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Aim: Gefitinib is effective in only approximately 20% of patients with non-small-cell lung cancer (NSCLC), and the underlying mecha-
nism remains unclear. FoxM1 is upregulated in NSCLC and associated with a poor prognosis in NSCLC patients. In this study, we
examined the possible role of FoxM1 in gefitinib resistance and the related mechanisms.

Methods: Gefitinib resistant human lung adenocarcinoma cell line SPC-A-1 and gefitinib-sensitive human lung mucoepidermoid carci-
noma cell line NCI-H292 were used. mRNA and protein expression of FoxM1 and other factors were tested with quantitative RT PCR
and Western blot analysis. RNA interference was performed to suppress FoxM1 expression in SPC-A-1 cells, and lentiviral infection
was used to overexpress FoxM1 in H292 cells. MTT assay and flow cytometry were used to examine the proliferation and apoptosis of
the cells.

Results: Treatment of SPC-A-1 cells with gefitinib (1 and 10 umol/L) upregulated the expression of FoxM1 in time- and concentration-
dependent manners, while gefitinib (1 umol/L) downregulated in H292 cells. In SPC-A-1 cells treated with gefitinib (1 umol/L), the
expression of several downstream targets of FoxM1, including survivin, cyclin B1, SKP2, PLK1, Aurora B kinase and CDC25B, were sig-
nificantly upregulated. Overexpression of FoxM1 increased the resistance in H292 cells, while attenuated FoxM1 expression restored
the sensitivity to gefitinib in SPC-A-1 cells by inhibiting proliferation and inducing apoptosis.

Conclusion: The results suggest that FoxM1 plays an important role in the resistance of NSCLC cells to gefitinib in vitro. FoxM1 could

be used as a therapeutic target to overcome the resistance to gefitinib.
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Introduction

Forkhead box M1 (FoxM1), a member of the Fox family of
transcriptional factors, has been shown to be essential for cell
cycle progression and plays an important role in cell-cycle reg-
ulation by controlling the transition from G; to S phase, as well
as the entry into and completion of mitosis" . FoxM1 mainly
functions through the regulation of several cell cycle effectors,
including p27/Kipl, cyclin B1, CDC25B, survivin, Cks1, polo-
like kinase-1 (PLK1) and Aurora B kinase®™®. Downregula-
tion of FoxM1 expression could thus cause cell cycle arrest,
chromosome misaggregation and spindle defects. Moreover,
FoxM1 was also found to be overexpressed in a wide range
of solid tumors, including lung, liver and breast cancers” *".
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In addition, the function of FoxM1 was reported to be medi-
ated by phosphoinositide-3-kinase (PI3K)/AKT signaling, one
of the epidermal growth factor receptor (EGFR) downstream
signaling pathways!'?. Gefitinib, an EGFR inhibitor, can
block downstream signaling pathways, such as PI3K/AKT
and Ras/Raf/MAPK, by competitively binding to the EGFR
receptor tyrosine kinase domain™. However, the dysregu-
lation of PI3K/AKT signaling has been reported to contribute
to the resistance of non-small-cell lung cancer (NSCLC) to
epidermal growth factor receptor tyrosine kinase inhibitors
(EGFR-TKIs)!"" ], This suggests that FoxMT1 plays a role in the
resistance of NSCLC to gefitinib.

In this study, we investigated whether FoxM1 overexpres-
sion in the EGFR-positive SPC-A-1 NSCLC cell line could
confer resistance to gefitinib, and whether downregulation of
FoxM1 expression could sensitize such cells to therapy. We
found that FoxM1 not only mediates the inherent resistance of
NSCLC cells to the EGFR-TKI, gefitinib, but may also be used
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as a biomarker to predict the response of NSCLC patients to
this agent.

