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aE-catenin inhibits a Src-YAP1 oncogenic
module that couples tyrosine kinases and
the ettector of Hippo signaling pathway
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Cell-cell adhesion protein aE-catenin inhibits skin squamous cell carcinoma (SCC) development; however, the
mechanisms responsible for this function are not completely understood. We report here that aE-catenin inhibits p4
integrin-mediated activation of SRC tyrosine kinase. SRC is the first discovered oncogene, but the protein substrate
critical for SRC-mediated transformation has not been identified. We found that YAP1, the pivotal effector of the
Hippo signaling pathway, is a direct SRC phosphorylation target, and YAP1 phosphorylation at three sites in its
transcription activation domain is necessary for SRC-YAP1-mediated transformation. We uncovered a marked in-
crease in this YAP1 phosphorylation in human and mouse SCC tumors with low/negative expression of aE-catenin.
We demonstrate that the tumor suppressor function of aE-catenin involves negative regulation of the p4 integrin-
SRC signaling pathway and that SRC-mediated phosphorylation and activation of YAP1 are an alternative to the
canonical Hippo signaling pathway that directly connect oncogenic tyrosine kinase signaling with YAP1.
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Adherens junctions (AJs) are the cadherin-catenin protein
complexes that are essential for proper intercellular adhe-
sion. In addition to their structural function, these pro-
teins have an important role in regulating intracellular
signaling pathways, which help to maintain normal tissue
homeostasis and protect from abnormal cellular prolifera-
tion and cancer (Klezovitch and Vasioukhin 2015). AJs
play a critical role in the regulation of contact inhibition
of cellular proliferation. They can sense an increase in
local cell density and respond by signaling to halt prolifer-
ation (Stepniak et al. 2009; Vasioukhin 2012). The molec-
ular mechanisms responsible for the signaling function of
the AJ proteins are not fully understood. Epithelial a-cate-
nin (encoded by Ctnnal) is an essential AJ protein that
links cadherin—catenin protein complexes at the mem-
brane to the actin cytoskeleton (Buckley et al. 2014). oE-
catenin also has AJ-independent functions in the regula-
tion of intracellular trafficking events (Lien et al. 2008a).
It is frequently missing or down-regulated in various hu-
man epithelial cancers, and re-expression of aE-catenin
in cancer cells has a prominent negative impact on tumor
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growth (Ewing et al. 1995; Bullions et al. 1997; Benjamin
and Nelson 2008; Vasioukhin 2012). Genetic experiments
in mice demonstrated the tumor suppressor function of
aE-catenin in skin squamous cell carcinoma (SCC) (Kobie-
lak and Fuchs 2006; Silvis et al. 2011). The analysis of
mechanisms responsible for this function identified
a functional connection between aE-catenin and YAPI,
a pivotal transcriptional coactivator of the Hippo signal-
ing pathway (Schlegelmilch et al. 2011; Silvis et al. 2011).
YAP1 binds numerous transcription factors and potent-
ly stimulates transcription (Yagi et al. 1999; Basu et al.
2003; Komuro et al. 2003; Zaidi et al. 2004; Zhao et al.
2008; Rosenbluh et al. 2012). YAP1 is a critical down-
stream target of the Hippo signaling pathway, which is
necessary for the proper regulation of contact inhibition
and tumor suppression in mammalian organisms (Barry
and Camargo 2013; Yu and Guan 2013). At the core of
the Hippo pathway is a kinase cascade consisting of
the serine/threonine kinases MST1/2, which activate
LATS1/2, which in turn phosphorylate and inactivate
YAPI1 (Enderle and McNeill 2013; Yu and Guan 2013).
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We found previously that YAPI is constitutively nucle-
ar and is necessary for the hyperproliferative phenotype in
aE-catenin™'~ keratinocytes (Schlegelmilch et al. 2011;
Silvis et al. 2011). Furthermore, analysis of the Hippo sig-
naling pathway demonstrated that the activity of LATS1/
2 and phosphorylation of YAP1 at S127 (LATS1/2 phos-
phorylation site) were not affected by aE-catenin, suggest-
ing that a novel regulatory pathway may be responsible
for constitutive nuclear localization of YAP1 in aE-cate-
nin~'~ keratinocytes (Silvis et al. 2011). We report here
that aE-catenin regulates a Hippo-independent signaling
pathway responsible for YAP1 activation. We found that
aE-catenin attenuates p4 integrin-mediated activation of
SRC. SRC is hyperactive in aE-catenin™~ keratinocytes;
it phosphorylates YAP] at three sites in its transcriptional
activation domain, and this phosphorylation not only is
required for transformation of aE-catenin™~ keratino-
cytes but is also necessary for general SRC-mediated on-
cogenic transformation.

Results

aE-catenin negatively regulates a p4 integrin-SRC
signaling pathway, which is required for
hyperproliferation of aE-catenin™/~ keratinocytes

Our siRNA screen previously identified Yap1 as a gene
necessary for the hyperproliferative and contact inhibi-
tion-defective phenotype of aE-catenin™/~ mouse kerati-
nocytes, and subsequent analysis demonstrated that
YAPI is constitutively active in these cells (Silvis et al.
2011). Since we did not observe changes in LATS1/2-me-
diated phosphorylation of YAP1 that could account for
its constitutive activation, we extended our siRNA screen
to examine genes necessary for hyperproliferation of
aE-catenin™'~ keratinocytes. We found that, in addition
to Yapl, Src and Itgb4 were necessary for this phenotype
(Fig. 1A,A’; Supplemental Fig. S1A,B). Moreover, aE-cate-
nin~/~ cells were also hypersensitive to PP2, a specific Src
family kinase (SFK) inhibitor (Supplemental Fig. S1C).
Thus, Src expression and SFK activity are essential for
hyperproliferation of aE-catenin™~ keratinocytes. We
next explored whether loss of aE-catenin expression af-
fects SFK activity. Western blot analysis revealed in-
creased SFK activity in aE-catenin™'~ keratinocytes, and
the difference in SFK activity between wild-type and aE-
catenin™/~ cells was erased after the knockdown of Src
(Fig. 1B,B/,C).

YAPI associates with SFKs (Sudol 1994; Zaidi et al.
2004; Taniguchi et al. 2015); therefore, we examined
whether endogenous YAPI and SRC form a protein com-
plex in mouse keratinocytes. Coimmunoprecipitation ex-
periments revealed the presence of SRC in YAPI protein
complexes (Fig. 1D). aE-catenin did not influence the in-
teraction between SRC and YAPI1; however, SFKs were
more active in the YAPIl-containing protein complexes
isolated from aE-catenin™~ cells (Fig. 1D). These results
demonstrate that SRC and YAP1 form protein complexes,
and aE-catenin negatively regulates SFK activity in mouse
keratinocytes.

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

In addition to Src, Itgb4 (encoding B4 integrin) was neces-
sary for hyperproliferation of aE-catenin™~ cells (Fig. 1A).
There is significant coordination between cadherin-
based and integrin-based adhesion structures within the
cell (Collins and Nelson 2015). Moreover, p4 integrin is
known as a potent activator of SRC (Bertotti et al. 2006).
Therefore, we analyzed whether p4 integrin is required
for hyperactivation of SRC in aE-catenin™~ cells. Knock-
down of Itgb4 eliminated the increased activity of SRC
in aE-catenin™/~ keratinocytes (Fig. 1E). Re-expression of
siRNA-resistant human p4 integrin rescued this pheno-
type (Fig. 1F). Moreover, re-expression of the triple tyrosine
to phenylalanine mutant and therefore signaling-in-
competent p4 integrin (Bertotti et al. 2006) failed to rescue
hyperactivation of SRC in aE-catenin™~ cells (Fig. 1F).
Coimmunoprecipitation experiments revealed a promi-
nent increase in the interaction between p4 integrin and
SRC in aE-catenin™/~ keratinocytes (Fig. 1G). These data
demonstrate that f4 integrin interacts with SRC and
is necessary for SRC hyperactivation in aE-catenin™~
keratinocytes.

