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Abstract: Colorectal cancer is one of the major health problems, with invade surrounding tissues, and migrate to dis-
tant organs being the most critical concern, thus identified metastasis associated hallmarks and more efficacious
treatment are urgently needed. It found that forkhead box q1 (FOXQ1) is aberrant expression in variety of human
cancers and FOXQ1 is involved in oncogenic pathways. However, the role of FOXQ1 has been unexplored in colorec-
tal cancer metastasis to date. Here, expression of FOXQ1 was higher in colorectal cancer tissue samples and cancer
cell lines than in normal colorectal tissue and cell lines. Further research suggested that FOXQ1 positively regulated
cell proliferation in colorectal cancer and down-regulation of CDK6, extracellular regulated protein kinases 1/2
(ERK1/2) and mammalian target of rapamycin (mTOR). In corresponding to this result, over-expression of FOXQ1
significantly promoted colorectal cancer growth in vivo. Moreover, down regulation of FOXQ1 expression in colorec-
tal carcinoma cell HCT116 and LOVO strikingly inhibits tumor growth in vivo. Finally, FOXQ1-dependent inhibition
of colorectal cancer cell migration and invasion and down-regulation of focal adhesion kinase (FAK), phosphatidyl
inositol 3-kinase (PI3K) phosphorylation, AKT (v-akt murine thymoma viral oncogene) phosphorylation and matrix
metalloproteinase-2/9 (MMP-2/9) expression. These integrated efforts have identified FOXQ1 as a tumor promoter
and might provide promising approaches for colorectal cancer metastasis treatment.
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Introduction

Colorectal cancer represents one of the most
common solid gastrointestinal cancers world-
wide [1]. The main curative treatments for co-
lorectal cancer are the surgical removal of le-
sions, radiotherapy, and chemotherapy. Alth-
ough outcomes of clinical treatment for colon
carcinoma have improved in recent decades,
the overall 5-year survival rate for patients is
only 50% because new diagnostic and treat-
ment methods are lacking [2]. Therefore, it is
of great clinical value to explore the molecu-
lar mechanisms underlying the development of
colon carcinoma and to identify effective tre-
atment strategies to improve the survival rate
of patients with colorectal carcinoma [3]. Acc-
umulating evidence suggests that the poor
therapeutic effects and dismal survival rate
with colorectal carcinoma are associated with
aberrantly activated signaling pathways, includ-
ing epidermal growth factor receptor (EGFR)

signaling [4]. In late-stage colorectal cancer,
the most commonly used targeted therapies
are the monoclonal antibodies cetuximab and
panitumumab, which prevent EGFR activation
[5]. EGFR activation has been reported to play
key roles in the development and progression
of colorectal carcinoma and to contributes to
the malignant phenotype of human colon can-
cer cells. For instance, activated EGFR signal-
ing results in colorectal carcinoma cell resis-
tance to chemotherapy and promotes cell sur-
vival, whereas inhibition of EGFR signaling dra-
matically reduces the proliferation of colore-
ctal carcinoma cells [6]. EGFR signaling is in-
volved in the EGF-induced epithelial-mesenchy-
mal transition (EMT) and is positively associat-
ed with lymph node metastasis of colorectal
cancer. Metastasis, which precipitates death in
the vast maijority of colorectal cancer patients,
is a multi-step process by which tumor cells dis-
seminate from their primary site and form sec-
ondary tumors at a distant site [7]. These stud-
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ies highlight molecular mechanisms that con-
tribute to colorectal carcinoma metastasis and
indicate the great need for new colorectal can-
cer interventions.

Recent studies have identified alterations in
forkhead box g1 (FOXQ1) and other genes as
likely mechanisms of secondary resistance to
anti-EGFR antibody therapy that participate in
colorectal cancer metastasis [8]. As a mem-
ber of the forkhead box protein family, FOXQ1
is a transcription factor that regulates cell dif-
ferentiation. FOXQ1 was recently found to
be expressed in carcinomas of the breast, ova-
ries, and endometrium, where activation of
the receptor by its ligand, produced either by
the tumor cells or by stromal elements, stimu-
lated tumor cell invasion and metastasis [9].
Furthermore, the activated or phosphorylated
form of FOXQ1 has been associated with
enhanced invasive and metastatic potential in
advanced epithelial ovarian carcinoma. Phos-
phorylation of FOXQ1 on specific tyrosine resi-
dues enables it to bind directly to cytoplasmic
effector proteins, which in turn relays receptor-
induced signals through multiple signal trans-
duction pathways [10]. Phosphorylation of
FOXQ1 creates binding sites for a variety of
cytoplasmic proteins that activate signal trans-
duction pathways, including that of ERK1/2
and PI3K [11]. Several modes of regulating
FOXQ1 expression have been demonstrated in
normal and tumor cells, such as microRNA and
the Wnt signaling pathway. Based on the
hypothesis that blockade of FOXQ1 would be
beneficial in cancer treatment, specific FOXQ1
inhibitors were developed to target malignant
tumors. Collectively, these results identify
FOXQ1 as a promising therapeutic target for
solid tumors [12]. However, further studies are
needed to fully elucidate how the multifunction-
al properties of FOXQ1 contribute to colorectal
carcinoma invasion and metastasis.

