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YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) are major downstream
effectors of the Hippo pathway that influences tissue homeostasis, organ size, and cancer development. Aberrant
hyperactivation of YAP/TAZ causes tissue overgrowth and tumorigenesis, whereas their inactivation impairs tissue
development and regeneration.Dynamic and precise control of YAP/TAZ activity is thus important to ensure proper
physiological regulation and homeostasis of the cells. Here, we show that YAP/TAZ activation results in activation
of their negative regulators, LATS1/2 (large tumor suppressor 1/2) kinases, to constitute a negative feedback loop of
the Hippo pathway in both cultured cells and mouse tissues. YAP/TAZ in complex with the transcription factor
TEAD (TEA domain family member) directly induce LATS2 expression. Furthermore, YAP/TAZ also stimulate the
kinase activity of LATS1/2 through inducing NF2 (neurofibromin 2). This feedback regulation is responsible for the
transient activation of YAP upon lysophosphatidic acid (LPA) stimulation and the inhibition of YAP-induced cell
migration. Thus, this LATS-mediated feedback loop provides an efficientmechanism to establish the robustness and
homeostasis of YAP/TAZ regulation.
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Yes-associated protein (YAP) and transcriptional coacti-
vator with PDZ-binding motif (TAZ; also known as
WWTR1) play pivotal roles in regulating cell proliferation,
survival, and differentiation; organ development; regener-
ation; and stem cell biology (Barry and Camargo 2013;
Johnson and Halder 2014; Mo et al. 2014; Piccolo et al.
2014). YAP and TAZ share ∼50% amino acid sequence
identity with a similar domain organization, each con-
taining a TEAD (TEA domain family member)-binding
domain, a WW domain, and a C-terminal transactivation
domain. YAP and TAZ are transcriptional coactivators
that shuttle between the cytoplasm and the nucleus,
where they associate with several transcription factors—
mainly TEAD transcription factors (Zhao et al. 2008).
The YAP/TAZ–TEAD complex activates expression of
target genes involved in cell proliferation and survival
(Varelas 2014).
The activity of YAP/TAZ is largely regulated through a

phosphorylation-dependent inhibition mechanism by the

Hippo pathway, which was initially identified through
genetic mutant screens for tumor suppressors in Droso-
phila melanogaster (Pan 2010). In mammals, the core
components of the Hippo pathway consist of mammalian
STE20-like protein kinase 1 (MST1; also known as STK4)
andMST2 (also known as STK3)—the mammalian homo-
logs of Hippo in D. melanogaster—as well as large tumor
suppressor 1 (LATS1) and LATS2.When the pathway is ac-
tivated, MST1/2 phosphorylate and activate the LATS1/2
kinases, which in turn directly phosphorylate YAP/TAZ
on multiple serine residues, leading to cytoplasmic reten-
tion of YAP/TAZ via a 14-3-3 interaction (Oh and Irvine
2010). Furthermore, phosphorylation of YAP/TAZ by
LATS1/2 primes YAP/TAZ for subsequent phosphory-
lation events by casein kinase 1 (CK1), resulting in recruit-
ment of β-transducin repeat-containing proteins (β-TRCP;
the F-box protein subunit of the SCFβ-TRCP ubiquitin–
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ligase complex) and consequent degradation by the ubiq-
uitin–proteasome pathway (Zhao et al. 2010). Inhibition
of YAP/TAZ represents the major functional output of
the Hippo pathway.

Although the core components of the Hippo pathway
are well characterized, the upstream regulators of this
pathway are just beginning to be delineated. Previous
studies revealed a general role of G-protein-coupled recep-
tors (GPCRs) as prime regulators of Hippo signaling,
where LATS1/2 kinases are acutely inhibited by the extra-
cellular hormones, such as lysophosphatidic acid (LPA)
and sphingosine-1-phosphate (S1P) (Park and Guan 2013;
Wackerhage et al. 2014). In addition to hormonal regula-
tion, several properties of tissue architecture, such as api-
cal–basal polarity, planar cell polarity, and various types
of cell–cell junctions, have been implicated inHippo path-
way regulation (Enderle and McNeill 2013; Thompson
et al. 2013). Moreover, studies have revealed that YAP/
TAZ are regulated bymechanical cues, such as extracellu-
lar matrix (ECM) stiffness and traction forces exerted by
neighboring cells (Halder et al. 2012; Low et al. 2014).

Aberrant hyperactivation of YAP/TAZ causes tissue
overgrowth and confers principal cancer features, such
as epithelial–mesenchymal transition (EMT), increased
migration and potential for metastasis, and cancer stem
cell properties (Harvey et al. 2013; Moroishi et al. 2015).
In contrast, inactivation of YAP/TAZ impairs tissue de-
velopment, stem cell function, and regeneration (Barry
and Camargo 2013; Mo et al. 2014). Therefore, strict and
dynamic control of YAP/TAZ activity is essential for
proper proliferative cellular response to ensure tissue ho-
meostasis. However, regulatory mechanisms involved in
the dynamic control of YAP/TAZ activity following sig-
nal perturbation have been poorly understood.

Cell-intrinsic negative feedback loops generally play
important roles in establishing robustness to bring sys-
tems back to their initial equilibrium states. In D. mela-
nogaster, Yorkie (the fly homolog of YAP/TAZ) was
found to induce its negative regulators, including ex-
panded, merlin, four-jointed, and kibra, to provide a pos-
sible negative feedback onto itself during developmental
growth control (Cho et al. 2006; Hamaratoglu et al.
2006; Genevet et al. 2010). However, the biological signif-
icance of this potential negative feedback regulation had
not been fully explored. Furthermore, although the evolu-
tionary conservation of the Hippo pathway is extensive,
most components of the Hippo pathway have multiple
mammalian homologs, conferring additional complexity
and divergence in the mammalian Hippo pathway (Bos-
suyt et al. 2014).

In this study, we reveal a feedback loop between YAP/
TAZ and LATS inmammalian cells. YAP/TAZ activation
leads to induction of their negative regulators, LATS1/2
kinases, to subsequently restrict YAP/TAZ activity.
This feedback regulation plays an important role in termi-
nating LPA-induced YAP activation as well as inhibiting
cell migration upon YAP activation. Our results indicate
that the LATS-mediated feedback architecture contrib-
utes to the robust and dynamic regulations of YAP/TAZ
activity.

