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ABSTRACT

The epidermis is a highly regenerative tissue. ¥&saciated protein (YAP) is a pivotal
regulator of stem/progenitor cells in tissue regatien, including in the epidermis. The
molecular mechanisms downstream of YAP that actiegidermal cell proliferation remain

largely unknown.

We found that YAP anfl-catenin co-localize in the nuclei of keratinocyiteshe
regenerating epidermia vivo, and in proliferating HaCaT keratinocyi@svitro. Inactivation
of YAP in HaCaT keratinocytes resulted in reducetivatedp-catenin and reduced
keratinocyte numbeii vitro. In addition, we found that in the hyperplasticdepmis of
YAP2-5SAAC mice, the mutant YAP2-5SAC protein was predominantly localised in the
keratinocyte nuclei, and caused increased expres$iactivated, nucled-catenin.
Accordingly, B-catenin transcriptional activity was elevatedhia skin of life YAP2-5SA-
ACITOPFLASH mice. Lastly, loss gfcatenin in basal keratinocytes of YAP2-5SA-
AC/K14-creERTCtnNB1 /'™ mice resulted in reduced proliferation of basabkieocytes

and a striking rescue of the hyperplastic abnoteali

Taken together, our work shows that YAP-588-requireg3-catenin activity to promote
basal keratinocyte proliferation in the mouse skivivo. Our data shines new light on the
aetiology of regenerative dermatological disordangl other human diseases that display

increased YAP anfl-catenin activity.



INTRODUCTION

The remarkable regenerative capacity of the epideisnenabled by stem/progenitor cell
populations, which are key to normal skin homeastas well as injury repair but also the
development of cancers. How epidermal regeneraioegulated molecularly remains one of

the exciting questions in skin biology research.

Yes-associated protein (YAP) and its paralog Trapsonal co-Activator with PDZ-binding
motif (TAZ) are expressed in stem/progenitor celinpartments of vertebrate tissues, where
they control cell proliferation, tissue homeostasisl organ size (Camargo et al., 2007, Dong
et al.,, 2007). They act as transcriptional co-attixs that are classically known to be
downstream effectors of the highly conserved Hippase pathway. In the
unphosphorylated state they will translocate to nineleus, and bind the Transcriptional
Enhancer Associate Domain (TEAD) transcriptiondesto activate target gene transcription
and cell proliferation (reviewed in Piccolo et &Q14, Yu et al., 2015). Recent pioneering
work demonstrated that local mechanical cues playagor overarching role, and can
override the activity of the core Hippo kinasescontrolling YAP activity (Aragona et al.,

2013, Dupont et al., 2011).

In the skin, YAP is expressed throughout the epmigr including in the basal epidermal
stem/progenitor cell populations (Beverdam et2013, Zhang et al., 2011). Overexpression
of YAP protein mutantsn basal keratinocytes results in increased pmalifen rates, and
causes epidermal hyperplasia, whereas Yap losgration in the basal epidermis resulted in
epidermal hypoplasia (Beverdam et al., 2013, Sethedch et al., 2011, Zhang et al., 2011).
These studies demonstrate that YAP plays a pivoté in controlling epidermal
homeostasis. However, the downstream mechanismated by YAP in the control of basal

epidermal cell proliferation remain unknown.



The Wntf-catenin pathway plays a pivotal role in epidereh@velopment and regeneration
(Huelsken et al., 2001, Lo Celso et al., 2004, lyoetral., 2005, Van Mater et al., 2003, Watt
and Collins, 2008). Wnt pathway activation resufisthe dissociation of the cytosol>

catenin destruction complex, and the nuclear tomasion of-catenin, where it activates
gene transcription and cell proliferation (Clevess al., 2014). Interestingly, there is
increasing evidence that the Hippo/YAP and \Ritiitenin signalling pathways interact to
control cell proliferation and tissue homeostasig.(reviewed in Piccolo et al., 2014, Yu et
al., 2015). However, it remains unclear if this aéso the case in the control of

stem/progenitor cells during epidermal homeostasis.

