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Introduction: Forkhead box A1 (FOXAT1) has been found to upregulate in numerous cancers,
such as ovarian cancer and glioma. However, the detailed function of FOXA1 in glioma is still
not known. The purpose of this study was to explore the underlying mechanism of FOXA1 in
glioma cell progression.

Methods: The expressions of FOXA1 in glioma tissues and cells were determined using
quantitative reverse transcription-polymerase chain reaction and western blotting assays. Wound
healing assay and Transwell invasion assay were employed to detect the effects of FOXA1 on
cellular migration and invasion. Cell Counting Kit-8 assay, colony formation assay, and flow
cytometry analyses were also performed.

Results: Our study results suggested FOXA1 was upregulated in glioma tissues and cells and
revealed that FOXA1 promoted glioma cellular proliferation by facilitating G1/S transition.
Previous work has indicated that CCND1 expression is regulated by FOXA1 in ovarian cancer.
ChIP and qChlIP assay as well as dual luciferase reporter assay validated that CCND1 expres-
sion was also regulated by FOXA1 in glioma cells. Moreover, over-expression of CCND1 in
siFOXA1-transfected cells partly offsets the effect of FOXA1 inhibition on cellular proliferation.
Conclusion: FOXA1 promotes glioma cell progression, including cell proliferation and cell cycle,
by targeting CCND1, and shows potential for the development of targeted treatment for glioma.
Keywords: FOXA1, proliferation, invasion, CCND1, glioma

Introduction

Glioma has become one of the most common neuroectodermal brain cancers in adults,
accounting for 50%—55% of the total brain cancers.!? Despite the development of
different treatment strategies, such as surgical resection followed by radiation and
chemotherapy, the prognosis of patients with the most malignant form of glioma still
remains at just 12—15 months.>= Thus, it is necessary to develop novel and effective
therapeutic strategies for glioma.

Forkhead box A1 (FOXA1), a transcription factor, belongs to the forkhead box
family.* FOXA proteins consist of three members, FOXA1, FOXA2 and FOXA3.’
FOXAI1 contains the N- and C-terminal transactivation domains and forkhead DNA-
binding domain.? Increasing evidence indicates that FOXA factors are involved in
the development of endoderm-derived organs such as the liver, pancreas, lungs, and
prostate.” FOXA1 regulates several gene expressions involved in the development of
multiple tissues, including the mammary gland, midbrain, lung, liver as well as pro-
gression of several tumors.'®!! Additionally, FOXA1 has been shown to open closed

submit your manuscript
Dove

http:

Cancer Management and Research 2018:10 3283-3293 3283
© 2018 Thang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.

TACM php and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (ttps://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress

Zhang et al

Dove

chromatin and facilitates the recruitment of other transcrip-
tion factors.!? FOX A also regulates cyclin D1 expression in
ovarian cancer.'> A previous report has indicated that FOXA 1
is upregulated in glioma tissues;'* however, the detailed
mechanism of FOXA1 is not known.

Cyclin D1 (CCND1) acts as a key regulatory protein
that plays a critical role in cell cycle. A previous report has
suggested that ectopic expression of cyclin D1 promotes cell
cycle.’® Therefore, cyclin D1 is considered as a key regula-
tor of the cell cycle. Abnormal expression of cyclin D1 has
also been found in the pathogenesis of lung carcinoma and
is associated with poor prognosis.'

In the present study, we determined the expression of
FOXAI in glioblastomas multiforme (GBM) tissues and cell
lines. Subsequently, functional gain and loss analyses were
performed to determine the effect of FOXA1 on glioma cell
proliferation, migration and invasion.

