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ABSTRACT

Colorectal cancer (CRC) is ranked third as the most common malignancy, and it develops into metastasis
at a high rate. Importantly, distant metastasis is considered to be a key factor for colorectal therapy. In
the present study, we identified FOXD4, a transcription factor belonging to the forkhead/winged helix-
box (FOX) family, as a novel biomarker for diagnosis and treatment of patients with CRC. We revealed
that FOXD4 was up-regulated in CRC tissues and increased the metastatic ability of CRC cells.
Additionally, FOXD4 affected the metastasis of CRC by inducing the epithelial-mesenchymal transition
(EMT) process. Furthermore, FOXD4 could directly bind the SNAI3 promoter during EMT in CRC and then
facilitate CRC metastasis. In summary, the present research strongly suggests that FOXD4 is a valuable
marker for CRC, and that targeting FOXD4 may be a novel strategy for enhancing the treatment

outcomes of CRC therapy

Introduction

Colorectal cancer (CRC) is ranked third as the most common
malignancy, for which the consequent mortality is also the third
highest in the worl." Moreover, cancer metastasis is the major
cause of poor prognosis of CRC patient.>”* Approximately 30%
of CRC patients show the final development of metastatic dis-
ease. Despite the development of new therapeutic strategies for
clinical treatment, many patients still die from CR.>® Thus, it is
important to find novel biomarkers to predict the risk of cancer
progression and metastasis, which will be useful for improving
the prognosis for CRC patient.”®

FOXD4 is a transcription factor (TF) that belongs to the
forkhead/winged helix-box (FOX) famil.” FOX transcription
factors participate in several key processes, such as metabo-
lism, cell proliferation, and metastasi.'®'" It is reported that
mutations in FOXD4 transcription are related to multiple
phenotypes including dilated cardiomyopathy, obsessive-com-
pulsive disorders, and suicidalit.”

Previous studies have revealed that epithelial-mesenchymal
transition (EMT) is an important process preceding tumor
metastasi.'>'* EMT is an evolutionarily conserved develop-
mental process characterized by the conversion of polarized
immotile epithelial cells to motile mesenchymal cell."* During
EMT, cell characteristics show obvious changes, which con-
tribute to cell motility and invasivenes."

Recent studies have considered FOXD4 as a TF; however,
the expression and mechanisms of FOXD4 in cancer are
unclea.'® Moreover, further research is required to clarify
the function of FOXD4 in CRC. In the present study, we
revealed that a high level of FOXD4 expression in CRC was
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significantly associated with poor prognosis. Both functional
assays in vivo and in vitro indicated that FOXD4 upregulation
is essential for the promotion of CRC progression.

Materials and methods
Patient tissue specimens

We obtained the CRC tissues and matched adjacent non-
tumor tissues from CRC patients from Qilu Hospital
between November 2012 and November 2014. All of the
patients who participated in the research provided written
informed consent. The patients included had not under-
gone chemotherapy or radiotherapy before surgery. The
ethics committee of Qilu Hospital had approved the use
of tissue in the present study. There were 94 paired CRC
tissues and adjacent tissues selected for use in our
research. Additionally, clinical information obtained
from the patients included age, gender, and tumor stage.

Cells and antibodies

In the present study, the three CRC cells used - LoVo,
SW480, and SW620 - were obtained from the Cell Bank of
the Chinese Academy of Sciences (China). DMEM was used
to culture the cells in a 5% CO, atmosphere, which was
supplement with 10% fetal bovine serum (FBS).

The antibodies used in this study included GAPDH
(Santa Cruz, USA), FOXD4 (Santa Cruz, USA), Snaill,
Snail2, Snail3 (Santa Cruz, USA), E-cadherin (Cell
Signaling, USA), and vimentin (Cell Signaling, USA).
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Bioinformatic analysis

RNA-Seq of Level 3 HiSeq data was obtained from The
Cancer Genome Atlas (TCGA) website for 380 cancer and
50 normal samples. Moreover, the microarray data for CRC
patients were downloaded from the Gene Expression
Omnibus (GEO) database, which holds a larger amount of
tissue sample data and clinical information. The expression of
FOXD4 in different tissues was compared using Student’s
t-test. Kaplan-Meier survival analysis was carried out to deter-
mine the association of FOXD4 with CRC prognosis.