Results

Mutual inhibition between YAP and TAZ by
a mechanism dependent on TEAD-mediated
transcription

Because the Hippo pathway controls tissue homeostasis
and organ size, it must be tightly regulated by extracel-
lular signals as well as internal feedback mechanisms.
Convincing studies have revealed that this pathway is reg-
ulated by cell density, extracellular signaling, and mecha-
notransduction. We hypothesized that there may be a
mechanism that monitors the total output of YAP/TAZ
activity with a feedback control for the pathway. Interest-
ingly, we found that YAP negatively regulates its paralog,
TAZ, in vivo. TAZ accumulated in the liver of YAP con-
ditional knockout (cKO) mice (Fig. 1A). We observed sig-
nificant accumulation as well as nuclear localization of
TAZ in the livers and intestines of YAP cKO mice (Fig.
1B). In MCF10A mammary epithelial cells, depletion of
endogenous YAP by shRNA increased the amount of
endogenous TAZ, whereas overexpression of YAP(5SA)
(an active mutant of YAPwith all five LATS phosphoryla-
tion sites mutated to alanine, thereby unresponsive to
inhibition by the LATS kinase) decreased TAZ levels
(Fig. 1C). We confirmed the specificity of YAP shRNA,
as re-expression of YAP prevented TAZ accumulation
in YAP knockdown MCF10A cells (Supplemental Fig.
S1A). These observations suggest that cells have an intrin-
sic mechanism to maintain total output/activity of the
Hippo pathway.

Next, we investigated whether YAP regulates TAZ in a
manner dependent on its transcriptional activity. TEAD
is the major YAP-associated transcription factor, and its
binding to YAP requires the Ser94 residue in YAP (Zhao
et al. 2008). Mutating Ser94 abolished the ability of YAP
(5SA) to suppress TAZ (Fig. 1D). Consistently, shRNA-
mediated depletion of endogenous TEAD1/3/4 (Supple-
mental Fig. S1B) attenuated the effect of YAP(5SA) on
TAZ (Fig. 1E), suggesting that the protein abundance of
TAZ is negatively regulated by YAP-induced TEAD tran-
scriptional activity rather than YAP protein abundance.
We confirmed the specificity of TEAD1/3/4 shRNA,
as re-expression of TEAD1 restored YAP(5SA)-induced
TAZ reduction in TEAD1/3/4 knockdown MCF10A cells
(Supplemental Fig. S1C).We examinedwhether TAZmay
reciprocally inhibit YAP. Indeed, overexpression of the
active mutant TAZ(4SA), but not the TEAD-binding-de-
fective mutant TAZ(4SA/S51A), in MCF10A cells also re-
pressed endogenous YAP levels (Fig. 1F). Together, these
results suggest that YAP and TAZ negatively regulate
each other’s protein abundance through a mechanism re-
quiring TEAD-mediated transcription.

We explored the mechanism of this mutual inhibi-
tion between YAP and TAZ by measuring their mRNA
levels. Surprisingly, the mRNA abundance of TAZ
showed little change in YAP(5SA)-overexpressing cells
(Supplemental Fig. S1D). Similarly, YAP transcription
was not altered in TAZ(4SA)-overexpressing cells (Supple-
mental Fig. S1E). These data suggest that YAP/TAZ
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negatively regulate each other’s protein abundance at a
post-transcriptional level. To test this, we measured the
stability of endogenous YAP in TAZ(4SA)-overexpressing

MCF10A cells cultured in the presence of the protein syn-
thesis inhibitor cycloheximide (Fig. 1G). The half-life of
YAP was substantially decreased in cells overexpressing

Figure 1. YAP and TAZ negatively regulate each other via TEAD-mediated transcription. (A) TAZ accumulates in the livers of YAP
knockout mice. Immunoblot (IB) analysis of liver extracts from control and liver-specific YAP cKOmice with antibodies to the indicated
proteins is shown. n = 3mice per group. (B) TAZ accumulates in YAP-deficient tissues. Immunohistochemical (IHC) staining of TAZwas
performed on paraffin-embedded liver and intestine tissues from control and liver- or intestine-specific YAP cKOmice. Shown at the bot-
tom right are higher magnifications of the indicated boxed regions. (C ) The abundance of TAZ is inversely regulated by YAP expression.
MCF10A cells stably expressing Myc-YAP(5SA), shRNA specific for YAP, or control vector were subjected to immunoblot analysis. (D)
TEAD-binding of YAP is required for YAP-induced TAZ reduction. MCF10A cells with Myc-YAP(5SA), Myc-YAP(5SA/S94A), or control
vector overexpression were subjected to immunoblot analysis. (E) TEADs are required for YAP-induced TAZ reduction. MCF10A cells
stably expressing Myc-YAP(5SA) (or control vector) were infected with lentiviruses encoding shRNAs specific for TEAD1/3/4. Immuno-
blot analysis was performed with the indicated antibodies. (F ) Active TAZ decreases YAP. MCF10A cells were infected with retroviruses
encoding Flag-TAZ(4SA) or Flag-TAZ(4SA/S51A) or with empty retrovirus (control). Cell lysates were immunoblotted with the indicated
antibodies. (G) TAZ facilitates YAP degradation. MCF10A cells infected as in F were exposed to 100 μg/mL cycloheximide for the indi-
cated times and then subjected to immunoblot analysis. The percentage of YAP remaining after the various incubation times was quan-
titated by image analysis. (l.e.) Long exposure. (H) Inhibition of proteasomal degradation blocksmutual regulation betweenYAP andTAZ.
MCF10A cells stably expressing the indicated constructs were exposed to 10 μMproteasome inhibitorMG132 for 10 h and then subjected
to immunoblot analysis. See also Supplemental Figure S1.
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TAZ(4SA) compared with that in control cells. YAP de-
stabilization appears to require TEAD-dependent tran-
scription activity, as YAP was not destabilized in cells
expressing TAZ(4SA/S51A). Furthermore, the effect of
YAP overexpression on the protein abundance of TAZ
and vice versa was attenuated when proteasome function
was inhibited by MG132 (Fig. 1H). Thus, these observa-
tions indicate that the reciprocal negative regulation
between YAP and TAZ requires TEAD-dependent tran-
scription and proteasomal degradation.

YAP and TAZ induce LATS kinase

A prior study in D. melanogaster revealed a codependent
regulatory relationship between Yorkie (the fly homolog
of YAP/TAZ) and dMyc (encoded by the diminutive
gene) in which Yorkie induces dMyc transcription, which
in turn represses Yorkie expression (Neto-Silva et al.
2010). However, the mRNA abundance of MYC was not
increased, but rather decreased, in YAP(5SA)- or TAZ
(4SA)-overexpressing MCF10A cells (Supplemental Fig.
S2A), suggesting that the reciprocal inhibitory relation-
ship between YAP and TAZ is unlikely to be mediated
by MYC.

As the protein stability of YAP/TAZ is regulated
through phosphorylation by LATS1/2 kinases (Zhao
et al. 2010), we examined the phosphorylation status of
endogenous YAP in TAZ(4SA)-overexpressing MCF10A
cells. YAP phosphorylation was dramatically increased
in cells overexpressing TAZ(4SA) compared with those
in control or TAZ(4SA/S51A)-overexpressing cells, as in-
dicated by a decreased mobility of YAP on phos-tag SDS-
PAGE (Fig. 2A). We further investigated whether YAP/
TAZ overexpression affects the protein abundance and/
or activity of endogenous LATS1/2. Whereas the amount
of LATS1 remained unchanged, the protein abundance of
LATS2 as well as phosphorylation levels of LATS1/2 at
their hydrophobicmotif (HM; an indicator of LATS kinase
activity) were dramatically increased by active YAP/TAZ
overexpression (Fig. 2B).