Materials and methods

Cell culture

Normal human astrocytes (NHAs) were obtained from Lonza
(Basel, Switzerland) and cultured in astrocyte growth media
(Lonza) containing 3% fetal bovine serum (FBS), 4.5%
glucose and reagents from BulletKits (Lonza) in a humidi-
fied incubator at 37°C and 5% CO,. Human GBM cell lines
U87-MG, U251 and HEK-293T were purchased from Chinese
Academy of Sciences Cell Bank (Shanghai, People’s Republic
of China), and were cultured in DMEM (Hyclone, Logan, UT,
USA) supplemented with 100 units of penicillin/mL, 100 ng
of streptomycin/mL as well as 10% FBS. All the cells were
maintained at 37°C in a humidified atmosphere with 5% CO.,.

Tissue samples and ethics statement

A total of 46 pairs of human glioma tissues and 16 adjacent
normal tissues were available from the Department of Neu-
rosurgery, Shandong Rizhao City Hospital of Traditional
Chinese Medicine. Glioma specimens were verified and
classified by three experienced clinical pathologists according
to the WHO standard classification of tumors. Tumor tissues
were cooled in liquid nitrogen directly from the operating
room and stored at —80°C. This study was approved by The
Research Ethics Committee of Shandong Rizhao City Hos-
pital of Traditional Chinese Medicine. All patients signed a
written informed consent form.

Western blotting analysis
The harvested cells were lysed using RIPA buffer (150 mM
NaCl, 1% NP-40, 1 mM ethylenediaminetetraacetic acid,

50 mM Tris-HCI, pH 7.4, 0.25% sodium deoxycholate) and
protease inhibitor cocktail (Roche Diagnostics, Mannheim,
German). The protein concentration was measured using a
BCA protein assay kit (Pierce, Waltham, MA, USA) accord-
ing to manufacturer’s protocol. Equal amounts of protein
were separated electrophoretically on 10% sodium dodecyl
sulfate polyacrylamide gel electrophoresis and transferred
onto polyvinylidene fluoride membranes (Roche, Basel, Swit-
zerland). This was followed by blocking with 5% skim milk
at room temperature for 1 h; the membranes were incubated
with indicated antibodies at 4°C overnight. After washing
with Phosphate Buffered Solution Tween-20 three times,
the membranes were incubated with horseradish peroxidase
(HRP)-conjugated second antibodies at room temperature
for 1 h. Finally, the blots were visualized using enhanced
chemiluminescence reagent (Pierce, Minneapolis, MN, USA)
according to manufacturer’s instructions. The antibodies used
were as follows: FOXAT1 (1:1000; Abcam, Cambridge, UK
ab23738), cyclin DI (1:3000; Abcam; ab134175), B-actin
(1:5000; Abcam; ab8227), HRP-conjugate goat anti-mouse
(1:5000; Abcam; ab214879) and HRP-conjugate goat anti-
rabbit (1:5000; Abcam; ab214880).

Quantitative reverse transcription-
polymerase chain reaction (qQRT-PCR)

Total RNA was extracted from tissues and cells using Trizol
(Invitrogen, Shanghai, People’s Republic of China) according
to the manufacturer’s instructions. After purification, 2 pg total
RNA was utilized to synthesize complementary DNA (cDNA)
through a PrimeScript RT reagent Kit gDNAEraser (TaKaRa,
Tokyo, Japan). Subsequently, SYBR Green Realtime PCR
Master Mix (Roche Diagnostics) was utilized to perform qRT-
PCR assay. The cDNA fragments were denatured at 95°C for
20 s, annealed at 57°C for 15 s and extended at 72°C for 40 s for
35 cycles with the ABI PRISM 7500 Quantitative PCR system
(Life Technologies, Carlsbad, CA, USA). The PCR products
were normalized to GAPDH, and relative expression of mRNA
was calculated using 224°T method. Each sample was examined
in triplicate. FOXA1 forward, 5-GCAATACTCGCCTTAC-
GGCT-3’; reverse, 5-TACACACCTTGGTAGTACGCC-3;
CCNDI forward, 5-CCTCGGTGTCCTACTTCAAA-3’;
and reverse, 5’-GGGATGGTCTCCTTCATCTT-3"; GAPDH
forward, 5'-ACCACAGTCCATGCCATCAC-3’; reverse,
5-TCCACCACCCTGTTGCTGTA-3'".

