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Background: The self-renewal and tumourigenicity of FoxM1 in nasopharyngeal
carcinoma (NPC) remain largely unknown. In this study, we attempt to investigate the
self-renewal and tumourigenicity of FoxM1 and its clinicalsigni�cance in nasopharyngeal
carcinoma (NPC).

Methods: Several assays including cell counting Kit-8 (CCK-8) assays, colony
formation, �ow cytometry, immuno�uorescence, tumor spheres, and mice model were
used to detect the biological function of FoxM1 in NPC. The association between
FoxM1 and clinical pathological features, and stem cell markers was analyzed using
immunohistochemistry.

Results: High expression of FoxM1 was prominently present in the T4 stages,
cancer cells migrating into the stroma and vasculature. Overexpression of FoxM1
enhanced tumor proliferation, cell cycle progression, migration and stress �bers
formation in vitro. In NPC tissues, FoxM1 correlated signi�cantly with stem cells-related
clinical pathological features including late clinical stage, tumor recurrence and distant
metastasis. Meanwhile, FoxM1 linked closely with the expression levels of stem cell
markers including Nanog, Sox2, and OCT4 in tumor samples, and also promoted the
expression of these stemness-related genesin vitro. Moreover, FoxM1 conferred the
self-renewal properties of cancer cells by increasing sidepopulations (SP) cells and
formed larger and more tumor spheres. Importantly, FoxM1 enhanced the ability of
tumourigenicity of NPC cell lines in mice xenograft.

Conclusions: We demonstrate that FoxM1 greatly induces cancer progression and
cancer stem cell (CSC) features in NPC.

Keywords: FoxM1, forkhead box protein M1, stem cell, prolifer ation, nasopharyngeal carcinoma, pathology—head
and neck neoplasms
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INTRODUCTION

Nasopharyngeal carcinoma (NPC) is a head and neck cancer
that is endemic in Southern China and Southeast Asia (1).
A majority of patients diagnosed with advanced stages III
or IV, will have a poor outcome (2, 3). Nevertheless, most
patients die because of the development of local relapse and
metastasis after therapy. However, the precise mechanisms
accounting for its high-aggressive behaviors remain largely
unclear.

Cancer stem cells (CSCs) are de�ned by a subpopulation
of cells within tumors have the capability of self-renewal and
generating new tumors, are responsible for cancer unlimited
proliferation, invasion, and late stage of patients (4, 5). Forkhead
box (FOX) superfamily of proteins play an important role in
regulating a wide range of transcriptional activities ranging from
cell homeostasis and development (6). FoxM1 is pro-oncogene
transcription factor contributing greatly to cell cycle progression
where endogenous FoxM1 expression regulating expression of a
variety of G2/M-speci�c genes (7, 8). Conversely, suppression of
FoxM1 results in reducing cancer cell proliferation, migration
and metastasis. Interestingly, FoxM1 has an integral role in
cancer initiation and cancer drug response (9, 10), indicating that
FoxM1 might be a new and e�ective therapeutic target for the
elimination of CSCs. For example, Hou et al. reported that the
depletion of FOXM1 sensitized the resistant cells to paclitaxel
treatmente by regulating the gene transcription of abcc5 in NPC
cell lines (10). However, up to now, the roles of FoxM1 in the
tumorigenesis and stem cell-like features in NPC remain largely
unknown.

This study is to investigate the roles of FoxM1, by examining
its regulation and the e�ect of FoxM1 overexpression or
knockdown in NPC cells, and further detected in cancer biopsies.
Our data represent the strong indication that FoxM1 directly
contributes to caner progression and stem cell-like properties in
NPC.

MATERIALS AND METHODS

Cell Culture
NPC cell lines (6-10B and SUNE1 with low metastatic
abilities and 5-8F with high metastatic potential) were cultured
in RPMI1640 medium (Life Technologies, Carlsbad, CA)
containing 10% fetal bovine serum (FBS) at 5% CO2 and 37� C
in a humidi�ed incubator.

Clinical Samples
Tumor tissues including 113 para�n-embedded NPC tissues and
29 nasopharyngitis tissues were obtained from in the Department
of Pathology, Guangdong Medical College, China (2003–
2005). All of patients had no received radiotherapy/adjuvant
chemotherapy. Informed consent was obtained from the
Institutional Research Ethics Committee. The clinicopathologic
features of NPC samples were shown as previously described
(11, 12).

Plasmids, Lentivirus Production and
Transduction
Lentiviral expression clones for FoxM1 (LV-pGV208-FoxM1)
or a control vector (LV-pGV208), and the lentiviral packaging
plasmids (pHelper 1.0 and pHelper 2.0) were bought from
Genechem (Shanghai, China). According to the manufacturers'
instruction. Virus supernatant was harvested from these cells
after 48 h transfection, and subsequently used to infect 6-10B
and SUNE1 cells. To attain 100% percentage of infected cells,
lentiviral infected cells were sorted by Flow Cytometry based
on EGFP assay. The successful overexpression of FoxM1 was
veri�ed by qRT-PCR and Western blot. The FoxM1 siRNAs were
purchased from Genechem (Shanghai, China). siRNAs (working
concentration of 100 nmol/L) were transiently transfected
into cells using Lipofectamine 2000 reagent (Invitrogen) in
accordance with the operating manual.

qRT-PCR
In brief, Trizol Reagent (TaKaRa) was used to extract total
RNA from NPC cells according to the production protocol.
In this method, total RNA was reversely transcribed by using
the PrimeScript RT reagent Kit (TaKaRa). Expression of mRNA
analysis was done using SYBR Green Master Mix (TaKaRa). For
the ampli�cation of genes, the primers in this study were used
as previously described (8, 13). The experimental cases were
normalized to internal controls and fold changes were analyzed
by 2� 11 Ct quanti�cation.

