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Forkhead box protein M1 (FoxM1) is an important transcription factor involved in the development and pro-
gression of various malignancies. However, its role in nasopharyngeal carcinoma (NPC) remains largely un-
known. This study aimed to assess the effect of FoxM1 on NPC cell tumorigenesis as well as the underlying
mechanism.

NPC cell lines CNE-1 and CNE-2 were treated with vehicle and FoxM1 inhibitor thiostrepton or transfected with
small interfering RNA. CCK-8 assay, flow cytometric assay, and Hoechst 33258 staining were performed to as-
sess the viability, apoptosis and nuclear morphological impairment, and cell cycle, respectively. The expres-
sion of apoptosis-related caspase-3 and caspase-9 was detected by western blot analysis The tumor growth
in the mouse xenograft model of NPC treated with thiostrepton or control was assessed. The expression of
Wnt/B-catenin signaling proteins p27, FoxM1, S phase kinase-associated protein 2 (SKP2), and Cyclin D1 were
determined both in cells and xenograft tissues by western blot analysis.

Inhibition of FoxM1 by thiostrepton significantly suppressed NPC cell viability, induced apoptosis, increased cell
cycle arrest, impaired nuclear morphology, and reduced NPC cell-derived tumor xenograft growth. Mechanistically,
inhibition or knockdown of FoxM1 inactivated the Wnt/B-catenin signaling pathway, as demonstrated by al-
tered expression of Wnt/B-catenin signaling-related genes, including p27, SKP2, and cyclin D1, in both NPC
cells and xenograft tissues.

We identified FoxM1 as a novel regulator of NPC cell tumorigenesis in vitro and in vivo. Targeting FoxM1 could
be a promising therapeutic strategy against NPC.
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Background

Nasopharyngeal carcinoma (NPC) arises from the epithelium lin-
ing the nasopharynx, and although NPC is rare globally, the in-
cidence of NPC is quite high, at approximately 1/5000 in south-
ern China and Southeast Asia [1]. The pathogenesis of NPC is
not fully understood. In general, viral infections, genetic muta-
tions, and environmental factors are thought to contribute to
the initiation, development, and progression of NPC [2-5]. NPC
is a potentially curable disease. Standard treatment options
for NPC include endoscopic surgery [6,7], and combined use of
radiotherapy and chemotherapy [1]. However, these therapies
have limitations such as adverse effects and modest risks of
regional recurrence and distant metastasis [8]. Therefore, the
identification of potential novel therapeutic targets for NPC
treatment is urgently needed [9].

Forkhead box protein M1 (FoxM1) is a key member of the
Forkhead family of transcription factors and is constitutive-
ly expressed in regenerating and proliferating mammali-
an cells [10,11]. FoxM1 has been reported to play a central
role in cell proliferation and cell cycle progression [12-15].
Additionally, FoxM1 expression has been found to be dysreg-
ulated in a variety of cancer types. FoxM1 overexpression is
responsible for cancer progression [16-19] and poor progno-
sis [17,19-21], suggesting that FOXM1 may act as a prognos-
tic marker in patients with cancer [20-22].

Previous studies have found that FoxM1 is upregulated in NPC
and overexpression of FoxM1 is associated with lymph node
metastasis and advanced tumor stage in NPC, and FoxM1 ex-
pression may be an adverse prognostic marker in NPC pa-
tients [23,24]. However, the function of FoxM1 has not yet been
determined in NPC. In this study, we examined the function of
FoxM1 as well as the underlying mechanism in the regulation
of NPC cell behavior by performing loss-of-function assays in
NPC cells and an NPC mouse xenograft model. Our study es-
tablishes a functional association between FoxM1 and NPC de-
velopment and provides valuable clues for the identification
of potential therapeutic targets and the development of nov-
el therapeutic strategies against NPC.

Material and Methods

Cell Culture and Reagents

The CNE-1 and CNE-2 human Epstein-Barr virus (EBV)-negative
NPC cell lines were obtained from the Chinese Academy of
Sciences Cell Bank (Shanghai, China). CNE2 cells are more highly
malignant then CNE1 cells. They were used as comparisons with
each other in the present study. Both cell lines were cultured in
RPMI 1640 (Invitrogen, Carlsbad, CA, USA) supplemented with
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10% fetal bovine serum (FBS; Gibco, Grand Island, NY, USA).
The 293T cell line was purchased from Invitrogen and grown
in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen)
supplemented with 10% FBS and 1% penicillin-streptomycin
(Hyclone, South Logan, UT, USA). All cells were maintained in
an incubator with a humidified atmosphere of 5% CO, at 37°C.