Wound healing assay
Approximately, 1 x 10 transfected U87-MG or U251 cells
were placed in a 6-well plate and cultured to 95-100%
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confluence. The monolayers were scratched with a 20 pL
pipette tip, and the detached cells were removed using cold
PBS and cultured in serum-free medium. The wounds were
observed under a light microscope and photographed at 0
h and 48 h. The width of wound was measured by ImagelJ
software (National Institutes of Health, Bethesda, MD,
USA). The distance of cell migration was represented by:
(width of the original wound (0 h) — width of wound at 48
h)/width of the original wound (0 h) x 100%. Each sample
was examined in triplicate.

Transwell invasion assay

Transwell cell culture chambers (BD Bioscience, San Jose,
CA, USA) and Matrigel (BD Bioscience, San Jose, CA,
USA) were used for the Transwell invasion assay. Briefly,
the culture chambers were first coated with 80 pL. Matrigel
(Matrigel:merum-free medium =1:8) and maintained at 37°C
for 30 min. Subsequently, approximately 5 x 10*transfected
cells were resuspended in 200 pL serum-free medium and
placed in the upper compartment of the Transwell inserts.
The bottom chambers contained 500 pL of complete medium.
After incubation at 37°C for 36 h, cells on the upper chamber
were removed using a cotton swab, and the invaded cells at
the bottom of the top chamber were stained with 0.1% crystal
violet at room temperature for 15 min, and counted as well
as photographed under an Olympus fluorescence microscope
(Tokyo, Japan). Each sample was examined in triplicate.

Cell Counting Kit-8 (CCK-8) assay

CCK-8 assay was used to determine the effect of FOXA1 on
cellular proliferation. In brief, 5 x 10° transfected U87-MG
or U251 cells were seeded in 96-well plates with 200 uL
complete medium. Twenty microliters of CCK-8 reagents was
added at 0 h, 24 h, 48 h and 72 h. After 30 min of incubation
with CCK-8 reagent at 37°C, the absorbance at 450 nm was
measured and used for calculating cell viability. Each sample
was examined in triplicate.

Colony formation assay

Colony formation assay was utilized to identify the effect
of FOXA1 on cell proliferation. Briefly, 5 x 10°transfected
U87-MG or U251 cells were seeded in a new 6-well plate
and cultured for approximately 14 days. Colonies were fixed
with methanol at room temperature for 10 min and stained
with 0.1% crystal violet (Sigma-Aldrich Co., St Louis,
MO, USA) at room temperature for 10 min. The colonies
(cells > 50) were counted as well as photographed under a
light microscope. Each sample was examined in triplicate.

Cell cycle analysis

After transfection for 48 h, cells were harvested by centrifuga-
tion at 500x g for 5 min. After washing with cold PBS three
times, cells were fixed with 75% alcohol and stored at —20°C
overnight. Subsequently, cells were washed with cold PBS three
times before adding 1 mL PBS containing 40 pg propidium
iodide and 100 pg RNase A. Lastly, the cells were analyzed
by flow cytometry. Each sample was examined in triplicate.

ChIP and qChlP assay

Chromatin Immunoprecipitation Assay kit (Beyotime,
Jiangsu, People’s Republic of China) was utilized to perform
ChIP analysis according to manufacturer’s instructions. In
brief, U87-MG and U251 cells were grown to 90—100%
confluence. Subsequently, cells were washed with cold
PBS three times and chemically cross-linked with 1%
formaldehyde for 20 min at 37°C. Next, cells were lysed
with lysis buffer at 4°C for 1 h and sonicated three cycles
at 4°C, each cycle for 15 times. Three micrograms of
anti-rabbit IgG and FOXA1 antibody were added to the
lysis solution and incubated at 4°C overnight. Protein
A beads were used to isolate FOXA1- or IgG-interacted
DNA fragments. PCR Purification kit (Qiagen, Shanghai,
People’s Republic of China) was used to purify the bind-
ing chromatin. Each experiment was performed at least
three times. The sequence of CCND1 used was as follows:
forward, 5'-GTGGCAGGCTTGGCGGATGT-3’; reverse,
5-TTGGTTGTCACGGCGGGTGG-3".