In this study we show that YAP afidcatenin are expressed in strongly overlappingepasdt
within the epidermis of mice, and provide experitaésupport for the hypothesis that YAP
and B-catenin cooperate in the control of HaCaT keraty® proliferationin vitro.
Interestingly, using a viable transgenic mouse Imevhich the YAP2-5SAAC mutant is
predominantly expressed in basal keratinocytesfouad that YAP2-5SAAC requiresp-
catenin activation to promote basal keratinocytelifgration in the mouse skim vivo.
Together, our findings support that YAP positivedgulateg3-catenin activity in the control
of normal epidermal homeostasis, which may be pgestliin regenerative skin disease such

as skin cancer displaying increased YAP activity.

RESULTS

YAP and p-catenin co-localize in the regenerating epidermisin vivo

A rapidly increasing number of studies shows cedkdtetween the Hippo/YAP and WpH/
catenin pathways in the regulation of cell probfewn, tissue growth and homeostasis (e.g.
reviewed in Piccolo et al., 2014, Yu et al., 20IR)erefore, it is conceivable that YAP and

B-catenin also cooperate in the control of epiderwell proliferation. To address this



guestion, we investigated the expression patteifYsA® andp-catenin in sections of dorsal
skin of wildtype mice at the rest phase (telogem) at the growth phase (anagen) of hair
follicle cycling using immunofluorescence analysYAP and -catenin were expressed in
strongly overlapping patterns throughout the eprdgrboth at telogen and anagen (Figure
la-c & f-h), as previously reported (Beverdam et2013, Lo Celso et al., 2004, Zhang et al.,
2011). We also detected nuclei positive for bothPyandp-catenin in anagen skin (arrow
heads in Figure 1f-h). These findings are consistéth the hypothesis that YAP arfd
catenin cooperate to activate basal keratinocywif@ration during normal epidermal

homeostasis.

YAP-induced proliferation of HaCaT keratinocytes grown in vitro is associated with
nuclear and activated p-catenin

Next, YAP andp-catenin expression was investigated by immunofiscence analysis in
sparse (proliferating) and dense (quiescent) cedtwf HaCaT keratinocytes (Figure 2a-d).
High YAP signal was detected predominantly in thé&&positive nuclei of proliferating
keratinocytes, in line with previously reported &ohet al., 2007), where it co-localized with
B-catenin (Figure 2a & c). YAP was predominantlydlwed in the cytosol of quiescent
HaCaT keratinocytes (Figure 2b & d), in line wigported previously (Zhao et al., 2007),
where it co-localized wittg-catenin (Figure 2d). These data show that YAP [aedtenin
undergo highly similar nucleocytoplasmic trafficgipatterns in HaCaT keratinocytes grown
in vitro, analogous to those observed in MDCK epithelidlscendergoing strain-induced
proliferation (Benham-Pyle et al., 2015). Next, wactivatedYap in sparse, proliferating
HaCaT keratinocytes in siRNA knockdown assays amdicned a strong reduction of YAP
protein expression in YAP siRNA-treated. scramble RNA-treated HaCaT keratinocytes
(Figure 2e, f, and top lane in g). We also obserketliced nuclear activatgiicatenin

(Figure 2e, 1), significantly reduced activafgdateninvs. total3-catenin (Figure 2g & 2 <



0.05,N=3), and reduced HaCaT keratinocyte numbers asndigied in MTT assays (Figure
2i; P < 0.05,N=3) in YAP siRNA-treatedss. scramble RNA-treated HaCaT keratinocytes.
These data show that YAP-induced proliferation afCdT keratinocytes growim vitro is
associated with nuclear and activafedatenin, consistent with the hypothesis that YAH a

B-catenin cooperate in the control of keratinocytdiferation.

Increased nuclear and activated p-Catenin in keratinocytes of the hyperplastic YAP2-
5SA-AC epidermis.

To investigate if YAP and3-catenin cooperate in the regulation of basal kevayte
proliferation in the skinin vivo, the effect of YAP2-5SAAC expression in the basal
epidermis onp-catenin was investigated in skin of YAP2-53& transgenic mice
(Beverdam et al., 2013). We detected the MYC-taggeB2-5SAAC protein predominantly
in the nuclei of basal keratinocytes of YAP2-58&-skin (Figure 3e). Moreover, we found
that YAP2-5SAAC expression in the basal epidermis resulted imeased keratinocyte
proliferation, a 3-4-fold increase in keratinocyteambers (Figure 3c), eventually causing
epidermal hyperplasia (Figure 3a & b) as we preslypueported (Beverdam et al., 2013).
This phenotype is similar to that observed in YAPBA transgenic mouse lines that
inducibly express constitutively active YAP (Schéégilch et al., 2011, Zhang et al., 2011).
Therefore YAP2-5SAAC expression in the basal epidermis of mouse iskuivo promotes

keratinocyte proliferation.