Thiostrepton (ALX-380-261-G001; ENZO Lifescience,
Farmingdale, NY, USA), a FoxM1-selective inhibitor [25], was
dissolved in dimethyl sulfoxide (DMSO).

Assessment of Cell Growth Inhibition

Cells were plated in 96-well plates at a density of 4000 cells/
well and kept in culture for 24 h before treatment with ve-
hicle or thiostrepton at various concentrations ranging from
1 to 16 pmol/L. Cell viability was measured 48 and 72 h af-
ter the treatment using CCK-8 (Cell Counting Kit-8, Beyotime
Biotechnology, Zhejiang, China) in a microplate reader at 450
nm according to the manufacturer’s directions. Each experi-
ment was performed 3 times with 5 samples each time.

Assessment of Cell Cycle Progression and Apoptosis

The NPC cells were exposed to 8 uM thiostrepton for 72 h in
culture in 6-well plates. After this treatment, the cells were
washed with phosphate-buffered saline (PBS) 3 times, resus-
pended in binding buffer, and then stained with annexin-V/PI
solution (Sungene Biotech, Tianjin, China) in the dark at room
temperature. Cell cycle distribution and apoptosis were as-
sessed using a FACScan system (BD Biosciences, San Jose, CA,
USA) as previously described [26].

Nuclear Morphological Analysis

Morphological changes in apoptotic cells were evaluated by
Hoechst 33258 staining. Briefly, NPC cells were plated at 5x10*
cells/ml, cultured overnight, and then treated with 8 pM thio-
strepton for 72 h, followed by fixation in 4% formaldehyde for
10 min. The cells were washed twice in PBS and stained with
0.5 ml of Hoechst 33258 solution (Sigma-Aldrich, St. Louis,
MO, USA) for 5 min. The staining was visualized under an in-
verted fluorescence microscope and imaged using a camera
attached to the microscope.

Small Interfering RNA (siRNA) Transfection

For the siRNA-knockdown experiment, double-strand-
ed RNA duplexes were targeted from the human
FoxM1 gene (5’-GGUCCUGGACACAAUGAA UTT-3’,
5’-AUUCAUUGUGUCCAGGACCTT-3’). Scrambled siR-
NA (control) and FoxM1 siRNA (oligoDNA: TGCTGAGT
AGATGCTGTTTCCTCCGAGTTTTGGCCACTGACTGACTCGGAG
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Figure 1. Effect of inhibition of FoxM1 on NPC cell viability. CNE-1 (A) and CNE-2 cells (B) were exposed to thiostrepton at various
concentrations as indicated for 48 and 72 h. Cell viability was examined using the CK-8 assay.

GACAGCATCTACT; R: CCTGAGTAGATGCTGTCCTCCGAG
TCAGTCAGTGGCCAAAACTCGGAGGAAACAGCATCTACTC) were
obtained from Invitrogen. NPC cells were plated in 6-cm dish-
es, cultured overnight, and then transfected with siRNAs us-
ing Lipofectamine 2000 reagent (Invitrogen) as previously de-
scribed [27]. Upon reaching 90% confluency, the cells were
treated with 8 uM thiostrepton for 72 h.

Western Blot Assay

NPC cells were collected and lysed in ice-cold lysis buffer
(TaKaRa) to obtain cellular lysates. The BCA method was ap-
plied to measure the total protein concentrations. For western
blot analysis, 5-10 ug of protein was subjected to 10% SDS-
PAGE before transfer to nitrocellulose membranes (Millipore
Biotechnology, Billerica, MA, USA). After blocking in 5% skim
milk in Tris-buffered saline containing Tween-20 (TBST), the
membranes were incubated in solutions of primary antibodies
against FoxM1 (AT2098A; Abgent, San Diego, CA, USA), GAPDH
(M121107; Huaan Biotechnology Company, Gansu, China), cy-
clin D1 (YT1173), p27 (YT3499), caspase-3 (YT0656), caspase-9
(YT0662, ImmunoWay Biotechnology Company, Plano, TX, USA)
and SKP2 (sc-74477, Santa Cruz Biotechnology, Santa Cruz, CA,
USA) overnight at 4°C. The membranes were then washed 3
times with TBST before incubation with solutions of horserad-
ish peroxidase (HRP)-conjugated secondary antibodies (Santa
Cruz Biotechnology) for 1 h at room temperature, followed by
an additional 3 washes with TBST. Protein bands were detect-
ed using Hybond-enhanced chemiluminescence. GAPDH was
used as an internal control.

