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Abstract

YAP and TAZ are key downstream regulators of the Hippo path-
way, regulating cell proliferation and differentiation. YAP and
TAZ activation has been reported in different cancer types.
However, it remains unclear whether they are required for the
initiation of major skin malignancies like basal cell carcinoma
(BCC) and squamous cell carcinoma (SCC). Here, we analyze the
expression of YAP and TAZ in these skin cancers and evaluate
cancer initiation in knockout mouse models. We show that YAP
and TAZ are nuclear and highly expressed in different BCC types
in both human and mice. Further, we find that cells with
nuclear YAP and TAZ localize to the invasive front in well-differ-
entiated SCC, whereas nuclear YAP is homogeneously expressed
in spindle cell carcinoma undergoing EMT. We also show that
mouse BCC and SCC are enriched for YAP gene signatures.
Finally, we find that the conditional deletion of YAP and TAZ in
mouse models of BCC and SCC prevents tumor formation. Thus,
YAP and TAZ are key determinants of skin cancer initiation,
suggesting that targeting the YAP and TAZ signaling pathway
might be beneficial for the treatment of skin cancers.
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Introduction

Non-melanoma skin cancers, including basal cell carcinoma (BCC)
and squamous cell carcinoma (SCC), are the most frequently diag-
nosed human cancers [1,2]. Basal cell carcinoma and squamous cell
carcinoma represent a major health concern due to their high inci-
dence, which is estimated to increment in the future due to
increased sun exposure in Western countries. Therefore, there is an
urgent need to identify the genes and signaling pathways controlling
BCC and SCC initiation and progression.

YAP and TAZ are the major effectors of the Hippo signaling path-
way, which regulates organ size, tissue homeostasis, regeneration,
and tumorigenesis [3-5]. YAP and TAZ are two transcriptional co-
activators that shuttle between the nucleus and the cytoplasm [6].
In the nucleus, YAP and TAZ interact with transcriptional factors of
the TEA domain family members (TEAD) and induce the expression
of proliferative and anti-apoptotic genes. The translocation of YAP
and TAZ in the nucleus is determined by their phosphorylation
state. YAP and TAZ translocate to the nucleus, where they activate
their target genes, when they are hypophosphorylated; and remain
in the cytoplasm when they are phosphorylated by LATS1 and
LATS2. YAP and TAZ act as mechanosensors and can be activated
by mechanical and physical cues originated by the microenviron-
ment irrespective of Hippo pathway activation [7].

YAP and TAZ activation has been described in several solid tumors.
It has been proposed that YAP and TAZ act as oncogenes through
activation of target genes that promote acquisition of cancer stem cell
properties, proliferation, chemoresistance, epithelial-to-mesenchymal
transition (EMT), and metastasis [3-5,8]. Recent studies in the
intestine have suggested that YAP and TAZ may function as tumor
suppressor or oncogene depending on their cellular localization.
Nuclear YAP and TAZ may be involved in WNT-associated intestinal
transformation acting as an oncogene [9], whereas cytoplasmic YAP
and TAZ may function as tumor suppressors by inhibiting the WNT/
f-catenin signaling pathway, through the recruitment of BTRCP to the
destruction complex leading to B-catenin degradation [10]. In hemato-
logical malignancies, including multiple myeloma, lymphoma, and
leukemia, it has been proposed that YAP may function as tumor
suppressor gene by activating pro-apoptotic genes [11].

During skin epidermis development, YAP is expressed and
nuclear in epidermal progenitors, whereas it is localized in the
cytoplasm in differentiated suprabasal cells [8,12]. Deletion of YAP
in the basal epidermal cells during development results in neona-
tal lethality due to skin barrier defect, caused by a defect in prolif-
eration of basal cell progenitors leading to thin/hypoplastic
epidermis [8]. In contrast, overexpression of the nuclear form of
YAP in adult basal epidermal cells leads to thickening of the skin,
which is caused by expansion of basal epidermal compartment
and abrogation of epidermal differentiation marker expression [8].
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YAP and TAZ deletion in adult skin epidermis leads to defect of
hair follicle regeneration and wound healing [13]. These studies
indicate that nuclear YAP enhances proliferation of epidermal stem
and progenitor cells.

