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Abstract

S100A7 is expressed in many squamous cell carcinomas (SCCs). Our previous study

revealed that S100A7 was dramatically induced in several SCC cells and activation of the

Hippo pathway significantly promoted S100A7 in epidermoid carcinoma cells. However,

whether the Hippo pathway regulates S100A7 expression in SCCs remains largely

unknown. Here, we uncover that S100A7 induction by the Hippo-YAP pathway displays dif-

ferent characteristic in cervical and glossopharyngeal SCC. In well differentiated HCC94

cervical cells and FaDu pharyngeal cells, S100A7 is easily induced by both suspension and

dense culture, which is accompanied by an increase in YAP phosphorylation and a

decrease in nuclear YAP. Strikingly, these correlations of S100A7 and YAP reverse after

recovery of cell attachment or relief from dense culture. Further examination finds that

S100A7 induction is significantly repressed by nuclear YAP, which is validated by activation

or inhibition of the Hippo pathway via loss- and/or gain-of- LATS1 and MST1 function. Sub-

sequently, we prove that TEAD1 is required for YAP transcriptional repression of S100A7.

However, S100A7 is hardly induced in poorly differentiated SiHa cervical cells and NCI-

H226 pulmonary cells even in suspension or activation of the Hippo pathway. More impor-

tantly, cervical and lingual SCC tissues array analyses show that S100A7 expression dis-

plays the positive correlation with pYAP-S127 and the negative correlation with nuclear YAP

in the majority of well differentiated but not in poorly differentiated tissues. Collectively, our

findings demonstrate that the different induction of S100A7 toward activation of the Hippo

pathway mainly depends on the degree of cell differentiation in cervical and glossopharyn-

geal SCC.

Introduction

Squamous cell carcinomas (SCCs) are the most common cancer and can be very aggressive

and metastatic. S100A7 (psoriasin) belongs to the S100 multigenic family of calcium-
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modulated proteins of the EF-hand type and is originally identified in psoriatic keratinocytes.

[1,2] Subsequent studies have shown that upregulation of S100A7 is detected in nearly all types

of SCC tissues as well as adenocarcinomas of the breast.[3–10] Our previous study indicated

that S100A7 expression can be significantly induced depending on the cell density and cell

morphology in several SCC cells and xenografts.[11,12] Recently, we have uncovered that acti-

vation of the Hippo pathway significantly promote S100A7 expression in epidermoid carci-

noma A431 cells.[13] However, little is known whether the Hippo pathway is involved in

S100A7 induction in SCCs. Therefore, understanding the mechanisms and characters of

S100A7 induction in these SCCs has significant implications for elucidating the mechanism of

SCCs development and treatment.

The Hippo pathway is a newly established tumor suppressor pathway that plays a central

role in tissue homoeostasis.[14] At the core of this pathway in mammals is a kinase cascade

consisting of MST1/2 and LATS1/2. MST1/2 phosphorylates the hydrophobic motif of

LATS1/2 (LATS-HM) and activates the LATS1/2,[15] which in turn directly phosphorylates

YAP (Yes-associated protein) at Serine 127 (YAP-S127).[15–19] The phosphorylation of

YAP-S127 is required for its cytoplasmic retention, wherein it can no longer acts as a tran-

scriptional coactivator and also not promotes or represses YAP-dependent gene expression via

binding with TEAD (TEA domain) as YAP in nucleus.[19] Recent studies demonstrate a

requirement for the Hippo-YAP pathway to sense the cues from cell morphology and cell den-

sity via actin cytoskeleton reorganization.[20,21]

Here we report that S100A7 is inducible in well differentiated HCC94 and FaDu SCC cells

but not in poorly differentiated H226 and SiHa cells. We further demonstrate that S100A7

induction in HCC94 and FaDu SCC cells is repressed by YAP/TEAD1 via activation of the

Hippo pathway. The negative correlation of S100A7 expression and nuclear YAP is detected in

well differentiated cervical and glosspharyngeal SCC cells and tissues. Thus, our findings pro-

vide a new insight for understanding the characteristic of S100A7 induction by the Hippo-

YAP pathway in cervical and glossopharyngeal SCC.

Materials and Methods

A full description of materials and methods, including Plasmids and Reagents, Western blot,

Immunofluorescence staining, Immunohistochemistry, MTT assay and Statistical analysis was

described in S1 Text.

