Homeostatic control of Hippo signaling
activity revealed by an endogenous
activating mutation in YAP
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The Hippo signaling pathway converges on YAP to regulate growth, differentiation, and regeneration. Previous
studies with overexpressed proteins have shown that YAP is phosphorylated by its upstream kinase, Lats1/2, on
multiple sites, including an evolutionarily conserved 14-3-3-binding site whose phosphorylation is believed to in-
hibit YAP by excluding it from the nucleus. Indeed, nuclear localization of YAP or decreased YAP phosphorylation at
this site (S168 in Drosophila, S127 in humans, and S112 in mice) is widely used in current literature as a surrogate of
YAP activation even though the physiological importance of this phosphorylation event in regulating endogenous
YAP activity has not been defined. Here we address this question by introducing a Yap$'’?4 knock-in mutation in
the endogenous Yap locus. The Yap5122 mice are surprisingly normal despite nuclear localization of the mutant
YAP protein in vivo and profound defects in cytoplasmic translocation in vitro. Interestingly, the mutant Yap51124
mice show a compensatory decrease in YAP protein levels due to increased phosphorylation at a mammalian-spe-
cific phosphodegron site on YAP. These findings reveal a robust homeostatic mechanism that maintains physio-
logical levels of YAP activity and caution against the assumptive use of YAP localization alone as a surrogate of YAP

activity.
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The Hippo tumor suppressor pathway regulates organ size
in Drosophila and mammals, and its dysregulation con-
tributes to human cancers (Zeng and Hong 2008; Pan
2010; Zhao et al. 2010a; Halder and Johnson 2011; Barry
and Camargo 2013; Piccolo et al. 2013). Central to the
Hippo pathway is a kinase cascade involving sequential
activation of the Ste20-like kinase Hpo (Mst1/2 in mam-
mals) and the nuclear Dbf2-related (NDR) family kinase
Wts (Lats1/2 in mammals), which in turn phosphorylates
and inactivates the transcriptional coactivator Yki (YAP/
TAZ in mammals). Supporting the physiological impor-
tance of Hippo signaling in growth control, inactivation
of Hippo pathway tumor suppressors such as Hpo/Mst
or overexpression of the Yki/YAP oncogene leads to mas-
sive tissue overgrowth in both Drosophila and mammals
(Harvey et al. 2003; Wu et al. 2003; Huang et al. 2005;
Camargo et al. 2007; Dong et al. 2007; Zhou et al. 2009,
2011; Lee et al. 2010; Lu et al. 2010).
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Since phosphorylation of Yki/YAP represents the key
signaling output of the Hippo pathway, there has been sig-
nificant interest in understanding the mechanism of Yki/
YAP inactivation by Hippo signaling. Previous studies
with overexpressed proteins have shown that Yki/YAP
can be phosphorylated by its upstream kinase, Wts/Lats,
on multiple HxRxxS motifs (Fig. 1A). Among the three
HxRxxS motifs in Yki and five HxRxxS motifs in YAP,
one motif (Yki®'®® in Drosophila, YAPS'?” in humans,
and YAPS!'? in mice) serves as a 14-3-3-binding site
that is required for phosphorylation-induced cytoplasmic
translocation (Dong et al. 2007; Zhao et al. 2007). Besides
the evolutionarily conserved 14-3-3-binding site, YAP is
phosphorylated by Latsl/2 at another HxRxxS motif
(YAPS*8! in humans and YAPS3°° in mice) (Zhao et al.
2010b). Phosphorylation of YAP at this site primes
YAP for subsequent phosphorylation by casein kinase
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18/¢ (CK18/¢), which results in recruitment of the E3 ubig-
uitin ligase SCE# ™8P and YAP degradation by the ubiqui-
tin—proteasome system. Interestingly, NIH3T3 cells
could be transformed only by YAP protein carrying muta-
tions in both the 14-3-3 site and the phosphodegron sites
(Zhao et al. 2010b), suggesting that both mechanisms con-
tribute to YAP regulation. However, unlike the 14-3-3-
binding site, the phosphodegron site is not conserved in
Drosophila Yki, suggesting that evolutionarily divergent
mechanisms likely have evolved to regulate Yki/YAP in
different animals.

How the remaining HxRxxS motifs besides the 14-3-3-
binding site and the phosphodegron site contribute to
YAP inactivation has not been reported to date.

An important caveat with these studies is that they
were almost exclusively based on the analysis of exoge-
nously expressed constructs. One exception is in Droso-
phila, in which Halder and colleagues (Zhao et al. 2007)
had isolated three gain-of-function alleles of endogenous
yki surrounding the S168 site (H163Y, H163L, and
P170S). These alleles are homozygous lethal, and the
heterozygotes show tissue overgrowth due to gain-of-
function Yki activity (Zhao et al. 2007). When these mu-
tations were introduced into YAP, they were found to
decrease (but not eliminate) YAP phosphorylation and/
or 14-3-3 binding (Zhao et al. 2007). Furthermore, a trans-
gene that expresses Yki®!®®4 but not wild-type Yki, close
to endogenous Yki levels (using the tubulin promoter) re-
sults in tissue overgrowth and fly lethality (Dong et al.
2007). While these findings support the importance of
the 14-3-3-binding site in Drosophila, the importance of
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this motif in endogenous mammalian YAP has not been
determined. This is particularly relevant given the in-
creasing appreciation of the evolutionary divergence of
Hippo pathway regulation between Drosophila and mam-
mals (Bossuyt et al. 2014). Indeed, due to the presence of
both 14-3-3 binding and phosphodegron sites in mamma-
lian YAP, one cannot predict a priori which phosphoryla-
tion site is essential.