Materials and methods

Cell lines, cell culture and chemotherapeutic reagents

The human lung adenocarcinoma cell line SPC-A-1 was
obtained from the Cellular Institute of the Chinese Academy
of Science (Shanghai, China). The cell line was established
in 1980 from a surgical specimen of a Chinese male patient
with advanced lung adenocarcinoma by the Shanghai Chest
Hospital and Cellular Institute of Chinese Academy of Sci-
encel”. The human lung mucoepidermoid carcinoma cell line
NCI-H292 was purchased from the Cellular Institute of Chi-
nese Academy of Science. These cells were cultured at 37°C
under a 5% CO, atmosphere in Dulbecco’s modified Eagle’s
medium (DMEM), and supplemented with 10% fetal bovine
serum (FBS, Hyclone, UT, USA), 100 U/mL penicillin, and 100
pg/mL streptomycin. Cells were regularly certified as free of
mycoplasma contamination. Gefitinib (AstraZeneca) was dis-
solved in DMSO at various concentrations and quantities, per
the experimental design. The cells were counted 3 times using
a hemocytometer, seeded to an appropriate confluence and
incubated for certain durations depending on the intended
application.

MTT assays

Cell growth was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assays according to
previous reports™. After shaking for 10 min at room temper-
ature, the optical density (OD) of each well was examined by a
plate reader at a 490 nm test wavelength.

FCM analysis

Cells were harvested 72 h after administration of gefitinib,
trypsinized and washed twice with complete media. Aliquots
of cells (1x10°) were resuspended and stained with fluores-
cein isothiocyanate (FITC)-labeled annexin-V according to
the manufacturer’s instructions. Propidium iodide (PI) was
subsequently added to the samples, followed by a 30 min-
incubation with annexin-V stain in the dark. Flow cytometry
(BD, FACSCalibur, USA) was performed immediately after
staining.

siRNA analyses

Small interfering RNA (siRNA) for FoxM1 (5'-GCCGGAA-
CAUGACCAUCAATT-3") and negative control siRNA
(5-UUCUCCGAACGUGUCACGUTT-3") were purchased
from Genepharma (Shanghai, China). According to the
manufacturer’s protocol, cells were transfected using the Lipo-
fectamine 2000 reagent (Invitrogen, USA). The cells were har-
vested after 48 h of transfection. The depletion of FoxM1 was
determined by real-time PCR.

Transduction of tumor cells
The plasmid (EX-Z5438-LV135) and the Lenti-Pac™ HIV
Expression Packaging Kit were purchased from GeneCopoeia
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Inc (Guangzhou, China). Transductions of H292 cells were
performed according to instructions supplied by the manu-
facturers. Stable transfectants were further confirmed by both
RT-PCR and immunoblotting based on their FoxM1 expres-
sion.

Quantitative real-time PCR
Total RNA was extracted using TRIzol reagent (Invitrogen,
USA), and cDNA was synthesized using reverse transcriptase
(TaKaRa, Japan). GAPDH was used as the internal control
to quantitate initial cellular transcripts. Primer sequences
included the following:
FoxM1 sense 5-AAGAACTCCATCCGCCACAAC-3, FoxM1
anti-sense 5'-GCTTAAACACCTGGTCCAATGTC-3'.
GAPDH sense 5'-ATACTCCTGCTTGCTGATCC-3', GADPH
anti-sense 5'-CCTGTACGCCAACACAGTGC-3'.
Survivin sense 5'-AACCAGACCCTCATGGCTAC-3, Survivin
anti-sense 5'-TTCCCAGACTCCACTCCAAC-3'.
PLK1 sense 5-CCCCTCACAGTCCTCAATA-3, PLK1 anti-
sense 5-TGTCCGAATAGTCCACCC-3'.
Cyclin B1 sense 5-GTTGGTTTCTGCTGGGTG-3’, Cyclin Bl
anti-sense 5'-ATGTTGATCITCGCCTTA-3".
Aurora B kinase sense 5'-CTCTGGGCAAAGGCAAGT-3’,
Aurora B kinase anti-sense 5-ACGCAGGATGTTGGGATG-3'.
CDC25B sense 5'-TCAAATATCAGTTACCCACTCG-%,
CDC25B anti-sense 5-TCCATCCGCAACAAGACA-3'.
Skp2 sense 5'-GAAAGAGGAGCCCGACAG-3’, Skp2 anti-
sense 5'-CTCAGGGAGGCACAGACA-3'.

The amplification data, measured by fluorescence, were col-
lected in real-time and analyzed by the Rotor-Gene 3000 soft-
ware.

