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The Hippo signaling pathway inhibits cell growth and regulates
organ size through a kinase cascade that leads to the phosphor-
ylation and nuclear exclusion of the growth-promoting transcrip-
tional coactivator Yes-associated protein (YAP)/Yorkie. It mediates
contact inhibition of cell growth downstream of cadherin adhesion
molecules and other cell surface proteins. Contact inhibition is
often antagonized bymitogenic growth factor signaling. We report
an important mechanism for this antagonism, inhibition of Hippo
pathway signaling by mitogenic growth factors. EGF treatment of
immortalized mammary cells triggers the rapid translocation of YAP
into the nucleus along with YAP dephosphorylation, both of which
depend on Lats, the terminal kinase in the Hippo pathway. A small-
molecule inhibitor screen of downstream effector pathways shows
that EGF receptor inhibits the Hippo pathway through activation
of PI3-kinase (PI3K) and phosphoinositide-dependent kinase (PDK1),
but independent of AKT activity. The PI3K-PDK1 pathway also
mediates YAP nuclear translocation downstream of lysophosphatidic
acid and serum as a result of constitutive oncogenic activation of
PI3K. PDK1 associates with the core Hippo pathway-kinase complex
through the scaffold protein Salvador. The entire Hippo core complex
dissociates in response to EGF signaling in a PI3K-PDK1–dependent
manner, leading to inactivation of Lats, dephosphorylation of YAP,
and YAP nuclear accumulation and transcriptional activation of its
target gene, CTGF. These findings show that an important activity
ofmitogenic signaling pathways is to inactivate the growth-inhibitory
Hippo pathway and provide a mechanism for antagonism between
contact inhibition and growth factor action.
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Much is known about the roles of mitogenic growth factors in
regulating cell proliferation. More recently, there has been

progress in understanding the mechanisms underlying physical
constraints on cell growth, such as contact inhibition, mechano-
transduction, and the role of cell polarity. In particular, the Hippo
signaling pathway is thought to mediate growth inhibition through
some of these processes.
The Hippo signaling pathway is an evolutionarily conserved

pathway that inhibits cell proliferation, and loss of Hippo signaling
leads to organ overgrowth and cancer development (1–4). The
core of the pathway consists of a kinase cascade and associated
coactivators and scaffold proteins. The Mst/Hippo kinase in com-
plex with Sav1 phosphorylates and activates the downstream kinase
Lats. Lats in turn phosphorylates the growth-promoting tran-
scriptional activator Yes-associated protein (YAP) on Ser127,
leading to its cytoplasmic retention (5). When the Hippo pathway
is inactive, YAP accumulates in the nucleus and activates the
transcription of several growth-promoting genes (5).
Cadherin adhesion proteins have been proposed to mediate

contact inhibition of growth by antagonizing growth signaling of
receptor tyrosine kinases (RTKs). Cadherins may interact directly
with RTKs (6, 7) or via tumor-suppressor proteins merlin/NF2 and
NHERF (8). We previously reported that inhibition of EGF re-
ceptor (EGFR) phosphorylation by Src family kinases might play
a role in cadherin-mediated contact inhibition of growth (9). We

recently discovered that cadherin-mediated contact, independent
of other cell interactions, inhibits cell growth through activation
of the Hippo signaling pathway (10). Given that our earlier work
implicated inhibition of RTK signaling activity in the cadherin-
mediated contact inhibition of growth, we wondered whether the
two growth inhibitory activities are related. In the present study,
we found a direct relationship between mitogenic growth factor
pathways and the growth-inhibitory Hippo pathway, and identi-
fied the general mechanism for this interaction.