Because human LATS1 and LATS2 have similar appar-
entmolecularweights, theywere not resolved by the SDS-
PAGE gel. Therefore the phospho-LATS antibody detect-
ed the combined phosphorylation signals of both LATS1
and LATS2. To further evaluate activating phosphoryla-
tion of LATS1/2 individually, we immunoprecipitated
endogenous LATS1 or LATS2 fromMCF10A cells and ex-
amined the phosphorylation levels of their activation
loop (AL) and HM, both of which correlate with LATS ki-
nase activity (Hergovich 2013). Immunoblot analysis re-
vealed that activating phosphorylation of both LATS1
and LATS2 were markedly increased in cells overexpress-
ing TAZ(4SA) (Fig. 2C), suggestive of increased LATS1/2
kinase activity in these cells. Indeed, in vitro kinase assay
revealed that the kinase activity of endogenous LATS1
was substantially increased in TAZ(4SA)-overexpress-
ing MCF10A cells (Fig. 2D). These results indicate that
YAP and TAZ not only increase the amount of LATS2
but also stimulate the intrinsic kinase activity of both
LATS1 and LATS2.

Consistentwith the observed LATS1 and LATS2 activa-
tion, phosphorylation of angiomotin (AMOT) at Ser175,
a known direct substrate site for LATS1/2 kinases
(Adler et al. 2013; Chan et al. 2013; Dai et al. 2013; Hirate
et al. 2013), was increased in TAZ(4SA)-overexpressing
MCF10A cells (Fig. 2E). Moreover, the protein abundance
of AMOT was also increased without a corresponding
effect on the amount of AMOT mRNA (Supplemental
Fig. S2B). These results are consistent with the previous
observation that LATS-dependent phosphorylation sta-
bilizes AMOT (Adler et al. 2013). We also determined
endogenous YAP localization in TAZ(4SA)-expressing
cells. As expected, TAZ(4SA) overexpression caused a
dramatic alteration of YAP subcellular distribution in
MCF10A cells (Fig. 2F). There was much more cytoplas-
mic YAP and less nuclear YAP in the TAZ(4SA)-express-
ing cells than the control or TAZ(4SA/S51A)-expressing
cells. Together, our data show that TAZ(4SA) overexpres-
sion not only increases endogenous LATS1/2 kinase activ-
ity but also elevates phosphorylation of the physiological
LATS1/2 substrates YAP and AMOT. Based on the above
data, we conclude that YAP/TAZ–TEAD-mediated tran-
scription increases LATS2 protein abundance as well as
the kinase activity of both LATS1 and LATS2, therefore
constituting a potential negative feedback loop.

YAP/TAZ and TEAD directly regulate LATS2
transcription

As YAP/TAZ–TEAD-mediated transcription is found to
increase the amount of LATS2, we hypothesized that
YAP/TAZ and TEAD might induce LATS2 transcription.
Indeed, the amount of LATS2 mRNA, but not that of
LATS1 mRNA, was substantially increased in MCF10A
cells overexpressing active YAP or TAZ (Fig. 3A; Supple-
mental Fig. S3A). Conversely, shRNA-mediated depletion
of endogenous YAP resulted in down-regulation of LATS2
transcript (Fig. 3B; Supplemental Fig. S3B).

Both YAP and TAZ can be potently dephosphoryl-
ated and activated by serum (Yu et al. 2012). As expected,
serum stimulation induced YAP dephosphorylation
as determined by immunoblotting using an antibody
specific to YAP phosphorylated at Ser127 (a direct
LATS1/2 phosphorylation site responsible for cytoplas-
mic localization of YAP) and differential migration on
phos-tag-containing gels (Fig. 3C, left). Consistent with
a positive role of YAP in LATS2 transcription, we found
that the amount of LATS2mRNAwas increased by serum
(Fig. 3C, right), supporting a role for endogenous YAP in
LATS2 transcription regulation. Thus, these data sug-
gest a physiological role of YAP in promoting LATS2
transcription.

We then investigated whether LATS2 is a direct tran-
scriptional target of the YAP–TEAD complex. We iden-
tified three putative TEAD-binding sequences in the
humanLATS2 promoter region and cloned theLATS2 pro-
moter into a luciferase reporter plasmid to evaluate its re-
sponsiveness to YAP and TEAD. Expression of YAP in
HEK293A cells markedly increased LATS2 luciferase re-
porter activity in a concentration-dependent manner,
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and this activation was further enhanced by coexpression
of TEAD1 (Fig. 3D). Chromatin immunoprecipitation
(ChIP) using anti-YAP or anti-TEAD1 antibodies revealed
that endogenous YAP and TEAD1 both specifically asso-
ciated with the LATS2 promoter in MCF10A cells (Fig.
3E). No significant association of YAP or TEAD1 with a

nonpromoter control region (CR) of the LATS2 gene or
the LATS1 promoter was detected. CTGF (connective tis-
sue growth factor), a known direct target gene of the YAP–
TEAD complex (Zhao et al. 2008), and GAPDH (glyceral-
dehyde 3-phosphate dehydrogenase) were used as a posi-
tive and negative control, respectively. Together, our

Figure 2. YAP and TAZ activate LATS1/2 kinases. (A) TAZ increases YAP phosphorylation. Cell lysates from the same experiment
shown in Figure 1F were analyzedwith the phos-tag electrophoresis for assessment of YAP phosphorylation status. (B) YAP/TAZ increase
the protein abundance of LATS2 and phosphorylation levels of LATS1/2 at their HM. Cell lysates from the same experiment shown in
Figure 1D (left) or 1F (right) were subjected to immunoblot (IB) analysis. (C ) YAP/TAZ increase the activating phosphorylation of
LATS1/2 at their HM and activation loop (AL). MCF10A cells were infected with retroviruses encoding Flag-TAZ(4SA) or Flag-TAZ
(4SA/S51A) or with empty retrovirus (control). Cell lysates were then subjected to immunoprecipitation (IP) and immunoblot analysis.
The asterisk indicates a nonspecific band. (D) TAZ activates LATS1 kinase activity. Endogenous LATS1 was immunoprecipitated
from MCF10A cells infected as in C. The resulting immunoprecipitates were subjected to in vitro kinase assay. (E) Angiomotin
(AMOT) is phosphorylated and accumulated by TAZ overexpression. MCF10A cells infected as inCwere subjected to immunoblot anal-
ysis. (F ) Active TAZ promotes YAP cytoplasmic localization. MCF10A cells infected as inCwere subjected to immunostaining analysis.
YAP subcellular localizationwas determined by immunofluorescence staining for endogenous YAP alongwith DAPI for DNA. Represen-
tative images are presented in the left panel. (Right panel) Cells in five random views (∼100 cells) were selected for the quantification of
YAP localization. See also Supplemental Figure S2.
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data suggest that YAP–TEAD directly binds to the pro-
moter of LATS2 to induce its expression.

