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Background: YAP1, the nuclear effector of the Hippo pathway, has become an attractive
target for treatment of malignancies and is a candidate oncogene in esophageal cancer (EC).
We hypothesized that knockdown of YAP1 could suppress EC and could be used for targeted
therapy. However, there are few reports of the effect of YAP1 knockdown in EC.

Materials and methods: Quantitative real-time polymerase chain reaction and Western
blot assays were performed to determine the expression levels of YAP1 mRNA and protein in
primary EC tissue samples, EC cell lines, and controls. Immunohistochemistry was also per-
formed to detect YAP1 protein expression in primary EC tumor and matched nontumor control
tissues. YAP1-knockdown cell lines were constructed using short-hairpin RNA, and MTT, flow
cytometry, and transwell chamber assays were used to analyze the effect of YAP1 knockdown
on EC cell proliferation, apoptosis, and invasion. In vivo tumor formation assays were used to
investigate the antitumor effect of YAP1 knockdown.

Results: We found that YAP1 mRNA and protein were upregulated in EC and that YAP1
expression correlated significantly with metastasis and tumor stage. We also found that YAP1
knockdown repressed cell proliferation and invasion and promoted apoptosis of EC cell lines.
In addition, animal experiments revealed that YAP1 knockdown suppressed the growth of
esophageal tumors in vivo.

Conclusion: Collectively, these data confirm our hypothesis that YAP1 knockdown suppresses
EC and suggest that YAP1 knockdown could be exploited in the targeted gene therapy of EC
in the future.
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Introduction

Esophageal cancer (EC) is one of the most frequent malignant tumors and ranks as
the sixth-leading cause of cancer-related death worldwide;' esophageal squamous-cell
carcinoma is the fastest-growing type of EC. In the People’s Republic of China, the
incidence of EC has tended to decrease over the past 20 years; however, in the last
5 years, the incidence has increased, due to factors including environmental change.'
The prognosis of EC is poor, with a 5-year survival rate of 26.2% and a recurrence
rate of >40%.>* Therefore, there is an urgent need for novel therapeutic strategies
to improve the survival rates of patients with EC. Targeted gene therapy, which is
a relatively new paradigm in medicine with enormous therapeutic potential, is the
most promising prospect for improvement in outcomes of EC.° Hence, it is crucial to
identify therapeutic targets for EC treatment.

It is generally accepted that the main reason for cancer-related death is compli-
cations arising from metastasis.® Tumor metastasis is a complex process involving
numerous transcription factors and pathways,® which represent potentially tractable
therapeutic targets. Pathways that regulate transcription in response to extracellular
cues are of particular interest. The Hippo (Hpo) pathway is one such pathway that
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acts to regulate gene expression in response to changes in
cell shape, density, and adhesion.”!!

The Hpo pathway is a major regulator of organ size and
the balance between cell proliferation and apoptosis.'>"3
YAPI1 as one component of the Hpo pathway in mammals
is the ortholog of Yorkie (Yki) in Drosophila, which is the
downstream effector of the Hpo pathway, and it negatively
regulates the Hpo pathway. Many recent studies have
documented oncogenic effects of YAP1. In particular, YAP1
amplification and overexpression are found in various human
cancers, including pancreatic cancer, breast cancer, hepato-
cellular carcinoma, medulloblastoma, esophageal squamous-
cell carcinoma, and oral squamous-cell carcinomas.®#18
Overholtzer et al'® reported that overexpression of YAPI
promoted epithelial-mesenchymal transition, growth factor-
independent proliferation, and anchorage-independent
growth and repressed apoptosis in the nontransformed mam-
mary epithelial cell line MCF10A. In addition, amplification
and overexpression of YAP1 are observed in various mouse
models of cancer.”!*?* However, YAP1 has also been widely
reported as a tumor suppressor. For example, YAP1 increases
the ability of p73 to induce apoptosis during cisplatin-induced
DNA damage.? Basu et al reported that Akt phosphorylates
YAPI, resulting in its inactivation, and that this leads to
repression of the proapoptotic gene expression response
following cellular damage.? Similarly, Danovi et al®® also
reported that YAP1 is a critical mediator of c-Jun-dependent
apoptosis. In addition, the expression level of YAP1 was
significantly downregulated in a subset of breast cancers,
and knockdown promotes migration and invasion of breast
cancer cells.*

Considering all the above evidence, it seems likely that
YAP1 may have a dual role in signaling, since it is located
at the intersection of many molecular pathways, and its role
may therefore depend on context, stress, and/or cell lineage.?
Muramatsu et al reported that YAP1 is a candidate oncogene
for esophageal squamous-cell carcinoma in EC.'® Therefore,
we hypothesized that YAP1 knockdown might suppress
EC; however, there are few reports of the effect of YAPI
knockdown in EC.