Dual luciferase reporter assay

The promoter region (—2000 to +200) of CCND1 was ampli-
fied and cloned into pGL3 control vector (Invitrogen). HEK-
293T cells were placed in a 24-well plate and co-transfected
with CCNDI1 luciferase reporter, Renilla and vector or
FOXAT1 (0.5 pg, 1 pg and 2 pg). After transfection for 24 h,
the luciferase activity was determined using the Promega
Dual Luciferase Reporter Assay System (Madison, W1, USA)
according to manufacturer’s instructions. Each sample was
examined in triplicate.

Statistical analysis

Analysis was done with the SPSS software version 18.0 for
Windows (SPSS, Chicago, IL, USA). All data are represented
as means * standard deviation. The statistical differences
between multiple groups were determined by one-way
analysis of variance (ANOVA) and Tukey test. Two groups
were compared using an unpaired, two-tailed Student’s -test.
Survival probability was calculated using the Kaplan-Meier
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method followed by log-rank test. Statistical significance was
identified as p < 0.05 for all comparisons.

Results
FOXA| expression is upregulated in

glioma tissues and cells
A previous report has indicated that FOXA1 is upregulated
in glioma tissues,'* but the detailed mechanism of FOXA1

in glioma has not been known. Here, we first collected 46
glioma tissue samples and 16 adjacent normal tissue samples,
and detected the expression of FOXA1 using qRT-PCR. As
shown in Figure 1A, the expression of FOXA1 in tumor
tissues was higher than that in normal tissues (Figure 1A).
Subsequently, we also detected FOXA 1 expression in glioma
cells, compared with normal glial cells. Results of gRT-PCR
and western blotting validated the upregulation of FOXA1 in
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Figure | FOXAI expression is upregulated in glioma tissues and cells.

Notes: (A) The expression of FOXAI in tissues was established by qRT-PCR assay. FOXAI expression in glioma tissues was higher than that in normal tissues. *p < 0.05,
compared with normal tissues. (B) The expression of FOXAI was determined using qRT-PCR and western blotting assay. FOXA| expression was significantly higher in
glioma cell lines U87-MG and U251 than that in normal glial cell, NHAs. *p < 0.05, compared with NHA cell lines. (C) The association between FOXAI expression and the

survival rate of GBM patients was measured using Kaplan-Meier method.

Abbreviations: FOXAI, forkhead box Al; GBM, glioblastomas multiforme; NHA, normal human astrocyte; qRT-PCR, quantitative reverse transcription-polymerase chain

reaction.
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glioma cells (Figure 1B). Additionally, we analyzed the corre-
lation of FOXA 1 expression and clinicopathological features
of glioma. In 46 glioma tissues, high FOXA1 expression
was markedly more common in glioma tissues with high-
grade glioma than in those with low-grade glioma (Table 1,
p < 0.05). Additionally, high expression of FOXA1 was
associated with tumor size and neck lymph node metastasis
(Table 1, p < 0.05). However, there was not any statistically
significant correlation of FOXA1 expression with age or
sex (Table 1, p > 0.05). Moreover, prominent expression of
FOXA1 predicted a poor prognosis of GBM patients (Figure
1C, p < 0.05).

