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Abstract
Purpose  The clinical importance of cancer stem cells (CSCs) in head and neck squamous cell carcinoma (HNSCC) is well 
recognized. However, a reliable method for the detection of functioning CSC has not yet been established. We hypothesized 
that YAP1, a transcriptional coactivator, and SOX2, a master transcription factor of SCC, may cooperatively induce stemness 
through transcriptional reprogramming.
Methods  We immunohistochemically examined the expression of SOX2 and YAP1 in the CD44 variant 9 (CD44v9)-positive 
invasion front. A CSC-inducible module was identified through a combination of siRNAs and sphere formation assays. YAP1 
and SOX2 interactions were analyzed in vitro.
Results  The triple overexpression of SOX2, YAP1, and CD44v9 was significantly associated with poor prognosis. TCGA 
data revealed that the CSC-inducible module, which was related to EMT and angiogenesis, was significantly correlated with 
poor prognosis. The KLF7 expression, representatively chosen from the module, also correlated with poor prognosis and 
was essential for sphere formation and CSC propagation. Sphere stress-activated YAP1 enhanced SOX2 activity.
Conclusions  The stress-triggered activation of YAP1/SOX2 transcriptionally reprograms HNSCC for the acquisition of 
stemness. Triple SOX2, YAP1, and CD44v9 immunostaining assays may be useful for the selection of high-risk patients 
with functioning CSCs, and YAP1 targeting may lead to the development of a CSC-targeting therapy.
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Abbreviations
YAP1	� Yes-associated protein 1
SOX2	� SRY (sex determining region Y)-box 2
KLF	� Krüppel-like family of transcription factor

OCT	� Octamer-binding Transcription Factor
MMP	� Matrix metalloproteinase
SLCO2A1	� Solute carrier organic anion transporter fam-

ily, member 2A1
SERPINB2	� Serpin family B member 2
LEMD1	� LEM domain-containing 1
DDX60	� DExD/H-box helicase 60
BRD4	� Bromodomain containing 4
TEAD	� TEA domain transcription factor
FOXM1	� Forkhead box M1
CYR61	� Cysteine-rich angiogenic inducer 61
CTGF	� Connective Tissue Growth Factor

Introduction

Head and neck squamous cell carcinoma (HNSCC) is 
the sixth most common cancer in the world, and approxi-
mately half of the patients diagnosed with this disease do 
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not survive (Leemans et al. 2018). In addition to poor sur-
vival rates, the quality of life of patients has not significantly 
improved in the past decade (Masuda et al. 2016). To solve 
this issue, research has increasingly focused on the develop-
ment of novel treatment strategies based on the cell biology 
of HNSCC. However, in this era of precision medicine, a 
clinically effective molecular target in HNSCC is not yet 
to be identified (Morris et al. 2017; Zehir et al. 2017). This 
is mainly due to the lack of predominant gain-of-function 
mutations in oncogenes in HNSCC, as was confirmed by 
The Cancer Genome Atlas (TCGA) Consortium (Cancer 
Genome Atlas 2015). In view of this distinctive genetic 
landscape, taken together with the recent remarkable discov-
ery that epigenetic reprogramming also plays fundamental 
roles in the development and progression of cancer (Fein-
berg et al. 2016; Zanconato et al. 2018), we postulated that 
HNSCC is a complex adaptive system that evolves under 
selective pressures, exploiting the intrinsic epigenetic repro-
gramming system, thereby developing an ecological tumor 
microenvironment system, which facilitates the survival and 
migration of cancer cells (Masuda et al. 2013, 2016). In this 
process, the acquisition of stemness, i.e., self-renewal and 
pluripotency, appears to play a central role, responsible for 
the aggressive phenotypes of cancer, such as resistance to 
conventional therapy and distant metastasis, which are major 
determinants of patient prognosis (Shibue and Weinberg 
2017). Notably, growing evidence indicates that the cellular 
transition to this undifferentiated state is highly dependent 
on epigenetic reprogramming (Shibue and Weinberg 2017; 
Suva et al. 2013).

