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Abstract: Background: The aim of this study was to evaluate the effects of targeted silencing of forkhead box C1
(FOXC1) gene with small interfering RNA (siRNA) on the proliferation and in vitro migration of human non-small-cell
lung carcinoma (NSCLC) A549 and NCIH460 cells, and to explore the molecular mechanism. Methods: These cells
were divided into FOXC1 siRNA groups and negative control groups. Results: Quantitative real-time reverse tran-
scription polymerase chain reaction (qQRT-PCR) showed that compared with normal cells and paracancerous tissues,
FOXC1 mRNA expressions in NSCLC cells and tissues were significantly higher (P<0.05). gRT-PCR and Western blot
showed that FOXC1 siRNA effectively silenced FOXC1 gene expression in NSCLC cells. EAU labeling assay revealed
that the proliferative capacity significantly decreased compared with that of normal control group after FOXC1 silenc-
ing (P<0.05). Significantly fewer cells in the transfected group migrated than those in negative control group did.
After FOXC1 silencing, NSCLC cells were arrested in the G /G, phase, which were significantly different from those in
negative control group (P<0.05). Compared with negative control group, the expression of cyclin D1 decreased and
that of E-cadherin increased. Meanwhile, vimentin and MMP-2 expressions significantly reduced (P<0.05). FOXC1
siRNA effectively silenced FOXC1 gene expressions in NSCLC cells, inhibited their proliferation and invasion, and ar-
rested them in the G /G, phase, suggesting that FOXC1 affected proliferation probably by regulating the expression
of cell cycle-related protein cyclin D1. Conclusion: Silencing FOXC1 may evidently inhibit the migration of these cells
by reversing the EMT process through suppressing cadherin, being associated with the expressions of extracellular
MMPs.
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Introduction

Non-small-cell lung carcinoma (NSCLC), which
accounts for 80% of all lung cancers, is the
most common type. Due to the lack of effective
screening or diagnosis protocols, 80% of
NSCLC patients are diagnosed in the advanced
stage, losing the optimum treatment timing [1].
NSCLC is lowly sensitive to traditional radio-
therapy or chemotherapy, with its onset, pro-
gression and metastasis closely associated
with angiogenesis. Therefore, NSCLC has been
clinically treated by resisting angiogenesis.
Tumor cells are biologically typified by abnor-
mal proliferation as an important parameter for
determining the malignant phenotypes of can-

cers. Abnormal proliferation of tumor cells is
closely related to their invasion and metastasis
as well as cancer relapses. Thus, inhibition
of tumor proliferation has recently been
highlighted.

Forkhead box C1 (FOXC1), as a member of the
FOX family, plays crucial roles in cellular biologi-
cal processes, embryonic development and
tumor onset and progression (e.g. breast can-
cer [2, 3] and gastric cancer [4]). However, its
role in NSCLC has seldom been studied. Herein,
we detected FOXC1 gene expression by quanti-
tative real-time reverse transcription poly-
merase chain reaction (QRT-PCR) and silenced
it in NSCLC cells with small interfering RNA
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and 18 pairs of primary
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bd method. Residual DNA was
removed using DNA-free
DNase (Ambion, Austin, TX).
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scribed into cDNA using Mo-
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Figure 1. FOXC1 mRNA expressions in human NSCLC cells and normal lung Premix reagent together

tissues. A: FOXC1 mRNA expressions in normal lung epithelial cells and
NSCLC A549 and NCIH460 cells; B: FOXC1 mRNA expressions in 18 pairs of
NSCLC and paracancerous tissues. 2P<0.05, °P<0.01 vs. BEAS-2B; °P<0.05,

9P<0.01 vs. MRC-5; P<0.01 vs. NSCLC tissues.

(siRNA). The effects of such silencing on cell
proliferation and in vitro proliferation were
assessed, and the possible molecular mecha-
nism was explored, aiming to provide experi-
mental evidence for the genetic diagnosis of
NSCLC.