We analyzed the gene expression data from the Cancer
Cell Line Encyclopedia (CCLE) (Fig. 3F; Barretina et al.
2012). As expected, there is a strong positive correla-
tion between the two YAP/TAZ target genes CYR61
(cysteine-rich angiogenic inducer 61) and CTGF but no
correlation between GAPDH (a negative control) and ei-
therCYR61 orCTGF. Interestingly, we also found a strong
positive correlation between LATS2 mRNA and either
CYR61orCTGFexpression. In contrast, no significant cor-
relation was observed between LATS1 and either CYR61
orCTGF. These data provide further in vivo evidence sup-
porting that YAP/TAZ promote LATS2 transcription.

YAP/TAZ stimulate the kinase activity of LATS1/2
through NF2 (neurofibromin 2)

The YAP/TAZ-induced feedback mechanism includes in-
duction of LATS2 protein expression as well as activation
of both LATS1 and LATS2 kinase activity. We next ex-
plored the mechanism of LATS1/2 kinase activation by
YAP/TAZ. As we observed an increased phosphoryla-
tion of LATS1/2 at the HM, a site known to be phosphor-
ylated by MST1/2 (Chan et al. 2005), we investigated
whether MST1/2 are responsible for this activation. To
test this possibility, we deletedMST1/2 inHEK293A cells
using CRISPR/Cas9 genome-editing technology (Ran
et al. 2013). Consistent with a positive role for MST1/2

Figure 3. YAP and TAZ directly induce LATS2
expression. (A) YAP induces the transcription of
LATS2. Total RNAextracted fromMCF10Acells
stably expressing the indicated constructs were
subjected to RT and real-time PCR analysis.
Data are means ± SD of triplicates from a repre-
sentative experiment. (B) Loss of YAP decreases
the mRNA abundance of LATS2. Total RNA ex-
tracted from MCF10A cells stably expressing
shRNAspecific for YAP (or control) were subject-
ed to RT and real-time PCR analysis of LATS2
mRNA. Data are means ± SD of triplicates from
a representative experiment. (C ) Serum stimula-
tion activates YAP and increases LATS2 mRNA
levels. MCF10A cells were starved in serum-
free medium for 8 h and then stimulated with
5% horse serum for 90 min. (Left) Cell lysates
were subjected to immunoblotting (IB) with the
indicated antibodies. (Top left) Where indicated,
gels containing phos-tag were employed for as-
sessment of YAP phosphorylation status. (Right)
Total RNA were subjected to RT and real-time
PCR analysis of LATS2 mRNA. Data are means
± SD of triplicates from a representative experi-
ment. (D) Activation of LATS2 reporter by YAP
and TEAD1. HEK293A cells were transfected
with LATS2 luciferase construct and with (or
without) increasing amounts (1× and 2×) of an ex-
pression vector for Flag-YAP orMyc-TEAD1. Lu-
ciferase activities were assayed 30 h after
transfection. Data are means ± SD from three in-
dependent experiments. (E) Endogenous YAP
and TEAD1 both bind to the LATS2 promoter.
MCF10A cells starved in serum-free medium for
18 h were stimulated with 5% horse serum for 2
h. The cellswere then subjected to chromatin im-
munoprecipitation (ChIP) with antibodies to en-
dogenous YAP or TEAD1 (or control IgG), and
the precipitated DNA was quantitated by real-
time PCR analysis with primers specific for a pro-
moter region or a control region (CR) of the indi-
cated genes. Data are means ± SD of triplicates
from a representative experiment. (F ) Dot plots
showing the positive correlation between LATS2
and CYR61 or CTGF mRNA expression in cell
lines from 967 subjects.R-values were calculated
for each correlation;P < 0.0001; Pearson’s correla-
tion coefficient. See also Supplemental Figure S3.
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in YAP phosphorylation, MST1/2 deletion reduced the
basal phosphorylation of YAP (Supplemental Fig. S4A).
To avoid the influences from off-target effects, we ob-
tained multiple clones and confirmed that re-expression
of MST1/2 prevented YAP dephosphorylation in MST1/
2-deficient HEK293A cells (Supplemental Fig. S4A). Sim-
ilar to the observation in MCF10A cells (Fig. 2B,C), YAP
(5SA) or TAZ(4SA) overexpression increased the amount
of LATS2 as well as LATS1/2 HM phosphorylation in
HEK293A cells (Fig. 4A; Supplemental Fig. S4B). Impor-
tantly, loss of endogenous MST1/2 attenuated the effect
of YAP(5SA) on LATS1/2 phosphorylation (Fig. 4A; Sup-
plemental Fig. S4C). However, MST1/2 depletion failed
to completely block YAP-induced LATS1/2 HM phos-
phorylation, possibly due to the presence of other LATS-
activating kinases. We then measured the kinase activity
of endogenous MST1 and MST2. However, TAZ(4SA)
overexpression had no effect on MST1/2 kinase activity,
as indicated by their substrate (MOB1) phosphoryla-
tion (Fig. 4B). Immunoblot analysis revealed that the
amount of MST1 and MST2 remained unchanged in
TAZ(4SA)-overexpressing MCF10A cells (Fig. 4C). Al-
though MST1/2 appeared to be largely required for YAP/
TAZ-induced LATS1/2 activation, the above results
suggest that the protein abundance and intrinsic kinase

activity of MST1/2 are not the key steps stimulated by
YAP/TAZ overexpression.
Recently, the tumor suppressor NF2 (Merlin inD. mel-

anogaster) was revealed to promote LATS1/2 kinase acti-
vation without activating the intrinsic kinase activity of
MST1/2 (Yin et al. 2013). Furthermore, Merlin is already
an established transcriptional target of Yorkie, the fly ho-
molog of YAP/TAZ (Hamaratoglu et al. 2006). Indeed, we
found that mRNA and protein abundance of NF2 both
were markedly increased by YAP(5SA) or TAZ(4SA) over-
expression in MCF10A cells (Fig. 4C,D; Supplemental
Fig. S4D). ChIP assay revealed that both endogenous
YAP and TEAD1 specifically associatedwith theNF2 pro-
moter (Supplemental Fig. S4E). Moreover, shRNA-medi-
ated depletion of endogenous TEAD1/3/4 attenuated the
effect of YAP(5SA) on the induction of NF2 and LATS2
as well as the activating phosphorylation of the LATS1/
2 HM (Fig. 4D). We thus hypothesized that the increased
NF2 protein abundance may be responsible for the YAP/
TAZ-mediated LATS activation. To test this possibility,
we deleted NF2 in HEK293A cells using CRISPR/Cas9
genome-editing technology. Consistent with a positive
role of NF2 in YAP phosphorylation, NF2 deletion re-
duced the basal phosphorylation of YAP (Supplemental
Fig. S4F). We obtained multiple clones and confirmed

