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Transcriptional regulation of FoxM1 by HIF-1a
mediates hypoxia-induced EMT in prostate cancer
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Abstract. Hypoxia is a tumorigenesis-related microenviron-
ment change which usually occurs in the earliest stage of
prostate cancer (PCa) development. Accumulating evidence
has demonstrated that hypoxia/hypoxia-inducing factor (HIF)
is involved in the induction of epithelial-mesenchymal transi-
tion (EMT) and increased metastatic potential in PCa. However,
the mechanism by which hypoxia/HIF regulates EMT remains
unclear. In the present study, we demonstrated the molecular
mechanisms of hypoxia-induced EMT in PCa, focusing on
HIF-lo/Forkhead box M1 (FoxM1) signaling pathway. PCa
PC3 and DUI145 cell lines were used as the model system
in vitro. Our data revealed that hypoxia induced EMT in PCa
cells. Bioinformatics analysis identified the possible asso-
ciation between HIF-1a and FoxM1. Additionally, FoxM1 was
significantly associated with PCa development and Gleason
scores of PCa. Exposure to hypoxia resulted in the increased
expression of HIF-1a and FoxM1. Genetic knockdown FoxM1
abolished hypoxia-induced EMT in PCa, while exogenous
overexpression of FoxM1 facilitated hypoxia-induced EMT.
Furthermore, the increase of FoxM1 during hypoxia was due
to the transcriptional regulation on the FoxM1 promoter by
HIF-1a. We also confirmed the binding site of HIF-1a on the
FoxMI1 promoter by different lengths promoter sequences.
These findings provide new insights into how EMT is regulated
in PCa under hypoxic stress. It is worthwhile to investigate in
future that inhibition of FoxM1 as a potential target may be an
effective therapeutic strategy against PCa.

Introduction

Prostate cancer (PCa) is the most common cancer in men
aged =65 years with an average age of ~66 at the time of
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diagnosis (1). PCa ranks the third leading cause of male
cancer-associated mortality with an estimated 31,620 deaths in
2019 in the USA. Metastasis is the main cause of PCa-related
mortality, in which cancer cells spread to bladder, bone,
retroperitoneal lymph nodes, spinal cord and other areas (2,3).
About 40% of localized PCa patients relapsed after initial
therapy (4) and they usually succumb due to cancer metastasis
or drug resistance. Thus, it is a great challenge to determine
the underlying mechanism of PCa progression, recurrence and
metastasis to improve the outcomes of treating PCa.

Hypoxia is a tumorigenesis-related microenvironment
change which usually occurs in the earliest stage of PCa devel-
opment (5). In response to decreasing oxygen availability, the
activity of hypoxia-inducible factors (HIFs) in cells increase
and also mediate various transcriptional changes (6). HIF
heterodimers comprise HIFa and HIFf, the former is sensitive
to oxygen and the latter is a constitutively expressed subunit.
Under hypoxic conditions, HIF-1a dimerizes with HIF-1f3 and
translocates into nucleus to bind to the hypoxia-responsive
element, which is the specific sequence present in the promoter
of several hypoxia-dependent target genes (7). Mechanistically,
hypoxia was demonstrated to affect the invasive and migratory
behavior of PCa cells via epithelial-to-mesenchymal transi-
tion (EMT), a trans-differentiation of cells for the acquirement
of plasticity and increased mobility, a process which alters the
metastatic potential of cancer cells (8). It is widely reported that
hypoxia is the inducer of the EMT process in various epithe-
lial cancers, such as PCa, ovarian carcinoma, lung cancer and
hepatocellular carcinoma (9-11), thus facilitating tumor cell
survival and resistance to chemo or radio-therapies (12,13).
Hypoxia-induced EMT is characterized by a decrease in
epithelial gene expression, such as E-cadherin and -catenin
and an increase in mesenchymal associated gene expression,
such as N-cadherin and vimentin (14). Hypoxia can also
activate downstream transcription factors such as Smads,
SNAIL, SLUG, and TWIST, and inhibits the expression
of E-cadherin (15). Recently, it was reported that chronic
hypoxia-induced SLUG promotes the EMT of PCa cells by
activating expression of Ephrin-B1 (16); however, the detailed
mechanisms leading to the induction of EMT by hypoxia
remains largely unknown.

