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The Hippo signaling pathway plays a crucial role in tis-
sue growth and tumorigenesis. Core components of the
Hippo pathway include the MST1/2 and Lats1/2 kinases.
Acting downstream from the Hippo pathway are the
YAP/TAZ transcription coactivators, which are inhibited
through phosphorylation by Lats. However, upstream
signals that regulate the Hippo pathway have not been
well delineated. Here we report that stimulation of pro-
tease-activated receptors (PARs) activates YAP/TAZ by
decreasing phosphorylation and increasing nuclear lo-
calization. PAR1 acts through G12/13 and Rho GTPase to
inhibit the Lats1/2 kinase. Our observations establish
thrombin as a physiological signal for the Hippo pathway
and implicate Hippo–YAP as a key downstream signaling
branch of PAR activation.
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The Hippo signaling pathway, initially discovered by
genetic studies in Drosophila as a regulator of organ size,
limits cell number via the regulation of cell proliferation
and apoptosis (Pan 2010). Core components of the Hippo
pathway are highly conserved and also play an impor-
tant role in mammalian organ size regulation (Zhao
et al. 2010a). In the Hippo pathway, a conserved kinase
cascade—in which the protein kinase MST1/2 (homolog
of the Drosophila Hippo) phosphorylates and activates
the Lats1/2 kinases—functions to inhibit the YAP and TAZ
transcription coactivators by phosphorylation. Dephos-
phorylated YAP/TAZ localize in the nucleus and function
as transcription coactivators for the TEAD family of tran-
scription factors to induce gene expression, including
connective tissue growth factor (CTGF) and Cyr61, thereby
promoting cell growth, proliferation, and survival (Lei et al.
2008; Zhao et al. 2008, 2010b).

YAP has been implicated as the candidate oncogene in
the human chromosome 11q22 amplicon, and mutations
or abnormal expression of Hippo pathway components

are associated with human tumorigenesis (Overholtzer
et al. 2006; Zeng and Hong 2008). In addition, YAP
expression and nuclear localization are elevated in hu-
man cancers, and TAZ is up-regulated in high-grade and
metastatic breast tumors (Chan et al. 2008; Zhao et al.
2010a; Cordenonsi et al. 2011). Moreover, YAP and TAZ
induce an epithelial–mesenchymal transition (EMT), a
phenomenon crucial for tumor metastasis (Gupta and
Massague 2006). These studies have demonstrated an
important role of the Hippo pathway in tumorigenesis.

A large number of proteins have been implicated to act
upstream of and regulate the Hippo pathway (Grusche
et al. 2010; Zhao et al. 2010a). However, extracellular
signals that regulate this pathway are largely unknown.
Thrombin acts on protease-activated receptors (PARs),
a subfamily of G protein-coupled receptors (GPCR) that
participate in a variety of biological process, including
chemokine and cytokine release, tissue remodeling, in-
flammation, proliferation, and angiogenesis (Coughlin 2000;
Macfarlane et al. 2001). The PAR1 receptor subtype is
activated when the N terminus is proteolytically cleaved
by the serine protease thrombin, resulting in an irreversible
activation of the receptor. Downstream signaling events are
regulated by PAR1 coupling to heterotrimeric GTP-binding
proteins, including G12/13, Gq/11, and Gi/o, to activate
a variety of signaling cascades (Coughlin 2005; McLaughlin
et al. 2005). Several reports have demonstrated that
thrombin increases the expression of CTGF and Cyr61
(Chambers et al. 2000; Pendurthi et al. 2002; Walsh et al.
2008). PARs have recently been implicated to play a central
role in tumor cell growth, invasion, and cancer metastasis,
and up-regulation of receptor expression has been detected
in tumor tissues, including melanomas; colon, breast, lung,
pancreatic, and prostate cancer; and oral squamous cell
carcinoma (Booden et al. 2004; Elste and Petersen 2010;
Bar-Shavit et al. 2011; Ramachandran et al. 2012).

In this study, we investigated the functional relation-
ship between thrombin signaling and YAP/TAZ regulation.
We show that thrombin and PAR agonist peptides activate
YAP/TAZ. Stimulation of PAR by agonist peptides acti-
vates YAP/TAZ by inducing dephosphorylation and nu-
clear localization. PAR1 acts through G12/13, Rho, Lats1/2,
and YAP/TAZ to stimulate gene expression, cell migration,
and cell invasion. Our study reveals a novel function of
thrombin in Hippo pathway regulation and a mechanism
linking PAR signaling and the Hippo pathway.

