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Cell detachment activates the Hippo
pathway via cytoskeleton reorganization
to induce anoikis
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Cell attachment to the extracellular matrix (ECM) is crucial to cell physiology such as polarity, motility, and
proliferation. In normal cells, loss of attachment to the ECM induces a specific type of apoptosis, termed anoikis.

Resistance to anoikis in cancer cells promotes their survival in circulation and dispersion to distant anatomic
sites, leading to tumor metastasis. The Yes-associated protein (YAP) transcription coactivator is a human
oncogene and a key regulator of organ size. The Hippo tumor suppressor pathway phosphorylates and inhibits
YAP. However, little is known about the signals that regulate the Hippo pathway. Here we report that through
cytoskeleton reorganization, cell detachment activates the Hippo pathway kinases Lats1/2 and leads to YAP
phosphorylation and inhibition. The detachment-induced YAP inactivation is required for anoikis in non-
transformed cells, whereas in cancer cells with deregulation of the Hippo pathway, knockdown of YAP and TAZ
restores anoikis. Furthermore, we provided evidence that Lats1/2 expression level is indeed significantly down-
regulated in metastatic prostate cancer. Our findings provide a novel connection between cell attachment and
anoikis through the Hippo pathway and have important implications in cancer therapeutics.
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In multicellular organisms, the size of each organ is strictly
regulated. This process involves many signaling path-
ways, and their dysregulation can lead to uncontrolled
growth and cancer (Hanahan and Weinberg 2000). The
Hippo pathway is a newly established tumor suppressor
pathway that limits organ size under physiological con-
ditions (Justice et al. 1995; Xu et al. 1995; Kango-Singh
et al. 2002; Tapon et al. 2002; Harvey et al. 2003; Jia et al.
2003; Pantalacci et al. 2003; Udan et al. 2003; Wu et al.
2003; Huang et al. 2005; Lai et al. 2005; Dong et al. 2007).
At the core of the Hippo pathway is a kinase cascade con-
sisting of Mst1/2 and Lats1/2. Mstl/2 kinases (Drosophila
Hippo homologs) complex with the scaffold protein Savl
to phosphorylate and activate the Lats1/2 kinases, which
complex with another scaffold protein, Mob1 (Halder and
Johnson 2011). Lats1/2 directly phosphorylate Yes-associated
protein (YAP) on serine residues in five consensus HXRXXS
motifs (Zhao et al. 2010). Phosphorylation of YAP S127
generates a 14-3-3-binding motif responsible for YAP
cytoplasmic retention (Zhao et al. 2007; Hao et al. 2008).
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Thereby, YAP is inhibited by a phosphorylation-induced
physical separation from nuclear-localized target tran-
scription factors and target gene promoters. Further-
more, phosphorylation of YAP S381 by Latsl/2 pro-
motes YAP ubiquitination and degradation (Zhao et al.
2010). TAZ, the YAP paralog, is inhibited by the Hippo
pathway through similar mechanisms (Lei et al. 2008; Liu
et al. 2010).

Upstream signals that regulate the Hippo pathway are
largely unknown. We previously reported that cell-cell
contact and high cell density activate the Hippo pathway
to inhibit YAP (Zhao et al. 2007). Further studies dem-
onstrated that cell-cell junctional proteins such as the
angiomotin protein complex and a-catenin inhibit YAP
(Nishioka et al. 2009; Varelas et al. 2010; Chan et al. 2011;
Kim et al. 2011; Schlegelmilch et al. 2011; Silvis et al.
2011; Wang et al. 2011; Zhao et al. 2011). In addition to
cell-cell contact, cells also physically interact with the
extracellular matrix (ECM) in vivo. For epithelial cells,
the interaction of basal plasma membrane with the ECM
leads to a drastic effect on cell shape, polarity, motility,
survival, and proliferation (Frantz et al. 2010). In this study,
we provide evidence that cell detachment activates the
Hippo pathway kinases Lats1/2 to inhibit YAP. More im-

54 GENES & DEVELOPMENT 26:54-68 © 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org


mailto:kuguan@ucsd.edu
http://genesdev.cshlp.org/
http://www.cshlpress.com

Downloaded from genesdev.cshlp.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

portantly, this YAP inactivation is required for detachment-
induced anoikis. Consistent with these findings, Lats1/2
expression is repressed in metastatic prostate cancer. In
addition, actin and microtubule organization mediates
Lats1/2 activation in response to cell detachment. Thus,
our findings provide new insights into the mechanism of
anoikis through the Hippo pathway-mediated YAP in-
hibition evoked by cell detachment and a possible role of
this regulation in cancer metastasis.