Cell culture

Human squamous carcinoma cell lines HCC94, FaDu, SiHa and NCI-H226 were purchased

from the Chinese Academy of Sciences Committee Type Culture Collection Cell Bank and

were authenticated by short tandem repeat analysis at HK Gene Science Technology Co. (Bei-

jing, China). All cells were cultured according to the corresponding culture methods of the

ATCC and Chinese Academy of Sciences Committee Type Culture Collection Cell Bank. Cell

suspension cultures were obtained as described in our previous studies.[11] Cultures with dif-

ferent cell densities were achieved by plating cells at low cell density (here-after called ‘sparse’,

7 500 cells/cm2) and at high cell density (‘dense’, 75 000–100 000 cells/ cm2).

siRNA and transfection

To silence the expression of YAP, LATS1, MST1, TEAD1, TEAD2, TEAD3 and TEAD4, all

siRNAs as well as the non-targeting control siRNA were purchased from Gene Pharma

(Shanghai, China) and transfected using the Transfection Reagent (Polyplus, NY, USA)
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according to the manufacturer’s protocol. For each gene, two individual siRNAs were used

(S1 Table).

Reverse transcription and quantitative RT-PCR

Total RNA was extracted from cells for the generation of single-stranded cDNA. Quantitative

RT-PCR (qPCR) was performed using an ABI 7300 Real-time PCR System (Life Technologies

Ltd, Paisley, UK) with the Power SYBR1 Green PCR Master Mix (Life Technologies Ltd) in a

final volume of 20 μL. GAPDH was used as an endogenous control for each sample. The prim-

ers used for each of the genes are listed (S2 Table).

Tissue specimens

Lingual SCC (No. OR601b) and uterine cervix SCC (No. CR803) tissue microarrays were pur-

chased from Xi’ an Alenabio Company (Xian, China). All patients with cancer had received a

pathological diagnosis and none had received prior therapy. All cancer tissues were obtained

from surgically treated patients who gave their written informed consent to participate in this

study and the Ethics Committee of the General Hospital of PLA Rocket Force (No.

KY2015031) approved this protocol.

Results

Identical activation of the Hippo pathway but different induction of

S100A7 in cervical and pharyngeal SCC cells

Our recent data show YAP as a suppressor in S100A7 induction in epidermoid carcinoma

cells.[13] Since the upregulation of S100A7 displayed the positive correlation with the degree

of differentiation in clinical SCC tissues;[22] we selected three cervical and pharyngeal SCC

cell lines with the different degrees of differentiation in order to investigate the role of YAP in

S100A7 induction. These cells were cultured in suspension or at two different cell densities,

including sparse and dense (S1 Fig). Interestingly, we found that S100A7 was easily induced in

well differentiated HCC94 and FaDu cells; which were accompanied by an increase in

YAP-S127 phosphorylation in suspended cells compared with attached cells (Fig 1A and 1B).

Similar phenomena also occurred in dense cells compared with sparse cells (Fig 1C and 1D).

Strikingly, these correlations of S100A7 and YAP reverse after recovery of cell attachment or

relief from dense culture. However, in poorly differentiated SiHa cells (Fig 1E), the expression

of S100A7 was very low and was hardly induced although pYAP-S127 was also significantly

increased in suspended cells. Similar results were also obtained in poorly differentiated H226

pulmonary SCC cells (Fig 1F). Considering YAP as the effector of the Hippo pathway, we fur-

ther examined the expression of other Hippo pathway core components, including MST1 and

LATS1 in these cells. Consistently, the Hippo pathway was activated in all tested SCC cells by

suspension and/or dense culture, as indicated by the status of LATS-HM (LATS1-T1079)

phosphorylation (Fig 1A–1F). To further confirm the activation of the Hippo pathway, CTGF
(Connective tissue growth factor) and CYR61 (Cysteine-rich angiogenic inducer 61), two

direct endogenous markers of YAP, were analyzed by quantitative RT-PCR (qPCR) as readout

of YAP activity. Consistent with the increased YAP phosphorylation, CTGF and/or CYR61
transcription are significantly suppressed in suspended and dense HCC94 and FaDu cells (Fig