Forkhead box M1 (FoxM1) is a classic proliferation-
associated transcription factor belonging to the family of
Forkhead box (Fox) protein, which consists of a conserved
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forkhead DNA-binding domain, an N-terminal repressor
domain, and a C-terminal transactivation domain (17). In
addition to cell proliferation, FoxM1 is also involved in cell
cycle regulation, angiogenesis, invasion, metastasis and
EMT (18,19). FoxM1 has been reported to be upregulated and
of prognostic significance in several malignancies including
breast cancer, colorectal cancer, lung cancer, melanoma and
PCa (20-25). Over the past few decades, understanding of
the function and regulation of FoxM1 has notably improved,
providing novel insights into the roles of this transcription
factor in cancer development and progression. Additionally,
certain small molecule inhibitors that target FoxM1 have
promising potential as therapeutic drugs against PCa and
have been receiving great attention by urologists and patients.
There is thus increasing interest in elucidating the regulatory
mechanisms of FoxM1 in PCa.

In our study, we reported that FoxM1 was transcription-
ally regulated by HIF-1a in PCa. FoxM1 was upregulated in
PC3 and DU145 PCa cells under hypoxic conditions, which
were associated with EMT induction and enhanced invasive
ability. This process could be inhibited by the suppression
of HIF-1a activity. Furthermore, HIF-1a binding sites were
illustrated and mapped to the promoter of FoxM1. Thus, we
concluded that EMT of hypoxic PCa cells is mediated by the
transcriptional regulation of FoxM1 by HIF-1a.

Materials and methods

Reagents and antibodies. Dulbecco's modified Eagle's
medium (DMEM), fetal bovine serum (FBS), penicillin
and streptomycin cocktail were purchased from HyClone
(GE Healthcare). Primary antibodies against B-actin (cat.
no. 3700), E-cadherin (cat. no. 3195), vimentin (cat. no. 3932),
FoxM1 (cat. no. 5436), and HIF-1a (cat. no. 3716) were
purchased from Cell Signaling Technology; the dilutions
for primary antibody es were 1:1,000. YC-1, proteinase and
phosphatase inhibitors cocktail were from Sigma-Aldrich
(Merck KGaA). Transwell mini-cells were obtained from
EMD Millipore and Matrigel was purchased from BD Medical
Technology (BD Biosciences). Nitrocellulose membranes and
Enhanced Chemiluminescence reagents were purchased from
Bio-Rad Laboratories, Inc.

Cell culture. PC3 and DUI145 cell lines were purchased from
the American Type Culture Collection. Both cell lines were
cultured in DMEM supplemented with 10% FBS, 100 U/ml
penicillin and 100 gg/ml streptomycin. Cells were incubated
in an atmosphere of 95% humidity at 37°C, 5% CO,. Culture
medium was replaced with fresh medium every other day or
according to experimental designs. For hypoxia, cells were
plated and adhered overnight, then cells were grown in a
hypoxia incubator at 37°C in 1% O,, 5% CO, and 94% N,
for different time periods (24, 48 and 72 h). For YC-1 treat-
ment, cells were pretreated with 50 uM YC-1 for 24 h at 37°C,
5% CO, and then exposed to normoxic or hypoxic conditions.
To detect the changes of HIF-1a and FoxM1 in both mRNA
and protein levels under hypoxic condition, cells were plated
and adhered overnight under normoxic condition and then
exposed to hypoxic condition for different time periods (0, 6,
12 and 24 h).
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Lentivirus preparation, siRNA, and transfection. PLKO.1
lentiviral vector was used to package encoding short hairpin
RNAs (shRNAs) of FoxM1 with the sequence, 5'-GGA
AATGCTTGTGATTCAACA-3'. To generate the lentivirus,
8 ug PAX2 packaging vector, 2 ug VSV-G and 8 ug the
aforementioned plasmids or empty vectors as the negative
control were co-transfected into 90% confluent 293T cells
(purchased from the American Type Culture Collection) in
10 cm plates. Lentivirus expressing FoxM1 was produced
using pcDNA3-FoxM1 plasmid, which was sub-cloned
into LVS5 vectors according to the manufacturer's protocols
(Shanghai GenePharma Co., Ltd.). The pcDNA3-FoxM1
vector was generated by the human FoxM1 coding region
cDNA subcloning into the pcDNA3.1 (Invitrogen; Thermo
Fisher Scientific, Inc.) plasmid. The empty vectors were
used as the negative control. The transfection reagent used
for the above protocols was Lipofectamine® 2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocols. Cells were infected by the virus with
multiplicity of infection of 40 then selected and maintained in
2-3 ug/ml puromycin for subsequent experiments. Small inter-
fering RNA targeting HIF-1o was designed and synthesized
by Shanghai GenePharma Co., Ltd. The sequence of HIF-1a
siRNA was as follows: siHIFla: 5-AGCACUACUUCGAAG
UGGCTT-3". Cells were transfected with X-tremeGene siRNA
transfection reagents (Roche Diagnostics GmbH) for 2-3 days,
and harvested for subsequent experiments.