Upregulation of FOXAI facilitates
migration and invasive ability of glioma
cells

To further decipher the function of FOXA1 in glioma develop-
ment, we over-expressed or knocked down FOXA1 in glioma
cell lines, including U87-MG and U251. The expression of
FOXAI1 was detected using qRT-PCR and western blotting
assay (Figure 2A and B). Wound healing assay and transwell
invasion assay were performed to determine the effect of
FOXAT1 on cell migration and invasion, respectively. The
result of the wound healing assay suggested markedly higher
migration rate in FOXA1 overexpression group and lower

Table | Clinicopathological variables in 46 GBM patients

Variables Patients,n FOXAI protein p-value

(N=46) expression

Low High
(n=15) (n=31)

Sex
Male 25 8 17 0.923
Female 21 7 14
Age (years)
>40 33 10 23 0.595
<40 13 5 8
Tumor size
Large (=2 cm) 28 6 22 0.044
Small (< 2 cm) 18 9 9
Pathological grade
-1 20 10 10 0.027
11\ 26 5 21
Neck lymph
node metastasis
Yes 22 4 18 0.046
No 24 I 13
CCNDI expression
High 33 7 26 0.009
Low 13 8 5

Abbreviations: FOXAI, forkhead box Al; GBM, glioblastomas multiforme.

migration rate in FOXA 1 inhibition group in comparison with
each individual control group (Figure 2C, p < 0.05). Results
of the transwell assay indicated that more cells penetrated
across the membrane in the FOXA1 over-expression group
and there were a lot fewer invaded cells in the FOXAT1 inhi-
bition group, compared with each individual control group
(Figure 2D, p < 0.05). The abovementioned results indicate
that upregulation of FOXA 1 facilitates migration and invasive
ability of glioma cells.

Ectopic expression of FOXAI promotes
cell proliferation of glioma cells through

regulation of cell cycle

Subsequently, we assessed whether FOXAT1 regulated cell
proliferation of glioma cells. CCK-8 and colony formation
assay were performed to determine the effect of FOXA1 on
cell proliferation. As shown in Figure 3A, ectopic expres-
sion of FOXAI1 significantly increased the rate of cell
proliferation in U87-MG and U251 cells, and inhibition of
FOXAI1 decreased the rate of cell proliferation in U87-MG
and U251 cells (Figure 3A). Similar results were observed
in the colony formation assay. The number of colonies was
increased 2.5-fold in FOXA 1-transfected cells, compared
with the control group. Meanwhile, inhibition of FOXA1
reduced the number of colonies (Figure 3B). Because cell
proliferation is directly connected to cell cycle distribution,
we hypothesized as to whether FOXA1 promoted the pro-
liferation of glioma cells via regulation of cell cycle. Flow
cytometry analysis demonstrated that ectopic expression
of FOXALI decreased the percentage of G /G, phase cells
and increased the percentage of S and G,/M phase cells
(Figure 3C). However, inhibition of FOXAI increased the
percentage of G /G, phase cells and decreased the percent-
age of S and G,/M phase cells. The abovementioned results
indicate FOXA1 promotes the proliferation of U§7-MG and
U251 cells through regulation of cell cycle.

CCNDI is a direct target of FOXAI in

glioma cells

Cell cycle is regulated by the cyclin family, cyclin-dependent
kinase (CDK) and CKI. Cyclin family consists of CCNA-Y,
CCNA2, CCNB1, CCNDI as well as CCNE1.!"!® We first
detected the expression of CCNDA in glioma cells and tissue
samples, when compared with normal glial cells or adjacent
normal tissues, respectively. Results of qRT-PCR and western
blotting validated the upregulation of FOXA1 in glioma cells
(Figure 4A). Previous work has found that FOXA1 regulated
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Abbreviations: CCK-8, Cell Counting Kit-8; FOXAI, forkhead box Al; qRT-PCR, quantitative reverse transcription-polymerase chain reaction; SCR, scramble siRNA.
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CCNDI1 expression in ovarian cancer.'® To further determine
whether FOXA1 promoted cell cycle in glioma through
regulation of CCNDI1 expression, we measured the CCND1
expression in glioma specimens. The results revealed that
the expression of CCNDI1 was positively associated with
expression of FOXA1 (Table 1, p < 0.05). Subsequently, we
detected whether FOXA1 regulated CCND1 expression using
gRT-PCR and western blotting assay. As shown in Figure 4A,
we found inhibition of FOXA1 reduced the expression of
CCNDI1 (Figure 4B). To further determine whether FOXA1
could directly bind to the promoter region of CCNDI, we
performed ChIP and qChIP assay as well as dual luciferase
reporter assay. The result of the ChIP and qChIP assay sug-
gested that compared to IgG group, the fold of enrichment
increased almost 2.5-fold, indicating FOXA1 could directly
bind to the promoter region of CCND1 (Figure 4C). Lucif-
erase activity in HEK-293T cells was notably increased after
FOXA1 was over-expressed in cells (Figure 4D). The above-
mentioned finding suggests that FOXA1 directly regulates
CCNDI expression in glioma cells.