In the present study, we found that FOXQ1 ex-
pression was higher in colorectal cancer tis-
sues and cancer cell lines than in normal
colorectal tissue and a normal cell line. FOXQ1
positively regulated cell proliferation in colo-
rectal cancer cells lines and promoted metas-
tasis of colorectal cancer cells. Downregulation
of FOXQ1 hindered cellular migration and inva-
sion of colorectal cancer cells, whereas sil-
encing endogenous FOXQ1 resulted in the
opposite outcome. Our findings suggest that
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FOXQ1 plays a critical oncogenic role in colo-
rectal cancer progression and highlights its
potential as a target for colorectal cancer
therapies.

Materials and methods
microRNA database analysis

To examine the FOXQ1 expressed gene, the
GENE-E tool (http://www.broadinstitute.org/
cancer/software/GENE-E/download.html) was
utilized to conduct the expression analysis of
the microarray dataset. The dataset (GDS4382)
were selected for the heterogeneity analysis of
paired colorectal cancer tumors and adjacent
non-cancerous tissues [13]. P values lower
than 0.05 were considered significantly regu-
lated and the top 10% of genes within the da-
taset were selected.

Cell culture

The human colorectal cancer cell lines (LOVO,
HT-29, HCT116, Caco-2) and non-tumorigenic
human colonic epithelial cells FHC used as
control were obtained from the Chinese
Academy of Sciences Cell Bank of Type Culture
Collection (CBTCCCAS, Shanghai, China). The
colorectal cancer cell lines were cultured as
monolayers in ATCC-formulated DMEM: F12
media supplemented with 10% fetal bovine
serum (FBS), penicillin (100 yg/mL), and strep-
tomycin (100 pg/mL) and FHC was cultured in
serum-free  LHC-8 medium (Invitrogen, Car-
Isbad, CA) maintained in an incubator with a
humidified atmosphere of 5% CO, at 37°C.

Stable cell lines

A siRNA plasmid targeting human FOXQ1 (sc-
60660; Santa Cruz Biotechnology) or a non-
silencing control siRNA plasmid (sc-37007;
Santa Cruz Biotechnology) was transfected into
HCT116 and LOVO, using Lipofectamine® 2000
transfection reagent (Life Technologies). A
FOXQ1 expression plasmid was generated by
PCR sub-cloning full-length human FOXQ1 cod-
ing sequence into the retroviral transfer plas-
mid pQCXIP (Clontech, CA) to generate plas-
mid FOXQ1. Retroviral production and infection
were performed as manufacturer’'s instruc-
tions. Stable cell lines expressing FOXQ1 were
selected for with 0.5 g/ml puromycin 10 days
after infection [14].
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Cell proliferation

The cell proliferation was determined by 3-(4,
5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetra-
zolium bromide (MTT) assay. Cells (1 x 10%)
seeded in 96-well tissue culture plates were
incubated for 24, 48 and 72 hours, and at the
end of the culture 10 pyl MTT solution (5 mg/
mL; Sigma) was added to each well with 100 uL
of medium for 4 hours at 37°C. The medium
was replaced with 200 pl imethyl sulfoxide
(DMSO0), followed by incubation for 10 minutes
at room temperature. The absorbance was
then measured at a wavelength of 490 nm
using Synergy™ HT Multi-Mode Microplate
Reader (Bio-Tek, Winooski, VT, USA). The effect
of siRNA FOXQ1 or FOXQ1 over-expression on
colorectal cancer cell viability was assessed
as the percent of cell viability compared with
vehicle-treated control cells, which were arbi-
trarily assigned 100% viability.

Colony formation

LOVO and HCT116 cells (1 x 10%) were seed-
ed in 25 mm? petri dishes and were allowed to
grow. Subsequently, growth medium was added
every week for 21 days until colonies were eas-
ily distinguishable. Then, the cell clones were
fixed with methanol and stained with 0.1% crys-
tal violet for number counting [15].

Cell migration

The scratch wound healing assay was adapted
to evaluate the ability of colorectal cancer cells
migration. Cells were cultured in 6-well plates
until reach to 90% confluence. The cell were
monolayers scratched manually with a 200 pl
pipette tip, washed with PBS for twice and cul-
tured in serum-free medium for 48 hours. Then,
cells were fixed with methanol, and the scratch
area was photographed [16].

Cell invasion

Cell invasiveness was determined, using a
Matrigel (BD Biosciences)-coated Transwell
chamber (pore size of 8-um, Corning). Briefly,
LOVO or HCT116 cells (5 x 10* cells per well) in
100 pl of serum-free medium were seeded into
the upper chamber of the Transwell, whereas
600 pl of medium containing 10% FBS was
applied to the lower chamber. After incubation
for 24 hours at 37°C in a CO, incubator, inva-
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sive cells were fixed with 4% formaldehyde,
stained with 0.1% crystal violet, and counted in
five random microscopic fields under a light
microscope [17].