Materials and methods
Patient materials

Primary NSCLC tissues and corresponding
paracancerous tissues (n=18) were collected
from the patients who were surgically treated in
our hospital. All samples were confirmed by his-
tological examination. This study has been
approved by the ethics committee of our
hospital.

Cell culture

Human NSCLC cell lines A549 and NCIH460 as
well as primary human lung epithelial cells
BEAS-2B and MRC-5 were purchased from
China Center for Type Culture Collection. A549
and NCIH460 were routinely cultured, while
BEAS-2B and MRC-5 cells were cultured in
CS-C culture medium containing 10% FBS [5,
6]. They were cultured at 37°C in 50 mL/L CO,,.
The culture medium was refreshed 2-3 d for
further culture or subculture.

Detection of FOXC1 mRNA expressions in
NSCLC cells and tissues by gqRT-PCR

According to a previous literature [7], total RNA
was extracted from A549 and NCIH460 cells
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with FOXC1 upstream and
downstream primers (Sigma-
Aldrich, St Louis, M0O). PCR
was performed by a two-step
method on a BIO-RED PCR
system. After the reaction, amplification and
melting curves were plotted. Relative expres-
sion of FOXC1 mRNA was calculated by the
285 method: ACt=Ct,_ . .. .-Clig puar 27
represents relative expression of target gene.

FOXC1 siRNA transfection

A549 and NCI-H460 cells in the logarithmic
growth phase were digested by trypsin, resus-
pended in 10% FBS solution and inoculated
into 6-well plates at a density of 1x10%/well in 2
ml of complete culture medium. After 24 h, the
cells were transfected by using DharmaFECT 2
(Thermo Fisher Scientific, Lafayette, CO) with a
siRNA pool containing 4 siRNAs targeting
FOXC1 (Thermo Fisher Scientific) or with a pool
of 4 non-targeting siRNAs (Thermo Fisher
Scientific) at a final concentration of 25 nM
according to the manufacturer’s instructions.
After 48 h, fresh medium was added or the
cells were seeded to the following experiments.
The silencing efficiency of FOXC1 was verified
by qRT-PCR and Western blot.

For the knockdown and knockdown-resistance
experiments, cells were first transfected with
FOXC1 siRNA pool plasmids. After 4 h, cells
were transfected with either FOXC1-resistant
plasmids (Thermo Fisher Scientific) or vector
control of resistance plasmids (Thermo Fisher
Scientific) at a final concentration of 20 nM
according to the manufacturer’s instructions.
After 48 h, fresh medium was added or
the cells were seeded to the following ex-
periments.

Am J Transl Res 2016;8(8):3309-3318
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Figure 2. FOXC1 mRNA expressions after FOXC1
siRNA transfection detected by qRT-PCR. PP<0.05 vs.
NC siRNA.

Cell proliferation assay

As a synthetic analog to thymidine, EdU can
penetrate DNA molecules undergoing synthe-
sis during replication, linking an alkynyl group
that is scarce in natural compounds. EdU spe-
cifically reacts with fluorescent dye, based on
which cellular DNA replication can be directly
observed to clarify proliferation changes [8, 9].
According to EdU kit instruction (Santa Cruz,
CA), NC siRNA and FOXC1 siRNA groups were
inoculated into confocal dishes respectively,
incubated with 100 uyL of 50 umol/L EdU
solution for 2 h, fixed in 4% paraformaldehyde,
decolorized with 50 pL of 2 mg/mL glycine
solution, observed under LSM710 laser
scanning confocal microscope (Japan) and
photographed. After the images were merged,
the ratios of Apollo staining-positive cells
to Hoechst staining-positive ones were cal-
culated.