Matrigel migration and invasion assay. Cells were seeded onto
6-well plates and cultured to 60% confluence. Then, cells were
treated with or without hypoxia for 24 h. Cells were digested
with Trypsin-EDTA Solution (0.25% trypsin, 0.02% EDTA)
and centrifuged at 160 x g, room temperature for 5 min. 50,000
cells were seeded onto a Transwell chamber (Corning, Inc.)
without Matrigel (migration assay) and 8x10* cells were seeded
onto a Transwell chamber with Matrigel (invasion assay) in
200 pl serum-free medium. For invasion assay, Matrigel was
diluted with serum-free medium (1:4) and coated by 40 ul onto
the Transwell chamber then put in 37°C for 1 h; 1 ml medium
containing 10% FBS was added to the lower chamber (24-well
plate) as a chemoattractant. After incubation at 37°C for 20 h,
non-migrated or non-invaded cells on the upper surface of the
filter were removed with a cotton swab. Cells invaded to the
underside of the filter membrane were stained by 0.1% crystal
violet at room temperature for 10 min and the cell numbers
were calculated statistically in five random fields using an
inverted light microscope (magnification, x200).

Western blot analysis. Cells were prepared with radioim-
munoprecipitation assay buffer (50 mM Tris pH 8.0, 150 mM
NaCl, 0.1% SDS, 1% NP-40, and 0.5% sodium deoxycholate).
Protein was separated by 12% SDS-PAGE and transferred onto
nitrocellulose membranes. The membranes were blocked in
5% skim milk at room temperature for 1 h and then incubated
with primary antibodies at 4°C overnight. Following washing
with TBST, membranes were incubated with Goat anti-rabbit
(cat. no. 926-32211) or goat anti-mouse secondary antibodies
(cat. no. 926-68070) (LI-COR Biosciences) diluted at 1:3,000
in 5% skimmed milk at room temperature in the dark for 1 h.
Following washing with TBST, membranes were visualized
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by an Odyssey infrared imaging system (Li-Cor Biosciences).
The relative intensity of each band was determined by using
Glyko BandScan software version 4.0 (Glyko Inc.).

Reverse transcription-quantitative polymerase chain reaction
(RT-gPCR). Cells were harvested with TRIzol reagent
(Thermo Fisher Scientific, Inc.) to extract total RNA. Then,
the lysates ware reverse-transcribed into cDNA using a
PrimeScript™ RT reagent kit (Takara Bio, Inc.) according to
the manufacturer's protocols. cDNA was employed for qPCR
using a CFX96 real-time PCR system (Bio-Rad Laboratories,
Inc.) with SYBR®-Green PCR Master Mix (Takara, Dalian,
China) to determine the expression of target genes. The ther-
mocycling conditions were defined as follows: 95°C 10 min,
1 cycle; 95°C 10 sec, 60°C 30 sec, 72°C 30 sec, 40 cycles; 72°C
10 min, 1 cycle. Relative gene expression was calculated by the
2244 method (26). The primers used were: -actin, forward,
5-AAGGATTCCTATGTCGGC-3' and reverse, 5'-CTTCAT
GATGGAGTTGAAGGT-3'; HIF-1a, 5'-AGCTTGCTCATC
AGTTGCCA-3" and reverse, 5'-CCAGAAGTTTCCTCACAC
GC-3"; FoxM1, 5-GGAGCAGCGACAGGTTAAGG-3' and
reverse, 5'-GTTGATGGCGAATTGTATCATGG-3'.

Dual-luciferase activity assay. FoxM1 promoter report
plasmid pGL3-FoxM1 was generated by inserting different
lengths promoter fragments of FoxM1 (-1,000/+40, -878/+40,
-300/+40, -220/+40, -50+40) into the pGL3-basic plasmid
(Shanghai GenePharma Co., Ltd.). The vector construct was
validated by sequencing. PC3 and DU145 cells under normoxic
or hypoxic conditions were cotransfected with ERE-TK-Luc,
pGL3-basic, and pGL3-FoxM1 using X-tremeGENE HP DNA
transfection reagent (Roche Diagnostics). Then, a dual-lucif-
erase activity assay was carried out using the Dual Luciferase
Assay kit (Promega Corporation) following the manufacturer's
instructions. Each data point used three wells of cells and the
results were calculated statistically.