In the cells of squamous cell lineages, including the skin 
and upper aero-digestive epithelium, SOX2 functions as a 
master transcription factor (MTF) and transcriptionally regu-
lates the self-renewal ability as well as the commitment to 
the squamous cell lineage in normal progenitor/stem cells 
(Jiang et al. 2018; Watanabe et al. 2014). As expected, the 
constitutive activation of this MTF leads to the formation of 
SCC and is required for the development and maintenance of 
cancer stem cells (CSC) (Boumahdi et al. 2014; Keysar et al. 
2017; Lee et al. 2014). Therefore, it is associated with an 
unfavorable prognosis of HNSCC (Dong et al. 2014). How-
ever, in HNSCC, the precise mechanism for SOX2 activation 
is not yet to be elucidated. Recently, the oncogenic roles of 
YAP1 protein have been discussed intensively, including in 
HNSCC (Segrelles et al. 2018; Totaro et al. 2018; Zanco-
nato et al. 2016). YAP1 is a transcriptional coactivator and 
was identified as a downstream effector protein of the Hippo 
pathway, which phosphorylates YAP1 and then retains the 
inactivated form of YAP1 in the cytoplasm (Totaro et al. 
2018). In organogenesis, the Hippo-YAP1 axis is a major 
regulator of organ size. Under the conditions of normal 
cell physiology, YAP1 functions as a sensor of the cellu-
lar microenvironment, and upon cellular stress, including 

chronic inflammation, mechanotransduction, and tissue inju-
ries, YAP1 is activated and then emits a regenerative cue in 
the progenitor/stem cells of the basal layer (Elbediwy et al. 
2016). Reflecting this regenerative potential, the organ-spe-
cific forced activation of YAP1 protein in genetically engi-
neered mice resulted in tumor formation in the liver, ovaries, 
and prostate (Zanconato et al. 2016). In HNSCC, YAP1 acti-
vation correlates with proliferative regenerative phenotypes 
as well as poor prognosis (Eun et al. 2017; Garcia-Escudero 
et al. 2018; Ge et al. 2011; Hiemer et al. 2015; Saladi et al. 
2017). It is worth noting that YAP1 can promote induced 
pluripotent (iPS) cell reprogramming, in combination with 
SOX2, OCT4, and KLF4 (Lian et al. 2010).

Collectively, we hypothesized that in HNSCC, the stress-
triggered activation of YAP1 may collaborate with SOX2 
and contribute to the acquisition of stemness through tran-
scriptional reprogramming. In the present study, the nuclear 
co-expression of YAP1 and SOX2 was prominent in the 
CSC-enriched invasion front in the oral squamous cell car-
cinoma (OSCC) samples. We identified a set of candidate 
gene modules, which may be responsible for the induction 
of stemness (CSC-inducible module) in the HNSCC cell line 
and confirmed its clinical significance and CSC-inducing 
function. In our final assays, we found that the microenvi-
ronmental stress-activated YAP1 and the subsequent SOX2 
activation were possible mechanisms of action in the tran-
scriptional reprogramming for stemness.

Materials and methods

Clinical samples and staining

We selected 84 formalin-fixed paraffin-embedded surgical 
specimens obtained from patients with OSCC treated at 
the National Hospital Organization Kyushu Cancer Center 
in Japan from 2008 to 2013. All patients received surgical 
resection as a first line of therapy and their medical charts 
were reviewed. IHC staining was performed on 4-μm thick 
slices using anti-YAP1 Ab (Sigma-Aldrich), anti-SOX2 Ab 
(Cell Signaling), and CD44v9 (kindly provided by Prof. 
Saya, Keio University) (Aso et al. 2015). All slides were 
counter stained with Mayer’s hematoxylin (Sigma-Aldrich).

Definition of grades and clinicopathological 
features of YAP1, SOX2, and CD44v9 activation

“YAP1 Activity Grade” was defined by multiplying the 
“YAP1 Frequency Score” by the “YAP1 Intensity Score”, 
as previously described (Nishio et al. 2016). A score of > 7 
was classified into the YAP1-high group. “SOX2 Activity 
Grade” was defined by the “SOX2 Frequency Score”, as 
previously described (Lengerke et al. 2011). A score of > 1 
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was classified into the SOX2-high group. “CD44v9 Score” 
was defined by the sum of the “CD44v9 Frequency Score” 
and the “CD44v9 Intensity Score”, as previously described 
(Aso et  al. 2015). A score of > 1 was considered to be 
CD44v9-positive. Scoring was performed by two independ-
ent observers (K.T. and T.N.) who were blind to the clinical 
information.

To compare the interactions between YAP1, SOX2, and 
CD44v9 expression, both Fisher’s exact test and Student’s 
t test were used to analyze the statistical differences. To 
compare the overall survival and relapse-free survival rates 
between two groups of patients (YAP1-high, SOX2-high, 
CD44v9-positive: triple-positive vs non-triple-positive), 
Kaplan–Meier curves were generated and a Wilcoxon 
test was used to analyze statistical differences. The over-
all survival rate was calculated based on the length of time 
between the date of surgery and the date of death. The dura-
tion of the follow-up was 69.5 months on average (range 
3–128 months).

To investigate the factors influencing YAP1/SOX2/
CD44v9 activity, the following clinicopathological factors 
were included in the univariate analyses: age, sex, history 
of smoking, history of alcohol, T stage (which describes 
the primary tumor size and site), N stage (which describes 
the degree of regional lymph node involvement), clinical 
stage, recurrence, and degree of tumor differentiation (see 
Supplemental Table 1). Univariate analyses were performed 
using the Fisher’s exact test.