Western blot

A Western blot was performed with whole cell extracts by the
protocols described previously®'.
anti-p-actin antibody (1:5000, Abcam), rabbit polyclonal anti-
FoxM1 antibody (1:2000, Santa Cruz Biotechnology), rabbit
monoclonal anti-survivin antibody (1:1000, CST) or rabbit
polyclonal anti-cyclin B1 antibody (1:1000, CST), rabbit mono-
clonal anti-Skp2 antibody (1:1000, CST), rabbit monoclonal
anti-Aurora B kinase antibody (1:1000, CST), rabbit monoclo-
nal anti-PLK1 antibody (1:1000, CST), and rabbit monoclonal
anti-CDC25B antibody (1:1000, CST). p-Actin was used as
the loading control. Protein was visualized using enhanced
chemiluminescence (ECL). Quantification was performed
using the Image J software.

The antibodies used were

Statistical analysis

Data are presented as the meantstandard deviation (SD) and
were evaluated with the paired, two-tailed Student’s t-test.
P<0.05 was accepted as statistically significant.

Results

Expression levels of FoxM1 increased after gefitinib treatment in
the resistant cell line but decreased in the sensitive cell line

To investigate whether the expression of FoxM1 was changed



by treatment with gefitinib, we applied different gefitinib con-
centrations to the resistant cell line, SPC-A-1 (1 pmol/L and 10
pmol/L), and to the sensitive cell line, H292 (1 pmol/L), for 0,
24, 48, and 72 h, respectively. Expression levels of FoxM1 were
measured by qRT-PCR and Western blot analysis. As shown
in Figure 1A and 1B, mRNA expression levels of FoxM1 in
gefitinib-treated SPC-A-1 cells increased at 24, 48, and 72 h,
compared with the untreated control group. Moreover, the
protein levels of FoxM1 in the treated group were also upregu-
lated, with a 2 to 10 fold increase compared with the control
group (Figure 1C). In contrast, the mRNA and protein levels
of FoxM1 were significantly reduced in the H292 cells (Figure
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Figure 1. Expression level of FoxM1 in the resistant and sensitive
lung cancer cells with gefitinib treatment. (A and B) mRNA expression
of FoxM1 in gefitinib-resistant SPC-A-1 lung cancer cell line upon the
treatment of 1 pmol/L (A) and 10 umol/L (B) concentration of gefitinib for
24, 48, and 72 h. (C) Protein expression level of FoxM1 in SPC-A-1 lung
cancer cell line upon treatment of 1 ymol/L and 10 uymol/L concentration
of gefitinib for 24, 48, and 72 h. B-actin was used as a loading control.
mRNA (D) and protein (E) levels of FoxM1 in gefitinib-sensitive NCI-H292
cells upon treatment of 1 ymol/L concentration of gefitinib for 24, 48, and
72 h. Mean+SD. °P<0.05 vs control.
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1D and 1E). Together, these results indicated that FoxM1
showed a different expression pattern between resistant and
sensitive NSCLC cell lines treated with gefitinib, implying that
FoxM1 has an important role in the resistance of such cells to
gefitinib.

Increased expression of FoxM1 contributed to the resistance of
NSCLC cells to gefitinib

To determine whether an increase of FoxM1 expression plays
a role in the resistance of NSCLC cells to gefitinib, FoxM1
expression was first knocked down by RNA interference in
SPC-A-1 cells, which was confirmed by qRT-PCR (Figure 2A).
Cells undergoing transfection of siRNAs were also incubated
with gefitinib for 72 h, respectively. As shown in Figure 2B,
survival rates of SPC-A-1 cells significantly decreased (P<0.05)
in the group that was transfected with siRNAs against FoxM1
(siRNA-FoxM1) compared with the siRNA-targeting negative
control (siRNA-NC), with all cells being exposed to differ-
ent concentrations of gefitinib treatment (0, 0.1, 1, 5, 10, and
20 pmol/L). In addition, the apoptosis rate of SPC-A-1 cells
significantly increased from 7.55% to 14.11% and from 8.88%
to 18.69% in the siRNA-FoxM1 groups compared with the
siRNA-NC groups, with 1 pmol/L and 10 pmol/L gefitinib
concentrations, respectively (Figure 2C). These data strongly
suggest that FoxM1 plays an important role in the resistance
of SPC-A-1 cells to gefitinib, implying that targeting FoxM1
could sensitize SPC-A-1 cells to the drug.