Immunohistochemical staining

IHC staining and images analysis were carried out following the
instructions described in previous studie.'” Anti-FOXD4 anti-
body (1:100, Santa Cruz, USA) was used in the present study.
The antibody dilution medium was used as a negative control.

Plasmids, RNA interference, and transfection

The FOXD4-overexpressing plasmid (pcDNA3.1-FOXD4)
was built according to themanufacturer’s instructions. At
first, full-length FOXD4 c¢DNA was cloned into the
pcDNA3.1 plasmid. Moreover, Lipofectamine 2000 reagent
(Life Technologies, Carlsbad, CA, USA) was used to transi-
ently transfect the plasmid into cells following the manufac-
turer’s instructions. After 72 h, western blotting or real-time-
PCR was performed to detect the protein or mRNA levels of
specific genes, respectively. An RNA interference assay was
used to knockdown the expression of target genes. FOXD4-
specific siRNA, SNAI3-specific siRNA, and negative control
siRNAs were obtained from RiboBio (Guangzhou, China).

Quantitative real-time PCR

Total RNA was extracted from cultured cells though TRIzol
(Invitrogen, USA), and then reverse transcribed to cDNA
following the manufacturer’s protocol. SYBR Green
(Toyobo) was used to amplify the ¢cDNA. Primers were
designed according to the NCBI database. Additionally, the
primers were synthesized by Invitrogen (Shanghai, China).
GAPDH was used to normalize the RNA expression. The
results were calculated using the Ct (2-AACt) method,
which was applied to calculate the respective expression levels.

Western blot analysis

Nonidet P 40 (Beyotime, Shanghai, China) was used to
extract the total protein, which was supplemented with a
protease inhibitor cocktail according to the manufacturer’s
instructions. We used a bicinchoninic acid (BCA) assay to
measure the concentration of protein. After sodium dodecyl
sulfate-PAGE and incubating antibodies, an enhanced che-
miluminescence kit (Millipore, Billerica, MA, USA) was
applied to examine the protein levels using Molecular
Imager® (Bio-Rad).

Tumor cell invasion and migration assay

Boyden chambers were used to perform the invasion and
migration assays, which contain filter insets. In addition, a
Matrigel coat was applied to the chambers when the invasion
assay was carried out. We suspended the cells into DMEM
without FBS, and then these cells, with and without FOXD4,
were seeded into the upper chamber. Moreover, the DMEM
was supplemented with 20% FBS. After a 24-h incubation,
cells in the upper chamber were fixed in 4% formaldehyde
and stained with 0.05% crystal violet. We considered the cells
in the lower chamber as invasion cells.

Chromatin immunoprecipitation (chip)

ChIP assay was performed following the instructions given in
the ChIP Assay Kit (Millipore, Billerica, MA, USA). Anti-
FOXD4 antibodies were used to capture the DNA fragments,
and real-time PCR was then carried out to detect the expres-
sion level of SNAI3.

Luciferase assay

A dual luciferase assay kit was used to perform the luciferase
assay. All steps taken were according to the manufacturer’s
instructions (Promega, Madison, WI, USA). At first, 4 x 10*
cells were cultured in 24-well plates and transfected with
SNAI3 promoter-luciferase plasmids and pcDNA3.1-FOXD4
or siRNA-FOXD4. TK plasmids (Beyotime, Shanghai, China)
were used to normalize the efficiency. After 24 h, the dual
luciferase assay kit (Promega, Madison, WI, USA) was applied
to detect the luciferase activity.

Statistical analysis

R software, SPSS 17.0 statistical software, and GraphPad
Prism 5.0 software were used to carry out the statistical
analysis. Student’s f-test and one-way analysis of variance
(ANOVA) were used to describe the differences between
two or multiple groups. Kaplan-Meier survival analysis was
used to present the survival differences between groups. We
considered P < 0.05 to be significant.