Cell lines and culture

Human HNSCC cell lines HSC3, HSC4 (from JCRB), 
SCC4, SCC9, Cal27 (from ATCC), and Cal33 (kindly pro-
vided by Prof. Silvio Gutkind, University of California) 
were cultured in EMEM, DMEM, or DMEM/Ham’s F12 
supplemented with 10% heat-inactivated FBS and 1% peni-
cillin–streptomycin at 37 °C in a 5% CO2/95% air incubator. 
The SCC4 and SCC9 culture media were supplemented with 
400 ng/ml hydrocortisone in line with a standard protocol.

siRNA transfection and immunoblotting

siRNA targeting of YAP1, SOX2, or KLF7 expression was 
performed using the siRNA oligonucleotides as follows: 
siYAP1#1; GGU​GAU​ACU​AUC​AAC​CAA​A, siYAP1#2; 
AGA​UAC​UUC​UUA​AAU​CAC​A, siSOX2#1; ACC​AGC​
GCA​UGG​ACA​GUU​, siSOX2#2; CAG​UAU​UUA​UCG​
AGA​UAA​A, siKLF7#1; GCA​UGU​CCC​GAA​AAC​AAG​
A, siKLF7#2; GGU​UCA​CCG​CUG​UCA​GUU​U. All siR-
NAs were Silencer Select Pre-designed siRNA (from 
Ambion). Transfection of siRNA oligonucleotides (10 nM) 
into HSC4 was performed using Lipofectamine RNAiMAX 
(Invitrogen) according to the manufacturer’s protocol. At 

96 h post-transfection, the protein lysates were subjected to 
immunoblotting. Immunoblotting was carried out using a 
standard protocol and primary antibodies (Abs) recognizing 
YAP1 and SOX2 (Cell Signaling). The primary antibod-
ies were visualized using HRP-conjugated. GADPH (Santa 
Cruz Biotechnology) was uemployed as internal control. The 
quantification of signal intensity was performed using the 
Fujifilm Multi Gauge software.

Microarray analysis

The total RNA was isolated from cells using an RNeasy Mini 
Kit (Qiagen) according to the manufacturer’s instructions. 
RNA samples were quantified using an ND-1000 spectro-
photometer (NanoDrop Technologies), and the quality was 
confirmed using a 2200 TapeStation (Agilent technologies). 
The cRNA was amplified, labeled with total RNA using 
GeneChip® WT Pico Kit, and hybridized to Thermo Fisher 
Scientific Clariom™ D Assay, Human according to the man-
ufacturer’s instructions. All hybridized microarrays were 
scanned using an Affymetrix scanner. The relative hybridi-
zation intensities and background hybridization values were 
calculated using Affymetrix Expression Console™. The raw 
signal intensities of all samples were normalized using a 
quantile algorithm with the Affymetrix® Power Tool version 
1.15.0 software. To identify up- or downregulated genes, 
we calculated ratios (non-log scaled fold-change) from the 
normalized signal intensities of each probe for comparison 
between the control and experimental samples. Then, we 
established criteria for the gene regulation: (upregulated 
genes) ratio ≥ 1.5-fold and (downregulated genes) ratio 
≤ 0.66-fold, as previously described (Miyahara et al. 2014). 
To identify the significantly over-represented GO categories 
and significant enrichment of pathways, we used the tools 
and data provided by the Database for Annotation, Visuali-
zation and Integrated Discovery (DAVID) (http://david​.abcc.
ncifc​rf.gov/home.jsp) (da Huang et al. 2009a, b). The results 
were generated from the selected genes downregulated by 
siYAP1/siSOX2 and upregulated by spheroid cultures as 
described above.

TCGA data analysis and expression module analysis

We obtained the RNA-seq data and clinical data of 520 
HNSCC patients in The Cancer Genome Atlas (TCGA) 
from the Broad Institute’s Firehose (http://gdac.broad​insti​
tute.org/runs/stdda​ta__2016_01_28/data/HNSC/20160​128/). 
We integrated the RNA-seq data along with the clinical data 
using R version 3.4.2 (The R Foundation for Statistical Com-
puting) and R studio version 1.1.383. The stemness-associ-
ated expression module activity was calculated for each case 
using the average of the expression levels of seven genes 
(i.e., MMP1, MMP10, SLCO2A1, SERPINB2, LEMD1, 

http://david.abcc.ncifcrf.gov/home.jsp
http://david.abcc.ncifcrf.gov/home.jsp
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/HNSC/20160128/
http://gdac.broadinstitute.org/runs/stddata__2016_01_28/data/HNSC/20160128/
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KLF7, and DDX60), as previously described (Hirata et al. 
2016). Gene set enrichment analysis (GSEA) was performed 
using GSEA MSigDB v5.0 (Broad Institute, http://www.
broad​insti​tute.org/gsea/msigd​b/index​.jsp), as previously 
described (Subramanian et al. 2005).