Results

YAP phosphorylation, localization, and activity
are regulated by cell attachment to the ECM

In order to determine whether the Hippo pathway could
be regulated by cell-ECM contact, we examined the
effect of cell attachment on YAP phosphorylation. Inter-
estingly, during cell attachment, YAP exhibited a dramatic
dephosphorylation, as indicated by a phospho-specific an-
tibody and an increased mobility on Phos-tag-containing
SDS-PAGE gels (Fig. 1A), which is a useful tool for de-
tecting protein phosphorylation via mobility shift. Con-
sistently, when cells were detached by trypsinization (T),
YAP became phosphorylated within 10 min (Fig. 1B). The
phosphorylation nature of the YAP mobility shift was con-
firmed by \ protein phosphatase treatment, which con-
verted YAP to the faster-migrating form (Fig. 1B). In
addition, cell detachment by an enzyme-free cell dissoci-
ation method also leads to YAP phosphorylation, exclud-
ing the possibility of YAP phosphorylation as a result of
trypsin cleavage of cell surface molecules (Supplemental
Fig. S1A). YAP phosphorylation by Lats1/2 kinases of the
Hippo pathway is known to cause cytoplasmic trans-
location (Zhao et al. 2007). Consistently, when MCF10A
cells were attached for 10 min and YAP phosphorylation
remained high (Fig. 1A), we observed YAP to be mainly in
the cytoplasm (Fig. 1C). However, after cells were at-
tached for 80 min, at which time YAP phosphorylation
was low, we found YAP to be mainly localized in the
nucleus. Therefore, our results suggest that cell attachment
and detachment modulate both YAP phosphorylation and
subcellular localization.

Consistent with a functional importance of nuclear
YAP, cell attachment also regulates YAP target gene ex-
pression. When cells were attached for longer periods of
time, direct YAP target genes such as CTGF (Zhao et al.
2008) were strongly induced (Fig. 1D,E). However, when
cells were plated onto ultralow attachment plates, they
remained in suspension and there was no induction
of CTGF expression. Similarly, by examining mRNA
levels, we also observed the induction of additional YAP
target genes such as Cyr6l (Zhang et al. 2011), Inhba
(Zhao et al. 2007), and Ankrdl (Zhao et al. 2008) in
attached but not suspended cells (Fig. 1E). Taken all
together, these data indicate that cell-ECM attachment
leads to YAP dephosphorylation, nuclear translocation,
and activation. In contrast, cell detachment results in
YAP phosphorylation, cytoplasmic translocation, and
inhibition.

Cell attachment regulates the Hippo pathway

Focal adhesion (FA) is not required for cell
attachment-induced activation of YAP

Cell-ECM interaction alters cell architecture and physiol-
ogy in many ways, including FA formation and cytoskele-
ton reorganization (Frantz et al. 2010). FAs are complex
intracellular linkages between integrins and the F-actin
cytoskeleton, which function as a mechanical force trans-
ducer and a signaling module (Parsons et al. 2010). To
address whether formation of FAs plays a role in the ac-
tivation of YAP by cell attachment, we compared cells in
attachment to fibronectin, a FA-inducing integrin ligand,
or polylysine, which does not organize FA (Grashoff et al.
2010). Within the initial 10 min of cell adherence to
fibronectin-coated coverglasses, FAs were not observed and
YAP was mainly localized to the cytoplasm (Fig. 1F). At
later time points, FAs gradually formed as indicated by
clustering of the FA protein vinculin (Fig. 1F). Notably,
YAP nuclear localization occurred faster than FA forma-
tion (Fig. 1F, 1-h and 2-h time points). More importantly,
cells that were attached to polylysine-coated coverglasses
also showed a dramatic YAP translocation to the nucleus,
although those cells did not form FAs (Fig. 1F). Further-
more, cell attachment to both fibronectin and polylysine-
coated petri dishes induced dephosphorylation of YAP
and TAZ and expression of CTGF (Fig. 1GJ. Altogether,
these results indicate that FA formation is not required
for cell attachment-induced YAP activation, although, as
suggested by following data, FA may play a role in YAP
regulation during long-term attachment by organizing
cytoskeleton.