Results

FOXD4 was overexpressed in CRC and was associated
with poor survival

To investigate the expression status of FOXD4 in CRC, 12
pairs of frozen CRC tissue samples were used for analysis
by qPCR and western blot. The result of qPCR showed
that FOXD4 was significantly overexpressed in CRC tis-
sues compared with that in matched normal colorectal
samples (P < 0.01; Figure 1A-B). Furthermore, the protein
level of FOXD4 in CRC samples was also higher than that
in their adjacent normal controls (P < 0.05; Figure 1C-D).
Moreover, we next calculated mRNA expression using the
TCGA colorectal cancer database. The TCGA colorectal
cancer database contains 381 CRC samples and 50 normal
colorectal samples. Interestingly, FOXD4 expression was
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Figure 1. FOXD4 was over-expressed in CRC and was associated with poor survival. (A-B) The expression of FOXD4 was examined by quantitative real-time PCR of
colorectal cancer tissues and adjacent noncancerous tissues. (C-D) The expression of FOXD4 was examined by western blots derived from colorectal cancer tissues
and adjacent noncancerous tissues. (E-F) The expression of FOXD4 as documented for CRC cohorts on TCGA and GEO databases. (F-G) The Kaplan-Meier method was
used to analyze the overall survival and recurrence-free survival of patients based on their FOXD4 levels. (*p < 0.05, **p < 0.01, ***p < 0.001).

overexpressed in CRC tissues compared to that in normal
tissues, which is consistent with the above results
(P < 0.0001; Figure 1G). Similar results can be found in
another cohort from the GEO database. The results
showed that higher FOXD4 mRNA expression levels
were observed in human CRC tissues than in normal
tissues (P < 0.0001; Figure 1H). Moreover, Kaplan-Meier
survival analysis was performed to compare the prognosis
of different groups, classified by FOXD4 expression The
results revealed that patients with high FOXD4 expression
had significantly worse prognosis, as shown by the TCGA
database (P < 0.0001; Figure 1I). Additionally, the relapse-
free survival showed similar results. The prognosis of
CRC patients with FOXD4 overexpression was poorer
than that in patients with low FOXD4 expression
(P < 0.001; Figure 1J). To further confirm the function
of FOXD4 in CRC, IHC staining was used to examine the
expression of FOXD4 in CRC specimens. Next, the rela-
tionship between the clinicopathological characteristics of
the CRC patients and the expression of FOXD4 was
analyzed (Table 1). The results showed that FOXD4
expression was related to advanced TNM stages and inva-
sion depth. Notably, these data indicate that FOXD4
expression could represent a novel prognostic indicator
for patients with CRC.

FOXD4 promoted invasion and migration ability in vitro

Our results demonstrated that FOXD4 has an effect on CRC
carcinogenesis and prognosis; however, the molecular
mechanisms are still undefined. In our previous research
(Fig S1), we examined the expression of FOXD4 in five CRC
cells. The results showed that the expression of FOXD4 was
the highest in LoVo cells and lowest in SW480 cells.
According to the above data, we selected LoVo cells for
downregulation and SW480 cells for overexpression. To
further test the effects of FOXD4 in CRC, CRC cells were
transfected with siRNAs specific for FOXD4 and the

Table 1. Relative expression levels of FOXD4 according to clinicopathological
parameters.

FOXD4 expression

High Low
Parameter expression expression X2 p
Age 1490056079 0.222207897
> 55 24 31
<55 22 17
Gender 0.0483778  0.825910454
Female 25 25
Male 21 23
Differentiation 2.682084809 0.101482827
Poor 24 17
Well and 22 31
moderate
Invasion depth 4.728818283 0.029661261
T1 and T2 10 3
T3 and T4 36 45
Lymph node 17.53280211  2.82393E-05
metastasis
Negative 10 31
Positive 36 17
TNM stage 17.53280211  2.82393E-05
I+ 1l 10 31
i+ v 36 17

pcDNA3.1-FOXD4 plasmid. qPCR and western blot were
used to confirm the expression of FOXD4 in presence of
transfected siRNA and plasmid (Figure 2, A-B, D-E). Next,
the biological function of FOXD4 in CRC cell migration and
invasion was explored using Transwell assays. The results
showed that down-regulation of FOXD4 significantly sup-
pressed the invasion and migration capacity of LoVo cells
(Figure 2C), while overexpression of FOXD4 greatly pro-
moted SW480 cell migration and invasion (Figure 2F). In
addition, SW620 cells were used to confirm the function of
FOXD4 in cell migration and invasion. These cells were
derived from the same patient as the SW480 cells. The results
showed that down-regulation of FOXD4 significantly sup-
pressed the invasion and migration capacity of SW620 cells
(Figure 2G-I) Therefore, the above data strongly suggest that
FOXD4 promotes the metastatic ability of CRC cells in vitro.
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Figure 2. FOXD4 promoted cell invasion and migration ability in vitro. (A-B) FOXD4
and western blot. (C) Transwell assay revealed that knockdown of FOXD4 inhibited
FOXD4 in SW480 cells were examined via quantitative real-time PCR and western bl
migration and invasion of SW480 cells. (G-H) FOXD4 knockdown by siRNA in SW620