1G and 1H). Similar results were also obtained in suspended H226 and SiHa cells (data not

shown). Using immunofluorescence, we further examined the expression pattern of S100A7

and YAP in HCC94 cells. Representative immunofluorescence images are shown in Fig 1I. In

line with these finding, YAP markedly translocated to the cytoplasm in suspended cells and
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Fig 1. Identical activation of the Hippo pathway but different induction of S100A7 in cervical and pharyngeal

SCC cells (a, b) Suspension culture induced the expression of S100A7, pYAP-S127 and pLATS1-HM is detected by

western blot in HCC94 (a) and FaDu (b) cells. Cells were cultured in suspension for two days (S48h) and then

reattachment for one day (S48h-reatt.). (c, d) Western blots showing dense culture induced the expression of S100A7,

pYAP-S127 and pLATS1-HM in HCC94 (c) and FaDu (d) cells. Cells were cultured densely for two days (D48h) and

then relief from dense culture (D48h-sparse). (e, f) Suspension culture induced the expression of S100A7, pYAP-S127

and pLATS1-HM is detected by western blot in SiHa (e) and H226 (f) cells. HCC94-S48h was used as the positive

control. GAPDH was used as a loading control. (g, h) The mRNA levels of CYR61, CTGF and S100A7 are analyzed by

qRT-PCR in HCC94 and FaDu cells. H: HCC94 cells; F: FaDu cells. Error bar, SD of three different experiments.

*P<0.05, **P<0.01; t-test. (i) Representative immunofluorescence images of S100A7 and YAP subcellular location is

detected in attached and suspended HCC94 cells. DAPI is a nuclear counterstain. Scale bar, 20μm. (j) Quantification

of percentage of the S100A7 positive HCC94 cells was performed in three randomly chosen fields. Typically, each field

contains 40–60 cells and are all counted.

doi:10.1371/journal.pone.0167080.g001
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the percentage of S100A7-positive cells was significantly increased from 16% to 37% (Fig 1J).

Collectively, our data uncover the characteristic of S100A7 induction and the correlation

between S100A7 and YAP in cervical and pharyngeal SCC cells.

Activation of the Hippo pathway promoted S100A7 induction in well

differentiated cervical and pharyngeal SCC cells

We next sought to explore whether the Hippo-YAP is really involved in S100A7 induction in

cervical and pharyngeal SCC cells. We silenced the expression of YAP in attached SCC cells in

order to mimic cells grown in suspension or dense condition. We found that single depletion

of YAP was sufficient to induce S100A7 expression in well differentiated HCC94 and FaDu

cells (Fig 2A and 2B) but not in poorly differentiated SiHa (Fig 2C) and H226 cells (Fig 2D).

The efficiency of YAP knockdown was also confirmed by a decrease of CTGF and CYR61
expression in HCC94 (Fig 2E) and FaDu (Fig 2F) cells. In contrast, overexpression of YAP-

S127A (a constitutively activated form of YAP) repressed suspension- and dense-induced

S100A7 expression more effective than YAP-WT in HCC94 and FaDu cells (Fig 2G and 2H).

These data collectively support that inhibition of YAP transcriptional activity is indispensable

for S100A7 induction in well differentiated cervical and pharyngeal SCC cells. Consistently,

activation of the Hippo pathway by overexpression of LATS1 dramatically increased S100A7

expression and YAP phosphorylation in HCC94 and FaDu cells (Fig 3A) but not in SiHa and

H226 cells (Fig 3B). Importantly, the opposite results were obtained by silencing of LATS1 and

MST1 (S2 Fig) in suspended- and dense- HCC94 and FaDu cells both in protein (Fig 3C–3F)

and mRNA levels (S3 Fig). Together, our data unequivocally demonstrate for the first time

that activation of the Hippo pathway is the necessary condition for S100A7 induction in well

differentiated cervical and pharyngeal SCC cells.

Fig 2. The nuclear YAP is responsible for inhibition of S100A7 expression in well differentiated cervical and pharyngeal SCC

cells (a-d) Depletion of YAP using siRNA in normal attached HCC94 (a), FaDu (b), SiHa (c) and H226 (d) cells. The expression of YAP,

S100A7 and pYAP-S127 is determined by western blotting. HCC94-WT was used as the positive control. β-actin was used as a loading

control. (e, f) qRT-PCR analyses of YAP, S100A7, CTGF and CYR61 in attached HCC94 (e) and FaDu (f) cells after silencing of YAP.