Western Blot
The cell proteins were resolved on 10% SDS-polyacrylamide gels,
and electrophoretically transferred to polyvinylidene di�uoride
(PVDF) membranes (Millipore). After transfer, the membranes
were incubated with antibodies followed by HRP-labeled goat-
anti-mouse or rabbit IgG and detected by chemiluminescence.
The blots were incubated with the primary antibodies against
abbit-anti-FoxM1, Nanog, Oct4 and Sox2 (Abcam). Mouse-anti-
ABCG2 (Santa Cruz Biotechnology), Mouse-anti-MMP1, MMP9
(BD Biosciences). The hybridization signal was observed using
enhanced chemiluminescence (ECL). GAPDH was considered as
an internal control.

Immuno�uorescence Analysis
For phalloidin assay to detect F-actin cytoskeleton, the cells were
placed on culture slides �rstly (Costar, MA). After 24 h, the cells
were washed with PBS and �xed in 4% paraformaldehyde for
10 min, and then permeabilized with triton X-100 (0.05%). Next,
the cells were blocked for 30 min with 10% BSA (Sigma, MO) and
then incubated with 200 nM working stock of Acti-stainTM 670
phalloidin for staining the actin cytoskeleton in cells. Cell nuclei
were counterstained with 4-,6-diamidino-2-phenylindole (DAPI;
Sigma, St. Louis, MO) for 5 min, and imaged with a confocal
laser-scanning microscope (Olympus FV1000).

Immunohistochemistry
The procedure of IHC was performed as previously described
(11, 12). The slides were incubated overnight at 4� C with
primary antibodies as bellow: Rabbit-anti-FoxM1, Nanog, Oct4,
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and Sox2 antibodies were purchased from Abcam (Cambridge,
UK). Mouse-anti-ABCG2 (Santa Cruz Biotechnology, CA.).
IHC staining was examined and scored by two independent
pathologists without knowing the clinical characteristics. PBS
was used as blank controls.

Cell Proliferation and Colony Formation
Assays
A Cell Counting Kit-8 (CCK-8) was used to determine
cell proliferation rates according to the manufacturerprotocol
(Dojindo Laboratories, Kumamoto, Japan). Experiments were
performed in triplicate. In brief, 1� 103 cells/well was seededin
96-well culture plates. The cells were incubated with the solution
for l h, then optical density (OD) was calculated at 450 nm.
For cell formation assay, cells were seeded in 6-well culture
plates (500 cells/well). The culture medium was renewed every
3 days. After 2 weeks, the colonies were �xed with methanol and
stained with 0.1% crystal violet. Colonies more than 50 cells were
counted.

Cell Cycle Analysis
The cells were placed onto the 6-well plates (1� 106 cells/well)
and �xed with 70% cold ethanol at 4� C overnight. The cells were
incubated in 1 ml of cellular DNA staining solution (20 mg/mL
propidium iodide; 10 U/mL RNaseA) at room temperature for
30 min after being washed with PBS for three times. The DNA
content of labeled cells was collected by FACS caliber �ow
cytometry (BD Biosciences). The assay was done in triplicate.

Tumor Spheres Formation Assay
Brie�y, single cells were digested with 0.25% trypsin (Sigma,
St. Louis, MO) and suspended in serum-free medium (DMEM-
F12 50 mlC 100mg/ml EGFC100mg/ml bFGFCB27 supplement
1 ml). The cells (1,000 cells/ml) were seeded on ultra-low
attachment plates (Corning, Corning, NY, United States). After
5� 14 days, cells spheres were counted under microscope.

Sorting of SP Cells by Flow Cytometry
As previously described (14), tumor cells were digested using
0.25% trypsin (Sigma, St. Louis, MO), washed for two times with
calcium/magnesium-free PBS, and then resuspended in ice-cold
RPMI 1640 culture (supplemented with 2% FBS) at a dose of
1� 106 cells/mL. Further, Hoechst 33342 (Sigma, St. Louis, MO)
was added (5 mg/mL) and the cases were incubated in dark
with periodic mixing for 70–90 min at room temperature. After
beingwashed twice with PBS, 1 mg/mL propidium iodide (Sigma,
St. Louis, MO) was added, and the samples were put at 4� C in
dark before sorting by �ow cytometry (BD FACSAria).

Nude Mice Xenograft Assay
Female BALB/c nude mice (4–5 weeks) were bought from the
Medical Laboratory Animal Center of Guangdong Province. All
experiments were approved by the Ethics of Animal Experiments
of the Southern Medical University. Three mice per group of
nude mice were underwent subcutaneous injection of 100ml
of FoxM1-overexpressing and control cells at doses of 104 and
106, respectively. Tumors of each group were photographed
after 6 weeks of tumor growth. Individual tumors were �xed

and embedded in 10% para�n to assess tumor pathology. The
expression of markers (FoxM1, Ki67, and BrdU) were analyzed
by IHC in each tissue.

Statistical Analysis
All data were analyzed using SPSS standard version 13.0 (SPSS,
Chicago, USA). The$2-test was used to assess the relationship
between the clinical features and FoxM1 expression. The data
were presented as mean� SEM from at least 3 independent
experiments. Two-tailed Student'st-test was performed for the
comparisons with 2 independent groups.� P < 0.05 and�� P <
0.01 were considered as statistical signi�cance.