SW620 cells

knockdown by siRNA in LoVo cells was measured via quantitative real-time PCR
migration and invasion of LoVo cells. (D-E) FOXD4 up-regulation by pcDNA3.1-
ot. (F) Transwell assay was used to reveal that upregulation of FOXD4 promoted
cells was examined via quantitative real-time PCR and western blot. (I) Transwell

assay was used to reveal that knockdown of FOXD4 inhibited migration and invasion of SW620 cells. (*p < 0.05, **p < 0.01, ***p < 0.001)

FOXD4 regulated EMT through SNAI3/CDH1

It has been confirmed that EMT progression is a key factor
in tumor metastasi.'"® Molecular markers associated with
EMT include E-cadherin, ZO-1, vimentin, and p-catenin.
Analysis of these markers was performed to clarify EMT in
various cell lines. In addition, we investigated Snail expres-
sion to identify the role of FOXD4 in CRC EMT progres-
sion. In order to understand the mechanism by which
FOXD4 promotes CRC EMT progression, we next identi-
fied which Snail proteins are associated with FOXD4 in
CRC cells by bioinformatic analysis. According to the
TCGA colorectal data, we found that the expression of
FOXD4 was correlated with SNAI3, but not SNAIl or
SNAI2 (Figure 3. A-D). In order to further confirm this
result, the protein expression levels of CDHI1, and SNAI3
were determined using western blot analysis in FOXD4-
knockdown or control CRC cells (Figure 3. E-F). Western
blot showed FOXD4 knockdown decreased the level of
SNAI3, while the CDHI1 level was increased. Meanwhile,
SW480 cells were transfected with pcDNA3.1-FOXD4. The

results demonstrated that FOXD4 could promote the
expression of SNAI3 and inhibit the expression of CDHI
(Figure 3. G-H). Additionally, these findings indicated that
FOXD#4 significantly increased SNAI3 expression, thus con-
tributing to CRC metastasis.

FOXD4 bounded to the promoter of SNAI3 and regulated
SNAI3/CDH1 expression

In order to analyze the interaction of FOXD4 with SNAI3,
a promoter vector, pGL-SNAI3, was constructed and co-
transfected into LoVo or SW480 cells with either siFOXD4
or pcDNA3.1-FOXD4. The results showed that when
FOXD4 was silenced, SNAI3 was transcriptionally
repressed. In contrast, up-regulation of FOXD4 increased
the transcription (Figure 4A and B). To verify binding
between FOXD4 and the SNAI3 promoter, ChIP analysis
was performed to detect enrichment at the SNAI3 promoter
in LoVo cells (Figure 4C). FOXD4 knockdown decreased its
occupancy at the SNAI3 promoter, as revealed by anti-
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Figure 3. FOXD4 regulated EMT through SNAI3/CDH1. (A-D) The co-expression of FOXD4 and EMT markers was checked on TCGA database for their colorectal cancer
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in LoVo cells transfected with siFOXD4 or control siRNA. (G-H) The expression of

SNAI3 was examined via quantitative real-time -PCR in SW480 cells transfected with pcDNA3.1- FOXD4 or the control vector. (*p < 0.05, **p < 0.01, ***p < 0.001).
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Figure 4. FOXD4 bounded to the promoter of SNAI3 and regulated SNAI3/Ecad expression. (A-B) Luciferase activity was measured after co-transfecting siFOXD4 or

pcDNA3.1- FOXD4, and luciferase reporters containing the promoter region of SNAI

3, into LoVo and SW480 cells. (C-E) The enrichment of FOXD4 on the promoter of

SNAI3 was detected by ChIP assay of LoVo and SW480 cells transfected with siFOXD4 or pcDNA3.1- FOXD4. (F)The expression of CDH1 was measured by quantitative
real-time PCR of LoVo cells co-transfected with pcDNA3.1- FOXD4 and siSNAI3. (*p < 0.05, **p < 0.01, ***p < 0.001).

FOXD4 antibody; while up-regulation of FOXD4 caused the
reverse phenomenon in SW480 cells (Figure 4D-E). To
further validate the role of FOXD4 through its regulation
of CDHI, we co-transfected SW480 cells with pcDNA3.1-
FOXD4 and siSNAI3. The data again showed that the
CDH1 mRNA level was restored (Figure 4F).