YAP and TAZ activation has been associated with skin tumorige-
nesis [14]. Nuclear YAP was reported in human BCC [15,16].
However, the functional role of YAP and TAZ during BCC initiation
has not been reported yet. Nuclear YAP expression has been
reported in different types of SCCs, including cutaneous, cervix,
esophagus, and head and neck SCCs [8,17-25]. a-Catenin deletion
in bulge stem/progenitor cells leads to cutaneous SCC formation
and nuclear localization of YAP [18]. Overexpression of the nuclear
form of YAP during embryonic development in epidermal cells
followed by skin grafting leads to squamous skin tumor formation
[8]. Deletion of YAP and TAZ in basal epidermal cells in a chemical-
induced model of skin tumors leads to almost complete abrogation
of papilloma formation, indicating that YAP and TAZ are required
for the formation of benign skin tumors [24]. YAP depletion in a
mouse xenograft model of cutaneous SCC inhibits tumor growth,
suggesting that YAP could be important for SCC maintenance [25].
However, it remains unclear whether YAP and TAZ are required
and necessary for the initiation of malignant SCCs.

Here, we assessed the role of YAP and TAZ in BCC and SCC initi-
ation. We found that YAP and TAZ are expressed in the nucleus of
different histological subtypes of BCCs and SCCs in both human and
mice. BCC and SCC also expressed high level of YAP gene signa-
tures, consistent with the activation of this pathway in these skin
cancers. Deletion of YAP and TAZ in oncogene-targeted cells
prevents BCC and SCC initiation. This study demonstrates that YAP
and TAZ are key determinants of skin cancer initiation.

Results and Discussion
Nuclear YAP and TAZ expression in mouse and human BCC

To assess the role of YAP and TAZ signaling in skin tumors, we first
assessed the expression and cellular localization of YAP and TAZ in
two genetic BCC mouse models. Deletion of the Patchedl (Ptchl)
gene in the basal epidermal cells leads to BCC arising mainly from
the infundibulum and to a lower extent from the hair follicle and
interfollicular epidermis [26-29], whereas activation of a constitu-
tive form of the Smoothened (SmoM2) receptor using the KI4CREER
leads to BCC arising from the interfollicular epidermis (IFE) and
infundibulum [30,31] . YAP and TAZ immunostaining in BCC aris-
ing following Ptchl deletion or SmoM2 expression showed nuclear
expression of YAP and TAZ in BCC from both mouse models
(Fig 1A and B), suggesting that YAP signaling and TAZ signaling are
active in mouse BCCs.

To determine the human relevance of our findings, we
performed YAP and TAZ immunohistochemistry in different types
of human BCCs. We found nuclear YAP expression in the majority
of superficial, nodular, and infiltrative BCCs (Fig 1D). In contrast,
only few epidermal basal cells stained positive for nuclear YAP in
the epidermis from control individuals (Fig 1C). TAZ was
expressed in some parts of superficial and nodular BCC and in the
majority of infiltrative BCCs (Fig 1F). Altogether, these results
reveal that nuclear expression of YAP and TAZ is a common
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feature of mouse and human BCCs, irrespective of the oncogene
or tumor suppressor gene mediating BCCs initiation or the histo-
logical subtype of BCC. Somatic mutations that lead to YAP activa-
tion have been described in human BCCs [32]. These mutations
occur in genes regulating YAP and TAZ phosphorylation (LATSI
and LATS2) (28%) and their translocation from the nucleus to the
cytoplasm (PTNI14) (23%) [32]. However, the absence of these
mutations in 50% of BCC contrasts with the presence of nuclear
YAP in all BCCs, suggesting that other non-genetic mechanisms
may lead to YAP activation in BCC.

Nuclear YAP and TAZ expression in mouse and human SCC

To define the role of YAP and TAZ signaling in skin SCCs, we
analyzed the expression of YAP and TAZ in a mouse model of SCC
that leads to the generation of SCCs with different degree of squa-
mous differentiation and EMT [33-35]. Activation of oncogenic
Kras®™?P in combination with Tp53 deletion in hair follicle lineage
(using LgrSCREER/Kras®'?P/Tp53KO mice) results in the generation
of a wide spectrum of SCC, ranging from well-differentiated SCCs
that present squamous differentiation to tumors that underwent
EMT forming mesenchymal-like SCC resembling spindle cell carci-
noma [33-36]. We observed nuclear YAP and TAZ expression at the
leading edge of the invasive front of well-differentiated SCC. In
contrast, mesenchymal-like SCC presented homogeneous nuclear
YAP and TAZ staining (Fig 1G). These data indicate that YAP is
expressed at the leading edge of well-differentiated SCCs and is even
more strongly expressed in SCC presenting EMT, consistent with the
notion that YAP promotes EMT [33,37,38]. The exact mechanisms
by which YAP and TAZ are activated during cutaneous SCC forma-
tion are not well understood. Deletion of a-catenin, an adherens
junction protein leads to cutaneous SCC formation in mice [18]. In
this mouse model, Yapl is found in the nucleus [8,18], and coim-
munoprecipitation experiments showed that Yapl interacts with
a—catenin [8], suggesting that o-catenin may regulate the nuclear
localization of Yapl. Further studies will be required to elucidate
the additional mechanisms triggering YAP and TAZ activation
during SCC initiation.