H: HCC94 cells; F: FaDu cells. Error bar, SD of three different experiments. *P<0.05, **P<0.01; t-test. (g, h) HCC94 and FaDu cells

were transfected with YAP-WT and mutant activated YAP-S127A. Subsequently, the cells were cultured in suspension (g) or dense (h)

for two days. The expression of S100A7, YAP and pYAP-S127 is detected by western blotting. Anti-His tag antibody was used to judge

the transfection efficiency. GAPDH was used as a loading control.

doi:10.1371/journal.pone.0167080.g002
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F-actin disruption enhances S100A7 expression via activation of the

Hippo pathway in well differentiated cervical and pharyngeal SCC cells

Cell suspension and dense culture leads to activation of the Hippo pathway through actin cyto-

skeleton remodeling.[20,23] To test whether F-actin cytoskeleton reorganization participates

in S100A7 induction through the Hippo-YAP pathway in cervical and pharyngeal SCC cells,

two F-actin cytoskeleton-disrupting reagents, Latrunculin B (Lat B) (Fig 4A) and cytochalasin

D (Cyto D) (Fig 4B and 4C) were used to treat attached cells. Lat B and Cyto D disrupt the F-

actin cytoskeleton by preventing actin polymerization and by capping filament plus ends,

respectively.[20] We found that abrogation of the F-actin polymerization by these drugs both

resulted in activation of the Hippo pathway in HCC94 and FaDu cells. Lat B and CytoD treated

these two well differentiated SCC cells show obviously induction of S100A7 expression at 24h

(Fig 4A) and 0.05μM (Fig 4B), respectively. Real-time PCR data further confirmed the decrease

of YAP transcriptional activity (S4 Fig). As expected, no similar effect of Cyto D on S100A7

Fig 3. The Hippo pathway is responsible for S100A7 induction in well differentiated cervical and pharyngeal SCC

cells. (a, b) Overexpression of LATS1 in normal attached HCC94 (a, left), FaDu (a, right), SiHa (b, left) and H226 (b, right)

cells. Anti-Flag tag antibody was used to judge the transfection efficiency. HCC94-WT was used as the positive control. β-

actin was used as a loading control (c, d) Depletion of LATS1 using siRNA attenuates S100A7 in suspended or dense

HCC94 (c) and FaDu (d) cells. siLATS1+S48h (or D48h) indicates that cells are cultured in suspension (or dense) for 48 h

after silencing of LATS1. (e, f) Silencing MST1 in HCC94 (e) and FaDu (f) cells cultured in suspension or dense. siMST1

+S48h (or D48h) indicates that cells are cultured in suspension (or dense) for 48 h after losing of MST1. GAPDH was used

as a loading control.

doi:10.1371/journal.pone.0167080.g003
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induction was detected in poorly differentiated SiHa and H226 cells (Fig 4C). It has been

reported that Rho can strongly induces YAP dephosphorylation via regulation of the actin

cytoskeleton.[20] Thus, we asked whether inhibition of Rho performed the similar effect as Lat

B and Cyto D on S100A7 induction. Indeed, inhibition of Rho with C3, a specific inhibitor of

Rho, not only promoted S100A7 expression and YAP phosphorylation (Fig 4D and S4 Fig),

but also activated the Hippo pathway. By immunofluorescence, we observed that disruption of

Fig 4. F-actin disruption induces S100A7 via the activation of the Hippo pathway in well differentiated

cervical and pharyngeal SCC cells (a) HCC94 and FaDu cells were treated with LatB (20 μg/ml) for 6 h and 24 h.

(b, c) HCC94 (b, left), FaDu (b, right), SiHa (c, left) and H226 (c, right) cells were cultured for 48 h in the presence of

Cyto D (0.05μM). 94WT was used as the positive control. GAPDH was used as a loading control. (d) C3 (1 μg/ml)

was added to HCC94 and FaDu cells with serum-free growth medium for 4 h prior to harvesting for western blotting

analyses. GAPDH was used as a loading control. (e) Representative immunofluorescence images of S100A7 and

YAP subcellular location is detected in HCC94 cells treated with LatB (20 μg/ml) for different time. DAPI is a nuclear

counterstain. Scale bar, 20μm. (f) Quantification of percentage of the S100A7 positive HCC94 cells in the presence

of LatB was performed in three randomly chosen fields. Typically, each field contains 40–50 cells and are all counted.