Quantitative RT‑PCR

Total RNA was isolated as described above. Total RNA 
(1 μg) was reverse-transcribed using the QuantiTect Reverse 
Transcription Kit (QIAGEN). The results were quantitated 
using the ΔΔCt method. GAPDH was used as the internal 
control. Fold changes were calculated using the SYBR Green 
real-time PCR method and the Applied Bio Systems 7700 
Sequence Detection System. The primers and probes used 
for RT-PCR were as follows: KLF7 Forward; 5′-CTC​ACG​
AGG​CAC​TAC​AGG​AAAC-3′, KLF7 Reverse; 5′-TGG​CAA​
CTC​TGG​CCT​TTC​GGTT-3′, GAPDH Forward; 5′-GTG​
AAG​GTC​GGA​GTC​AAC​G-3′, GAPDH Reverse; 5′-TGA​
GGT​CAA​TGA​AGG​GGT​C-3′.

Sphere formation assay

For the sphere-forming assays, 3 × 104 HSC4 cells were 
seeded in 35 mm μ-Dish (ibidi) with siRNAs. After 1 week, 
the number of spheroids was counted using a stereoscopic 
microscope (ZEISS).

Flow cytometry assay

Immunostaining of HSC4 cells with siRNAs was per-
formed by incubating cells with anti-CD44 APC (TONBO 
Biosciences) antibodies for 15 min prior to FACS analyses. 
CD44-stained cells were measured using a FACS Calibur 
instrument.

YAP1 nuclear localization analysis

To visualize the nuclear YAP1 localization of the spheroid 
cells, the cells were incubated with primary anti-YAP1 Ab 
(Sigma-Aldrich) followed by incubation with secondary 
anti-mouse IgG conjugated to Alexa Fluor 568 (Molecu-
lar Probes). DAPI (Dojindo) stainings were used for the 
detection of nuclei. Cells were examined using a DM5000B 
microscope (Leica).

Motif analysis

We obtained 44 super enhancer regions associated with 
human KLF7 calculated from H3 K27ac ChIP-seq data 
of human cell lines and tissues using dbSUPER database 
(https​://asnte​ch.org/dbsup​er/). We investigated whether the 

SOX2-binding motif CTT​TGT​C is included in these regions 
and visualized the results using the UCSC genome browser.

Statistical analysis

Unless otherwise stated, all results represent the 
mean ± standard error of the mean (SEM). The statistical 
comparison of different two groups was performed using 
the two-tailed Student’s t test or Fisher’s exact test. The sta-
tistical comparison of different multi-groups was performed 
using the Dunnett’s test, or adjusted p values using pairwise 
t test with Bonferroni post-test. Differences of p < 0.05 were 
considered statistically significant. For GSEA analysis, Ben-
jamini–Hochberg method was used for statistical analysis, 
and FDR-q value < 0.25 was considered statistically sig-
nificant. All experiments were repeated at least three times 
(technical replicates). All statistical analyses were conducted 
using the JMP Statistical Discovery Software (Version 14.0; 
SAS Inc.).

Results

YAP1 and SOX2 nuclear co‑expression overlaps 
in CD44v9‑positive cells in the invasion front

In our initial study, 84 cases of human oral squamous cell 
carcinoma (OSCC) (Supplemental Table 1) were immuno-
stained with YAP and SOX2, as well as CD44v9 (Fig. 1a; 
Supplemental Fig. 1), the marker of CSC in OSCC, as con-
firmed by previous studies (Aso et al. 2015; Yoshikawa et al. 
2013). We then examined the nuclear expression levels of 
the YAP1 and SOX2 proteins in the same CD44v9-posi-
tive regions in the invasion front, where a dense presence 
of highly de-differentiated cells (CSC and EMT cells) was 
expected (Aso et al. 2015; Shibue and Weinberg 2017). 
Interestingly, both YAP1 and SOX2 demonstrated signifi-
cantly higher expression in the CD44v9-positive invasion 
front (Fig. 1b), and there was a strong correlation between 
the expression levels of these two proteins (Fig. 1c). Further-
more, the depth of invasion was significantly advanced in the 
triple co-high-expression of YAP1, SOX2, and CD44v9 
(triple-positive) compared to others (non-triple-positive) 
(Fig. 1d). Triple-positive group was also more prominent 
in the older population (p < 0.001) and patients who devel-
oped recurrences after surgery (p < 0.001) (Supplemental 
Table 1). We then evaluated the prognostic value of this 
triple co-expression using Kaplan–Meier curves and found 
that this was significantly associated with a poor overall 
(p = 0.0385) and relapse-free (p < 0.001) survival of OSCC 
(Fig. 1e; Supplemental Table 2). These results suggest that 
the nuclear co-expression of YAP1 and SOX2 occurs in the 

http://www.broadinstitute.org/gsea/msigdb/index.jsp
http://www.broadinstitute.org/gsea/msigdb/index.jsp
https://asntech.org/dbsuper/
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OSCC clinical samples and may collaboratively promote 
CSC propagation.