Another unanswered issue in the Hippo research field
concerns the exact contribution of the S127/S112 14-3-
3-binding site to YAP subcellular localization. Initial
studies of Hippo signaling in cultured mammalian cells
revealed density-dependent localization of YAP, whereby
YAP is nuclear in sparsely cultured cells and localized
more to the cytoplasm upon confluence (Zhao et al.
2007). This nuclear-to-cytoplasmic YAP translocation
was later extended to other conditions, such as disruption
of actin cytoskeleton (Zhao et al. 2012) or treatment with
certain GPCR (G-protein-coupled receptor) ligands (Yu
et al. 2012). The literature, however, was ambiguous
about whether such translocation is mediated exclusively
through the S127/S112 site. While the YAPS!?”A mutant
was shown to abolish 14-3-3 binding (Zhao et al. 2007)
and should in principle eliminate cytoplasmic transloca-
tion induced by confluency or cytoskeleton disruption,
many studies actually resorted to a YAP mutant lacking
all HxRxxS motifs (YAP*#) (Zhao et al. 2007, 2012).
This is further complicated by reports suggesting that
YAP can be translocated to the cytoplasm independently
of Lats phosphorylation under certain culture conditions
(Dupont et al. 2011). Irrespective of whether cytoplasmic



translocation is mediated exclusively through S127/S112
phosphorylation, since previous studies were based on ex-
ogenously expressed constructs, the extent to which
S$127/S112 phosphorylation regulates endogenous YAP lo-
calization needs to be defined. From a broader perspective,
how relevant is contact-induced cytoplasmic YAP trans-
location in cultured cells to the developmental regulation
of organ size in vivo?

Here we investigated the physiological role of YAPS!!?
phosphorylation by introducing a YapS'?4 mutation in
the endogenous Yap locus. Consistent with an essential
role for 14-3-3 binding in cytoplasmic localization of
YAP, the knock-in animals show nuclear localization of
the mutant YAP protein in intact tissues, and cultured
cells derived from the animals are resistant to YAP cyto-
plasmic translocation induced by multiple signals. Sur-
prisingly, the Yap3'’®* mice are phenotypically normal
but show a compensatory decrease in YAP protein levels
due to increased phosphorylation at YAP’s phosphode-
gron site. These findings suggest the existence of a robust
homeostatic mechanism that maintains physiological
levels of YAP activity. Our studies suggest that YAP local-
ization alone may not always be a reliable surrogate of
YAP activity and offer an unprecedented example in
which profound defects in YAP subcellular localization
have no visible developmental consequences in YAP-me-
diated growth regulation in vivo.

Results

YAPS112 phosphorylation is dispensable for normal
mouse development

We used homologous recombination to introduce a ST12A
mutation into the second exon and a loxP-STOP-loxP cas-
sette in the first intron of Yap (Supplemental Fig. S1A).
This strategy was initially designed to enable Cre-mediat-
ed excision of the STOP cassette, thus allowing condition-
al expression of the endogenous S112A allele. However,
after germline transmission of the conditional S112A al-
lele, we found that constitutive removal of the STOP cas-
sette had no visible effect on animal development. We
therefore used the constitutive S112A allele for all subse-
quent studies. Correct targeting of the Yap$'?4 mutation
was confirmed by PCR (Supplemental Fig. S1B,C) and
DNA sequencing (Supplemental Fig. S1D) as well as phos-
pho-specific antibody against the S112 phosphorylation
site (for examples, see Fig. 5, below).

Intercrossing of YapS!'?4* animals revealed that wild-
type (Yap*’*), heterozygote (YapS''?4/*), and homo-
zygote (YapS1124/51124) Jjttermates were born with the ex-
pected Mendelian ratio. Careful examination of the
YapS112A/S1124 homozygotes did not reveal any change
in body weight or liver size in mice of all ages (Fig. 1B,
C). Examination of the distal colon, another organ that
is known to be sensitive to hyperactive YAP (Cai et al.
2010; Zhou et al. 2011), also did not reveal any abnormal-
ities in crypt morphology or cell proliferation (Supplemen-
tal Fig. S1E,F). The Yap®$124/51124 homozygotes also show
normal fertility and have been maintained as healthy col-

Homeostatic control of endogenous YAP activity

onies in our laboratory for >7 years. For simplicity, we re-
fer to the YapS'124/51124 homozygotes as YapS'?4 mice
here unless otherwise specified.

Since activation of YAP is known to confer resistance to
Fas-mediated apoptosis (Dong et al. 2007), we subjected
the Yap5'24 mice to this experimental paradigm. Admin-
istration of the Fas agonist antibody (Jo-2) induced similar
liver hemorrhage and hepatocyte death in the YapS'24
and wild-type littermates (Fig. 1D). These findings further
suggest that the Yap5'??* animals have a grossly normal
level of YAP activity.

The YapS''24 livers show subtle changes of YAP target
gene expression and are more prone to carcinogen-
induced hepatocellular carcinoma (HCC)

To investigate the possibility that the Yap5'?4 mutation

may confer a weak gain-of-function activity, we examined
the expression of several commonly studied YAP target
genes in the liver. Real-time PCR analysis revealed a mod-
est increase in the mRNA levels of Birc5/Survivin, Cyr61,
and Ctgf in the YapS1??4 livers compared with livers from
age-matched control littermates (Fig. 2A). These findings
suggest that the Yap$'* mice may have a weak gain of
function of YAP activity, although it was too weak to
cause visible morphological and/or developmental defects
under normal conditions.

We reasoned that the weak gain of function of YAP in
the Yap31'?* animals may be amplified under certain on-
cogenic conditions. To test this possibility, we subjected
the animals to the DNA alkylating agent diethylnitroso-
amine (DEN), a commonly used carcinogen for inducing
HCC (Pitot et al. 1978). Interestingly, we found that the
Yap31'?4 mice were more prone to DEN-induced HCC
formation. At 6.5 mo after DEN treatment, all of the
Yap3'?4 mice developed massive HCC (n = 10), whereas
none of the matched wild-type mice developed macro-
scopically visible liver cancers (n =10) (Fig. 2B,C). These
findings further support the gain-of-function nature of
the YapS1?24 mutation. This conclusion is also supported
by the analysis of mouse embryonic fibroblasts (MEFs) de-
rived from the Yap®'??4 animals, which showed increased
expression of YAP target genes (Supplemental Fig. S2A)
and increased migration in a wound healing assay (Fig.
2D), a cellular property that is known to be enhanced by
YARP activity (Sorrentino et al. 2014).

