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ABSTRACT

The Hippo pathway has emerged as a fundamental regulator in tissue growth, organ size
and stem cell functions, and tumorigenesis when deregulated. However, its roles and asso-
ciated molecular mechanisms underlying oral squamous cell carcinoma (OSCC) initiation
and progression remain largely unknown. Here, we identified TAZ, the downstream
effector of Hippo signaling, as a novel bona fide oncogene by promoting cell proliferation,
migration/invasion and chemoresistance in OSCC. TAZ promoted epithelial-to-
mesenchymal transition (EMT) and also was involved in TGF-B1-induced EMT in oral can-
cer cells. Furthermore, enriched TAZ sustained self-renewal, maintenance, tumor-seeding
potential of oral cancer stem cells (CSCs). Remarkably, enforced TAZ overexpression
conferred CSCs-like properties on differentiated non-CSCs and fueled phenotypic transi-
tion from non-CSCs to CSCs-like cells. Mechanistically, TAZ-TEADs binding and subse-
quent transcriptional activation of EMT mediators and pluripotency factors are
presumably responsible for TAZ-mediated EMT and non-CSCs-to-CSCs conversion. Impor-
tantly, aberrant TAZ overexpression was found to be associated with tumor size, patholog-
ical grade and cervical lymph node metastasis, as well as unfavorable prognosis.
Pharmacological repression of TAZ by simvastatin resulted in potent anti-cancer effects
against OSCC. Taken together, our findings have revealed critical links between TAZ,
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EMT and CSCs in OSCC initiation and progression, and also established TAZ as a novel can-
cer biomarker and viable druggable target for OSCC therapeutics.
© 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

Metastatic spread and chemoresistance/radioresistance
largely account for therapeutic failure and cancer-related
death in human cancers, including oral squamous cell carci-
noma (OSCC) (Wan et al., 2013). The emergence of locoregional
recurrence, metastatic dissemination and therapeutic resis-
tance, alone or in combination, dictates OSCC patient’s prog-
nosis (Scully and Bagan, 2009). Mounting evidence has
established that epithelial-mesenchymal transition (EMT) is
intricately involved in cancer invasion-metastasis cascade
and therapeutic resistance by endowing cancer cells with
enhanced motility, invasiveness and resistance to apoptosis/
senescence (Polyak and Weinberg, 2009). Multiple master
transcription factors (Snail, Twist, Zeb1/2 et al.) coupled with
epigenetic regulators orchestrates EMT via converging on E-
cadherin repression during cancer progression. The contex-
tual EMT-inducing signals like TGF-B1, primarily emanating
from tumor-associated microenvironment, activate EMT to
fuel metastatic dissemination (Lamouille et al., 2014). Howev-
er, the key mediators and molecular circuits underlying oral
cancer EMT remain incompletely recognized thus far.

Oral cancer cells display prominent phenotypic and func-
tional heterogeneities, likely contributing to cancer metas-
tasis and therapeutic resistance (Sinha et al, 2013). To
address these heterogeneities, the cancer stem cell (CSC)
model has postulated that tumors contain a unique cell sub-
population termed as CSCs or tumor-initiating cells (TICs)
with self-renewal and tumor-seeding properties. Importantly,
these CSCs have been proposed to sustain tumor overgrowth
and drive metastatic spread, ultimately leading to disease
relapse and mortality. With regard to the cellular origin of
CSCs, several studies have revealed that these CSCs may arise
from naturally residing stem/progenitor cells. However,
others argued that they could be transformed or dedifferenti-
ated from differentiated cells and then clonally expanded
(Beck and Blanpain, 2013; Mani et al., 2008). Strikingly, some
cancer cells, if not all, were able to re-acquire stemness and
exhibit CSCs-like properties upon undergoing EMT, also
termed CSCs plasticity (Chaffer et al., 2013; Mani et al., 2008;
Polyak and Weinberg, 2009). Ectopic overexpression of Snail/
Twist/Zeb1 in malignant mammary epithelial cells generated
CSCs in vitro and in vivo, thus raising the possibility that CSCs
can be generated de novo from differentiated non-CSCs by EMT
(Chaffer et al., 2013; Mani et al., 2008). Moreover, several EMT-
associated factors including TGF-p1, HGF and IL-6 potently
induced an EMT-CSCs program in differentiated cancer cells
and reprogrammed them into CSCs-like cells (Chaffer et al.,
2013; Iliopoulos et al., 2011; Vermeulen et al., 2010). Further-
more, intravital lineage tracing provided compelling evidence
that such non-CSCs to CSCs conversion indeed occurred

in vivo, thus substantiating the dynamic nature and plasticity
of cancer cells (Zomer et al., 2013). Thus, these findings pro-
vide experimental support to the concept that CSC hierarchy
may be considered flexible and interconvertible between
CSCs and more differentiated non-CSCs. Nonetheless, the mo-
lecular determinants to drive non-CSCs to CSCs conversion
and promote CSC expansion remain incompletely known.