RESULTS

FoxM1 Promotes Tumor Carcinogenesis in
Nasopharyngeal Carcinoma
IHC staining was used to detect the expression levels of
FoxM1 protein in 113 NPC tissues and 29 non-cancerous
nasopharyngeal samples. FoxM1 was found to be localized in the
nucleus and cytoplasm of primary cancer cells. FoxM1 protein
was weakly detected in the non-cancerous nasopharyngeal
epithelium. However, among the 113 samples, High expression
of FoxM1 was detected in 59 cases (Figures 1A,B). FoxM1 was
signi�cantly upregulated in the tumor tissues compared with
the non-tumor tissues, indicating FoxM1 was involved in the
carcinogenesis of NPC (P< 0.01).

To clarify the e�ects of FoxM1 upregulation in the
pathogenesis of NPC, FoxM1 stably overexpressed 6-10B and
SUNE1 cells were generated. Levels of FoxM1 transgene in three
kinds of NPC cells were tested by qRT-PCR and Western blot.
As listed in Figure 1D, the levels of FoxM1 gene in 6-10B
and SUNE1 cells harboring FoxM1 transgene were signi�cantly
higher than that in cells vector control (� 8 and 2.5-folds) using
qRT-PCR (P < 0.01). The results were veri�ed by Western blot
(Figure 1C).

We found that cell proliferation was signi�cantly increased
in FoxM1-overexpressing 6-10B and SUNE1 cells in comparison
with vector-control cells by the CCK-8 assay (Figure 1E). In
contrast, cell proliferation was signi�cantly inhibited in siFxom1
5-8F cells than the vector-control group. These data indicates
that upregulation of FoxM1 increased cell proliferation ability
in NPC cells. According to colony assay (Figure 1F), exogenous
expression of FoxM1 also signi�cantly increased the colony
formation of 6-10B and SUNE1 cells (P < 0.01). In contrast,
the colony formation of knockdown FoxM1 was signi�cantly
decreased in 5-8F cells than control groups (47� 6 vs. 132�
7; P < 0.01). Fluorescence-activated cells sorting (FACS) was
used to analyze the role of FoxM1 on cell proliferation of NPC.
We found that FoxM1-overexpressing SUNE1 cells had 27.89%
of G1 phase cells, which was lower than 37.23% of G1 phase
cells in control cells. However, 40.69% of the SUNE1-FoxM1
cells were in the S phase, which was higher than the control cells
(33.26%) (Figures 1G,H; P < 0.01). These �ndings imply that
FoxM1 accelerated SUNE1 cells from G0/G1 phase into S phase.
In contrast, FoxM1 depletion attenuated 5–8F cells from G0/G1
phase into S phase.
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FIGURE 1 | FoxM1 promotes tumor carcinogenesis and proliferation in nasopharyngeal carcinoma (NPC)(A,B). FoxM1 expression in NPC and non-cancerous
nasopharyngeal tissues based on IHC. Weak FoxM1 expression in non-tumoral pharynx epithelium and strong staining in NPCsamples (C,D). The expression of
FoxM1 in 6-10B and SUNE1 cells carrying FoxM1 transgene and 5-8F with stably FoxM1 knockdown by qRT-PCR and Western blot,respectively(E). The cell growth
rates were determined by CCK8 assay(F). Colony formation of 6-10B and SUNE1 cells with or without exogenous FoxM1 expression. The assay was performed in
triplicate (G,H). The cell cycle distribution in overexpressing-FoxM1 SUNE1and siFoxM1 5-8F cells by FACS. Histograms showing the changes of G1/S phase S
phase in SUNE1 and 5-8F cells after overexpressing and knockdown FoxM1 gene, respectively. *P < 0.05; **P < 0.01.

FoxM1 Contributes to Tumor Motility in
NPC
Firstly, we found that overexpression of FoxM1 correlates with
aggressive behaviors in NPC tissues. In 113 cases, FoxM1
expression was positively associated with tumor in�ltration. High
expression of FoxM1 was detected in patients with T4 stages
than that in T1 stage (Figure 2A, P < 0.01). Additionally,

FoxM1 expression was found highly increased in the cancer cells
migrating into the surroundings and vasculature (Figure 2A).

Next, the e�ect of FoxM1 on tumor migration was tested. As
shown in Figure 2C, the scratch migration assay revealed that
FoxM1-expressing 6-10B and SUNE1 cells displayed signi�cantly
increased mobility than control cells (P < 0.01). In addition,
the stress �ber formation (stained with phalloidin stain) was
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FIGURE 2 | FoxM1 confers tumor migrative behaviors in NPC(A). Representative images of high expression of FoxM1 in the T4stages, cancer cells migrating into
the stroma and vasculature(B). Cytoskeleton (stress �bers formation) is measured by �uorescein-labeled phalloidin (red). Stress �bers formation is especially present
in the leading edges (arrows indicated)(C). FoxM1 accelerates the migration of both 6-10B and SUNE1 cells surveyed by scratch migration assay(D). Western blot
illustrates that FoxM1 increases expression of MMPs including MMP1 and MMP9, whereas FoxM1 knockdown has the opposite effect.

predominantly occurred in FoxM1-expressing cells, especially
in the leading edges, but not in LV-pGV-expressing cells
(Figure 2B). Furthermore, overexpression of FoxM1 caused the
increased expression levels of MMP1 and MMP9 (Figure 2D).