B4 integrin is involved in the formation of adhesive
hemidesmosomes in wild-type keratinocytes. To deter-
mine whether aE-catenin regulates localization of p4
integrin, we performed immunofluorescent stainings of
keratinocytes with anti-p4 integrin antibodies. As expect-
ed, p4 integrin was present at cell-substratum adhesion
structures in wild-type cells; however, it was localized to
E-cadherin-positive cell-cell adhesion structures in oF-
catenin™'~ cells (Fig. 2A,B). In addition, while SRC dis-
played diffuse cytoplasmic localization in wild-type cells,
it was localized to cell-cell junctions in aE-catenin ™/~ ker-
atinocytes (Fig. 2B).

Immunofluorescent stainings of skin and tumor sec-
tions from control and GFAP-Cre/aE-catenin” mice
revealed mislocalization of p4 integrin and nuclear locali-
zation of YAPI in aE-catenin™/~ keratinocytes in vivo
(Fig. 2C). Overall, we conclude that aE-catenin prevents
junctional localization of p4 integrin and SRC and that
B4 integrin targeted to cell-cell junctions activates
SRC, which drives hyperproliferation of aE-catenin™/~
keratinocytes.

Active SRC promotes nuclear localization

and activation of YAP1 in confluent keratinocytes
independently from the canonical Hippo signaling
pathway

Since YAPI is constitutively nuclear in aE-catenin™'~ ker-
atinocytes (Silvis et al. 2011) and since we found increased
activation of SFKs associated with YAPI in aE-catenin™/~
cells (Fig. 1D), we next examined whether activation of
SRC in normal keratinocytes impacts YAPI localization
and transcriptional activity. In confluent cell monolayers,
the active Hippo signaling pathway leads to cytoplasmic
retention and inactivation of YAP1 (Zhao et al. 2007).
Consistent with these findings, YAP1 was localized to
the cytoplasm in confluent wild-type keratinocytes. How-
ever, expression of the constitutively active form of SRC-
Y529F (CA-SRC) (Piwnica-Worms et al. 1987) resulted in
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Figure 1. aE-catenin negatively regulates the p4 integrin-SRC signaling module, which is required for hyperproliferation of aE-catenin™~

keratinocytes. (A) aE-catenin™! (Ctrl) or aE-catenin™'~ |a-cat KO) keratinocytes were plated at high density in the indicated siRNA-Lip-
ofectamine mixtures in triplicates and cultured for 5 d. Relative cell numbers were determined by cell counting. Bar graphs show mean
values = standard deviation (SD). (A’) Western blot analyses of proteins from aE-catenin (C) or aE-catenin™~ (K) keratinocytes transfect-
ed with the indicated siRNA oligos. (B) Western (WB) blot analyses of proteins from aE-catenin or aE-catenin™'~ keratinocytes with
anti-aE-catenin, anti-phospho-SFK (pY416-SFK), or anti-SRC antibodies. (B’) Quantitation of active SFKs (pY416) versus total SRC. n=3.
Bar graphs show mean values = SD. Student’s t-test. (C) Western blot analyses of proteins from aE-catenin” or aE-catenin™'~ keratino-
cytes transfected with control (siCtrl) or siSrc oligos. (L.E.) Longer exposure. (D) Coimmunoprecipitations of endogenous YAP1 from oE-
catenin (Ctrl) or aE-catenin™" (a-cat KO) keratinocytes and subsequent Western blot analyses with the indicated antibodies. (E) West-
ern blot analyses of proteins from aE-catenin™” (Ctrl) or aE-catenin™~ (a-cat KO) keratinocytes transfected with control (siCtrl) or si-
integrin p4 oligos with anti-aE-catenin, anti-phospho-SFK (pY416-SFK), anti-SRC, and integrin p4 antibodies. (F) Western blot analyses
of proteins from aE-catenin (Ctrl) or aE-catenin™'~ (a-cat KO) keratinocytes cotransfected with control (siCtrl) or si-integrin p4 oligos
together with expression constructs encoding si-resistant human wild-type or signaling-incompetent Y341/357/394F (3YF) mutant p4
integrin. (G) Coimmunoprecipitations of endogenous p4 integrin from control or a-cat knockout keratinocytes and subsequent Western
blot analyses with the indicated antibodies.

nuclear-localized YAPI in confluent cells (Fig. 3A,B).
Treatment with an inhibitor of ABL/SFKs, dasatinib
(DAS), rescued this phenotype, indicating that tyrosine ki-
nase activity was required for the constitutive nuclear lo-
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calization of YAPI in confluent cells (Fig. 3A-A’).
In addition, siRNA-mediated knockdown of Src resulted
in a decrease in the levels of nuclear YAP1 in aE-cate-
nin~'~ keratinocytes (Supplemental Fig. S2A).
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Luciferase assays with YAPI1-regulated reporter con-
structs and quantitative RT-PCR (QRT-PCR) analysis of
endogenous gene targets of YAP1 demonstrated that the
subcellular relocalization of YAPI to the nucleus induced
by CA-SRC was accompanied by an increase in YAP1-me-
diated transcription, which was erased by DAS (Fig. 3C,C/;
Supplemental Fig. S2B,C).

It has been reported that CA-SRC can negatively regu-
late the canonical Hippo signaling pathway (Enomoto
and Igaki 2013; Kim and Gumbiner 2015; Kwon et al.
2015). To determine whether CA-SRC regulates YAPI ac-
tivity in keratinocytes via the canonical Hippo signaling
pathway, we performed luciferase assays with the YAPI-
regulated reporter in cells with knockdown of endogenous
LATS1/2 (Fig. 3D,D). While ablation of LATS1/2 resulted
in a detectable increase in YAP1 transcriptional activity,
CA-SRC retained its ability to activate endogenous
YAPI even in LATS1/2 knockdown cells, indicating
that CA-SRC activated YAPI in confluent keratinocytes
through a Hippo pathway-independent mechanism. Con-
sistent with this finding, phosphorylation of YAP1 at
$127/S397, which is mediated by LATS1/2 kinases (Zhao
et al. 2007), was not affected in keratinocytes expressing
CA-SRC, indicating that SRC-mediated activation of
YAP1 in confluent keratinocytes does not involve changes
in the canonical Hippo phosphorylation cascade (Fig. 3C’).
Interestingly, a similar analysis of sparse keratinocytes
revealed a prominent SRC-mediated dephosphorylation
of YAP1 at S127, indicating the potential involvement of
SFKs in the regulation of the canonical Hippo pathway
in non-contact-inhibited cells (Supplemental Fig. S2D).
Thus, we conclude that activation of SRC is sufficient
for constitutive nuclear localization and transcriptional
activation of YAP1 in confluent keratinocytes through a
mechanism that is independent of LATS1/2-mediated
YAPI1 phosphorylation.

o—cat KO tumor

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

Figure 2. Cell-cell junctional localization of SRC
and 4 integrin in aE-catenin™/~ keratinocytes. (A) Im-
munofluorescent staining of aE-catenin” (Ctrl) or
aE-catenin~'~ (a-cat KO) keratinocytes with anti-
SRC and anti-integrin 4 antibodies (green). (B) Immu-
nofluorescent staining of aE-catenin or a-cat
knockout mouse keratinocytes with anti-SRC, anti-
integrinf4 (green), and anti-E-cadherin (red) antibod-
ies. DAPI indicates nuclear counterstain (blue). (C)
Immunofluorescent staining of skin sections from
22-wk-old GFAP-Cre (Ctrl) and GFAP-Cre/aE-cate-
nin™" (a-cat KO and a-cat KO tumor) mice with
anti-integrin p4 (green) and anti-YAP]1 (red) antibod-
ies. (Blue) Nuclear DAPI staining. Bars: A, 20 pm; B,
10 pm; C, 12 pm.