Bioinformatics analysis. The generate a heatmap for analysis, the
RNA-sequencing data of PCa in count format was downloaded
from The Cancer Genome Atlas (TCGA: https://cancergenome.
nih.gov/). Then,we sorted the data according tothe level of HIF1A
expression. The top 50 samples with high expression of HIF1A
and the bottom 50 samples with low expression of HIF1A were
extracted. Furthermore, differentially expressed genes (DEGs)
were identified by edgeR package (v3.26.5, http://www.biocon-
ductor.org/packages/release/bioc/html/edgeR .html) (27,28)
using R software; P<0.05 and fold change >2 were considered
as statistically significant. The expression of 50 DEGs were
presented in the heatmap.

In addition, the expression of FoxM1 in TCGA prostate
normal and cancer samples with the Gleason score was
presented as a boxplot, which was analyzed using the UALCAN
online tool (http://ualcan.path.uab.edu/analysis.html) with
P<0.01 among groups. Gene Ontology (GO) and pathway
enrichment analyses were performed on the top 200 upregu-
lated DEGs using Metascape (http://metascape.org/gp/) (29).
Moreover, the RNA-sequencing data of PCa in FPKM format
was downloaded from TCGA, after log2(x+1) normalization,
the HIF1A and FOXMI expression were extracted; Pearson's
correlation was performed using R software.
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Statistical analysis. GraphPad Prism 7 software (GraphPad
Software, Inc.) was used for the statistical analysis. The differ-
ence between two groups was analyzed by a Student's t-test.
Comparisons between multiple groups were performed by
one-way analysis of variance, followed by Dunnett's post-hoc
test in which one group was compared against all the other
groups or a Tukey's multiple comparison test in which pairwise
comparisons between all groups were performed. Data were
presented as mean =+ standard deviation of three replicates.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Hypoxia results in the induction of EMT with upregulation
of HIF-1a and FoxM1 in PCa cells. We firstly investigated
the effects of hypoxia on the EMT of PCa cells. Transwell
migration and invasion assays were performed to assess the
migration and invasive abilities of PC3 and DU145 cells.
Compared with the normoxic control groups, the number of
migrated and invasive cells was significantly higher under
hypoxic conditions compared with normoxic conditions. This
indicated that hypoxia could increase the migration and inva-
sion abilities of PC3 and DU145 cells (Fig. 1A). Furthermore,
the expression of epithelial and mesenchymal phenotypic
markers was determined by western blotting analysis. As
presented in Fig. 1B, compared with the normoxic conditions,
the expression of E-cadherin was significantly decreased,
while that of vimentin was significantly increased in PC3
and DUI145 cells under hypoxic conditions; the highest levels
of vimentin were observed at 48 h. Increased expression of
HIF-1a and FoxM1 protein levels were also found under
hypoxic conditions.

Bioinformatics analysis of potential correlation between
HIF-la and FoxM1 in PCa. We next aimed to identify the
possible molecular mechanisms that were responsible for
hypoxia-induced EMT. GO enrichment analysis showed that
high HIF-1a expression was associated with ‘homophilic cell
adhesion via plasma membrane adhesion molecules’ (Fig. 2A).
From the heatmap, we found that the expression of FoxM1 was
upregulated in samples with high HIF-1a expression (Fig. 2B).
Similar results were also obtained by correlation analysis,
which showed that HIF-1a expression was positively correlated
with FoxM1 expression (Fig. 2C). Furthermore, compared with
normal tissue, upregulated expression of FoxM1 was detected
in primary tumor samples (Fig. 2D); the expression of FoxM1
also increased gradually with higher Gleason scores (Fig. 2D).
These results indicated that HIF-1a and FoxM1 may have
important interactions, and their expression serves an important
role in the invasion, migration and progression of PCa.