Lats1 and Lats2 are required for liver homeostasis
by restricting YAP activity

The absence of visible developmental defects in the
YapS124 animals is unexpected given that mutations af-
fecting residues surrounding the analogous site in Droso-
phila Yki confer obvious growth advantage in vivo and are
homozygous lethal (Zhao et al. 2007). Although Lats1/2
have been previously reported to directly phosphorylate
YAP based on in vitro studies (Zhao et al. 2007; Hao
et al. 2008; Zhang et al. 2008), it has also been suggested
that Latsl/2 may not be the kinase responsible for
YAPS!'? phosphorylation in the liver (Zhou et al. 2009).
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healing assay. Shown are representative imag-
es of wound healing from 0 to 24 h after wound
scratch. The white dashed lines mark the edges
of the wound. Bar, 500 um. Cell migration into
the wound scratch was quantified as the per-

To test this formal possibility, we examined the conse-
quence of removing Lats1/2 function in the liver. First,
we generated a floxed allele of Lats2 (Lats2"°%) by homol-
ogous recombination (Supplemental Fig. S3A,B). In this al-
lele, exon 5 and exon 6 of Lats2 were flanked by two LoxP
sites. The Lats2/°* allele was crossed to Lats1™/~ mice
(Yabuta et al. 2013) to obtain Lats1™/~; Lats2¥/10% anj.
mals. Adenovirus expressing the Cre recombinase was in-
jected into the Lats1~/~; Lats2*M°% animals to induce
loss of Lats1/2 function in the liver. The Ad-Cre-injected
Lats1™/=; Lats2°¥/Mx mice developed massive hepato-
megaly, with liver size reaching ~30% of the body weight
8 wk after Ad-Cre delivery (Fig. 3A,B). Microscopically,
the Ad-Cre-injected Lats1™/~; Lats2"*/°% liver showed
massive proliferation of the cytokeratin (CK)-positive bili-
ary epithelial cells (BECs) (Fig. 3C,D). The overproliferat-
ing BECs first appeared as clusters of cells in the portal
triads, which eventually overtook the hepatocytes to be
the predominant cell type in the liver (Fig. 3C,D). Immu-
nostaining of the Ad-Cre-injected Lats1~/~; Lats2/ox/flox
liver showed diminished YAP-S112 phosphorylation ac-
companied by an increase of overall YAP protein levels
(Fig. 3D). These phenotypes resemble those described for
liver-specific knockouts of other Hippo pathway tumor
suppressors, such as NF2 and Mstl/2 (Zhou et al. 2009;
Benhamouche et al. 2010; Lee et al. 2010; Lu et al. 2010;
Zhang et al. 2010). Importantly, introducing loss of YAP
and TAZ into the Lats1/2 mutant background (Ad-Cre;
Latsl_/_; LatSQﬂOX/ﬂOX; Yapﬂox/flox; Tazf]ox/ﬂox) nearly
completely abolished hepatomegaly (Fig. 3E) and BEC
overproliferation (Supplemental Fig. S3C) of the Lats1/2
mutant liver. The rare BEC clusters remaining in these an-
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imals were due to escaper cells that failed to delete Yap
and/or Taz, as revealed by positive staining with an anti-
body that recognizes both YAP and TAZ in these clusters
(Supplemental Fig. S3C). Taken together, these findings
demonstrate that Lats1/2 are indeed required for restrict-
ing YAP activity in vivo.

To further examine the regulatory relationship be-
tween Lats1/2, YAP, and TAZ, we generated MEFs from
the Lats1/2 mutant and wild-type littermates. Like the
YapS1124 MEFs, the Lats1/2 mutant MEFs also showed in-
creased migration in a wound healing assay (Fig. 2D). Con-
sistent with our analysis in the liver, YAP phosphorylation
at both S112 and the phosphodegron site S366 was signifi-
cantly decreased in the Lats1/2 MEFs (Fig. 3G). We also ob-
served a dramatic increase in TAZ protein levels (Fig. 3G),
consistent with YAP and TAZ being regulated by a similar
phosphodegron mechanism by Hippo signaling (Liu et al.
2010; Zhao et al. 2010b). It is worth noting that although
YAPS!''2 and YAPS3¢ phosphorylation was greatly dimin-
ished in the Lats1/2 mutant MEFs, it was not completely
blocked (Fig. 3G). This is consistent with recent studies
that have implicated the existence of additional YAP ki-
nases besides Lats1/2 (Zhang et al. 2015).

S112 phosphorylation is required for 14-3-3 binding and
cytoplasmic translocation of endogenous YAP induced
by multiple signals

Previous studies that have implicated S127/S112 phos-
phorylation in 14-3-3-dependent cytoplasmic transloca-
tion were based on exogenously expressed YAP proteins.
Thus, a formal possibility is that S127/S112 may not be
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as essential for 14-3-3 binding of endogenous YAP. Such a
scenario could, in principle, explain the absence of devel-
opmental defects in the YapS1??4 animals. We tested this
possibility by examining MEFs derived from the Yap$724
or wild-type littermates. The physical interactions
between endogenous YAP and 14-3-3 were completely
abolished in the Yap$?'* MEFs (Fig. 4A). Thus, as for ex-
ogenous YAP, S112 phosphorylation is required for 14-3-3
binding of endogenous YAP.

In cultured mammalian cells, cell-cell contact induces
cytoplasmic translocation of YAP (Zhao et al. 2007). Based
on studies of exogenously expressed YAP constructs, the
14-3-3-binding site is believed to play a key role in this
process (Zhao et al. 2007). Even though S127/S112 phos-
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* Figure 3. Latsl and Lats2 are required for liver ho-
meostasis by restricting YAP activity. (A) Gross ap-
pearance of control and Lats1~/~; Lats2"*M1°* mouse
livers 8 wk after Ad-Cre injection. Bar, 1 cm. (B) Quan-
tification of liver/body ratio in wild-type and Lats1~/~;
Lats2M1x Jittermates after Ad-Cre injection. Data
are mean + SD from five animals of each genotype.
(*) P<0.05, t-test. (C) H&E staining of liver sections
from Lats1~/~; Lats2"°*/°* animals before and after
Ad-Cre injection. Bar, 50 pm. (D) BrdU, wide-spec-
trum CK (pan-CK), YAP, and phospho-YAP
(S112) staining of liver sections from wild-type and
Lats1~'=; Lats2™¥//% littermates 4 wk after Ad-Cre
injection. Bar, 50 pm. (E) Gross appearance of livers
and quantification of liver/body weight ratio of
Lats1™'=; Lats2™¥M°% and Lats17/~; Lats2/ox/Mex,
Yapo¥/Mox, Taz/ox/Mox mice 8 wk after Ad-Cre injec-
tion. Data are mean + SD from five animals of each ge-
notype. (*) P<0.05, t-test. Bar, 1 cm. (F) Loss of cell
contact-induced YAP translocation in the Lats1/2
mutant MEFs. Wild-type and Lats1/2 mutant MEFs
grown at high density were immunostained for endog-
enous YAP (green) and nuclear dye DAPI (blue). Note
the prominent nuclear staining of YAP in the Lats1/2
mutant MEFs compared with the wild-type MEFs. (G)
Western blot analysis of cell lysates from the wild-
type and Lats1/2 mutant MEFs.

