago, IL, USA). The correla-
tion between FBP1 and c-Myc expression was checked by
Spearman's rank correlation analysis. P<0.05 was considered
to indicate a statistically significant difference.

Results

Overexpression of FBPI and c-Myc in breast cancer tissues.
To identify the association between FBP1 expression and
breast cancer development, the expression levels of FBP1 and
c-Myec, a target of FBP1, were measured in 4 pairs of breast
cancer tissues and their corresponding para-carcinoma normal
tissues by western blot analysis. The protein expression of
FBP1 in breast cancer tissues and normal breast tissues is
shown in Fig. 1A. The relative protein expression of FBPI in
cancer tissues was significantly higher compared with that in
normal tissues (Fig. 1B). Since FBP1 binds to the FUSE DNA
sequence upstream of the c-Myc promoter and regulates its
expression (19), the expression of c-Myc in these breast cancer
tissues was also examined. As was expected, the protein
expression of c-Myc was positively associated with FBP1
expression, and the expression of c-Myc in cancer tissues
was significantly higher compared with that in normal tissues
(Fig. 1A-C).

It is critical to understand the underlying molecular
mechanisms of TNBC in order to be able to identify novel
therapeutic targets for its treatment. The present study
compared the expression of FBP1 and c-Myc in the normal
breast cell line, MCF-10A, and in the TNBC cancer cell line,
MDA-MB-231. The protein expression levels of FBP1 and
c-Myc are illustrated in Fig. 1D. The protein expression of
FBP1 in the MDA-MB-231 cells was 1.66-fold higher than that
in the MCF-10A cells (Fig. 1D and E). The protein expression
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Figure 1. Overexpression of FBP1 and c-Myc in breast cancer tissues and cells. (A) FBP1 and c-Myc expression levels in 4 pairs of breast tumor (T) and
para-carcinoma normal (N) tissues detected by western blot analysis. (B and C) Relative protein expression levels of FBP1 and c-Myc against GAPDH. The
data are the means + SD of 3 independent experiments. ‘P<0.05, “P<0.01. (D) FBP1 and c-Myc expression levels in the normal breast cell line, MCF-10A, and
the TNBC cancer cell line, MDA-MB-231, detected by western blot analysis. (E and F) Relative protein expression levels of FBP1 and c-Myc against GAPDH.

The data are the means + SD of 3 independent experiments. "P<0.05.

of c-Myc in the MDA-MB-231 cells was 2.30-fold higher than
that of the MCF-10A cells (Fig. 1D and F).

To further investigate the expression of FBP1 and c-Myc in
alarger number of tissues, 54 samples from patients with breast
cancer were examined by immunohistochemical staining. As
shown in Fig. 1G, FBP1 was predominantly localized in the
nuclei of the breast cancer cells (Fig. 1G). The 10D of FBP1
was higher in breast cancer tissues compared with that in
para-carcinoma normal tissues (Fig. 1H). The results also
demonstrated that c-Myc expression was increased in accor-
dance with the increased expression of FBP1. In addition, the
IOD of c-Myc was higher in breast cancer tissues compared
with breast para-carcinoma normal tissues (Fig. 1G and I).
The correlation between FBP1 and c-Myc expression was also
investigated using Spearman's rank correlation analysis, and

c-Myc expression positively correlated with FBP1 expression
(Fig. 1J,r=0.6726, P=0.0001).

Cisplatin treatment decreases FBPI expression in advanced
TNBC cells. Cisplatin is frequently used in the treatment of
breast cancer, including TNBC. In the present study, to deter-
mine the effects of cisplatin on FBP1 expression, western blot
analysis was performed to examine the expression of FBP1
in the MDA-MB-231 TNBC cells with or without cisplatin
treatment. FBP1 expression was downregulated by cisplatin
in advanced TNBC cells (Fig. 2A). Cisplatin (40 and 80 yM)
significantly inhibited FBP1 expression (Fig. 2B). c-Myc
expression was also downregulated by cisplatin, and treatment
with 40 and 80 uM of cisplatin significantly inhibited c-Myc
expression. Both the expression levels of FBP1 and c-Myc



B2 SPANDIDOS
@ PUBLICATIONS

c-MYC

400000+ 1500004

300000+
1000004
2000004

50000+
100000

FBP1 experssion (10D) T
e-MYC expression (10D)

-

-
Type of tissues

Type of tissues

INTERNATIONAL JOURNAL OF ONCOLOGY 57: 488-499, 2020

—

e-MYC expression

100000 200000 300000 400000
FBP1 expression

0
& 0

Figure 1. Continued. Overexpression of FBP1 and c-Myc in breast cancer tissues and cells. (G) FBP1 and c-Myc expression in breast tumor (T) and para-carci-
noma normal (N) tissues detected by immunohistochemical staining (magnification, x630; scale bar, 20 #m). (H and I) Quantitative analysis of (E) FBP1 and
(F) c-Myc expression in breast tumor and para-carcinoma normal tissues by Image Pro Plus 6 software. (J) Correlation between FBP1 and c-Myc expression
in breast tissues analyzed by Spearman's rank correlation analysis. The intensity of DAB brown reactions was expressed as integral optical density (I0D).