To further demonstrate the role of FoxM1 in the resistance
to gefitinib, we employed lentiviral transfection in order to
establish FoxM1 overexpressing cells (H292-FoxM1), which
was confirmed at the mRNA (Figure 3A) and protein levels
(Figure 3B). Consistently, when treated with 0, 0.25, 0.5, 1, 2,
and 4 pmol/L concentrations of gefitinib for 72 h, the survival
rate of H292-FoxM1 increased (Figure 3C), while the apopto-
sis rate was abrogated with the treatment of 1 pmol/L and 2
pmol/L concentrations of gefitinib (Figure 3D). These data
suggest that the introduction of FoxM1 can protect lung cancer
cells against gefitinib.

FoxM1 mediated the resistance of lung cancer cells to gefitinib
by the upregulation of downstream targeted genes

To further explore the mechanisms of how FoxM1 may medi-
ate the resistance of SPC-A-1 cells to gefitinib, the expres-
sion levels of several cell cycle-related genes were examined,
including Aurora B kinase, Skp2, PLK1, CDC25B, survivin,
and cyclin B1, all known targets of FoxM1. These targets par-
ticipate in multiple cellular functions, including cytoprotec-
tion, cell death, and cell cycle regulation. As shown in Figure
4A, mRNA expression levels of these downstream targets
were significantly upregulated in gefitinib-treated SPC-A-1
cells (1 pmol/L and 10 pmol/L) for 48 h. When treated with
a 1 pmol/L concentration of gefitinib, the mRNA expression
levels of survivin, cyclin B1, SKP2, PLK1, Aurora B kinase
and CDC25B increased. Additionally, when treated with 10
pmol/L gefitinib, the expression levels of the downstream
targets survivin, cyclin B1, SKP2, PLK1, Aurora B kinase and
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Figure 2. Survival rate and apoptosis rate of SPC-A-1 cells in siRNA-
FoxM1, siRNA-NC, and mock groups. (A) gRT-PCR assays of FoxM1
expression level in SPC-A-1 cells transfected with indicated siRNAs. (B)
Survival rate of SPC-A-1 cells in siRNA-FoxM1 (blue line), siRNA-NC (black
line), and mock (red line) groups with the treatment of O, 0.1, 1, 5, 10, and
20 umol/L concentrations of gefitinib for 72 h. Apoptosis rate of SPC-A-1
cells in the siRNA-FoxM1, siRNA-NC, and mock groups with the treatment
of 1 ymol/L and 10 pmol/L concentration of gefitinib for 72 h. MeanxSD.
°P<0.05 vs the mock and siRNA-NC groups.

CDC 25B increased in the resistant cell line compared with the
control (Figure 4A).

Among these factors, there was a significant increase in sur-
vivin and cyclin Bl expression as compared to the other fac-
tors. Thus, they were chosen for further examination of their
protein levels in the resistant cell line. As shown in Figure 4B,
the expression levels of both genes were significantly upregu-
lated in cells treated with gefitinib (1 pmol/L and 10 pmol/L)
for 0, 24, 48, and 72 h, respectively.

Furthermore, we examined the expression levels of these
factors in SPC-A-1 siRNA-FoxM1 and H292-FoxM1 cell lines.
A decrease in Aurora B kinase, cyclin B1, survivin and Skp2
(Figure 5A, 5C) expression was observed in SPC-A-1 cells
transfected with siRNA against FoxM1. An increase of Aurora
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Figure 3. Survival rate and apoptosis rate of H292 cells overexpressiong
FoxM1. (A) qRT-PCR assays of FoxM1 expression level in H292 cells with
lenti-virus infection. (B) Western blot analysis of FoxM1 expression level
in H292 cells with lenti-virus infection. B-actin was used as a loading
control. (C) Survival rate of H292 cells in H292-FoxM1 (red line) and
vector (blue line) groups with the treatment of O, 0.25, 0.5, 1, 2, and 4
umol/L concentrations of gefitinib for 72 h. (D) Apoptosis rate of H292
cells in the H292-FoxM1 and vector groups with the treatment of 1 umol/L
and 2 umol/L concentration of gefitinib for 72 h. Mean+SD. °P<0.05 vs
the vector group.