The Hippo pathway has emerged as a major regulator in or-
gan size control, stem cell homeostasis and tumorigenesis
(Harvey et al., 2013; Zhao et al., 2011). In mammals, the Hippo
pathway comprises a kinase cassette including MST1/2,
LATS1/2, and downstream effectors: transcriptional co-
activator with PDZ-binding motif (TAZ, also known as
WWTR1) and yes-associated protein (YAP). Once Hippo activa-
tion, MST1/2 phosphorylates LATS1/2 and in turn phosphory-
lates and inactivates TAZ/YAP by their cytoplasmic retention
and proteasome-mediated degradation. In contrast, inacti-
vated Hippo results in a hypophosphorylated state of TAZ/
YAP and facilitates their nuclear translocation where they
drive downstream target transcriptions via forming com-
plexes with TEAD1-4 and Smads (Zhao et al.,, 2011). Notably,
deregulated Hippo pathway has been tightly linked to cancer
initiation and progression (Harvey et al, 2013). Aberrant
TAZ/YAP overexpression and/or amplification have been
implicated in fundamental cellular programs, such as cell pro-
liferation, migration, invasion and EMT (Chan et al., 2008;
Overholtzer et al., 2006; Zhang et al., 2009). Strikingly, TAZ
has been identified as a potent determinant of CSCs self-
renewal and expansion, and holds unexpected capabilities
to confer CSCs traits to non-CSCs in breast cancer (Bartucci
et al., 2015; Cordenonsi et al., 2011). However, the functional
roles of TAZ responsible for OSCC EMT and CSCs maintenance
have not yet been explored.

Here, we identified TAZ as a novel oncogenic driver
involved in OSCC initiation and progression and revealed crit-
ical molecular links between TAZ and EMT as well as CSCs.
Moreover, pharmacological repression of TAZ by simvastatin
induced potent therapeutic effects against OSCC.

2. Materials and methods

Detailed experimental materials, methods and relevant refer-
ences were described in supplementary experimental proce-
dures, for example cell culture, vectors construction and virus
preparation, cell transfection/infection, real-time RT-PCR,
westernblot, immunohistochemistry, tumorsphere formation,
xenograft model et al. These experiments were performed as
described previously with minor modifications (Cordenonsi
et al.,, 2011; Li et al., 2013; Liu et al., 2010). All chemicals were
purchased from Sigma—Aldrich. The siRNA sequences,
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antibodies and PCR primers were listed in Supplementary
Tables 3—-5. All experimental studies involving human and an-
imals were approved by Research Ethic Committee and Animal
Research Committee of Nanjing Medical University.

3. Results

3.1. Overexpressed TAZ in OSCC associates with
aggressive clinicopathological features and patients’
prognosis

To explore the expression of TAZ in OSCC, we initially evalu-
ated the mRNA and protein abundance of TAZ in a panel of
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OSCC cell lines as compared to the immortalized oral epithe-
lial cell line HIOEC. The gPCR data revealed significantly
increased TAZ transcripts in all cancerous cells in relative to
HIOCE (Figure 1A), and western blot results further indicated
remarkably upregulated TAZ protein in most cell lines, except
SCC9 cells with comparable abundance (Figure 1B). Addition-
ally, TAZ was pronouncedly increased in oral cancerous tis-
sues compared to the pair-matched adjacent non-cancerous
tissues (n = 4) (Figure 1B). Then, we measured TAZ expression
by immunohistochemistry in a retrospective cohort of 111 pri-
mary OSCC samples. As shown in Figure 1C, TAZ positive
staining was identified in nucleus or both nucleus and cyto-
plasm in cancer specimens from diverse locations including
tongue, buccal, mouth floor and gingiva, whereas weak or
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Figure 1 — TAZ is overexpressed in OSCC and associates with patients survival A: TAZ mRNA levels were measured by real-time RT-PCR in six
OSCC cell lines as compared with human immortalized oral epithelial (HIOEC). B: TAZ protein levels were determined by western blot (WB) in
OSCC cell lines and paired tumor-adjacent non-tumor tissues (n = 4). Representative images of WB are shown. The “N” stands for non-tumor
tissue, and “C” stands for cancer in the lower panel. C: TAZ expression in human normal oral mucosa and OSCC specimens from diverse primary
sites was evaluated by immunohistochemical staining. Rare TAZ positive staining was observed in basal cells from healthy oral epithelial. Scale
bar: 100 pm. D: Expression patterns of TAZ in human OSCC samples and normal counterparts were statistically determined. E, F: Overall and
disease-free survival analyses of patients with high or low expression of TAZ were estimated by Kaplan—Meier method and compared with log-
rank test. Data shown here are mean * SD from three independent experiments. *» < 0.05, **p < 0.01, ANOVA analysis.
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negative staining was detected in the normal counterparts.
Based on the immunohistochemical staining scores, high
TAZ expression was identified in approximately 50.4% (56/
111) in cancer samples and 20.8% (5/24) in normal samples,
thus indicating aberrant TAZ overexpression in a fraction of
OSCC (P < 0.001, Figure 1D).

To further understand the clinical significance of TAZ
overexpression in OSCC, we set out to identify the potential
associations between TAZ expression and patients’ clinico-
pathological parameters. As shown in Supplementary Table
1, there were no significant correlations found between TAZ
and patient age, gender, primary sites and clinical stage.
Noticeably, TAZ abundance associated with tumor size, path-
ological grade and cervical nodal metastasis (P < 0.05). More-
over, patients with high TAZ had much lower overall and
disease-free survival rates compared to the counterparts
with low TAZ as estimated by Kaplan—Meier analyses
(Figure 1E and F, P = 0.0008 and 0.0017). Importantly, TAZ
abundance was further identified as an independent predictor
for patients’ prognosis (P = 0.003 and 0.011, Cox proportional
hazards regression model, Supplementary Table 2). Taken
together, our data reveal that overexpressed TAZ associates
with aggressive clinicopathological features and unfavorable
patients’ prognosis in OSCC.