Flow cytometry

FHC, LOVO and HCT116 cells were detached
by 2 mM PBS/EDTA and fixed with 4% parafor-
maldehyde, washed twice with PBS and re-sus-
pended for antibody staining at 1 x 10°
cells/100 ul in 1% PBS/BSA. Gates (in the live
cell population) were drawn in order to exclude
> 99% of background staining (based on the
isotype-stained samples). For FOXQ1 staining,
anti-FOXQ1-APC conjugated and its highly
adsorbed isotype matched control (Biolegend)
were used [18].

Western blotting

Cell protein extraction were prepared with RIPA
lysis buffer containing both protease and
phosphatase inhibitors. Equal amounts of cell
lysates (30 ug) were loaded on 10% sodium
dodecyl sulfate (SDS)-polyacrylamide gel elec-
trophoresis (PAGE) and transferred onto polyvi-
nylidene difluoride (PVDF) membranes. After
membranes were blocked, they were incubated
with monoclonal antibody against FAK (1:500,
Signalway Antibody) and phosphor-FAK Tyr407
(1:20000, Epitomics), AKT (1:5000, Epitomics)
and phosphor-AKT Ser473 (1:1000, Cell
Signaling Technology), PI3K and phosphor-PI3K
Tyrd58 (1:1000, Cell Signaling Technology),
MMP-2 (1:1000, Cell Signaling Technology),
MMP-9 (1:1000, Cell Signaling Technology),
CD44 (1:1000, Cell Signaling Technology),
PCNA (1:1000, Cell Signaling Technology),
mTOR (1:1000, Cell Signaling Technology),
ERK1/2 (1:1000, Cell Signaling Technology),
FOXQ1 (1:1000, Cell Signaling Technology) and
GPADH (1:5000, Bioworld Technology) follow-
ed by incubation with horseradish peroxidase-
conjugated 1gGs (1:10000, Bioworld Biotech-
nology). Target proteins were detected by the
ECL system (Millipore, Braunschweig, Germany)
and visualized with the ChemiDoc XRS system
(Bio-Rad, Hercules, CA, USA) [19].

Quantitative real-time PCR

Total RNA (0.5 ug) was isolated from cultured
cells using TRIzol reagent (Invitrogen, USA).
First-strand cDNA was synthesized with 1 ug
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Figure 1. FOXQ1 expression is up-regulated in human colorectal cancer. A. gRT-PCR analysis of FOXQ1 mRNA levels
in various colorectal cancer cell lines. Histograms reporting the levels of FOXQ1 mRNA (normalized to the GAPDH
mRNA) as assessed in five representative colorectal cancer cell lines (LOVO, HT-29, HCT116, Caco2) and non-
tumorigenic human colonic epithelial cells FHC. Data were presented as the mean = SD from three independent
measurements. For indicated comparisons, *P < 0.05 and **P < 0.01 versus FOXQ1 mRNA in FHC cells. B. Western
blotting with anti-FOXQ1 antibody of cell lysates from colorectal cancer cell lines (LOVO, HT-29, HCT116, Caco2) and
non-tumorigenic human colonic epithelial cells FHC. GAPDH was used as a loading control. Expression of FOXQ1
was quantified, normalized to GAPDH in different cells, and shown in the graph to the right. C. Analysis of paired
colorectal cancer tumors and adjacent non-cancerous tissues. Blue indicated down-regulation. Red indicated up-
regulation. Black indicates no change. D. Cells stained with anti-FOXQ1 antibody or with an isotype matched anti-
body (as a background control). Representative flow cytometry plots of FOXQ1 surface protein expression by FHC
cells and representative tumor cells (n = 3 independent experiments, respectively).

total RNA using a PrimeScript RT reagent kit
(TakaraBio, Japan). Quantitative real-time PCR
was performed using iQ™ SYBR® Green Su-
permix and the iQ5 real-time detection system
(Bio-Rad Laboratories, CA). The comparative
cycle threshold (Ct) method was applied to
quantify the expression levels through calculat-
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ing the 2(-AACt) method. The primer pairs used
for PCR were as follows (sense and antisense,
respectively): GAPDH (forward, 5’-GGAGCGAG-
ATCCCTCCAAAAT-3’; reverse, 5-GGCTGTTGTC-
ATACTTCTCATGG-3’) was used as an internal
control; FOXQ1 (forward, 5-CACGCAGC-AAGC-
CATATACG-3’; reverse, 5'-CGTTGAGCGAAAGGT-
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TGTGG-3’). cDNAs amplification and relative
expression values were obtained from three
independent experiments.

Mouse xenograft model

Six-week-old athymic male BALB/c nude mice
(Shanghai Slack Laboratory Animal co., Ltd)
were acclimatized under controlled standard
conditions for a week prior to the experiment
according to Guide for the Care and Use of
Laboratory Animals of Nanjing University of
Chinese Medicine. LOVO or HCT116 (5 x 107)
cells re-suspended in 100 ul of PBS and were
subcutaneously injected into the back flank
area of nude mice. The diameter of the tumor
was measured externally with a caliper ruler
every 3 days, and the volume of the tumor
(mm?3) was estimated by the following formula:
(short diameter) 2 x (longest diameter) x 0.5
[20]. For immunohistochemical analysis, tumor
tissues were removed, formalin-fixed and par-
affin-embedded. Serial 4-um tumor sections
were deparaffinized in xylene, rehydrated
through descending grades of ethanol, and
subjected to immunohistochemical analysis
using antibodies against CD44, extracellular
regulated protein kinases 1/2 (ERK1/2) and
mTOR.

