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Overexpressed transcription factor FOXM1 contributes
to the progression of colorectal cancer
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Abstract. Forkhead box M1 (FOXMI1) is a characteristic
proliferation-associated transcription factor, which is over-
expressed in various types of human cancer. The aim of the
present study was to determine the expression of FOXMI in a
large collection of colorectal cancer (CRC) samples. Between
March 2012 and January 2014, 96 patients with histologically
diagnosed CRC were recruited into the current study. Using
immunohistochemistry, reverse transcription-quantitative
polymerase chain reaction and western blotting, mRNA and
protein expression levels of FOXMI1 in CRC tissue samples
were determined. The function of FOXMI in the CRC cells
was evaluated by small interfering RNA-mediated depletion
of FOXMI, followed by analyses of cell proliferation and
invasion. High levels of staining for FOXM1 were observed
in significantly more CRC tissue samples: 85.42% (82/96) of
CRC tissue samples compared with 18.75% (18/96) of adjacent
normal mucosa tissue samples. Silencing FOXM1 inhibited
the proliferation of LoVo cells, which express a relatively high
level of FOXMI1, and the invasion and migration of LoVo cells
were also markedly suppressed. The data from the present
study suggested that the pathogenesis of human CRC may be
mediated by FOXM1, and that FOXM!1 inhibition may provide
a promising therapeutic strategy for CRC.

Introduction

Colorectal cancer (CRC) is a common malignancy worldwide
and is a major cause of cancer-associated mortality (1). Despite
the marked improvements in surgical and chemoradiothera-
peutic techniques that are currently in use, the prognosis of
patients with advanced CRC remains poor, and the morbidity
remains high (2). In China, the 5-year survival rate of stage [V
CRC patients is 8%, and very few survive for 10 years (3).
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A notable number of patients with CRC who undergo surgery
to remove the cancer develop local recurrence or distant metas-
tasis, resulting in lower survival rates (4). Early diagnosis and
surgery are effective ways to cure CRC (5). Rapid integration
of novel endoscopic and molecular techniques into clinical
practice has established colorectal medicine at the forefront
of translational research (6,7), therefore, investigating the
molecular mechanisms of CRC and identifying biomarkers for
early diagnosis and of prognostic value may aid the selection
of suitable therapeutic strategies and enable regular surveil-
lance.

Forkhead box (FOX)MI is a member of the FOX family
of transcription factors (8,9). FOXMI1 is key in cell cycle
progression, where endogenous FOXMI1 expression regulates
the transition from the G, to the S phase, as well as the progres-
sion to mitosis (10,11). Abnormal upregulation of FOXMI is
observed in a variety of human cancers, including liver, breast,
prostate, brain, cervix and lung cancer (12-15). These findings
associate FOXM1 with the tumorigenesis and progression of
various types of malignancy. However, the role of FOXM1 in
the metastatic process of CRC remains to be elucidated. In the
present study, the mRNA and protein expression of FOXM1
were investigated in tissue samples from patients with primary
CRC using reverse transcription-quantitative polymerase
chain reaction (RT-qPCR) and immunohistochemistry, and
the current study also aimed to elucidate the effect of FOXM1
on cell invasion and metastasis in CRC cell lines.

Materials and methods

Tumor tissues. A cohort of 96 patients (57 men and 39 women)
with CRC diagnosed between March 2012 and January 2014
were selected. Patient consent and approval from the Ethics
Committee of Affiliated Hospital of Weifang Medical
University (Weifang, China) were obtained prior to use
of these clinical materials for research. Tumor and paired
normal samples (10 cm from colorectal tumor) were surgically
obtained from these patients. No local or systemic treatment
was administered in these patients before surgery. In each
selected case, pathological diagnosis was performed in the
Department of Pathology, Affiliated Hospital of Weifang
Medical University.

Cell culture. The human colorectal cancer cell lines (HCT116,
SW480, SW620, LoVo, CaCo-2 and HT-29) were purchased
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Figure 1. Expression levels of FOXM1 in colorectal cancer. The images represent (A) high and (B) low expression of FOXMI1. FOXMI, forkhead box MI.

Magnification, x200.

from the American Type Culture Collection (Manassas, VA,
USA). SW620 and SW480 cells were cultured in Leibovitz's
L-15 media (Invitrogen; Thermo Fisher Scientific, Inc.
Waltham, MA, USA) supplemented with 10% fetal bovine
serum (FBS; Sigma-Aldrich, St. Louis, MO, USA); Caco-2
and HT-29 cells were maintained in RPMI-1640 (Invitrogen;
Thermo Fisher Scientific, Inc.) with 10% FBS, and LoVo cells
were cultured in Ham's F-12 Kaighn's medium (Invitrogen;
Thermo Fisher Scientific, Inc.) with 10% FBS.