Figure 4. YAP and TAZ stimulate the intrinsic ki-
nase activity of LATS1/2 throughNF2. (A) MST1/2
are largely required for YAP-induced LATS1/2
activation. Wild-type (WT) and MST1/2 double-
knockout (DKO) HEK293A cells infected with ret-
roviruses encoding Myc-YAP(5SA) or with control
empty retrovirus were subjected to immunoblot
(IB) analysis. (l.e.) Long exposure. (B) TAZ does
not stimulate MST1/2 kinase activity. Endogenous
MST1 or MST2 was immunoprecipitated (IP) from
MCF10A cells infected with retroviruses encoding
Flag-TAZ(4SA) or Flag-TAZ(4SA/S51A) or with
the empty retrovirus (control). The resulting im-
munoprecipitates were subjected to in vitro kinase
assay. (C ) TAZ increases NF2 abundance.MCF10A
cells infected as inBwere subjected to immunoblot
analysis. (D) TEADs are required for NF2 induction
and LATS1/2 activation by YAP.MCF10A cells sta-
bly expressing Myc-YAP(5SA) or control vector
were infected with lentiviruses encoding shRNAs
specific for TEAD1/3/4. Immunoblot analysis was
performed with the indicated antibodies. (E) NF2
is required for YAP-induced activating phosphory-
lation of LATS1/2. Wild-type and NF2 knockout
(KO) HEK293A cells infected with retroviruses en-
codingMyc-YAP(5SA) or with control empty retro-
virus were subjected to immunoblot analysis. (F )
NF2 is required for TAZ-induced LATS1 activation.
Endogenous LATS1 was immunoprecipitated from
wild-type or NF2 knockout HEK293A cells stably
expressing Flag-TAZ(4SA), Flag-TAZ(4SA/S51A),
or control vector. The resulting immunoprecipi-
tates were subjected to in vitro kinase assay. See
also Supplemental Figure S4.
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that re-expression of NF2 prevented YAP dephosphoryla-
tion in NF2-deficient HEK293A cells (Supplemental Fig.
S4F). Strikingly, loss of endogenous NF2 diminished the
effect of YAP(5SA) on LATS1/2 phosphorylation (Fig. 4E;
Supplemental Fig. S4G). A similar function of NF2 in
TAZ-induced LATS activation was observed (Supplemen-
tal Fig. S4H).Moreover, in vitro kinase assay revealed that
TAZ(4SA) overexpression increased the kinase activity of
endogenous LATS1 in NF2 wild-type cells, yet LATS1 ac-
tivation was largely abolished in NF2 knockout cells (Fig.
4F). Consistent with a positive role of NF2 in LATS1/2 ac-
tivation, NF2 deletion also reduced basal LATS1 kinase
activity. We confirmed that overexpression of NF2 and
MST1/2 increased LATS1/2 phosphorylation but did not
affect LATS2 induction by YAP(5SA), which is a mutant
unresponsive to inhibition by the Hippo pathway, sug-
gesting that the negative feedback loop could still be oper-
ational via LATS2 induction even under condition of high
Hippo pathway activity (Supplemental Fig. S4I). Together,
our observations indicate that YAP/TAZ directly induce
NF2 and LATS2 expression to increase the kinase activity
of LATS1/2.

YAP induces negative feedback in mouse livers

We then investigated whether this feedback mechanism
operates in vivo using YAP transgenic (Tg) mice (Dong
et al. 2007). Consistent with what we observed with the
cell lines in vitro, a significant increase of Lats2 mRNA,
but not Lats1 mRNA, was detected in the livers of YAP
Tg mice (Fig. 5A). Furthermore, we observed a marked in-
crease in the activating phosphorylation of the LATS1/2
HM as well as the protein abundance of LATS2 (Fig. 5B).
As observed with the cultured cells, NF2 accumulated
in the livers of YAP Tg mice. Activation of LATS1/2
kinases was associated with the decreased protein abun-
dance of TAZ, which has two phosphodegrons and is
strongly destabilized by the Hippo pathway. To further
confirm LATS activation, we examined the phosphory-
lation of AMOT at Ser176 (corresponding to Ser175 in hu-
mans). Again, the AMOT phosphorylation was increased,
indicating increased LATS activity. Notably, the protein
abundance of AMOT was also elevated in the YAP Tg
liver, consistent with the previous observation that the
phosphorylation stabilizes AMOT (Adler et al. 2013).

Figure 5. LATS1/2mediate negative feedback
regulation of YAP/TAZ activity. (A) YAP in-
duces the transcription of Lats2 in vivo. RT
and real-time PCR analysis of the indicated
mRNA in the livers of 2-mo-old YAP Tg and
non-Tg (control) mice fed 0.2 mg/mL doxycy-
cline in drinking water for 2 wk. Normalized
data are expressed relative to the correspond-
ing value for non-Tg littermates and are mean
± SD. n = 3 mice per group. (n.s.) Not signifi-
cant. (∗) P < 0.05 (Student’s t test). (B) YAP stim-
ulates negative feedback in vivo. Immunoblot
(IB) analysis of liver extracts frommice treated
as in A with antibodies to the indicated pro-
teins. n = 3 mice per group. The asterisk indi-
cates a nonspecific band. (l.e.) Long exposure.
(C ) LATS1/2 are required for YAP-induced neg-
ative feedback regulation of YAP and TAZ.
Wild-type (WT) or Lats1–/–Lats2Δ/Δ (LATS1/2
double-knockout [DKO]) mouse embryonic fi-
broblasts (MEFs) were infectedwith retrovirus-
es encoding Myc-YAP(5SA) or Myc-YAP(5SA/
S94A) or with empty retrovirus. Cell lysates
were immunoblotted with the indicated anti-
bodies. The asterisk indicates a nonspecific
band. (D) LATS1/2 are required for YAP-in-
duced cytoplasmic localization of TAZ. MEFs
infected as in C were subjected to immunos-
taining analysis. TAZ subcellular localization
was determined by immunofluorescence stain-
ing for endogenous TAZ along with DAPI for
DNA. Representative images are presented in
the left panel. (Right panel) Cells in five ran-
dom views (∼100 cells) were quantified for
TAZ localization. See also Supplemental Fig-
ure S5.
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Collectively, these data support a model in which YAP/
TAZ induce LATS activation to constitute a feedback
mechanism in the Hippo pathway.