FoxM1 Correlates With Stem Cells-Related
Clinical Pathological Features in NPC
We found that FoxM1 protein was weakly expressed in
di�erentiated type of NPC (di�erentiated nonkeratinizing
carcinoma, DNKC). However, among the 96 samples of
undi�erentiated type (undi�erentiatied carcinoma, UDC), high
expression of FoxM1 was found in 54 cases (Figure 3A; Table 1).
As listed inFigure 3B, overexpression of FoxM1 was only found
in 4 of 30 patients with stage I, whereas 55 cases were observed
with high FoxM1 expression among 83 samples of stage IV
(P< 0.01). Moreover, FoxM1 expression was found signi�cantly
more common in tumors with local recurrence (PD 0.040) and

distant metastasis (P D 0.012) compared with those with no
recurrence or metastasis (Figures 3C,D). There was a statistically
signi�cant relationship between FoxM1 expression and histologic
subtype (PD 0.042), clinical stage (PD 0.000), tumor recurrence
(PD 0.040) and distant metastasis (P D 0.012) (Table 1). These
�ndings indicate that high expression of FoxM1 might confer
stem cell-like characteristic during NPC progression.

FoxM1 Increases Stemness Properties of
NPC in vitro
Consequently, the association between stable expression of
FoxM1 and stem cell-like phenotype was explored in NPC cell
lines. Stem cell markers mentioned above were performed by
RT-PCR and Western blot. As shown inFigure 4A, FoxM1 up-
regulateed the protein levels of the stem cell markers including
Nanog, ABCG2, Oct4, and SOX2 compared with the control
(LV-pGV), whereas FoxM1 knockdown signi�cantly attenuated
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FIGURE 3 | FoxM1 links with cancer stem cells (CSCs)-related clinicalpathological features in NPC. Representative images of high expression of FoxM1
was observed in the undifferentiated(A), stage IV(B), tumor recurrence(C) and distant metastasis(D) stages of NPC biopsies. *P < 0.05; **P < 0.01.

TABLE 1 | Correlation of FoxM1 overexpression with clinical characteristics in 113 NPCs.

Variables N FoxM1 expression FoxM1 expression

Low ( N, %) High ( N, %) P Spearman
correlation

P

SEX

Man 86 45 (52.3) 41 (47.7) 0.085 0.162 0.086

Woman 27 9 (33.3) 18 (66.7)

AGE (y)

< 50 55 29 (52.7) 26 (47.3) 0.306 0.096 0.310

� 50 58 25 (43.1) 33 (56.9)

TUMOR HISTOLOGY

DNKC 17 12 (70.6) 5 (29.4) 0.041 0.192 0.042

UDC 96 42 (43.8) 54 (56.2)

T CLASSIFICATION

T1-T2 54 35 (64.8) 19 (35.2) 0.001 0.326 0.000

T3-T4 59 19 (32.2) 40 (67.8)

N CLASSIFICATION

N0-N1 63 39 (61.9) 24 (38.1) 0.001 0.317 0.001

N2-N3 50 15 (30.0) 35 (70.0)

M CLASSIFICATION

No 103 53 (51.5) 50 (48.5) 0.012 0.236 0.012

Yes 10 1 (10.0) 9 (90.0)

TUMOR RECURRENCE

No 94 49 (52.1) 45 (47.9) 0.040 0.193 0.040

Yes 19 5 (26.3) 14 (73.7)

TUMOR STAGE

I-II 30 26 (86.7) 4 (13.3) 0.000 0.468 0.000

III–IV 83 28 (33.7) 55 (66.3)

DNKC, differentiated nonkeratinizing carcinoma; UDC, undifferentiated carcinoma; T, tumor size; N, lymph node metastasis; M, distant metastasis
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FIGURE 4 | FoxM1 induces stem-related gene expression and propertiesin NPC (A). Western blot reveals an increased expression of stem cellsmarkers Nanog,
ABCG2, OCT4, Sox2 in FoxM1-expressing cells, and decreasedexpression in the knockdown group(B). qRT-PCR demonstrates an increased expression of Nanog,
ABCG2, OCT4, Sox2 in FoxM1-expressing cells, while inhibited in the knockdown control (C). FoxM1 induces stem cell-like self-renewal properties. Sphere sizes (left
panels), the numbers of spheres (right panels)(D). FoxM1 increases the size of the side population (SP) cells.Flow cytometric pro�les of SP cells among the 6-10B
and SUNE1 cell lines after stable expression of FoxM1. *P < 0.05; **P < 0.01.

the expression levels of these proteins. The increasing of
Nanog, ABCG2, Oct4, and SOX2 were further con�rmed at the
transcriptional level (Figure 4B).

Additionally, the e�ect of FoxM1 on the capacity of cancer
stem cells to self-renew was examined. Tumor sphere formation
assay displayed that FoxM1 overexpressing cells form larger
and more spheres compared with control cells (Figure 4C).
We further determined whether the expression of stem cell
markers and increased tumor spheres were caused by an
increase of SP cells. As shown inFigure 4D, the stable
expression of FoxM1 dramatically increased the size of the
SP in the 6-10B (from 0.8 to 1.7%) and SUNE1 (from 3.6
to 5.2%) cell lines in comparison with the control group
(P< 0.01).