3.2.  TAZ promotes cell proliferation, migration and
invasion, and EMT

Given the proposed oncogenic roles of TAZ in cancers (Bhat
et al., 2011; Chan et al., 2008) and our initial findings of TAZ
as an OSCC biomarker, we then sought to unravel the biolog-
ical roles of TAZ in OSCC via loss-of-function and gain-of-
function approaches. Two independent shRNA lentiviral vec-
tors targeting human TAZ were exploited to infect cancer cells
with relative high endogenous TAZ and yielded stable cells
(Cal27-shTAZ, HN4-shTAZ). The knockdown efficiency and
specificity were confirmed by the facts that endogenous TAZ
and its downstream target CTGF were significantly inhibited,
whereas no remarkable change of YAP, the TAZ homolog,
was detected (Figure 2A). Impaired cell proliferation and G1/
G2 cell cycle arrest were observed following TAZ knockdown
as revealed by MTT assay and flow cytometry (Figure 2B—C).
The proportions of apoptotic cells were significantly elevated
approximately 2 folds relative to their corresponding controls
(9.3% versus 4.3% for Cal27; 12.2% versus 5.1% for HN4) upon
TAZ depletion (Figure 2D). Consistently, several cell cycle reg-
ulators including p16, p21 and p53, together with apoptosis
marker cleaved-PARP were upregulated (Figure 2E). Moreover,
TAZ depletion induced impaired migration and invasion as
detected via wound healing and transwell invasion assays,
in line with increased E-cadherin as well as reduced vimentin
(Figure 2F—H).

To further confirm the tumorigenicroles of TAZ in OSCC, we
subcloned the full-length human TAZ cDNA with an N-terminal
Flag tag into a lentiviral vector, and generated stable TAZ-
overexpressing cells in HN6 and SCC9 (relatively low endoge-
nous TAZ). As expected, both TAZ mRNA and protein, as well
as two downstream targets CTGF and Cyr61, were significantly
increased following TAZ overexpression (Figure 3A and
Supplementary Fig.S1A). Overexpression of TAZ induced

more rapid cell proliferation in HN6 and SCC9 (Supplementary
Fig.S1B), consistent with the well-established pro-proliferative
function of TAZ. Interestingly, as shown in Figure 3B, TAZ-
overexpressed cells became elongated, scattering distributed
with fibroblast-like appearance, while control cells remained
typical cobblestone morphology with tight adhesion. Remark-
ably enhanced cell migration and invasion were also observed
in TAZ-overexpressed cells (Figure 3C—D). These morphological
and functional changes induced by TAZ were reminiscent of
EMT triggered by Snail and MT1-MMP in SCC9 cells as we re-
ported previously (Yangetal., 2013; Zhu et al., 2012), suggesting
that TAZ might be capable of promoting EMT in oral cancer
cells. To confirm this notion, the abundance and locations of
E-cadherin and vimentin were further determined by immuno-
fluorescence, real-time PCR and western blot assays. The data
revealed apparent E-cadherin loss and vimentin gain in TAZ-
transduced cells compared with control cells (Figure 3E and
Supplementary Fig.51C). Notably, several EMT-orchestrating
transcription factors Twist, Snail and Slug were significantly
upregulated upon TAZ overexpression (Figure 3F and
Supplementary Fig.S1C).

We next developed a xenograft animal model to further
substantiate the oncogenic roles of TAZ in OSCC. As displayed
in Supplementary Fig.S2A-D, these data from tumor volume
and weight, Ki-67/TUNEL staining revealed that tumor growth
was substantially compromised when endogenous TAZ was
inhibited, whereas TAZ overexpression resulted in signifi-
cantly accelerated tumor growth. Additionally, much weaker
or stronger E-cadherin staining was observed in Cal27-
shTAZ or HN6-TAZ xenograft, respectively (Supplementary
Fig.S2C,D). To further verify the pro-metastatic roles of TAZ,
HNG6-TAZ and control cells were systemically injected by tail
vein to assess lung metastasis. As shown in Supplementary
Fig.S3A-B, significantly more and larger metastatic lesions
were identified in animals receiving HN6-TAZ cells for 6 weeks
than those inoculated with control cells. Collectively, our data
demonstrate that TAZ has pleiotropic tumorigenic roles un-
derlying oral cancer progression and acts as a bona fide onco-
gene by modulating cell proliferation, apoptosis, migration
and invasion, as well as metastasis in oral cancers.

3.3. TAZ is involved in TGF-B1-induced EMT

Mounting evidence indicates that EMT-mediated metastatic
spread dictates patients survival (Valastyan and Weinberg,
2011). The above data have revealed key roles of TAZ in medi-
ating invasion and metastasis presumably by triggering EMT.
To further substantiate this, we determined the functions of
TAZ using an in vitro EMT model induced by TGF-p1. TGF-p1
is a well-established EMT inducer under diverse physical
and pathological settings, and also promotes metastasis in
advanced cancers (Zavadil and Bottinger, 2005). As shown in
Supplementary Fig.S4A, typical morphological changes of
cells including cell elongation and scattering upon rhTGF-B1
exposure were observed, indicative of cell undergoing EMT.
The immunoflurescent staining and PCR data of multiple
EMT markers (E-cadherin, vimentin) and mediators (Twist,
Snail and Slug) further confirmed EMT induced by rhTGF-1
in HNG6 cells (Supplementary Fig.S4B—C). Notably, TAZ, YAP
and CTGF transcripts were significantly upregulated up
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Figure 2 — TAZ knockdown inhibits cell proliferation, migration and invasion, and triggers cell apoptosis in tongue cancer cells A: Endogenous
TAZ was efficiently silenced by shTAZ lentiviral particles in Cal27 and HN4 cells. Representative images of WB are shown. B: Cell viability and
proliferation were remarkably suppressed when endogenous TAZ was silenced as measured by MTT assay. C: TAZ depletion resulted in G1/2-
phase cell cycle arrest as measured by flow cytometry in Cal27 cells. D: Increased percentages of cell undergoing apoptosis were evident in shTAZ-
infected cells as assayed by Annexin V-PI double staining. E: The expression of multiple cell cycle regulators including p16, p21 and p53, and cell
apoptosis marker cleaved-PARP was measured by western blot. Representative images are shown. F, G: The migration and invasion abilities were
significantly reduced in shTAZ-treated cells in 24 h wound healing and transwell assays. H: The abundances of E-cadherin and Vimentin were
measured by WB following endogenous TAZ knockdown. Representative images are shown. Data shown here are mean + SD from three

independent experiments, *p < 0.05, *p < 0.01, Student’s r-test.