FoxM1 is required for hypoxia-induced EMT in PC3 and
DUI45 PCa cells. To determine whether hypoxia-induced EMT
is dependent on FoxM1, FoxM1 knockdown (KD-FoxM1) and
FoxM1 overexpression (OE-FoxM1) PC3 and DU145 (Fig. 3A)
cell lines were established, and the expression was verified by
western blot analysis. Different PC3 and DU145 cell clones
were exposed to hypoxia or not for 48 h. Then, the cell migra-
tion (Fig. 3B and D) and invasive (Fig. 3C and E) abilities
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Figure 1. Hypoxia induces EMT in PC3 and DU145 prostate cancer cells with the upregulation of HIF-1a and FoxM1. (A) The migration and invasion were
tested by Transwell invasion assay in PC3 (left panel) and DU145 (right panel) cells. Cells were placed onto the upper chamber without or with Matrigel
under normoxic or hypoxic conditions (24 h) and the cell images were obtained (magnification, x200). Quantification analysis is shown. (B) PC3 and DU145
cells were cultured under normoxic or hypoxic conditions for different time periods (0, 24, 48 and 72 h), then the protein expression levels of EMT markers,
including E-cadherin, vimentin, HIF-1o. and FoxM1 were detected by western blotting. Similar results were observed in two additional experiments. Data
are presented as the mean + standard deviation of three replicates. “P<0.05 vs. control. EMT, epithelial-mesenchymal transition; FoxM1, Forkhead box M1,

HIF-1a, hypoxia-inducible factor la.

were determined by Transwell migration and invasion assays.
Under hypoxic conditions, the number of cells migrating or
invading through the chamber was significantly decreased in
KD-FoxM1 groups compared with KD-control (ctrl) groups.
In addition, the cell migration and invasive abilities were
significantly increased in OE-FoxM1 than in OE-ctrl groups
after exposure to hypoxia.

Furthermore, the protein levels of epithelial and mesen-
chymal phenotypic markers in PC3 and DU145 were measured
by western blot analysis (Fig. 4A and B). Under hypoxic condi-
tions, compared with the control groups, the expression of
E-cadherin was increased in response to FoxM1 knockdown
and decreased following FoxM1 overexpression, while the
expression of vimentin was decreased by FoxM1 knockdown
and increased by FoxM1 overexpression. Additionally, the
expression of HIF-1a exhibited no significant change when
the expression of FoxM1 was manipulated, suggesting that
HIF-1a may not be regulated by FoxM1. The results indicated
that FoxM1 serves an important role in the induction of EMT
by hypoxia in PC3 and DU145 cells.

Inhibition of HIF-1a blocks the increase of FoxMI induced
by hypoxia at the mRNA level in PC3 and DUI45 PCa cells.
To further study the mechanism of hypoxia on FoxM1, the
expression of HIF-1a and FoxM1 were evaluated by western
blotting (Fig. 5A) and RT-qPCR (Fig. 5B) in PC3 and DU145
cells exposed to hypoxia for different durations (0, 6, 12 and
24 h). As presented in Fig. 5A and B, there were no significant
changes in the expression of HIF-la mRNA under different
durations of hypoxia, while the protein expression levels of

HIF-1a were significantly increased in hypoxia-exposed PC3
and DU145 cells compared with 0 h of exposure. Interestingly,
increased FoxM1 expression was detected at the protein and
mRNA levels, suggesting that FoxM1 was potentially regulated
at the transcriptional level in PC3 and DU145 under hypoxia.
As we proposed that HIF-1a was not regulated by FoxM1,
we further investigated whether the induction of FoxM1 was
regulated by HIF-1a. The RNA interference (Fig. 5C and E)
and inhibitor YC-1 (Fig. 5D and 5F) of HIF-1a were used in
PC3 and DUI145 cells. The inhibitory effects of siRNA and
YC-1 on HIF-la expression was confirmed by western blot-
ting (Fig. 5C and D). The results showed that knockdown of
HIF-1a significantly inhibited hypoxia-induced overexpres-
sion of FoxMI at the protein (Fig. 5C) and mRNA level
(Fig. 5E). Similarly, HIF-1a inhibitor YC-1 was also found to
significantly inhibit hypoxia-induced FoxM1 expression at the
protein (Fig. 5D) and mRNA level (Fig. SF).