LATS1/2 are required for feedback regulation
of YAP/TAZ activity

To test our hypothesis that LATS1/2 mediate this feed-
back regulation of YAP/TAZ activity, we examined the
effect of LATS1/2 depletion on YAP-mediated TAZ in-
hibition. Depletion of endogenous LATS1/2 by siRNA at-
tenuated the effect of YAP(5SA) on endogenous TAZ
reduction in MCF10A cells (Supplemental Fig. S5A), sug-
gesting that LATS1/2 are required for this regulation. To
further confirm the role of LATS1/2 in feedback regu-
lation, we generated LATS1/2-deficientmouse embryonic
fibroblasts (MEFs) by infecting Lats1–/–Lats2F/F MEFs
(Kim et al. 2013) with adenoviruses encoding Cre recom-
binase. We confirmed that almost all floxed alleles were
deleted by Cre recombinase in Lats1–/–Lats2F/F MEFs,
giving rise to LATS1/2 double-knockout MEFs (Sup-
plemental Fig. S5B). In wild-type MEFs, overexpression
of YAP(5SA) increased the activating phosphorylation of
LATS1/2 at the HM as well as the mRNA and protein
abundance of LATS2 (Fig. 5C; Supplemental Fig. S5B).
LATS activation was associated with the decreased pro-
tein abundance of TAZ as well as the increased phosphor-
ylation of endogenous YAP at Ser112 [corresponding
to Ser127 in humans; the phospho-YAP antibody does
not recognize the exogenous YAP(5SA)]. However, the
effects of YAP(5SA) on endogenous YAP/TAZ were al-
most completely abolished in LATS1/2 double-knockout
MEFs (Fig. 5C). We next determined TAZ localization,
which is tightly regulated by LATS-dependent phos-
phorylation. As predicted, YAP(5SA) expression increased
the cytoplasmic and decreased the nuclear localization
of endogenous TAZ in wild-type MEFs, but this change
of TAZ subcellular localization was not observed in
LATS1/2 double-knockout MEFs (Fig. 5D). We also found
that loss of LATS1/2 blocked the effect of YAP(5SA) on the
phosphorylation and protein levels of AMOT (Supplemen-
tal Fig. S5C). Thus, collectively, our observations demon-
strate that LATS1/2 are involved in cross-regulation
among YAP, TAZ, and AMOT.

Feedback regulation maintains the transient nature
of LPA-induced YAP activation

As LATS induction is found to provide a feedback mecha-
nism for YAP/TAZ regulation, we investigated the dy-
namics of this regulation. To this end, we generated
MCF10Acells inwhich a tetracycline-inducible construct
encoding YAP(S127A) was stably integrated. We also in-
troduced the S127A mutation into the YAP construct to
distinguish between endogenous and exogenous YAP;
therefore, the phospho-YAP antibody detects only endog-
enous YAP phosphorylated at Ser127. Immunoblot analy-
sis revealed a significant YAP induction in cells inducibly
expressing YAP(S127A) at 12 h of doxycycline treatment
(Fig. 6A). Remarkably, a substantial increase in the acti-

vating phosphorylation of LATS1/2 and the protein abun-
dance of LATS2 was also observed as early as 12 h after
doxycycline addition. LATS activation was associated
with the increased phosphorylation of endogenous YAP
and AMOT as well as decreased TAZ protein abundance,
indicative of activation of negative feedback. Given that
protein expression of YAP(S127A) and its effects on down-
stream targets, as indicated by YAP target gene CYR61 ex-
pression, were apparent 6–12 h after the onset of
doxycycline treatment, these results indicate a prompt in-
duction of LATS-mediated negative feedback following
YAP activation.
We propose that the LATS-mediated feedback mecha-

nism is involved in the dynamic regulation of the Hippo
pathway, such as the duration of YAP activation upon
upstream signal stimulation. LPA acts through GPCR
to induce YAP activation (Yu et al. 2012). In control
MCF10A cells, LPA treatment induced an acute YAP
dephosphorylation, as determined by immunoblotting us-
ing the phospho-YAP antibody (Fig. 6B). The LPA-induced
YAP activation is supported by the increased CTGF and
CYR61 transcription (Supplemental Fig. S6A). We also
found that LPA increased LATS2 expression, which tem-
porally followed YAP dephosphorylation (Fig. 6B,C), sug-
gesting that YAP activation induces LATS2 expression
upon LPA stimulation. Notably, LATS2 protein accumu-
lation was slower than CYR61 (Fig. 6B), althoughmRNAs
of both genes were induced at the early time point (2 h)
(Fig. 6C; Supplemental Fig. S6A), indicating a possible ad-
ditional level of regulation. Importantly, the effect of LPA
on YAP dephosphorylation was transient, as YAP phos-
phorylation was recovered ∼5 h after LPA stimulation
and even increased above the prestimulated level at later
time points (Fig. 6B). Because LATS2 accumulation was
correlated with this “rephosphorylation” of YAP, we pro-
pose that the YAP-induced and transcription-dependent
feedback machinery is responsible for terminating YAP
activity. Therefore, YAP activation by a given signal will
not be prolonged forever but rather will be temporally
controlled.
To test our model, we suppressed the induction of neg-

ative feedback by knocking down TEAD, thus blocking
YAP-induced transcription. As expected, depletion of en-
dogenous TEAD1/3/4 by shRNA in MCF10A cells (Sup-
plemental Fig. S1B) attenuated LPA-induced YAP target
gene expression, including CTGF, CYR61, and LATS2
(Fig. 6B, C; Supplemental Fig. S6A). TEAD depletion had
no effect on the initial YAP dephosphorylation by LPA.
However, strikingly, TEAD knockdown abolished YAP
“rephosphorylation” following LPA-inducedYAPdephos-
phorylation (Fig. 6B). In contrast, no substantial difference
was observed in an ERK (extracellular signal-regulated
kinase) phosphorylation–dephosphorylation pattern fol-
lowing LPA stimulation between control and TEAD1/3/
4 knockdown MCF10A cells (Fig. 6B), suggesting that
TEAD-mediated negative feedback specifically regulates
YAP inactivation after LPA stimulation. Therefore, block-
ade of this negative feedback resulted in a sustained YAP
activation/dephosphorylation by LPA (Fig. 6B). Together,
our observations indicate that the YAP–LATS negative

YAP/TAZ activate LATS in Hippo negative feedback

GENES & DEVELOPMENT 1279

 Cold Spring Harbor Laboratory Press on August 24, 2022 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


feedback mechanism plays a critical role in modulating
signal duration.

LATS-mediated negative feedback inhibits cell
migration

As the LATS-mediated feedback is found to influence the
dynamic regulation of YAP activity following Hippo path-
way perturbation by LPA–GPCR signaling, we investi-
gated whether this feedback mechanism regulates YAP/
TAZ-mediated biology, such as migration. To confer tran-
sient YAP activation, we generated LATS1/2- or MST1/2-
deficient HEK293A cells in which a tetracycline-induc-
ible construct encoding YAP(5SA) was stably integrated.
We confirmed the specificity of CRISPR/Cas9-mediated
LATS1/2 depletion as re-expression of LATS1/2 prevented
YAP dephosphorylation in LATS1/2 double-knockout
HEK293A cells (Supplemental Fig. S7A). In wild-type
HEK293A cells, YAP induction initiates the feedbackma-

chinery to activate LATS1/2, resulting in phosphorylation
and degradation of endogenous TAZ as well as phosphor-
ylation and accumulation of AMOT (Fig. 7A). These feed-
back regulations on TAZ and AMOT were significantly
attenuated in MST1/2 double-knockout cells and almost
completely abolished in LATS1/2 double-knockout cells
(Fig. 7A). AMOT is a filamentous actin (F-actin)-binding
protein. While YAP and TAZ are known to promote
cell migration (Chan et al. 2008; Haskins et al. 2014), re-
cent studies revealed that the phosphorylation of AMOT
by LATS1/2 inhibits AMOT binding to F-actin (Chan
et al. 2013; Dai et al. 2013; Hirate et al. 2013), reduces ac-
tin stress fiber formation, and thereby inhibits migration
(Dai et al. 2013).We thus hypothesized that the LATS-me-
diated feedback mechanism limits cell migration induced
by YAP activation. To test this possibility, we investigat-
ed the effect of LATS1/2 or MST1/2 depletion on YAP
(5SA) overexpression. Immunofluorescence analysis re-
vealed that YAP(5SA) overexpression promoted F-actin