Identification of YAP1 and SOX2 common targets 
genes

In view of this positive result, which supports our hypoth-
esis, we conducted an in vitro study to identify the com-
mon target genes of YAP1 and SOX2, both of which are 
required for the induction of CSC. For this study, we 
selected an OSCC cell line, HSC4, which demonstrated 
relatively high YAP1 protein activity measured by the 
YAP/pYAP ratio as previously described (Hiemer et al. 
2015), as well as high SOX2 protein expression (Fig. 2a). 

Then, the HSC4 cells were either cultured via a sphere 
formation assay protocol, which is the gold standard for 
the enhancement of CSC populations in vitro (Bahmad 
et al. 2018), or were transfected with either siYAP1 or 
siSOX2 (Fig. 2b). The control cells (normal culture cells 
or si-scramble transfected cells) and treated cells of each 
experiment were harvested, and the mRNA levels were 
compared using a microarray platform. As a result, 1885 
genes were found to be downregulated by siYAP1 and 
1777 genes by siSOX2, while 4274 genes were found to 
be upregulated by the sphere formation assays. Among 
these, 80 overlapped genes were identified as the candidate 
genes of interest (Fig. 2c).

Fig. 1   YAP1 and SOX2 nuclear co-expression overlaps in CD44v9-
positive cells in the invasion front. a Representative images of 
YAP1, SOX2, and CD44v9 immunostaining in human OSCCs 
samples. Scale bar: 25  μm. b Correlation between YAP1 or SOX2 
and CD44v9 expression. ***p < 0.001, Fisher’s exact  test. c Cor-
relation between YAP1 and SOX2 expression. **p < 0.01, Fisher’s 
exact  test. d Correlation between depth of SCC invasion and triple 
co-high-expression of YAP1, SOX2, and CD44v9 (triple-positive). 

***p < 0.001, Fisher’s exact test. e Kaplan–Meier overall (left) and 
relapse-free survival (right) curves demonstrating the outcomes of 
84 tongue cancer patients who underwent surgical resection. The 
patients were divided into a triple-positive (YAP1-high, SOX2-high, 
and CD44v9-positive) group (n = 27) and non-triple-positive group 
(n = 57) (see Supplemental Table 1). *p < 0.05, ***p < 0.001, Gener-
alized Wilcoxon test
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Functional and clinical significances of YAP1 
and SOX2 common targets genes

To verify that these candidate genes play a role in the induc-
tion of stemness, a gene ontology assay was carried out using 
the DAVID platform. An enrichment of the genes related to 
cell motility and crosstalk with the extracellular matrix was 
observed (Supplemental Table 3), suggesting the phenotypic 
transition from static epithelial cells to mobile mesenchymal 
cells. We selected the top 10 upregulated genes (Fig. 3a) 
in reference to the rank of the sphere formation assays and 
selected 7 genes (MMP1, MMP10, SLCO2A1, SERPINB2, 
LEMD1, KLF7, and DDX60) as the candidate of CSC-induc-
ible modules for further analyses on the basis of the known 
protein functions and the reported relevance to oncogenesis 
(Baumeister et al. 2018; Ding et al. 2017; Fu et al. 2016; 
Harris et al. 2017; Sasahira et al. 2016; Zhu et al. 2015). The 
clinical significance of this module was analyzed by employ-
ing the public TCGA RNA-sequence data obtained from 
511 cases of HNSCC. Interestingly, a module high group 

demonstrated an apparently poor prognosis (p = 0.0047) 
(Fig. 3b) and showed significantly enriched expression pat-
terns related to EMT and angiogenesis (Fig. 3c), reflect-
ing CSC-like traits. Given that SOX2 is a universal MTF 
of the squamous cell lineage (Jiang et al. 2018; Watanabe 
et al. 2014), the role of a CSC-inducible module was investi-
gated by employing the TCGA data of lung SCC (LUSCC). 
Consistent with HNSCC, the module-positive population 
showed a significantly (p = 0.0069) poor prognosis (Fig. 3d), 
suggesting that this CSC-inducible module may be widely 
applicable for cancers of squamous cell origin. We then rep-
resentatively examined the prognostic value of KLF7 expres-
sion, a member of the pluripotent KLF family TF (Limame 
et al. 2014), in the same TCGA HNSCC cohort and found 
that this was also an adverse prognosis factor (p = 0.00074) 
(Fig. 3e). These results indicate that the YAP1/SOX2-target 
module (e.g., KLF7) drives tumor progression and is likely 
to promote the induction of stemness.