Results
EGF Treatment Inhibits Hippo Pathway in Confluent MCF-10A Cells.
MCF-10A is an immortalized human mammary epithelial cell
line that is contact-inhibited at high cell density via the Hippo
signaling pathway (5, 10, 11). In serum-starved, contact-inhibited
MCF-10A cells, the nuclear effector of the Hippo pathway, YAP,
is excluded from the nucleus. However, EGF treatment triggered
rapid YAP nuclear accumulation in most cells within 30 min
(Fig. 1A). This phenomenon was not unique to MCF10A and
mammary cells, but was observed for A431 epidermoid and HeLa
cervical carcinoma cell lines as well (Fig. S1A).
To determine whether YAP nuclear translocation is associated

with its transcriptional activity, we performed ChIP analysis
for promoter-binding activity. YAP is known to associate with
the DNA-binding protein TEAD to regulate expression of the
connective tissue growth factor (CTGF) gene (12). EGF treatment
triggered YAP binding to the CTGF promoter relative to control
treatment (Fig. 1B). EGF treatment also increased CTGF mRNA
expression compared with control treatment, as determined by
RT-PCR (Fig. 1C). To determine whether YAP has a role in EGF-
stimulated growth of MCF-10A cells, we knocked down the ex-
pression of YAP by siRNA in MCF-10A cells. Three different
YAP siRNAs effectively depleted YAP expression for several
days compared with control siRNA (Fig. S2A). EGF failed to
increase cell numbers in the YAP knockdown group compared
with control (Fig. 1D). Taken together, these results show that
EGF treatment triggers YAP nuclear accumulation and transcrip-
tional activity, which is critical for EGF-stimulated cell proliferation
in MCF-10A cells.
We next examined whether EGF regulates YAP nuclear accu-

mulation through the Hippo pathway. The core Hippo pathway
kinase Lats phosphorylates YAP directly at Ser127, which causes
YAP cytoplasmic retention (5). EGF treatment reduced overall
YAP phosphorylation and YAP phosphorylation at Ser127 in a
time-dependent manner in confluent serum-starved MCF-10A

Author contributions: R.F. and B.M.G. designed research; R.F. and N.-G.K. performed re-
search; N.-G.K. contributed new reagents/analytic tools; R.F. and B.M.G. analyzed data;
and R.F. and B.M.G. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: gumbiner@virginia.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1216462110/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1216462110 PNAS | February 12, 2013 | vol. 110 | no. 7 | 2569–2574

CE
LL

BI
O
LO

G
Y

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216462110/-/DCSupplemental/pnas.201216462SI.pdf?targetid=nameddest=SF1
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216462110/-/DCSupplemental/pnas.201216462SI.pdf?targetid=nameddest=SF2
mailto:gumbiner@virginia.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216462110/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1216462110/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1216462110


cells (Fig. 1 E and F and Fig. S2B), suggesting that EGF treat-
ment regulates YAP through inhibition of Lats activity. To test
whether a decrease in Lats activity mediates EGF regulation of
YAP localization, we overexpressed Lats in MCF-10A cells. EGF
treatment induced YAP nuclear accumulation in 69% of control
vector-transfected cells, whereas only 39% of Lats1-transfected
cells showed nuclear YAP staining (Fig. 1G). These data indicate
that EGF treatment causes a decrease in Lats-mediated phos-
phorylation of YAP and stimulates YAP nuclear accumulation in

a Lats-dependent manner. Given that Lats is a defining core kinase
of the Hippo pathway, EGF treatment regulates YAP, at least in
part, through inhibition of the Hippo pathway.

