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Introduction: Stage I-III colorectal cancer patients are under risk of tumor recurrence and
metachronous metastasis after radical surgery. An increased expression of transcription factor
TEAD4 is associated with epithelial-mesenchymal transition, metastasis and poor prognosis
in colorectal cancer. However, the mechanistic role of TEAD4 in driving colon cancer
progression and its prognostic value in early stage of CRC remains unclear.

Methods: In this study, the regulation, function and prognostic significance of TEAD4 and
its new direct target gene SIX1 in CRC progression were evaluated using human tissues,
molecular and cell biology.

Results: We show that TEAD4 directly upregulates the expression of SIX1 at transcriptional
level in CRC cells, establishing that SIX1 is a new direct target gene of TEAD4. TEAD4
promotes EMT and cell migration of CRC cells, while SIX1 knockdown attenuates this effect
and SIX1 overexpression enhances this effect, indicating that SIX1 mediates the function of
TEAD4 in promoting cell migration in CRC cells. Clinically, nuclear TEAD4, overexpres-
sion of SIX1 and nuclear TEAD4 with SIX1 overexpression predict poor prognosis in CRC
patients.

Discussion: Our study identifies TEAD4-SIX1-CDHI1 form a novel signaling axis, which
contributes to CRC progression, and its aberrant expression and activation predicts poor
prognostic for CRC patients in stage I-III.

Keywords: colorectal cancer, TEAD4, SIX1, hippo pathway

Introduction

Colorectal cancer is the third most common cancer in the world. Although radical
surgery is an effective treatment in the stage I-1II CRC, some patients are still at
high risk of metastasis and with poor prognosis. 14.5% of stage I-III patients
suffered metachronous liver metastasis in 5 years after radical surgery,’ thus it is
crucial to identify the biomarkers for stratifying patients into different risk group to
direct the clinical treatment after radical surgery.

Epithelial-mesenchymal transition (EMT) significantly contributes to the tumor
progression, metastasis and recurrence.” Expression of the EMT-related signature in
tumors is correlated with poor prognosis, and EMT-related transcription factors thus
serve as prognostic markers for CRC patients.® SIX1 is a transcription factor
belongs to the sine oculis homeobox family, which plays a vital role in the
development of muscle, kidney and the auditory system in the physiological
condition.” The role of SIX1 in tumorigenesis has been widely studied in multiple
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cancers, including colorectal cancer. Overexpression of
SIX1 can promote EMT in colorectal cancer cells® and is
an independent prognostic marker in colorectal cancer.’
However, the mechanism of SIX1 overexpression in
CRC is still unknown.

Previously, we reported that TEAD4, one of the down-
stream transcription factors of Hippo pathway, is over-
expressed in the colorectal cancer and nuclear expression
of TEAD4 is correlated with EMT, distant metastasis and
poor prognosis.” However, it is unknown whether there is
the prognostic value of TEAD4 in the early stage of color-
ectal cancer. Besides, Vimentin was identified as a direct
target gene of TEAD4 in CRC, but how TEAD4 affected
EMT transcriptional program in CRC cells still need to be
explored. Here, we showed that SIX1 is a direct target
gene regulated by TEAD4 in colorectal cancer, mediating
the function of TEAD4 in inhibiting CDH1 expression and
promoting cell migration. In colorectal cancer tissues,
nuclear TEAD4 is associated with overexpression of
SIX1. Combination of TEAD4 and SIX1 could serve as
an independent prognostic marker for stage I-III CRC
patients.

Materials and Methods

Colorectal Cancer Specimen Collection
All the human colorectal cancer and paired normal mucosa
samples for tissue arrays were collected in Department of
Colorectal Surgery, Xinhua Hospital, Shanghai Jiao Tong
University School of Medicine, from January 2008 to
December 2012. Institutional review board approval and
informed consent were obtained for all the collections.
Three hundred and sixty-two I-III stage CRC specimens
were used to prepare tissue arrays and analyzed by
immunohistochemistry.