H: HCC94 cells.

doi:10.1371/journal.pone.0167080.g004
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F-actin by Lat B impaired YAP-nuclear translocation and significantly increased the percent-

age of S100A7-positive cells in HCC94 cells (Fig 4E and 4F). Representative immunofluores-

cence images are shown in Fig 4E. These results provide the direct evidence to support that F-

actin controls S100A7 expression via the Hippo-YAP pathway in well differentiated cervical

and pharyngeal SCC cells.

Repression of S100A7 by nuclear YAP requires TEAD1 in well

differentiated cervical and pharyngeal SCC cells

Since YAP did not have DNA-binding activity and TEAD has emerged as one of the main

partners of YAP on DNA to stimulate or repress YAP-dependent gene expression,[24,25] we

hypothesized that the TEAD may be the key regulator for S100A7 induction. To test this

hypothesis, we transiently knocked down the expression of each isoform of TEADs in attached

HCC94 using two specific TEADs siRNAs. Importantly, depletion of TEAD1 significantly

induced S100A7 expression in the cells (Fig 5A). This effect was specific for TEAD1 only, since

silencing of other members of the same family did not have the similar function (S5 Fig). Con-

sistently, a decrease in the expression of CTGF and an increase in the expression of S100A7

Fig 5. TEAD1 mediates YAP-dependent S100A7 expression. (a) Western blot analyses for S100A7 expression after

TEAD1 silencing in normal attached HCC94 cells. (b) The mRNA expression of TEAD1, CTGF, CYR61 and S100A7 is

examined using qRT-PCR. H: HCC94 cells. Error bar, SD of three different experiments. *P<0.05, **P<0.01; t-test. (c, d)

Overexpression of YAP-WT and mutant activated YAP-S94A in normal attached HCC94 (c) and FaDu (d) cells. Anti-Flag tag

antibody was used to judge the transfection efficiency. β-actin was used as a loading control.

doi:10.1371/journal.pone.0167080.g005
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were confirmed using qPCR (Fig 5B). To further confirm the role of interaction of TEAD1

and YAP on S100A7 induction, we overexpressed YAP-S94A in attached cells because

YAP-S94A was defective in TEAD activation. Indeed, S100A7 expression was marginally

affected by YAP-S94A compared with the overexpression of YAP-WT (Fig 5C and 5D), indi-

cating that through interaction with TEAD1, nuclear YAP regulates S100A7 expression. Taken

together, we conclude that TEAD1 is truly required for the inhibitory effect of YAP on S100A7

induction in well differentiated cervical and pharyngeal SCC cells.

S100A7 positively correlates with pYAP-S127 and negatively correlates

with nuclear YAP in well differentiated cervical and lingual SCC tissues

Thus, to further investigate the correlation between S100A7 and YAP in clinical SCC tissues,

three consecutive sections of uterine cervical and lingual SCC tissues microarrays were stained

by specific S100A7, pYAP-S127 and total YAP antibodies, respectively. Representative immu-

nohistochemistry images are shown in Fig 6A and 6B while all the images of well differentiated

Fig 6. S100A7 positively correlates with pYAP-S127 and negatively correlates with nuclear YAP in well differentiated

cervical and lingual SCC tissues (a, b) Representative images showing S100A7, pYAP-S127 and total YAP staining in well-(W),

moderately-(M), poorly-(P) differentiated uterine cervical SCC (a) and lingual SCC (b). The corresponding adjacent normal tissues (N)

were also stained. Scale bar, 100μm. (c) The cell proliferation of single deletion of YAP or S100A7 or both in HCC94 was determined

by MTT assay. (d)The cell proliferation of overexpressed of S100A7 or silenced YAP or combined in FaDu cells was determined by

MTT assay. Error bar, SD of three different experiments. *P<0.05, **P<0.01; t-test. (e, f) The transfection efficiency of YAP and

S100A7 in HCC94 (e) or FaDu (f) cells was determined by western blot. GAPDH was used as a loading control.

doi:10.1371/journal.pone.0167080.g006
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cervical SCC tissues are showed in S6 Fig. Notably, the majority of well differentiated and

more than half of moderately differentiated SCC specimens showed strong or medium

S100A7 staining, whereas all of poorly differentiated SCC tissues did not. Consistently,

S100A7 positively correlated with pYAP-S127 and negatively correlated with nuclear YAP

only in well- and moderately differentiated cervical and lingual SCC specimens (Fig 6A and 6B

and Table 1). These data indicate that S100A7 expression toward the Hippo pathway activation

largely depend on the differentiated status of cervical and lingual SCC specimens.