In the present study, we investigated the effect of
YAP1 knockdown in EC. We determined the expression
of YAP1 mRNA and protein in samples from primary EC
cases and cell lines by quantitative real-time polymerase
chain reaction (QRT-PCR) and Western blot. Associations
between YAP1 expression and clinicopathological char-
acteristics of EC were also explored. The effects of YAP1
knockdown on proliferation, apoptosis, and invasion of
EC cell lines were also investigated, and we performed

mouse xenograft experiments to explore the effect of
YAP1 knockdown on the growth of esophageal tumors
in vivo. The results suggest a novel potential therapeutic
target for EC.

Materials and methods

Clinical samples

This study was approved by the Ethics Committee of The
First Affiliated Hospital, Zhengzhou University, and every
patient provided written informed consent. None of the
patients included underwent any treatment prior to surgery
or had synchronous or metachronous multiple cancers in
other organs.

EC samples and adjacent normal esophageal tissues were
obtained from 50 patients with esophageal squamous-cell
carcinoma who underwent routine surgery in the Depart-
ment of Thoracic Surgery, The First Affiliated Hospital,
Zhengzhou University, in 2014. All samples were snap frozen
in liquid nitrogen and then stored at —70°C.

In addition, the clinical data of 72 patients with
esophageal squamous-cell carcinoma were analyzed ret-
rospectively. The disease stage was defined according to
the International Union against Cancer and following the
pathological tumor, node, metastasis (P TNM) classification.
The clinical data presented in Table 1 were available for
all 72 patients.

Table | Correlation between clinicopathological characteristics
and expression of YAPI in the EC patients (N=72)

Characteristics n YAPI+ Percent 42 P-value
Age, years
<60 39 27 69.2 0.106  0.745
=60 33 24 727
Sex
Male 57 41 72.0 0.159  0.690
Female 15 10 66.7
Tumor location
Upper esophagus 12 9 75.0 0.153  0.926
Middle esophagus 39 27 69.2
Lower esophagus 21 15 714
Differential grade
Well 18 12 66.7 0.320 0.852
Middle 34 24 70.6
Poor 20 15 75.0
LN metastasis
Negative 46 28 60.9 6.121  0.013
Positive 26 23 88.4
pTNM stage
| 14 7 50.0 7.488 0.024
1] 34 23 67.6
1} 24 21 87.5

Abbreviations: EC, esophageal cancer; LN, lymph node; pTNM, pathological
tumor, node, metastasis.
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Immunohistochemistry

Tissues were fixed with 4% paraformaldehyde and embedded
in paraffin blocks. Tissue sections (4 um) were processed for
immunohistochemical examination. YAP1 protein expression
in tumor, and adjacent normal esophageal, tissues was deter-
mined by the horseradish peroxidase immunohistochemical
method, using an anti-YAP1 antibody (1:100; GeneTex, Inc.,
San Antonio, CA, USA), according to the manufacturer’s
instructions. For evaluation of YAP1 expression, staining
intensity was scored as 0 (negative), 1 (weak), 2 (medium),
or 3 (strong). The extent of staining was scored as 0 (0%),
1 (1%-25%), 2 (26%—50%), 3 (51%—75%), or 4 (76%—
100%), according to the percentage of positively stained areas
in relation to the whole tissue sample area. The final staining
score (0—7) was the sum of the staining extent and intensity
scores. The samples were assessed by two experienced
pathologists who were blinded to the patients’ details.