Immunofluorescence analysis was performed on dsksalof P85 wildtype and YAP2-5SA-

AC littermates. Relatively high YAP expression |esvelkere detected throughout the
hyperplastic epidermis and hair follicles of YAP3AAC littermates, with increased

percentage of YAP-positive nucleis. total nuclei compared to in wildtype skiR € 0.05;

N=3) (Figure 3h & i). This increased nuclear YAPmggrepresents YAP2-5SAEC (Figure



3e), further supporting that this mutant YAP protisi mostly localized in keratinocyte nuclel

of the YAP2-5SAAC epidermis.

B-catenin detected using an anti-gaoatenin antibody mostly localized in cell junctsoof
keratinocytes populating the interfollicular epités and hair follicles of wildtype mice
(Figure 3j) and YAP2-5SAXC littermate mice (Figure 3k). We also used the-activated
B-catenin (unphosphorylated at Ser37) antibody (Vaart et al., 2002), and detected a large
number of activate@-catenin positive nuclei throughout the hyperpastiAP2-5SAAC
(arrowheads in Figure 3m). The percentage of aetivg-catenin positive nuclevs. total
nuclei was significantly higher both in the intdliftular epidermis P < 0.05;N=3) and in the
hair follicles P < 0.001;N=3) of YAP2-5SAAC vs. wildtype epidermis (Figure 3n & 0).
This demonstrates that the increased nuclear adationuof activated3-catenin cannot be
attributed merely to higher keratinocyte number& AP2-5SAAC skin, but occurs due to
YAP2-5SA-AC presence. These data suggest that YAP2-5GAromote$-catenin activity

in the hyperplastic epidermis of YAP2-53%C micein vivo.

Increased p-catenin transcriptional activity in the skin of YAP2-5SA-AC/TOPFLASH
transgenic mice during development of the epidermal hyperplasia.

To confirmp-catenin activation in the YAP2-5SAC epidermis, the expression levels3ef
catenin direct target gen€yclinD1 (Shtutman et al., 1999)\xin2 (Jho et al., 2002) and
Myc (He et al., 1998) mRNAs and of CyclinD1 proteinreveletermined in dorsal skin
biopsies of P85 wildtype and YAP2-53%C littermates by quantitative real time reverse
transcriptase PCR (qPCR) and Western blotting as@agure 4a-c)CyclinD1, Axin2 and
c-Myc mRNA expression levels were increased approximdtélyto 2-fold in YAP2-5SA-
AC relative to wildtype skinR < 0.05;N=5) (Figure 4a), whereas CyclinD1 protein levels

were approximately 2-fold higheP (< 0.01;N=3) (Figure 4b & c). Immunofluorescence



assays showed a significant increased percenta@gatihD1 positive nuclevs. total nuclei
in the YAP2-5SAAC vs. wildtype epidermisi < 0.0001;N=3) (Figure 4d & e). These data
show that YAP2-5SAAC expression in the basal epidermal cells leadsntoeased

transcription and translation pfcatenin direct target genes in dorsal skin bigpsie

To complement this dat$;catenin transcriptional activity in skin of YAPZB-AC mice
was assessed from P50, the onset of visible abhitieaan YAP2-5SAAC mice, until P85,
when the hyperplastic abnormalities are very proced (Beverdam et al., 2013) using the
TOPFLASH mouse line. This is a bioluminescentvivo reporter system that enables
guantitation off-catenin activity in the skin of live mice at theaanoscopic level (Hodgson
et al., 2014). YAP2-5SAC/TOPFLASH double and TOPFLASH single transgenicemi
were generated, and bioluminescence levels werairadgfrom skin of whole mice.
Radiance levels varied greatly in skin of both YARRA-AC/TOPFLASH and TOPFLASH
mice, reflecting Wnt signalling activity during Indollicle cycling (Hodgson et al., 2014),
but the average radiance was increased by 40% IR2YBSAAC/TOPFLASH mice over
this time window P < 0.01) (Figure 4g), substantiating our resultsrfrdorsal skin biopsies

(Figure 3l-0 and 4a-e).