Active SRC prominently cooperates with YAP1 to
malignantly transform epidermal keratinocytes

To determine the functional significance of SRC and
YAP1 in malignant transformation, we overexpressed
CA-SRC and/or wild-type or S127/397A (2SA) mutant
(constitutively active in the Hippo pathway) YAPI in pri-
mary mouse keratinocytes. Expression of CA-SRC or
YAPI alone increased the saturation density of normal
keratinocytes, and these genes displayed a significant ad-
ditive effect when expressed together in the same cells
(Fig. 4A,A’). Interestingly, this was also observed when
CA-SRC was expressed together with the 2SA YAPI mu-
tant, which is constitutively active in the Hippo pathway
(Fig. 4A,A’). In addition, endogenous YAP1 was necessary
for a CA-SRC-mediated increase in the saturation density
of normal keratinocytes (Supplemental Fig. S3).

We also analyzed whether CA-SRC and YAP1 can syn-
ergize in the malignant transformation of nontumorigenic
mouse keratinocytes using subcutaneous allograft tumor
formation assays. CA-SRC strongly cooperated with
both wild-type and 2SA mutant YAP1 proteins in driving
tumor formation (Fig. 4B,B’). These results demonstrate
that CA-SRC prominently synergizes with YAPI in ma-
lignant transformation.

SRC directly phosphorylates YAP1 at three tyrosines
(Y341, Y357, and Y394) in the transcriptional activation
domain, and these sites are hyperphosphorylated in oFE-
catenin ™/~ keratinocytes

Since we found that SRC binds to YAP1 and that constitu-
tive activation of SRC in confluent keratinocytes results
in activation of YAPI independently of LATS1/2-mediat-
ed phosphorylation, we hypothesized that SRC directly
phosphorylates YAP1 in keratinocytes and that this
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Figure 3. Active SRC promotes Hippo pathway-independent nuclear localization and activation of YAP1 in confluent keratinocytes. (A)
Immunofluorescent staining of keratinocytes stably transduced with vector or CA-SRC and treated with DMSO or DAS with anti-aE-cat-
enin (a-cat; red) and anti-YAP1 (green) antibodies. DAPI indicates nuclear counterstain (blue). Cells were treated with either vehicle
(DMSO) or 5 nM DAS for 30 min at 37°C. Bar, 15 nm. (A’) Quantitation of YAP1 localization in A. Bars represent the average of YAP1
localization between the cytoplasm, the nucleus, or both +SD for >150 cells for each condition. (B) Western blot (WB) analyses of proteins
from nuclear and cytoplasmic fractions of control (Ctrl) or a-cat knockout (KO) mouse keratinocytes transduced with vector (—) or CA-
SRC (+). (C) Luciferase assay using empty control (Ctrl-LUC) or TEAD/YAPI 8xGTIIC reporter in keratinocytes stably transduced
with empty vector or CA-SRC. DAS indicated 0.2 nM DAS. Bars represent means + SD. n = 3. Student’s t-test. (C’') Western blot analyses
of total proteins from keratinocytes expressing empty control or CA-SRC constructs and treated with DMSO (—) or DAS using the indi-
cated antibodies. (D) Luciferase assay using control (Ctrl-LUC) or the TEAD/YAP1 8xGTIIC reporter in keratinocytes stably transduced
with empty vector or CA-SRC and transiently transfected with siCtrl or siLATS1/2 oligos. Bars represent means + SD. n = 3. Student’s
t-test. (D') Western blot analyses of total proteins from keratinocytes expressing empty control or CA-SRC constructs and transiently
transfected with siCtrl or siLATS1/2 oligos using the indicated antibodies.

phosphorylation is responsible for SRC-mediated YAP1
activation. Indeed, it has been reported previously that
YAPI can be phosphorylated at Y357 by ABL and YESI ty-
rosine kinases (Levy et al. 2008; Tamm et al. 2011; Rose-
nbluh et al. 2012). Moreover, an increase in Y357 YAP1
phosphorylation was previously documented in intestinal
epithelial cells with an active gp130-SFK pathway (Tani-
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guchi et al. 2015). Here, we found that YAP1 was
prominently tyrosine phosphorylated in keratinocytes ex-
pressing CA-SRC, and this phosphorylation was lost in
cells exposed to the ABL/SFK inhibitor DAS (Fig. 5A).
YAP1 was also hyperphosphorylated on tyrosine residues
in aE-catenin™'~ keratinocytes, and this phosphorylation
was erased in DAS-treated cells (Fig. 5B).

Figure 4. Active SRC prominently cooperates with
YAPI1 in the malignant transformation of primary ker-
atinocytes. (A) Growth curve analysis of keratinocytes
stably transduced with empty vectors (Ctrl), wild-type
hYAPI (YAP), 2SA YAPI (2SA YAP, and CA-SRC.
Values represent mean + SD. n=3. Student’s t-test.
(A’) Western blot (WB) analyses of total proteins
from the cells in A using the indicated antibodies.
(B) Orthotopic allograft tumor formation assays in
NOD-SCID mice using primary keratinocytes stably
transduced with the expression constructs described
in A. (B’) Quantitation of tumor size differences in B.
Data represent mean = SE. P-values were calculated
by unpaired ¢-test.
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Since Y357 is a known YAPI tyrosine phosphoryla-
tion site, we analyzed whether it is hyperphosphorylated
in aE-catenin™/~ keratinocytes. Western blotting with
phospho-Y357-specific YAP1 antibodies demonstrated a
marked increase in Y357 phosphorylation in aE-cate-
nin~/~ keratinocytes (Supplemental Fig. S4A). As YAP1
and SRC are necessary for hyperproliferation of aE-cate-
nin~/~ keratinocytes (Fig. 1A}, we hypothesized that SRC
activates YAPI in aE-catenin™/~ cells by interacting with