To investigate the relevance of these findings to human SCC,
we assessed the expression and localization of YAP and TAZ in
different SCCs from different anatomical sites. Actinic keratosis,
which represents a pre-neoplastic lesion of human cutaneous SCC,
showed a weak nuclear YAP staining (Fig 1E). In contrast, well-
differentiated human SCC presented nuclear YAP expression at the
invasive front and poorly differentiated SCCs with mesenchymal
features showed a homogeneous stronger nuclear staining (Fig 1H).
TAZ is found to be expressed mainly in the cytoplasm of a subset
of well-differentiated and poorly differentiated SCC. Few cells
stained positive for nuclear TAZ (Fig 1H). Those observations are
consistent with the observations made in mouse SCC that YAP and
TAZ are expressed in the nucleus of human SCCs and that stronger
nuclear YAP staining is associated with more invasive tumor
phenotype. To determine whether YAP and TAZ activation was a
common feature of SCCs arising from different body locations inde-
pendently of their tissue of origin, we performed IHC for YAP and
TAZ in SCC from esophagus, head and neck, lung, and cervix. We
observed nuclear YAP and TAZ staining in the different SCC types
(Fig 1I). Altogether, these findings indicate that YAP signaling and
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Figure 1. Nuclear expression of YAP and TAZ in mouse and human BCC and SCC.

A, B Immunohistochemistry for YAP (A) and TAZ (B) in mouse BCC from Ptch1KO and SmoM2 models.

C, D Immunohistochemistry for YAP in human normal skin (C) and in human superficial, nodular, and infiltrative BCCs (D).

E Immunohistochemistry for YAP in human actinic keratosis.

F Immunohistochemistry for TAZ in human superficial, nodular, and infiltrative BCCs.

G Immunohistochemistry for YAP and TAZ in well-differentiated and mesenchymal SCC from LgrSCREER/Kras®*?°/Tp53 KO mouse model.

H, | Immunohistochemistry for YAP and TAZ in human cutaneous SCC (H) and in human esophageal, head and neck, lung and cervix SCC (I).

Data information: Scale bars: 100 pm.
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TAZ signaling are active in human SCCs, although more strongly
in more invasive SCCs.

BCC and SCC express YAP gene signatures

To assess the transcriptional impact of the active YAP signaling in
BCC and SCC, we performed GSEA of the genes upregulated in BCCs
and SCCs as compared to normal epidermis with four previously
published YAP gene signatures. These YAP signatures were
obtained by transcriptional profiling human breast cell line MCF10A
following YAP overexpression [39], a mouse model of hepatocellu-
lar carcinoma that presents YAP activation [40], human colorectal
cancers expressing YAP [41], and oral squamous cell carcinoma cell
line following YAP knockdown [42].

We compared the genes upregulated in FACS-isolated SmoM2-
expressing cells in BCC in comparison with IFE, the compartment of
the skin from which BCC originates in this model [28]. We found
that BCC presented a strong enrichment for three out of the four
YAP gene signatures (Fig 2). We found that FACS-isolated YFP™"
Epcam* cells from LgrSCREER/Kras®'?P/TpS3KO/Rosa-YFP-induced
well-differentiated SCCs originating from the IFE and YFP " Epcam- cells
from LgrSCREER/Kras®'?P/Tp53K0/Rosa-YFP-induced mesenchymal-like
SCC arising from the HF [33] presented an enrichment for the four YAP
gene signatures (Fig 2).

To confirm the significance of enrichment scores obtained from
GSEA of the YAP genes signatures, we performed GSEA using Wnt
and TGFP pathways, two signaling pathways that regulate skin
tumorigenesis [28,43-47]. Using GSEA, we compared BCC and SCC
signatures with published Wnt and TGFp signatures obtained from
skin cancers [28,46]. These analyses confirmed the enrichment of
Wnt signature in BCC and mesenchymal and well-differentiated SCC
(Fig EV1A). The normalized enrichment score (NES) obtained in
Wnt signature-SCC is comparable with those obtained in YAP-SCC.
A higher NES was obtained in Wnt-BCC GSEA (Fig EV1A). More-
over, GSEA showed enrichment in BCC and mesenchymal SCC for
TGFp signature, with a NES comparable to those obtained for the
YAP signatures. There was no enrichment of the TGFp signature in
Lgr5CREER/Kras®?P/Tp53KO/Rosa-YEP-induced  well-differentiated
SCC (Fig EV1B). Altogether, these data indicate that YAP activation
has an important impact on the gene expression profile of BCC and
SCC tumor cells (Fig 2).