FoxM1 Promotes Tumor Initiating Capacity
of NPC in vivo
To determine the correlation between FoxM1 and the expression
of stem cells markers Nanog, SOX2 and OCT4 in NPC samples,
the expression of these proteins was examined in 113 NPC
biopsies by IHC. We found a positive association between
FoxM1 and Nanog (r D 0.650;P D 0.000), SOX2 (r D 0.218;
PD 0.020), and OCT4 (r D 0.243;P D 0.010) expression in
NPC tissues (Figure 5A). These data strongly imply that patients
with high FoxM1 expression might have more tumor initiating
characteristics. As mentioned above, SP cells and stem cell-like
features were found to be enriched in FoxM1-overexpressing
cells, the e�ects of FoxM1 on the tumourigenicity of NPC were

evaluated in animal models. Tumors formed after FoxM1 or
vector control expressing 6-10B cells were injected in nude
mice. We found that the injection of FoxM1-overexpressing
cancer cells into nude mice yielded larger tumors than in the
control groups (Figure 5B). The terminal tumor weights were
increased signi�cantly compared with the control groups (0.52
� 0.06 vs. 0.28� 0.08, P < 0.05). On the other sides, the
�nal tumor volumes were increased greatly compared with
the control groups (436� 69 mm3 vs. 223 � 58 mm3,
P< 0.05). This indicates that FoxM1-overexpressing cells had a
higher tumorigenic ability than control cells. Furthermore,the
expression levels of FoxM1, Ki67, and BrdU was investigated
through IHC in primary xenograft tumors. We found that higher
expression of FoxM1, Ki67, and bromodeoxyuridine (BrdU) in
the FoxM1-overexpressing tumors compared with the controls
(Figure 5C). Moreover, stem cell markers Nanog, ABCG2, Oct4,
and SOX2 were assessed by IHC and qRT-PCR. Compared with
the control (LV-pGV), FoxM1 up-regulates the stem cell markers
Nanog, ABCG2, Oct4, and SOX2 at the protein level. Taken
together, FoxM1 might increase the ability of tumor-initiating
cells in NPC.

DISCUSSION

The overexpression of FoxM1 has been observed in a broad range
of human cancer biopsies including breast cancer, colorectal
cancer and prostate cancer, suggesting that FoxM1 is essential for
caner proliferation and carcinogenesis (5, 6). Compared with the
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FIGURE 5 | FoxM1 enhances the tumorigenesis of NPCin vivo(A). A signi�cant association between the expression of FoxM1 and stem cell-like markers including
Nanog, OCT4, Sox2 in a series of NPC sections(B). Representative images of xenograft tumors in nude mice inoculated with 6-10B cells stably expressing FoxM1 or
vector control (three groups)(C). H&E staining and IHC analysis of FoxM1, Ki67, and BrdU expression of cell lines stably expressing FoxM1 and control in nude mice.

non-cancer epithelium, we also found that FoxM1 protein was
upregulated in NPC tissues, indicating FoxM1 might be involved
in the carcinogenesis of NPC. According to the CCK-8 assay
and colony assay, exogenous expression of FoxM1 signi�cantly
increased the growth and colony formation of 6-10B and SUNE1
cells, indicating that FoxM1 can promote cell proliferation
ability in NPC cells. To investigate the e�ects of FoxM1 protein
on cell proliferation of NPC, FACS was further performed to
investigate the cell cycle. We found that up-regulation of FoxM1
facilitated the transition of SUNE1 cells from G0/G1 into S phase.
On the other side, several reports demonstrate interfering FoxM1
transcription factor can suppress cell proliferation and induce
apoptosis of various cancers including NPC by down-regulation
of cyclin D1 and E1 (15–17). For example, Jiang et al. reported
that FoxM1 inhibition by thiostrepton or siRNA transfection

induced cell apoptosis of NPC cells by down-regulation of bcl-
2, up-regulation of bax and p53. These data strongly con�rm the
notion that FoxM1 protein is as a key regulator of cancer cell
proliferation.

Cell invasion have been an important characteristics of cancer
progression and CSCs (18). Interestingly, we found that FoxM1
was highly exhibited in patients with T4 stage in comparison
with those in T1 stage. This observation indicate that tumorcells
with FoxM1-overespressing in NPC might have high motility
to migrate into the surroundings. Actually, overexpressionof
FoxM1 was also observed in cancer cells migrating into the
surroundings and vasculature. These results suggest that FoxM1
might be crucial for aggressive behaviors of NPC patients.
Indeed, scratch migration assay showed that FoxM1-expressing
6-10B and SUNE1 cells possessed strongly increased mobility.
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As reported, cytoskeletal reorganization is a prerequisite for cell
motility (19). In this study, we found an increase and reunion of
cytoskeleton in FoxM1-overexpressing NPC cells. Accumulating
evidence has demonstrated that FoxM1 can increase the invasive
properties of tumor cells via matrix metalloproteinases (MMP)
signaling pathway (20, 21). As we know, MMPs is crucial for
the invasion and metastasis of tumor cells (22, 23). However,
the close relationship between FoxM1 and MMPs expression
still remains unclear in NPC. Here we shows that protein
expressions of MMP2 and MMP9 were greatly enhanced by
FoxM1 expressing in 6-10B and SUNE1 cells, suggesting a novel
role of FoxM1 in regulating migration of NPC cells.