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

and phosphorylating YAP1 at Y357. To analyze whether
phosphorylation of YAP1 at Y357 is necessary for hyper-
proliferation of aE-catenin™'~ cells, we performed YAP1
knockdown rescue experiments (Supplemental Fig. S4B,
B'). As expected, the knockdown of endogenous Yapl
prominently decreased accumulation of aE-catenin™/~
keratinocytes, and this was rescued by overexpression of
siRNA-resistant human YAP1; however, overexpression
of the nonphosphorylatable Y357F YAP1 mutant was as
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Figure 5. SRC directly phosphorylates YAP1 at Y341/357/394, and these sites are hyperphosphorylated in aE-catenin™~ keratinocytes.
(A) Western blot (WB) analyses of total (input) or anti-Flag immunoprecipitated (Flag IP) proteins from aE-catenin™” mouse keratinocytes
stably transduced with Flag-YAP1 and empty vector or CA-SRC constructs using the indicated antibodies. Cells were treated with 5 nM
DMSO or DAS for 30 min and then with 10 uM pervanadate for 5 min before lysis. (pTyr) Anti-phospho-tyrosine. (B) Western blot analyses
of proteins immunoprecipitated with anti-YAP1 antibodies (YAP IP) from oE-catenin" (Ctrl) or aE-catenin™~ (a-cat KO) keratinocytes
using anti-phospho-tyrosine (pTyr) and anti-YAP1 antibodies. (C) SRC phosphorylation consensus motifs in the YAP1-1f and YAP1-2y
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munoprecipitated (Flag IP) proteins from keratinocytes stably transduced with empty vector (Ctrl), wild-type (WT), or tyrosine mutant
Flag-YAPI1 constructs using the indicated antibodies. (F) In vitro kinase assay using purified YAP1 and CA-SRC proteins. In vitro trans-
lated HALO-tagged wild-type (WT), Y341F, Y357F, Y394F, or Y341/357/394F (3YF) YAPI proteins were purified using HALO resin and
incubated with or without ATP and purified CA-SRC for 30 min at 30°C. YAP1 proteins were cleaved off from HALO resin with TEV pro-
tease and analyzed by Western blot with anti-phospho-tyrosine (pTyr), anti-YAP, anti-pY341-YAP, pY357-YAP, and anti-pY394 antibod-
ies. (G) Western blot analyses of total proteins from aE-catenin™ (Ctrl) or aE-catenin™= (a-cat KO) keratinocytes at 50% or 100%
confluency treated with DMSO (—) or DAS.
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efficient as re-expression of the wild-type YAPI
(Supplemental Fig. S4B,B’). We conclude that phosphoryla-
tion at Y357 is not responsible for SRC-mediated activa-
tion of YAP1 and hyperproliferation of aE-catenin ™'~ cells.

Since phosphorylation at Y357 cannot explain SRC-
mediated activation of YAP1, we explored the possibility
that SRC may directly phosphorylate YAP1 at other sites.
To identify the SRC-dependent phosphorylation sites in
YAPI1, we analyzed the sequences of short and long iso-
forms of YAP1 (YAP1-1p and YAP1-2y) for SRC consensus
phosphorylation motifs and identified five potential sites
(Fig. 5C,C’). We then generated Flag-tagged Y-to-F YAP1
mutants for each potential site and analyzed their tyro-
sine phosphorylation in HEK293 and mouse keratino-
cytes overexpressing CA-SRC (Fig. 5D,E). Mutation of
Y341, Y357, or Y394 (Y391, Y407, and Y444 in the longer
YAPI1-2y isoform) significantly decreased SRC-mediated
tyrosine phosphorylation of YAP1, and the triple muta-
tion Y341/357/394F (3YF) completely erased tyrosine
phosphorylation of YAP1 in CA-SRC-expressing cells
(Fig. 5D,E).

We next analyzed whether SRC can directly phosphor-
ylate Y341/357/394 in YAP1. An in vitro kinase assay us-
ing purified CA-SRC and wild-type, Y341F, Y357F, Y394F,
or triple-mutant 3YF YAPI1 revealed a prominent SRC-
dependent tyrosine phosphorylation of wild-type and, to
a lesser degree, single-mutant YAP1 proteins but not the
triple mutant 3YF YAP1 (Fig. 5F). Since phosphorylation
of YAP1 at Y341 and Y394 has not been previously ana-
lyzed, we generated phospho-specific Y341 and Y394
YAPI1 antibodies. These antibodies were highly specific
for phospho-Y341 and phospho-Y394 because they recog-
nized SRC phosphorylated wild-type but not the nonphos-
phorylated wild-type, the Y341F mutated, or the Y394F
mutated YAP1 proteins (Fig. 5F). Western blot analysis
of total protein lysates revealed a marked increase in
Y341/357/394 YAP1 phosphorylation in confluent aF-
catenin™/~ keratinocytes, which is consistent with in-
creased SRC activity in these cells (Fig. 5G). Overall,
we conclude that SRC directly phosphorylates YAP1 at
three sites (Y341/357/394) in its transcription activation
domain, and YAPI is hyperphosphorylated at these sites
in aE-catenin™/~ keratinocytes.

Phosphorylation of Y341/357/394 is necessary for YAP1
transcriptional activity, nuclear localization, and
interaction with TEAD

To analyze the potential role of Y341/357/394 phosphory-
lation in the regulation of YAPI transcriptional activity,
we used luciferase assays using a YAP1/TEAD-responsive
promoter. As expected, expression of wild-type YAP1 in-
creased the activity of the promoter; however, expression
of the 3YF mutant significantly attenuated YAP1 activity
(Fig. 6A). In addition to the YAP1 3YF mutant, which can-
not be phosphorylated by SRC, we also generated and an-
alyzed a YAP1 Y341/357/394E (3YE) mutant, where
substitution of Y to E may mimic the negative charge
that is normally introduced by phosphorylation of Y341/
357/394. It had been demonstrated previously that such
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substitution in other proteins can partially simulate Y
phosphorylation, particularly when this phosphorylation
alters the conformation of the target protein (Roura
et al. 1999; Kassenbrock and Anderson 2004). The tran-
scriptional activity of the YAP1 3YE mutant was similar
to wild-type YAP1 (Fig. 6A). To determine whether
Y341/357/394 phosphorylation is also necessary for the
transcriptional activity of the 2SA YAP1 mutant, which
is constitutively active in the canonical Hippo pathway,
we generated 2SA+3YF and 2SA+3YE YAPI mutants.
We found that Y341/357/394 phosphorylation was neces-
sary for transcriptional activity of the 2SA YAP] mutant,
indicating that tyrosine phosphorylation regulates YAP1
activity independently of the canonical Hippo pathway
(Fig. 6A). S94 of YAP1 is necessary for interaction between
YAP1 and TEAD, and the S94A mutant of YAP1 cannot
bind TEAD (Li et al. 2010). As expected, the 2SA+S94A
mutant of YAP1 completely failed to activate the reporter,
confirming YAP1-TEAD complex specificity of our lucif-
erase reporter assays. Similar data were obtained using
qRT-PCR analyses of endogenous gene targets of YAP1
(Supplemental Fig. S5A). Overall, we conclude that phos-
phorylation of the transcriptional activation domain of
YAPI at Y341/357/394 is crucial for YAP] transcriptional
activity.

To determine whether Y341/357/394 phosphorylation
is responsible for increased YAPI1 activity in aE-cate-
nin~/~ keratinocytes, we performed luciferase transcrip-
tional activity assays using YAP1 knockdown rescue
experiments in both aE-catenin™ and aE-catenin™" ker-
atinocytes. As expected, the activity of the YAP1 reporter
was significantly higher in aE-catenin™~ cells than in «E-
catenin” cells (Fig. 6B). The knockdown of endogenous
Yap1 erased the differences in YAPI transcriptional activ-
ity between these cells, and this was rescued by overex-
pression of siRNA-resistant human YAPI; however,
overexpression of the nonphosphorylatable 3YF YAP1
mutant failed to rescue the differences in YAPI transcrip-
tional activity between the aE-catenin™/~ and aE-cate-
nin™" keratinocytes (Fig. 6B). Thus, we conclude that
YAP1 Y341/357/394 phosphorylation is necessary for
the increased transcriptional activity of YAP1 in aE-cate-
nin~'~ cells.