Statistical analysis

The Fisher exact test or the x? test was used to
evaluate the associations between categorized
variables. The numerical data were compared
by Student’s t-test or Mann-Whitney U test.
Survival rates in patients were calculated by
the Kaplan-Meier method and comparison was
made by log-rank test. P values less than 0.05
were considered to be statistically significant.

Results

FOXQ1 expression is elevated in colorectal
cancer

We tested five representative colorectal can-
cer cell lines and non-tumorigenic human
colonic epithelial cell line FHC for the expres-
sion of FOXQ1. Quantitative PCR revealed that
all colorectal cancer cell lines expressed
detectable amounts of FOXQ1 mRNA (Figure
1A). Western blotting with anti-FOXQ1 antibody
confirmed higher detectable amounts of FOX-
Q1 in all five cell lines (Figure 1B). To determine
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changes in FOXQ1 in clinical specimens of
colorectal cancer tissue, the level of FOXQ1 in
colorectal carcinoma tissues was examined
using a microarray expression database
(DataSet Record GDS4382). Based on gene
summary views (neoplastic vs. normal tissue),
FOXQ1 was significantly upregulated in colo-
rectal cancer tissue (Figure 1C). The top 10 dif-
ferentially regulated in the dataset were select-
ed for further analysis. The FOXQ1 gene was
identified as significantly upregulated in colo-
rectal cancer tissue based on their presence in
non-cancerous tissue (Figure 1C). Fluoresc-
ence-activated cell sorting analysis after stain-
ing with anti-FOXQ1 antibody revealed the
existence of HCT116 and LOVO cell subpo-
pulations that expressed FOXQ1 (range 28.3-
35.9%, Figure 1D), whereas no FOXQ1-ex-
pressing FHC cells were identified (2.9%).

FOXQ1 regulates cell proliferation and colony
formation in colorectal cancer cells

To investigate the role of FOXQ1 in colorectal
cells proliferation, we transfected HCT116 and
LOVO cells with FOXQ1 siRNA or a wild-type
FOXQ1 expression plasmid (FOXQ1) to silence
or overexpress FOXQ1, respectively. Lower lev-
els of FOXQ1 expression were observed in the
cells transfected with FOXQ1 siRNA, and high-
er expression levels were observed in cells
transfected with the FOXQ1 plasmid (Figure
2A). As shown in Figure 2B, downregulation of
FOXQ1 with specific siRNA inhibited prolifera-
tion of both HCT116 and LOVO cells. A growth
curve analysis showed that growth of HCT116
and LOVO cells with downregulated FOXQ1
decreased relative to that of control cells.
However, overexpression of FOXQ1 in HCT116
and LOVO cells significantly promoted cell pro-
liferation. The soft agar colony formation assay
is a method used to confirm cellular anchor-
age-independent growth in vitro. As expected,
inhibiting FOXQ1 expression in HCT116 and
LOVO cells markedly decreased the efficiency
of cell colony formation, whereas HCT116 and
LOVO cells transfected with FOXQ1 showed an
enhanced ability to form colonies (Figure 2C).
To study the molecular mechanisms responsi-
ble for FOXQ1-regulated colon cancer cellular
proliferation, we evaluated, by quantitative
PCR, whether the effect of FOXQ1 on HCT116
and LOVO cell proliferation was accompanied
by modulation of proteins that are involved in

Am J Transl Res 2017;9(5):2207-2218
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Figure 2. FOXQ1 regulates cell proliferation in colorectal cancer cell lines. A. Western blot shown the protein expres-
sion levels of FOXQ1 in the human colorectal cancer cell lines HCT116 and LOVO after transfected with FOXQ1 siRNA
or FOXQ1. GAPDH was used as a loading control. B. The proliferate abilities of HCT116 and LOVO cells transfected
with FOXQ1 siRNA and cells transfected with FOXQ1 were examined based on MTT assay. Each bar represents the
mean + SD of three independent experiments. For indicated comparisons, *P < 0.05 and **P < 0.01. C. The effi-
ciencies of cell colony formation in HCT116 and LOVO cells after transfected with FOXQ1 siRNA and cells transfected
with FOXQ1. Mean number of tumor spheres + SD in FOXQ1-siRNA versus control (left). Mean number of tumor
spheres + SD in FOXQ1 over-expressing colorectal cancer cell versus control (right). The data were presented as
mean * SD. For indicated comparisons, *P < 0.05 and **P < 0.01. D. CD44, ERK1/2 and mTOR protein expression
levels were analyzed by western blot in in the indicated cells. GAPDH was used as a loading control.