Cell lines and transfection

Two esophageal squamous-cell carcinoma cell lines, EC109
and TE10, were purchased from American Type Culture
Collection (Manassas, VA, USA), and human esophageal
epithelial cells were obtained from Sciencell Research
Laboratories (Carlsbad, CA, USA). The cells were grown in
the Roswell Park Memorial Institute 1640 medium (HyClone,
Logan, UT, USA) containing 10% fetal bovine serum
(HyClone), 100 pug/mL of streptomycin, and 100 IU/mL of
penicillin in a 5% CO, humidified incubator at 37°C.

For YAP1-knockdown experiments, a short-hairpin
RNA (shRNA) expression vector targeting YAP1 (sh-YAPI,;
SH-012200-02-10; Thermo Fisher Scientific, Waltham,
MA, USA) was used, while a nontargeting sequence (shOT;
s-004000-02; Thermo Fisher Scientific) was used as a
negative control. Cells were infected with an multiplicity
of infection of 5-10 in the presence of polybrene (4 pug/mL;
Sigma-Aldrich Co., St Louis, MO, USA) and were selected
using puromycin (Sigma-Aldrich Co.) after 72 hours of
infection. Then, bulk cell populations were collected and
screened for YAP1 expression.

Western blot analysis

Total proteins were extracted from frozen EC and adjacent
normal tissues or cultured cells using radioimmunoprecipi-
tation assay buffer (Beyotime, Shanghai, People’s Republic
of China), separated by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis, and transferred to Immobilon
Hybond-C membranes (Thermo Fisher Scientific) with a
tank-based blotting system. Then, immunological examina-
tions were performed according to the standard techniques.

Primary antibodies against YAP1 (GeneTex, Inc.), Ki67
(Genmed Scientifics, Inc., Arlington, MA, USA), Bcl-2
(Abcam, Cambridge, UK), Bax (Abcam), MMP-2 (Sigma-
Aldrich Co.), MMP-9 (Sigma-Aldrich Co.), and GAPDH
(Genmed Scientifics, Inc.) and peroxidase-conjugated anti-
IgG secondary antibodies (Abcam) were used in the Western
blot analysis. Signals were visualized using the Pierce ECL
Substrate Western blot detection system (Thermo Fisher
Scientific) and the Molecular Imager ChemiDoc XRS Sys-
tem (Bio-Rad Laboratories Inc., Hercules, CA, USA). The
integrated density of protein bands was quantified using
Image software (Version 1.6; National Institutes of Health,
Bethesda, MD, USA).

qRT-PCR

Total RNA samples were extracted from frozen EC and
adjacent normal tissues or cultured cells using the TRIzol
reagent (Thermo Fisher Scientific), according to the
manufacturer’s instructions, and reverse transcribed into
complementary DNA. The expression of YAP! mRNA was
detected by SYBR Green RT-PCR, and the expression of
GAPDH was used for normalization. RT-PCR was carried
out on an ABI 7500 Fast Real-Time PCR System (Thermo
Fisher Scientific).

MTT assay

Cell suspensions of 3x10* cells/well were seeded in 96-well
plates and incubated overnight in a humidified incubator at
37°C, 5% CO, Cell growth was monitored every day for a
period of 4 days. Next, 20 uL of MTT (5 mg/mL, Sigma-
Aldrich Co.) was added to each well, followed by further
incubation for 4 hours. Then, culture medium was removed
from the wells and 150 pL of dimethyl sulfoxide (Sigma-
Aldrich Co.) was added to dissolve the purple MTT-formazan
crystals. The absorbance of each well was read at 570 nm
using a microplate reader (Thermo Fisher Scientific).

Flow cytometry analysis of apoptosis
Exponential-phase cells (2x10°) were collected, washed with
phosphate-buffered saline, resuspended in 100 uL binding
buffer, and stained with 2.5 uL. Annexin V-fluorescein iso-
thiocyanate and 5 UL propidium iodide (PI) at room tem-
perature for 10 minutes (BioVision, Milpitas, CA, USA).
Then, fluorescence of fluorescein isothiocyanate and PI was
detected by flow cytometry.