EGF Inhibits Hippo Pathway Through PI3K and PDK1, but Independent
of AKT Activity. We used numerous specific pharmacologic inhib-
itors of its downstream pathways (13) to examine how EGFR
affects the Hippo pathway. Confluent, serum-starved MCF-10A
cells were pretreated with different inhibitors for 30 min, followed
by EGF treatment for another 30 min, and YAP nuclear accu-
mulation was determined by confocal microscopy. Inhibitors of
PI3K significantly blocked EGF-mediated YAP nuclear accumu-
lation as effectively as the EGFR inhibitor Iressa (Fig. 2A and
Fig. S3B). Inhibitors of the PI3K downstream effector PDK1
were also able to block YAP nuclear accumulation (Fig. 2A and
Fig. S3B). Importantly, dose-dependence studies showed that both
sets of inhibitors acted at low concentrations expected for specific
effects on these enzymes (Fig. S4). In contrast, inhibitors of
another major kinase downstream of PI3K, AKT, had no effect
on YAP nuclear accumulation (Fig. 2A). None of the other inhib-
itors, including Src family kinase inhibitor, MEK inhibitors, JAK2
inhibitor, PKC inhibitors, Ras/farnesyltransferase inhibitor, and
PKA inhibitors had any effect on EGF-mediated YAP nuclear
accumulation (Fig. S3). Moreover, both the PI3K inhibitor and
the PDK1 inhibitor blocked the reduction in YAP Ser127 phos-
phorylation caused by EGF treatment (Fig. 2B). These results
demonstrate that EGFR regulates the Hippo pathway through
PI3K-PDK1 activity.
Because PI3K can be activated by growth factors other than

EGF, we tested whether this PI3K-PDK1–mediated regulation
of the Hippo pathway is specific to EGFR signaling. Lysophos-
phatidic acid (LPA) or horse serum, which can activate PI3K
signaling independent of EGFR signaling (14), both caused YAP
nuclear accumulation within 30 min of treatment of MCF-10A
cells (Fig. 3A). Importantly, PI3K and PDK1 inhibitors blocked
YAP nuclear accumulation caused by LPA or serum treatment.

Fig. 1. EGF treatment inhibits Hippo signaling pathway in confluent serum-
starved MCF-10A cells. (A) EGF treatment for 30 min induces YAP nuclear
accumulation in confluent serum-starved MCF-10A cells, observed by confocal
immunofluoresence microscopy. Nuclear staining with TOPRO3 is shown be-
low for each panel. (Scale bar: 20 μm.) The percentage of cells with nuclear
staining in the control and EGF groups was compared using the two-sided
Fisher’s exact test. (B) ChIP assay demonstrates that EGF treatment induces
YAP binding to the CTGF promoter region. PCR shows that CTGF promoter
fragment is enriched in the cells treated with EGF for 30 min compared with
the control treatment. Mouse IgG serves as the antibody control, and β-actin
gene serves as the internal control. (C) EGF treatment increases CTGF mRNA
expression in confluent serum-starved MCF-10A cells, as measured by RT-PCR.
Equal amounts of total RNA were serially diluted as the template for cDNA
synthesis and RT-PCR using CTGF primer or GAPDH primer. (D) MCF-10A cells
depleted of YAP by siRNA treatment proliferate less than control MCF-10A
cells after EGF treatment. Error bar represents mean ± SEM; n = 6. (E) EGF
treatment reduces phospho YAP Ser127 in MCF-10A cells, as shown by Western
blot analysis, using α-tubulin as an internal loading control. (F) Quantifica-
tion of Western blot intensity shown in E by ImageJ. Statistical significance
was calculated using the Student t test. Error bar represents mean + SEM;
n = 3. *P ≤ 0.0005. (G) Lats1 overexpression inhibits EGF-mediated YAP
nuclear accumulation in MCF-10A cells. GFP vector or GFP-Lats1 was tran-
siently transfected into MCF-10A cells by electroporation. The percentage of
cells with YAP nuclear staining was compared in indicated groups. Statistical
significance was calculated using the two-sided Fisher exact test.