Cell attachment also leads to dramatic cytoskeleton re-
organization (Mammoto and Ingber 2009). While FA for-
mation was only induced by fibronectin-mediated attach-
ment, cytoskeleton reorganization as well as cytoplasmic
translocation of YAP were also seen in polylysine-mediated
attachments. Cells attached to fibronectin-coated cov-
erglasses spread and formed cortical actin networks and
stress fibers (Fig. 1F). Due to the lack of FAs, cells at-
tached to polylysine-coated material displayed a different
F-actin structure, with abundant filopodia at 1 h after at-
tachment and intricate actin networks in cell body and
lamellipodia at 2 h after attachment. Stress fibers were
also occasionally seen (Fig. 1F). In addition, the microtu-
bule cytoskeleton was also established and expanded while
cells spread. We did not observe any obvious difference in
the microtubule cytoskeleton between cells attached to
fibronectin- and polylysine-coated coverglasses, although
we saw microtubule extending into filopodia in cells on
polylysine (Fig. 1F). These observations raise the possibil-
ity that cytoskeleton reorganization may mediate the
regulation of YAP by cell attachment.

Actin and microtubule cytoskeletons play important
roles in regulation of YAP

To directly test whether cytoskeleton reorganization
plays a role in YAP regulation by cell attachment, we
used cytoskeleton-disrupting reagents. Latrunculin B,
which disrupts actin cytoskeleton by preventing actin
polymerization, strongly blocked attachment-induced
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Figure 1. YAP phosphorylation, subcellular localization, and activity are regulated by cell attachment status. (A) Cell attachment
induces dephosphorylation of YAP. MCF10A cells were trypsinized and attached onto fibronectin-coated petri dishes for the indicated
time. Cells were then lysed, and cell lysates were analyzed by Western blots with the indicated specific antibodies. Phos-tag-containing
SDS-PAGE gels were used as indicated. (B) Cell detachment strongly induces YAP phosphorylation. MCF10A cells were trypsinized and
attached onto fibronectin-coated petri dishes for 2 h. Attached cells were either directly lysed (A) or trypsinized again before being
collected and lysed (T). Aliquots of samples were further treated with \ protein phosphatase as indicated. Cell lysates were resolved on
Phos-tag-containing SDS-PAGE gels, and anti-YAP antibody was used for Western blot analysis. (C) Cell attachment induces nuclear
translocation of YAP. MCF10A cells were trypsinized and attached onto fibronectin-coated coverglasses for the indicated time (in
minutes). Cells were then fixed and stained with anti-YAP antibody. Cell boundaries were visualized by staining of F-actin with
rhodamine-phalloidin. Both XY views and XZ views from confocal imaging are presented in the Ieft panel. Cells in five random views
(~100 cells) were quantified for YAP localization and are shown in the right panel. (D) Cell attachment activates CTGF expression.
High cell density HeLa cells were trypsinized and lysed (T) or further cultured onto fibronectin-coated petri dishes (A) or onto ultralow
attachment plates in suspension (S) for 4 h. Cell lysates were examined by Western blot analysis using the indicated antibodies. (E) Cell
attachment activates YAP target gene expression. Experiments were similar to that in D. RNA was extracted, and expression of YAP
target genes was analyzed by quantitative RT-PCR. (F) Attachment to fibronectin- or polylysine-coated supporting materials similarly
induces nuclear translocation of YAP. MCF10A cells were trypsinized and attached onto fibronectin- or polylysine-coated coverglasses
for the indicated time in serum-free medium. Cells were then fixed and stained with the indicated antibodies for vinculin, microtubule,
or YAP, and with Alexa Fluor 488-conjugated phalloidin for F-actin. Cell nuclei were stained with DAPL (G) Attachment to fibronectin-
or polylysine-coated supporting materials similarly activates YAP and TAZ. Experiments were similar to that in F. Cells lysates were
analyzed by Western blots. Phos-tag-containing SDS-PAGE gels were used as indicated. The asterisk indicates a nonspecific band.
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YAP dephosphorylation (Fig. 2A). A similar effect was
also observed when cells were treated with cytochalasin
D, another inhibitor that disrupts the actin cytoskeleton
by capping filament plus ends (Supplemental Fig. S2A).
Consistent with the dispensability of FAs in YAP regu-
lation by cell attachment, inhibitors against signaling
molecules in FAs—such as Scr family tyrosine kinase in-
hibitor PP2, FAK inhibitor PF271, and Rho kinase (ROCK)
inhibitor Y27632—did not significantly inhibit attachment-
induced dephosphorylation of YAP (Supplemental Fig. S2B).
Disruption of the actin cytoskeleton abrogates F-actin
tension, suggesting a possible role of mechanical force in
YAP regulation. However, blebbistatin, which also relieves
tension on the actin cytoskeleton by inhibiting myosin II
ATPase, did not show an effect similar to latrunculin B
(Supplemental Fig. S2A), suggesting that actin-dependent
tension is not required for YAP dephosphorylation in-
duced by cell attachment.