0
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phorylation is required for 14-3-3 binding of endogenous
YAP, it remains possible that such binding may not be
as essential for controlling the subcellular localization of
endogenous YAP. To investigate whether S112 phosphor-
ylation is required for cell contact-induced translocation
of endogenous YAP, we examined YAP protein localiza-
tion in MEFs derived from the Yap3'??4 or wild-type litter-
mates. In sparse cultures, the YapS'?4 and wild-type
MEFs showed similar nuclear localization of endogenous
YAP (Fig. 4B). In confluent cultures, while wild-type MEFs
showed a clear nuclear-to-cytoplasmic translocation of
endogenous YAP, YAP remained nuclear in the Yap3'724
MEFs (Fig. 4B). Consistent with Lats1/2 being the major
kinases for S112 phosphorylation, Lats1/2 mutant MEFs
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Figure 4. S112 phosphorylation is required for 14-3-3 binding and cytoplasmic translocation of endogenous YAP induced by contact in-
hibition in cell culture or developmental Hippo signaling in intact tissues. (A) Coimmunoprecipitation assay. Cell lysates of wild-type and
YapS1124/51124 MEFs were immunoprecipitated with a-14-3-3 antibody and immunoblotted with a-YAP antibody. (B) Loss of cell contact-
induced YAP translocation in the Yap3124/51124 MEFs. Wild-type and Yap3?'24/51124 MEFs grown at low or high density were immuno-

stained for endogenous YAP (green) and nuclear dye DAPI (blue). Endogenous YAP shows nuclear-to-cytoplasmic translocation at high

cell density in the wild-type cells but not in the Yap
wild-type and Yap$1124

S112A/S112A

cells. Bar, 50 ym. (C) Immunostaining of YAP in liver sections from
mice. Note the more prominent nuclear localization of YAP in the Yap3'??4 liver compared with the wild-type

liver (arrows). Also note the overall decrease of YAP staining intensity in the YapS?*?4 liver. Tissue sections were processed in parallel

and stained under identical conditions. Bar, 50 pm. (D) Immunostaining of YAP in colon sections from wild-type and Yap
Note the decrease of overall YAP staining and the more prominent nuclear localization in the colonic epithelial cells in Yap

SH2A mice.

S112A mice

compared with the wild-type mice (arrows). Tissue sections were processed and stained under identical conditions. Bar, 50 pm.

also showed a defect in nuclear-to-cytoplasmic transloca-
tion in confluent cultures (Fig. 3F). Thus, S112 phosphor-
ylation is required for cell contact-induced cytoplasmic
translocation of endogenous YAP.

Besides cell-cell contact, we also tested a number of
other conditions that have been reported to induce cyto-
plasmic translocation of YAP. These include actin poly-
merization inhibitor latrunculin B (LatB) (Zhao et al.
2012), GPCR ligand epinephrine (Yu et al. 2012), adenylyl
cyclase activator forskolin (Yu et al. 2013), and ROCK
(rho-associated protein kinase) inhibitor Y-27632 (Dupont
etal. 2011; Wada et al. 2011). While treatment with any of
these agents induced a clear nuclear-to-cytoplasmic trans-
location of endogenous YAP in wild-type MEFs, the mu-
tant YAPS!122 protein remained nuclear in the Yap$1124
MEFs under the same treatment conditions (Supplemen-
tal Figs. S4-S7). Taken together, these results indicate
that S112 phosphorylation is required for not only 14-3-3
binding but also cytoplasmic translocation of endogenous
YAP induced by a wide spectrum of signals ranging
from contact inhibition to disruption of actin cytoskele-
ton. Since YAP cytoplasmic translocation in cultured
cells is widely used as a convenient assay for Hippo sig-
naling, we caution that this cell culture assay per se
does not necessarily predict Hippo-mediated growth regu-
lation in vivo.
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The YapS''?A mice show abnormal subcellular
localization of endogenous YAP in intact tissues
despite the absence of visible developmental
defects

The profound defects in nuclear-to-cytoplasmic transloca-
tion of YAP in the Yap5724 MEFs prompted us to examine
the subcellular localization of the mutant YAPS!'>4 pro-
tein in intact animals. For this purpose, we analyzed
YAP immunostaining in the liver and colon, two tissues
in which the role of Hippo signaling in growth control
has been well characterized (Camargo et al. 2007; Dong
et al. 2007; Zhou et al. 2009; Cai et al. 2010; Lu et al.
2010; Song et al. 2010; Zhou et al. 2011). In the wild-type
liver, YAP is diffusely distributed throughout the
hepatocytes without discernible nuclear accumulation
(Fig. 4C). In contrast, the mutant YAPS!'?2 protein in the
Yap$1124 hepatocytes stains the nuclei more prominently
than the cytoplasm (Fig. 4C). A similar pattern was ob-
served in the colonic epithelial cells, in which the mutant
YAPS'?A protein shows more discernible nuclear staining
compared with the wild-type YAP (Fig. 4D). Given the nor-
mal development of the liver (Fig. 1C,D) and the colon
(Supplemental Fig. S1E,F), the YapS1??4 mice provide
an unprecedented example in which abnormal subcellular
localization of YAP has no visible developmental



Homeostatic control of endogenous YAP activity

consequences (albeit with a very modest effect on gene ex- sue (Fig. 4C,D). This is very different from Sav1 or Mst1/2
pression) (see Fig. 2A). This is in striking contrast to other mutant mice, which display not only nuclear localization
genetic models, such as inactivation of Savl and Mst1/2, of YAP but also an increase in overall YAP intensity (Zhou
in which nuclear localization of YAP correlates with ro- et al. 2009, 2011; Cai et al. 2010; Song et al. 2010). An at-
bust activation of its growth-promoting activity (Zhou tractive possibility is that there may be a compensatory re-
et al. 2009, 2011; Cai et al. 2010; Song et al. 2010). duction of YAP protein levels in the Yap3''?* mice; despite

its nuclear localization and thus enhanced intrinsic tran-
scriptional activity, a reduction in YAPS!22 protein levels
may render the overall YAP activity in the cell close to the
normal levels.