Immunohistochemistry. Formalin-fixed, paraffin-embedded
tissues were cut into 3-um sections. The tissues were obtained
from the Department of Pathology of the Affiliated Hospital
of Weifang Medical University, where the formalin fixation
process was carried out. The immunohistochemistry steps
were performed using streptavidin-biotin peroxidase complex
immunostain kit (Wuhan Boster Biological Technology, Ltd.,
Wuhan, China) according to the manufacturer's protocols. The
sections were incubated in a moist chamber with primary rabbit
anti-human FOXM1 monoclonal antibody (cat. no., sc-501; dilu-
tion, 1:100; Santa Cruz Biotechnology, Inc., Dallas, TX, USA)
for 30 min at room temperature, followed by a horseradish
peroxidase-conjugated goat anti-rabbit immunoglobulin G
secondary antibody (cat. no. SA00001-2; (dilution, 1:2,000;
Proteintech Group, Inc., Chicago, IL, USA) for 30 min at room
temperature. Rabbit serum (HyClone, Logan, UT, USA) served
as a negative control. The images were collected and analyzed
using a Leica DC200 image system (Leica Microsystems, Inc.,
Buffalo Grove, IL, USA).

Immunohistochemical analysis evaluation. Five random micro-
scopic fields (magnification, x200) were examined per slide, and
100 cells were evaluated per field. The expression of FOXM1
was classified into five groups according to the percentage
of positively staining cells: O=absent; 1=1-25%; 2=26-50%;
3=51-75%; and 4==76%. The staining intensity was categorized
as follows: O=negative; 1=weak; 2=moderate; and 3=strong. The
proportion and intensity scores were subsequently multiplied
to obtain a total score. Where the product of multiplication
between staining intensity and the percentage of positive cells
was <4, it was defined as low expression; by contrast, where the
overall score was >4, it was defined as high expression.

Small interfering RNA (siRNA) transfection. Three FOXM1
siRNAs were designed and synthesized by Qiagen GmbH

(Hilden, Germany) to generate effective FOXM1-siRNA
oligonucleotides for gene knockdown studies. An siRNA
with the sequence CUCUUCUCCCUCAGAUAUAAdTAT
was determined to exert the greatest effect on inhibition of
FOXMI expression. The LoVo CRC cells were transfected
with FOXM1-siRNA oligonucleotides or control siRNA
oligonucleotides (50 nmol/l; Santa Cruz Biotechnology, Inc.)
with the use of Lipofectamine® 2000 Transfection reagent
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturer's protocols.

RT-gPCR assay. Total RNA was isolated from the cell lines
using TRIzol Reagent (Invitrogen; Thermo Fisher Scientific,
Inc.). The concentration and quality of the extracted total
RNA was determined by measuring the optical density at 260
and 280 nm, and then calculating the OD260:0D280 ratio.
Complementary DNA (cDNA) was synthesized from 2 pg of
total RNA using a Reverse Transcription System kit (Thermo
Fisher Scientific, Inc.), according to the manufacturer's
protocol. Briefly, the samples were pre-incubated at 70°C for
10 min, cooled on ice and then added to a reaction mixture
consisting of 10 mmol/l deoxynucleotide triphosphate,
25 mmol/l MgClI2, 15 units avian myoblastosis virus reverse
transcriptase, 10X reverse transcription buffer, 0.5 units
RNasin® and 0.5 pg oligo-(dT),s primer (all provided with the
Reverse Transcription System kit). A final volume of 20 1 reac-
tion mixture was incubated successively at 44°C for 15 min,
99°C for 5 min and 4°C for 5 min. The cDNA was maintained
at 20°C prior to use. Then, it was reverse-transcribed from 5 pg
of total RNA. RT-qPCR was performed using a SYBR Master
Mix (Takara Bio Inc., Otsu, Japan) on an ABI Prism 7900HT
Sequence Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The primer sequences of FOXMI1 were
as follows: Sense, 5-GGAGGAAATGCCACACTTAGCG-3"
and reverse, 5" TAGGACTTCTTGGGTCTTGGGGTG-3'
(designed by Guangzhou Ruibo Trading Co., Ltd., Guangzhou,
China). The products of PCR were separated by 1.5% agarose
gel electrophoresis, and the expression levels of the mRNA
were detected, with GAPDH serving as the control. The
primer sequences for GAPDH were as follows: Sense, 5'-GCA
GTGGCAAAGTGGAGATT-3";, and reverse, 5-TGAAGT
CGCAGGAGACAACC-3'" The cycling conditions used were
as follows: 94°C for 2 min for 2 cycles, followed by 40 cycles
of 94°C for 15 sec, 58°C for 25 sec, and 72°C for 30 sec. qPCR
was conducted on an Applied Biosystems 7500 Real-Time
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Figure 2. (A) Reverse transcription-quantitative polymerase chain reaction demonstrating increased mRNA expression levels of FOXMI1 in CRC and (B) a
western blot demonstrating the expression levels of FOXMI in CRC. CRC, colorectal cancer; FOXMI, forkhead box M1; T, tumor; N, normal.
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Figure 3. (A) Reverse transcription-quantitative polymerase chain reaction demonstrating the mRNA expression levels of FOXMI1 in CRC cells. (B) FOXM1
and knockdown-inhibited cell proliferation of LoVo cells. Viable cells were measured using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
assay. FOXMI, forkhead box M1; mRNA, messenger RNA; siRNA, small interfering RNA.