Figure 6. YAP/TEAD-induced feedback
mechanism maintains the transient YAP acti-
vation on stimulation. (A) YAP induction
promptly stimulates the LATS-mediated feed-
back loop. Tetracycline repressor-expressing
MCF10A cells were infected with retroviruses
encoding YAP(S127A) or with empty retrovi-
rus, incubated with 1 μg/mL doxycycline for
the indicated times, and then subjected to im-
munoblot (IB) analysis. (B) YAP/TEAD-in-
duced negative feedback is required for the
transient activation of YAP upon LPA stimula-
tion. MCF10A cells infected with lentiviruses
encoding shRNA specific for TEAD1/3/4 (or
control) were starved in serum-free medium
for 15 h and then stimulated with 5 μM LPA
for the indicated times. Cell lysates were sub-
jected to immunoblotting with the indicated
antibodies. (C ) LPA induces LATS2 transcrip-
tion in a TEAD-dependent manner. MCF10A
cells infected and starved as in B were stimu-
lated with 5 μM LPA for 2 h. Total RNA were
subjected to RT and real-time PCR analysis
of LATS2mRNA. Data are means ± SD of trip-
licates from a representative experiment. See
also Supplemental Figure S6.
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formation in wild-type cells (Fig. 7B), yet additional abla-
tion of LATS1/2 or MST1/2 dramatically enhanced actin
stress fiber formation (Fig. 7B). Consistent with this, dele-
tion of LATS1/2 or MST1/2 on top of YAP(5SA) overex-
pression further promoted HEK293A cell migration (Fig.
7C). Together, these observations indicate that LATS-me-
diated feedback mechanism limits cell migration through
cross-regulation among YAP, TAZ, and AMOT.

Discussion

Despite the critical role of YAP/TAZ in regulating cell
fate, tissue homeostasis, and tumorigenesis, mechanisms
involved in the dynamic control of YAP/TAZ activity
following perturbation, particularly the feedback regu-
lation conferring transient activation/deactivation in re-
sponse to stimuli and preventing overactivation, have

Figure 7. The LATS-mediated negative feedback limits actin stress fiber formation and cellmigration uponYAP activation. (A) Inducible
expression of YAP triggers the negative feedback machinery via LATS1/2 andMST1/2. Tetracycline repressor-expressing HEK293A cells
were infected with retroviruses encodingMyc-YAP(5SA) or with control empty retrovirus, incubated with 200 ng/mL doxycycline for 24
h, and then subjected to immunoblot (IB) analysis. (B) Loss of LATS1/2 orMST1/2 enhances actin stress fiber formation by YAP(5SA) over-
expression. HEK293A cells infected and induced as in A were seeded on fibronectin-coated coverslips for 1 h in serum-free medium. F-
actin was stained with Alexa fluor 488 phalloidin (green) along with DAPI for DNA (blue). (C ) LATS1/2 or MST1/2 depletion enhances
cellmigration byYAP(5SA) overexpression.HEK293Acells infected and induced as inAwere subjected to transwellmigration assay. Cells
on the bottom sides of the transwells were stainedwith crystal violet (top) and quantified (bottom). (D) A proposedmodel of negative feed-
back regulation in the mammalian Hippo pathway. In response to YAP/TAZ-activating stimulations, YAP/TAZ in complex with TEAD
directly induces LATS2 expression. YAP/TAZ also stimulate the kinase activity of LATS1/2 throughNF2 induction. YAP/TAZ activation
therefore results in activation of their negative regulators, LATS1/2, to constitute a negative feedback loop of the Hippo pathway. See also
Supplemental Figure S7.
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not been elucidated. In this study,we show that YAP/TAZ
activation stimulates their negative regulators, LATS1/2
kinases, to restrict YAP/TAZ activity. YAP/TAZ in com-
plex with TEAD directly stimulate LATS2 transcription
and indirectly activate LATS1/2 kinase activity through
NF2 induction and AMOT accumulation, therefore con-
stituting a YAP/TAZ–LATS negative feedback loop (Fig.
7D). This negative feedback regulation is also observed
in vivo by the Tg overexpression of YAP or deletion of
the Yap gene in mouse tissues. Consistent with our find-
ings, Chen et al. (2015) report a robust homeostatic mech-
anismmaintaining YAP activity in vivo; mice harboring a
YAP(S112A) knock-in mutation in the endogenous Yap
locus were phenotypically normal due to a compensatory
decrease in YAP protein levels. This negative feedback
regulation is mediated by increased LATS activity and
YAP phosphorylation in the phosphodegron (Chen et al.
2015). Together, our findings show that the LATS-mediat-
ed feedback mechanism enables the robustness, dynam-
ics, and homeostasis of YAP/TAZ regulation.

The negative feedback mechanism employed by the
mammalian Hippo pathway appears to differ significantly
from that in D. melanogaster, where Yorkie induces
expression of expanded, merlin, four-jointed, or kibra
(Cho et al. 2006; Hamaratoglu et al. 2006; Genevet et al.
2010), but not warts (the fly homolog of LATS1/2), in di-
viding epithelial cells of the wing or eye disc (Jukam
et al. 2013). On the contrary, Yorkie indirectly suppresses
Warts transcription to establish positive feedback regu-
lation in combination with tissue-specific transcription
factors in the context of Drosophila eye development
(Jukam et al. 2013). This is in a dramatic contrast to mam-
malian cells inwhich YAP/TAZ activate LATS. It is possi-
ble that the mechanism observed in D. melanogaster
might be employed in some mammalian cell types. Al-
though the evolutionary conservation of the Hippo path-
way is extensive, most of the mammalian homologs of
the pathway components are encoded by more than one
gene. As mammals acquire two orthologs of Drosophila
Warts, it is interesting that one (LATS1) is not induced
by YAP/TAZ, similar to the Drosophila Warts, while the
other (LATS2) is induced by YAP/TAZ. This evolutionary
divergence in pathway components adds an extra layer of
complexity and contributes to the dynamic regulation of
the mammalian Hippo pathway (Bossuyt et al. 2014).