Results and Discussion

Stimulation of PARs induces YAP dephosphorylation
and nuclear localization

We established that the CTGF and Cyr61 are bona fide
YAP target genes (Zhao et al. 2008). Activation of the
thrombin receptor (PAR1) has been reported to induce
expression of both CTGF and Cyr61 (Chambers et al.
2000; Pendurthi et al. 2000; Walsh et al. 2008). These
observations suggested that thrombin may activate YAP
to induce CTGF and Cyr61. In serum-starved HEK293A
cells, YAP was highly phosphorylated, and addition of
thrombin induced robust YAP dephosphorylation as de-
termined by the YAP mobility shift in a phos-tag gel
(Fig. 1A). Thrombin also caused a mobility shift of TAZ,
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suggesting that TAZ was dephosphorylated in response to
thrombin. Since thrombin can act on any of three distinct
receptors (PAR1, PAR3, and PAR4), we examined the effect
of a selective PAR1-activating peptide, TRAP6, on YAP
phosphorylation. We found that addition of the PAR1-
activating peptide TRAP6 resulted in a rapid YAP dephos-
phorylation as determined by a phospho-YAP antibody
(S127) (Fig. 1B). As a result of YAP activation, CTGF
protein expression was also induced by TRAP6 treat-
ment. TRAP6 induced dephosphorylation of YAP in a
dose-dependent manner (Fig. 1C). This effect of TRAP6
on YAP phosphorylation was transient, as the YAP phos-
phorylation was partially recovered 2 h after TRAP6
treatment (Fig. 1B; Supplemental Fig. S1A). However,
we examined multiple cell lines and found that TRAP6
but not SLIGRL decreased YAP phosphorylation in HeLa
cells (Supplemental Fig. S1C). Activation of PAR2 by a
SLIGRL peptide potently induced YAP dephosphorylation
and CTGF accumulation in both a time- and a dose-
dependent manner (Fig. 1D,E; Supplemental Fig. S1B).
SLIGRL also induced YAP dephosphorylation in human
umbilical vein endothelial cells (HUVECs) (Supplemen-
tal Fig. S1D). Both TRAP6 and SLIGRL potently re-
pressed the phosphorylation of YAP in MDA-MB-231

cells (Supplemental Fig. S1E). The differential response
of PAR-activating peptides in various cell lines could be
due to the relative expression of different PAR receptors
in these cell lines. The above data demonstrate a phys-
iological regulation of YAP/TAZ activation by thrombin
receptor activation.

We next determined the effect of PAR1 on YAP nuclear
localization. Phosphorylation of YAP S127 by Lats1/2
causes cytoplasmic sequestration of YAP due to 14-3-3
binding. The dephosphorylated YAP resides in the cell
nucleus and induces gene expression by interacting with
its cognate transcription factors, TEAD1–4 (Zhao et al.
2007, 2008). As expected, TRAP6 caused significant nu-
clear accumulation of YAP (Fig. 1F; Supplemental Fig. S1F).
Moreover, TRAP6 increased the interaction between YAP
and TEAD1 and decreased the interaction between YAP
and 14-3-3 (Fig. 1G). SLIGRL similarly increased YAP nu-
clear localization and interaction with TEAD1 (Fig. 1F,G).
Based on the above data, we conclude that stimulation of
PAR1 and PAR2 activates YAP by inducing dephosphor-
ylation and increasing nuclear localization.

TRAP6 acts through GPCRs and G12/13 to induce
YAP/TAZ dephosphorylation

PAR1 activates several trimeric Ga proteins (G12/13, Gq/11,
or Gi/o) to initiate intracellular signaling pathways
(Offermanns et al. 1994; McLaughlin et al. 2005). To deter-
mine which Ga proteins are involved in YAP regulation,
we tested the effect of constitutively active Ga mutants on
YAP phosphorylation. Expression of active G12/13 and G11