Immunohistochemistry

The paraffin sections were deparaffinized, rehydrated, and
treated according to standard protocol. After incubating with
the anti-TEAD4 antibody (1:100; Abcam, ab58310) and anti-
SIX1 antibody (1:100; Proteintech, 10,709-1-AP) overnight,
tissue array slides were washed 3 times with PBS and incu-
bated with HRP-conjugated secondary antibody (GK500710;
Gene Company Ltd., Shanghai, China) for 30 min at room
temperature. Following three rinses in PBS, staining was
developed with 3,3'-diaminobenzidine (DAB) solution for 10
min. The sections were then counterstained with 0.1% hema-
toxylin and sealed with coverslips. Immunohistochemical

staining was evaluated at 200X magnifications with a light
microscope (Carl Zeiss, Gottingen, Germany).

Cell Culture and Stable Cell Lines

Construction

All cell lines were purchased commercially from ATCC.
Colorectal cancer cell lines LoVo and HCT116 were cul-
tured in Dulbecco’s modified Eagle media (DMEM) sup-
plemented with 10% fetal bovine serum and penicillin/
streptomycin (100 unit/mL/100 pg/mL) at 37°C in a 5%
CO, atmosphere. Cells were infected with retrovirus
(pQCXIH for overexpression) or lentivirus (pLKO.1 for
knockdown), and selected for one week in puromycin
(pLKO.1) or hygromycin (pQCXIH) to generate stable
cell lines. TEAD4 shRNA sequences were described in
the previous study.” SIX1 shRNA sequence were as fol-
lowed: SIX1-shRNA1l: 5-AGCTTGTTTCTGGAGTTG
TTT-3".

Western Blotting

Cells were harvested and lysed with 1% NP-40 lysis buffer
(50mM Tris-HCI, 150mM NacCl, 1% NP-40, 1| mM PMSEF,
50 mM NaF, ImM Naz;VO, and 1X protease inhibitor
cocktails (Sigma, P8340)). Proteins were separated in
10% SDS-PAGE gel and transferred onto nitrocellulose
membrane. The membrane was blocked with 5% skim
milk (BD), incubated with primary antibodies (1:1000) in
5% skim milk at 4°C overnight, washed and incubated
with HRP-conjugated secondary antibodies (Beyotime,
1:2000) in 5% skim milk for 1h at RT. The membrane
was visualized by enhanced chemiluminescence reagents
(Millipore). The following antibodies were used for
Western blot: TEAD4 (1:1000; Abcam, ab58310), SIX1
(1:1000; Proteintech, 10,709-1-AP), E-cadherin (BD,
610,181), B-Actin (Sigma, A2228).

RNA Isolation, Quantitative Real
Time-PCR, Transwell Assay, Wound
Healing Assay, Luciferase Assay and

Chromosome Immunoprecipitation

All experiments were performed as previously described.’
The primer sequences used in this study are included in the
Supplementary Table 3.

Statistics
x* test was used to compare the SIX1 expression with the
clinicopathological feathers and TEAD4 expression in the
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CRC. The Spearman rank coefficient was used as
a statistical measure of correlation between SIX1 RNA
expression and TEAD4 RNA expression. The Kaplan—
Meier method was used to estimate overall survival for
univariate analysis. Multivariate analysis by Cox propor-
tional hazards regression model was performed to assess
the effect of SIX1 expression, TEAD4 nuclear expression
and combination of SIX1 and TEAD4 in addition to the
age, gender, AJCC stages (I-III), and grade of differentia-
tion. For each comparison, we used a students’ /-test to
determine the statistical significance. The results are
shown as the mean + s.d. All P-values corresponded to
two-sided tests, and P-values <0.05 were considered to be
statistically significant.