HIF-1a regulates the transcription of FoxM1 during hypoxia
in PC3 and DUI45 PCa cells. To investigate the response of
the FoxM1 promoter to HIF-1a, RNA interference (Fig. 6A)
and the inhibitor (Fig. 6B) of HIF-1a were applied to PC3 and
DU145 cells. Then, FoxM1 promoter activities were evalu-
ated by a dual-luciferase assay under normoxic or hypoxic
conditions. The results showed that downregulation of HIF-1a.
significantly decreased the FoxM1 promotor activity under
hypoxic conditions compared with the corresponding control.
This suggested that HIF-1a activation is important for the
transcriptional regulation of FoxM1. Furthermore, as shown
in Fig. 6C, the promotor was investigated to identify potential
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Figure 2. Bioinformatics analysis and the correlation between HIF-1a and FoxM1 in PCa. (A) High and low expression of HIFIA TCGA samples were used
to identify DEGs. The results of GO and pathway enrichment applied on top 200 upregulated DEGs are shown in the bar plot, the higher the column and the
darker the color, the smaller the P-value, and the corresponding enrichment entry is marked on the right. (B) The relative expression difference of DEGs was
shown in the heatmap, where the green and red represented low and high expression, respectively. DEGs, differentially expressed genes; GO, Gene Ontology;
FoxM1, Forkhead box M1; HIF1A, hypoxia-inducible factor la; has, homo sapiens; PCa, prostate cancer; PRAD, prostate adenocarcinoma; TCGA, The
Cancer Genome Atlas.
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Figure 2. Continued. (C) Pearson correlation analysis of HIF1A and FoxM1 in TCGA prostate samples was performed; the red line represented the expression
trend of the two genes. (D) The expression of FoxM1 in PRAD and normal prostate tissues (left panel), and the relationship between FoxM1 and Gleason scores
(right panel). DEGs, differentially expressed genes; GO, Gene Ontology; FoxM1, Forkhead box M1; HIF1A, hypoxia-inducible factor la; has, homo sapiens;
PCa, prostate cancer; PRAD, prostate adenocarcinoma; TCGA, The Cancer Genome Atlas.

HIF-1 binding sites. Six possible HIF-1 binding sites (HBS)
were identified from upstream -1,000 bp to the translation start
site: -885 bp (HBS-1, inverted), -875 bp (HBS-2, inverted),
-249 bp (HBS-3, inverted), -203 bp (HBS-4, inverted), -25 bp
(HBS-5, inverted), -23 bp (HBS-6, inverted). Therefore,
different sequences of the FoxM1 promoter were cloned: S-1
(-1,000 bp ~ +40 bp), S-2 (-878 bp ~ +40 bp), S-3 (-300 bp ~
+40 bp), S-4 (220 bp ~ +40 bp), S-5 (-50 bp ~ +40 bp) (Fig. 6D).
The sequences were transfected into PC3 and DU145 cells then
the transcriptional activities were detected by dual luciferase
assay under normoxic or hypoxic conditions. Compared with
the full length sequence S-1, sequences S-2 and S-3 did not
reduce the transcription activity, while sequences S-4 and S-5
led to a significant decrease in activity. Additionally, the activi-
ties between S-4 and S-5 had no notable differences, while S-5
still exhibited transcriptional activity under hypoxia compared
with the normoxic control. These results suggest HBS-3 and
HBS-5/6, but not HBS-1, HBS-2 and HBS-4, are required for
the FoxM1 transcriptional activity regulated by HIF-1o under
hypoxic conditions.

Discussion
EMT is a cell process through which cancer cells acquire

increased metastatic potential (30). During this process, cells
obtain a phenotype similar to fibroblasts and epithelial-specific

protein markers, such as E-cadherin are downregulated, while
that of mesenchymal protein markers such as vimentin are
increased (31). The induction and regulation of EMT in PCa
has been extensively studied by researchers. Accumulating
evidence has suggested the association between hypoxia
and EMT in PCa (32-34). We previously reported that
overexpression of HIF-la induced EMT in PCa LNCaP
and PC3 cells both in vitro and in vivo (35). Mechanically,
chronic hypoxia-induced slug promotes EMT of PCa cells
by activating the expression of Ephrin-Bl1 (11). Additionally,
Annexin Al may be a key mediator of hypoxia-related EMT
processes in PCa (36). Furthermore, monoamine oxidase
A has been identified to induce EMT and stabilize HIF-1a.,
which then activates vascular endothelial growth factor
(VEGF)-A/FOXO1/TWIST1 pathway in high-grade PCa (37).
In our study, using bioinformatics analysis, we identified DEGs
in PCa tissues with high or low expression of HIF-1a. Our data
showed that DEGs which were associated with ‘homophilic
cell adhesion via plasma adhesion molecules’ were of statis-
tical significance between two groups exhibiting differential
expression of HIF-1a.. Changes in cell adhesion are considered
as key elements in determining the development of invasive
and metastatic tumors. Additionally, loss of cell adhesion is
one of the hallmarks of EMT. In our study, EMT induction
together with downregulation of E-Cadherin, which is a key
cell adhesion molecule, were observed after exposure to
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hypoxia. However, the detail mechanisms involved in hypoxia
induced-EMT in PCa remains unclear.