To better understand the kineticspetatenin transcriptional activity in the skin ofaaiover
time, radiance levels were acquired twice weeldyfP50 until P85 from 4 small contiguous
skin areas (Figure 4h-m). Levels oscillated botlskim of YAP2-5SAAC/TOPFLASH and
TOPFLASH mice, probably reflecting hair follicle dyng (Hodgson et al., 2014), but
reached higher levels in YAP2-5S%C/TOPFLASH mice (Figure 4h-i(< 0.01;N=4). In
addition, both lowest (Figure 4k) and highest radealevels (Figure 4m) were significantly

higher in skin of YAP2-5SAAC/TOPFLASHvs. TOPFLASH mice P < 0.05,N=4).



The increase i-catenin transcriptional activity was approximatél-fold in the skin of
YAP2-55AAC/TOPFLASH vs. TOPFLASH mice at baselin@-catenin transcriptional
activity levels (Figure 4k). Therefore, this incseanf-catenin transcriptional activity cannot
be attributed to the 3-4-fold increase in keratyiteanumbers in the YAP2-5SAEC skin at
telogen when no active Wnt signalling occurs, Butaused by epidermal YAP2-53¥%C

expression (Figure 3c).

Taken together, these data show flraatenin transcriptional activity is increasedhe skin

of YAP2-5SAAC mice during the development of the hyperplagtidermal abnormalities.

I nactivation of g-catenin in basal keratinocytes of YAP2-5SA-AC/K 14-creERT/CtnnB1™"
mice abolishes the hyperplastic epider mal abnor malities.

To assess iB-catenin in the epidermis of YAP2-53%C mice was responsible for the
increased keratinocyte proliferation, YAP2-58&/K14-creERTCtnNB1'*"'** triple mutant
mice were generated, anglcatenin was ablated in the basal epidermis by tamoxifen
administration at around 3 weeks of age, priorrised of the externally evident YAP2-5SA-

AC phenotype. The epidermal abnormalities were tigyated 4 to 5 weeks later.

PCR-genotyping confirmed excision of the floxedioeg of bothg-catenin alleles (Figure
S1). Immunofluorescence assays revealed ffrattenin expression levels (Figure\vsi h)
and the number of CyclinD1 positive nuclei (Figbters. k & I'& I"”, P < 0.001,N = 3) were
strongly reduced in the YAP2-5SAC/K14-creERTCtNNBL” vs. the YAP2-5SAAC/K14-
creERTCtnNB1'®/** epidermis, confirming the successful excision lné tconditionalg-

catenin allele.

Histological analyses showed that the interfoliculepidermis of YAP2-5SAC/K14-
creERTCtnnB1” mice was significantly thinner, and the epithelédwn growths were

significantly shorter compared to in YAP2-59¥G/K14-creERTCtnNB1'™'™ mice (Figure



5f, f; P < 0.0001, N=3). K14-creERTCtnnB1™ littermate mice displayed epidermal
hyperplasia (Figure S2) in line with the initialpeet by (Huelsken et al., 2001), which is

thought to occur in response to skin barrier def@lam and Nusse, 2013).

Protein detection analyses revealed that the KHE#tipe basal epidermal layer was thinner in
YAP2-5SAAC/K14-creERTCtNNBL” vs.  YAP2-5SAAC/K14-creERTCtnNB1 ™™ skin
(Figure 50vs. n), and displayed reduced K14 protein expresseeel$ (Figure 5p), which
were similar to those of phenotypically normal Kd€ERTCtnnB1' % skin (Figure 5m &
p). Also the number of P63-positive nuclei in théerfollicular epidermis was significantly
reduced P < 0.01,N = 3) (Figure 5%s. r & s°), and the K15 cell population appeared $snal
in the YAP2-5SAAC/K14-creERTCtnnB1™ hair follicles (Figure 5ws. u). These data show
that the basal epidermal stem/progenitor cell pagpads were smaller in YAP2-5SA-
ACIK14-creERTCtNNBL" relative to YAP2-5SAAC/K14-creERTCtNNBL' " mice, and

similar in size to those found in K14-creERTiNB1' ">

control mice (Figure 59 & t).
Lastly, a significantly reduced percentage of Kp@itive nucleivs. total nuclei was
detected in the interfollicular epidermis and hdollicles of YAP2-5SAAC/K14-

creERTCtnNB1™ (P < 0.05,N = 3) (Figure 5ws. X & y" & y*).