Analysis of cell cycle

NSCLC cells (30-40x10°) were plated on 60
mm culture dishes (BD Biosciences, San Jose,
CA, USA). Cells were harvested by trypsin in
the logarithmic growth phase, centrifuged at
room temperature and 1000 r/min for 5 min,
washed twice by 4°C PBS, resuspended by
adding 200 pL of PBS, slowly dropped 1.5 mL
of pre-cooled ethanol and fixed overnight at
-20°C. On the next day, the cells were centri-
fuged at 1000 r/min for 5 min at 4°C, washed
twice by 4°C PBS, resuspended by adding 500
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Figure 3. FOXC1 protein expressions after FOXC1 siR-
NA transfection detected by Western blot. A: Western
blot results; B: FOXC1 protein expressions, 1: A549
negative control group; 2: A549 FOXC1 siRNA group;
3: NCIH460 negative control group; 4: NCIH460
FOXC1 siRNA group. ?P<0.05 vs. A549 negative con-
trol group; P<0.01 vs. NCIH460 negative control

group.

uL of PBS, and reacted with 50 yg/mL RNAase
and propidium iodide in dark at room tempera-
ture for 30 min. Single cell suspension was
obtained with a 300 mesh screen, and cell
cycle distribution was detected by flow cytome-
try. The results from 10,000 cells were ana-
lyzed with CellQuest and ModFit. Three repli-
cate wells were set for each group.

Cell migration assay

Cells were transfected in 6-well plates, collect-
ed 48 h later, counted and adjusted to the den-
sity of 1x10%/ml. The outer surface of Transwell
chamber membrane was coated with 10 pg
fibronectin and air-dried. The chambers were
put in 24-well plates containing a-MEM medi-
um with 0.1% bovine serum albumin. Then 100
pl of cell suspension was added into each
chamber and cultured at 37°C in 5% CO, for 6
h. Afterwards, the chambers were taken out,
and the membrane was fixed in methanol for 1
min and subjected to HE staining, from which
the unpenetrating cells were wiped off. The
sections were thereafter sealed. The cells pen-
etrating the membrane were counted under a
light microscope (x400). Five visual fields were
randomly selected for each membrane, and
four samples were set for each group.

Western blot

The expressions of P21, P53, cyclin D1,
E-cadherin, vimentin and MMP-2 proteins in
NSCLC cell growth-related pathways were

Am J Transl Res 2016;8(8):3309-3318
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Santa-Cruz, CA), E-cadherin
(1:1200, Santa-Cruz, CA), vi-
mentin (1:1100, Santa-Cruz,
CA), MMP-2 (1:1000, Santa-
Cruz, CA) and GAPDH (1:1000,
Abcam) at 4°C, washed three
times with TBST (15 min each
time) and finally incubated
with horseradish peroxidase
(HRP)-labeled goat anti-hu-
man 1gG (Santa-Cruz, CA) at
room temperature for 1 h.
Then the membrane was
washed three times with
TBST (15 min each time),
reacted with ECL reagent,
exposed and imaged, with
the gray values analyzed
by Image J. GAPDH (1:500,
Santa-Cruz, CA) was used as
the internal reference.

Merge

Statistical analysis

All experimental data were
analyzed by SPSS14.0 and
expressed as Xz#s. Inter-
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Figure 4. Proliferation of NSCLC cells after FOXC1 gene silencing detected by
EdU labeling. A: A549 cells; B: NCIH460 cells; C: quantitative results of three
replicate experiments. 2P<0.05 vs. NC siRNA. Red: Apollo staining-positive,
proliferative cells; blue: Hoechst staining-positive, all cells.

detected by Western blot. After silencing
FOXC41, total protein was extracted by lysis buf-
fer (Thermo Fisher Scientific), and concentra-
tion was detected by the BCA method (Thermo
Fisher Scientific). Subsequently, 50 ug of the
protein was subjected to sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis and
electronically transferred to a nitrocellulose
membrane that was then blocked in 5%
skimmed milk, incubated overnight with diluted
primary antibodies for FOXC1 (1:1000, Abcam,
Cambridge, MA) P21 (1:1200, Santa-Cruz, CA),
P53 (1:1000, Santa-Cruz, CA), cyclin D1 (1:900,
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FOXC1 mRNA levels were sig-
nificantly up-regulated in hu-
man NSCLC cells and tissues