Recently, gene analysis using the high-throughput plat-
forms has been developed as a promising tool with various
clinical applications, such as the molecular diagnosis and
classification of cancers, and the prediction of tumor response
and patient prognosis. Several gene expression profiles
related to PCa have been studied with microarray technology,
revealing hundreds of DEGs that are involved in the process
of tumorigenesis (38-40), serving a potential role in the identi-
fication of novel therapeutic targets. The present study applied
bioinformatics analysis to identify DEGs in PCa with low or
high expression of HIF-1a, with a particular focus on possible
hub genes that are likely to play key roles in the progression
of PCa. Under hypoxic conditions, cancer cells initiate a
signaling pathway which triggers upregulation of the corre-
sponding gene to adapt to the environment. These genes are
regulated by the activation of the transcription factor HIF-1a,
which serves an important role for the HIF family (41,42). In
our study, several key DEGs were identified. Of those genes,
FoxM1, which might be a potential target in other cancers was
selected for further investigation.

FoxM1 is a transcription factor that belongs to the Forkhead
superfamily and regulates the expression of target genes
through the binding sequence TAAACA (43,44). FoxM1 has
been reported to serve important roles in cell proliferation, cell
cycle, cell differentiation, angiogenesis and metastasis (17,45).
Previous studies have shown that in a variety of human
malignant cancers FoxM1 is upregulated, which indicates
the poor prognosis of patients (46-50). It was reported that
FoxMI1 expression in prostate epithelial cells is critical for
prostate carcinogenesis (51). Additionally, the FoxM1 pathway
was determined to act as a master regulator of PCa subtype 1
(PCS1) tumors, and targeting FoxM1 reduces cell growth
and stemness in PCS1 tumors in vitro and in vivo (52). It was
revealed that, in patients with PCa, high FoxM1 expression
was associated with advanced tumor stages, high Gleason
score and poor prognosis, suggesting the vital role of FoxM1
in PCa development and progression (53). Consistent with
published data, in our study, the expression levels of FoxM1
were upregulated in PCa and were associated with Gleason
scores as determined by bioinformatics analysis. Importantly,
hypoxia-induced EMT was reported to be regulated by FoxM1.
Our results imply that the inhibition of FoxM1 blocked the
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FoxM1, Forkhead box M1; HIF1A, hypoxia-inducible factor la; KD, knockdown; OE, overexpression.

EMT process and FoxM1 is critical for hypoxia-induced EMT
in PC3 and DU145 PCa cells.

In the present study, overexpression of exogenous FoxM1
or knockdown of FoxM1 alone had no notable effects on EMT
and cancer cell migration/invasion. Although FoxM1 was
identified to be a direct target and downstream of HIF-1a in
PCa, the data we obtained suggested that FoxM1 might not
directly mediate hypoxia/HIF-1a-induced EMT. There could
be several reasons for this phenomenon. Firstly, under hypoxic
conditions, the tumor microenvironment sustains major
EMT-inducing pathways to facilitate tumor metastasis, such
as transforming growth factor-f3 (TGFf), nuclear factor-xB
and Notch signaling pathways (54-56). Inflammatory cyto-
kines including tumor necrosis factor o, TGFp, interleukin
(IL)-1, IL-6 and IL-8, secreted by surrounding inflamma-
tory cells may also play an essential role in hypoxia-induced
EMT (57-59). More importantly, there is growing experimental
evidence that HIF-1a modulates the EMT by regulating
the expression and activity of major transcription factors,
including TWIST, SNAIL, SLUG, SIP1 and zinc finger E-box
binding homeobox 1 (60). In our study, we failed to observed
the direct effects FoxM1 on EMT in PCa. We speculated
that hypoxia/HIF-la-induced EMT in our model system
may be mediated by an unknown transcriptional factor or a
signaling pathway. Thus, we proposed the possible interplay
between this unknown transcriptional factor and FoxM1.
Based on published literature, hypoxia increases androgen
receptor (AR) activity in PCa LNCaP cells (61) and androgens
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activate HIF-1, driving VEGF expression in androgen-sensi-
tive LNCaP cells (62). Recently, a negative interplay/crosstalk
between androgen/AR and hypoxia/HIF1 was proposed (63).
Our unpublished data suggested that the transcription factors
FoxM1, SOX9 and SOX2 are direct targets of AR. Given
the fact that hypoxia/HIF1 was determined to associate with
SOX9 (64) and SOX2 (65), we proposed that AR/SOX2 or
AR/SOX9 signaling may be involved in crosstalk with FoxM1,
leading to hypoxia/HIF1-induced EMT; however, further
investigation is required. In addition, the particular genetic
background of PCa may be another possible explanation. The
results of our study may be PCa cell-type specific; further
research is warranted to address this critical issue.