With integrative results of the cervical and pharyngeal SCC cells as well as the cervical and

lingual clinical specimens, we puzzled why S100A7 negatively correlated with nuclear YAP in

well differentiated cervical and glossopharyngeal SCC cells and tissues since both YAP and

S100A7 were reported to promote cells proliferation,[11,12,16] In an effort to elucidate this

doubt, we selected HCC94 and FaDu SCC cells and altered the expression of S100A7 or YAP

or both according to their endogenous expression levels. Strikingly, double silencing of YAP

and S100A7 suppressed HCC94 cells proliferation more effective than each single deletion (Fig

6C). Similarly, the proliferation of FaDu cells was significantly promoted by overexpression of

S100A7 but inhibited by depletion of YAP, and slightly influenced by both combinations (Fig

6D). Silencing efficiency of YAP and S100A7 was determined by western blot (Fig 6E and 6F).

These data at least demonstrate that S100A7 plays the similar effect as YAP on HCC94 and

FaDu cells proliferation, implying that S100A7 may act as a substitute for YAP in well differen-

tiated cervical and glossopharyngeal SCC during activation of the Hippo pathway.

Discussion

Cell behavior is not only governed by chemical signals but is also controlled by cell shape and

cell density.[26] Indeed, our previous study proved that S100A7 was strongly induced in sev-

eral SCC cells by suspension and dense culture.[11] In the present study, we demonstrate for

the first time that Hippo-YAP pathway controls S100A7 expression in cervical and glossopha-

ryngeal SCC mainly depending on the degree of cell differentiation. When the Hippo pathway

is activated by either suspension and dense cultures or pharmacological perturbation of the

actin cytoskeleton, a decrease in nuclear YAP results in S100A7 induction in HCC94 and

FaDu cells (well differentiated SCC cells) while inactivation of the Hippo pathway suppresses

S100A7 expression in these attached cells. Although the basic level of S100A7 expression is

very low or undetectable in SiHa and H226 cells (poorly differentiated cells), we identify an

unexpected phenomenon: S100A7 is hardly induced in these two cells even in the same condi-

tion as above, whereas the Hippo pathway is significantly activated. These data indicate that

the Hippo-YAP pathway controlling S100A7 induction in cervical and pharyngeal SCC cells is

Table 1. Correlation of S100A7, pYAP-S127 and YAP in relation to the differentiated status of cervical and lingual SCC specimens.

Group Differentiation n S100A7+ pYAP-S127+ S100A7+/pYAP-S127+a YAP

C C/Nb none

Cervical SCC specimens Well 25 25(100%) 17(68%) 17(68%) 13(52%) 9(36%) 3(12%)

Moderate 26 16(61.5%) 13(50%) 13(50%) 7(26.9%) 15(57.7%) 4(15.3%)

Poor 18 0(0%) 4(22%) 0(0%) 2(11.1%) 7(38.9%) 9(50%)

Lingual SCC specimens Well 42 42(100%) 39(92.9%) 39(92.9%) 15(35.7%) 24(57.1%) 3(7.1%)

Moderate 3 2(66.7%) 1(33.3%) 1(33.3%) 1(33.3%) 1(33.3%) 1(33.3%)

Poor 3 0(0%) 0(0%) 0(0%) 0(0%) 0(0%) 0(0%)

a, S100A7+/pYAP-S127+, the number (proportion) of both S100A7 and pYAP-S127 positive tissues

b, C/N, the number (proportion) of YAP expressed both in cytoplasm and nuclear

doi:10.1371/journal.pone.0167080.t001
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determined by either differentiated status of SCC cells or some unknown intrinsic characters

of cells, such as Lkb1 deficient. [27] More importantly, the positive correlation between

S100A7 and YAP-S127 and the negative correlation between S100A7 with nuclear YAP were

consistently observed in all of the well differentiated and more than half of moderately differ-

entiated cervical and lingual SCC specimens but not in all of the poorly differentiated tissues.