The microtubule cytoskeleton is also reorganized dur-
ing cell attachment. However, disruption of microtubule
polymerization by nocodazole or vinblastine as well
as induction of microtubule polymerization by taxol
did not block attachment-induced YAP dephosphoryla-
tion (Supplemental Fig. S2B). Interestingly, pretreatment
of cells with nocodazole strongly blocked detachment-
induced YAP phosphorylation (Fig. 2B). This effect was
specific to microtubule disruption because concomitant
treatment with microtubule-stabilizing reagent taxol
neutralized the effect of nocodazole. Again, detachment-
induced YAP phosphorylation was not abolished by PP2,
PF271, or blebbistatin treatment (Supplemental Fig.
S2C). These data indicate that both actin and microtu-
bule cytoskeletons are involved in YAP regulation by the
cell attachment status (Fig. 6D, below). However, they
display opposite effects, as F-actin disruption blocks
attachment-induced YAP dephosphorylation, whereas mi-
crotubule disruption blocks detachment-induced YAP
phosphorylation.

We next examined whether cytoskeletons could play a
role in YAP regulation in a context other than cell at-
tachment. When cultured at high cell density, YAP phos-
phorylation is relatively high. In these cells, disruption of
microtubule by nocodazole or vinblastine also induced
YAP dephosphorylation (Fig. 2C). However, blebbistatin
and ROCK inhibitors Y27632 and H1125 did not repress
YAP phosphorylation (Supplemental Fig. S2D). In low-
density cell culture, YAP phosphorylation is at a low level.
Disruption of the actin cytoskeleton by latrunculin B or
cytochalasin D strongly induced YAP phosphorylation,
while relieving tension on the actin cytoskeleton by
blebbistatin had a minor effect (Fig. 2D). Actin and mi-
crotubule cytoskeletons have extensive physical and func-
tional interactions. Intrigued by the opposite effects of
F-actin and microtubule disruption on YAP phosphoryla-
tion, we asked whether they were functionally linked in
terms of YAP regulation. Interestingly, the dephosphory-
lation of YAP by disruption of microtubule was largely
blocked by codisruption of the actin cytoskeleton (Fig.
2E), indicating that these two cytoskeleton systems co-
ordinately regulate YAP phosphorylation.