strongly decreased the basal phosphorylation of YAP and
TAZ, whereas expression of Gi had a minor effect on YAP
dephosphorylation (Supplemental Fig. S2). We next tested
the function of endogenous Ga proteins for PAR to re-
gulate YAP/TAZ phosphorylation by RNAi (Fig. 2A).
Knockdown of Gq and G11 had little effect on TRAP6-
induced dephosphorylation of YAP and TAZ. However,
knockdown of G12/13 strongly blocked the dephosphory-
lation of YAP by TRAP6 (Fig. 2A). These data show that
G12/13 are required for PAR1 to induce dephosphorylation of
YAP and TAZ. To further confirm the role of G12/13 in YAP
regulation by PAR1, we examined intracellular localization
of YAP. In control siRNA-treated cells, TRAP6 induced
YAP nuclear localization (Fig. 2B). Consistent with the YAP
phosphorylation data, TRAP6 was unable to induce YAP
nuclear accumulation in cells treated with G12/13 siRNA.
Based on the above observations, we conclude that acti-
vation of PAR1 by TRAP6 signals through G12/13 to
induce YAP/TAZ dephosphorylation and activation.

TRAP6 modulates YAP/TAZ dephosphorylation via
a Rho and actin cytoskeleton, but Rho kinase
(ROCK)-independent, pathway

The Rho GTPases represent the major downstream
signaling module of G12/13, which binds to and acti-
vates the Rho guanine nucleotide exchange factor (GEF)
(Martin et al. 2001). Consistent with a role of G12/13 in
PAR signaling to YAP, Rho GTPase has been recently
reported to induce YAP dephosphorylation (Dupont et al.
2011; Zhao et al. 2012). We tested the function of Rho
in TRAP6-induced YAP dephosphorylation by using domi-
nant-negative Rho-N19. Notably, expression of Rho-N19
blocked TRAP6-induced YAP dephosphorylation (Fig.
3A). Conversely, the constitutively active Rho-L63 mutant

Figure 1. Agonists of PARs induce dephosphorylation and activa-
tion of YAP and TAZ. (A) Thrombin induces YAP dephosphoryla-
tion. HEK293A cells were serum-starved for 24 h and then
stimulated with thrombin at various doses (units per milliliter) for
30 min. YAP phosphorylation was determined by phos-tag. Thrombin
also induced TAZ mobility shift. The numbers on the left of each
panel denote molecular weight markers. (B,D) HEK293A cells were
serum-starved for 12 h and then stimulated with TRAP6 or SLIGRL
for the indicated durations. Cells were lysed and subjected to im-
munoblotting with the indicated antibodies. (C,E). HEK293A cells
were stimulated with different concentrations of TRAP6 or SLIGRL
for 1 h. (F) YAP subcellular localization was determined by immuno-
fluorescence staining for endogenous YAP (red); DAPI (blue) was used
for cell nuclei. Cells were stimulated with TRAP6 and SLIGRL for
1 h. The images shown represent typical staining pattern of the
majority cells. Quantifications are shown in the bottom panel. (G)
TRAP6 and SLIGRL stimulate YAP interaction with TEAD1. Cell
lysates were subjected to immunoprecipitation with control IgG or
YAP antibody. The coimmunoprecipitated TEAD1 and 14-3-3 were
detected by immunoblotting.
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induced dephosphorylation of YAP. To further determine
the function of endogenous Rho in YAP regulation, we
tested the effect of botulinum toxin C3, a specific inhibitor
of Rho GTPase, on YAP phosphorylation. C3 treatment
strongly suppressed YAP/TAZ dephosphorylation in re-
sponse to TRAP6 treatment (Fig. 3B). Consistent with the
changes in YAP phosphorylation, C3 treatment blocked
the TRAP6-induced YAP nuclear localization, indicating
that Rho activation is required for TRAP6 to modulate
the Hippo pathway activity (Fig. 3C).