Although several transcription factors, including ErbB4, Runx2, and TEAD, have been

reported to interact with YAP, TEAD represent the major target transcription factors of YAP.

[28–32] We further prove that the repressor function of nuclear YAP on S100A7 induction in

well differentiated HCC94 and FaDu cells required TEAD1 but not the other members of this

family. Our findings demonstrate that YAP-TEAD complex not only participated in gene acti-

vation but also gene repression. Indeed, a recent study has provided a direct evidence to sup-

port our opinion. They found that YAP/TAZ-TEAD function as transcriptional co-repressors

via recruitment of the nucleosome remodeling and histone deacetylase (NuRD) complex to

target gene, and this repressor function requires TEAD1/3/4 transcription.[33] Conversely,

YAP-TAED acts as transcriptional co-activators via recruitment of the NcoA6 H3K4 methyl-

transferase complex and SWI/SNF chromatin-remodeling complex to target gene.[34,35]

Therefore, we have reasons to believe that the repression of YAP-TEAD1 on S100A7 induction

may be partially mediated by the recruitment of NuRD, although the precious mechanism is

not elucidated in the present study. Collectively, our studies provide the first biological evi-

dence that YAP functions as a transcriptional co-repressor to inhibit S100A7 expression via

binding with TEAD1 in well differentiated cervical and pharyngeal SCC cells.

Both suspension and dense culture result in actin cytoskeleton remodeling, which promotes

YAP phosphorylation and inhibit its transcriptional activity through activation of the Hippo

pathway.[20,23] Similarly, we demonstrated that S100A7 expression and YAP phosphorylation

were significantly increased in HCC94 and FaDu cells after pharmacological perturbation of

the actin cytoskeleton. However, disruption of F-actin had no effect on S100A7 induction

in poorly differentiated SiHa and H226 cells in spite of activation of the Hippo pathway.

Although it is not clear whether the contractility mechanism per se or contractility just attains

a specific cell shape and cytoskeleton organization to determine S100A7 expression in well dif-

ferentiated SCC cells, F-actin remodeling really participates in control of S100A7 expression

during the cells experiencing low mechanical stresses. Besides the actin cytoskeleton, the

microtubule cytoskeleton is also reorganized during cell detachment and it also plays impor-

tant roles in stimulating Lats1/2 kinase activity and YAP phosphorylation. Disruption of

microtubule polymerization by nocodazole strongly blocked detachment-induced YAP phos-

phorylation but not affected attachment-induced YAP dephosphorylation.[20] In addition, the

Hippo-YAP pathway is also regulated by G-protein coupled receptor signaling and protease

activated receptor PAR.[36] Recently, several studies provide evidence that disruption of the

E-cadherin-catenin complex at cell-cell junction also leads to activation of YAP.[37] Therefore,

S100A7 induction in well differentiated cervical and pharyngeal SCC cells may also be regu-

lated by several signaling pathways including chemical signals and tissue architecture as well as

mechanical forces.

Although S100A7 expression and YAP activity displayed the negative correlation in well

differentiated HCC94 and FaDu SCC cells and the clinical cervical and lingual SCC specimens,

our data indeed support that both may perform the same or similar effects on cells prolifera-

tion and/or differentiation in well differentiated cervical and glossopharyngeal SCC. Several

clues support our hypotheses. First, YAP plays a crucial role in organ size by promoting cell

proliferation and inhibiting apoptosis.[16] Similarity, in the present study, we demonstrated

that single depletion of YAP inhibited both HCC94 and FaDu cells proliferation. Second,

our previous study demonstrated that single deletion of S100A7 inhibited HCC94 cells
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proliferation but promoted cell differentiation. However, the opposite results were obtained in

FaDu cells by overexpression of S100A7.[11] Third, double silencing of YAP and S100A7 sup-

pressed HCC94 cells proliferation more effective than single deletion of YAP and S100A7 (Fig

6C). As expected, the proliferation of FaDu cells was slightly influenced by combination of