"P<0.01. FBP1, far upstream element binding protein 1.

were decreased by cisplatin in a dose-dependent manner
(Fig. 2A and B).

FBP1 promotes cell proliferation and G2/M phase transi-
tion in TNBC cells. Since FBP1 was positively associated with
breast cancer development, it was hypothesized that FBP1 may
play a role in cell proliferation, cell cycle progression and the
apoptosis of breast cancer cells. To investigate the possible
roles of FBPI in cell proliferation, the MDA-MB-231 cells
were transfected with shRNA to create a cell line in which
FBP1 was knockdown, which was termed FBP1-KD cells.
FBP1 normal cells served as the control group and were
termed FBP1-C cells. The expression of FBP1 and c-Myc in
the FBP1-KD MDA-MB-231 cells was significantly decreased
compared with its expression in the FBP1-C MDA-MB-231

cells, as determined by RT-qPCR and western blot analysis
(Fig. 2C-E). These results demonstrated that a stable FBP1-KD
cell line was constructed.

As illustrated in Fig. 3A and B, the proliferation of the
FBPI1-KD cells was significantly decreased compared with
that of the FBP1-C cells, according to MTS assay and colony
formation assay. The colonies of FBP1-KD cells were signifi-
cantly smaller and fewer than those of the FBP1-C cells
(Fig. 3B). However, Annexin-V450/7-ADD flow cytometry
revealed that the percentage of apoptotic cells was ~5.0% in
both the FBP1-C and FBP1-KD cells (Fig. 3C). These data
indicated that FBP1 knockdown affected the proliferation
of the TNBC MDA-MB-231 cells, but did not affect cell
apoptosis.
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Figure 2. Cisplatin treatment reduces the expression of FBP1 and c-Myc in tje TNBC MDA-MB-231 cells and the generation of MDA-MB-231 cells in which
FBPI was knocked down. (A) Cisplatin treatment reduced the expression of FBP1 and c-Myc in TNBC MDA-MB-231 cells, as shown by western blot analysis.
(B) Relative expression levels of FBP1 and c-Myc against GAPDH determined by western blot analysis. (C) Expression of FBP1 and c-Myc in FBP1-C and
FBP1-KD MDA-MB-231 cells determined by RT-qPCR. (D) Expression of FBP1 and c-Myc in FBP1-C and FBP1-KD MDA-MB-231 cells determined by
western blot analysis. (E) Relative expression levels of FBP1 and c-Myc against GAPDH determined by western blot analysis. The data are the means + SD of
3 independent experiments. ‘P<0.05, “P<0.01. FBP1-C, FBP1 control; FBP1-KD, FBP1 knockdown; FBPI, far upstream element binding protein 1.

To certify the function of FBP1 in cell cycle transition,
the cell cycle phase distribution of FBP1-C and FBP1-KD
MDA-MB-231 cells was analyzed by flow cytometry. As
shown in Fig. 3D and E, the percentage of cells in the G2
phase was 11.05 and 34.06% in the FBP1-C and FBP1-KD
cells, respectively. By contrast, the percentages of cells in
the S and GI1 phases were 34.91 and 54.03% in the FBP1-C
cells, and 8.74 and 57.19% in the FBP1-KD cells, respectively.
These data indicated that the transition from the G2/M/G1 to
the S phase was significantly inhibited by FBP1 knockdown.
Additionally, the expression levels of G2 phase markers, such
as cyclin A2, cyclin Bl, p-cdc2 and cdc2 were measured. The
protein expression of cyclin A2 was lower in the FBP1-KD
cells compared with the FBP1-C cells. However, the expres-
sion levels of cyclin BI, p-cdc2 and cdc2 were higher
in the FBP1-KD cells compared with the FBP1-C cells
(Fig. 3F and G). The relative ratio of p-cdc2 (p-cdc2/GAPDH)
against cdc2 (cdc2/GAPDH) in the FBP1-KD cells was higher
than that in the FBP1-C cells (Fig. 3F and G). These data
suggested that FBP1 knockdown affected the cell cycle transi-
tion by arresting cells in the G2/GI phase.