PCR system (Applied Biosystems; Thermo Fisher Scientific,
Inc.). Each experiment was performed three times, each time
in duplicate. The relative expression levels of Trop2 mRNA
were calculated using the 224 method (16).

Western blot analysis. Whole cell lysates were prepared from
the colon cells as described previously (17). Standard western
blot analysis of the lysates was conducted with the primary
rabbit anti-human FOXM1 monoclonal antibody and a second
anti-IgG antibody (GE Healthcare Life Sciences, Chalfont,
UK). The membranes were then stripped and blotted, and an
anti-B-actin antibody (Sigma-Aldrich) served as a loading
control. Blots were visualized using an enhanced chemilumi-
nescence kit (Santa Cruz Biotechnology., Inc.) according to the
manufacturer's protocol, and exposed to film (X-OMAT BT;
Kodak, Rochester, NY, USA).

Cell survival assay. The effects of FOXM1 on CRC cell
survival were determined using the 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
Four groups of cells were seeded into 96-well plates (Nunc
A/S Plastfabrikation, Roskilde, Denmark; 5x10° cells/well)
and cultured for 120 h. Following treatment, cells were incu-
bated with MTT (20 pl/well; Sigma-Aldrich) at 37°C for 4 h,
and then 200 ul dimethyl sulfoxide was added to each well.
The absorbance of the cells was measured at a wavelength of
570 nm using a microplate reader (Bio-Tek Instruments, Inc.,
Winooski, VT, USA). The percentage of residual cell viability
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Figure 4. Inhibition of invasion and migration of LoVo Cells by FOXM1 siRNA
treatment. P <0.05. FOXM1, forkhead box M1; siRNA, small interfering RNA.

was determined by: [(optical density (OD) of experimental
group — OD of blank group)/(OD of negative group — OD of
blank group)] x100%. The assays were performed three times.

Cell migration assay. Motility in vitro was assessed using
Transwell® chambers (Corning Incorporated, Corning, NY,
USA). Four groups of cells (5x10°) were seeded on the upper
wells with Ham's F-12K Kaighn's medium. Medium (500 pl)
with 20% FBS was plated in the bottom wells as chemoat-
tractants. Following a 48-h incubation, cells were fixed with
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methanol and stained with 1% crystal violet (Sigma-Aldrich)
for 30 min at 37°C. Cells on the upper filter of the membranes
were wiped, while cells that had penetrated to the lower filter
were stained with hematoxylin (Sigma-Aldrich). Cells in 15
randomized fields were counted and images were captured
using an inverted microscope (magnification, x50; Olympus
BX51; Olympus Corp., Tokyo, Japan).

Statistical analysis. Data analyses were performed using SPSS
version 15.0 (SPSS, Inc., Chicago, IL, USA). Patient char-
acteristics were expressed as the mean + standard deviation
for continuous variables, and as the count and percentage for
discrete variables. The data were analyzed using the Pearson's
chi-square test and Fisher's exact test, and P<0.05 was consid-
ered to indicate a statistically significant difference.