One of the direct downstream effectors of Rho is the
ROCK kinase, which binds to and is stimulated by active
Rho. We examined the function of ROCK. Inhibition of
ROCK by H1152 effectively inhibited phosphorylation
of its known downstream target, MYPT, but had a mar-
ginal effect on TRAP6-induced YAP dephosphorylation
and nuclear localization. These data suggest that Rho
regulates YAP/TAZ phosphorylation by a mechanism in-
dependent of ROCK (Supplemental Fig. S3A,B). The Rho
GTPase potently modulates actin cytoskeletal organiza-
tion, particularly stress fiber formation (Vouret-Craviari
et al. 1998). Interestingly, cytoskeletal rearrangement has
been shown to regulate the Hippo pathway and YAP phos-
phorylation, although the precise biochemical mechanism
is currently unknown (Dupont et al. 2011; Fernandez et al.
2011; Rauskolb et al. 2011; Sansores-Garcia et al. 2011;
Zhao et al. 2012). To test the involvement of cytoskeletal
reorganization in YAP regulation by TRAP6, we used
cytoskeleton-disrupting reagents. Latrunculin B, which
disrupts F-actin, blocked TRAP6-induced YAP dephos-
phorylation. Similar to Latrunculin B, Cytochalasin D
also suppressed the effect of TRAP6, although less effi-
ciently (Supplemental Fig. S4). Consistent with changes in
YAP phosphorylation, Latrunculin B treatment prevented
YAP nuclear localization in response to TRAP6 (Fig. 3D).
There is an apparent correlation between actin stress
fiber and YAP nuclear localization. TRAP6 induces actin
stress fiber and YAP nuclear accumulation. Knockdown
of G12/13 or treatment with the Rho-inactivating toxin
C3 disrupted actin stress fiber and YAP nuclear localization

(Figs. 2B, 3C,D). These data suggest that the actin cyto-
skeleton plays an important role in the regulation of YAP
phosphorylation and subcellular localization, and the actin
cytoskeleton may act downstream from Rho GTPase to
affect YAP phosphorylation.

TRAP6 inhibits Lats1/2 but not MST1/2 kinase
activity

MST1/2 and Lats1/2 form a kinase cascade to regulate
YAP/TAZ phosphorylation (Chan et al. 2005). To deter-
mine whether MST1/2 are involved, we measured
endogenous MST1 kinase activity and found that TRAP6
stimulation had no effect on MST1 kinase activity as
indicated by Mob phosphorylation (Fig. 4A). Under the
same conditions, endogenous YAP phosphorylation was
reduced by TRAP6. Similarly, TRAP6 had no effect on the
activity of the ectopically expressed MST2 (Supplemental
Fig. S5). Ectopic expression of either MST2-WT or the
inactive MST2-KR mutant had little effect on YAP phos-
phorylation in either the presence or absence of TRAP6
(Fig. 4B). These data suggest that MST1/2 kinase activity
is not regulated by TRAP6 and is unlikely to be involved
in TRAP6-induced YAP regulation.

To determine whether Lats1/2 kinase is involved in
YAP regulation by TRAP6, we measured Lats1 kinase
activity in vitro (Fig. 4C). Interestingly, Lats1 was potently
inhibited by TRAP6 treatment. Moreover, there is a
strong correlation between Lats1 inactivation, as deter-
mined by the in vitro kinase assays, and endogenous YAP

Figure 2. TRAP6 activates YAP/TAZ via G12/13. (A) HEK293A cells
were transfected with the indicated siRNAs. YAP phosphorylation
was determined by both phos-tag, which detects phosphorylation by
enhancing mobility shift, and phospho-YAP (S127) antibody. TAZ
phosphorylation can be visualized by mobility shift. The knock-
down efficiency of Gq/11 and G12/13 is indicated by immunoblotting.
(B) MCF10A cells were transfected with siG12/13 as indicated. Cells
were treated with 2 mM TRAP6 for 1 h before fixation. YAP
subcellular localization was determined by immunofluorescence
staining for endogenous YAP (red) and F-actin (green); DAPI (blue)
was used for cell nuclei.