rhTGF-pl treatment in HN6 cells (Supplementary Fig.S4D,
similar data not shown for Cal27). As displayed in Figure 4A-
B, ThTGF-B1 exposure resulted in dramatic reduction of E-cad-
herin as well as vimentin gain in control cells, but failed in
TAZ-depleted cells. Moreover, TAZ knockdown significantly
abrogated the upregulation of these EMT mediators following
rhTGF-p1 stimulation (Supplementary Fig.S4E).

To further confirm the roles of TAZ in rhTGF-B1-triggered
EMT, we determined the abundance, cytoplasmic/nuclear
localization and phosphorylation status of TAZ following
rhTGF-B1 treatment. Considering the localization and phos-
phorylation of endogenous TAZ were tightly regulated by
cell density (Supplementary Fig. S5), the nearly confluent cells
were treated with rhTGF-B1 during 6 h time course. Notably,
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changes from cobble-like to spindle-like appearance under phase contrast microscopy. C, D: The cell motilities and invasion were remarkably
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EMT-associated transcription factors and E-cadherin/vimentin were determined by real-time RT-PCR. Data showed here are mean + SD from
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nuclear translocation of TAZ was observed following rhTGF-
B1 exposure in both Cal27 and HN6 cells (Figure 4C), irrespec-
tive of their endogenous levels of TAZ. Complementary, both
total and nuclear TAZ abundances were significantly
increased upon rhTGF-B1 treatment (Figure 4D). Given the
intricate crosstalk between Hippo-TAZ and TGF-B signaling
(Mauviel et al., 2012), we hypothesized that TGF-p1-induced
TAZ upregulation and nuclear translocation might, at least
in part, be mediated through affecting Hippo kinases. Indeed,
as displayed in Figure 4E, the phosphorylated TAZ (pTAZ-
Ser89), MST1/2 (pMstl-Thr183/Mst2-Thr180) and Latsl
(pLats1-Thr1079) were remarkably reduced following rhTGEF-
B1 treatment, thus suggesting that thTGF-B1 inactivated these
Hippo kinases and in turn lead to TAZ upregulation via
dephosphorylation and nuclear translocation. Consistently,
when endogenous TGF-B1 pathway was pharmacologically
inhibited by inhibitor SB431542, Hippo signaling was activated
as evidenced by increased Lats1 and MST1/2 phosphorylation,
and reduced TAZ, CTGF and Cyr61 (Supplementary Fig.S6).
Taken together, our findings indicate that TAZ is critically
involved in TGF-B1-mediated EMT in OSCC cells. TAZ upregu-
lation induced by TGF-B1 was partially due to dephosphoryla-
tion and nuclear translocation by inactivated Hippo signaling.

3.4. TAZ promotes cancer stem cell maintenance and
expansion in OSCC

Hippo pathway has been identified as a pivotal mediator for
normal and cancer stem cell self-renewal and differentiation
(Hao et al., 2014; Zhao et al., 2011). TAZ was capable of confer-
ring CSCs-like traits on non-CSC cells in breast cancers

(Cordenonsi et al., 2011). Intrigued by these finding, we next
asked whether TAZ was involved in CSC maintenance and
expansion in OSCC. To address this, the colony formation
and tumorsphere assays as surrogate readouts for CSCs-like
properties were exploited in cells with TAZ depletion or over-
expression. Colony formation was pronouncedly impaired
following endogenous TAZ knockdown, while significantly
enhanced in TAZ-overexpressing cells (Figure 5A—B). Addi-
tionally, TAZ depletion resulted in significantly less and
smaller tumorspheres, whereas enforced TAZ overexpression
yielded much more and larger spheres. Similar findings were
also replicated in the secondary round of tumorsphere forma-
tion using the single disassociated cell from primary tumor-
sphere (Figure 5C). Complementarily, 5-FU or cisplatin
induced significantly lower cell viability in TAZ-knockdown
cells as compared to control cells (Supplementary
Fig. S7A—B). However, TAZ-overexpressing cells displayed
more resistance to these conventional cytotoxic drugs
(Supplementary Fig. S7C—D). Thus, these findings offer impor-
tant clues for potential TAZ involvement in oral CSCs.

We next prospectively isolated putative CSCs fractions
from cell lines by fluorescent-activated cell sorting (FACS) us-
ing CD44 and CD133 as surface markers (Grosse-Gehling et al.,
2013; Prince et al,, 2007), and then determined their pheno-
types via in vitro tumorsphere and in vivo tumorigenic assays
at limited dilution. To exclude the effects of varied endoge-
nous TAZ on CSCs-like subpopulation, both Cal27 and HN6
cells with high and low TAZ were selected. The FACS data
indicated that CD44"CD133" subpopulation accounted for
approximate 12.04% and 14.63% in Cal27 and HNG6 cells,
respectively (Supplementary Fig.S8A). CD44'CD133" cells
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Thr180) and LATS1 (Lats1-Thr1079) phosphorylation. Representative images are shown. Data shown here are from three independent

experiments.