To determine whether BCC and SCC present common YAP
downstream targets, we compared the genes upregulated in BCCs
and SCCs with the four YAP published signatures. Interestingly, the
importance of the overlap between the different YAP signatures
differed with the different cancers (Fig 3A). A higher overlap was
found between oral SCC and breast cancer YAP signatures (YAP
Signature 1) [39,42]; and between hepatocellular carcinoma and
colorectal cancer YAP signatures [40,41] (YAP Signature 2) (Fig 3B).
For this reason, we compared the genes upregulated in BCC and
SCC [28,33] with YAP signature 1 and YAP signature 2 separately
(Fig 3C-H). Only 11 genes were upregulated in BCC and the YAP
signature 1 (11/163: 7% of the YAP signature 1), including
established direct targets of YAP and TAZ (Ctgf and Cyr61) [24],
genes regulating cell proliferation (Ccndl) and signaling pathways
(WntSa, Lifr, Tgfb2), extracellular matrix (Ctgf, Adamtsl, Cyr61)
(Fig 3C). YAP signature 1 presented a higher overlap with genes
upregulated in well-differentiated (73/163: 45%) and EMT-containing
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SCCs (38/163: 23%), including genes regulating cell cycle (Aurkb,
Cdkn3, Ccnbl, Cdc20, Prcl) and DNA replication (Blm, Mcml0,
Ginsl, Rfc4, Cdc6) (Fig 3D). Only three genes of the YAP signature 1
(3/163: 2%) were commonly upregulated in BCC and mesenchymal
and well-differentiated SCC, including Cyr61, a previously established
YAP and TAZ direct target gene, WntS5a, a non-canonical Wnt ligand
and Plod2, an enzyme that mediates the formation of the stabilized
collagen cross-links (Fig 3E).

A bigger overlap was found between genes upregulated in BCC
and the genes of the YAP signature 2 (63/317: 20%), including
Cyr61 and genes involved in extracellular matrix regulation (Fbin2,
Fbinl, Col6al, Ctgf), extracellular exosome (Criml1, S100a6, Cstb),
or Wnt signaling pathway (Bgn, Sox4, Sox9, Timp3; Fig 3F). This
second YAP signature also significantly overlapped with genes
upregulated in both well-differentiated (113/317: 36%) and EMT-
containing SCCs (97/317: 30%), including genes regulating extracel-
lular matrix remodeling (Col6a3, Col6al, Col3al, Fbnl, Loxll, Bgn,
Timpl, Nid1l), genes involved in oxidative stress response (Cyplbl,
Scara3, Gpx4, Gpx7, Gstm5), immune response (CD14, Clqa, Clgb,
Clqc, Slpi), and interferon response (Ifitm3, Ifit2, Osmr) (Fig 3G). A
higher overlap of 20 genes (20/317: 6%) was found between the
second YAP signature and the genes commonly upregulated in BCC
and SCC, including S100a8, Emp3, Fbliml1, Rab31, Fstll, Tmem98,
Len2, FxydS, Socs3, Cstb, Slpi, Tes, Caspl, and genes involved in
extracellular matrix function (Bgn, Fbln2, Slpi, Col6al, and Cyr61;
Fig 3H). These results indicate that SCCs and BCCs present higher
overlap with the colorectal and hepatocellular carcinoma YAP signa-
tures (YAP signature 2) than with breast and oral SCC YAP signa-
tures (YAP signature 1) and that well-differentiated SCCs present a
much higher overlap than BCCs with the YAP signature from oral
SCC, suggesting the existence of a common and tumor-specific sets
of YAP target genes.

YAP and TAZ are essential for BCC initiation

To study the role of YAP and TAZ in BCC initiation, we deleted
YAP and TAZ at the same time that we expressed the SmoM2
oncogene in the basal cells of the epidermis using the KI4CREER
(Fig 4A). KI4CREER/SmoM2-YFP/YAPfl/fITAZfl/fl will be referred
after TAM treatment as SmoM2 YAP and TAZ DKO thereafter. In
this SmoM2-induced BCC mouse model, SmoM2 is fused to the
yellow fluorescent protein (YFP); and therefore, the presence of
SmoM2 oncogene-expressing cells can be monitored by the
expression of YFP. We treated the mice with 20 mg tamoxifen to
recombine SmoM2 and the other floxed alleles in the majority of
epidermal basal cells. At the end of tamoxifen treatment in
K14CREER/SmoMZ2 mice (referred as SmoMZ2 thereafter), SmoM2
is expressed in the majority of basal epidermal cells, hyperplasia
could be observed after 2 weeks, which evolved toward dysplasia
before progressing into BCC around 8 weeks of tamoxifen admin-
istration [30,48] (Fig 4B). SmoM2 YAP and TAZ DKO did not
present any BCC 8 weeks following TAM administration (Fig 4B).
Surprisingly, only rare SmoM2-expressing cells were observed in
SmoM2 YAP and TAZ DKO epidermis at 2 and 8 weeks following
tamoxifen administration (Fig 4C). To assess whether the rare
SmoM2-expressing dysplastic lesions found in SmoM2 YAP and
TAZ DKO epidermis resulted from the incomplete deletion of the
YAP- and TAZ-floxed alleles, we assessed the expression of YAP