Compensatory reduction of YAP protein levels
in the YapS''** mice

Theresults described above present a conundrum in which To examine this possibility more quantitatively, we an-
nuclear localization of the YAP transcriptional activator alyzed liver lysates by Western blotting. Consistent with
in the Yap$?'?4 animals is not translated into robust acti- our immunostaining results, YAP protein levels were sig-
vation of YAP activity. The first clue to resolving this puz- nificantly lower in mouse livers of the YapS'??4 animals
zle came from analysis of YAP immunostaining in the compared with those from the wild-type littermates (Fig.
Yap$?'24 animals. In our analysis of YAP immunostaining 5A). A similar compensatory reduction of YAPS!!'*4 pro-
in the liver and colon, we noted that besides the more dis- tein levels was also observed in other organs in the
cernible YAP nuclear localization in the mutant tissues, YapS''?4 mice (such as the brain, lung, heart, and spleen)
the overall intensity of YAP staining in the Yap3124 tissue (Fig. 5B,C) as well as the YapS124 MEFs (Fig. 5D). These re-
appears lower than that in the corresponding wild-type tis- sults suggest that the compensatory reduction of YAPS!124A
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Figure 5. Compensatory reduction of YAP protein levels in the YapS'??4 mice. (A) Decreased YAP protein levels in the YapS'?4 livers.

Liver lysates of wild-type, Yap3''?4/*, and Yap®!'24/51124 mice (4 mo old) were probed with the indicated antibodies. The graphs show
quantification of YAP protein and mRNA levels. Note the absence of S112 phosphorylation and the decrease in YAP protein but not
mRNA levels. Values are means = SD. n=3. (*) P<0.05, t-test. (B) Decreased YAP protein levels and increased YAPS3%® phosphorylation
in multiple organs of the Yap$1'? mice (2 mo old). Note that although the p-YAPS3% level was comparable between mutant and wild-type
brains, the ratio of p-YAPS3 relative to total YAP was higher in the mutant due to the dramatic decrease of YAP protein level (see quan-
tification in C).Values are means + SD. n = 3. (C) Quantification of relative YAP protein level (left graph) and P-YAP (S366)/YAP ratio (right
graph) in different organs of wild-type and YapS1?4 mice. Data are mean = SD from three animals of each genotype. (*) P < 0.05, t-test. (D)
Western blot analysis of cell lysates from the wild-type and Yap$!'?4 MEFs.
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protein levels is a general phenomenon across multiple tis-
sue and cell types.

To understand the molecular mechanism underlying
this compensation, we first examined Yap mRNA levels.
The Yap mRNA levels were unchanged in the Yap$?'24 liv-
ers compared with the wild-type littermates (Fig. 5A), sug-
gesting that the reduction in YAPS!!2A protein levels is
mediated by a post-transcriptional mechanism. To investi-
gate this mechanism further, we treated the Yap5'??4 and
wild-type MEFs with the protein synthesis inhibitor cyclo-
heximide (CHX) and compared the half-lives of endoge-
nous YAP protein in the two different cells. This analysis
revealed that the YAP protein was degraded much faster
in the Yap$1'®4 MEFs than in the wild-type MEFs (Fig.
6A). These data suggest that the YAP protein is intrinsical-
ly less stable in the YapS'?4 cells.

YAPS24 induces a compensatory activation of the Hippo
kinase cascade in the YapS''?* mice

Since the best-characterized mechanism of destabilizing
YAP involves its Hippo signaling-responsive phosphode-
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Figure 6. Compensatory decrease of YAP stability and activation of the Hippo kinase cascade in the Yap
endogenous YAPS!124 protein compared with endogenous wild-type (WT) YAP protein. Confluent cultures of wild-type and Yap

++ STI2A/S112A

gron motif (Zhao et al. 2010b), we hypothesized that the
decreased stability of the endogenous YAPS!124 protein
may be due to increased Hippo signaling in the Yap$''24
cells, which should promote phosphorylation of its phos-
phodegron motif and thus induce YAPS!!24 degradation.
In agreement with this hypothesis, phosphorylation of
the phosphodegron site YAPS3%C (corresponding to human
YAPS8!) was significantly increased in mouse livers from
the Yap$?'24 animals compared with those from the wild-
type animals (Fig. 5B,C). This compensatory increase in
YAPS3¢ phosphorylation was observed in not only the liv-
ers but also other organs in the Yap31??4 animals (such as
the brain, lung, heart, and spleen) (Fig. 5B,C) as well as the
Yap$1'4 MEFs (Fig. 5D). Thus, the Yap51??4 animals are
characterized by decreased YAP protein levels and a corre-
sponding increase in YAPS3°° phosphorylation across
multiple tissue and cell types.

Consistent with enhanced Hippo signaling in the
Yap$1124 animals, we found that the protein abundance
of TAZ, a YAP paralog that is destabilized by Hippo signal-
ing through a similar phosphodegron-dependent mecha-
nism (Liu et al. 2010), was dramatically decreased in the
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MEFs were treated with 50 ng/mL CHX for different periods of time and probed with the indicated antibodies. A representative blot is
shown. YAP protein levels were quantified by the LI-COR Odyssey imaging system from three parallel experiments, normalized to actin,

and arbitrarily set as 1 at time 0 in the graph shown at the right. Note that twice as much Yap
cells (*). (B) Western blot analysis of liver protein lysates from wild-type and

adjust for the lower levels of YAP protein in the Yap$!124

S$1124 ce]l lysates were loaded in each lane to

Yap$!'?4 mice. The graphs show quantification of YAP, TAZ, NF2, Mst1, Mst2, Lats1, Lats2, p-Lats, TEAD1-4, and CTGF levels in mu-
tant livers relative to wild-type livers. Data are mean + SD from three animals for each genotype. (*) P <0.05, t-test.
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Yap31?4 livers compared with the wild-type livers (Fig.
6B) even though Taz mRNA levels were normal in the
Yap31?4 livers (Fig. 2A). A similar decrease of TAZ pro-
tein levels was also observed in the Yap3''?4 MEFs (Fig.
5D). These data further support the notion that the in-
creased YAPS3%® phosphorylation and YAP degradation
in the Yap$'24 animals is due to a compensatory increase
in overall Hippo signaling activity rather than any intrin-
sic property of the YAP protein that autonomously biased
the YAPS'!?A protein for phosphorylation on alternative
sites when the S112 site is blocked.