displayed dramatically stronger capacities to generate tumor-
sphere in suspension, while most CD44 CD133" died and the
survivors produced much smaller aggregates. Typical tumor-
sphere was extremely rare in CD44 CD133~ cells
(Supplementary Fig.S8B). Considering the serum as a potent
differentiation inducer for cells cultured as tumorsphere, we
added 10% FBS into tumorsphere cultures and observed that
these floating sphere become attached and grown into mono-
layers with typical epithelial morphology and cell contact
within 5-7 days. TAZ, along with multiple CSCs markers
Bmil (Allegra et al., 2014), Lin28B (Zhou et al., 2013) and c-
myc (Wang et al., 2008) was pronouncedly reduced after
serum addition, in line with serum-induced CSCs differenti-
ated into non-CSCs progenies (Supplementary Fig. S8C). To
further substantiate the unique properties of CD447CD133"

CSCs, freshly sorted CD44*CD133" and CD44 CD133" cells at
limited dilutions combined with Matrigels were inoculated
in flanks of nude mice. Data from in vivo tumorigenic assay
indicated that CD44"CD133* subpopulation had much stron-
ger tumor-initiating potentials as compared with
CD44~CD133" subpopulation, suggesting that CD44*"CD133"
subpopulation was enriched with CSCs (Supplementary
Fig. S8D). H&E staining of tumor masses showed typical histo-
morphological manifestations reminiscent of squamous cell
carcinoma (data not shown). Importantly, CD44*CD133" cells
generated CD44 CD133™ counterparts in vivo as assessed by
CD44 and CD133 double immunofluorescence staining, thus
indicating that CD44"CD133" CSCs gave rise to CD44 CD133~
non-CSCs progenies (Supplementary Fig. S8E). Together, these
results indicate that CD447CD133" subpopulations in OSCC
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cell lines were enriched with CSCs with unique self-renewal
and tumor-initiating properties.

Intrigued by TAZ, CTGF and Bmil enrichments in freshly
sorted CD44*CD133" CSCs from Cal27 and HN6 (Figure 5D)
as well as their reductions in serum-induced tumorsphere dif-
ferentiation (Supplementary Fig. S8C), we hypothesized that
TAZ was required for oral CSCs maintenance. To prove this,
we monitored the percentages of CD44"CD133*% cells by
manipulating endogenous TAZ. Indeed, TAZ knockdown or
ectopic overexpression resulted in increased or reduced pro-
portions of CD447CD133" subpopulations, respectively
(Figure 5E). Moreover, as shown in Figure 5F, freshly-sorted
CD44"CD133" cells generated significantly less tumorsphere
following shTAZ lentivirus infection.

Growing evidence has suggest that CSC hierarchy might
not be unidirectional as originally thought, but bi-directional
and interconvertible by evidenced that non-CSCs were suc-
cessfully reprogramed into CSCs spontaneously, induced by
EMT or dedifferentiation in certain contexts (Chaffer et al.,
2011; Mani et al.,, 2008; Vermeulen et al., 2010). Intrigued by
increased proportions of CD44*CD133" proportions followed
TAZ overexpression, we reasoned that one possibility
accounted for these changes, that is phenotypical transition
from CD44 CD133" into CD44"CD133" cells fueled by TAZ.
To substantiate this, we overexpressed TAZ in freshly isolated
CD44 CD133" cells and monitored their properties in vitro and
in vivo. As shown in Figure 5G—I and Supplementary Fig.S9,
remarkably more sphere formation, enhanced migration/in-
vasion, increased CD44CD133" percentage as well as upregu-
lated Bmil and lin28B were observed in CD44 CD133" cells
infected with TAZ lentivirus. More importantly, when
CD44 CD133" cells with or without forced TAZ overexpression
at limited dilution were transplanted into immunodeficient
mice, pronouncedly enhanced tumor-initiating potentials
were detected in TAZ-overexpressed cells as indicated by
more tumor formation and much shorter latency (Figure 5]
and data not shown). Immunoflurescent staining data
revealed increased CD447CD133" cells observed in samples
derived from CD44 CD133" TAZ cells transplantation
(Figure 5K—L). Collectively, our data indicate that TAZ is
required for oral CSCs self-renewal and maintenance. TAZ
has capacities to endow non-CSCs with CSCs-like traits and
facilitate the phenotypic transition from non-CSCs to CSCs-
like cells.

3.5. TAZ-TEADs interaction is involved in EMT and
CSCs maintenance

TAZ primarily binds with TEADs and acts in concert to dictate
transcriptional output of the downstream targets to regulate
diverse biological processes (Chan et al., 2009; Zhang et al,,
2009). We next wondered whether TAZ-TEADs interaction
was essential for oral cancer EMT and CSCs. To address this,
we first knocked down four member of endogenous TEADs
(TEAD1,2,3,4) via siRNAs in Cal27 and HNG6 cells as measured

by TEAD4 protein level and TEAD1-4 transcripts (Figure 6A,
and data not shown). Concomitantly, TEADs silencing led to
E-cadherin gain and vimentin loss, as well as Bmil and
lin28B downregulation (Figure 6B). The efficiencies of colony
formation and tumorsphere formation were remarkably
compromised in TEADs-depleted cells (Supplementary
Figure 10A—C). Moreover, to testify whether TEADs knock-
down can reverse the effects of TAZ, HN6 cells with stable
TAZ overexpression were further treated with siTEADs and
subjected to further analyses. Indeed, TEADs knockdown
significantly attenuated the resultant expression changes of
E-cadherin, vimentin and Bmil induced by TAZ, whereas the
control siRNAs failed. Moreover, TEADs silencing largely abol-
ished the effects induced by TAZ as measured by colony for-
mation, tumorsphere and migration assays (Figure 6C—D,
Supplementary Fig.S10D and data not shown).