We found previously that activation of SRC increases
nuclear localization of YAP1 (Fig. 3A,B). Thus, we ana-
lyzed the role of Y341/357/394 phosphorylation in YAP1
localization. Expression of 3YF mutant YAP1 signifi-
cantly decreased YAP1 nuclear localization (Fig. 6C-C').
In contrast, the 3YF mutation had no effect on nuclear lo-
calization of the 2SA mutant, which is consistent with the
known function of S127 phosphorylation in YAP1 interac-
tion with 14-3-3 and its cytoplasmic retention (Zhao et al.
2007). Since TEAD proteins play a critical role in the tran-
scriptional output of the Hippo pathway (Wu et al. 2008;
Zhao et al. 2008), we analyzed whether Y341/357/394
phosphorylation has an impact on the interaction be-
tween YAP1 and TEAD. As expected, coimmunoprecipi-
tation experiments revealed interaction between wild-
type YAP1 and TEAD4; however, this interaction was sig-
nificantly attenuated in the 3YF YAP1 mutant (Fig. 6D,D;


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

A C D
& & & &
« 5 & 5 > A,
80 & Lo ¥ ¥ L ¥
10 ragvar: o8 & o T TSN & T ragnuae: oF &5
60 , - .
> var _BESW —a Tead4 .-
= 50 Flag IP
40 | Flag-YAP —— - -
S127-YAP -
30 4 F - ..- —_—
- e T e —
20 | —
10 pS397-YAP —_— YAP < iy - w— —
0 s e PS127-YAP .
siCtrl: + + - - gk B e Lamin B1 s eme wm0 wrn o — B o —
SImMYAP: - - + + + + + + + + pS397-YAP -- — Input
Ctrl-LUC: + - - - - - - - - . p-tubulin | __ :
BXGTIC: - + + + + + + + + + - - . Teadd -
Flag-hYAP: - - - WT 3YF 3YE 2SA 2SA 2SA 2SA STe.eww
SYF-3YE-394A Cytoplasm Nuclear :
B 14 Cc’ % D’ p-actin D G D GD G =
12 > 1
2 1.2
10 g08 [
o 8 S 0.6 s
=t _g. =07 0.8
¥ s a_-'u.4.. = 0.6 1 *k
4 0.2 % 0.4 -
= 2 ol 202 =
'c&BI i . g % WT 3YF 25A 25A-3YF 0 « < %
siCtrl: - - = = ) -
simYAP: - - + + + - - + + % Flag-hYAP Flag-hYAP: 4{\ o 2 :‘:;k 99}'
F oy
Ctri-LUC: + e - F G & g
BXGTIC: - + + + + - + + + +
Flag-hYAP: - - WT3YF - - - WT3YF CA-SRC & hYAP CA-SRC & 25A hYAP
Ctrl a—cat KO “y’ EREFer & = § ¢ U s A = s «
E - T T T T u s \“IH M 1 U v T T L r T T ) l T U
g, DLSICtrl W SimYAP o v e K i i 0 A
70 CA-SRC & 3YF hYAP CA-SRC & 2SA-3YF hYAP
ERESES o8 o« « . . B ¢ <« < -
TR O
| |k e i b i i i R
= 1 1 1 1 T CA-SRC & 3YE hYAP CA-SRC & 2S5A-3YE hYAP
© 0. ) ) } ] | 5 BEE T 0w e ¢ u WD W WS w3k ow oy <
il 0 0
Flag-hYAP:Ctrl WT 3YF 3YE 2SA 2SA 2SA 2SA a0 Tem T 8 8 10 n 12 13 im 2 3 4 A 8 7 & 9 10 11 12
E ’, -3YF -3YE -S94A F' GJ
25A 25A 25A * a x
1 1
Flag-hYAP: cirl WT 3YF 3YE 2SA-3YF -3YE-Se4A 5 15 £087 ¢ N
SiCtrl: + - + - % - + - + - % -+ - ¥ - ~ N = 0.6 ”
i . 1.0 o 0. .
SIMYAP: - # - + - % - % - % - % - % - % £ ED4 s
WB: 2 2 Y- -
[} . []
vap = 2-‘,=-=:M 205 . —E— 0.2 i L] %
B % 4 A, ‘6 e? n as
pS127-YAP = RNges®™_ _ . - £ 0.0 S 2 0.0 .E...
= hYAP: WT 3YF 3YE — hYAP:2SA  2SA-3YF 2SA-3YE

Bractin ™ e gy g g -__--‘/

CA-SRC CA-SRC
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Y341/357/394 (3Y) YAPI phosphorylation is necessary for increased YAP1 activity in aE-catenin™/~ keratinocytes. Luciferase assay sim-
ilar to A using aE-catenin’” (Ctrl) or aE-catenin™~ (a-cat KO) keratinocytes stably expressing the indicated human YAPI constructs and
transiently transfected with negative control (siCtrl) or mouse YAP1-specific (si-YAP) oligos. The graph shows mean values + SD. Stu-
dent’s t-test. (C,C’) Y341/357/394 (3Y) YAPI phosphorylation is necessary for nuclear localization of wild-type (WT) but not 2SA mutant
YAP1. Western blot analyses and quantitation of proteins from nuclear and cytoplasmic fractions of aE-catenin~'~ keratinocytes stably
expressing indicated YAPI constructs. Bar graph, mean values + SD. n = 3. Student’s t-test. (D,D’) Y341/357/394 (3Y) YAP1 phosphoryla-
tion is necessary for interaction with TEAD of both wild-type and 2SA mutant YAP1. Western blot analyses and quantitation of total (In-
put) or anti-Flag antibody immunoprecipitated (Flag IP) proteins from aE-catenin '~ keratinocytes stably expressing the indicated YAP1
constructs. The bar graph shows mean values = SD. n = 3. Student’s t-test. (E) Y341/357/394 (3Y) YAP1 phosphorylation is necessary for
hyperproliferation of aE-catenin ™/~ keratinocytes. Cell counts of aE-catenin ™~ keratinocytes stably expressing vector control (Ctrl), wild-
type (WT), or the indicated Y and/or S mutant human YAP1 proteins transfected with control (siCtrl) or mouse YAP1-specific (siYAP1)
oligos, plated at high confluency, and cultured for 5 d. The bar graph shows mean values + SD. Student’s t-test. (E') Western blot (WB) anal-
yses of total proteins from cells described in E. (F,G’) Y341/357/394 (3Y) YAPI phosphorylation is necessary for CA-SRC-YAP1-mediated
transformation of primary keratinocytes. Orthotopic allograft tumors generated in Nude mice by keratinocytes stably expressing the in-
dicated YAP1 and CA-SRC constructs. Graphs in F' and G’ show quantitation of tumor volumes in F and G, respectively. Tumors were
analyzed 6 wk after cell injection. Data represent means = SE. Unpaired t-test.
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Supplemental Fig. S5B). A similar effect was observed
in experiments with the 2SA YAP1 mutant, which is con-
stitutively active in the canonical Hippo pathway (Fig. 6D,
D’; Supplemental Fig. S5C). Overall, we conclude that
Y341/357/394 phosphorylation promotes nuclear locali-
zation of YAP1 and enhances the interaction between
YAP1 and TEAD proteins.