Based on our preliminary

gene array studies from
NSCLC tissues and normal lung tissues, we
found that FOXC1 but not FOXC2 was up-regu-
lated in NSCLC tissues compared to normal
lung tissues. gRT-PCR analysis revealed that
FOXC1 mRNA level in NSCLC tissues is signifi-
cantly upregulated than that normal lung tis-
sues (Figure 1A). FOXC1 mRNA levels were also
analyzed by qRT-PCR in NSCLC cells (A549 and
NCI-H460) and normal lung epithelial cells.
qRT-PCR results showed that FOXC1 mRNA
level in NSCLC cells was significantly higher
than that in normal lung epithelial cells (Figure
1B).

Am J Transl Res 2016;8(8):3309-3318
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Figure 5. NSCLC cell cycle distribution after FOXC1 gene silencing detected by flow cytometry. A: A549 negative
control group; B: A549 FOXC1 siRNA group; C: NCIH460 negative control group; D: NCIH460 FOXC1 siRNA group; E:
A549 cell cycle distribution; F: NCIH460 cell cycle distribution. ?P<0.05 vs. NC siRNA G /G, phase; °P<0.05 vs. NC

siRNA S phase; °P<0.05 vs. NC siRNA G,/M phase.

FOXC1 silencing inhibited cell proliferation

To assess the role of FOXC1 in cell proliferation,
we silenced FOXC1 using a FOXC1 siRNA. After
48 h of transfection with FOXC1 siRNA, FOXC1
mRNA levels in A549 and NCI-H460 cells were
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reduced by 53+3.5% and 63+4.8% respective-
ly (P<0.05, Figure 2). In the meantime, FOXC1
siRNA significantly reduced the expressions of
FOXC1 protein in A549 and NCI-H460 cells.
ImageJ calculation revealed that FOXC1 protein
expressions in A549 and NCI-H460 cells

Am J Transl Res 2016;8(8):3309-3318
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Figure 6. Effects of FOXC1 gene silencing on the in vitro migration of NSCLC
cells (HE staining, x400). A: A549 cells; B: NCIH460 cells; C: Quantitative

results of three replicate experiments. 2P<0.05 vs. NC siRNA.

decreased by 72.56+2.8% and 78.23+3.1%
respectively for 3 independent replicates
(P<0.05, Figure 3).

After FOXC1 silencing, the proliferation of
A549 and NCI-H460 cells decreased by
38.23+5.6% and 42.17+3.7% respectively
compared to that of the NC group by calculating
the ratios of Apollo staining-positive cells
to Hoechst staining-positive ones (P<0.05,
Figure 4).

FOXC1 silencing increased G /G, phase arrest

As shown in Figure 5, FOXC1 silencing induces
more G,/G, phase arrest and reduces S and

3314

FOXCI1 siRNA

Il NC siRNA
W FOXC1 siRNA

G,/M phases in A549 and
NCI-H460 cells compared to
related NC group.

FOXC1 silencing inhibited cell
migration

Cell migration potential was
examined using a Boyden
chamber. Microscopy images
of the Boyden chamber assay
are shown in Figure 6. The
migrations of A549 and NCI-
H460 cells in FOXC1 siRNA
groups were inhibited by
(52.71+4.3)% and (61.22%
3.7)% compared with rela-
ted NC groups, respectively.
Accordingly, the migrations of
4 A549 and NCI-H460 cells
were both significantly de-
creased after FOXC1 silencing

. (P<0.05).