These data demonstrate that losg-chtenin in the basal epidermis of YAP2-53&- mice
results in reduced keratinocyte cell proliferataond rescue of the hyperplastic abnormalities.
These data suggest that YAP positively reguldiesatenin activity to promote basal

keratinocyte proliferation during epidermal homesg in the mouse skin vivo.

10



DISCUSSION

YAP and-catenin are crucial regulators of stem/progenailt proliferation and undergo
complex regulatory interactions to coordinate tssegeneration. Here, we provide evidence
that YAP andp-catenin may cooperate in control of HaCaT keratyt® proliferationin
vitro. In strong support of this, we also demonstrasg ¥YWAP2-5SAAC requiresB-catenin
transcriptional activity to promote keratinocyteldieration in the murine epidermia vivo.
Together, our data are in support of the existafigeositive regulatory interactions between

YAP andp-catenin in the control of epidermal regeneration.

The YAP2-5SAAC protein mutant lacks the YAP C-terminus from Q2®8tluding the C-
terminal transactivation and PDZ domains, and imsensitive to the Hippo pathway induced
cytoplasmic retentionn vitro because of mutations in codons encoding its tasgene
residues (Hoshino et al., 2006, Zhang et al., 2@bh2p et al., 2007). Previous reports have
shown that it blocks endogenous YAP functionvitro (Hoshino et al., 2006, Zhao et al.,
2007). Here, we report predominant nuclear locabmaof YAP2-5SAAC in the epidermis
of YAP2-5SAAC mice (Figure 3e). However, we previously founat tHAP2-5SAAC mice
display epidermal hyperplasia rather representif@R ‘gain-of-function’ than a YAP ‘loss-
of-function’ phenotype, and we concluded that YAdesl not require its C-terminus to drive
keratinocyte proliferation in micén vivo (Beverdam et al., 2013), in line with findings
reported in other publicatior{®ong et al., 2007, Hilman and Gat, 2011, Zhanagl.e012).

In addition, we also found that YAP2-53%C mice do not develop skin tumors (not shown)
as opposed to the YAPS127A inducibile transgeniasaeanodel (Schlegelmilch et al., 2011,
Zhang et al., 2011). Therefore, the effect of thEP2-5SAAC mutant on the epidermia
vivo is relatively mild compared to that of the YAPSA2nutant. This is likely explained by
the loss of the YAP C-terminal (PDZ) domain, catifor YAP-mediated cell transformation

and oncogenesis (Shimomura et al.,, 2014, Zhand.,eR@L2). Interestingly, we still see

11



strong nuclear accumulation of YAP2-53¥& in the mouse epidermis as opposed to a YAP
mutant protein with deleted PDZ binding domain Ilme tmouse liver (Shimomura et al.,
2014), suggesting that YAP C-terminal sequencesrdttan the PDZ binding domain and/or
tissue context specific differences contribute e tegulation of YAP nucleocytoplasmic
shuttling. Even though the function of the YAP2-53& protein mutant is not fully
understood, the YAP2-5SAC mouse line nevertheless offers a unique oppdytdaigain
insights into the regulatory processes downstredmYAP activation in control of

keratinocyte proliferation and epidermal homeostamsvivo.

The role off-catenin in the interfollicular epidermis has Idmgen controversial. Wnt signals
have long remained undetectable in the interfdéictepidermis (DasGupta and Fuchs,
1999), and inactivation of5-catenin in Kl14-positive basal keratinocytes resulted in
interfollicular epidermis hyperplasia (Huelskenagt 2001), which we observed as well in
K14-creERTCtnnB1™ mice (Figure S2), suggesting th@tcatenin activation in the
interfollicular epidermis may rather repress pmoition. However, this conclusion is
controversial, as the abnormal hair follicles ia fhcatenin mutant mice may have perturbed
the skin’s barrier function, which generally alsadis to epidermal hyperplasia (Lim and
Nusse, 2013). Recently, two papers were publishaithave investigated this discrepancy in
detail using highly sensitivin vivo reporter assays, cell-type specific genetic mdatjmn
and clonal analysis. These researchers showed\h#B-catenin signaling is active in the
interfollicular epidermis, and thgtcatenin activity is contributing to proliferaticof basal
keratinocytes in the interfollicular epidermis (Cled al., 2013, Lim et al., 2013), which is in
line with our own observations (Samuel et al., 20Here, we also demonstrate tlat
catenin inactivation in basal keratinocytes inititerfollicular epidermis results in decreased
proliferation in YAP2-5SAAC/K14-CreER/Ctnnbl” mice and rescues the epidermal