Phosphorylation of Y341/357/394 of YAP1 is necessary
for hyperproliferation of aE-catenin™" cells and
SRC-YAPI1-mediated transformation of normal
keratinocytes

To analyze whether phosphorylation of YAP1 at Y341/
357/394 is necessary for hyperproliferation of aE-cate-
nin~'" cells, we performed YAP1 knockdown rescue exper-
iments. The knockdown of endogenous Yapl decreased
accumulation of aE-catenin™/~ keratinocytes, and this
phenotype was rescued by overexpression of siRNA-resis-
tant human YAP1; however, overexpression of the non-
phosphorylatable 3YF YAP1 mutant failed to completely
rescue the endogenous Yap1 knockdown phenotype, while
the 3YE mutant was as efficient as the wild-type YAP1 (Fig.
6E E’; Supplemental Fig. S5D,D’). Similar results were ob-
served in experiments with 2SA YAP1 mutants that are
constitutively active in the Hippo pathway (Fig. 6E,F’).
The 2SA+S94A YAP1 mutant failed to rescue the endoge-
nous Yapl knockdown phenotype, indicating a critical
role of the YAP1-TEAD interaction for hyperproliferation
of aE-catenin™~ cells. We conclude that phosphorylation
of the transcriptional activation domain of YAPI at
Y341/357/394 is functionally important for the hyperpro-
liferative phenotype of aE-catenin~/~ keratinocytes.

SRC is the first discovered oncogene, and it functions as
a tyrosine kinase (Collett et al. 1980); however, while
many important SRC substrates have been found through-
out the last two and a half decades, a SRC phosphorylation
substrate that is pivotal for cellular transformation has
not been identified. We hypothesized that SRC-mediated
phosphorylation and activation of YAP1 may directly con-
nect SRC with gene transcription and play an important
role in SRC-mediated transformation. We used the ortho-
topic allograft SCC tumor formation model to investigate
the role of YAPI tyrosine phosphorylation in the SRC-
YAP1-mediated transformation of primary keratinocytes.
Consistent with our previous findings, the expression
of CA-SRC and wild-type YAP1 transformed keratino-
cytes; however, the expression of the 3YF YAPI mutant
significantly attenuated the tumor formation pheno-
type (Fig. 6F-F; Supplemental Fig. S5E). The 3YE YAPI1
mutant was as efficient as wild-type YAP1. We conclude
that tyrosine phosphorylation of YAP1 at Y341/357/394
plays an important role in SRC-YAP1-mediated cellular
transformation.

To analyze whether tyrosine phosphorylation of YAP1
at Y341/357/394 continues to play an important role in
SRC-mediated transformation when YAP1 is already fully
activated in the canonical Hippo pathway, we repeated ex-
periments with CA-SRC+YAP1-mediated transformation
but used the 2SA mutant YAP1, which cannot be nega-
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tively regulated by Hippo signaling. As expected, the coex-
pression of CA-SRC with 2SA YAPI1 transformed primary
keratinocytes (Fig. 6G). Importantly, the expression of
2SA-3YF YAP1 was significantly less efficient in transfor-
mation than the 2SA YAP1 mutant (Fig. 6G-G’). These
findings indicate that phosphorylation of Y341/357/394
plays an important role in SRC-mediated transformation
even when YAP1 cannot be attenuated by the canonical
Hippo signaling pathway.

Prominent tyrosine phosphorylation of YAP1

in mouse and human SCC and the potential
therapeutic significance of SRC-YAP1 inhibition
in these tumors

Since we found that aE-catenin negatively regulates the
ITGB4-SRC-YAP1(pY341/357/394) oncogenic pathway
in keratinocytes, we decided to analyze tyrosine phos-
phorylation of YAPI in SCC tumors and adjacent nonin-
volved skin in GFAP-Cre/aE-catenin™"|TP53"" mice
(Silvis et al. 2011). Western blot analysis revealed a
marked increase in the activity of SRC kinases (pY416-
SRC)and Y341/357/394 phosphorylation of YAP1 in these
tumors (Fig. 7A,A’). Similar analysis of human skin SCC
tumors revealed a significant correlation between low
aE-catenin expression and tyrosine phosphorylation of
YAP1 in human cancer (Fig. 7B,B’). We conclude that ex-
tensive phosphorylation of YAP1 at Y341/357/394 takes
place in both human and mouse autochthonous SCC tu-
mors with low or absent aE-catenin.

To explore the potential therapeutic significance of the
connection between loss of aE-catenin, Y341/357/394
YAP1 phosphorylation, and the development of SCC tu-
mors, we established an orthotopic allograft SCC tumor
model. For this purpose, we generated cells line from pri-
mary SCC tumors that formed in GFAP-Cre/aE-cate-
nin/p537M mice. To determine whether YAP1 is a
valid therapeutic target in these tumors, SCC cells were
transduced with either a doxycycline-inducible shLUC
control or a shYAP1 retroviral construct and analyzed
in orthotopic allograft tumor formation assays. While
shLUC control cells injected intradermally into NOD-
SCID mice generated large SCC tumors, the knockdown
of endogenous YAPI1 in these SCC cells strongly inhibited
tumor growth, indicating that YAP1 is necessary for the
survival of SCC cells (Fig. 7C-C"”; Supplemental Fig. S6).

Since we previously found that the ABL/SFK inhibitor
DAS completely blocked Y341/357/394 phosphoryla-
tion of YAP1, which is necessary for YAP1 transforming
activity, we analyzed whether aE-catenin™=/p53~/~
SCC cells are sensitive to DAS treatment. We found
that a dose-dependent decrease in SRC activity in DAS-
treated cells coincided with a decrease in tyrosine
phosphorylation of YAP1 (Fig. 7D). To analyze whether
aE-catenin™/ ‘/p53_/ ~ SCC tumors are sensitive to DAS
treatment in vivo, we performed orthotopic allograft
experiments. Mice injected intradermally with aE-cate-
nin~'~/p53~/~ SCC keratinocytes were randomly separat-
ed into two groups and fed with either control or DAS-
containing food. We observed prominent inhibition of


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.274951.115/-/DC1
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 25, 2022 - Published by Cold Spring Harbor Laboratory Press

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

A ’ ke B 5 "
g20 — o 4.0
Mouse Samples 215 e Human Samples £ a0 .
£1.0 -5 - 220
Ctrl Skin SCC Tumors 305 ; m Ctrl Skin SCC Tumors s 10 & _1_
Y X 3
. s 5123466 78910 200 T
B: £ = & | ]
o-catenin "SESEER - — ~  §15 &, O-catenin e = — ———— f04 Ll
PY341 gLy oy W S04 , S pY3 g + .
-YAP W fos| 4 o AP - — 3 04 " E
pY357 ! oLl me " pY3sTg B WEEE : ol
YAP -, 10, * _YAP ! LR 1L 5 15 *
pY394 et 508 L pY394 = 5 m —
YAP W coe YAP *e = 3v
5 - ;04 - £ .
YAP "eaasconedee® %g'ﬁ fs YAP 0 o ey e e e g E’ 0.5 —_:T_— &
pY416 " w0 —F—— pY416 - GoolEy———
By -y T < — - - %10y — 3
-SRC Z 06 : SRC *aae Ly _}
SRC Wemw w = o ey Sy . 0 + SREEm= s
go. e - 50 .
p-actin M Bese S euepEIEIEREP 500t | (.actin S e e anapames " D 02] S i =
Ctrl skin o-cat- 0.0° &
C * cu SCC Tumors D,, ép ;ﬁ' ,o'#'
1.4 . . g Dasatinib (M) g I B
g - | Orthotopic a-catenin™ /p53 L —— sceT
2142 WB: © 5 25 50 umors
E ™ SCC tumors : o~
2 1 -1 PR JORES, Pk R B O O PR P iy P O S P, S W pY41s e o ‘ﬂE3 hoad
= Flmduins 1ol JOTTRTHITS T B TS T G R B '—l
=08 QO® o oo §2§ G <
S 0.6 shLUC+DOX .- . g2 .
% 0.4 ﬁ‘-: R W, B WY - e P-YAP St e e 51
r L] ® ' - PR Ty
202 shYAP + DOX YAP 5 %
l'?OX: e & o & 0l p-actin — ——— E0 . —S—en—
. ShLUC ShYAP - : = Vehicle  Dasatinib
C E 5 D Orthotopic a-catenin” 'Ip53"' SCC tumors
a-catenin~/-/p563-/-SCC =3 p— R
shLUC shYAP g 3 . Y & @ Qw 9;
we: - * - ¥ S2 S —
YAP "= wm w= 51 T
1 - 70mg/kg Das:
B-actin —— - —— ':_1 0
DOX (+):shLUC  shYAP S o i =
E Hippo-YAP1 pathway 1 3pY -YAP+«—SRC kinase <— Integrin B4|