Figure 3. TRAP6 activates YAP/TAZ through Rho and cytoskele-
tons. (A) HEK293A cells were transiently cotransfected with the
indicated plasmids and were treated with 2 mM TRAP6 for 1 h. The
cells were then lysed and subjected to immunoblotting analysis with
the indicated antibodies. (B) HEK293A cells were pretreated with 2
mg/mL C3 for 4 h and then stimulated with TRAP6 for the indicated
durations. The presence of FBS is indicated. (C) MCF10A cells were
pretreated with 2 mg/mL C3 for 4 h and then incubated with TRAP6
for 1 h. After fixation, YAP subcellular localization was determined
by immunofluorescence staining for endogenous YAP (red), F-actin
(green); DAPI (blue) was used for cell nuclei. (D) MCF10A cells were
pretreated with Latrunculin B for 10 min and then stimulated with
TRAP6 for 1 h. Immunofluorescence staining is similar to that shown
in C.
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dephosphorylation, as determined by phospho-YAP (S127)
immunoblotting (Fig. 4C). Consistently, inhibition of
Rho by C3 blocked the inhibitory effect of TRAP6 on
Lats1 kinase activity (Fig. 4D), indicating that Rho acti-
vation is required for Lats1 inhibition by TRAP6. Lats1/2
are activated by phosphorylation of the activation loop
and the hydrophobic motif (Chan et al. 2005). Using two
phospho-specific antibodies, we detected a significant
decrease in phosphorylation in both the activation loop
and the hydrophobic motif of endogenous Lats1 upon
TRAP6 treatment (Fig. 4D). Inhibition of Rho by C3 in-
creased basal phosphorylation of Lats1, and more impor-
tantly, C3 effectively blocked the inhibitory effect of
TRAP6 on Lats1 phosphorylation (Fig. 4D). These data
further support a model in which TRAP6 inhibits Lats1
via Rho activation. Finally, we examined the effect of
Lats2 overexpression on YAP phosphorylation in response
to TRAP6. Coexpression of wild-type Lats2 effectively
blocked TRAP6-induced dephosphorylation of YAP (Fig. 4E).
Complementarily, expression of the inactive Lats2-KR
mutant decreased YAP2 basal phosphorylation, presum-
ably through a dominant-negative effect on endogenous
Lats function. Together, these data demonstrate a direct
role of Lats kinase in the regulation of YAP by PAR signaling.

YAP and TAZ are required for PAR1 to stimulate cell
migration and cell invasion

PAR1 stimulation induces the expression of CTGF and
Cyr61 (Chambers et al. 2000; Pendurthi et al. 2000; Walsh
et al. 2008), which are also the best-characterized YAP
target genes. To determine the function of YAP/TAZ in
TRAP6-induced gene expression, YAP/TAZ were knocked
down by siRNA. The knockdown efficiency was confirmed
by immunoblotting (Fig. 5A). Several of the TRAP6-
inducible genes, including CTGF, Cyr61, END1, FSTL,
INHBA, PTGS, and CXCL1, were examined (Fig. 5B).
Knockdown of YAP/TAZ blocked the mRNA induction
of CTFG, Cyr61, and END1 in response to TRAP6. The
reduced expression of CTGF and Cyr61 was confirmed by
Western blotting (Fig. 5C). In addition, YAP/TAZ knock-
down partially suppressed the induction of FSTL and
PTGS. In contrast, induction of CXCL1 by TRAP6 was
largely insensitive to YAP/TAZ knockdown. These re-
sults support an important role of YAP/TAZ in TRAP6-
dependent gene expression. Not surprisingly, expression
of some TRAP6-inducible genes, such as CXCL1, did not
depend on YAP/TAZ. This is likely due to the ability of
PAR to activate other downstream transcription factors
parallel to YAP/TAZ (Bar-Shavit et al. 2011).

The role of YAP/TAZ in modulating cell migration and
cell invasion is well established (Chan et al. 2008; Zhang
et al. 2008). PAR is known to stimulate cell migration and
has been implicated in tumor metastasis (Even-Ram et al.
1998; Tellez and Bar-Eli 2003; Bar-Shavit et al. 2011). We
therefore examined the function of YAP/TAZ in mediat-

Figure 4. TRAP6 inhibits Lats kinase activity. (A) HEK293A cells
were treated with 2 mM TRAP6 for 1 h. The activity of immuno-
precipitated MST1 was determined by in vitro kinase assay using
GST-Mob as a substrate. P32 incoporation into GST-Mob was
detected by autoradiograph. (B) HEK293A cells were cotransfected
with the indicated plasmids. After transfection, cells were treated
with 2 mM TRAP6 for 1 h. YAP phosphorylation was determined. (C)
HEK293A cells were pretreated with 2 mg/mL C3 for 4 h and then
incubated with TRAP6 for the indicated times. The presence of FBS
is indicated. Lats1 immunoprecipitated from the cell lysates was
subjected to in vitro kinase assays using GST-YAP as a substrate.
YAP phosphorylation was detected by phospho-YAP (S127) antibody.
(D) Stimulation conditions were similar to those in C. Lats1 was
immunoprecipitated with anti-Lats1 antibody from the cell lysates
and then subjected to immunoblotting as indicated. (E) Flag-YAP
was cotransfected with wild-type or a kinase-dead (KR) mutant of
HA-Lats2. After transfection, cells were treated with 2 mM TRAP6
for 1 h. (B,E) Phosphorylation of Flag-YAP was determined by phos-
tag gel.