In our study, we also found that hypoxia upregulated the
expression of HIF-1a at the protein level but not at mRNA
level, suggesting the possible involvement of regulation of
HIF-1la protein stability. However, the expression of FoxM1
increased significantly in a time-dependent manner at both
the protein and mRNA levels under hypoxic condition.
Previous studies have reported that HIF-1a could transcrip-
tionally regulate FoxM1 in several cancer cell lines (66). To
confirm this mechanism of hypoxia-induced EMT in PC3
and DUI145 PCa cells, we used HIF-1a specific RNA inter-
ference to knockdown the expression and HIF-1a inhibitor
YC-1 to inhibit the activity of HIF-1a. The results showed
that reduction of HIF-1a significantly prevented FoxM1
protein and mRNA expression. The dual-luciferase assay also
demonstrated that knockdown of HIF-1a expression reduced
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Figure 5. Inhibition of HIF-1a blocks hypoxia-induced upregulation of FoxM1. (A) PC3 (left panel) and DU145 (right panel) cells were cultured under
normoxic or hypoxic conditions for different durations (0, 6, 12 and 24 h). HIF-1a and FoxM1 protein levels were detected by western blotting. (B) PC3 and
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for 24 h, and then exposed to hypoxia for an additional 24 h. Then, the protein expression levels of HIF-1a and FoxM1 were determined by western blotting.
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of three replicates. “P<0.05. ctrl, control; FoxM1, Forkhead box M1; HIF-1a, hypoxia-inducible factor 1a; RNAi, RNA interference; RT-qPCR, reverse tran-

scription-quantitative polymerase chain reaction.

the activity of FoxM1 transcriptional promoter induced by
hypoxia. In the process of HIF-1a regulating downstream
target genes, the binding site on the target gene promoter
which could bind HIF-1a is essential for transcriptional
regulation (67,68). Therefore, the FoxM1 promoter was recon-
structed and analyzed from upstream -1,000 to the translation
start site. Our results demonstrated that the sequence from
upstream -330 to the translation start site is critical for the
transcriptional activation of FoxM1 regulated by HIF-1a.
Analysis of different fragment length revealed that HBS-3

and HBS-5/6 on the FoxM1 promoter are likely to be binding
sites for HIF-1a. These data indicated that FoxM1 is directly
activated by HIF-1a binding to the HBS within the FoxM1
promoter during hypoxia-induced EMT.

In summary, our findings show that FoxM1 can be
stimulated by hypoxia in PC3 and DU145 PCa cells which
is dependent on the activation of the FoxM1 transcriptional
promoter by HIF-1a. This induction of FoxM1 leads to the
EMT of cells, involving decreased expression of epithelial
protein markers, increased expression of mesenchymal protein
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Figure 6. HIF-1a transcriptionally regulates FoxM1 under hypoxic conditions. (A and B) PC3 and DU145 cells were transfected with specific RNAi duplexes
for HIF-1a or pretreated with HIF-1a inhibitor YC-1 for 24 h, and then exposed to hypoxia for additional 24 h. Then, the transcriptional activities of FoxM1
promotor were analyzed by luciferase assay under normoxic or hypoxic conditions. (C) Six possible HIF-1a binding sites were identified from upstream 1,000
to the translation start site of the FoxM1 promoter. The transcription start site was indicated. (D) Different lengths of reporter gene constructs (HBS-1 to 5,
S-1 to 5) were designed. Then, the transcription activities of different constructs were analyzed by a dual-luciferase assay under normoxic or hypoxic condi-
tions with or without HIF-1a knockdown in PC3 and DU145 cells. Data are presented as the mean + standard deviation of three replicates. “P<0.05. ctrl, control;
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markers and promoting cell invasive ability. This suggests that
FoxM1 plays a key role in the hypoxia-induced EMT process
of PCa. Future investigations are required to determine the
suppression of FoxM1 as a potential therapeutic strategy for
treating PCa.
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