© 2018 The Authors
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Figure 2. Mouse BCCs and SCCs express YAP gene signatures.
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GSEA showing enrichment of BCC [28], well-differentiated and EMT-containing SCC [33] for YAP gene signatures obtained from mouse hepatocellular carcinoma [40]
human breast cancer cell line [39], human oral squamous cell carcinoma [42], and human colorectal cancer [41]. Well-diff SCC: well-differentiated SCC; EMT SCC:
EMT-containing SCC. Enrichment score and P-value were calculated using GSEA preranked module of GSEA software.

Source data are available online for this figure.

and TAZ by IHC in SmoM2 YAP and TAZ DKO epidermis
8 weeks following tamoxifen administration. YAP and TAZ
expression was observed in the rare dysplastic lesions found in
SmoM2 YAP and TAZ DKO epidermis, indicating that these
lesions were formed by the rare SmoM2-expressing cells that
escape complete YAP and TAZ deletion (Fig 4D). Altogether,
these results indicate that YAP and TAZ are essential for
SmoM2-induced BCC formation and the long-term maintenance
of SmoM2-expressing cells. The presence of nuclear YAP in all

© 2018 The Authors

mouse BCC and the absolute requirement of YAP and TAZ func-
tion for mouse BCC initiation suggest that YAP and TAZ activa-
tion does not require additional somatic mutations in this
context. Similarly to BCC formation, activation of hedgehog
signaling pathway in cerebellar granule neuron precursors
(CGNPs) leads to medulloblastoma formation, a brain tumor
occurring in children [49,50]. Interestingly, YAP1 expression is
also upregulated in medulloblastoma of the SHH and WNT
subtypes [51,52]. Culture CGNPs in the presence of SHH leads to
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Figure 3. Expression of YAP signatures in mouse BCCs and SCCs.

A Venn diagram showing the overlap between four published YAP signatures [39-42].

Venn diagram showing the overlap between the YAP signatures obtained in oral SCC and breast (YAP Signature 1) and CRC and HCC (YAP Signature 2).

Venn diagram showing the overlap between YAP signature 1 and the genes upregulated by more than 1.5-fold in BCC compared to IFE [28].

Venn diagram showing the overlap between YAP signature 1 and the genes upregulated by more than 1.5-fold in well-differentiated SCC versus IFE and in EMT-
containing SCC versus HF [33].

Venn diagram showing the genes commonly upregulated in YAP signature 1 and in BCCs, well-differentiated and EMT-containing SCCs.

Venn diagram showing the overlap between YAP signature 2 and the genes upregulated by more than 1.5-fold in BCC compared to IFE [28].

Venn diagram showing the overlap between YAP signature 2 and the genes upregulated by more than 1.5-fold in well-differentiated SCC versus IFE and in EMT-
containing SCC versus HF [33].

Venn diagram showing the genes commonly upregulated in YAP Signature 2 and in BCCs, well-differentiated and EMT-containing SCCs.

B
C
D

O mm

H

Data information: HCC: hepatocellular carcinoma; CRC: colorectal cancer; Well-diff SCC: well-differentiated SCC; EMT SCC: EMT-containing SCC. Hypergeometric test was
used to assess the statistical significance.
Source data are available online for this figure.
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YAP1 expression and nuclear localization leading to CGNP prolif- rapidly activated following oncogenic hedgehog activation during
eration, suggesting that hedgehog signaling activation results in the earliest step of BCC initiation [28,53]. In addition, BCC
YAP activation [51]. One possible candidate that promotes YAP formation leads to cytoskeleton and extracellular matrix (ECM)
activation in BCC is Wnt signaling, as Wnt activation has been remodeling [16] that could result in an increase in the stiffness
shown to promote YAP activation [10] and Wnt activation is of the ECM, which in turn can reinforce YAP1 activation [7,16].
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Figure 4. YAP and TAZ are required for BCC initiation.