Animal Studies

BALB/CA nude mice (male, 4-5 weeks old) were obtained from
Shanghai Institute of Material Medicine (Chinese Academy of

Science, Shanghai, China). To induce tumor growth in vivo, the
mice were anesthetized with isoflurane, and 2x10° NPC cells
suspended in 200 pl PBS were injected into a flank of each
mouse. One week later, the mice were randomly assigned to
the thiostrepton group (n=6), in which DMSO-dissolved thio-
strepton (200 mg/kg) was administered intraperitoneally ev-
ery 7 days as previously described, or the vehicle group (n=6),
in which the same volume of DMSO was administered ev-
ery 7 days [23]. The dosage of thiostrepton was determined
based on previous reports [23,28] and our preliminary re-
search. Mouse tumor xenografts were harvested 42 days af-
ter the inoculation, and tumor volumes were calculated as:
tumor volume=(lengthxwidth2)/2 [28]. All experiments in-
volving animals were carried out in accordance with the insti-
tutional guidelines and approved by University’s Animal Use
and Care Committee.

Statistical Analysis

All data were collected from at least 3 experiments and are
presented as mean+standard deviation (SD). SPSS version
17.0 (SPSS, Chicago, IL, USA) was used for all statistical anal-
yses, with P values <0.05 indicating a statistically significant
difference.

Results

Inhibition of FoxM1 Suppresses NPC Cell Viability In Vitro

To examine the possible role of FoxM1 in NPC development, we
examined the effect of thiostrepton, a transcriptional inhibitor
of FoxM1 [29], on NPC development. As shown in Figure 1A, in-
hibition of FoxM1 by thiostrepton markedly reduced CNE-1 cell
viability in a dose- and time-dependent manner, with a growth
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Figure 2. Effect of inhibition of FoxM1 on NPC cell apoptosis and nuclear morphology. (A) CNE-1 and CNE-2 cells were exposed to
vehicle or 8 uM of thiostrepton for 72 h, and then labeled with annexin-V and propidium iodide (PI) for an apoptosis assay
using flow cytometry. (B) Quantification of data in A. (C) The cells were treated as in A for analysis by a western blot assay
for protein expression of apoptotic markers caspases-3 and -9 in CNE-1 and CNE-2 cells. GAPDH was used as an internal
control. (D) Thiostrepton-treated cells were stained with Hoechst 33258, and their nuclear morphology was observed under
an immunofluorescence microscope. (E) Quantification of nuclear morphological impairment shown in D. Quantitative
data are expressed as the means+SD for individual groups of cells from 3 separate experiments. * P<0.05 compared to the
controls. NPC — nasopharyngeal carcinoma; FoxM1 — forkhead box M1.
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Figure 3. Effect of inhibition of FoxM1 on NPC cell cycle progression. (A) CNE-1 and CNE-2 cells were exposed to vehicle or 8 uM
thiostrepton for 72 h, and then a flow cytometric assay was performed to analyze the cell cycle distribution based on the
DNA content in the cells. (B) Quantification of data for CNE-1 cells in A (n=3). (C) Quantification of data for CNE-2 cells in A

(n=3). * P<0.05, ** P<0.01 compared to the control.

inhibition rate of up to 85% at the dose of 16 pM. The IC at
48 hand 72 h in CNE-1 were 6.6 uM and 4.2 puM, respective-
ly. Similar results were also found in CNE-2 cells (Figure 1B).
The IC,, at 48 h and 72 h in CNE-2 were 7.3 uM and 5.1 uM,
respectively. These findings indicate that FoxM1 may play a
promotive role in NPC cell proliferation and growth.
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Inhibition of FoxM1 Expression Induces NPC Cell Apoptosis
and Nuclear Morphological Impairment In Vitro