YAP1, SOX2, and KLF7 are required for sphere 
formation

In our next study, we confirmed that YAP1, SOX2, and 
KLF7 are essential for the sphere-forming capacity of HSC4 
cells. The transfection of siKLF7, siYAP1, and siSOX2 sig-
nificantly inhibited sphere formation (Fig. 4a, b). Interest-
ingly, siKLF7 showed more prominent inhibitory effects 
on sphere formation compared to siYAP1 and siSOX2. In 
addition, KLF7 inhibition markedly decreased the CD44-
positive CSC population in HSC4 cells (Fig. 4c). These 
results strongly suggest that KLF7, one of the YAP1/SOX2 
common target genes, plays a substantial role in the induc-
tion of stemness as an effector molecule in OSCC.

Stress‑triggered YAP1 nuclear translocation 
accounts for SOX2 activation and enhanced KLF7 
transcription

Collectively, the data obtained so far suggest that the stress-
triggered co-activation of YAP1 and SOX2 cooperatively 
upregulates the expression of a series of genes and thereby 
facilitates transcriptional reprogramming for the acquisition 
of stemness in OSCC. In our final assays, we aimed to elu-
cidate the possible mechanism of this cooperation. Several 
reports have previously demonstrated mutually upregulating 
interactions between YAP1 and SOX2 through both direct 
(e.g., trans-activation) (Bora-Singhal et al. 2015; Lian et al. 
2010; Ooki et al. 2018; Seo et al. 2013) and indirect (e.g., 
through intermediate molecules) (Basu-Roy et al. 2015) 
interactions. We then examined the effects of silencing of 
YAP1 on SOX2, and vice versa, using siRNA assays. Unlike 
previous studies, the downregulation of one gene did not 
affect the protein expression levels of another gene (Fig. 5a, 

Fig. 2   Identification of YAP1 and SOX2 common target genes. a 
Immunoblots for the detection of YAP1, phospho-YAP1(S127), 
SOX2, and GAPDH in the indicated HNSCC cell lines. The ratio of 
YAP1/pYAP1 signal intensity for each sample was determined by 
densitometry. GAPDH, loading control. b Immunoblotting determi-
nation of knockdown efficiency of the indicated siRNAs targeting 
YAP1 or SOX2 in HSC4 cells. GAPDH, loading control. Cells were 
analyzed at 4  days post-transfection. c Venn diagram of extracted 
genes by microarray analysis. See “Materials and methods” for details



2439Journal of Cancer Research and Clinical Oncology (2019) 145:2433–2444	

1 3

Fig. 3   Functional and clinical significance of YAP1 and SOX2 com-
mon target genes. a The top ten upregulated genes in reference to 
the results of the sphere formation and siRNA assays (Fig.  2c) and 
ranked by the results of sphere formation assays. Sphere indicates 
spheroid cultured cells and the upregulated relative mRNA ratios of 
indicated genes are shown. siYAP1 and siSOX2 indicate treatments 
with the respective siRNAs and the downregulated relative mRNA 
ratios of indicated gene are shown. b Kaplan–Meier overall sur-
vival curves on the basis of the module activity (high vs low) deter-
mined by the expression of 7 genes (MMP1, MMP10, SLCO2A1, 
SERPINB2, LEMD1, KLF7, and DDX60), employing the TCGA 
data from HNSCC patients (n = 511). Module cut off value: 10.1. 