To consolidate the critical roles of TAZ-TEADs in EMT and
CSCs, we transfected cells with TAZ mutant constructs
(TAZ*S4, constitutive nuclear active TAZ; TAZ*SA+S314,
TEADs-binding domain deleted mutant) (Lei et al, 2008;
Zhang et al., 2009), generated stable clones and monitored
their phenotypical changes. As shown in Figure 6E-F and
Supplementary Fig.S10E, TAZ*** overexpression resulted in
typical EMT morphological changes and markers switch
together with accelerated cell migration, while no similar al-
terations were detected in TAZ*SA * 5514 cells. Moreover,
TAZ*# cells generated much more and larger tumorsphere
as compared with TAZ*5# + 5514 and control cells (Figure 6G).
As the functional outputs of TAZ-TEADs were largely medi-
ated by transcriptional activation, we further found that these
EMT transcription factors (Twist, Snail, Slug) and CSCs regula-
tors (c-myc, Sox2) were significantly decreased upon either
TAZ or TEADs knockdown (Supplementary Fig.S10F-G). In
agreement with this, transcriptional activation of these fac-
tors were largely abrogated when cells were treated with
TAZ mutant without TEAD binding as comparison with
constitutive nuclear TAZ mutant (Supplementary Fig.S10H).
Taken together, these data support the notion that TAZ-
TEADs interaction and transcriptional activation are essential
for EMT and CSCs in OSCC.

3.6.  Pharmacological inhibition of TAZ induces anti-
cancer therapeutic effects in vitro and in vivo

Having revealed the essential roles of TAZ in OSCC, we
believed that TAZ might be therapeutically targeted to treat
oral cancer, especially for those with TAZ hyperactivation.
Recently, statins robustly inhibited Hippo-TAZ/YAP via
opposing TAZ/YAP nuclear translocation and in turn inacti-
vated downstream effects (Sorrentino et al.,, 2014; Wang
et al., 2014), thus raising the possibility that the statins might
become as therapeutic agents against oral cancer. To address
this, we first determined whether simvastatin was able to
inhibit TAZ in vitro. Indeed, simvastatin remarkably reduced
TAZ protein abundance in a time- and dose-dependent

Cal27 control and CD44~ CD133~ Cal27 with TAZ enforced overexpression were identified by immunofluorescence staining and quantified.

Scale bar: 50 pm. Representative images are shown. Data shown here are mean + SD from two or three independent experiments, *» < 0.05,

*p < 0.01, Student’s z-test.
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active TAZ (TAZ**%) induced EMT-like changes, while cells transfected with TEADs binding-deficient mutant (TAZ*SA+S514) failed, as
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4SA transfection

displayed significantly increased tumorsphere formation, while the efficiency of TAZ*SATSSIA transfected cells was comparable to control cells.

Representative images are shown. Data shown here are mean + SD from three independent experiments, *p < 0.05, **p < 0.01, ANOVA analyses.

manner (Figure 7A—B). In addition, the transcripts of TAZ, YAP
and CTGF were also markedly downregulated (Supplementary
Fig.S11A). Moreover, impaired cell proliferation and migra-
tion, tumorsphere formation as well as increased apoptosis
were detected upon simvastatin treatment (Figure 7C—F and
data not shown). Compared with single agent treatment,
more pronounced effects were detected when cells were chal-
lenged with both simvastatin and 5-FU/cisplatin than single
agent treatment (Supplementary Fig.S11B). Not surprisingly,
the expression changes of markers for cell proliferation,
apoptosis and migration further confirmed the phenotypic
changes upon simvastatin exposure (Figure 7G). As simva-
statin is a chemical inhibitor of enzyme HMG-CoA reductase
by catalyzing mevalonic acid production, these aforemen-
tioned effects might be attributed to other targets beyond
Hippo-TAZ/YAP. To discern this possibility, we treated HN6
cells with stable TAZ overexpression (HN6-TAZ) and control
cells with empty vector (HN6-Control) with simvastatin,
respectively. As shown in Figure 7H and Supplementary
Fig.511C, HN6-TAZ cells exhibited more resistance to simva-
statin as measured by cell proliferation, apoptosis and migra-
tion in comparison with HN6-Control cells. Furthermore,
we performed an in vitro rescue experiment by TAZ

overexpression following simvastatin treatment. Enforced
TAZ overexpression, in part although not all, abolished the
inhibitory effects exerted by simvastatin (Figure 7I-]). There-
fore, these findings indicate that therapeutic effects of simva-
statin might, at least in part, be attributed to TAZ inhibition in
oral cancer cells.

To further confirm the therapeutic effects of simvastatin
against oral cancer, we generated a xenograft animal model
and treated animals with simvastatin. After tumor masses
were reached approximately 200 mm? in volume, these ani-
mals were randomly distributed into two groups and received
simvastatin (150 mg/kg/day) or vehicle by oral gavage every
day for consecutive 2 weeks. The simvastatin treatment was
well tolerated in animals. As indicated in Figure 7K, tumor vol-
ume and weight in mice received simvastatin were much
lower than those in control animals (P = 0.01). Most tumors
exhibited retarded growth or regression after simvastatin
treatment, which was also evidenced by remarkable downre-
gulation of TAZ and Ki-67, and increased TUNEL staining
(Figure 7L and Supplementary Fig.512) in simvastatin-treated
samples. To address whether tumor will regrow following
simvastatin withdrawal, we treated animals bearing tumor
xenograft with simvastatin for two weeks, then withdrew
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the drug and monitored tumor growth for another two weeks - -
(Supplementary Fig.513A). Our data showed some tumor % Discussion

regrowth after simvastatin discontinued (Supplementary

Fig.513B), thus suggesting that long-term administration of ~ Here we have defined TAZ, one of Hippo signaling trans-

simvastatin or in combination with other chemotherapeutic ~ ducers, asa novel bona.ﬁde oncogene with pleiotropic YOI?S
agents might resulted in durable tumor regression. Taken underlying OSCC tumorigenesis. Our data reveal that TAZ is
together, our data reveal that simvastatin has therapeutic po- aberrantly overexpressed in a fraction of OSCC, and associates

tency against oral cancer partially through inactivating TAZ. with aggressive clinicopathological features and unfavorable
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patients’ prognosis. Notably, TAZ promotes proliferation,
anti-apoptosis, migration and invasion, as well as EMT and
CSCs maintenance in oral cancer. Furthermore, simvastatin
has been identified as a robust chemical inhibitor of TAZ
and is therapeutically effective against oral cancer.