Feedback activation of Hippo signaling protects against
developmental defects in the YapS''** animals

The compensatory activation of Hippo signaling in the
Yap$?'24 animals is reminiscent of negative feedback pre-
viously described in Drosophila, in which increased Yki
activity is accompanied by increased expression of up-
stream Hippo pathway tumor suppressors (Hamaratoglu
et al. 2006). Consistent with a similar negative feedback
being engaged in the YapS''?4 animals, the protein and
mRNA abundance of NF2, Mstl, and Lats2 was increased
in the YapS''®* livers compared with wild-type litter-
mates (Fig. 6B; Supplemental Fig. S2B). In contrast, the ex-
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pression of Latsl, Mst2, and TEAD1-4 were similar
between the YapS1??4 and wild-type livers (Fig. 6B). The
protein abundance of CTGF is modestly increased in the
Yap31?4 livers (Fig. 6B), consistent with the mild increase
of Ctgf mRNA expression in the Yap3''® livers (Fig. 2A).

To investigate the functional significance of this nega-
tive feedback, we engineered Yap3'?4 mice with acute in-
activation of NF2 in the adult liver induced by Ad-Cre
injection. It had been reported previously that loss of
NF2 in the adult liver results in very mild phenotypes
manifested as focal periportal BEC hyperplasia even 8
mo after Ad-Cre injection (Benhamouche et al. 2010). In-
terestingly, although the Yap5??4 mutation does not dis-
play any visible developmental defects by itself, it greatly
enhanced the Nf2-deficient phenotypes in adult livers.
Two months after Ad-Cre injection, all of the Ad-Cre;
Nfoflox/flox. yqpS1124 mice developed massive bile duct
hamartomas (n = 5) with greatly enlarged liver size, where-
as none of the matched Ad-Cre; Nf2/™o¥/ X mice devel-
oped macroscopically visible hamartomas (Fig. 7A).
Histological analysis revealed massive islands of prolifer-
ating CK-positive BECs in the Ad-Cre; Nf2/lox/flox,
Yap$''24 livers, in contrast to the mild focal proliferation
of BECs in the matched Ad-Cre; Nf2/°*/f°x Jivers (Fig. 7B).
Interestingly, although the YAP protein levels were lower

Figure 7. Feedback activation of Hippo signaling
protects against developmental defects in the
YapS''?4 animals. (A) Gross appearance of livers
and quantification of liver/body weight ratio of
Nfgﬂox/f]ox and Nfgf]ox/floxl_ YapSHZA/SHZA mice 8 wk
after Ad-Cre injection. Data are mean + SD from five
animals of each genotype. (*) P<0.05, t-test. Bar, 1
cm. (B) H&E, pan-CK, and phospho-Histone H3
(PH3) staining of liver sections from Nf2o¥/flox and
Nfofloxiflox, yqpS112A/STI2A Jittermates 8 wk after Ad-
Cre injection. Note the increased BEC proliferation
in Nfp/lox/flox, yqpS112A/S1124 mytant livers compared
with those of Nf2/™*/flox mutant livers. Bar, 100 pm.
(C) Western blot analysis of liver protein lysates
from wild-type, YapS1124/S1124 - Nfoflox/flox  anq
Nfofloxlflox, yqpST12AISTI2A mice 9, mo after Ad-Cre in-
jection. The graph shows quantification of YAP rela-
tive to tubulin from the four genotypes. Data are
mean = SD from three animals for each genotype. (*)

P <0.05, t-test.
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in the Yap3''?4 animals compared with wild-type ani-

mals, the difference in YAP protein levels between the
two genotypes was greatly diminished after Ad-Cre-in-
duced Nf2 gene deletion (Fig. 7C), supporting our model
that activation of Hippo signaling contributes to the com-
pensatory decrease of YAP protein abundance in the
Yap$1*?4 mice. Thus, although the Yap31??4 mice do not
show any visible developmental defects due to feedback
activation of Hippo signaling, removing a critical Hippo
signaling component can compromise this negative feed-
back and thus genetically “expose” the oncogenic poten-
tial of the YAPS!'?2 protein.

Discussion

Recent mouse genetic studies using conditional loss-of-
function and gain-of-function approaches have implicated
the Hippo signaling pathway as a potent regulator of tissue
growth, regeneration, and stem cell biology in mammals
(Zeng and Hong 2008; Pan 2010; Zhao et al. 2010a; Halder
and Johnson 2011; Barry and Camargo 2013; Piccolo et al.
2013). Thus, it has been puzzling why loss-of-function
mutations in tumor suppressor components of the Hippo
pathway or gain-of-function mutations in the oncoprotein
YARP are relatively rare from comprehensive surveys of hu-
man cancer genomes. Our analysis of an endogenously ac-
tivating mutation in YAP, which abolishes YAP-14-3-3
interactions and cyoplasmic translocation of YAP under
multiple cell culture conditions and developmental con-
texts, provides at least one possible explanation. We sug-
gest that increased YAP activity leads to compensatory
activation of Hippo kinase cascade, which in turn results
in decreased YAP protein levels due to phosphorylation of
a mammalian-specific phosphodegron site. We suggest
that such a feedback provides an intrinsic mechanism to
maintain homeostatic levels of YAP activity in a cell
and may therefore mask the phenotypic consequences of
DNA mutations that would otherwise result in increased
YAP activity.