hyperplasia, in strong support of these publication
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It is becoming increasingly clear that the YAP/TA{Ipo andp-catenin/Wnt signalling
pathways undergo intricate interactions to corgtem cell regeneration in a diverse array of
tissues and in cancer development (e.g. reviewe@idoolo et al., 2014, Yu et al., 2015).
Recent work has presented evidence for a modeleMaP/TAZ are deeply integrated into
the Wnt pathway as components of fheatenin destruction complex programs dependent on
the presence of Wnt signals (Azzolin et al., 208Zzolin et al., 2012, Oudhoff et al., 2016).
In our studies, expression of the YAP2-53E&-transgene product is detected mostly in the
basal keratinocyte nuclei (Figure 3e), possiblyphgsing direct regulatory interactions with
B-catenin that may take place in the cytosol. Smelieugh the exact molecular mechanism
of the positive regulatory interactions between Y&l -catenin that we identified using
our YAP2-5SAAC mouse model remains to be established, our dgipost that other
regulatory interactions between these two proteies/ take place in addition to those
reported in the cytosolip-catenin destruction complex. Very recent repodsmleed show
yet alternative modes of regulatory interactionsMeen YAP and3-catenin. For instance,
Park et al (2015) recently showed that YAP/TAZ dam downstream effectors of an
alternative Wnt signalling pathway via Frizzledui&:3 Rho GTPases, and LATS1/2 (Park
et al., 2015). Also, APC has been shown to actscs#olding protein for SAV1 and LATS1,

andApc inactivation leads to YAP activation and tumorigsis (Cai et al., 2015).

So what may be the nature of the positive regwatderactions between activated YAP and
B-catenin in control of basal keratinocyte proliteva in the epidermis? It is conceivable that
YAP transcriptional activity results in the prodioct of proteins that activafgcatenin cell-
autonomously, or via a paracrine mechanism possiviglving Wnt molecules in line with
recent findings (Choi et al., 2013, Lim et al., 3D1Conversely, there is evidence tifat
catenin and YAP may form a transcriptional compbmxd share common target genes

(Heallen et al., 2011, Rosenbluh et al., 2012, Wetngl., 2014). In addition, a recent report
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showed that YAP an@-catenin may both act on the cell cycle indepergetot induce
quiescent epithelial cells to proliferate in respdrto mechanical strain. These authors
showed that YAP induced cell cycle re-entry, wherga&atenin was responsible for cell
cycle progression (Benham-Pyle et al., 2015). The hature of the molecular interactions
between nuclear YAP2-5SAC and B-catenin in the epidermis remains to be further

investigated.

It is unknown if the positive regulatory interactibetween nuclear YAP2-5SAC and-
catenin in stem/progenitor cell proliferation that describe in the epidermis may be a more
generic regulatory mechanism between nuclear YAR @utatenin that also controls
(stem/progenitor) cell proliferation in other tigsu Accumulating evidence shows elevated
YAP/TAZ expression and nuclear enrichment in maypes of human cancers, including
esophageal, liver, breast, lung, colon, ovary atiebrg, and nuclear localization and high
expression of YAP/TAZ target genes are associaiéd poor outcome (Piccolo et al., 2014,
Yu et al., 2015). Conceivably, nuclear YAP drivambrigenesis througp-catenin nuclear
activity in a fashion analogous to the interactitimst we describe for YAP2-5SAC in the
epidermis. Our findings may therefore have far-ngag implications for our understanding
of the etiology of cancer and other human regeiverdisease in tissues displaying increased

nuclear YAP ang-catenin activity.
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MATERIAL & METHODS

Animals

Animal experimentation was conducted under prosegiproved by the UNSW Australia’s
Animal Care and Ethics Committee Unit, and in caamge with the National Health and
Medical Research Council ‘Australian code of preet(8" edition, 2013). Mouse strains
CtnnB1'2/* (004152) (Baker et al., 201@nd K14-CreERTmice (005107) (Vasioukhin et
al., 1999) were obtained from the Jackson LabaesoConditionals-catenin alleles were
excised by daily intraperitoneal injection of 75/kgg Tamoxifen (TRC) for five consecutive
days. Genotyping was performed as previously desdr{Beverdam et al., 2013, Brault et

al., 2001, Cattelino et al., 2003, Hodgson et24l14, Vasioukhin et al., 1999).