Results
SIX1 is a Direct Transcriptional Target of
TEAD4 in Colorectal Cancer

SIX1 was one of the most differentially expressed genes in
our microarray analysis of TEAD4 knockdown LoVo
cells’” and down-regulation of SIX1 in TEAD4 knockdown
cells was further confirmed at mRNA level and protein
level (Figure 1A) which was correlated with CDH1 protein
expression level. Intriguingly, similar to the Vimentin,
both TEAD4 WT and Y429H mutant (a mutation variant
of TEAD4 that impairs the interaction between TEAD4
and its coactivators YAP/TAZ)’ rescue expression in the
shl (which targets the 3-UTR region of TEAD4 gene)
TEAD4 knockdown LoVo cells retained the expression
of SIX1 and decreased CDHI1 expression (Figure 1B),
indicating the Hippo pathway nuclear effector YAP may
also be dispensable for the SIX1 expression in colorectal
cancer.

Two classical MCAT motifs were identified in the
promoter of human SIX1 and luciferase reporter of SIXI
and MCAT motifs mutant one were generated for lucifer-
ase reporter assay (Figure 1C). Both MCAT motifs were
vital for the SIX1 promoter activity; mutation of the two
MCAT motifs in the SIX1 promoter significantly impaired
the relative luciferase activity (Figure 1D and E). ChIP
analysis was further performed to study the direct binding
of endogenous TEAD4 in the native SIX1 promoter. We
found a robust enrichment of endogenous TEAD4 around
the two MCAT motifs in the SIX1 promoter, and knock-
down TEAD4 reduced the TEAD4 enrichment in the SIX1
promoter compared to the shRNA control cells (Figure
1F). All these data indicate SIX1 is a direct target gene

of TEAD4 in colorectal cancer, independent on the YAP
activity.

SIX| Mediates the Function of TEAD4 in

Promoting Cell Migration in CRC Cells
Knockdown of TEAD4 impaired the cell migration of
CRC cells. Re-expression of SIX1 in TEAD4 knockdown
cells reduced the CDHI1 expression level (Figure 2A).
Consistently, re-expression of SIX1 also rescued cell moti-
lity of TEAD4 knockdown CRC cells by using transwell
assay and wound healing assay (Figure 2B and C).
Overexpression of both TEAD4 WT and Y429H enhanced
SIX1 expression while decreased the CDH1 expression in
the less invasive HCT-116 CRC cell line (Figure 3A).
Consistently, knockdown of SIX1 in the TEAD4 overex-
pressed cells retained CDHI1 expression (Figure 3B) and
abolished the cell migration induced by overexpression of
TEAD4 (Figure 3C and D). These data demonstrate that
SIX1 is a direct target gene mediating the function of
TEAD4 through regulating CDHI1 expression and cell
mobility in CRC cells.

Clinical Correlation and the Prognostic
Role of TEAD4-Induced SIXI Expression

in the Clinic

Next, we explored the correlation between TEAD4 and
SIX1 in the clinical CRC tissues. In 30 CRC samples,
SIX1 mRNA levels were correlated with TEAD4 expres-
YAP 4A).
Immunohistochemical analysis of CRC tissue arrays with
362 stage I-III CRC tissues further showed that nuclear
overexpression of TEAD4 was associated with SIX1 over-
expression in CRC tissues (P<0.001) (Figure 4B and C).
The expression of SIX1 in tumor is significantly higher