B kinase, cyclin B1, survivin and Skp2 (Figure 5B, 5D) was
observed in H292-FoxM1 cells, which revealed that an overex-
pression of FoxM1 conferred the resistance of NSCLC cells to
gefitinib. Taken together, these data suggest that FoxM1 medi-
ated the resistance of lung cancer cells to gefitinib, probably
by upregulating the expression of several downstream targets
of FoxM1, including Aurora B kinase, Skp2, PLK1, CDC25B,
survivin and cyclin B1, which are all important factors in the
regulation of cell cycle progression and proliferation.
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Figure 4. Expression levels of downstream targets of FoxM1 in the
SPC-A-1 cells with gefitinib treatment. (A) mMRNA expression levels
of downstream targets of FoxM1 with treatment of 1 ymol/L and 10
pmol/L concentration of gefitinib for 48 h. (B) Protein level of cyclinB1
and survivin in the SPC-A-1 cells with the treatment of 1 ymol/L and 10
pumol/L concentration of gefitinib for 24, 48, and 72 h. B-actin was used
as a loading control. Mean+SD. °P<0.05 vs the mock group.

Discussion
According to the World Health Organization, lung cancer
is responsible for more than 1.3 million deaths every year.
Although there have been advances in cancer treatment, drug
resistance is the most common cause of therapy failure in lung
cancer patientsm]. FoxM1, a member of the Forkhead box
family of transcription factors, is known to play an important
role in cell cycle progression™
panel of solid tumors, including liver, lung, cervical, colorec-
tal and breast cancers” *'!.

and is overexpressed in a

FoxM1 also participates in the
drug resistance of various cancer cells by protecting cancer
cell proliferation and abrogating apoptosis®™ *!. For example,
enhanced expression of FoxM1 was reported to inhibit cell
death induced by gefitinib in some breast cancer cell lines!.
However, gefitinib can also inhibit the expression of FoxM1
in sensitive breast cancer cells””. These findings suggest that

FoxM1 has an important role in gefitinib-induced proliferative
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Figure 5. Expression levels of downstream targets when FoxM1 was
knockdown in SPC-A-1 and overexpressed in H292 cells. (A) mRNA
expression levels of downstream targets of FoxM1 in SPC-A-1 siRNA-
FoxM1 (black bar) and siRNA-NC (grey bar) groups. (B) mRNA expression
levels of downstream targets of FoxM1 in H292-FoxM1 (black bar) and
vector (grey bar) groups. Quantification values normalized to GAPDH are
shown as mean+SD. (C) Protein levels of downstream targets of FoxM1 in
siRNA-FoxM1 and siRNA-NC groups. B-actin was used as a loading control.
(D) Protein levels of downstream targets of FoxM1 in H292-FoxM1 and
vector groups. B-actin was used as a loading control. Mean+SD. "P<0.05
vs the siRNA-NC or vector group.

arrest. Thus, its expression might be used to determine the
sensitivity of breast cancer cells to gefitinib. It is important to
note that attenuating the activity of FoxM1 in traztuzumab-
resistant breast cancer cells has also been shown to increase
their sensitivity to traztuzumab, a tyrosine kinase receptor
antibody inhibitor that targets the HER2 oncogene product.
Traztuzumab, in fact, shares similar signaling pathway inhi-
bition with gefitinib, including PI3K/ AKkt?. Moreover, the
knockdown of FoxM1 expression can induce apoptosis in
breast cancer cells that are otherwise resistant to cisplatin™L.
However, the role of FoxM1 in the EGFR-TKI resistance of
NSCLC is largely unknown.