A
B

Scheme of the genetic strategy to delete YAP and TAZ and activate the oncogene SmoM2 in tumor-initiating cells.

Immunostaining for SmoM2 and B4-integrin at different time points upon tamoxifen administration in SmoM2 YAP and TAZ DKO and SmoM2 mice (n = 3 animals
analyzed per genotype and time point). Arrows indicate SmoM2-expressing cells.

Immunostaining for SmoM2 and B4-integrin in rare clones observed at 2 and 8 weeks after tamoxifen administration in Smo2 YAP and TAZ DKO mice. Arrows indicate
SmoM2-expressing cells.

Immunohistochemistry for YAP and TAZ in rare dysplasias observed in SmoM2 YAP and TAZ DKO mice 8 weeks after tamoxifen administration. Arrows indicate
dysplasias presenting nuclear YAP and TAZ expression.

TUNEL assay in SmoM2 YAP and TAZ DKO and SmoM2 mice 3.5 days after tamoxifen administration. Arrows indicate TUNEL-positive cells and dashed line indicates
the basal lamina.

Data information: Hoechst nuclear staining in blue. Scale bars: 20 um.
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Figure 5. YAP and TAZ are required for the initiation of genetically induced SCC.
A Scheme of the genetic strategy to delete YAP and TAZ and activate the expression of oncogenic Kras and Tp53 deletion in tumor-initiating cells.
B Kinetic of tumor appearance in Lgr5CREER/Kras®*?"/Tp53 KO/Rosa-YFP and LgrSCREER/Kras“*?°/Tp53/YAP/TAZ triple KO/Rosa-YFP mice (n = 6 animals analyzed per genotype).

C, D Immunostaining for YFP and TUNEL assay (C) and immunohistochemistry for YAP and TAZ (D) in K14CREER/YAP TAZ DKO/Rosa-YFP mice and K14CREER/Rosa-YFP
control mice.

E,F Immunostaining of YFP and TUNEL assay (E) and immunohistochemistry of YAP and TAZ (F) in Lgr5CREER/Kras®*?°/Tp53K0/Rosa-YFP mice and LgrSCREER/Kras®*?%/
Tp53/YAP/TAZ triple KO/Rosa-YFP mice 3.5 days after tamoxifen administration.

Data information: Scale bars: 20 um. Dashed lines indicate the basal lamina.
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To determine whether and how rapidly YAP and TAZ expres-
sion are required for the survival of SmoM2-expressing cells, we
performed TUNEL assay to monitor cell death in the skin of
SmoM2 and SmoM2 YAP and TAZ DKO mice 3.5 days upon
tamoxifen administration. In SmoM2-expressing cells, TUNEL-posi-
tive cells were only found in the suprabasal layers of the epider-
mis (Fig 4E). In contrast, in SmoM2 YAP and TAZ DKO mice,
many basal cells characterized by their ring-shaped and the
absence of nuclear staining, were TUNEL-positive, and these
TUNEL-positive cells extended to the suprabasal layers (Fig 4E),
suggesting that YAP and TAZ expression is required for the imme-
diate survival of oncogene-expressing cells and the combination
of SmoM2 expression with YAP and TAZ deletion is synthetic
lethal.

YAP and TAZ are essential for SCC initiation

Whereas YAP and TAZ deletion inhibits the formation of benign
papilloma following chemical-induced carcinogenesis [24] and the
overexpression of phospho-mutant of YAP promotes skin tumor
formation [8], it remains unclear whether YAP and TAZ are required
for SCC initiation in genetically engineered SCC mouse model. To
determine the importance of YAP and TAZ for SCC initiation, we
induced the deletion of YAP, TAZ and Tp53 together with Kras®'?”
expression in hair follicle cells using LgrSCREER mice (Fig 5A). In
the presence of YAP and TAZ expression, administration of 10 mg
TAM to LgrSCREER/Kras®?’/Tp53K0O/Rosa-YFP mice leads to the
development of several tumors per mouse within 6-14 weeks after
tamoxifen administration [33,34] (Fig 5B). However, no SCC was
observed in the LgrSCREER/Kras®'?"/Tp53/YAP/TAZ triple KO/Rosa-
YFP mice during the next 15 weeks after tamoxifen administration
(Fig 5B). These results reveal that YAP and TAZ are required for SCC
initiation. YAP knockdown inhibits the growth of transplanted cervix
and head and neck SCC cell lines [17], suggesting that targeting YAP
could not only be beneficial for tumor initiation but also for the treat-
ment of established tumors. YAP and TAZ are co-activators that form
complexes with TEAD transcription factors and activate the expres-
sion of different target genes and downstream signaling pathways [6].
ATAC-seq and Chip-Seq have revealed that during Ras-induced
tumorigenesis in eye-antennal imaginal disk tumor in flies, in mouse
SCCs, and in melanoma, the active enhancers in these tumors contain
frequently binding sites for AP1 and TEAD transcription factors,
suggesting that YAP co-operate with JUN and FOS transcription factors
to promote chromatin remodeling and gene expression in tumor cells
[24,33,54,55]. Further studies will be required to determine which
TEAD factors are mediating tumorigenesis in the different types of
cancers and what are the other transcription factors that co-operate
with YAP and TAZ to promote chromatin remodeling and tumorigenesis.