Cell attachment regulates the Hippo pathway

Consistent with changes in YAP phosphorylation, cy-
toskeleton integrity also regulates YAP subcellular local-
ization. At low cell density, endogenous YAP mainly
localized to the nucleus, while disruption of the actin
cytoskeleton by latrunculin B induced YAP cytoplasmic
translocation (Fig. 2F). YAP mainly resided in the cyto-
plasm at high cell confluence. Interestingly, disruption
of the microtubule cytoskeleton by nocodazole (Supple-
mental Fig. S2E) led to nuclear translocation of YAP,
which was enhanced by cotreatment with leptomycin B
(LMB), a CRM1-dependent nuclear export inhibitor (Fig.
2F). LMB by itself did not significantly induce translo-
cation of YAP under the condition tested. Nocodazole
treatment also induced actin stress fiber formation in
some cells (Supplemental Fig. S2E). However, induction
of stress fibers by cell-permeable phalloidin did not affect
YAP phosphorylation (data not shown), and attachment-
induced YAP dephosphorylation occurred before the forma-
tion of stress fibers (Fig. 1F). Thus, the effect of nocodazole
on YAP phosphorylation cannot simply be explained by
the induction of stress fibers. These data suggest that
actin and microtubule cytoskeletons play important roles
in the regulation of YAP phosphorylation and localiza-
tion, and the remodeling of cytoskeleton likely is a key
mechanism responsible for regulation of YAP by cell at-
tachment status (Fig. 6D, below).

The Rho family small GTPases play a key role in actin
cytoskeleton organization. To determine whether any of
the Rho family GTPases was involved in YAP regulation
by cell attachment, first we examined whether coexpres-
sion of these GTPases modulated YAP phosphorylation.
Interestingly, coexpression of either wild-type or consti-
tutively active but not dominant-negative RhoA strongly
induced dephosphorylation of YAP (Fig. 2G). Further-
more, coexpression of constitutively active Rac or cdc42,
the other two Rho family members, also induced YAP
dephosphorylation. The wild-type Rac and cdc42 had
only a minor effect (Fig. 2G). To further determine
whether any of these small GTPases plays a role in
cytoskeleton-mediated regulation of YAP phosphoryla-
tion upon cell attachment, we tested cells with Rho or
Rac inhibitors. Strikingly, botulinum toxin C3, a specific
inhibitor of Rho but not Rac or cdc42 GTPases, com-
pletely blocked YAP dephosphorylation induced by cell
attachment to both fibronectin and polylysine-coated
culture surfaces (Fig. 2H). In contrast, the Rac-specific
inhibitor NSC23766 did not affect cell attachment-
induced YAP dephosphorylation. These results sug-
gest that Rho plays a critical role in mediating the
effect of cell attachment on YAP phosphorylation, likely
through actin cytoskeleton organization, whereas Rac
and cdc42 may regulate YAP phosphorylation in another
context.

The Hippo pathway is involved in regulation of YAP
subcellular localization by the cytoskeleton