Cell invasion assay
Cell invasion assays were carried out using transwell
chambers. Cells (2x10*) were added into the top chambers
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that were coated with the Matrigel membrane (24-well
insert, 8 um pore size; BD Biosciences, San Jose, MA,
USA). Top chambers contained serum-free medium, and
full medium supplemented with 10% fetal bovine serum was
added to the bottom chamber as a chemoattractant. Follow-
ing incubation of the cells for 24 hours at 37°C, 5% CO,,
the cells that did not invade through the pores were wiped
out with a cotton swab. The cells on the lower surface of
the membrane were immobilized in 4% paraformaldehyde,
stained in 0.5% crystal violet, rinsed in phosphate-buffered
saline, and counted (five high-power fields per chamber)
under an inverted microscope (Olympus Corporation,
Tokyo, Japan).

In vivo tumor formation assay

Animal experiments were approved by the Institutional
Review Board and carried out in compliance with the United
Kingdom Coordinating Committee on Cancer Research
guidelines for the welfare of experimental animals. For the
in vivo study, EC109 sh-nontargeted and EC109 sh-YAP1
cells (1x10%) were injected subcutaneously into the dorsal
flanks of nude mice. Subcutaneous tumor sizes were
measured weekly using manual calipers. Tumor volumes
were calculated using the following formula?

length x width?
2

(M

Tumor volume =

Four weeks later, mice were sacrificed and tumor weights
were measured. Moreover, the expression levels of Ki67,
Bcl-2, Bax, MMP-2, and MMP-9 proteins in xenografts were
detected by Western blot analysis.

Statistical analyses

Statistical analyses were performed using GraphPad Prism 5
(GraphPad Software, Inc., La Jolla, CA, USA). The results
are presented as mean * standard deviation. Differences
were analyzed by Student’s #-test or chi-square test and were
considered statistically significant at P<<0.05.

Results
YAP| mRNA and protein are

overexpressed in EC

The expression levels of YAP1 mRNA and protein in the
tumor tissues and corresponding adjacent normal esophageal
tissues of 50 EC patients were determined by qRT-PCR and
Western blot. The results showed that the expression levels
of both YAP1 mRNA and protein in the tumor tissues were
significantly higher than those in the corresponding normal

tissues (Figure 1 A and B). Immunohistochemical examination
was also performed and revealed that the esophageal tumor
samples displayed clear, strong positive staining for YAP1
compared with the controls (Figure 1C and D). The expres-
sion levels of YAP1 mRNA and protein in two human EC
cell lines (EC109 and TE10) were also determined, and the
results demonstrated that the levels of both YAP1 mRNA
and protein were significantly increased in EC109 and TE10
cell lines compared to those in human esophageal epithelial
cells (Figure 1E and F).

In addition, we retrospectively analyzed the clinical data
of 72 patients with EC and found a correlation between YAP1
expression and clinicopathological characteristics of EC
(Table 1). No positive correlations with age, sex, tumor loca-
tion, and differential grade were observed; however, there
were significant correlations with lymph node metastasis
(P=0.013) and pTNM stage (P=0.024). The aberrant expres-
sion of YAP1 in EC tumor samples and cell lines suggests that
it could play an important role in the pathogenesis of EC.

Proliferation-inhibition effect of YAPI

knockdown in EC cells

To assess the effect of YAP1 on the proliferation of EC cells,
endogenous YAP1 expression was modulated in EC109 and
TE10 cell lines using an RNA interference strategy. YAP1
expression in control (nontargeting shRNA) and YAPI1-
knockdown cells was detected by Western blot. As shown in
Figure 2A and B, both EC109 and TE10 YAP1-knockdown
cells had obvious decreases in YAP1 expression compared
with controls. The proliferation of control and YAPI-
knockdown cells was analyzed by MTT assay. The results
showed that both EC109 and TE10 YAP1-knockdown cells
demonstrated dramatically decreased proliferation rates,
compared with controls, indicating that YAP1 knockdown
represses cell proliferation (Figure 2C and E). In addition,
we used Western blot to detect the expression levels of Ki67,
amarker of tumor proliferation. The expression level of Ki67
in YAP1-knockdown EC109 and TE10 cells was significantly
decreased compared to that in controls, providing further
evidence that YAP1 knockdown represses cell proliferation
(Figure 2D and F).