The Hippo pathway is an evolutionarily conserved
signaling for tissue growth, whereas its perturbation links to
tumorigenesis. Mutation and deregulated expression of Hippo
members including TAZ have been revealed in multiple hu-
man cancers (Harvey et al., 2013). For example, aberrant TAZ
overexpression has been observed and associated with
aggressive features and unfavorable survival in papillary thy-
roid carcinoma, breast cancer, and malignant glioma (Bhat
et al,, 2011; Chan et al., 2008; de Cristofaro et al., 2011). Our
data extend these previous findings and further reveal that
TAZ is aberrantly overexpressed in human oral cancers and
associates with aggressiveness and adverse patient prognosis.
These data support the notion that TAZ is a novel diagnostic
and prognostic biomarker for oral cancer and holds promise
as one of essential clinicopathological factors when select
appropriate treatment and predict prognosis for patients.

Our findings from both gain and loss-of-function assays
indicate that TAZ has multiple tumorigenic roles by regulating
cell proliferation, apoptosis, migration and invasion in oral
cancer cells, which is in agreement with the pro-
proliferative and anti-apoptosis functions of Hippo-TAZ in
physical and pathological settings (Chan et al., 2008; Dong
et al., 2007; Zhang et al., 2009). Of note, typical morphological
changes, markers switch and induction of EMT inducers like
Twist and Snail upon TAZ overexpression, as well as the
pro-metastatic functions of TAZ in vitro and in vivo provided
strong evidence that TAZ is capable of promoting EMT in oral
cancer cells. Complementary, we also unraveled the pivotal
roles of TAZ required for TGF-Bl-induced EMT. In the TGF-
Bl-triggered EMT model, rhTGF-B1 not only promoted TAZ
transcription, but also reduced its phosphorylation and
fuelled its nuclear translocation by inactivating Hippo ki-
nases. These findings are consistent with recent findings
thatin response to TGF-B1, TAZ binds heteromeric Smad com-
plexes and is recruited to TGF-f response elements in nucleus,
and in turn activates downstream targets in embryonic stem
cells (Varelas et al., 2008). Furthermore, TAZ/YAP is necessary
to promote and maintain TGF-p-induced tumorigenic pheno-
types such as increased cell migration and invasion by coordi-
nating TAZ/YAP-TEAD-Smad?2/3-mediated transcriptional
program in breast cancer cells (Hiemer et al., 2014). Together,
these findings indicate that TAZ is a potent EMT inducer, and
may act downstream of TGF-p/Smads pathway and mediate
some, if not all, its functional outputs like EMT in cancer.
Further studies are still needed to unravel the intricate cross-
talk between Hippo-TAZ and TGF-f/Smads pathway behind
oral tumorigenesis.

Previous reports have established an important role of TAZ
in regulating self-renewal and differentiation in both normal
and malignant stem cells (Bartucci et al., 2015; Cordenonsi
et al,, 2011; Hong et al., 2005). To extend this, we provide evi-
dence that TAZ mediates self-renewal and maintenance of
oral CSCs, largely based on the following findings: (1) TAZ
enrichment in oral CSCs subpopulation and decreased during
serum-induced tumorsphere differentiation; (2) impaired

tumorsphere formation, reduced CSCs percentages and
increased chemosensitivity upon endogenous TAZ knock-
down, and opposite results following TAZ overexpression;
(3) positive associations between TAZ and high pathological
grade or metastasis in clinical samples. Thus, TAZ is a new
regulatory governor of CSCs in human oral cancer.

Accumulating evidence supports the existence of a dy-
namic equilibrium and bidirectional interconvertibility be-
tween CSCs and non-CSCs in some, if not all, human
cancers (Chaffer et al, 2013; Iliopoulos et al, 2011;
Vermeulen et al., 2010). The conversion from non-CSCs to
CSCs, also term CSCs plasticity, has increasingly been recog-
nized as a novel plausible source of cellular origins for CSCs
besides normal stem cells or progenitors (Scheel and
Weinberg, 2011). This plasticity also might account for tumor
relapse, metastatic dissemination and treatment resistance
following therapeutic interventions (Beck and Blanpain,
2013; Gupta et al., 2009; Scheel and Weinberg, 2011). A seminal
finding uncovered that TAZ conferred CSCs-related properties
to non-CSCs and allowed them to regain stemness by EMT in
breast cancer, thus raising an intriguing possibility that TAZ
functioned as a molecular switcher between CSCs and non-
CSCs (Cordenonsi et al., 2011). Our data reveal that enforced
overexpression of TAZ in freshly purified non-CSCs signifi-
cantly enhanced their self-renewal, increased CSCs propor-
tions as well as in vivo tumorigenic-initiating properties,
thus suggesting that TAZ is able to confer CSCs traits onto
more differentiated oral cancer cells. Similarly, De Maria R
et al. identified TAZ as a central mediator of breast CSCs prop-
erties and revealed that TAZ overexpression in differentiated
cancer cells induced cell transformation and conferred tumor-
igenicity and migratory activities (Bartucci et al., 2015). How-
ever, the key issues still remain that whether EMT induced
by ectopic TAZ is functionally coupled with oral CSCs plas-
ticity, although we and other reports support that EMT and
CSCs plasticity are tightly interconnected, while other find-
ings favor the their independence (Beck et al., 2015; Mani
et al., 2008; Morel et al., 2008; Schwitalla et al., 2013; Yang
et al.,, 2013). Therefore, our findings together with others
(Bartucci et al., 2015; Bhat et al.,, 2011; Cordenonsi et al.,
2011) support that TAZ could act as a functional phenotypic
switcher by fuelling novel CSCs generation from non-CSCs
in certain cancers.