—

Effects of FOXC1 gene si-
lencing on P21, P53, cyclin
D1, vimentin, MMP-2 and
E-cadherin proteins related to
NSCLC cell proliferation and
migration

To clarify the mechanism by
which FOXC1 gene silencing
suppressed the proliferation,
endogenous protein expres-
sions of P21, P53 and cyclin
D1 in NSCLC cells were
detected by Western blot.
Compared with NC groups,
cyclin D1 protein expressions in FOXC1 siRNA
groups reduced by 86.23+1.5% and 52.71+
2.6% in A549 and NCI-H460 cells respectively
(Figure 6). However, there were no changes in
protein expressions of P21 and P53 after
FOXC1 silencing. Meanwhile, vimentin and
MMP-2 levels dropped by 71.03+3.8%,
53.29+2.5% and 69.22+4.2%, 55.22+3.7% in
A549 and NCI-H460 cells compared to related
NC groups, respectively (Figures 7, 8). How-
ever, the protein expressions of E-cadherin
significantly increased by 55.12+1.9% and
54.23+2.4% in A549 and NCI-H460 cells in
comparison with related NC groups, re-
spectively.

Am J Transl Res 2016;8(8):3309-3318
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Figure 7. Effects of FOXC1 gene silencing on proteins
related to cell cycle. A: Western blot results; B: Cy-
clin D1 protein expressions, 1: A549 negative control
group; 2: A549 FOXC1 siRNA group; 3: NCIH460 neg-
ative control group; 4: NCIH460 FOXC1 siRNA group.
®P<0.01 vs. A549 negative control group; °P<0.05
vs. NCIH460 negative control group.

To further confirm mechanistic relation be-
tween FOXC1 and the down-stream molecules
(P21, P53, cyclin D1, vimentin, MMP-2 and
E-cadherin), we knocked down endogenous
FOXC1 from A549 and NCI-H460 cells by siRNA
and reintroduced it by transfecting siRNA-resis-
tant plasmids or vector control plasmids (VC)
with mutations in all the FOXC1-binding sites.
After siRNA-resistant FOXC1 was reintroduced,
cyclin D, vimentin and MMP-2 protein expres-
sions were fully restored (Figure 9) and
E-cadherin was completely depleted compared
with VC groups, which was able to reverse the
pattern with FOXC1 gene silencing. However,
reintroduction of siRNA-resistant FOXC1 had no
effect on either P21 or P53. These results indi-
cate that cyclin D1, vimentin, MMP-2 and
E-cadherin but not P21 or P53 are involved in
the FOXC1 regulatory network.

Discussion

Transcription factor FOXC1 belongs to the FOXC
subfamily that includes two members (i.e.
FOXC1 and FOXC2). This gene is located on
chromosome 6p25 with the whole length of
3500 bp, only containing one 1600 bp exon.
With 553 amino acid residues, its encoded pro-
tein, from the N terminal to the C terminal, con-
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sists of active domain 1, forkhead domain and
active domain 2 in sequence [10]. There are
two nuclear localization signals at both termi-
nals of the forkhead domain, with a typical
motif at the C terminal. FOXC1 has mainly been
associated with Axenfeld-Rieger syndrome and
embryo development [11-14]. Recently, it has
been proved to play important roles in cancer
onset and progression. Hayashi et al. [15]
found that the interactions between FOXC1 and
Notch signals and vascular endothelial growth
factor regulated the expressions of vascular
genes and induced tumor angiogenesis in
multi-steps. Ray et al. [3] reported that the
intracranial-free survival was significantly
shortened in patients with high FOXC1 mRNA
expressions. Besides, ectropic FOXC1 expres-
sion enhanced tumor invasion such as the EMT
process during which tumors cells in situ under-
go distal migration and invasion [16, 17]. After
endogenous FOXC1 expression in basal-like
breast cancer cells was knocked down by
shRNA, they failed to invade.

Comparatively, the role of FOXC1 gene in NSCLC
remains largely unknown. First, we detected
the expressions of FOXC1 gene in NSCLC tis-
sues and cells by gRT-PCR. Since this gene was
highly expressed in primary NSCLC tissues and
cells, it may be related to the onset and pro-
gression of this cancer. Subsequently, we found
that the proliferation of NSCLC cells was signifi-
cantly inhibited after FOXC1 gene expression
was silenced by siRNA technique. Proliferation
is closely associated with cell cycle [18-20].
Like normal cells, tumor cells undergo GO, Gl, S,
G, and M phases successively. DNA is synthe-
sized in the S phase and cells divide in the M
phase. G,-S phase transition is the key point of
the entire cell cycle, which, when disrupted by
external factors, may inhibit the proliferation of
tumor cells [21, 22]. In this study, NSCLC cells
were arrested in the G /G, phase after FOXC1
gene expression was silenced by siRNA.
Western blot showed that the expression of cell
cycle-related protein cyclin D1 was significantly
suppressed. As a member of cell cycle-related
protein, cyclin D1 is mainly responsible for G,-S
phase transition, also known as an oncogene
[23-25]. Therefore, FOXC1 affected the prolif-
eration of NSCLC cells probably by regulating
cyclin D1.