Bioluminescence imaging

Mice were imaged using IV SpectrumCT (Perkin Elmer) pre-clinical vivo imaging
system. Data acquisition and analysis were perfdruming the Living Imade software
(Perkin Elmer) as previously described (Hodgsoal.e2014). Data were blindly analysed by
using Student’s unpairgdtest with a 2-tailed distributiorP-values < 0.05 were considered

statistically significant.

Tissue processing and Histological and lmmunofluor escence staining

Full thickness skin biopsies were processed foaffiar sectioning and histology staining
using routine methods. Antigen retrieval was pened using 10mM sodium citrate buffer
(pH 6.0) and a Milestone RHS-1 Microwave at 110°C %o minutes. Sections were
immunostained using routine methods, and confasages were captured using an Olympus
FV1200 laser scanning confocal microscope. Immugoas intensity was quantified in a
semi-automated fashion using ImageJ software. Adtikinformation is available in Table

S1.
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Quantitative RNA and Protein expression analysis
Full thickness skin biopsies were homogenized inzd6R reagent (Life Technologies), and

RNA and protein were prepared as recommended bypémeifacturer (Chomczynski, 1993).

Protein lysates were analysed on Western blotgendity of bands was quantified with
ImageJ software and normalizedpt@actin. Primary antibodies against the followingteins

were usedf-actin (Sigma), CyclinD1 (Abcam). Secondary antiesd donkey anti-rabbit
IgG, HRP-conjugated antibody, from donkey (Amershid#934) and mouse 1gG, HRP-

conjugated antibody, from sheep (Amersham NA931).

Quantitative real-time reverse transcriptase—PGRyaswere carried out using Fast SYBR
Green Master Mix (Life Technologies 4385612) and 30WIB0P gPCR System (Agilent
Technologies), and were analysed by the comparayigie time method, normalizing &8S
ribosomal RNA levels. Quantitative real-time rewetsanscriptase—PCR primeyclinD1-
F: 5-GAGATTGTGCCATCCATG C-3'CyclinD1-R: 5-CTCCTCTTCGCACTTCTGCT-3/,
Axin2-F: 5-GAGAGTGAGCGGCAGAGC-3'Axin2-R: 5-CGGCTGACTCGTTCTCCT-3',
c-Myc-F: 5'-CCTAGTGCTGCATGAGGAGA-3, c-Myc-R: 5'-
TCTTCCTCATCTTCTTGCTCTTC-3', 18SF: 5-GATCCATTGGAGGGCAAGTCT-3'
and18SR 5-CCAAGATCCAACTACGAGCTTTTT-3".

Céell culture assays

HaCaT immortalized keratinocytes were maintained DMEM/F-12 (Sigma, D8062),
supplemented with 10% FBS (Gibco, 10437-028) andPEXicillin-Streptomycin (Gibco,
15140-122) in a 5% CfQOincubator at 37°C. YAP knockdown transient tracsées were
performed using MISSIOR Universal and YAP siRNA (Sigma). MTT assays were

performed using Thiazolyl Blue Tetrazolium Bromii&gma). Immunostaining assays were
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performed following standard protocols. Antibodyformation is available in Table S1.

Imaging was performed using an Olympus FluoView™LE®0 Confocal Microscope.

Statistical analysis
Statistical significance was determined by Studenmpairedt-tests. Error bars represent
mean + SEM. Asterisks indicate statistical sigmifice, where P < 0.05 was used as

significance cut-off.
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FIGURE LEGENDS

Figure 1. YAP and p-catenin co-localize in the regenerating epider misin vivo.
Immunofluorescence staining of dorsal skin sectiahselogen (a-e) and anagen (f-j) of
adult wildtype mice detecting YAP (a, b, f & g),rp:catenin (a, c, f & h), Keratin 14 (d &
i) and Ki67 (e & j). Arrowheads point to YAP (a, b& g) andp-catenin positive nuclei (a,
c, f & h). Basement membranes and hair follicles demarcated with dashed lines. P,

postnatal day; DAPI, 4, 6-diamidino-2-phenylinddkeale bars = 20 um.

Figure 2. YAP requires g-catenin in controlling proliferation in HaCaT keratinocytesin
vitro.