tumor cell growth and survival. This revealed
significant downregulation of CD44, extracellu-
lar regulated protein kinases 1/2 (ERK1/2),
and mammalian target of rapamycin (mTOR) in
the FOXQ1 siRNA-treated HCT116 and LOVO
cells (Supplementary Figure 1). Additionally, we
observed that FOXQ1 transfection increased
the levels of CD44, ERK1/2, and mTOR
(Supplementary Figure 1). We then assessed
the impact of FOXQ1 on the protein levels of
these targets by overexpressing FOXQ1 and
knocking down FOXQ1 in HCT116 and LOVO
cells. Consistently, western blots of these puta-
tive targets (Figure 2D) showed that high levels
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of FOXQ1 expression increased levels of CD44,
ERK1/2, and mTOR, and that FOXQ1 knock-
down resulted in significantly decreased levels
of these proteins (Figure 2D). Overall, these
results indicated that FOXQ1 positively regulat-
ed cell proliferation and clone formation ability
in colorectal cancer cells in vitro.

Downregulation of FOXQ1 blocks cellular mi-
gration and invasion of colorectal cancer cells

Increased mobility is a crucial property of inva-

sive cancer cells. To determine the effect of
FOXQ1 on cellular migration, HCT116 and LOVO

Am J Transl Res 2017;9(5):2207-2218
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Figure 3. Knock-down FOXQ1 hinders cellular migration and invasion in
colorectal cancer cells. A. LOVO (left panel) and HCT116 (right panel) cells
were transfected with either control siRNA or FOXQ1-targeted siRNAs for 48
h prior to wound healing assays. Bars show means + SD of three indepen-
dent experiments. B. LOVO (upper panel) and HCT116 (lower panel) cells
were transfected with either control siRNA or FOXQ1-targeted siRNAs for 48
h prior to Transwell invasion assays. After 24 h, the cells invaded through the
membrane were stained (left) and the number of cells was quantified in five
random microscopic fields (right). The data were shown as mean * SD. For
indicated comparisons, *P < 0.05 and **P < 0.01. C. LOVO (left panel) and
HCT116 (right panel) cells were seeded in six well plates and were trans-
fected with control siRNA or FOXQ1 siRNA. After for 48 h post transfections,
cells were subjected to immunoblotting assay for measuring protein levels
of phosphor-FAK (Ser9), phosphor-AKT (Ser9) and phosphor-PI3K (Ser9), re-
spectively. D. Control siRNA or siRNA against FOXQ1 were transfected into
HCT116 (upper panel) and LOVO (lower panel) cells. After 48 h post transfec-
tions, western blot assay was performed to evaluate the expression levels of
MMP-2 and MMP-9.

cells were transfected with a FOXQ1 siRNA
plasmid and subjected to wound-healing migra-
tion and Transwell invasion assays. Non-
specific siRNA (control siRNA) was used as a
negative control. As shown in Figure 3A, the
cell migration rate was significantly decreased
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in FOXQ1-downregulated cells
compared with the rate in
control cells. The invasion
ability of colorectal cancer
cells was examined in HCT116
and LOVO cells transfected
with the FOXQ1 siRNA plas-
mid cultured in a 24-well
Transwell plate with an 8-um
pore polyester insert. As
shown in Figure 3B, signifi-
cantly fewer FOXQ1-down-
regulated HCT116 and LOVO
cells showed invasion as com-
pared to control cells. To fur-
ther investigate the molecular
mechanism by which FOXQ1
contributes to cellular migra-
tion and invasion in colon
carcinoma, the expression
of several metastasis-related
proteins were determined. An
immunoblotting assay was
performed to assess changes
in the phosphorylation state
of important metastasis-as-
sociated kinases, including
focal adhesion kinase (FAK),
protein kinase B (AKT), and
phosphatidylinositol 3-kinase
(PI3K). Figure 3C shows that
FAK, AKT, and PI3K phosphor-
ylation was effectively inhibit-
ed in FOXQ1 siRNA-transfect-
ed HCT116 and LOVO cells,
but not in control cells. Matrix
metalloproteinases (MMPs),
which are regarded as capa-
ble of degrading extracellular
matrix, play a critical role in
the processes of tumor inva-
sion, migration, and metasta-
sis. To determine whether
FOXQ1 downregulation affect-
ed MMP-2/9 levels, we app-
lied a western blot to FOXQ1
siRNA-transfected cells to
examine the expression of

MMP-2/9. As expected, we observed a signifi-
cant reduction in MMP-2/9 expression after
RNAi-mediated FOXQ1 knockdown (Figure 3D).
Consistent with this result, the activity of MMP-
2/9 in HCT116 and LOVO cells was also mark-
edly decreased by siRNA mediated knockdown