Over-expression of CCND| partially
attenuates FOXA |-depletion inhibited

cell growth

Our present work indicated that CCND1 served as a down-
stream target of FOXA1; so, we further explored the role of
FOXAI1 in glioma through mediation of CCND1. PcDNA3.1-
CCNDI1 plasmid was transfected into siFOXA 1-transfected
U87-MG and U251 cells to reverse the reduced CCND1
levels. After transfection, the expression of cyclin D1 was
determined by qRT-PCR and western blotting analyses. As
illustrated in Figure 5A, the mRNA and protein levels of
CCND1 were higher in the siFOXA1+CCND1 group than
those in the siFOXA1 group (Figure 5A). To further confirm
whether FOXA1 regulated cell proliferation via regulation
of CCND1, CCK-8 assay and colony formation analyses
were carried out. The results demonstrated that restoration
of CCNDI partially rescued FOXA1 inhibition suppressive
functions in U87-MG and U251 cells (Figure 5B and C).
Collectively, these findings suggested that CCND1 acted as
a downstream effector of FOXA1 in the regulation of the
proliferation of glioma cells.

Discussion

The transcription factor FOXA1 binds to genomic DNA
through the forkhead DNA-binding domain and mediates
expression of various genes,® such as CDHI1.!" A previous

report has indicated that FOXA1 is upregulated in glioma
tissues,'* but the detailed mechanism of FOXAI in glioma
has not been known.

In our study, we found that the expression of FOXAI in
glioma tissues and cells was higher than adjacent normal
brain tissue or NHAs. In addition, the FOXA1 expression
was positively related to glioma grade, and predicted a poor
prognosis. Subsequently, CCK-8 assay and colony formation
assay showed that the proliferative capacity of glioma cells
was markedly increased or reduced in FOXA1- or siFOXA1-
transfected cells. Meanwhile, through flow cytometry analysis,
we found that ectopic expression of FOXA1 promotes G /S
transition. As is well known, cell cycle is regulated by protein
kinase complex, which is composed of multiple cell cycle
proteins (cyclins) and the corresponding CDKs.22! A recent
study showed that FOXA1 regulated cyclin D1 expression in
ovarian cancer." In order to verify whether FOXA1 regulated
cyclin D1 in glioma cells, we next performed qRT-PCR and
western blotting analyses, which suggested that both mRNA
and protein levels of cyclin D1 were regulated by FOXAL.
Additionally, ChIP and qChIP assay as well as luciferase
reporter assay indicated that FOX A1 transcriptionally activated
CCNDI. Therefore, we suggest that FOXA1 can promote G,/S
transition by facilitating the expression of cyclin D1. Addition-
ally, FOXA1 also facilitates glioma cell migration and invasion.

In summary, this study investigated the detailed functions
of FOXA1 in the growth and metastasis of glioma cells, and
suggests that FOXA1 acts as a novel oncogene in glioma.
FOXA1 promotes proliferation as well as cell cycle of glioma
cells via targeting cyclin D1. Nevertheless, we need further
studies to verify whether FOXA1 promotes glioma cells
proliferation and metastasis in vivo.
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