EMT predominantly controls tumor cell migra-
tion [26, 27], which is mainly typified by pheno-

Am J Transl Res 2016;8(8):3309-3318
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Figure 8. Effects of FOXC1 gene silencing on proteins related to cell migration. A: Western blot results; B: E-cadherin,
vimentin and MMP-2 protein expressions, 1: A549 negative control group; 2: A549 FOXC1 siRNA group; 3: NCIH460
negative control group; 4: NCIH460 FOXC1 siRNA group. ®P<0.01 vs. A549 negative control group; °P<0.05 vs.
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Figure 9. siRNA-resistant versions of FOXC1 proteins reverse FOXC1 gene
silencing pattern of proteins related to cell cycle. Western blot analysis of
cyclin D1, P21, P53, E-cadherin, vimentin and MMP-2 in lysates of A549 and
NCI-H460 cells with transfection of mixtures of contained plasmids encoding
siRNA-resistant versions of all FOXC1 binding sites or siRNA-resistant vector
control as indicated. 1: A549 NC group; 2: A549 FOXC1 siRNA group; 3: A549
FOXC1 siRNA-resistant group; 4: A549 vector control siRNA-resistant group;
5: NCI-H460 group; 6: NCI-H460 FOXC1 siRNA group; 7: NCI-H460 vector
control siRNA-resistant group; 8: NCI-H460 vector control siRNA-resistant
group.

type changes, including 1) decrease or deple-
tion of epithelial phenotypes (e.g. E-cadherin)
[28], and 2) overexpression of mesenchymal
phenotypes (e.g. vimentin, MMP and TIMPs)
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[29, 30]. To clarify the influ-
ence of FOXC1l expression
silencing on the metastasis of
NSCLC cells and the molecu-
lar mechanism, we examined
the changes in metastatic
capability as well as expres-
sion levels of EMT-related
marker protein and MMP-2.
Significantly more cells in the
FOXC1-siRNA group penetrat-
ed the basal membrane of
chambers than those in the
control group, suggesting that
silencing FOXC1l gene in
NSCLC cells significantly inhib-
ited their migration and inva-
sion in vitro. Additionally,
silencing FOXC1 expression in
A549 and NCIH460 cells sig-
nificantly reduced those of

vimentin and MMP-2, whereas E-cadherin
expression was significantly elevated. It is well-
documented that down-regulating E-cadherin
expression and function can induce EMT [31].

Am J Transl Res 2016;8(8):3309-3318
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To reach the conclusion that suppressing the
promoter of E-cadherin gene, FOXC1 can sub-
stantially promote tumor invasion and metasta-
sis, and maintain the normal proliferation and
differentiation of cells, other transcription fac-
tors which are known to control EMT gene tran-
scription, such as Snail, Slug, ZEB and Twist,
will be examined. Therefore, our results leave
us with an interesting direction to follow in
future studies. Additionally, FOXC1 has no
effect on P21 or P53 protein expression, sug-
gesting that P21 or P53 is not involved in the
FOXC1 regulatory network.

In conclusion, FOXC1 functioned in NSCLC cells
as an oncogene, which enhanced their prolifer-
ation and migration by regulating cell cycle-
related protein cyclin D1 and inhibiting associ-
ated migration proteins. All these results sug-
gest that FOXC1 has potentially important value
in the genotherapy and biological targeted
therapy of NSCLC.
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