We also showed that LATS-mediated feedback regula-
tion plays an important role in terminating LPA-induced
YAP activation signal. As LATS-mediated negative feed-
back requires transcription and translation, it takes
more time to fully induce the negative regulatory effects
than other well-characterized negative feedback loops
mediated by protein modifications, such as receptor
phosphorylation by GPCR kinases (GRKs) followed by
β-arrestin-mediated uncoupling of the GPCR from the
G proteins (Pierce et al. 2002) or feedback phosphorylation
of upstream components of a signaling cascade (e.g., in-
hibitory phosphorylation of RAF by ERK in theMAPK sig-
naling) (Dougherty et al. 2005). Thus, the LATS-mediated
feedback architecture provides enough time for YAP/TAZ
to mediate their biological functions as transcriptional

coactivators by taking advantage of the time delay of tran-
scription and translation. When the feedback loop is dis-
rupted by TEAD knockdown, YAP dephosphorylation/
activation by LPA is sustained. Therefore, this feedback
mechanism is essential for proper duration of YAP activa-
tion in response to stimuli.

Besides YAP/TAZ, AMOT is another physiological sub-
strate of LATS. We demonstrate that YAP/TAZ-induced
LATS activation can indeed lead to increased AMOT
phosphorylation and protein accumulation. Notably, the
increase of AMOT may also contribute to the nega-
tive feedback because AMOT can directly bind to and in-
hibit YAP/TAZ as well as indirectly activate LATS (Zhao
et al. 2011; Hirate et al. 2013). One can predict with
certainty that LATS must have many additional physio-
logical substrates. Sequence analyses of the human prote-
ome show that there are >1000 peptides with the LATS
phosphorylation consensus motif (HXRXXS). Therefore,
the negative YAP/TAZ–LATS feedback loop is likely to
provide a mechanism by which YAP/TAZ may modulate
phosphorylation of other LATS substrates. One may
further speculate that YAP/TAZ could exert some of their
biological functions through LATS-mediated phosphory-
lation of other LATS substrates.

Given the observed frequent YAP/TAZ activation in
human cancers, the general lack of cancer-relevant somat-
ic or germline mutations in core members of the Hippo
pathway is a major conundrum to the field (Harvey et al.
2013; Moroishi et al. 2015; Plouffe et al. 2015). One possi-
bility is that negative feedback control of YAP/TAZ activ-
ity suppresses tumorigenesis following small perturbation
of the pathway. Inactivation of LATS, though, can in-
crease YAP/TAZ activity; however, the YAP/TAZ ac-
tivation would be limited by the YAP/TAZ-mediated
LATS activation, which could also phosphorylate other
substrates to limit cell growth. Single mutation in the
Hippo pathway components might not be enough—rath-
er, it might require network-level strong perturbation—
to drive tumorigenesis. In support of this idea, genetic
mutations inhibiting the functions of key negative feed-
back regulators are found in human cancer: NF2 is mutat-
ed with high frequency in neurofibromatosis (Asthagiri
et al. 2009), and loss of NF2 as well as LATS2 is also fre-
quently observed in malignant mesothelioma (Murakami
et al. 2011), indicative of their functions as bona fide tu-
mor suppressor genes. Further investigations delineating
the feedback regulation will have important implications
in understanding both the basic biology of the Hippo path-
way and tumorigenesis in cancer with alteration of this
pathway.

Materials and methods

Full experimental procedures are shown in the Supplemental
Material.

Gene deletion of HEK293A cells by the CRISPR/Cas9 system

LATS1/2-, MST1/2-, or NF2-deficient HEK293A cells were creat-
ed through the CRISPR/Cas9 system (Ran et al. 2013). HEK293A
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cells were transfected with a Cas9 expression plasmid together
with single-guide RNA (sgRNA) expression plasmids (PX459;
Addgene plasmid no. 48139). The guide sequences were designed
using the CRISPR design tool at http://www.genome-engineering
.org/crispr or were taken from archived guide sequences from the
genome-scale CRISPR knockout (GeCKO2) library (Sanjana et al.
2014). The guide sequences used were 5′-CGTGCAGCTCTCC
GCTCTAA-3′ for human LATS1, 5′-TACGCTGGCACCGTAG
CCCT-3′ for human LATS2, 5′-ATACACCGAGATATCAAGG
C-3′ for human MST1, 5′-AGTACTCCATAACAATCCAG-3′

for human MST2, and 5′-GTCCATGGTGACGATCCTCA-3′

for human NF2. Following transfection and selection with puro-
mycin, cells were single-cell-sorted by fluorescence-activated cell
sorting (FACS) into a 96-well plate format. Knockout clones were
selected by immunoblot analysis, and genomic mutations were
confirmed by genome sequencing. Two independent clones
were analyzed as indicated.

Gene deletion of MEFs by adenoviral infection

SV40 large T-immortalizedLats1–/–Lats2F/FMEFswere described
previously (Murakami et al. 2011). For Lats2 deletion,MEFs were
infectedwith an adenovirus encoding Cre recombinase (no. 1700,
Vector Biolabs).

Kinase assay

The immunoprecipitated LATS1 was subjected to a kinase assay
in 30 μL of kinase assay buffer supplemented with 500 μM ATP
and 1 μg of GST-YAP as substrates. The reaction mixtures were
incubated for 30 min at 30°C and subjected to immunoblot anal-
ysis. The same procedure was used for the MST1 and MST2 ki-
nase assay, except that GST-MOB1A was used as the substrate.

Luciferase assay

A 1000-base-pair (bp) fragment of human genomic DNA contain-
ing the promoter lesion of LATS2was cloned into the pGL3-Basic
vector. HEK293A cells were transfected with pGL3 LATS2 lucif-
erase reporter, pCMV Flag-YAP, pRK7 Myc-TEAD1, and Renilla
plasmids. Luciferase assay was performed 30 h after transfection
using the Dual Glo luciferase system (Promega). All luciferase ac-
tivities were normalized to Renilla.

ChIP assay

MCF10A cells were dual-cross-linked consecutively with 2 mM
disuccinimidyl glutarate (DSG) for 45 min and 1% formaldehyde
for 10 min, and chromatin DNA was digested with micrococcal
nuclease (MNase). Immunoprecipitation reactions were carried
out with chromatin extracts overnight at 4°C. Precipitated
DNAwas quantitated by real-time PCR analysis. All ChIP signals
were normalized to the input (labeled as percentage of input on
the vertical axis).

YAP mutant mice

Toachieve liver-specificor intestine-specificgenedeletion,YapF/F

mice were bred to Albumin-Cre (Zhang et al. 2010) or Villin-Cre
(Taniguchi et al. 2015) Tg mice, respectively. For liver-specific
YAP Tg mice, 2-mo-old YAP Tg and non-Tg littermates were fed
0.2 mg/mL doxycycline (Sigma) in drinking water supplemented
with 2.5% sucrose, as described previously (Dong et al. 2007).
Two-month-old to 3-mo-old sex-matched mice were used for all
experimental procedures.
More detailed experimental procedures and other methods are

described in the Supplemental Material.
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