Negative feedback regulation of upstream pathway
components is a common feature of many signaling path-
ways that is generally believed to contribute to the steadi-
ness and robustness of cell signaling in vivo (Stelling et al.
2004). The homeostatic mechanism that we uncovered in
mammalian Hippo signaling is conceptually similar to
that previously described in Drosophila, in which in-
creased Yki activity is accompanied by increased tran-
scription of upstream Hippo pathway tumor suppressors
such as Kibra, Expanded, Crumbs, and Four-jointed (Cho
et al. 2006; Hamaratoglu et al. 2006; Genevet et al. 2009,
2010). Indeed, we previously observed increased ex-
pression of multiple Hippo pathway components in a
transgenic mouse model with liver-specific YAP overex-
pression (Dong et al. 2007). Although negative feedback
appears to be a common feature of the Hippo signaling
network in diverse animals, our study highlights a critical
difference in the extent to which such negative feedback
contributes to the homeostatic regulation of Yki/YAP ac-
tivity in Drosophila versus mammals. While the Yap51124
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mice are phenotypically normal under physiological con-
ditions (albeit with a modest effect on YAP target gene ex-
pression), mutations surrounding the analogous site in
endogenous yki results in obvious gain-of-function pheno-
types (overgrowth and homozygous lethality) in Droso-
phila (Zhao et al. 2007), and a transgene expressing the
analogous YkiS'®®* mutant of Yki (but not wild-type
Yki) close to its physiological levels results in tissue over-
growth and fly lethality (Dong et al. 2007). Thus, it ap-
pears that the negative feedback triggered by the
YapS'??4 mutation is robust enough to protect the mice
from developmental abnormalities, whereas negative
feedback triggered by similar mutations in Yki cannot
do so in Drosophila. These findings further add to the evo-
lutionary divergence of pathway regulation between Dro-
sophila and mammals despite the evolutionary
conservation of many core components of the Hippo path-
way (Bossuyt et al. 2014).

Nuclear accumulation of YAP is widely used as a surro-
gate of YAP activation in both the characterization of sig-
naling events related to YAP regulation and the analysis of
cancer samples. As we showed in this study, however, nu-
clear localization per se in either cultured cells or intact
tissues is insufficient to predict increased YAP activity
at a cellular level. Therefore, cellular YAP activity must
be gauged by a combination of its nuclear localization
and protein levels within a cell, perhaps ideally by assays
for YAP transcriptional activity. We suggest that overex-
pression of YAP, instead of nuclear localization of YAP
alone, may be more relevant to tumorigenesis. This is
consistent with the identification of YAP gene amplifica-
tion and the widespread YAP overexpression in human
cancers (Overholtzer et al. 2006; Zender et al. 2006;
Steinhardt et al. 2008). Understanding the genetic and epi-
genetic control of YAP gene expression in normal and
pathological conditions as well as the mechanisms under-
lying the homeostatic control of YAP activity may shed
light on how cancer cells manage to overcome this intrin-
sic homeostatic control of YAP activity in the course of
tumorigenesis.

Materials and methods

Mouse genetics

A targeting vector containing the first two exons of the Yap gene
was generated by recombineering as described previously (Liu
et al. 2003). The TCC codon (encoding Ser112) located on exon 2
was mutated into the GCC codon (encoding Ala) by site-directed
mutagenesis. A Lox-Stop-Lox cassette containing the NLS-p-geo
coding region under the CMV enhancer/chicken f-actin promoter
(provided by Dr. Jeremy Nathans, Johns Hopkins University
School of Medicine) was inserted between exon 1 and exon
2. Transformed embryonic stem cell colonies were screened by
long-template PCR with the following primer sets: PKI5F (5'-
GATCCAGTTATCATAGCAAGTGTGTTCTCAATTTAAAG
GC-3') and PKI5R (5-CTAGTCAATAATCAATGTCGACag-
tAAGCTtGCGGAACCC -3') to generate a 4.5-kb band for posi-
tive clones and PKI3F (5-TCTTATCATGTCTGGATCCA
CTAGTTCTAGCTAGTCTAGGTCGAC-3') and PKI3R (5'-GC
ACCAAAAGCTGTTGTCTCCTACTCAGTCAGGAAGATGT



TAACA-3') to generate a 4.4-kb band for positive clones. Success-
fully targeted embryonic stem cell clones (confirmed by both 5’
PCR and 3’ PCR) were microinjected into C57BL/6 blastocysts.
Germline transmission from generated chimeric offspring was
confirmed by long-template PCR. Mice carrying the targeted
allele were bred to CMV-Cre transgenic mice (provided by
Dr. Jeremy Nathans, Johns Hopkins University School of Medi-
cine) to remove the Lox-Stop-Lox cassette and generate the Yap
S§112A mice. Genomic DNA extracted from tail biopsies were gen-
otyped with a PCR primer set (PKI1, 5-GAACTTGCTTTAGGC
TAAAG-3; and PKI2, 5-GAGTTTATTTAGCCGAGCAG-3)
that generated a 258-base-pair (bp) band from the wild-type allele
and a 336-bp band from the S112A allele.

Lats1 mutant and Taz"* mice have been described (Xin et al.
2013; Yabuta et al. 2013). Nf2"**and Yap™* mice were described
previously (Zhang et al. 2010). To generate the Lats2** allele, a
targeting vector containing exons 5 and 6 of Lats2 was generated
by recombineering as described previously (Liu et al. 2003). Gene
targeting in embryonic stem cells was screened by long-template
PCR with the following primer sets: PL5F (5-AGGCTTCCCG
TGGTAAACGAGGACATTGTAAGGGCTTCCCGAGGG-3')
and P5LR (5-TTAAGGGTTATTGAATATGATCGGAATTGG
GCTGCAGGAA-3') to generate a 4.4-kb band for positive clones
and P3LF (5-GCTCTATGGCTTCTGAGGCGGAAAGAAC
CAGCTGGGGCTCGAC-3') and P3R (5-GGTCCTCAGAGGG
CTAATTTGAAATCATGTTGACTCTTCCTGTTG-3') to gen-
erate a 4.5-kb band for positive clones (Supplemental Fig. S3A,
B). Successfully targeted embryonic stem cell clones were micro-
injected into C57BL/6 blastocysts. Germline transmission from
the chimeric founders was confirmed by PCR analysis. Mice car-
rying the targeted allele were bred to Flp recombinase transgenic
mice to remove the FRT-flanked Neo cassette and generate
the Lats2/°% allele. Genomic DNA extracted from tail biopsies
were genotyped with a PCR primer set (PL1, 5-GAACTACT
GAAATACTAACTAGAT-3; PL2, 5-GTCTTTGGCTAGAGAA
CTTTCTG-3; or PL3, 5-CCAGGTTGGACTAGGTCTAAAGA
CATGAG-3') that generated a 252-bp band from the wild-type al-
lele, a 356-bp band from the floxed allele, and a 550-bp band from
the knockout allele.