Immunofluorescence staining of proliferating (a & &nd quiescent (b & d) HaCaT
keratinocytes detecting YAP (a-d), Ki67 (a & b), tiee p-catenin (¢ & d).
Immunofluorescence staining of scramble RNA (e) siYdhP RNA (f) transfected HaCaT
keratinocytes detecting YAP and actif«satenin. (g) Western blots detecting YAP, active-
B-catenin, totalf-catenin, and GAPDH in protein lysates of scraméhel siYAP RNA
transfected HaCaT Kkeratinocytes. Quantification activef-catenin protein expression
normalized top-catenin expression in protein lysates of scranitiA and siRNA RNA
transfected HaCaT keratinocytes (h). MTT prolifenatassay using HaCaT keratinocytes
transfected with scramble RNA and YAP siRNA (i). PA4, 6-diamidino-2-phenylindole.

Scale bars = 20 um.

Figure 3. Increased nuclear YAP and B-Catenin in keratinocytes of the hyperplastic
YAP2-55A-AC epidermis.

(a & b) H&E staining of dorsal skin sections of R8&dtype and YAP2-5SAAC transgenic
littermate mice. (c) Quantification of the fold clge in keratinocyte number in the

interfollicular epidermis. Immunofluorescence stagn of dorsal skin sections of P85
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wildtype (d, f, j & I) and YAP2-5SAAC (e, g, k & m) mice detecting MYC-YAP2-58C

(d & e), pan-YAP (f & g), paf-catenin (j & k) and activg-catenin (I & m).
Quantification of % pan-YAP (h & i) and % actifeeatenin (n & 0) positive nuclei in the
interfollicular epidermis and hair follicles of P8BAP2-5SAC and wildtype mice.
Arrowheads point to pan-YAP (g) and actif:esatenin positive nuclei (I & m). P, postnatal

day; ABC, active3-catenin; DAPI, 4, 6-diamidino-2-phenylindole. Selars = 20 um.

Figure 4. Increased p-catenin transcriptional activity in the skin of YAP2-5SA-AC
transgenic mice during development of the epidermal hyperplasia.

gPCR quantification o€CyclinD1, Axin2 andc-Myc mRNA (N=5; a), CyclinD1 protein in
protein lysatesN=3; b-c) and in sections (d-e) of dorsal skin ofdtyipe and YAP2-5SA-
AC mice. Quantification of BLI levels in skin of YRAPSSAAC/TOPFLASH (N=17) and
TOPFLASH mice N=9) during development of the hyperplastic phenetjfom P50 till
P85 (f-m). (f, ] & I) Representative whole-body BEmission images. (g) Diagram BLI
measurements from P50 till P85 in skin of YAP2-58B8/TOPFLASH and TOPFLASH
mice. (h) BLI levels from 4 contiguous ROIs (arroing, |) of a representative YAP2-5SA-
AC/TOPFLASH and TOPFLASH mouse pair against age.nviglal levels at telogen (k)
and anagen (m)NE4). mRNA, messenger RNA; BLI, bioluminescence; Rfelgion of

interest; DAPI, 40,6-diamidino-2-phenylindole. Schklrs = 20 pm.

Figure 5. Inactivation of g-catenin in basal keratinocytes of YAP2-5SA-AC/K14-
creERT/CtnnB1" miceresultsin alleviation of the hyper plastic epidermal abnor malities
Phenotypic characterization of P50 K14-creERmhB1*/'* (a, d, g, j, m, g, & w), YAP2-
5SA-AC/K14-creERTCtNNBL ' (b, e, h, k, n, r, u & x), and YAP2-5SAC/K14-
creERTCtnnB1™ (c, f, i, I, 0, s, v & y) mutant mice. Representatimages of mutant mice
with boxed skin area used for analyses (a-c).@fiantification of epidermal thickness and

length of epithelial downgrowths. H&E staining (d-flmmunofluorescence analysis
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detectingp-catenin (g-i), Cyclin D1 (j-I), K14 (m-0), p63 ) K15 (t-v) and Ki67 (w-y).

Analysis of K14 expression in skin protein lysatesblots (p). Quantification of CyclinD1
(' &I'"") and P63 (s) and Ki67 (y' & y ) positavnuclei in the interfollicular epidermis and
hair follicles. H&E, Hematoxylin and eosin; DAPI, &-diamidino-2-phenylindole. Scale

bars = 20 um.
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