Fig. 2. EGF inhibits the Hippo pathway through the PI3K-PDK1 pathway,
independent of AKT activity. (A) Inhibitor screening of the EGF signaling
pathway in MCF-10A cells by confocal microscopy of YAP nuclear accu-
mulation. Cells in c–i received a 30-min inhibitor pretreatment followed by
a 30-min EGF treatment. a, no treatment; b, EGF treatment alone; c,
Wortmannin; d, LY294002; e, PDK1 inhibitor II; f, BX795; g, AKT inhibitor V; i,
Iressa. (Scale bar: 20 μm.) (B) Pretreatment with PI3K (Wortmannin) or
PDK1 inhibitor (PDK1 inhibitor II) blocks the effect of EGF on phospho-YAP
Ser127 by Western blot analysis. The bar graph indicates the Western blot
band intensity. Statistical significance was calculated using the Student t test.
Error bar represents mean ± SEM; n = 4. *P < 0.0001; **P < 0.005.
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Pretreatment of the cells by the EGFR inhibitor Iressa had no
effect on YAP nuclear accumulation induced by LPA or serum,
ruling out an indirect effect via EGFR (Fig. 3A) (15). A different
human mammary cell line, MCF-7, harbors a constitutive active
E545K mutation in the PI3K gene, PIK3CA (16). In contrast to
MCF-10A cells, YAP remained in the nucleus in confluent MCF-7
cells even after serum starvation (Fig. 3B). Importantly, the PI3K
or PDK1 inhibitors caused YAP to accumulate in the cytoplasm of
MCF-7 cells, demonstrating that constitutive activation of PI3K
and PDK1 activity was responsible for YAP nuclear accumulation
in confluent, serum-starved MCF-7 cells. Two colon cancer cell
lines, HCT-116 and HT29, also carry activating mutations in the
PIK3CA gene (17), and both the PI3K and PDK1 inhibitors
similarly caused accumulation of YAP in the cytoplasm of both
cell lines (Fig. S1B). These data suggest that many, if not all,
extracellular stimuli or oncogenic mutations that activate
PI3K-PDK1 signaling will inhibit Hippo pathway signaling
and trigger YAP nuclear accumulation.

PDK1 Forms a Complex with Hippo Pathway Molecules in Confluent
Serum-Starved Cells, and EGF Treatment Dissociates the PDK1-Hippo
Complex and the Entire Hippo Pathway-Kinase Complex. Components
of the Hippo kinase cascade, including Mst, Sav1, and Lats, form
a complex (2, 18–20). These proteins coimmunoprecipitate with
endogenous PDK1 in confluent, serum-starved cells (Fig. 4A),
demonstrating that PDK1 is in the same complex as Hippo path-
way kinases. EGF treatment for 30 min disrupted the PDK1 in-
teraction with these Hippo pathway components, as evidenced by
the loss of Lats1, Mst, or Sav1 in the PDK1 immunoprecipitates.

Importantly, the PI3K inhibitor and PDK1 inhibitor blocked the
effect of EGF on dissociation of PDK1 from the Hippo complex.
We also performed a reciprocal coimmunoprecipitation (co-IP)
using anti-Lats1 antibody and found that PDK1, as well as Mst
and Sav1, coimmunoprecipitated with endogenous Lats1 in serum-
starved cells. The interaction of Lats with all of these components
was disrupted after 30 min of EGF treatment (Fig. 4B), and pre-
treatment with the PI3K inhibitor blocked the effect of EGF on
complex dissociation. In contrast, the Sav1–Mst interaction assessed
by co-IP was not affected by EGF treatment (Fig. S5). These co-IP
experiments identify PDK1 as a component of the Hippo pathway
complex. They also show that brief EGF treatment causes disso-
ciation of the complex in a way that would be expected to disrupt
the kinase cascade owing to the disruption of Lats from Mst and
Sav. Finally, these data show that EGF-induced complex dissoci-
ation depends on the activities of PI3K and PDK1, suggesting that
PDK1 regulates dissociation.
To better understand how PDK1 interacts with the Hippo

complex, we studied the PDK1–Lats interaction by deletion
mutagenesis and co-IP analysis (Fig. S6A). Deletion of the Lats
PPxY motif completely disrupted the Lats–PDK1 association in
HEK293T cells (Fig. S6B). However, the PPxY motif binds to
molecules containing the WW domain, which is absent in PDK1.
Thus, Lats may associate with PDK1 indirectly via theWW domain-
containing molecule Sav1. Indeed, we found that overexpression
of Sav1 increased the binding between PDK1 and Lats by 2.6-fold
compared with vector control (Fig. 5A). Sav1 binds to Mst through
their SARAH domains (18), and we found that Sav1 increased the
PDK1–Mst association in a SARAH domain-dependent manner
(Fig. S6C), suggesting that Sav1 mediates the association between
PDK1 and Mst.
To further test the idea that Sav1 is the central molecule that

mediates the interaction of PDK1 with other Hippo components,
we knocked down Sav1 by siRNA in MCF-10A cells. Although
PDK1–Lats1 and PDK1–Mst associations were detected in control
siRNA-transfected cells, loss of Sav1 abolished the PDK1–Lats