Ad-Cre was injected into 3-wk-old wild-type, Latsl ™/~
Latszflox/f]oxl or Latsl_/_; LatSQﬂOX/ﬂOX; Yapﬂox/ﬂux; Tazﬂox/f]ox
mice at 2 x 10° pfu per milliliter in 0.15 mL of sterile saline via
retro-orbital sinus using a 30-gauge needle and analyzed at the
indicated time points afterward. A similar amount of Ad-Cre
was injected into 8-wk-old Nf2/lox/flox and Nfoflox/flox, yapS1124
littermates. For DEN treatment, 2-wk-old mice received a one-
time intraperitoneal injection of DEN at a dose of 25 pg per
gram of body weight. The animals were analyzed 6.5 mo after
DEN treatment.

Immunofluorescence staining

MEFs were isolated from embryonic day 12.5 (E12.5) wild-type
and YapS'124/S1124 embryos and grown in DMEM (Invitrogen)
supplemented with 10% fetal bovine serum and 50 ng/mL peni-
cillin/streptomycin. Cells were maintained in a 37°C incubator
at 5% CO,. The Yap3''?4 and wild-type MEFs were cultured in
six-well plates to confluence and trypsinized. Equal numbers of
the YapS''24, Lats1/2 mutant and wild-type MEFs (5 x 10* for
low density and 5 x 10° for high density) were plated into each
well of a four-well Lab-Tek IT chamber slide (Thermo Scientific)
and incubated for 24 h at 37°C. Cells were treated with different
chemicals (epinephrine, forskolin, LatB, or Y-27632) at the
indicated doses and times. Cells were fixed with 4% paraformal-
dehyde for 15 min and then permeabilized with 0.3% Triton
X-100. After blocking in 5% goat serum for 1 h, slides were incu-
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bated with anti-YAP antibody (1:300 dilution; Novus) diluted in
5% goat serum overnight at 4°C. After washing with PBS, slides
were incubated with Alexa fluor 488-conjugated secondary anti-
bodies (1:1000 dilution) for 1 h. The slides were incubated with
DAPI (1:1000 dilution) for 5 min, washed, and mounted.

Quantitative real-time PCR (qPCR)

Total cellular or liver RNA was extracted using TRIzol reagent
(Invitrogen). RNA was reverse-transcribed using iScript cDNA
synthesis kit (Bio-Rad). qPCR was performed using the iQ SYBR
Green supermix (Bio-Rad) on a iQ5 multicolor real-time PCR
detection system (Applied Biosystems). qPCR was done in tripli-
cate using Gapdh as a housekeeping control. Relative differences
in the expression of the candidate genes in different experimental
mouse livers were determined using 2724t method (Livak and
Schmittgen 2001). The primer sequences used are available on
request.

Histological analysis and immunostaining

Mouse liver and intestinal tissues were fixed overnight in 10%
neutral buffered formalin solution (Sigma), embedded in paraffin,
and sectioned at 5 pm. Sections were stained with hematoxylin—
eosin for histologic examination or with Sirius Red to visualize
fibrosis. For BrdU labeling, mice were injected with BrdU at
30 pg per gram of body weight 2 h prior to dissection. Primary an-
tibodies used for immunofluorescence were rabbit anti-pan-CK
(1:500; DAKO, Z0622) and rabbit anti-YAP (1:100; Novus Biolog-
icals). Cy3-conjugated goat anti-mouse (1:250) and Alexa488-con-
jugated goat anti-rabbit (1:250; Molecular Probes) secondary
antibodies were used for immunofluorescence. Immunohisto-
chemistry staining was performed on paraffin sections using a
Vectastain ABC kit according to manufacturer’s instructions
(Vector Laboratories). Primary antibodies used for immunohisto-
chemistry were mouse anti-BrdU (1:100; Developmental Studies
Hybridoma Bank), rabbit anti-YAP (1:100; Cell Signaling), rabbit
anti-P-YAP (1:400; Cell Signaling), anti-Ki67 (1:1000; Novocas-
tra), anti-phospho-Histone H3 (1:400; Millipore), and anti-cleaved
Caspase-3 (1:100; Cell Signaling).

Mouse colonic crypts were isolated as described (Cai et al.
2010). In brief, colons at ~1 cm away from the anus were cut lon-
gitudinally and incubated in PBS with 5 mM EDTA for 15 min at
37°C. Crypts were released by vigorous shaking. The width of
crypts was measured in AxioVision release 4.8.

Protein lysate, Western blot analysis,
and coimmunoprecipitation

Cells or tissues were lysed in RIPA buffer (150 mM sodium chlo-
ride, 50 mM Tris-HCl at pH 7.4, 1% NP-40, 0.5% sodium deoxy-
cholate, 0.1% SDS, 1 mM PMSF) with protease inhibitors
(Roche). The proteins were separated on SDS—polyacrylamide
gels and transferred onto PVDF membranes (Millipore). The blots
were probed with antibodies against YAP (Cell Signaling, #4912),
phospho-YAP (Ser112; Cell Signaling, #4911), phospho-YAP
(Ser366; Cell Signaling, #13619), Lats1 (Cell Signaling, #3477),
Lats2 (Cell Signaling, #13646), Mst1 (Cell Signaling, #ab51134),
NF2 (Sigma, HPA003097), Mst2 (Epitomics, 1943-1), CTGF (San-
ta Cruz Biotechnology, sc-14939), a-tubulin (Developmental
Studies Hybridoma Bank, 12G10), PAN-TEAD (Cell Signaling,
#13295), MOBI (Cell Signaling, #3863), phospho-MOB1 (Cell Sig-
naling, #8699), YAP, and TAZ (Cell Signaling, #8418) and normal-
ized by Actin (Millipore, MAB1501). Signals were detected and
quantified by a LI-COR infrared imaging system. The antibodies
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used for coimmunoprecipitation were 14-3-3 (Santa Cruz Bio-
technology, sc-732) and YAP (Novus Biologicals, NB110-58358).

CHX treatment and cell migration assay

Cells were plated at 3 x 10° per well in six-well plates and cultured
for 24 h. CHX (50 pg/mL) was added to block new protein synthe-
sis. Cell lysates were collected in 1x sample buffer at the indicat-
ed time points and analyzed by immunoblotting with antibodies
against YAP, P-YAP-S112, and actin. Signal intensities were mea-
sured by the LI-COR Odyssey imaging system.

Wild-type, Yap$1124/51124 and Lats1/2 mutant MEFs were plat-
ed onto six-well plates and allowed to form a confluent monolay-
er. The cell monolayer was then scratched in a straight line to
make a “scratch wound” with a 0.2-mL pipette tip. Pictures of
the closure of the scratch were captured at 0, 10, and 24 h.
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