sion level, but not (Figure

than paired normal tissues (Figure 4B and D). No correla-
tion was observed between overexpression of SIX1 and
clinicopathological features in our cohort. However, both
overexpression of SIX1 (Figure 4E) and nuclear expres-
sion of TEAD4 (Figure 4F) were associated with poor
overall survival in stage I-III CRC patients. Interestingly,
co-expression of SIX1 and nuclear TEAD4 was correlated
with the worst overall survival in the stage I-III CRC
patients (Figure 4G). Consistent with a previous study,’
SIX1 expression was an independent prognostic marker
for CRC in our cohort (Supplementary Table 1).
Multivariate analysis also indicated that both TEAD4
nuclear expression alone (Supplementary Table 2) and
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Figure | SIXI is a direct transcriptional target of TEAD4 mediating TEAD4’s function of promoting EMT in the colorectal cancer cells. (A) gPCR analysis of TEAD4
expression level in the LoVo cells transduced with control pLKO.l or TEAD4 shRNA virus. Western blot analysis of TEAD4 and SIX| in the control pLKO.| and TEAD4
shRNA LoVo cells and HCT 116 cells. (B) SIX] mRNA expression level was determined by qPCR in control pLKO. | and TEAD4 shRNA, TEAD4" " and TEAD4"**" rescue
expression LoVo cells. Western blot analysis of TEAD4 and SIX| in control pLKO.| and TEAD4 shRNA, TEAD4"T and TEAD4"**" rescue expression LoVo cells. (C)
Schematic depiction of the Vimentin promoter with two putative-TEAD4 binding sites (P| and P2) and respective mutant ones as indicated. (D) Relative expression of WT
and MCAT binding motif mutant (MUT-1, MUT2, MUT-ALL) SIXI| promoter-driven luciferase reporters in control sShARNA or TEAD4 shRNA expressing HCTI 16 cells.
***P<0.001 by Student’s t-test. (E) Relative expression of WT and MCAT binding motif mutant (MUT-1, MUT2, MUT-ALL) SIX| promoter-driven luciferase reporters in
control shRNA expressing HCT I 16 cells. ***P<0.001 by Student’s t-test. (F) ChIP analysis of TEAD4 binding to the SIX| promoter in the LoVo cells. gPCR was performed
with primer specific to regions round the two MCAT motifs (P| and P2). **P<0.001 by Student’s t-test.
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Figure 2 SIX| is required for the TEAD4 function in CRC cells. (A) CDHI, TEAD4, SIX| and B-ACTIN protein level in each stable cell lines were analyzed by Western blot.
(B) Transwell migration assay of each stable LoVo and HCT 116 cell lines. Representative images of total view of the transwell was shown. Data was collected from 10 fields
of 3 independent transwell. Relative migration ability was normalized by the control pLKO.| group. Student’s t-tests were performed to assess statistical significance. *P<0.05,
*#p<0.01, *¥**P<0.001. (C) The cell migration of each stable LoVo and HCT 1 16 cell lines were determined by wound-healing assay. Monolayer cells were wounded by a sterile
plastic pipette tip. Cell migration was observed 36h later by microscopy.
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upregulated the SIX| expression and inhibited CDHI expression in HCT1 16 cells. CDHI, TEAD4, SIX1 and B-ACTIN protein level in each stable cell lines were analyzed by
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stable cell lines were analyzed by Western blot. (C) The cell migration of each stable HCT116 cell lines were determined by wound-healing assay. Monolayer cells were
wounded by a sterile plastic pipette tip. Cell migration was observed 36h later by microscopy. (D) Transwell migration assay of each stable HCT | 16 cell lines. Representative
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Table | Univariate and Multivariable Analyses for TEAD4 and
SIXI in OS in Colon Cancer Patients

oS
HR (95% CI) P n (Events)
Univariate
Others I 257 (12)
TEAD4(N)/SIXI(H) | 5.82 (2.94-11.54) | <0.001 | 105 (26)
Multivariable
TEAD4(N)/SIXI(H) | 5.96 (2.86—12.42) | <0.001
Sex 0.74 (0.39-1.40) 0.350
Age 1.32 (0.69-2.50) 0.401
Stage
I s 11 2.25 (1.13-4.47) 0.021
Grade
Mod/well dif. vs 0.29 (0.06-1.33) 0.110
Poorly/Undif. dif.

Note: Multivariable analysis adjusted for age, gender, AJCC stages (I-lll), and grade
of differentiation (well differentiated, moderately differentiated, poorly differen-
tiated, and undifferentiated).

Abbreviations: TEAD4(N), TEAD4 nuclear expression; SIXI(H), SIXI high
expression.