Paracrine signals from tumor-associated microenviron-
ment induced and maintained stem cell traits in both normal
and transformed breast cells (Scheel et al., 2011). These
contextual signals from tumor stroma, for example TGF-B1
and HGF, are sufficient to convert non-CSCs to CSCs and
restore CSCs traits in more differentiated cancer cells
(Scheel et al., 2011; Vermeulen et al., 2010). We reason that,
in addition to genomic amplification and transcriptional acti-
vation of TAZ, signals from tumor-associated stroma might be
also involved in TAZ hyperactivation which in turn promotes
oral CSCs maintenance and plasticity. This was supported by
the findings that several mitogenic growth factors usually
emanated from tumor microenvironment, for example EGF
and TGF-B1, inactivated the Hippo signaling and in turn acti-
vated TAZ/YAP by dephosphorylation and nuclear accumula-
tion (Fan et al., 2013; Varelas et al., 2008). On the other hand,
the induction signal for TAZ hyperactivation might be from
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increased stiffness of tumor stroma, since TAZ/YAP serves as
key sensors and mediators of mechanical cues instructed by
cellular microenvironment, and mechanical stress regulates
stem cell behaviors and cell fate decision by affecting Hippo-
TAZ/YAP signaling (Halder et al.,, 2012). It will be interesting
to unravel the roles of TAZ driving CSCs plasticity from the
perspective of tumor—tumor microenvironment interaction.

TAZ functions as a transcriptional coactivator in complex
with TEADs to mediate downstream transcriptional events.
Disruption of TAZ-TEADs binding blocked the major effects
mediated by TAZ including oncogenic transformation, pro-
proliferation and EMT (Chan et al., 2009; Zhang et al., 2009).
In agreement with this, our data indicate that TAZ-TEADs
binding is critically involved in TAZ-induced EMT in oral can-
cer cells as evidenced by the facts that EMT phenotypic
changes were largely abrogated in TEADs knockdown and
TAZ mutant experiments. A line of evidence suggest that
TAZ promotes EMT by inducing EMT-associated factors like
Snail and Foxc2 in breast cancer (Lei et al., 2008). Similarly,
our data reveal that TAZ activates transcription of EMT in-
ducers such as Twist, Snail and Slug, which are presumably
responsible for EMT in oral cancer cells. This is also supported
by the identification and verification of TEAD1 binding sites in
promoter regions of Twist, Snail and Slug in embryonal rhab-
domyosarcoma cell (Tremblay et al., 2014).

Growing evidence suggests that complex transcriptional
regulatory networks including transcription factors and
signaling pathways converges on CSCs plasticity (Vermeulen
etal., 2010; Wong et al., 2008). Our data suggest that transcrip-
tional program mediated by pluripotent mediators such as c-
myc, Sox2, 1in28B and Bmil induced by TAZ is presumably
responsible for oral CSCs plasticity. Because several factors
important for pluripotency and self-renewal such as Sox2
were found to contain putative TEAD-binding sites and were
bound by TEADs complex during stem cell renewal (Lian
et al., 2010). Moreover, Sox2 is a novel functional marker for
skin CSCs by directly regulating target genes controlling can-
cer stemness (Boumahdi et al., 2014). Indeed, these transcrip-
tion factors were the key reprogramming mediators for iPS
generation from differentiated cells and also critical for CSCs
self-renewal and expansion (Takahashi et al., 2007; Yang
et al., 2010). It’s plausible for us to reason that similar reprog-
ramming process induced by these transcription factors exists
for both normal and malignant stem cell generation, which re-
quires further experimental substantiations.

Verteporfin was the firstly identified chemical to inhibit
YAP-induced liver oncogenic overgrowth by disturbing YAP-
TEAD binding, thus providing proof-of-principle that targeting
Hippo-TAZ/YAP was pharmacologically viable in cancer thera-
peutics (Liu-Chittenden et al, 2012). Intriguingly, statins
inhibited proliferation and self-renewal of breast cancer cells
via reducing TAZ/YAP abundance and nuclear localization
(Sorrentino et al., 2014; Wang et al., 2014). Here our data reveal
that TAZ and its oncogenic functions in OSCC could be inhibited
both in vitro and in vivo by simvastatin. Thus, we propose that,
simvastatin, alone orin combinations with current chemother-
apeutic agents, may have additional beneficial effects for oral
cancer patients. In addition, the CSC model emphasizes the
crucial importance to target CSCs in cancer therapy. However,
more plasticity exists in cancer cells than conventionally

anticipated, offering the rationale for novel therapeutic strate-
gies to block such phenotypic transition. The optimal therapeu-
tic regimens may comprise agents that target CSCs, non-CSCs
and their interconversion, ultimately achieving long-term and
truly curative outcomes (Medema, 2013).

In conclusion, we have elucidated the tumorigenic roles of
TAZ responsible for oral cancer initiation and progression and
revealed TAZ as a novel biomarker with diagnostic and prog-
nostic significance. Our findings identify TAZ as an important
mediator of EMT and oral CSCs, and also a viable therapeutic
target against oral cancer.
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