Fig. 3. PI3K activated by different growth factors or constitutive mutation
causes YAP nuclear accumulation. (A) Similar to EGF treatment (Fig. 1), LPA
treatment or serum treatment induced YAP nuclear accumulation through
PI3K-PDK1 pathway in confluent serum-starved MCF-10A cells, independent
of EGFR activity. Cells in c–f received a 30-min inhibitor treatment, fol-
lowed by a 30-min LPA treatment. a, no treatment; b, LPA treatment only;
c, Wortmannin; d, PDK1 inhibitor II; e, BX795; f, Iressa. Cells in h–k received
a 30-min inhibitor treatment, followed by a 30-min serum treatment. g, serum
treatment only; h, Wortmannin; i, PDK1 inhibitor II; j, BX795; k, Iressa. YAP
intracellular localization was determined by confocal microscopy. (Scale bar:
20 μm.) (B) Inhibition of PI3K or PDK1 activity blocks YAP nuclear accumu-
lation caused by PIK3CA constitutive mutation in MCF-7 cells. Serum-starved
MCF-7 cells were treated with PI3K inhibitor (Wortmannin) or PDK1 inhibitor
(BX795) for 4 h, after which YAP intracellular localization was determined by
confocal microscopy. (Scale bar: 20 μm.)

Fig. 4. PDK1 forms a complex with Hippo pathway components, and EGF
treatment dissociates the Hippo-kinase complex. Confluent serum-starved
MCF-10A cells were untreated, treated with EGF for 30 min, or treated with
EGF after inhibitor pretreatment as indicated. (A) EGF treatment disrupts
endogenous PDK1 binding to the Hippo complex proteins (Lats1, Mst, and
Sav1) in MCF-10A cells, as determined by co-IP. The precipitated PDK1 immu-
nocomplex and corresponding input samples were subjected to Western blot
analysis with the indicated antibody. (B) EGF treatment disrupts endogenous
Lats1 binding to PDK1, Mst, and Sav1 in MCF-10A cells, as determined by co-IP.
The precipitated Lats1 immunocomplexes and corresponding input samples
were subjected to Western blot analysis with the indicated antibody.
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and PDK1–Mst associations (Fig. 5 B and C). Analysis of the
interactions of a series of Sav1 deletion mutants with PDK1 in
HEK293T cells showed that amino acid residues 145–162 of Sav1
molecule are critical for the PDK1–Sav1 interaction (Fig. S7).
Thus, Sav1 is the central molecule that mediates the interaction
of PDK1 with the Hippo complex.

PDK1 Pleckstrin Homology Domain Is Important for EGF-Mediated Hippo
Inhibition. PDK1 comprises an N-terminal kinase domain and a
C-terminal pleckstrin homology (PH) domain, and is recruited
to the plasma membrane on growth factor stimulation through
PH domain binding to PtdIns(3,4,5)P3, which leads to PDK1 acti-
vation (21–23). To determine whether PDK1 PH domain-mediated
membrane recruitment and activation is important for the function
of PDK1 in EGF regulation of the Hippo pathway, we generated a
PDK1 PH domain mutant, PDK1-RRR472/473/474LLL (PDK1-
R472/3/4L), which cannot bind PtdIns(3,4,5)P3 and shows im-
paired kinase activity (21, 23, 24). Expression of the PDK1-R472/
3/4L in confluent serum-starved MCF-10A cells reduced YAP
nuclear accumulation in response to EGF treatment compared
with WT PDK1 (Fig. 6). PDK1-R472/3/4L was expressed at
only 10% of the level of WT PDK1 in MCF-10A cells (Fig. S8),
consistent with observations in a previous study (24), which
explains its only partial effect on EGF-stimulated YAP nuclear
accumulation.