Am J Transl Res 2017;9(5):2207-2218
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Figure 4. Up-regulation of FOXQ1 accelerates cellular migration and inva-
sion in colorectal cancer cells. A. Based on the scratch migration assay,
the migration ability of HCT116 and LOVO cells transfected with FOXQ1 was
augmented. B. The invasion ability of HCT116 and LOVO cells transfected
with FOXQ1 was increased. LOVO (upper panel) and HCT116 (lower panel)
cells were transfected with either control vector or FOXQ1 for 48 h prior to
Transwell invasion assay. Bars show means + SD of three independent ex-
periments. The number of cells was quantified and was shown in a column
graph. *P < 0.05 and **P < 0.01, compared between FOXQ1 over-expres-
sion cells and control HCT116 cells. C. Control vector or FOXQ1 plasmid were
transfected into HCT116 (upper panel) and LOVO (lower panel) cells. After
48 h post transfections, western blot assay shown that the over-expression
FOXQ1 remarkably up-regulated phosphor-FAK (Ser9), phosphor-AKT (Ser9)
and phosphor-PI3K (Ser9). D. Control vector or FOXQ1 plasmid were trans-
fected into HCT116 (upper panel) and LOVO (lower panel) cells. After 48 h
post transfections, western blot assay was carried out to evaluate the expres-
sion level of MMP-2 and MMP-9 in indicated cells.

Overexpression of FOXQ1 pro-
motes cellular migration and
invasion in colorectal cancer
cells

To determine the functional
role of FOXQ1 in cellular mi-
gration and invasion, HCT116
and LOVO cells that stably
expressed FOXQ1l were es-
tablished and subjected to
wound-healing migration and
Transwell invasion assays. As
shown in Figure 4A, ectopic
expression of FOXQ1 in co-
lorectal cancer cells markedly
increased the cell migration
rate compared with the rate
of cells transfected with the
control vector. In addition, cell
invasion potential was exam-
ined using Matrigel-coated
Transwell plates. As shown in
Figure 4B, the invasive abili-
ties of HCT116 and LOVO cells
were significantly increased
in cells that overexpressed
FOXQ1. Furthermore, phos-
phorylation of numerous well-
characterized metastasis-re-
lated kinases was shown to
be increased in FOXQ1 over-
expressing cells (Figure 4C).
Additionally, a western blot
assay showed that overex-
pression of FOXQ1l remark-
ably upregulated MMP-2/9
expression (Figure 4D) and
activity (Supplementary Fig-
ure 3). Collectively, these re-
sults suggested that FOXQ1
upregulation promotes the
aggressiveness of colorectal
cancer cells in vitro.

Downregulation of FOXQ1
significantly inhibited cellular
growth in vivo

of FOXQ1 (Supplementary Figure 2). In summa-
ry, these results suggested that FOXQ1-
dependent inhibition of colorectal cancer cell
migration and invasion was accompanied by
reduced the level of metastasis molecules and
MMPs.
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To investigate the effect of FOXQ1 expression
on colorectal cancer cell growth in vivo, HCT116
and LOVO cells with downregulated FOXQ1 were
subcutaneously injected into the posterior
flanks of nude mice. Xenograft tumor volumes
were measured every 3 d when they were pal-
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Figure 5. Down-expression of FOXQ1 significantly inhibits colorectal cancer
cells growth in vivo. A. Control siRNA or siRNA against FOXQ1 were trans-
fected into HCT116 cells and then cells was subcutaneously injected into
back flank of nude mice (n = 6 each). Representative pictures of tumor in
control siRNA or FOXQ1 siRNA HCT116 cell-inoculated nude mice. B. Tumor
growth kinetics (mean + SD) of FOXQ1 siRNA cells versus control HCT116
cells in nude mice (n = 6 each). The tumor volumes were measured at the
indicated number of days after mice were transplanted with indicated cells.
For indicated comparison, **P < 0.01. C. 21 days after xenograft implanta-
tion, mice were sacrificed. HCT116 colorectal cancer cells xenograft tumor
sections were subjected to immunohistochemical analysis for CD44 (upper
panel), ERK1/2 (middle panel) and mTOR (lower panel).

pable. On day 21 after implantation, tumors
from FOXQ1-knockdown cells were significantly
smaller than those from control cells (Figure 5A
and 5B). Nude mice were euthanized on day 21
after implantation, and xenografts were col-
lected and weighed (Supplementary Figure 4).
When compared with controls, the average
tumor weights from the FOXQ1-downregulated
cells were found to be reduced by 80%.
Consistent with the in vitro results, CD44,
PCNA, and mTOR expression was significantly
decreased in tumors derived from cells trans-
fected with FOXQ1 siRNA (Figure 5C). The
results showed that downregulation of FOXQ1
significantly suppressed tumor growth relative
to that of control cells.

Upregulation of FOXQ1 significantly increased
tumor growth in vivo

To further determine the effect of FOXQ1 on

colorectal carcinoma cell growth in vivo, we
then xenografted the following cell types into
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siCTL

siFOXQ1

nude mice: HCT116 cells
transfected with the FOXQ1
or control plasmid. As shown
in Figure 6A, tumors derived
from cells overexpressing
FOXQ1l exhibited a greater
size and mass than those
derived from control cells. We
found that upregulation of
FOXQ1 markedly increased
tumor volume and weight
compared to tumors in coun-
terpart mice injected with
control cells (Figure 6B). Nu-
de mice were sacrificed on
day 21 after implantation,
and xenografts were collected
and weighed (Supplementary
Figure 5). When compared
with control mice, the aver-
age tumor weights from the
FOXQ1-overexpressing cells
were increased by 60%. We
observed similar results as
those obtained in vitro: immu-
nohistochemistry analysis re-
vealed that CD44, ERK1/2,
and mTOR staining was sign-
ificantly increased in tumors
derived from cells that over-
expressed FOXQ1 (Figure 6C).
These results strongly indicate FOXQ1 over-
expression contributed to colon carcinoma
growth in vivo.