To determine whether and how rapidly YAP and TAZ expression are
required for the survival of LgrSCREER/Kras®’®"/TpS3KO/Rosa-YFP-
expressing cells, we performed YFP and TUNEL immunostaining to
monitor the fate of oncogene-expressing cells in the skin 3.5 days after
tamoxifen administration. In the absence of oncogene expression, the
deletion of YAP and TAZ was not essential for the survival of skin epider-
mal cells as demonstrated by the presence of YFP-positive cells, in which
YAP and TAZ have been deleted without obvious signs of cell death
(Fig 5C and D). Expression of oncogenic Kras and TpS3 deletion in
HF lineages did not lead to apoptotic or TUNEL-positive cells in
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YFP-positive cells (Fig SE). In contrast, upon YAP and TAZ dele-
tion in LgrSCREER/Kras®*?P/Tp53/YAP/TAZ triple KO/Rosa-YFP, no
YFP-positive cells could be observed together with a concomitant
increase in TUNEL-positive cells, indicating that simultaneous activa-
tion of Kras®’?” and deletion of YAP and TAZ leads to cell death
(Fig 5E and F), suggesting that YAP and TAZ deletion is syntheti-
cally lethal in Kras®'?P/Tp53 KO cells, similarly as in SmoM2-
expressing cells (Fig 4E).

Conclusions

Our study demonstrates that YAP and TAZ are essential for BCC and
SCC initiation. Additional studies are required to elucidate whether
targeting YAP and TAZ/TEAD alone or in combination in estab-
lished tumor are sufficient to promote tumor regression and whether
the synthetic lethality between oncogenic hedgehog or oncogenic
Ras and YAP and TAZ deletion can be exploited to prevent the
formation of new tumors in patients at high risk of forming BCCs
and SCCs.

Materials and Methods
Mice

K14CREER transgenic mice [56] were kindly provided by E. Fuchs,
Rockefeller University, USA. Ptchl fl/fl mice [57], Rosa26-SmoM2-
YFP (58], Rosa26-YFP [59], LgrSCREER [60], Kras*S“"S'?P [61], and
TP53 fl/fl [62]mice have been received from the NCI mouse reposi-
tory and the Jackson Laboratories. YAP fl/fl and TAZ fl/fl mice [63]
were obtained from Georg Halder (KU Leuven) who received them
from Randy Johnson at the MD Anderson Cancer Center, Houston.
Mouse colonies were maintained in a certified animal facility in
accordance with European guidelines. Experiments involving mice
presented in this work were approved by Comité d’Ethique du Bien
Etre Animal (Université Libre de Bruxelles) under protocol number
434N, 483N, and 632N. Female and male animals have been used
for all experiments, and equal animal gender ratios have been
respected in the majority of the analysis, analysis of the different
mutant mice was not blind, and sample size was calculated to reach
statistical significance. The experiments were not randomized.

Human tissue samples

Twelve human normal skin samples as well as 10 actinic keratosis,
32 basal cell carcinoma (BCC) including superficial, nodular and
infiltrative variants, 25 skin squamous cell carcinoma (SCC) includ-
ing in situ and invasive variants, 11 lung SCC, 13 head and neck
SCC, nine esophagus SCC and four cervix SCC were selected from
archival formalin-fixed and paraffin-embedded (FFPE) human
samples in the Erasme Hospital Biobank, Brussels, Belgium
(BE_BERA1; Biobanque Hopital Erasme-ULB (BERA); BE_NBWBI;
Biotheque Wallonie Bruxelles (BWB); BBMRI-ERIC).

Mice induction with tamoxifen

For Ptchl deletion, KI4CREER/Ptchifl/fl mice (2.5 months old)
received one intraperitoneal injection of 2.5 mg of tamoxifen during
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three consecutive days. SmoM2 YAP and TAZ DKO and SmoM2 mouse
received one intraperitoneal injection of 2.5 mg tamoxifen during 10
consecutive days. LgrSCREER/Kras®?P/TpS53fl/fl/Rosa-YFP mice and
LgrSCREER/Kras®™P/TpS3fl/fl/YAPfl/fl. TAZfl/fl were injected intra-
peritoneally with 2.5 mg tamoxifen per day for 4 days beginning at
P28. Tamoxifen was diluted in 90% sunflower oil and 10% ethanol.