We also performed this experiment in MCF-7 cells, and found
that PDK1-R472/3/4L significantly decreased YAP nuclear staining
compared with WT PDK1 (Fig. 6C). We used co-IP to examine
how the PH domain influences the interaction of PDK1 with the
Hippo complex. Although PDK1-R472/3/4L was expressed at only
20% of the level of WT PDK1 in HEK293T cells, more Sav1 bound
to PDK1-R472/3/4L than to WT PDK1 (Fig. 6D). We obtained
similar results for the PDK1-R472/3/4L mutant and Lats1 asso-
ciation (Fig. S8B). These findings suggest that PDK1 affects the
Hippo pathway complex as a result of membrane recruitment on
EGF treatment.
We propose a model to explain our findings (Fig. 7). In serum-

starved confluent cells, PDK1 remains in the cytoplasm and forms
a complex with active Hippo pathway kinases that phosphorylate
YAP to retain it in the cytoplasm. When growth factors are added,
PDK1 is recruited onto plasma membrane, leading to Hippo
complex dissociation. Complex dissociation inactivates Lats,
leading to YAP dephosphorylation and nuclear accumulation.

Fig. 5. PDK1 interacts with Lats1 and Mst through scaffold protein Sav1.
(A) Sav1 expression facilitates Lats1–PDK1 interaction, determined by coex-
pression of exogenous proteins in HEK293T cells and co-IP. The graph shows
quantification of Western blots. Error bar represents mean ± SEM; n = 4.
Statistical significance was calculated using the Student t test. (B) siRNA-
mediated knocked down of Sav1 used in C. in MCF-10A cells. The bar graph
shows Sav1 levels normalized to β-actin (n = 5). Error bar represents mean ±
SEM. Statistical significance was calculated using the Student t test. (C) Sav1
mediates PDK1–Hippo complex binding in MCF-10A cells. Lysates from control
siRNA or Sav1 siRNA-treated cells was incubated with anti-PDK1 antibody. Co-IP
and input samples were subjected to Western blot analysis with indicated
antibodies.

Fig. 6. PDK1 PH domain is important for EGF-mediated Hippo pathway
inactivation. (A) Schema showing overall PDK1 structure and the PDK1 PH
domain mutant (RRR472/473/474LLL). (B) PDK1 PH domain defective mutant
(PDK1-R472/3/4L) inhibits EGF-stimulated YAP nuclear accumulation in MCF-
10A cells. GFP control vector, GFP-PDK1-wt, or GFP-PDK1-R472/3/4L was trans-
fected into MCF-10A cells by electroporation. Serum-starved cells were treated
with EGF. The statistical significance of differences in YAP nuclear localiza-
tion was calculated using the two-sided Fisher exact test. (C) PDK1 PH domain-
defective mutant (PDK1-R472/3/4L) causes YAP cytoplasmic retention in MCF-7
cells. GFP-PDK1-wt or GFP-PDK1-R472/3/4L was transfected into MCF-7 cells
by electroporation. The statistical significance of differences in YAP nuclear
localization was calculated using the two-sided Fisher exact test. (D) PDK1 PH
domain-defective mutant binds to Sav1 more abundantly than WT PDK1 in
HEK293T cells, determined by co-IP analysis of coexpressed exogenous pro-
teins. Statistical significance was calculated using the Student t test. Error bar
represents mean ± SEM; n = 4.
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Discussion
Our findings demonstrate that mitogenic growth factor signaling
rapidly inactivates the Hippo signaling pathway in confluent
contact-inhibited cells. EGFR signaling, as well as signaling stimu-
lated by serum and LPA, caused rapid nuclear accumulation of the
YAP transcriptional activator. Although nuclear accumulation of
YAP is also known to be regulated by Hippo pathway-independent
mechanisms (25, 26), we used several other criteria to establish
the Hippo pathway itself as an important target of EGFR signaling.
We found that dephosphorylation of YAP at Ser127, a target for
Lats, a key component of the Hippo kinase cascade, is associated
with its nuclear accumulation. Moreover, YAP nuclear accumu-
lation in response to EGF depends in part on Lats. Finally, we
observed rapid dissociation of the core Hippo pathway complex
of kinases and accessory/scaffolding proteins in response to EGFR
signaling, demonstrating that the core Hippo pathway complex is
a target of EGFR signaling action.
Extracellular mediators that regulate the Hippo pathway include