FBPI knockdown inhibits cell migration and invasion. Cell
migration and invasion are critical for cancer progression.
A previous study by the authors demonstrated that FBP1
contributed to tumor cell migration and invasion in endothe-
lial cancer (24). A wound healing assay in the present study
revealed that FBP1 knockdown decreased the migration of

MDA-MB-231 cells. As shown in Fig. 4A, the migration rate
of the FBP1-KD MDA-MB-231 cells was slower compared
with that of the FBP1-C cells at 24 and 48 h. Additionally, the
results from Transwell assay revealed that FBP1 knockdown
significantly inhibited cell invasion to the bottom chambers
(Fig. 4B and C).

A previous study demonstrated that MMPs are key regula-
tors of cell migration (20). The present study thus investigated
the expression of MMP-2 in the FBP1 C and FBP1-KD
MDA-MB-231 cells. FBP1 knockdown inhibited the expres-
sion of MMP-2 (Fig. 4D and E). These data suggest that FBP1
promotes cancer cell migration and facilitates cell metastasis.

FBPI knockdown enhances the sensitivity of TNBC cells
to cisplatin. The sensitivity of TNBC cells to drugs is low
and this is postulated as one of the reasons for the poor
prognosis of patients with TNBC. In the present study, to
investigate the role of FBP1 in the drug sensitivity of TNBC
cells, the effects of FBP1 on the cisplatin-induced toxicity
of MDA-MB-231 cells were examined. The FBP1-C and
FBP1-KD MDA-MB-231 cells were incubated with gradient
concentrations (20, 40 and 80 M) of cisplatin for 24 to 72 h.
Cell viability, which is used to assess drug sensitivity, was
evaluated by MTS assay. The viability of the FBP1-C and
FBP1-KD cells decreased following cisplatin treatment and
the decrease was dose-dependent (Fig. SA-C). The viability
of the FBP1-KD cells decreased more prominently that that of
the FBPI1-C cells following treatment with 20, 40 and 80 uM
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Figure 3. Knockdown of FBP1 inhibits cell proliferation and G2/M phase transition in TNBC MDA-MB-231 cells. (A) FBP1 knockdown decreased cell
proliferation as shown by MTS assay. (B) FBP1 knockdown suppressed cell colony formation. Equal numbers of FBP1-C and FBP1-KD MDA-MB-231
cells were seeded onto 60-mm plates and incubated for 14 days (x1 magnification; diameter of the dish was 60 mm). (C) FBP1 knockdown did not affect the
apoptosis of FBP1-C and FBP1-KD MDA-MB-231cells as analyzed by flow cytometry. (D) Cell cycle distribution of FBP1-C and FBP1-KD MDA-MB-231
cells analyzed by flow cytometry. (E) Bar chart demonstrates the ratio of FBP1-C and FBP1-KD MDA-MB-231 cells in the G1, S and G2 phase. (F) Expression
of G2 phase associated proteins (cyclin A2, cyclin Bl and p-cdc2) examined by western blot analysis. (G) Bar chart demonstrates the ratio of cyclin A2,
cyclin Bl, p-cdc2 and cdc2 proteins against GADPH and the relative ratio of p-cdc2 (p-cdc2/GAPDH) against cdc2 (cdc2/GAPDH) in FBP1-C and FBP1-KD
MDA-MB-231cells. The data are the means + SD of 3 independent experiments. "P<0.05, ”P<0.01. FBP1-C, FBP1 control; FBP1-KD, FBP1 knockdown; FBP1,
far upstream element binding protein 1.

cisplatin for 24 h (P<0.05 and P<0.01), 20 and 40 uM of  (P<0.01). In addition, a colony formation assay was used to
cisplatin for 48 h (P<0.01), and 20 yM of cisplatin for 72 h  further confirm that FBP1 knockdown enhanced the sensitivity
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Figure 4. Knockdown of FBP1 inhibits cell migration and invasion. (A) Wound healing assay at 0, 24 and 48 h, compared between the FBP1-C and FBP1-KD
MDA-MB-231 cells. The migration of the cells was visualized with an inverted Nikon phase-contrast microscope (x100 magnification; scale bar, 100 ym).
(B) Transwell invasion assay at 48 h, compared between FBP1-C and FBP1-KD MDA-MB-231 cells. The crossed polycarbonate membrane cells were detected
by crystal violet staining (x200 magnification; scale bar, 50 ym). (C) Bar chart demonstrates the numbers of cell invading cells. (D) expression of MMP-2 in
FBPI1-C and FBP1-KD MDA-MB-231 cells detected by western blot analysis. (E) Relative expression of MMP-2 against GADPH. Data are the means + SD of
3 independent experiments. "P<0.05. FBP1-C, FBP1 control; FBP1-KD, FBP1 knockdown; FBPI, far upstream element binding protein 1.