Immunostaining in mouse skin sections

The tail and back skin of the mice were embedded in optimal cutting
temperature compound (OCT, Sakura) and cut into 5-8 pum frozen
sections using a CM3050S Leica cryostat (Leica Microsystems).
Owing to the fusion of SmoM2 with YFP, SmoM2-expressing cells
were detected using anti-GFP antibody. Frozen sections were dried
and fixed with 4% paraformaldehyde/PBS (PFA) for 10 min at room
temperature in the SmoMZ2 mouse model. Skin from Rosa-YFP mice
was pre-fixed for 2 h in 4% PAF before embedding in OCT and being
sectioned. Then, sections were blocked using blocking buffer for 1 h
(PBS, horse serum 5%, BSA 1%, Triton 0.1%). Skin sections were
incubated with primary antibodies diluted in blocking buffer over-
night at 4°C, washed with PBS for 3 x 5 min, and then incubated
with Hoechst solution and secondary antibodies diluted in blocking
buffer for 1 h at room temperature. Finally, sections were washed
with PBS for 3 x 5 min at room temperature and mounted in DAKO
mounting medium supplemented with 2.5% Dabco (Sigma). Primary
antibodies used were the following: anti-B4-integrin (Rat, 1:200, BD,
ref.553745) and anti-GFP (1:3,000, chicken, Abcam, ab13970).
The following secondary antibodies were used: anti-chicken to
AlexaFluor488 (Molecular Probes) and anti-rat to rhodamine Red-X
(JacksonImmunoResearch). Detection of TUNEL-positive cells was
performed using the In Situ Cell Death Detection kit (Roche) in
samples that were fixed after sectioning. Images of the Immunos-
tainings in sections were acquired using an Axio Imager M1
microscope, an AxioCamMR3 camera, and the Axiovision software
(Carl Zeiss).

Immunohistochemistry murine samples

For YAP and TAZ immunohistochemistry in murine samples, paraf-
fin sections were deparaffinized, rehydrated, followed by antigen
unmasking performed for 20 min at 98°C in citrate buffer (pH 6)
using the PT module. Endogenous peroxidase was blocked using
3% H,0, (Merck) in methanol for 10 min at room temperature.
Endogenous avidin and biotin were blocked using the Endogenous
Blocking kit (Invitrogen) for 20 min at room temperature. Nonspeci-
fic antigen blocking was performed using blocking buffer. Rabbit
anti-YAP (1/200, Santa Cruz Biotechnology) or Rabbit anti-TAZ (1/
100, Sigma-Aldrich) were incubated overnight at 4°C. Anti-rabbit
biotinylated with blocking buffer, Standard ABC kit, and ImmPACT
DAB (Vector Laboratories) was used for the detection of horseradish
peroxidase (HRP) activity. Slides were then dehydrated and
mounted using SafeMount (Labonord).

Immunohistochemistry (IHC) human samples
Five-um-thick sections of all samples were subjected to standard IHC

on Ventana discovery XT (Ventana, Roche Diagnostics, Belgium)
using the DABMap detection system according to manufacturer’s
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recommendations. Briefly, the slides were incubated with the mouse
monoclonal anti-YAP antibody for 12 h (1:75, clone G-6, Santa Cruz
Biotechnology) or with the rabbit polyclonal anti-TAZ antibody for
1 h (1:200, Sigma-Aldrich, Missouri, USA). The slides were washed
and incubated with the biotinylated anti-mouse secondary antibody
(1:200, Vector Laboratories) followed by the addition of complex
avidin-horseradish peroxidase. Immunostainings were detected by
incubation with diaminobenzidine and hydrogen peroxide. Slides
were counterstained with Gill’s hematoxylin, dehydrated, and
mounted. For each staining, an external positive control was included
as well as a negative control, which entailed replacing the primary
antibody with non-immune serum (Dako, Glostrup, Denmark).

GSEA

The GSEA program was downloaded from the BROAD Institute
website (http://www.broadinstitute.org/gsea/). We used the GSEA
preranked option with standard parameters of weighted enrichment
score calculation to run the GSEA for four different signatures of
YAP genes against a user-supplied fold-change-ranked list of genes
(replicates from the same conditions are average, and then, we
aggregate the different probes for the same gene by averaging
them). NES is the normalized enrichment score.

Expanded View for this article is available online.
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