Figure 5. YAP/TAZ mediate physiological functions of PARs in
gene induction, cell migration, and invasion. (A) YAP/TAZ knock-
down by siRNAs in MCF10A cells (left) and MDA-MB-231 cells
(right). Cells were transfected with the indicated siRNAs. The
protein levels were determined by immunoblotting. (B,C) MDA-
MB-231 cells were transfected with the indicated siRNAs and
serum-starved for 12 h. (B) After treating with 2 mM TRAP6 for
4 h, mRNA levels of CTGF, Cyr61, CXCL1, END1, FSTL, INHBA,
and PTGS were measured by quantitative PCR. (C) Protein levels of
YAP/TAZ, CTGF, and Cyr61 were determined by immunoblotting.
(D) MCF10A cells were transiently transfected with the indicated
siRNAs. Cell migration was determined by transwell cell migration
assay. Cells were stained with crystal violet (top panel) and quanti-
fied (bottom panel). (E) MDA-MB-231 cells were transiently trans-
fected with the indicated siRNAs. Cell invasion was determined by
Matrigel invasion assay.
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ing the cellular function of PAR. Compared with control
cells, TRAP6 stimulated MCF10A cell migration. Knock-
down of YAP/TAZ efficiently blocked the cell migration
induced by TRAP6 (Fig. 5D; Supplemental Fig. S7). Fur-
thermore, TRAP6-induced cell invasion was suppressed
in YAP/TAZ knockdown cells (Fig. 5E). Taken together,
these data suggest an important role of YAP and TAZ in
mediating the physiological functions of PAR1 on gene
induction, cell migration, and invasion.

In this study, we demonstrate that the PAR regulates
the Hippo pathway. In addition, we showed recently that
the Hippo–YAP pathway is regulated by other GPCR
signaling cascades (Yu et al. 2012). Our observations pro-
vide new insight into the role of extracellular ligands and
GPCRs in the Hippo pathway. We propose that activation
of PAR1 and other GPCRs that couple to G12/13 triggers the
activation of Rho GTPase, which works through the actin
cytoskeleton to inhibit Lats1/2 kinase, leading to eventual
YAP/TAZ dephosphorylation, nuclear localization, and
gene expression. The precise mechanism by which
Rho inhibits Lats requires further investigation. Several
recent studies have provided evidence that the actin
cytoskeleton modulates the Hippo pathway (Dupont
et al. 2011; Fernandez et al. 2011; Rauskolb et al. 2011;
Sansores-Garcia et al. 2011; Zhao et al. 2012). Another
report suggested that cell morphology and stress fiber/F-
actin regulate YAP in a phosphorylation-dependent man-
ner (Wada et al. 2011). We speculate that ligands that
signal from outside the cell to Rho GTPase may inhibit
Lats1/2 kinases via modulating the actin cytoskeleton.

The connection between PAR1 and the Hippo pathway
revealed by this study has several important implica-
tions. PAR1 is widely expressed in multiple cell types and
has been implicated in a broad spectrum of physiological
regulations. Altered PAR signaling is also implicated in
pathological conditions, including tumor cell invasion and
diseases in the cardiovascular, gastrointestinal, respiratory,
and nervous systems (Ramachandran et al. 2012). Acti-
vation of PAR1 and other GPCRs that couple to G12/13

and Rho signaling pathways can lead to aberrant cell
growth, and ligands for these receptors are increased
under pathophysiological conditions. For example, throm-
bin and PAR1 expression are up-regulated in a tumor mi-
croenvironment and malignant or invasive cancer cells
(Bar-Shavit et al. 2011; Ramachandran et al. 2012). On the
other hand, thrombin is generated at sites of tissue injury
to promote wound healing. We speculate that activation
of YAP/TAZ by thrombin and PAR1 may play prominent
roles in both pathophysiological conditions, such as
cancer, and normal physiology, such as wound healing.

Materials and methods

Plasmids

The pCMV-Flag-YAP2, pcDNA3-HA-Lats2 (wild-type and KR), pcDNA3-

HA-MST2 (wild-type and KR), Flag-MST2, HA-Sav, GST-Mob, and pRK5-

MYC-Rho (wild-type, L63, and N19) constructs were described before

(Zhao et al. 2007). G protein plasmids were purchased from the Missouri

S&T cDNA Resource Center.