Promotion of apoptosis by YAPI
knockdown in EC cells

The effect of YAP1 on the apoptosis of EC cells was deter-
mined using an Annexin/PI flow cytometry assay to analyze
EC109, TE10 YAP1-knockdown, and control cells. The results
demonstrated that both EC109 and TE10 YAP1-knockdown
cells underwent significantly higher levels of apoptosis
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Figure | The expression levels of YAPI mRNA and protein in primary EC cases and cell lines.

Notes: (A and E) qRT-PCR shows that YAPI mRNA was significantly upregulated in 50 primary EC tissue samples and EC cell lines compared to nonmalignant control
samples. (B and F) The expression level of YAPI protein was significantly increased in primary EC tissues and cell lines compared to nontumor controls. (C and D)
Esophageal tumor samples displayed clear, strong positive staining for YAP| compared with controls (original magnification x400). *P<0.01.

Abbreviations: EC, esophageal cancer; qRT-PCR, quantitative real-time polymerase chain reaction; HEEpiC, human esophageal epithelial cells.

compared with controls (Figure 3A and C). Moreover, the
expression levels of the apoptosis-related proteins Bel-2 and
Bax were detected by Western blot. The expression level of
the antiapoptotic Bcl-2 protein in YAP1-knockdown EC109
and TE10 cells was significantly lower than that in the con-
trol group, while that of the proapoptotic Bax protein was
increased (Figure 3B and D). These data indicate that YAP1
knockdown promotes apoptosis of EC cells.

Inhibition of invasion by YAP| knockdown
in EC cells

To investigate the effect of YAP1 on invasion of EC cells,
invasion assays with EC109 and TE10 YAP1-knockdown
and control cells were performed using transwell chambers.
As shown in Figure 4A and B, both EC109 and TE10 YAP1-
knockdown cells had significantly reduced invasion capacity

in comparison with controls, indicating that YAP1 knock-
down efficiently inhibits the invasion activity of EC cells.
Furthermore, the expression levels of the markers of tumor
invasion, MMP-2 and MMP-9, were examined by Western
blot. The results showed that the expression levels of both
MMP-2 and MMP-9 were significantly lower in EC109
and TE10 YAPI-knockdown cells than those in controls,
(Figure 4C and D) further indicating that YAP1 knockdown
inhibits the invasion activity of EC cells.

YAP| knockdown suppresses the growth

of esophageal tumors in vivo

To explore the effect of YAP1 knockdown on the growth
of esophageal tumors in vivo, YAP1-knockdown EC109
and non-targeted control cells (1x10*) were subcutaneously
injected into the dorsal flanks of nude mice. The volumes
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of subcutaneous tumors were measured weekly, and the
mean tumor volume in the YAP1-knockdown group was
significantly reduced compared to that in the control group
(Figure SA). After 4 weeks, the mice were sacrificed and
the tumors weighed. The mean tumor weight in the YAP1-
knockdown group was significantly lower than that in the
control group (Figure 5B). Furthermore, the expression
levels of Ki67, Bcl-2, Bax, MMP-2, and MMP-9 proteins
in xenografts were examined by Western blot. As illustrated
in Figure 5C, the expression levels of Ki67, Bax, MMP-2,
and MMP-9 proteins were lower in the YAP1-knockdown
group than those in the control group, while the expression
level of Bel-2 was higher in YAP1-knockdown tumor cells
than that in the control group. These results indicate that
YAP1 knockdown suppresses the growth of esophageal
tumors in vivo.

Discussion

The components of the Hpo pathway were identified in
Drosophila and include Warts protein kinase, Hpo kinase,
Mats adaptor protein, Salvador adaptor protein, and Yki
nuclear transcriptional coactivator. When the Hpo pathway
is activated, Yki is dephosphorylated and retained in the