Discussion

Colorectal cancer remains a major clinical chal-
lenge because of poor prognosis and limited
treatment options that prevent recurrence [13].
The oncogenesis of colorectal cancer involves
changes in multiple oncogenes and suppressor
genes. Therefore, many molecular biomarkers
can be utilized for viable approaches to improv-
ing cancer prognosis and treatment [14]. Our
study showed the role of a specific tumor-pro-
motion protein, FOXQ1, in colorectal cancer.
Therefore, integrated studies on the contribu-
tion of FOXQ1, with its multifunctional proper-
ties, to tumorigenesis will be important. In the
current study, we found that FOXQ1 might play
an important role in malignant progression of
colon cancer and regulation of the FAK/PI3K/
AKT signaling pathway. Preparation of a microR-
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Figure 6. Over-expression of FOXQ1 contributes cellular growth in vivo. A.
Control vector or FOXQ1 was transfected into HCT116 cells and then cells
was subcutaneously injected into back flank of nude mice. Representative
images of tumor-bearing mice after inoculated control vector or FOXQ1 trans-

graft experiments, we found
that downregulation of FOXQ1
significantly inhibited cellular
growth invivo.CD44,ERK1/2,
and mTOR are reported to
play fundamental roles in
many biological processes,
including cell proliferation
[47]. Herein, we found that
silencing FOXQ1 significantly
inhibited the expression of
various target genes that spe-
cifically regulation prolifera-
tion of colorectal cancer cells.
Additionally, overexpression
of FOXQ1 augmented the
anchorage-independent gro-
wth and proliferation abilities
of colorectal cancer cells in
vitro, suggesting a potential
role for FOXQ1 dysregulation
in carcinogenesis and colon
carcinoma progression.

fected HCT116 cells. B. Tumor growth kinetics (mean + SD) of FOXQ1-over-

expressiong versus vector control HCT116 cells in nude mice (n = 6 each).
The tumor volumes were measured at the indicated number of days after
mice were transplanted with indicated cells. For indicated comparison, **P
< 0.01. C. 21 days after xenograft implantation, mice were sacrificed. Rep-
resentative CD44 (upper panel), ERK1/2 (middle panel) and mTOR (lower
panel) immunohistochemistry staining of HCT116 colorectal cancer cells

graft grown in nude mice.

NA database and western blot analysis reveal-
ed that FOXQ1 was significantly upregulated in
colon cancer tissues and cancer cell lines.
Overexpression of FOXQ1 augmented the an-
chorage-independent growth and invasive
abilities of human colon cancer cells, promot-
ing their growth in vivo. Downregulation of
FOXQ1 hindered cellular migration and invasion
of colon cancer cells, as well as tumor growth in
vivo. These findings provide novel insights into
the potential roles of FOXQ1 dysregulation in
promoting carcinogenesis and progression of
colorectal cancer.

FOXQ1 expression levels are significantly high-
er in primary cancers than in matched noncan-
cerous tissues [15], which suggests that down-
regulation of FOXQ1 in colorectal cancer might
regulate the initiation of colorectal cancer [16].
Next, we investigated the role of FOXQ1 in the
proliferation of cancer cells. When FOXQ1 was
silenced in HCT116 and LOVO cells, the prolif-
eration of cells decreased. In nude mice xeno-
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Clinical specimens from ovar-
ian cancer metastases have
shown strong FOXQ1 immu-
nostaining, in contrast to non-
invasive borderline tumors,
which do not express FOXQ1,
and benign ovarian tissue,
which expresses little to no FOXQ1 [18].
However, blockade of FOXQ1 signaling, which
does not affect primary tumor growth, can
enhance spontaneous metastasis of breast
carcinoma to both the lung and bone. Given the
pro-metastasis and anti-metastasis potential
of FOXQ1 in cancer progression, an in vitro
model that allows the role of FOXQ1 in the
migration and invasion of colorectal cancer
cells to be characterized may provide insight
into the etiologic role of FOXQ1 in colorectal
carcinoma metastasis [19]. We found, in wound
healing and migration assays, that metastasis
of HCT116 and LOVO human colon cancer
cells was significantly decreased when the
FOXQ1 gene was disrupted by siRNA. In con-
trast, overexpression of FOXQ1 greatly enhan-
ced migration and invasion of HCT116 and
LOVO cells. The FAK/PI3K/AKT pathway is
involved in many cellular processes, including
proliferation, differentiation, apoptosis, cell
cycle progression, cell motility, tumorigenesis,
tumor growth, and angiogenesis. PI3K is a
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member of the intracellular lipid kinase family,
which catalyzes the generation of phosphati-
dylinositol-3,4,5-triphosphate (PIP3) from pho-
sphatidylinositol-4,5-triphosphate (PIP2) [20].
Activated AKT translocates to the nucleus and
activates mTOR and downstream targets [21,
22]. Phosphorylated PI3BK/AKT also acts as a
scaffold, primarily regulating focal signaling
related to cell adhesion to the extracellular
matrix and MMP-mediated matrix degradation
[23, 24]. Several studies have indicated that
the PI3K/AKT signaling pathway is involved in
regulation of MMP-2 and MMP-9 activity [25-
27]. Our results showed that overexpression of
FOXQ1 in HCT116 and LOVO cells upregulates
phosphorylation of FAK/PI3K/AKT, and FOXQ1
silencing reduces FAK/PI3K/AKT phosphoryla-
tion. Our findings identify FOXQ1 as a potential
enhancer of metastatic potential in colorectal
cancer.