Cancer stem cells (CSCs) are responsible for cancer
tumorigenesis, local recurrence, and metastasis (9, 10).
Firstly, we found that FoxM1 protein was more frequently
present in the undi�erentiated type of NPC than in the
di�erentiated type. Supporting our results, it has provided
evidence that undi�erentiated counterparts of several solid
tumors (including lung adenocarcinoma and breast cancer)
confer higher proportions of stem cell-like properties (24–26).
Additionally, for the �rst time, we demonstrated that FoxM1
expression correlated closely with local recurrence and distant
metastasis in NPC patients. As we know, local recurrence and
distant metastasis contribute to poor prognosis of NPC patients.
Supporting our �ndings, Huang et al. reported that FOXM1
overexpression predicted a poorer overall survival of NPC (27).
Nanog, Sox2, and OCT4, the critical biomarkers of embryonic
stem cells (ESCs), have been shown to correlate strongly with the
properties of CSCs (28–30). Our previous results reveal that the
high expression of SOX2, OCT4, and Nanog played an important
role on tumor aggressiveness and poor prognosis of NPC (31).
In this study, FoxM1 linked strongly with the expression of
these stem cell markers (Nanog, Sox2, and OCT4) in NPC
samples, and also enhanced the expression of stem-related genes
in vitro. In a whole, we propose that FoxM1 might determine
and maintain a distinct subpopulation possessing stem cell-like
features in NPC.

As far as we know, FoxM1 could lead to CSC phenotype in
several cancers including ovarian cancer, breast cancer, colon
cancer, pancreatic cancer and glioblastoma (7, 32–34). However,
the e�ect of FoxM1 on “stemness” in NPC remains to be
characterized. Side population (SP) cells are derived from stem
cells of many types of cancers, and these cells share characteristics
of CSCs and enrich tumor initiating capacity (35). Wang et al.
has demonstrated that that SP cells in NPC cell lines had
stem-like characteristics and were enriched for tumor initiating
ability in nude mice (14). We also reported that aldehyde
dehydrogenase 1(ALDH1), a novel marker for isolating CSCs
in human NPC, are more frequently present in the SP cells
(36). These results show that SP cells might be enriched for
stem cell characteristics in NPC. To further explore whetherthe
expression of FoxM1 could induce stem cell features in NPC,
the e�ects of FoxM1 on the capacity of self-renewal as SP cells
were examined. As result, we observed that the FoxM1 expression
strongly promoted the proportion of the SP in the 6-10B and
SUNE1 cell lines in comparison with the control group. On

the other hand, tumor sphere, which is derived from human
cancer cells and samples, can self-renew and produce tumors
in mice (37). Here, we also showed that FoxM1 overexpressing
cells formed larger and more tumor spheres. To our knowledge,
high tumorigenic capability in animal models is the gold standard
for the de�nition of CSCs. Our study found that the FoxM1
tumor cells grew at a higher rate than the control groups
in all examples. Furthermore, BrdU label-retaining cells were
observed to be highly present in FoxM1-overexpressing cells of
xenograft tumors. In 2007, Yao et al. has demonstrated �rstly
that the presence of epithelial BrdU label-retaining cells was
considered as stem cells in human NPC samples, which are
most likely responsible for NPC metastasis and local recurrence
(38). Based on these results, we propose the idea that FoxM1
induces stem-like cell self-renewal and tumourigenicity in NPC.
It has shown that FOXM1 regulates stemness and survival of
cancer cells via several pathways. For example, Hamurcu et al.
found that FOXM1 regulates expression of eukaryotic elongation
factor 2 kinase and promotes proliferation and tumorgenesis of
human triple negative breast cancer cells (39). The molecular
mechanisms that underlie the role of FoxM1 in NPC stemness
need to be further elucidated.

CONCLUSION

In summary, all combined results from this study and other
groups suggest a novel role for FoxM1 in cancer progression
and stem cell features in NPC. Further insights into the exact
role of FoxM1 are needed by elucidating the underlying signaling
network that regulates the FoxM1 pathways.

ETHICS STATEMENT

This approach was approved by Human Research Ethics
Committee of Guangdong Medical University. All subjects
gave written informed consent according to the Declaration of
Helsinki.

AUTHOR CONTRIBUTIONS

WL and FG participated in the design of the study. WL
performed the critical revision of the manuscript for important
intellectual content. WL and FG performed the data collection
and analysis, interpreted the data. WL and SL produced the main
draft of the manuscript and made �gures. WL and LL obtained
funding for the study.

FUNDING

This work was supported by National Natural Science
Foundation of China (Grant No. 81202125, 81872202); by
the Natural Science Foundation of Guangdong Province (Grant
No. 2015A030313263); by the Natural Science Novel Project
of Department of Education of Guangdong Province (Grant
No. 2013KJCX0093); by Research Foundation for Doctor of
Guangdong medical university (Grant No. B2012013).

Frontiers in Oncology | www.frontiersin.org 9 October 2018 | Volume 8 | Article 483



Luo et al. FoxM1 Promotes Stem Cell Properties

REFERENCES

1. Jemal A, Bray F, Center MM, Ferlay J, Ward E, Forman D. Global
cancer statistics.CA Cancer J Clin. (2011) 61:69–90. doi: 10.3322/caac.
20107

2. Luo W, Fang W, Li S, Yao K. Aberrant expression of nuclear
vimentin and related epithelial-mesenchymal transition markers in
nasopharyngeal carcinoma.Int J Cancer(2012) 131:1863–73. doi: 10.1002/
ijc.27467

3. Chen YP, Mao YP, Zhang WN, Chen L, Tang LL, Li WF, et al. Prognostic value
of wait time in nasopharyngeal carcinoma treated with intensity modulated
radiotherapy: a propensity matched analysis.Oncotarget(2016) 7:14973–82.
doi: 10.18632/oncotarget.7789

4. Mackillop WJ, Ciampi A, Till JE, Buick RN. A stem cell model of human
tumor growth: implications for tumor cell clonogenic assays.J Natl Cancer
Inst. (1983) 70:9–16.