the Daschous/Fat system (27) and polarity proteins, such as crumbs
(28–30) in Drosophila. Cell contact is known to activate Hippo
signaling, and we previously identified cadherin-mediated contacts
as responsible (10); evidence for roles of other junction-associated
proteins has been reported as well (26, 31, 32). Our current
findings show that growth factor receptors are upstream negative
regulators of the Hippo pathway. Similarly, in Drosophila, insulin-
like growth factor (IGF) regulates growth through Yorkie/YAP
(33). Soluble factors in serum have recently been reported to
act through G protein-coupled receptors to either activate or inhibit
the Hippo pathway, although the mechanisms were not identified
(34). Clearly, the factors controlling the Hippo pathway activity
are numerous and varied.
We discovered a common mechanism by which various types

of mitogenic pathways inactivate the Hippo pathway. Although
we used EGFR as a model, we found that both serum and LPA,
which works through a G protein-coupled receptor, stimulated
rapid nuclear accumulation of YAP. Indeed, our discovery that
this activity is mediated by PI3K and PDK1 suggests that many,
if not all, of the various signaling pathways that activate PI3K
signaling will inhibit the Hippo pathway. We even found that a

constitutively active oncogenic mutation in PI3K drives YAP
nuclear localization in mammary tumor cells. Although the PI3K
inhibitor Wortmannin was not found to affect YAP phosphory-
lation in response to FBS (34), the effects of Wortmannin and
other PI3K and PDK1 inhibitors in our system were very robust
and reproducible. In agreement with our findings, IGF regulation
of Hippo signaling in Drosophila was found to be mediated by
PI3K and PDK1 (33).
Despite the key roles of PI3K and PDK1 in growth factor

regulation of Hippo signaling, AKT, the major effector kinase
that typically acts downstream of these proteins, does not appear
to have a role in Hippo pathway regulation in MCF-10A cells.
This suggests that alternative effectors are important. PDK1 is
known to have other substrates (35), but our findings implicate
PDK1 directly in control of the Hippo pathway. The protein target
phosphorylated by PDK1 important for control of Hippo signaling
is not yet clear; we have not been able to identify known com-
ponents of the Hippo complex as direct targets. Nonetheless, our
finding that PDK1 forms a protein complex with the core Hippo
complex through its interaction with Sav1 indicates that the Hippo
pathway is an important target of PDK1 activity.
The mechanism by which growth factor-induced PI3K-PDK1

activity inhibits the Hippo pathway appears to be related to dis-
sociation of the core Hippo complex containing Mst, Sav1, Lats,
and PDK1. Complex dissociation is rapid, occurring in a similar
time frame as nuclear accumulation and dephosphorylation of
YAP. Like YAP nuclear accumulation, hippo complex dissocia-
tion depends on the activities of PI3K and PDK1. Formation of
this complex is well known to be critical for Hippo pathway ac-
tivity, given that the complex and the scaffolding protein Sav1
are required for the phosphorylation of Lats and Mob by Hippo/
Mst (2, 19, 20, 36). Thus, complex dissociation is expected to
result in a loss of Lats activation, leading to dephosphorylation
of YAP. Although the formation of the core complex is known to
be important for Hippo activity, our findings demonstrate that
active dissociation of the complex by regulatory factors plays a
role in control of Hippo pathway activity.
Exactly how PI3K and PDK1 activities control the state of