**p < 0.01, Generalized Wilcoxon test. c Gene set enrichment assay 
of HALLMARK ANGIOGENESIS and HALLMARK EPITHELIAL 
MESENCHYMAL TRANSITION gene sets according to the module 
activity employing the TCGA data from HNSCC patients (n = 511). 
FDR *q value < 0.25, Benjamini–Hochberg method. d Kaplan–Meier 
curves showing the overall survival on the basis of module activity 
in the high group vs low group employing TCGA LUSCC patients 
(n = 474). Module cut off value: 8.75. **p < 0.01, Generalized Wil-
coxon test. e Kaplan–Meier curve showing the overall survival on the 
basis of KLF7 mRNA high vs low group employing TCGA HNSCC 
patients (n = 501). ***p < 0.001, Generalized Wilcoxon test
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b). This result was also confirmed in the above-mentioned 
microarray data obtained by siRNA assays and we found 
that, more interestingly, the sphere culture also did not alter 
the mRNA expression levels of YAP1 and SOX2 (Sup-
plemental Table 4). Furthermore, in the TCGA data, the 
mRNA expression levels of YAP1 and SOX2 were mutually 
exclusive (Fig. 5c). These findings suggest that, at least in 
HNSCC, YAP1 and SOX2 cooperation occurs independent 
of the stoichiometric interactions of these proteins. Given 
that the fundamental function of YAP1 is a transcription 
coactivator, a possible mechanism of action could be as 
follows: (1) microenvironmental stress induces the nuclear 
translocation of YAP1; (2) YAP1 enhances the transcrip-
tional activity of SOX2 and then promotes the expression 
of target genes. To confirm this theory, we first analyzed 
the effects of sphere formation stress on the YAP1 protein 
distribution and found that YAP1 nuclear translocation was 
markedly enhanced in sphere cells (Fig. 5d). The binding 
motif search revealed that there is a putative SOX2-bind-
ing motif (CTT​TGT​C) (Mistri et al. 2015) in the regula-
tory regions of KLF7 (Fig. 5e). Collectively, these results 
support our proposed mechanism: stress-triggered YAP1 

nuclear translocation activates SOX2 and promotes the tran-
scriptional reprogramming of HNSCC for the acquisition of 
stemness (Fig. 5f).

Discussion

From a biological standpoint, it is well known that CSC, 
despite accounting for only a small portion of the tumor, is 
critical in determining prognosis, including HNSCC (Mas-
uda et al. 2016; Shibue and Weinberg 2017). However, this 
knowledge has not yet been applied to the clinical setting, 
mainly due to the lack of reliable methods for the detection 
of substantially functioning CSC in human tumor samples 
(Masuda et al. 2016). To address this issue, we evaluated 
the prognostic significance of two pluripotent factors, YAP1 
and SOX2, and the CSC marker of HNSCC, CD44v9, in 
the identical tumor invasion front, where the enrichment of 
a functioning CSC population was expected. We found that 
the triple-positive expression of these proteins was a strong 
predictor of poor clinical patient outcomes, indicating the 
presence of functioning CSC in this area. This was further 

Fig. 4   YAP1, SOX2, and KLF7 are required for sphere formation. 
a Knockdown efficiency of KLF7 by the indicated siRNA targeting 
measured by RT-qPCR assays in HSC4 cells. Cells were analyzed at 
4 days post-transfection. b Left panel: sphere number after transfec-
tion of indicated siRNAs. Right panel: representative microscopic 

view of sphere colonies treated with indicated siRNAs. **p < 0.01, 
***p < 0.001, Dunnett’s test. c Left panel: representative histograms 
of CD44 (APC)-positive cells treated with indicated siRNAs. Right 
panel: % of CD44-positive cells. ***p < 0.001, adjusted p values 
using pairwise t test with Bonferroni post-test
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supported by in vitro mechanistic studies, which revealed 
that YAP1 and SOX2 can cooperatively induce CSC traits in 
HNSCC cells, upregulating a distinctive set of genes related 
to cellular motility. Moreover, we found that the expression 
of seven selected genes, a putative CSC-inducible module, 
was significantly associated with a poor prognosis in the 
TCGA data. Collectively, it is likely that triple-positive 
immunostainings for YAP1, SOX2, and CD44v9 in the 
invasion front could be used as a tool for selecting high-risk 
patients who are likely to develop CSC-caused tumor recur-
rences or metastasis after surgical resection. The reliability 
of this promising finding will have to be investigated fur-
ther in larger-scale validation studies. To this end, recently 

developed multiplex IHC platforms, which allow for rapid 
and automated immunostaining, as well as evaluation with 
one slide of FFPE sample, may be of great help (Giesen et al. 
2014; Tsujikawa et al. 2017).

We identified a putative CSC-inducible module for SCC: 
MMP1, MMP10, SLCO2A1, SERPINB2, LEMD1, KLF7, 
and DDX60. Apart from MMP1 and MMP10, the stemness-
inducible role of the other molecule remains to be eluci-
dated. However, recent studies demonstrated that SLCO2A1, 
a prostaglandin transporter, promoted cellular invasion and 
inhibited apoptosis through the PI3K/AKT/mTOR pathway 
in lung cancer (Zhu et al. 2015); SERPINB2, plasminogen 
activator inhibitor, activated stromal remodeling and local 