In this study, we show that treatment with gefitinib not only
decreases FoxM1 expression in sensitive H292 lung cancer
cells, which is consistent with previous studies demonstrat-

Acta Pharmacologica Sinica
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ing that gefitinib repressed expression of FoxM1 in sensitive
breast cancer cell lines™, but also that gefitinib paradoxically
increases FoxM1 expression in resistant SPC-A-1 lung can-
cer cells. Additionally, to determine if FoxM1 has the ability
to confer resistance to NSCLC cells exposed to gefitinib, we
knocked down FoxM1 expression in the resistant SPC-A-1
cells, and overexpressed it in the sensitive H292 cells. The
results showed that when FoxM1 was suppressed, the pro-
liferation of SPC-A-1 cells was inhibited and apoptosis was
increased, while the overexpression of FoxM1 enhanced the
resistance of H292 cells to gefitinib. Taken together, these
findings strongly suggest that FoxM1 plays an important role
in gefitinib-resistant cells through promoting cell proliferation
and inhibiting apoptosis. Importantly, the inhibition of FoxM1
expression partially restores sensitivity to gefitinib in the oth-
erwise resistant cells.

To further determine the molecular mechanism by which
FoxM1 contributes to gefitinib resistance in the resistant cells,
the expression levels of several FoxM1-targeted genes impli-
cated in drug resistance, including Aurora B kinase, Skp2,
PLK1, CDC25B, survivin and cyclin B1, were analyzed® >,
Through gene amplification of Aurora B kinase, Skp2, PLK1,
CDC25B, survivin and cyclin B1, FoxM1 promotes G;-S and
G,-M transition and mitosis. We also found that the mRNA
expression levels of these genes significantly increased with
gefitinib exposure, possibly contributing to gefitinib resis-
tance. In addition, among these factors, survivin and cyclin
B1 increased more significantly with exposure to gefitinib than
the other factors. Survivin, a member of the inhibitor of apop-
tosis (IAP) family, has been reported to function in chemother-
apy and radiation therapy resistance™. Thus, survivin has
been a target for therapy in several cancers, including rectal,

. -3
ovarian and esophageal cancers® .

These findings suggest
that an increase of survivin in cancer cells would decrease che-
motherapy sensitivity. Cyclin Bl, a G,/mitotic-specific cyclin,
is essential for the transition from G, to mitosis, and it has
been implicated in the drug-resistance of several cancers®™ .,
For example, targeting cyclin Bl inhibits proliferation in sev-
eral breast and cervical cancer cell lines, and sensitized breast
cancer cells to paclitaxel®. In addition, in head and neck
squamous cell carcinomas, the overexpression of cyclin Bl

B4 and nuclear cyclin

correlates with radiotherapy resistance
Bl-positive breast carcinomas are resistant to hormonal, radio-
and chemotherapy adjuvant treatment’.

We have demonstrated that FoxM1 can upregulate the
expression levels of survivin, cyclin Bl and other downstream
cell cycle regulators in SPC-A-1 cells treated with gefitinib.
The expression of the downstream targets could be decreased
with low FoxM1 expression and thus lead to the reduced
proliferation and enhanced apoptosis of tumor cells. More-
over, these downstream targets could be upregulated with
high FoxM1 expression and may increase proliferation and
decrease apoptosis in tumor cells. This implies that these mol-
ecules participate in the FoxM1-mediated resistance of NSCLC
cells to gefitinib, thereby reducing drug sensitivity. Thus, the
deregulation of FoxM1 and its downstream targets may play
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a pivotal clinical role in NSCLC resistance to gefitinib. Our
results could help explain the results of the phase III clinical
study ISEL (Iressa Survival Evaluation in Lung Cancer). In
this study, it was demonstrated that gefitinib, employed as
a second-line treatment alone, failed to show clinical benefit
compared with the placebo group®™. This could be due to
gefitinib’s induction of survivin and cyclin Bl expression in
resistant cases, thus suppressing its efficacy.

In summary, we have found that FoxM1 can mediate and
even increase the resistance of NSCLC cells to gefitinib, per-
haps by increasing the expression of its downstream targets,
survivin and cyclin Bl in particular, indicating that target-
ing FoxM1 for inhibition could sensitize otherwise resistant
NSCLC cells to gefitinib. To the best of our knowledge, this
report demonstrated that FoxM1 overexpression in the clini-
cal setting might provide protection for NSCLC tumors from
gefitinib, suggesting that FoxM1 targeting might be an attrac-
tive strategy for use in combination with conventionally used
cytotoxic agents and/or target therapy.
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