TEAD4 nuclear expression with SIX1 overexpression
(Table 1) were the independent poor prognostic markers
for the stage I-III CRC patients. Taken together, our data
indicate that TEAD4 promotes EMT and cell migration
through directly targeting SIX1 in colorectal cancer, thus
leading a poor prognosis in colorectal cancer patients.

Discussion

Epithelial-mesenchymal transition is associated with tumor
progression, metastasis, chemoresistance and tumor
recurrence.® Recently, we have shown that transcription fac-
tor TEAD4 could promote EMT in colorectal cancer through
directly targeting the mesenchymal marker vimentin.” In this
study, we further explored the mechanism of TEAD4’s role
in epithelial-mesenchymal transition. SIX1, another tran-
scription factor related with EMT, was identified as a new
direct target gene of TEAD4 mediating the function of
TEAD4 to inhibit CDHI1 expression and promoting cell
migration in colorectal cancer. The viability and invasive
activity might be further studied and discussed in the future.
Interestingly, SIX1’s expression is also independent on the
YAP, the well-established co-activator of TEAD4, which
further demonstrates the YAP independent role and unique
function of overexpressed TEAD4 in the progression of
colorectal cancer. Further studies need to explore the new
potential co-activator for transcription factor TEAD4, whose

protein interaction could be a new therapeutic drug target.

Also, in vivo experiments might be further studied and dis-
cussed in the future.

Overexpression of SIX1 has been related to the tumor-
igenesis, EMT, lymphangiogenesis and metastasis.* Gene
amplification is a mechanism of SIX1 overexpression in
breast cancer.” In colorectal cancer, miR-30b has been
reported to target SIX1.'"® Low expression level of miR-
30b can result in SIX1 overexpression in colorectal cancer.
Here, we show that overexpression of TEAD4 promotes
transcription of SIX1, which can also lead to SIX1 over-
expression in colorectal cancer. Our study provides a novel
dysregulation mechanism of SIX1 overexpression in color-
ectal cancer. Previously, we found that overexpression and
nuclear expression of TEAD4 is correlated with distant
metastasis in colorectal cancer. Interestingly, we also
that
showed that TEAD4 is associated with lymph node metas-

noticed clinicopathological correlation analysis
tasis in colorectal cancer.” In a mouse model of breast
cancer, SIX1 can induce lymphangiogenesis and metasta-
sis through upregulation of VEGFC."' Thus, TEAD4
could promote lymph node metastasis by increasing
SIX1 expression in colorectal cancer, which needs to be
explored in the further study.

EMT-related transcription factors could be the prog-
nostic markers for multiple cancers.”> Overexpression of
SIX1 is correlated with poor prognosis in breast cancer,
liver cancer'” and prostate cancer.'” Recently, SIX1 is
reported as an independent prognostic marker for the
stage I-IIT colorectal cancer patients,® who are without
metastases at first diagnosis but under high risk of tumor
recurrence and metachronous metastasis after radical sur-
gery. In our cohort, overexpression of SIX1 is correlated
with poor prognosis and is also an independent prognostic
marker for colorectal cancer patients. Since SIX1 is
a direct target gene of TEAD4 in colorectal cancer.
TEAD#4 can regulate other target genes, such as vimentin,
to promote tumor progression. Thus, it is not surprising
that overexpression and nuclear expression of TEAD4
alone is an independent prognostic marker in our cohort.
Interestingly, we found that nuclear expression TEAD4
with SIX1 overexpression is associated with the poorest
overall survival in the colorectal cancer. Combination of
nuclear TEAD4 and SIX1 overexpression could be a better
prognostic marker for the stage I-III colorectal cancer.
Altogether, our results show a new mechanism of
TEAD4 regulating the epithelial-mesenchymal transition
and the prognostic value of nuclear TEAD4 with
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overexpression of its new direct target gene SIX1 in color-
ectal cancer.
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