5. Clevers H. The cancer stem cell: premises, promises and challenges.Nat Med.
(2011) 17:313–9. doi: 10.1038/nm.2304

6. Lam EW, Brosens JJ, Gomes AR, Koo CY. Forkhead box proteins: tuning
forks for transcriptional harmony.Nat Rev Cancer(2013) 13:482–95.
doi: 10.1038/nrc3539

7. Bella L, Zona S, Nestal de Moraes G, Lam EW. FOXM1: a key oncofoetal
transcription factor in health and disease.Semin Cancer Biol. (2014) 29:32–9
doi: 10.1016/j.semcancer.2014.07.008

8. Li L, Wu D, Yu Q, Li L, Wu P. Prognostic value of FOXM1 in solid tumors:
a systematic review and meta-analysis.Oncotarget(2017) 8:32298–308.
doi: 10.18632/oncotarget.15764

9. Yang N, Wang C, Wang Z, Zona S, Lin SX, Wang X, et al. FOXM1 recruits
nuclear Aurora kinase A to participate in a positive feedback loop essential
for the self-renewal of breast cancer stem cells.Oncogene(2017) 36:3428–40.
doi: 10.1038/onc.2016.490

10. Hou Y, Zhu Q, Li Z, Peng Y, Yu X, Yuan B, et al. The FOXM1-
ABCC5 axis contributes to paclitaxel resistance in nasopharyngeal
carcinoma cells.Cell Death Dis. (2017) 8:e2659. doi: 10.1038/cddis.
2017.53

11. Luo W, Yao K. Molecular characterization and clinical implications of
spindle cells in nasopharyngeal carcinoma: a novel molecule-morphology
model of tumor progression proposed.PLoS ONE(2013) 8:e83135.
doi: 10.1371/journal.pone.0083135

12. Luo WR, Li SY, Cai LM, Yao KT. High expression of nuclear Snail,
but not cytoplasmic staining, predicts poor survival in nasopharyngeal
carcinoma.Ann Surg Oncol. (2012) 19:2971–9. doi: 10.1245/s10434-012-
2347-x

13. Gao F, Zhang Y, Wang S, Liu Y, Zheng L, Yang J, et al. Hes1 is involved in the
self-renewal and tumourigenicity of stem-like cancer cells in colon cancer.Sci
Rep. (2014) 4:3963. doi: 10.1038/srep03963

14. Wang J, Guo LP, Chen LZ, Zeng YX, Lu SH. Identi�cation of cancer
stem cell-like side population cells in human nasopharyngeal carcinoma
cell line. Cancer Res(2007) 67:3716–24. doi: 10.1158/0008-5472.CAN-
06-4343

15. Jiang L, Wang P, Chen L, Chen H. Down-regulation of FoxM1 by
thiostrepton or small interfering RNA inhibits proliferation, transformation
ability and angiogenesis, and induces apoptosis of nasopharyngeal carcinoma
cells.Int J Clin Exp Pathol. (2014) 7:5450–60.

16. Chen H, Yang C, Yu L, Xie L, Hu J, Zeng L, et al. Adenovirus-mediated
RNA interference targeting FOXM1 transcription factor suppresses cell
proliferation and tumor growth of nasopharyngeal carcinoma.J Gene Med.
(2012)14:231–40. doi: 10.1002/jgm.2614

17. Hu C, Liu D, Zhang Y, Lou G, Huang G, Chen B, et al. LXRa-mediated
downregulation of FOXM1 suppresses the proliferation of hepatocellular
carcinoma cells. Oncogene (2014) 33:2888–97. doi: 10.1038/onc.
2013.250

18. Friedl P, Wolf K. Tumour-cell invasion and migration: diversity and
escape mechanisms.Nat Rev Cancer(2003) 3:362–74. doi: 10.1038/
nrc1075

19. Hall A. The cytoskeleton and cancer.Cancer Metastasis Rev. (2009) 28:5–14.
doi: 10.1007/s10555-008-9166-3

20. Dai B, Kang SH, Gong W, Liu M, Aldape KD, Sawaya R, et al. Aberrant
FoxM1B expression increases matrix metalloproteinase-2 transcription
and enhances the invasion of glioma cells.Oncogene(2007) 26:6212–9.
doi: 10.1038/sj.onc.1210443

21. Ahmed M, Uddin S, Hussain AR, Alyan A, Jehan Z, Al-Dayel F, et al. FoxM1
and its association with matrix metalloproteinases (MMP) signalingpathway
in papillary thyroid carcinoma.J Clin Endocrinol Metab. (2012) 97:E1–13.
doi: 10.1210/jc.2011-1506

22. Chambers AF, Matrisian LM. Changing views of the role of matrix
metalloproteinases in metastasis.J Natl Cancer Inst. (1997) 89:1260–70.
doi: 10.1093/jnci/89.17.1260

23. Jiang L, Wang P, Chen H. Overexpression of FOXM1 is associated with
metastases of nasopharyngeal carcinoma.Ups J Med Sci. (2014) 119:324–32.
doi: 10.3109/03009734.2014.960053