Cell nuclear
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skin tumors were often contaminated by skin epidermis expressing aE-catenin. (A’) Quantitation of the data in A. The bar graphs show
mean values = SE. Student’s t-test. (B) Western blot analyses for total proteins extracted from human normal skin (Ctrl) and primary
skin SCC tumor samples using the indicated antibodies. (B’) Quantitation of data in B. Human skin SCC samples were separated into
two groups with low (4-6) and high (7-10) levels of aE-catenin expression. The graphs show mean values + SE. Student’s t-test. (C)
MTT cell number assay of SCC cells from GFAP/aE-catenin’?/P53"" mice stably transduced with doxycycline (DOX)-inducible control

shLUC or shYAPI1 constructs, plated at high density, and cultured for 5

d with and without doxycycline. The graph shows mean values =

SD. Student’s t-test. (C’) Western blot analyses of total proteins from the cells used in C with the indicated antibodies. (C”) Orthotopic
tumor formation assay of the SCC cells described in C using NOD-SCID mice. Mice were exposed to doxycycline-containing food for
45 d, and the resulting tumors were excised and analyzed. (C"’) Quantitation of tumor volumes in C”. Data represent means = SE. Un-
paired t-test. (D) Western blot analyses of total proteins from SCC cells isolated from tumors in GFAP/aE-catenin™|P53™" mice incu-
bated with indicated concentrations of DAS. (D’) Orthotopic tumor formation assay of the SCC cells described in D using NOD-SCID
mice. Mice were exposed to food with or without 70 mg/kg DAS for 45 d, and the resulting tumors were excised and analyzed. (D”) Quan-
titation of tumor volumes in D’. Data represent means + SE. Unpaired ¢-test. (E) Model of canonical Hippo and inhibited by aE-catenin

SRC-YAPI signal transduction pathways.

tumor growth in mice treated with DAS (Fig. 7D’,D").
Thus, SRC family tyrosine kinase activity is required for
tumorigenesis of aE-catenin™/~/p53~/~ SCC cells, and
DAS treatment may be a very effective tool in the treat-
ment of SCC tumors displaying down-regulation of endog-
enous aE-catenin.

Discussion

In this study, we demonstrate that aE-catenin negatively
regulates the signaling activity of p4 integrin, which in
turn activates SRC, leading to Y341/357/394 phosphory-
lation and activation of YAPI in aE-catenin™/~ cells.
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These data provide a molecular mechanism for the tumor-
suppressing function of aE-catenin and reveal an alterna-
tive to the canonical Hippo signaling pathway that con-
nects oncogenic tyrosine kinase signaling with the
transcriptional output of the Hippo pathway (Fig. 7E).

Molecular mechanism of aE-catenin-mediated tumor
suppression

aE-catenin is frequently down-regulated in human skin
SCC tumors, and conditional deletion of aE-catenin in
mouse hair follicle stem cells promotes the development
of skin SCC, strongly implicating aE-catenin as a tumor
suppressor in this cancer type (Silvis et al. 2011).

aE-catenin may have multiple mechanisms responsible
for its tumor suppressor function. They include negative
regulation of B-catenin signaling (Gottardi and Gumbiner
2004), YAP1 signaling (Varelas et al. 2010; Kim et al. 2011;
Schlegelmilch et al. 2011; Silvis et al. 2011; Benham-Pyle
et al. 2015), FAK-PAK signaling (Livshits et al. 2012), and
the NFkB pathway (Kobielak and Fuchs 2006; Piao et al.
2014). While attenuation of f-catenin signaling is a plausi-
ble mechanism of aE-catenin tumor suppressor activity,
the in vivo analyses of potential changes in p-catenin tran-
scriptional activity did not identify a significant impact
on B-catenin signaling in aE-catenin™'~ tissues (Vasiou-
khin et al. 2001; Lien et al. 2008b). Since genetic analysis
revealed the tumor suppressor function of aE-catenin in
skin SCC, we previously focused on the role of aE-catenin
in keratinocytes. Unlike normal primary keratinocytes,
aE-catenin™'~ keratinocytes do not withdraw from the
cell cycle upon reaching confluency (Vasioukhin et al.
2001). The siRNA screen demonstrated that B-catenin is
not required for hyperproliferation of aE-catenin™'~ cells,
indicating the involvement of a p-catenin-independent
mechanism (Silvis et al. 2011). Subsequent analysis iden-
tified Yapl as a gene necessary for hyperproliferation of
aE-catenin™'~ cells and demonstrated an aE-catenin-de-
pendent inhibition of nuclear YAP1 localization in conflu-
ent epithelial cells. Knockdown-mediated depletion of aE-
catenin revealed a similar connection between aE-catenin
and YAP1 in a variety of cell lines (Varelas et al. 2010; Kim
et al. 2011; Schlegelmilch et al. 2011).

Analysis of the mechanisms responsible for aE-catenin-
dependent regulation of YAP1 uncovered significant dif-
ferences between cell types. In the mammary epithelial
cell line MCF10A, oE-catenin as well as both p-catenin
and E-cadherin prominently regulated MST1/2-LATS1/2
kinases, indicating that aE-catenin affects the canonical
Hippo signaling pathway (Kim et al. 2011). In contrast,
while aE-catenin was a prominent regulator of YAPI,
it did not affect MST1/2 or LATS1/2 activities in epider-
mal keratinocytes (Schlegelmilch et al. 2011; Silvis et al.
2011). In HaCaT keratinocytes, aE-catenin binds to
YAPI1 and prevents its interaction with PP2A, which can
dephosphorylate S127 and therefore activate YAP1 (Schle-
gelmilch et al. 2011). In contrast, loss of aE-catenin from
primary human and mouse keratinocytes not only failed
to cause inactivation of MST1/2-LATS1/2 kinases but
also did not affect YAP1 phosphorylation at LATS1/2
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sites, indicating that an alternative mechanism must be
involved in YAP1 activation in these cells (Silvis et al.
2011). In this study, we reveal a distinct mechanism of
YAPI regulation that involves SRC-mediated phosphory-
lation. We show that this mechanism is primarily
responsible for aE-catenin-mediated control of YAPI lo-
calization and activity in keratinocytes and skin SCC
cells. Identification of SRC-YAP1 complexes as a critical
growth-promoting and potentially oncogenic module neg-
atively regulated by aE-catenin has not only a general
scientific interest but also a substantial therapeutic signif-
icance. Our findings suggest that DAS administration as
well as other modalities inhibiting SFKs may prove to be
very effective interventions for the treatment of SCC tu-
mors displaying inactivation of aE-catenin.