YAP-silenced and S100A7-overexpressed (Fig 6D). Fourth, S100A7 is responsible for cell

detachment induced-anoikis resistance and tumorigenicity in human oral cancer cells.[20,38]

Thus, we speculate that YAP and S100A7 might act as the compensatory function depending

on cell microenvironment in well differentiated cervical and glossopharyngeal SCC. When

these cells are detached or cultured in high density, the Hippo pathway is activated and nuclear

YAP is attenuated, which leads to S100A7 induction in order to perform the similar effects as

YAP, such as maintenance of cell survival and/or suppression of cell differentiation. With

regard to the loss of YAP expression in some cervical and lingual SCC tissues, we consider that

some other pathway may be responsible for cell proliferation in these cells but the mechanism

is beyond the scope of this present study.

In summary, our findings prove a novel function and a critical role of the Hippo-YAP path-

way in regulation of S100A7 expression in well differentiated cervical and glossopharyngeal

SCC. Despite the fact that only four types of SCC cell lines and two kinds of SCC tissues are

involved in the present study, this characteristic of S100A7 induction by the Hippo-YAP path-

way may be the common features in SCCs. Therefore, this study not only demonstrates the

complexity of SCCs but also provides potential opportunities for the development of new

SCCs therapeutics.
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Supporting Information

S1 Text. The full description of materials and methods.

(DOC)

S1 Table. The sequences of siRNAs.

(DOC)

S2 Table. The primer sequences for qPCR.

(DOC)

S1 Fig. HCC94, FaDu and SiHa cells morphology in sparse and dense culture. (a) HCC94,

FaDu and SiHa cells were seeded to obtain sparse and dense cells. Sparse: 7 500 cells/cm2;

Dense: 75 000–100 000 cells/cm2. After two days, cells were visualized by AxioObserverD1.

Scale bar, 200μm.

(TIF)

S2 Fig. The transfection efficiency of two different specific LATS1 and MST1 siRNAs. (a-d)

The silencing efficiency of LATS1 and MST1 siRNAs is detected by western blotting (Upper

panel: a and b) and qPCR (Lower panel:c and d).

(TIF)

S3 Fig. The Hippo pathway is responsible for S100A7 induction in well- and moderately

differentiated SCC cells. (a-d) The mRNA levels of CTGF, CYR61 and S100A7 are analyzed by

qRT-PCR. siLATS1+S48h (or D48h) indicates that cells are cultured in suspension (or dense)

for 48 h after silencing of LATS1. siMST1+S48h (or D48h) indicates that cells are cultured in

suspension (or dense) for 48 h after losing of MST1. H: HCC94 cells; F: FaDu cells. Error bar,

SD of three different experiments. �P<0.05, ��P<0.01; t-test

(TIF)
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S4 Fig. F-actin disruption enhances S100A7 mRNA level via activation of the Hippo path-

way in well- and moderately differentiated SCC cells. (a, b) The expression of CTGF, CYR61
and S100A7 in LatB (a) or Cyto D (b) treated HCC94 and FaDu cells is detected by qRT-PCR.

Error bar, SD of three different experiments. �P<0.05, ��P<0.01; t-test. (c) C3 (1 μg/ml) was

added to HCC94 (c, left) and FaDu (c, right) cells with serum-free growth medium for 4 h

prior to harvesting for qRT-PCR. H: HCC94 cells; F: FaDu cells. Error bar, SD of three differ-

ent experiments. �P<0.05, ��P<0.01; t-test.
(TIF)

S5 Fig. Depletion of TEAD2/3/4 can not induce S100A7 mRNA level in HCC94 cells. (a-c)

RT-PCR analyses for S100A7 expression after TEAD2 (a), TEAD3 (b) and TEAD4 (c) silenc-

ing in normal attached HCC94 cells. β-actin was used as a loading control.

(TIF)

S6 Fig. All the immunohistochemistry images showing S100A7, pYAP-S127 and total YAP

staining in 25 cases of well differentiated cervical SCC tissues. (a) Sample 1–17 are S100A7

+/pYAP-S127+/YAP+ tissues.Sample 18–22 are S100A7+/pYAP-S127-/YAP+ tissues. Sample

23–25 are S100A7+/pYAP-S127-/YAP- tissues.

(TIF)
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