cytoplasm. Mammalian Hpo pathway proteins are highly
homologous to those in Drosophila. YAP1 is the mammalian
ortholog of Drosophila Yki, the downstream effector and
negative regulator of the Hpo pathway.”?”*® Many roles
have been reported for the Hpo pathway, including regula-
tion of cell proliferation and apoptosis, and the pathway
has been associated with malignancies.?*** As the nuclear
effector of the Hpo pathway, YAPI is an attractive target
molecule for the development of cancer therapies. Data
from the literature suggest apparently conflicting roles
for YAPI1 in carcinogenesis; in that it has been reported to
exhibit both oncogenic and tumor-suppressive properties in
distinct in vivo and in vitro models.4 182124 Muramatsu et al
demonstrated that YAP1 exhibited oncogenic properties in
esophageal squamous-cell carcinoma'® and that patients with
tumors overexpressing YAP1 had worse overall survival rates
than those with nonoverexpressing tumors. Moreover, YAP1
positivity is independently associated with worse outcome in
EC in multivariate analysis, indicating that it is a potential
therapeutic target.'® Collectively, the above findings led us
to hypothesize that targeted inactivation of YAP1 could
suppress EC. However, there are few reports of the effect
of YAP1 suppression in EC.
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Figure 5 YAP| knockdown suppressed the growth of esophageal tumors in vivo.

Notes: (A) In the YAPI-knockdown group (sh-YAPI), the tumor volume was significantly decreased compared to that in the control group. (B) After 4 weeks, the tumor
weight was significantly decreased in the YAPI-knockdown group compared to that in the control group. (C) YAPI knockdown decreased expression of Ki6é7, Bax, MMP-2,
and MMP-9 and increased expression of Bcl-2 compared to controls. ¥P<<0.05 and **P<<0.01.

Abbreviation: sh-YAPI, short-hairpin RNA expression vector targeting YAPI.

In this study, we observed that YAP1 mRNA and protein
were overexpressed in tumor samples from primary EC cases
and EC cell lines and that YAP1 expression was significantly
correlated with metastasis and EC tumor stage by retrospec-
tive analysis of clinical data. These data are consistent with
those of Muramatsu et al.'®

Tumorigenesis is a complex process and is accompanied
by a series of changes, including changes in cell morphol-
ogy, proliferation, apoptosis, and invasion.** In our study, we
investigated the effects of YAP1 knockdown on cell prolifera-
tion, apoptosis, and invasion in EC cell lines and found that
they result in repression of cell proliferation and invasion and
promote apoptosis. Similar results have been widely reported.
Specifically, Diep et al reported that downregulation of YAP1
protein expression reduced cell proliferation and clonoge-
nicity of pancreatic cancer cells;'* Muramatsu et al reported
that YAPI depletion repressed cell proliferation, mainly
in the GO—-G1 phase, and induced an increase in CDKN1A4
(p21) and a decrease in BIRC5 (Survivin) transcription in
esophageal squamous-cell carcinoma;'® Overholtzer et al
observed that the overexpression of YAP1 promoted growth
factor-independent proliferation and anchorage-independent
growth in the nontransformed mammary epithelial cell line
MCF10A;" Lamar et al reported that YAP1 promoted trans-
formation, proliferation, migration, and invasion through

its TEAD-interaction domain;® and Menzel et al found that
YAP1 promoted invasion and metastasis in melanoma.** In
addition, a number of studies have demonstrated that the
overexpression of YAP1 causes apoptosis in several tumors,
including human esophageal squamous-cell carcinoma,
hematological cancers, and prostate carcinoma.*¢38

We also performed animal experiments to investigate
the effect of YAP1 knockdown on the growth of esophageal
tumors in vivo. Zender et al reported that YAP1 cooper-
ated with the Myc oncogene to promote tumor growth in
nude mice," and transgenic mice with liver-targeted YAP1
overexpression showed a significant increase in liver size,
which eventually resulted in hepatic tumors.”* Consistent
with these findings, our data indicate that YAP1 knockdown
suppresses the growth of esophageal tumors in vivo.

Conclusion

In summary, upregulation of YAP1 mRNA and protein are
frequently detected in EC, and YAP1 expression was sig-
nificantly correlated with metastasis and EC tumor stage.
YAP1 knockdown represses cell proliferation and invasion
and promotes apoptosis in EC cell lines. In addition, YAP1
knockdown suppresses the growth of esophageal tumors
in vivo in a mouse model. Owing to the limited number of
EC samples and cell types available for this study, a further
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more comprehensive study will be required to investigate
the potential role of YAP1 in the pathogenesis of EC. YAP1
knockdown could be explored for targeted gene therapy
treatment for EC in the future.
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