We next sought to determine the role of thiostrepton in NPC
cell apoptosis, a key process in blocking the development and
progression of NPC. As shown in Figure 2A and 2B, inhibition
of FoxM1 by thiostrepton significantly increased apoptot-
ic rates in CNE-1 and CNE-2 cells, compared to vehicle-treat-
ed cells (4.70%+13.48%=18.18% vs 1.93%+3.98%=5.91%;
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Figure 4. Effect of inhibition of FoxM1 on NPC cell-derived tumor growth. (A) Xenografts were established by subcutaneous
injection of 5x10° CNE-2 cells into the right flank of nude mice. At 42 days after intraperitoneal administration of vehicle or
thiostrepton at a dose of 200 mg/kg body weight, the xenografts were harvested. (B) Tumor volume was measured every 7
days. (C) Tumor xenografts were weighed immediately after being excised. * P<0.05 compared to the control.

3.86%+12.01%=15.87% vs 1.74%+3.62%=5.36%, respective-
ly). The proapoptotic function of thiostrepton was further
confirmed by thiostrepton-induced upregulation of cleaved
caspase-3, an important pro-apoptotic marker (Figure 2C).
Consistently, treatment with thiostrepton appreciably impaired
the nuclear morphology in CNE-1 and CNE-2 cells, as evidenced
by thiostrepton-caused nuclear condensation and fragmenta-
tion (Figure 2D, 2E), a characteristic feature of apoptotic cells.
Collectively, our data suggest that inhibition of FoxM1 can in-
duce alterations in the nuclear structure of NPC cells, thus
leading to increased cell apoptosis.

Inhibition of FoxM1 Increases NPC Cell Cycle Arrest In
Vitro

To investigate whether thiostrepton has an effect on NPC cell
cycle progression that is essential for cell division and prolifer-
ation, we performed a flow cytometry-based cell cycle analysis.
As shown in Figure 3A-3C, thiostrepton treatment dramatically
increased the population of CNE-1 and CNE-2 cells in G1 phase
while it significantly decreased the population of both cell lines
in S phase, suggesting that NPC cell cycle progression was re-
tarded at G1/S transition by thiostrepton. These data indicate
that inhibition of FoxM1 by thiostrepton induces NPC cell cy-
cle arrest, thus attenuating NPC cell growth and proliferation.
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Figure 5. Effect of inhibition of FoxM1 on Wnt/f-catenin signaling activity in NPC cells and NPC xenograft tissues. (A) CNE-
1 and CNE-2 cells were exposed to vehicle or 8 pM thiostrepton for 72 h, and then the protein expression of Wnt/f-
catenin signaling-related proteins was evaluated by western blotting, as indicated. (B) Quantitative data for relative
protein expression in CNE-1 cells. (C) Quantitative data for relative protein expression in CNE-2 cells. (D) At 42 days after
intraperitoneal injection of vehicle or thiostrepton at a dose of 200 mg/kg body weight, the NPC xenografts were harvested.
Tissue lysates were collected, and the protein expression of Wnt/B-catenin signaling-related proteins was evaluated by
western blotting, as indicated. Protein expression levels were normalized to the expression level of GAPDH, and the results
were then further quantified. (E) Quantitative data for relative protein expression in D. * P<0.05 compared to the control.
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Inhibition of FoxM1 Diminishes NPC Cell-Derived Tumor
Growth In Vivo

For further in vivo investigation of the role of FoxM1 in NPC
development and progression, we established a mouse xe-
nograft model of NPC treated with thiostrepton. The results
revealed that administration of thiostrepton significantly di-
minished CNE-2 cell-derived tumor growth compared to the
vehicle-treated group (Figure 4A), as evidenced by time-de-
pendent reductions in tumor size and weight following thio-
strepton treatment (Figure 4B, 4C). These findings strongly
suggest that upregulation of FoxM1 plays a key role in NPC
development and progression.