Collectively, our results show that FOXQ1 was
markedly upregulated in colorectal carcinoma
cells and clinical colorectal cancer samples,
which might be significant in colorectal cancer
diagnosis. Moreover, overexpression of FOXQ1
increased colorectal carcinoma aggressive-
ness, including cell proliferation, migration, and
invasion in vitro and growth in vivo, and acti-
vated the FAK/PISBK/AKT signaling pathway.
Understanding the biological function of FOXQ1
in colorectal carcinoma progression both
advances our knowledge of the mechanisms
that underlie colorectal carcinoma tumorigen-
esis and establishes FOXQ1 as a potential ther-
apeutic target for clinical management of and
therapies for human colorectal cancers [28].
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Supplementary materials
Quantitative real-time PCR

Total RNA (0.5 ug) was isolated from cultured cells using TRIzol reagent (Invitrogen, USA). First-strand
cDNA was synthesized with 1 pg total RNA using a PrimeScript RT reagent kit (TakaraBio, Japan).
Quantitative real-time PCRwas performed using iQTM SYBR® Green Supermix and the iQ5 real-time
detection system (Bio-Rad Laboratories, CA). The comparative cycle threshold (Ct) method was applied
to quantify the expression levels through calculating the 2(-AACt) method. The primer pairs used for
PCR were as follows (sense and antisense, respectively): GAPDH (forward, 5-GGAGCGAGATCCCTCCAA-
AAT-3’; reverse, 5-GGCTGTTGTCATACTTCTCATGG-3’) was used as an internal control; CD44 (forward,
5-CTGCCGCTTTGCAGGTGTA-3’; reverse, 5-CATTGTGGGCAAGGTGCTATT-3’), ERK1/2 (forward, 5-TAC-
ACCAACCTCTCGTACATCG-3’; reverse, 5-CATGTCTGAAGCGCAGTAAGATT-3’), mTOR (forward, 5-TCCGAG-
AGATGAGTCAAGAGG-3’; reverse, 5'-CACCTTCCACTCCTATGAGGC-3’). cDNAs amplification and relative
expression values were obtained from three independent experiments.

MMP-2/9 activity assay

The activity of MMP-2/9 was determined by QuickZyme Mouse MMP-2/9 activity assay (QucikZymeBio-
Sciences, Netherlands) according to the manufacturer’s instructions. Briefly, after transfection for 48 h,
cells were washed with fresh medium and replaced with serum-free medium. After additional 24 h, the
medium was collected and centrifuged at 10000 g for 10 min. Respective supernatant was added to
the 96-well strip coated with MMP-2/9 antibody and incubated at 4°C overnight. After washing with
wash buffer for 4 times, 50 ul assay buffer was added into the well, followed by adding 50 ul detection
reagent. After incubation at 37°C for 1 h, 0D405 was measured with Tecan (Mannedorf, Switzerland).
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Supplementary Figure 1. gRT-PCR was performed to evaluate the mRNA levels of CDK4, ERK1/2 and mTOR in
HCT116 and LOVO cells transfected with FOXQ1siRNA (A) or FOXQ1 (B). Histograms reporting the levels of CD44,
ERK1/2 and mTOR mRNA (normalized to the GAPDH mRNA) as assessed in indicatedcancer cell lines. Mean + SD
of three independent experiments. For indicated comparisons, *P < 0.05 and **P < 0.01.
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Supplementary Figure 2. The activity of MMP-2/9 in control siRNA or FOXQ1 siRNA transfected cells was deter-
mined by MMP-2/9 activity assay. Data are from three independent experiments and as mean + SD. For indicated
comparisons, **P < 0.01.
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Supplementary Figure 3. The activity of MMP-2/9 in control vector orFOXQ1 transfected cells was determined by
MMP-2/9 activity assay. Data are from three independent experiments and as mean + SD. For indicated compari-
sons, **P < 0.01.
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Supplementary Figure 4. Mean tumor weights. The data shown were represented as the mean + SD. For indicated
comparisons, **P < 0.01.

)
N
A

S

Tumor weght (g




FOXQ1 modulates colorectal cancer cell growth and metastasis

B Vector
_ B FOXa1

b

Tumor weght (g)
© =2 N W A

Supplementary Figure 5. Mean tumor weights. The data shown were represented as the mean + SD. For indicated
comparisons, **P < 0.01.