of TNBC cells to cisplatin. The FBP1-KD MDA-MB-231 cells
formed fewer colonies than the FBP1-C MDA-MB-231 cells
following treatment with 20 xM cisplatin (Fig. 5D). These
results demonstrated that FBP1 knockdown enhanced the
sensitivity of TNBC cells to cisplatin.

FBPI suppresses the cisplatin-induced apoptosis of TNBC
cells. To verify the possible mechanisms underlying the
high sensitivity of TNBC cells in which FBP1 was knocked
down to cisplatin, the effects of cisplatin on the apoptosis
of the FBP1-C and FBP1-KD MDA-MB-231 cells were
examined by flow cytometry. As shown in Fig. 6A and B,
the percentage of apoptotic cells was significantly higher

in the FBP1-KD cells compared with that in the FBP1-C
cells when the cells were treated with 40 and 80 uM
cisplatin for 48 h. The expression of cleaved caspase-3
(C-Caspase-3), a typical characteristic of cell apoptosis,
was examined by western blot analysis in the FBP1-C and
FBP1-KD MDA-MB-231 cells. As shown in Fig. 6C and E,
C-Caspase-3 expression was increased in both the
FBPI1-C and in FBPI1-KD cells following treatment with
40 and 80 M cisplatin for 48 h. Compared with the expres-
sion of C-Caspase-3 in the FBP1-C cells, the expression of
C-Caspase-3 in the FBP1-KD cells was significantly higher.
The expression of FBP1 in the FBP1-C and FBP1-KD
cells decreased as the concentration of cisplatin increased



SPANDIDOS

PUBLICATIONS

A s 24h g pRpIC B
E3 FBPI-KD
g‘ 1.04
Z
K
E 0.5
0.0-
D) » ® &
Cisplatin (uM)
C 15 72h E3A FBPI-C
EZ FBPI-KD
I_—E
=
o]
»

? R

Cisplatin (pM)

D Cisplatin (uM) 0

FBPI-KD

FBP1-C

INTERNATIONAL JOURNAL OF ONCOLOGY 57: 488-499, 2020

48 h

B3 FBP1-C
E3 FBP1-KD

Cell viability

Figure 5. Knockdown of FBP1 enhances the sensitivity of TNBC MDA-MB-231 cells to cisplatin. (A-C) Viability of FBP1-C and FBP1-KD cells treated with
the indicated concentrations of cisplatin for (A) 24, (B) 48 and (C) 72 h examined by MTS assay. (D) Colony formation of FBP1-C and FBP1-KD cells treated
with the indicated concentrations of cisplatin for 48 h. Equal numbers of FBP1-C and FBP1-KD MDA-MB-231 cells were seeded onto 60-mm plates and
incubated for 14 days (x1 magnification; diameter of the dish was 60 mm). "P<0.05, “P<0.01. FBP1-C, FBP1 control; FBP1-KD, FBP1 knockdown; FBP1, far

upstream element binding protein 1.

(Fig. 6D). Based on these data, it was considered that FBP1
knockdown promoted cisplatin-induced apoptosis.

Discussion

According to the report of the American Cancer Society (21),
breast cancer accounts for 29% of all new cancer diagnoses
and was the leading cause of cancer-associated mortality in
women aged 20-59 years in 2016. Although the treatments for
breast cancer have improved over the past decades, the treat-
ment efficacy is still limited due to drug toxicity and resistance,
as well as the lack of dependable predictive and prognostic
biomarkers (22). TNBC is a particular type of breast cancer
that is ER-, PR- and HER-2-negative and cannot benefit from
endocrine therapy. Thus, the investigation and identification of
novel biomarkers and the relevant mechanisms of TNBC is of
utmost importance.

FBP1 is an anti-apoptotic and anti-proliferative oncoprotein
that acts by modulation of complex networks (12). Studies have
indicated that FBP1 is overexpressed in a variety of malig-
nant tumors, such as liver cancer, gastric cancer, esophageal
squamous cell carcinoma, ovarian cancer and nasopharyn-
geal carcinoma, and FBP1 is associated with both a lower
disease-free and overall survival in patients (5,14-17,23,24).
In a previous study by the authors, it was demonstrated that
FBP1 expression was higher in epithelial ovarian cancer
(EOC) tissues compared with in para-tissues, and that a higher
expression of FBP1 was associated with EOC progression (25).
The present study identified that the progression of breast
cancer was positively associated with FBP1 expression, even
though the exact numbers of clinical samples from Luminal A,
Luminal B, HER-2 overexpression and TNBC patients were
not know. In the future, the authors aim to collect more 4 types

of clinical breast cancer samples, in order to analyze the effect
of FBP1 on the development of breast cancer.