Results

To investigate the clinical significance of FOXM1 expression in
human CRC progression and metastasis, FOXM]1 expression
was investigated using immunohistochemistry, western blot-
ting and RT-qPCR in 96 CRC tissue samples. As presented in
Fig. 1A and B, the expression of FOXM1 was higher in 82 of
96 randomly selected human CRC tissues compared with the
adjacent normal mucosa tissues. High expression of FOXM1
was observed in significantly more of the CRC tissue samples
[85.42% (82/96) of the CRC tissues] compared with 18.75%
(18/96) of adjacent normal mucosa tissues (P<0.001). The
FOXM1 mRNA expression levels were normalized to GAPDH
mRNA and detected by RT-qPCR (Fig. 2A). The results indi-
cated that the relative expression level of FOXM1 mRNA in
CRC tissues was significantly higher compared with adjacent
normal mucosa tissues (P<0.01). These results were supported
by western blot analysis, and protein expression levels of
FOXMI1 were significantly higher in CRCs than in adjacent
normal mucosa tissues (P<0.01) (Fig. 2B). These data suggest
that, as FOXMI is overexpressed in CRC tissue samples, it may
be important in CRC progression.

RT-qPCR analysis was used to determine the mRNA
expression levels of FOXM1 in CRC cell lines. The results
indicated that FOXM1 was highly expressed in LoVo cells,
so this cell line, among others, was used in the present study
(Fig. 3A). To investigate the effects of FOXMI silencing on cell
proliferation, FOXM1 was downregulated in LoVo cells using
siRNA against FOXMI transcripts. The cells were assessed for
cell proliferation using the MTT assay, and the results indicated
that FOXM1-siRNA-transfected LoVo cells demonstrated a
significantly lower proliferation rate compared with the control
groups (P<0.05) (Fig. 3B). The effects of FOXMI1 silencing on
tumor cell metastasis were also investigated. Cellular invasive-
ness and migration were analyzed by Transwell® assays, and
the migratory and invasive abilities were revealed to be attenu-
ated in FOXM1-siRNA-transfected LoVo cells (Fig. 4).

Discussion

In developed countries, CRC is the third most commonly
diagnosed malignancy, and the second leading cause of
cancer-associated mortality (18). A notable number of patients
with CRC who undergo surgery to treat the cancer develop
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local recurrence or distant metastasis, leading to lower survival
rates (19); the same stage of the disease may present different
clinical courses and have a different prognosis due to intra-
and intertumor heterogeneity (20). Although the regulation of
CRC growth is well understood, the mechanism underlying
CRC proliferation, migration, invasion and metastasis remains
to be elucidated. In the present study, a high expression of
FOXMI1 was observed in significantly more tumor tissue
samples [85.42% (82/96) of the CRC tissues vs. 18.75% (18/96)
of adjacent normal mucosa tissues] by immunohistochemical
analysis. It was demonstrated that the expression levels of
FOXMI1 were significantly higher in CRC tissues than in
adjacent normal mucosa tissues, at the transcriptional and the
translational level. The results of the present study are consis-
tent with previous studies that reported the overexpression of
FOXM1 in various human cancers.

FOXM1 is a proliferation-associated transcription factor
with important roles in cell proliferation, differentiation and
apoptosis (21). It is expressed in actively dividing cells, and
is critical for cell cycle progression. It was first identified as a
proliferation-specific transcription factor expressed in various
tumor cell lines and embryonic tissues (22). Multiple signaling
pathways are associated with the FOXM1 signaling pathway,
suggesting that FOXMI is central to tumor aggressiveness (23).
Previous studies have demonstrated that FoxM1 is upregulated
in a wide variety of malignant tumors (23-26). The current
study demonstrated that FOXMI is highly expressed in tissue
samples of patients with CRC. Thus, the biological function of
FOXMI1 was examined in greater detail via in vitro analysis of
the CRC cell lines. The mRNA expression levels of FOXM1
in the CRC cell lines were investigated by RT-qPCR analysis.
LoVo cells demonstrated a relatively high FOXM1 expression
level, and these were used for further study. siRNA was used
to knockdown FOXMI1 expression in LoVo cell lines. An
impaired proliferation capacity of LoVo cells was observed
following FOXM1 knockdown. Downregulation of FOXM1
was also demonstrated to inhibit cell migration and invasion.
Thus, the present study suggested that FOXM1 is a potential
therapeutic target for the treatment of CRC.

In conclusion, the present study demonstrated the clinical
significance of overexpressed FOXMI1 in patients with CRC.
Results from the current study indicate that FOXM1 may serve
as a promising therapeutic target for the inhibition of CRC
progression, and that targeting FOXM1 may provide a novel
therapeutic strategy for the treatment of CRC.
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