Knockdown of FOXD4 suppressed cancer progression in
vivo

Finally, xenograft assays were used to test the effects of FOXD4
on tumor progression in vivo. The results showed that tumor
growth in the short-hairpin-FOXD4 (sh-FOXD4) group was
slower than that in the control group (Figure 5A), and the
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expression of FOXD4,SNAI3 and CDH1 in the tumors. (E) Immunohistochemical was used to measure the expression of CD31 andKi67.

(*p < 0.05, **p < 0.01, ***p < 0.001)

weight and size of the tumors in the sh-FOXD4 group were
obviously smaller than those derived from the control group
(Figure 5B-C). In addition, the expression of FOXD4 was lower
in the shRNA group than in the control group (Figure 5D).

Discussion

FOXD4 is a TF of the FOX family; it has been reported that this
family of Winged helix factors has been highly conserved during
evolutio.'” From their crystal structure, it has been shown that
there is a DNA binding domain consisting of 101 amino acids
common to the Winged helix factor.”® Increasing evidence has
demonstrated that the Winged helix factors not only participate in
embryonic development and gene expression but also contribute
to oncogenesi.'' It is reported that FOXD4 is expressed in leuke-
mia cell lines, and may be involved in leukemia progressio.'’
However, the expression of FOXD4 in CRC tumors has not been
clarified. In the present study, we examined the expression of
FOXD4 in CRC tissues and analyzed the relationship between
clinical features and FOXD4 expression in CRC. In this study,
we demonstrated that both FOXD4 mRNA and protein levels
were significantly higher in CRC than in the normal tissues. We
validated this conclusion through a TCGA colorectal cancer

cohort and a GEO cohort. Furthermore, IHC results showed that
most CRC tissue samples exhibit a positive FOXD4 expression.
The above findings clarified that the up-regulation of FOXD4
protein contributed to the progression of CRC.

The FOX family has been reported to participate in several
biological processes, including oncogenesis, cell proliferation, and
gene expression.”'>* It seems that FOXD4 could potentially be
used to predict the prognosis of CRC patients. Interestingly, we
noted that patients with high levels of FOXD4 had a poor prog-
nosis. These findings revealed that FOXD4 may play an important
role in the oncogenesis of CRC, and could predict poor prognosis
of CRC patients. Further experiments in vitro and in vivo are
required to explore the biological role of FOXD4 during the cell
migration and invasion processes in CRC. Additionally, we inves-
tigated FOXD4 function by up-regulation and silencing of FOXD4
in CRC cells. The results showed that overexpression of FOXD4
can promote cell migration and invasion in SW480 cells. In con-
trast, silencing of FOXD4 suppressed those abilities in LoVo cells.

To further clarify the target genes that FOXD4 regulates during
CRC invasion and metastasis, co-expression of other genes was
checked in a TCGA colorectal cancer cohort. It has been reported
that EMT is correlated with tumor metastasi.”> Therefore, we
focused on the EMT-related genes, such as E-cadherin, vimentin,



Snaill, Snail2, and Snail > The results showed that the expression
of FOXD4 was correlated with expression of E-cadherin and
SNATI3, but not SNAI1 or SNAI2. In addition, western blot assay
and qPCR assay showed that FOXD4 knockdown decreased the
level of SNAI3 while increasing the E-cadherin expression.
Meanwhile, the cell migration and invasion abilities were restored
on co-transfection with siFOXD4 and SNAI3-overexpression vec-
tor, compared with cells only transfected with siFOXD4.
Additionally, these findings indicated that FOXD4 significantly
increased CRC metastasis via SNAI3. Furthermore, ChIP and
luciferase assays demonstrated that FOXD4 could directly bind
the promoter of SNAI3, up-regulating the transcription of SNAI3.
Together, our data suggest that the up-regulation of FOXD4 is
associated with a mechanism driving CRC progression. Finally,
xenograft assays showed that silencing of FOXD4 suppressed
cancer progression in vivo.

In conclusion, our research identified that FOXD4 was over-
expressed in CRC, and that FOXD4 overexpression was related to
CRC progression and poor outcomes for CRC patients. The pre-
sent study contributes to the identification of novel biomarkers of
CRC and the understanding of the mechanism of CRC metastasis.
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