Cancer progression may be associated with cell viability,
and a decreased cell viability may be induced by the suppres-
sion of cell cycle transition and the activation of cell death (25).
The present study demonstrated that FBP1 knockdown signifi-
cantly inhibited colony formation and increased the percentage
of cells in the G2 phase. Cyclin Bl and p-CDC2, which are
considered to be G2/M phase transition inhibiting proteins,
were induced by FBP1 knockdown. Conversely, cyclinAl,
which is considered to be a G2/M phase transition promoting
protein, was suppressed by FBP1 knockdown. FBP1 knock-
down did not affect cell apoptosis. These results suggest that
FBP1 knockdown significantly suppresses the G2/M phase
transition. However, FBP1 did not affect the death of TNBC
cells.

Metastasis is a complex, multistep process that requires
cancer cells to detach from the primary tumor, travel, survive
and proliferate in distant organs (26,27). MMPs have tradi-
tionally been considered to regulate a number of processes,
including cell migration, angiogenesis, tumor expansion and
metastasis (28,29). In general, the expression of MMPs is low
and can be upregulated during inflammation, tissue remod-
eling, wound healing and cancer progression (30). The present
study demonstrated that FBP1 knockdown inhibited the migra-
tion and metastasis of TNBC cells, as well as the expression of
MMP-2, which is an important member of the MMP family.
These results suggested that FBP1 knockdown decreased the
migration and metastasis via the inhibition of MMP-2 expres-
sion. It has been reported that the major mechanism regulating
MMP expression is transcription. The majority of members of
the MMP family share common cis-acting elements in their
promoters and the promoters contain multiple elements that
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C-Caspase-3, cleaved caspase-3.

cooperate to either induce or repress gene expression including
E2F1 (31,32). As regards the mechanisms underlying the regu-
latory effects of FBP1 on MMP-2, further investigations are
warranted to determine this in the future.

Cisplatin is a commonly used chemotherapeutic drug
in patients with TNBC. A recent study on patients with
refractory breast cancer demonstrated that tumor profiling
based therapy resulted in a survival benefit (33). Therefore,
enhancing our understanding of the mechanisms implicated
in cisplatin treatment may improve the management of
TNBC. The present study demonstrated that cisplatin reduced
FBP1 expression in cisplatin-treated advanced TNBC cells,

and FBP1 knockdown enhanced the sensitivity of TNBC cells
to cisplatin. Cisplatin treatment upregulated the expression of
C-Caspase-3 in the FBP1-KD cells to a greater extent than
in the FBP1-C cells. This indicated that cisplatin treatment
induced more prominent apoptosis in the FBP1-KD cells
compared with the FBP1-C cells. The inhibition on FBP1
expression may be one of the reasons that cisplatin abrogates
breast cancer development. However, the high expression of
FBPI in cancer cells/tissues inhibits cancer cell apoptosis
resulting from cisplatin treatment. There may be a negative
feedback loop between FBP1 expression and the therapeutic
efficacy of cisplatin in tumors. The mechanisms through
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which cisplatin regulates FBP1 warrant further clarification
in the future.

The clinical treatment of TNBC remains challenging due
to the lack of available targets. Chemotherapy has significantly
improved from previously administered treatments. In the
present study, the progression of breast cancer was demon-
strated to be positively associated with FBP1 expression.
FBP1 knockdown inhibited cell viability, cell cycle transition
and cell migration, and increased the sensitivity of TNBC cells
to cisplatin. As a highly expressed protein in breast cancer
tissues, FBP1 promotes cell proliferation and cell migration,
and neutralizes the sensitivity of TNBC cells to cisplatin, but
has no effect on apoptosis. Based on the above-mentioned
facts, FBP1 may be a potential adjuvant drug target rather
than a potential chemotherapeutic target for breast cancer
treatment. In the future, the authors aim to perform further
studies on the synergistic effects between FBP1 and radiation,
chemicals, etc.

In conclusion, FBP1 is a potential adjuvant drug target for
breast cancer treatment and the downregulation of FBP1 may
be a potential strategy for the development of novel TNBC
treatments.
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