24. Hassan KA1, Chen G, Kalemkerian GP, Wicha MS, Beer DG. An embryonic
stem cell-like signature identi�es poorly di�erentiated lung adenocarcinoma
but not squamous cell carcinoma.Clin Cancer Res. (2009) 15:6386–90.
doi: 10.1158/1078-0432.CCR-09-1105

25. Ben-Porath I, Thomson MW, Carey VJ, Ge R, Bell GW, Regev A, et al.An
embryonic stem cell-like gene expression signature in poorly di�erentiated
aggressive human tumors.Nat Genet. (2008) 40:499–507. doi: 10.1038/
ng.127

26. Vallejos CS, Gómez HL, Cruz WR, Pinto JA, Dyer RR, Velarde R, et al. Breast
cancer classi�cation according to immunohistochemistry markers: subtypes
and association with clinicopathologic variables in a peruvian hospital
database.Clin Breast Cancer(2010)10:294–300. doi: 10.3816/CBC.2010.
n.038.

27. Huang PY, Li Y, Luo DH, Hou X, Zeng TT, Li MQ, et al. Expression
of Aurora-B and FOXM1 predict poor survival in patients with
nasopharyngeal carcinoma.Strahlenther Onkol. (2015) 191:649–55.
doi: 10.1007/s00066-015-0840-4

28. Palla AR, Piazzolla D, Alcazar N, Cañamero M, Graña O, Gómez-López G,
et al. The pluripotency factor NANOG promotes the formation of squamous
cell carcinomas.Sci Rep. (2015) 5:10205. doi: 10.1038/srep10205

29. Bareiss PM, Paczulla A, Wang H, Schairer R, Wiehr S, Kohlhofer U,et al. SOX2
expression associates with stem cell state in human ovarian carcinoma.Cancer
Res. (2013) 73:5544–55. doi: 10.1158/0008-5472.CAN-12-4177

30. Lu CS, Shieh GS, Wang CT, Su BH, Su YC, Chen YC, et al.
Chemotherapeutics-induced Oct4 expression contributes to drug resistance
and tumor recurrence in bladder cancer.Oncotarget(2017) 8:30844–58.
doi: 10.18632/oncotarget.9602

31. Luo W, Li S, Peng B, Ye Y, Deng X, Yao K. Embryonic stem cells markers
SOX2, OCT4 and Nanog expression and their correlations with epithelial-
mesenchymal transition in nasopharyngeal carcinoma.PLoS ONE(2013)
8:e56324. doi: 10.1371/journal.pone.0056324

32. Song IS, Jeong YJ, Jeong SH, Heo HJ, Kim HK, Bae KB, et al.
FOXM1-induced PRX3 regulates stemness and survival of colon cancer
cells via maintenance of mitochondrial function.Gastroenterology(2015)
149:1006–16. doi: 10.1053/j.gastro.2015.06.007

33. Quan M, Wang P, Cui J, Gao Y, Xie K. The roles of FOXM1 in
pancreatic stem cells and carcinogenesis.Mol Cancer (2013) 12:159.
doi: 10.1186/1476-4598-12-159

34. Zhang N, Wei P, Gong A, Chiu WT, Lee HT, Colman H, et al.
FoxM1 promotesb-catenin nuclear localization and controls Wnt target-
gene expression and glioma tumorigenesis.Cancer Cell(2011) 20:427–42.
doi: 10.1016/j.ccr.2011.08.016

35. Patrawala L1, Calhoun T, Schneider-Broussard R, Zhou J, Claypool K, Tang
DG. Side population is enriched in tumorigenic, stem-like cancer cells,
whereas ABCG2C and ABCG2- cancer cells are similarly tumorigenic.Cancer
Res. (2005) 65:6207–19. doi: 10.1158/0008-5472.CAN-05-0592

36. Wu A, Luo W, Zhang Q, Yang Z, Zhang G, Li S, et al. Aldehyde
dehydrogenase 1, a functional marker for identifying cancer stem cells
in human nasopharyngeal carcinoma.Cancer Lett. (2013) 330:181–9.
doi: 10.1016/j.canlet.2012.11.046

37. Singh SK1, Clarke ID, Terasaki M, Bonn VE, Hawkins C, Squire J,et al.
Identi�cation of a cancer stem cell in human brain tumors.Cancer Res. (2003)
63:5821–8.

Frontiers in Oncology | www.frontiersin.org 10 October 2018 | Volume 8 | Article 483



Luo et al. FoxM1 Promotes Stem Cell Properties

38. Zhang HB1, Ren CP, Yang XY, Wang L, Li H, Zhao M,
et al. Identi�cation of label-retaining cells in nasopharyngeal
epithelia and nasopharyngeal carcinoma tissues.Histochem
Cell Biol. (2007) 127:347–54. doi: 10.1007/s00418-006-
0251-9

39. Hamurcu Z, Ashour A, Kahraman N, Ozpolat B. FOXM1 regulates
expression of eukaryotic elongation factor 2 kinase and promotes
proliferation, invasion and tumorgenesis of human triple negative breast
cancer cells.Oncotarget (2016) 7:16619–35. doi: 10.18632/oncotarget.
7672

Con�ict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or �nancial relationships that could
be construed as a potential con�ict of interest.

Copyright © 2018 Luo, Gao, Li and Liu. This is an open-access article distributed
under the terms of the Creative Commons Attribution License(CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Oncology | www.frontiersin.org 11 October 2018 | Volume 8 | Article 483