Fig. 5   Stress-triggered YAP1 nuclear translocation and consequent 
activation of SOX2 and target gene expression. a Immunoblots for 
the detection of SOX2 protein expression in HSC4 cells treated with 
either control si-scramble siRNA (siSC) or siRNA targeting YAP1. 
Right panel: quantification of relative SOX2/GAPDH values. NS not 
significant, Dunnett’s test. b Immunoblots for the detection of YAP1 
protein expression in HSC4 cells treated with either control siSC or 
siRNA targeting SOX2. Right panel: quantification of relative YAP1/
GAPDH values. NS not significant, Dunnett’s test. c Interactive com-
parison of mRNA expression levels of SOX2 or YAP1 examined in 

the TCGA data of HNSCC patients. d Spheroid cultured HSC4 cells 
with non-passaged and twice passaged cells. Left panels: immu-
nostaining for YAP1 detection (red). Middle panels: immunostain-
ing for DAPI nuclei detection (blue). Right panels: merged images. e 
Screenshot of UCSC genome browser showing H3K27ac occupancy 
at human KLF7 locus obtained from ChIP-seq data of seven cell 
lines in ENCODE project. The red bar represents the super enhancer 
region SE56591 which includes SOX2-binding motif obtained from 
dbSUPER. TSS, transcription start site. f Graphical abstract
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invasion in pancreatic cancer and breast cancer metastasis 
(Harris et al. 2017; Jin et al. 2017); LEMD1, a cancer-testis 
antigen, promoted OSCC invasion (Sasahira et al. 2016); 
KLF7, a KLF family zinc finger TF, promoted OSCC migra-
tion and EMT (Ding et al. 2017); and DDX60, an RNA-
helicase, was associated with tumor progression and poor 
prognosis of OSCC (Fu et al. 2016). In addition, utiliz-
ing the TCGA data, we confirmed that the activity of this 
module was significantly associated with the enrichment of 
angiogenesis and EMT-related genes, and poor prognosis 
and KLF7 overexpression was associated with adverse out-
comes. These findings support the potential of this module 
to induce stemness in HNSCC. In view of the marked reduc-
tion of the cost and efforts required for RNA-sequencing-
based analyses for the surgically resected samples, combina-
tional analyses of the above-mentioned triple-IHC with this 
CSC-inducible module assay may lead to a more accurate 
selection of high-risk patients.

The precise function of the transcriptional machinery is 
becoming increasingly apparent with time (Bradner et al. 
2017; Feinberg et al. 2016). In terms of the transcription reg-
ulatory elements of targeted genes, the complex composed 
of transcriptional coactivators, chromatin regulators, TFs, 
and RNA polymerase II, positively and negatively controls 
the activity of enhancers and promoters via their activation 
or inhibition and thereby regulates their transcription. YAP1 
is a transcriptional coactivator known to bind to an enhancer 
activator, p300 (H3k27ac writer); promoter activator, BRD4 
(H3k27ac reader and H3K122ac writer); and transcriptional 
pause release factor, CDK9, and thereby functions as the 
key hub component of transcriptional regulation (Zanconato 
et al. 2018). Canonically, the TEAD family of TFs is thought 
to be the major partner of YAP1. However, several critical 
TFs, including KLF5, FOXM1, and p53 (gain-of-function 
mutants) (Di Agostino et al. 2016; Wei et al. 2017; Weiler 
et al. 2017), are also known to be partner TFs of YAP1. In 
the present study, we demonstrated that SOX2 may be a 
novel candidate partner TF of YAP1. Interestingly, in the list 
of the YAP1/SOX2 common target genes, typical TEAD-
targeted genes, including CTGF, CYR61, and BIRC5, were 
absent (Totaro et al. 2018). This suggests that YAP1 may 
change partner TFs and target genes cellular context depend-
ently, reflecting the fundamental function of YAP1: a sensor 
of microenvironmental stresses and a producer of pleiotropic 
phenotypes (Zanconato et al. 2016). Thus, YAP1 may be a 
key nexus protein which secures the cellular plasticity and 
heterogeneity of cancer cells. In addition, a recent striking 
study demonstrated that when YAP1 binds to BRD4, a super 
enhancer is formed, which is associated with several cancer 
types (Zanconato et al. 2018). Here, we found that YAP1/
SOX2 may be a critical inducer of stemness in HNSCC; 
however, the relevance of BRD4 in this process will need 
to be determined in a future study. Taken together, these 

findings suggest that YAP1-targeted therapy is a promising 
method for the treatment of cancers, including in the case 
of high-risk HNSCC patients. Although a drug that directly 
targets YAP1 has not yet been discovered, several YAP1 
inhibitors exist, including dasatinib, simvastatin, and verte-
porfin (Nakatani et al. 2017). Furthermore, the effectiveness 
of small molecule BRD4 inhibitors, such as JQ1, OTX-015, 
and BAY-1238097, has been confirmed in preclinical stud-
ies (Zanconato et al. 2018). YAP1 targeting is within the 
reach of clinical use and could open up new avenues for the 
development of CSC-targeting therapy in HNSCC.
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