While our results demonstrate a negative role of aE-cat-
enin in the regulation of p4 integrin signaling to SRC, it is
presently not clear whether there is a direct connection
between aE-catenin and p4 integrin or this is an indirect
route of activation due to general disruption of cell polar-
ity in aE-catenin~/~ cells (Vasioukhin et al. 2001; Nemade
et al. 2004). Unlike MCF10A cells, which do not form
tight junctions and completely depend on E-cadherin/p-
catenin protein complexes for cell-cell adhesion, epider-
mal keratinocytes maintain adhesion upon the knock-
down of E-cadherin and p-catenin. Therefore, the lack of
YAPI activation in E-cadherin and p-catenin knockdown
keratinocytes does not necessarily indicate that oE-cate-
nin-mediated regulation of YAP1 is independent from its
function in the AJs. Significant literature indicates that
loss of proper cell-cell adhesion results in abnormal acti-
vation of various receptor type tyrosine kinases (RTKs),
and the inactivation of RTK signaling in confluent
cells is primarily responsible for contact inhibition of
cell proliferation (Vermeer et al. 2003; Qian et al. 2004;
McClatchey and Yap 2012). SFKs are important down-
stream targets of various oncogenic RTKs (Muthuswamy
2011), and an increase in RTK signaling mediated by the
loss of cell-cell adhesion may be responsible for hyperac-
tivation of SRC and subsequent phosphorylation and acti-
vation of YAP1 in aE-catenin™/~ keratinocytes.

The SRC-YAP1 oncogenic module and the noncanonical
YAP1 signal transduction pathway

We show here that SRC is a potent activator of YAP1.
In the canonical Hippo pathway, MST1/2 kinases
phosphorylate and activate LATS1/2, which in turn phos-
phorylate and inactivate YAP1 (Pan 2010; Yu and Guan
2013). This pathway is activated in confluent cells, where
it suppresses YAP1 nuclear localization and thereby
inhibits its transcriptional activity (Zhao et al. 2007).
It had been demonstrated previously that SRC and
other SFKs can positively (Shanzer et al. 2015) and nega-
tively regulate canonical Hippo signaling pathway
(Enomoto and Igaki 2013; Pijuan-Galito et al. 2014; Kim
and Gumbiner 2015; Kwon et al. 2015). In accordance
with these findings, we observed negative regulation of
S$127 YAP1 phosphorylation in sparse keratinocytes
(Supplemental Fig. S2D). In contrast, in confluent
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keratinocytes, when Hippo signaling is activated, SRC
promotes nuclear YAP1 localization without impacting
the canonical Hippo pathway (Fig. 3C,D). Instead, it func-
tions by directly phosphorylating YAP1 at three sites in its
transcription activation domain, and this is necessary for
YAPI activation. Prominent phosphorylation of endoge-
nous YAP1 at these sites in primary SCC tumors strongly
suggests an important role of this event in tumorigenesis.

We found that SRC is the principal SFK that phosphor-
ylates YAPI in aE-catenin™'~ keratinocytes; however, it is
likely that other SFKs are also involved in a similar regu-
lation of YAPI. Indeed, YAP1 was cloned as an interacting
partner of the SRC family tyrosine kinase YES1 (Sudol
et al. 1995). In colon cancer cells driven by constitutively
active p-catenin, YES1 phosphorylates YAP1 at Y357, and
this phosphorylation uses an unknown mechanism to
promote the transcriptional activity of YES1-YAP1-f-cat-
enin-Tbx5 protein complexes without impacting their in-
tegrity (Rosenbluh et al. 2012). Tbx5 is not expressed in
keratinocytes, and the knockdown of both Tbhx5 and -cat-
enin does not impact hyperproliferation of aE-catenin™/~
keratinocytes, indicating that SRC-mediated YAPI1
phosphorylation promotes YAPI1 activity via a distinct
mechanism.

Activation of the gpl130-SFK pathway in the intestinal
epithelium results in increased tyrosine phosphorylation
and activation of YAP1, and treatment with the SFK-spe-
cific inhibitor erases YAP1 phosphorylation and suppress-
es its nuclear localization in intestinal organoids with
constitutively active gp130 (Taniguchi et al. 2015). While
the significance of YAP1 tyrosine phosphorylation was
not directly analyzed in that study, it is likely that, similar
to our findings in keratinocytes, the direct phosphoryla-
tion of YAP1 by SFK at Y341/357/394 is responsible for
YAPI activation in this model system.

SRC is the first cloned oncogene, and significant litera-
ture implicates SRC in human cancer, especially in skin
SCC (Matsumoto et al. 2003; Lee et al. 2010; Sudol
2011). Nevertheless, the mechanisms of SRC oncogenic
activity are still poorly understood, as the essential SRC
phosphorylation targets responsible for cellular transfor-
mation have not been identified. Our findings suggest
that YAPI1 is a strong candidate for such a downstream
phosphorylation target. Additional work will be necessary
to determine whether the Y341/357/394 YAP1 phosphor-
ylation identified here is responsible for cellular transfor-
mation induced by constitutive activation of other
oncogenic tyrosine kinases.

Materials and methods

Cell culture, siRNA transfections, luciferase assays, and cell
fractionation

Primary mouse keratinocytes were isolated and cultured as de-
scribed (Wang et al. 1997). Cells were first established in low-cal-
cium E-medium and later adapted and maintained in regular-
calcium E-medium (Rheinwald and Green 1975). aE-catenin™~
cells were generated as described (Silvis et al. 2011). aE-cate-
nin~/~/p53~/~ mouse SCC cells were isolated from GFAP-Cre/
aE-catenin[p53™1  mouse tumors as described above.

a-Catenin inhibits ITGB4-SRC-YAP oncogenic pathway

HEK293FT cells were maintained in DMEM (Gibco) supplement-
ed with glutamine, sodium pyruvate (HyClone), nonessential
amino acids, penicillin—streptomycin, and 10% FBS. For siRNA
experiments, 1 x 10 cells were seeded directly into a siRNA-Lip-
ofectamine 2000 (Invitrogen) mixture on a 96-well plate and cul-
tured for 5 d. The medium was changed daily, and the relative cell
number was determined by MTT assay (Promega) or direct cell
count. siRNA oligos were from Qiagen (5 pmol per well). Kerati-
nocytes were selected in 200 pg/mL G418, 150 pg/mL hygromy-
cin B, or 2 pg/mL puromycin. DAS was purchased from LC
Laboratories. Luciferase assays were performed as described (Sil-
vis et al. 2011). Cytoplasmic and nuclear fractionations were ob-
tained using NE-PER nuclear and cytoplasmic extraction (Pierce).

Allograft tumor formation assays

All procedures involving mice were approved by the Institutional
Animal Care and Use Committee (IACUC) of the Fred Hutchin-
son Cancer Research Center. For the tumor formation assays in
NOD-SCID mice (Jackson Laboratories, catalog no. 001303), 2 x
10° keratinocytes in PBS were injected intradermally or subcuta-
neously into anesthetized mice. To determine the sensitivity of
tumors to DAS, mice with injected SCC cells were exposed for
45 d to a soft transgenic dough diet (Bio-Serv, S3472) or the
same food mixed with 70 mg/kg DAS (LC Laboratories). For the
tumor formation assays in Nude mice (Jackson Laboratories, cat-
alogno. 007850), 2 x 10° keratinocytes were resuspended in F me-
dium (DMEM with 10% FBS) and mixed 1:1 with Matrigel (BD
Biosciences, catalog no. 356237), and 50 pL of the mixture was in-
jected intradermally into anesthetized mice.

Data analysis

Statistical significance was determined by the unpaired Student’s
t-test. The P-value is indicated by asterisks in the figures (P < 0.05
[*], P<0.01 [**], and P<0.001 [***]). Differences of P <0.05 and
lower were considered statistically significant.
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