Inhibition of FoxM1 Inactivates the Wnt/$-Catenin
Signaling Pathway

Studies have shown that FoxM1 functions through Wnt/be-
ta-catenin signaling in several cancer types [30-32]. Moreover,
overactivation of Wnt/B-catenin signaling has been shown to
contribute to cancer development [33]. To explore the regu-
latory mechanism underlying the role of FoxM1 in NPC devel-
opment, we examined the effect of FoxM1 inhibition using
thiostrepton or FoxM1 knockdown on Wnt/B-catenin signal-
ing activity. As shown in Figure 5A-5C, inhibition of FoxM1 by
thiostrepton or silencing of FoxM1 by FoxM1 siRNA in CNE-1
and CNE-2 cells remarkably decreased protein expression of
downstream target genes of Wnt/B-catenin signaling like Skp2
and cyclin D1 while enhancing the expression of p27, which has
been reported to be negatively correlated with Wnt/B-catenin
signaling activity [34]. These findings were further confirmed
by our in vivo study, as evidenced by downregulation of Skp2
and cyclin D1 and upregulation of p27 in NPC xenograft tis-
sues with FoxM1 inhibition or knockdown (Figure 5D, 5E).
Collectively, these data suggest that FoxM1 promotes NPC
development, at least partially through activating the Wnt/B-
catenin signaling pathway.

Discussion

In the present study, we found that inhibition of FoxM1 sig-
nificantly suppressed NPC cell viability, induced apoptosis, in-
creased cell cycle arrest, impaired nuclear morphology, and
reduced NPC cell-derived tumor xenograft growth. Moreover,
inhibition or knockdown of FoxM1 downregulated the expres-
sion of Skp2 and cyclin D1 and upregulated the expression
of p27, which are Wnt/B-catenin signaling-related proteins.

It is well established that FoxM1 is upregulated during early
cancer development [35-37]. The involvement of FOXM1 in ini-
tiation of tumorigenesis is closely associated with its role in cell
cycle progression, proliferation, and apoptosis. Overexpression
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of FoxM1 has been shown to be a contributing factor to the
pathogenesis of a variety of cancers [38,39]. Our results showed
that thiostrepton treatment significantly inhibited NPC cell tu-
morigenesis by reducing NPC cell viability, inducing apopto-
sis among NPC cells, and causing arrest of cell cycle progres-
sion. Moreover, thiostrepton reduced NPC xenograft growth.
These data were consistent with previous reports about the
effects of FoxM1 on cancers [21,22,25], suggesting a key role
for FoxM1 in NPC development.

The Wnt/beta-catenin signaling pathway is a main regulator of
development in all animals and has been shown to have roles
in many diseases, including cancer [40]. Studies have shown
that FoxM1 functions through Wnt/beta-catenin signaling in
cancers [30-32]. FoxM1 can be activated by Wnt and promotes
beta-catenin nuclear localization in tumor cells, thus regulat-
ing the expression of downstream genes. FoxM1 knockdown
accelerates cellular senescence in gastric cancer partially via
p27Kip1 [41]. In addition, FoxM1 mediates astrocyte transfor-
mation in glioblastoma through activating Akt and promoting
expression of survivin, Skp2, and cyclin D1 [42-44]. p27Kip1,
survivin, Skp2, and cyclin D1 are all downstream genes of the
Wnt/beta-catenin signaling pathway. We also found that thio-
strepton- or siRNA-mediated silencing of FoxM1 markedly al-
tered the protein expression of important genes of the Wnt/
beta-catenin signaling pathway, including cyclin D1, p27, and
SKP2. These data are highly consistent with the findings of
previous studies [17,41-44], suggesting that the underlying
molecular mechanism of the effects of FoxM1 on NPC cells
are similar to those in other tumor cells.

The present study has some limitations. First, only 2 EBV-
negative cell lines were used, and whether FoxM1 shows sim-
ilar function in EBV-positive cells or whether EBV infection will
affect the functions of FoxM1 in NPC remains unclear. Second,
we did not examine the effect of thiostrepton on other NPC
cell behaviors, such as cell migration or invasion and colo-
ny-forming ability. Third, we also did not determine wheth-
er FoxM1 is sufficient to promote NPC development and pro-
gression. Therefore, further investigation is needed to address
these issues by examining the role of FoxM1 overexpression
in the regulation of the tumorigenic behavior of NPC cells, in-
cluding cell viability, apoptosis, cell cycle, migration, and col-
ony formation.

Conclusions

We identified FoxM1 as a novel regulator of NPC cell tumori-
genesis in vitro and in vivo. As an inhibitor of FoxM1, thiostrep-
ton appears to be an effective therapeutic agent for treatment
of NPC. Preclinical and clinical data are required to further ver-
ify the therapeutic role of thiostrepton in NPC.
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