Cell culture and transfection

HEK293A and MDA-MB-231 cells were cultured in DMEM with 10%

FBS. MCF10A cells were cultured in DMEM/F12 supplemented with 5%

horse serum, 20 ng/mL EGF, 0.5 mg/mL hydrocortisone, 10 mg/mL insulin,

100 ng/mL cholera toxin, and 50 mg/mL penicillin/streptomycin. For

serum starvation, cells were incubated in DMEM or DMEM/F12 without

other supplements. Cells were transfected with plasmid DNA using

PolyJet DNA in vitro tranfection reagent (SinaGen Laboratories).

Immunoprecipitation

Cells were lysed with mild lysis buffer (50 mM HEPES at pH 7.5,

150 mM NaCl, 1 mM EDTA, 1% NP-40, 10 mM pyrophosphate, 10 mM

glycerophosphate, 50 mM NaF, 1.5 mM Na3VO4, 1 mM PMSF, 1 mM

DTT, protease inhibitor cocktail). The supernatants obtained by centri-

fugation were incubated with the appropriate antibodies for 2 h at 4°C, and

protein G- or protein A-conjugated beads were added in for 1 h. Immuno-

precipitates were washed four times with lysis buffer, and proteins were

eluted with SDS-PAGE sample buffer.

Kinase assay

Lats and MST kinase assays were performed as described (Zhao et al.

2007). The immunoprecipitated MST was subjected to a kinase assay in

the presence of GST-Mob as substrate. Lats kinase assays were performed

similarly using GST-YAP as a substrate.

siRNA

YAP, TAZ, Gq, G11, G12, G13, and control siRNAs were from Dharmacon

SMARTpool and were introduced into cells by transient transfection

with RNAi MAX (Invitrogen) in accordance with the manufacturer’s

instructions.

Immunoblotting

Immunoblotting was performed as per standard protocol, and antibodies

are indicated in the Supplemental Material.

Immunofluorescence staining

Immunofluorescence staining was performed as described (Zhao et al.

2007) and using MCF10A cells. Antibodies are described in the Supple-

mental Material.

RNA isolation and real-time PCR

Cells were washed with cold PBS, and total RNA was extracted using an

RNesay kit (Qiagen) treated with RNA-free DNase. One microgram of

RNA was used for reverse transcription with iScript reverse transcrip-

tase (Bio-Rad). cDNA was then diluted and used for real-time PCR with

gene-specific primers using KAPA SYBR Fast qPCR master mix (Kapa

Biosystems) and the 7300 real-time PCR system (Applied Biosystems).

The relative abundance of mRNA was calculated by normalization to

b-actin mRNA. Primers are described in the Supplemental Material.

Cell migration assay

The cell migration assay was performed using BD Falcon cell culture

inserts for 24-well plates with 8.0-mm pores, and the inserts were pre-

coated with 20 mg/mL fibronectin. MCF10A cells transfected with control

siRNA or YAP/TAZ siRNA were serum-starved for 24 h and then seeded

into the upper chamber of the insert (2 3 105 cells per well) in DMEM/F12

without other supplements, and the lower chamber was filled with

DMEM/F12 with or without 2 mM TRAP6. After 24 h, cells were fixed

using 4% paraformaldehyde and stained using 0.05% crystal violet. Non-

migrating cells were removed from the upper membrane by scrubbing

with a cotton swab. Cells in the upper chamber were carefully removed,

and cells migrated through the filter were assessed by photography. Cells

were counted from photographs of the membrane for quantification.

Cell invasion assay

The cell invasion assay was performed using BioCoat Matrigel invasion

chambers (BD Biosciences) containing inserts with a Matrigel and an

underlying membrane with 8.0-mm pores. The inserts were hydrated with
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warm DMEM without FBS in 5% CO2 for 2 h at 37°C. MDA-MB-231 cells

transfected with control siRNA or YAP/TAZ siRNA were serum-starved

for 24 h and then seeded into the upper chamber of the insert (2 3 105 cells

per well) in DMEM with no FBS, and the lower chamber contained DMEM

with or without 2 mM TRAP6. TRAP6 was replenished every 4 h. After

24 h, the invading cells were fixed using 4% paraformaldehyde and stained

using 0.05% crystal violet. Noninvading cells were removed from the

upper membrane by scrubbing with a cotton swab. The invading cells

were visualized under an inverted light microscope. Cells were counted

from photographs of the membrane. The experiments were repeated

in duplicate, and cell counts were based on three different fields per

experiment.
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