the core Hippo complex is not yet clear, but likely involves PH
domain-mediated recruitment of PDK1 to the plasma membrane
by phosphoinositide products of PI3K. Because a mutant form of
PDK1 lacking the PH domain associates more abundantly with
the Hippo complex, membrane recruitment of PDK1 may be
involved in the control of complex dissociation.
Inhibition of the growth-inhibitory Hippo pathway by mitogenic

growth factor signaling raises interesting ideas about integration
of various types of growth control mechanisms. Inactivation of
the Hippo pathway may be an important requirement for growth
factors to trigger proliferation. Indeed, we found that YAP is
required for EGF stimulation of cell proliferation in MCF-10A
cells. This is surprising and important, because it suggests that,
for this cell type at least, the other branches of the EGF pathway
may be insufficient on their own to stimulate growth. Similarly,
YAP and Yorkie were found to be required for IGF-stimulated
growth in Drosophila (33), and serum GPR stimulated growth in
HEK293A cells (34). Moreover, these pathways likely create
important autocrine and other feedback loops via transcriptional
targets of YAP, including CTGF, amphiregulin, and upstream
components of the IGF pathway (12, 33, 37, 38). Amphiregulin
seems to inhibit the Hippo pathway in MCF-10A cells, as dem-
onstrated by the need to add neutralizing antibodies for effective
serum starvation. The interactions between these pathways may
be important for understanding tissue growth in vivo.
Oncogenic activation of RTKs, as well as PI3K, are known to

contribute to tumor formation (39–41). Our findings raise the
possibility that nuclear YAP is an important downstream effector
of these pathways that contributes to tumor growth and has been
shown to have oncogenic activity when activated by mutations

Fig. 7. Model for growth factor regulation of the Hippo pathway. In con-
fluent cells in the absence of growth factors, PDK1 forms a complex with
Hippo pathway proteins (Lats, Mst, and Sav1), and the Hippo pathway is active.
Mst phosphorylates Mob and Lats, which phosphorylates YAP. YAP is retained
in the cytoplasm, and cell growth is arrested. In the presence of growth factors
(EGF, LPA, or serum), PDK1 is recruited on to the membrane, and the PDK1-
Hippo complex dissociates, preventing regulation of Lats by Mst, which
eventually leads to YAP nuclear accumulation and cell proliferation.
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that block its regulation by the upstream Hippo pathway (4). It
will be important to investigate this relationship between RTK
and Hippo pathways in tumorigenesis experimentally in animals
and in human tumors.

Materials and Methods
Cell Culture and Treatment. Confluent MCF-10A cells were serum-starved with
basal medium supplemented with 1 μg/mL anti–amphiregulin-neutralizing
antibody for 24 h. Cells were pretreated with indicated inhibitors for
30 min, and then treated with 20 ng/mL EGF (PeproTech), 25 μM lysophos-
phatidic acid (LPA; Sigma-Aldrich), or 5% horse serum in basal DMEM/F12
medium (Invitrogen). Other cells were cultured as described previously (10).
Antibodies, reagents, plasmids, and transfections are described in detail in
SI Materials and Methods.

Immunofluoresence Staining and Confocal Microscopy. Cells were fixed with
4% paraformaldehyde and then permeabilized with 0.1% Triton X-100.

Primary and secondary antibodies were diluted in blocking buffer (PBS with
3% BSA). TOPRO3 was added for nuclear staining. Slides were analyzed with
a Nikon Eclipse TE2000 confocal microscope.

Immunoprecipitation and Western Blot Analysis. MCF-10A cells were lysed
with hypotonic buffer [10 mM Hepes (pH 7.4), 1 mM EDTA, 150 mM NaCl]
supplemented with protease and phosphatase inhibitors. HEK293T cells
were lysed with Nonidet P-40 buffer [150 mM NaCl, 1.0% Nonidet P-40, 50 mM
Tris (pH 8.0)] at 24 h after transfection. Immunoprecipitation and Western
blot analyses are described in detail in SI Materials and Methods.

ChIP-PCR. ChIP was performed as described by Braunstein et al. (42) and as
detailed in SI Materials and Methods.
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