As shown above, cell attachment and the cytoskeleton
regulate YAP phosphorylation and subcellular localization.
We hypothesized that the Hippo pathway might mediate
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Figure 2. YAP is regulated by the actin and microtubule cytoskeletons. (A) Cell attachment-induced YAP dephosphorylation requires
actin polymerization. MCF10A cells were trypsinized (T) and attached onto fibronectin-coated petri dishes (A) for 80 min. Latrunculin
B was added as indicated at the time of plating. Cell lysates were analyzed by Western blots as indicated. (B) Microtubule organization
is required for cell detachment-induced YAP phosphorylation. MCF10A cells were trypsinized and attached onto fibronectin-coated
petri dishes for 2 h. Cells were either directly lysed (A) or trypsinized again before being collected and lysed (T). Nocodazole (Noco) and
taxol were added to cell culture medium 15 min before and during trypsinization as indicated. (C) Disruption of the microtubule
decreases YAP phosphorylation. MCF10A cells cultured to 80% confluence were treated with the indicated chemicals in culture
medium. Cells were then lysed and analyzed by Western blots. (D) Disruption of the actin cytoskeleton induces YAP phosphorylation.
MCFI10A cells were trypsinized and attached onto fibronectin-coated petri dishes for 2 h, followed by addition of the indicated reagents,
and were further cultured for another hour before being harvested for Western blot analysis. (E) F-actin is required for YAP
dephosphorylation induced by microtubule depolymerization. MCF10A cells were cultured to confluence and treated with inhibitors
in cultured medium as indicated. Cell lysates were resolved on Phos-tag-containing SDS-PAGE gels, and anti-YAP antibody was used
for Western blotting. Data were cropped from the same exposure of the same blot. (F) The actin and microtubule cytoskeletons regulate
YAP subcellular localization. MCF10A cells were cultured onto fibronectin-coated coverglasses at low or high cell density. Cells were
treated with the indicated inhibitors before fixation. Samples were then stained with anti-YAP antibody for endogenous YAP, Alexa
Fluor 488-conjugated phalloidin for F-actin, and DAPI for cell nuclei. (G) Rho family small GTPases induce YAP dephosphorylation.
HEK293 cells were cotransfected with the indicated plasmids. Cells were then lysed and analyzed by Western blots. (H) Rho mediates
cell attachment-induced YAP dephosphorylation. MCF10A cells were trypsinized and then attached to fibronectin- or polylysine-
coated petri dishes for 2 h in the presence of Rho inhibitor C3 (2 pwg/mL) or Rac inhibitor NSC23766 (100 uM). Cell lysates were
resolved on Phos-tag-containing SDS-PAGE gels, and anti-YAP antibody was used for Western blotting.
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these effects. To test this hypothesis, we first compared the
effect of cytoskeleton disruption on the localization of
YAP wild type and 5SA, a YAP mutant with all five Lats1/2
serine phosphorylation sites mutated to alanine, which
is unresponsive to the Hippo pathway. Ectopically
expressed YAP wild-type protein mainly adopted cyto-
plasmic localization even with LMB treatment when
cells were confluent (Fig. 3A). Similar to endogenous pro-
tein, treatment of cells with nocodazole induced nuclear
accumulation of wild-type YAP (Fig. 3A). However, the
YAP-5SA mutant mainly localized to the nucleus regard-
less of microtubule integrity, suggesting that the micro-
tubule regulates YAP localization via the Latsl/2 phos-
phorylation sites on YAP. At low cell density, ectopically
expressed YAP showed prominent nuclear localization
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Cell attachment regulates the Hippo pathway

with some perinuclear localization. Disruption of the
actin cytoskeleton by latrunculin B decreased nuclear
YAP and increased cytoplasmic YAP (Fig. 3B). However,
YAP-5SA did not show cytoplasmic translocation in
response to latrunculin B. These observations suggest
that YAP phosphorylation by the Hippo pathway is
important for regulation of YAP localization by the
cytoskeleton.

Cell attachment and the cytoskeleton regulate
YAP by modulating Lats1/2 activity

We then directly tested whether attenuation of Hippo
pathway kinases would affect cell detachment-induced
YAP phosphorylation. In control HeLa cells, YAP was

Figure 3. The cytoskeleton regulates YAP
subcellular localization through the Hippo
pathway phosphorylation sites. (A) Subcel-
lular localization of YAP wild type but not
the 5SA mutant is regulated by microtu-
bule cytoskeleton integrity. HeLa cells were
transfected with Flag-YAP wild type or 5SA
mutant and then cultured onto fibronectin-
coated coverglasses at high cell density.
Cells were treated with 25 pg/mL LMB 3 h
before fixation. In the last hour, nocodazole
was added as indicated. Cells were stained
with anti-Flag tag antibody for YAP, Alexa
Fluor 488-conjugated phalloidin for F-actin,
and DAPI for cell nuclei. Cells in five
random views (~100 cells) were quantified
for YAP localization and are shown in the
right panels. (B) Localization of YAP wild
type but not the 5SA mutant is responsive to
actin cytoskeleton integrity. HeLa cells were
transfected as in A and then cultured onto
fibronectin-coated coverglasses at low cell
density. Cells were treated with latrunculin
B 1 h before fixation as indicated. Cells were
stained with anti-Flag tag antibody for YAP,
Alexa Fluor 488-conjugated phalloidin for
F-actin, and DAPI for cell nuclei. Cells in
five random views (~100 cells) were quan-
tified for YAP localization and are shown
in the right panels.
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phosphorylated upon cell trypsinization and was dephos-
phorylated when cells were attached. Further retrypsiniza-
tion led to YAP phosphorylation again (Fig. 4A). However,
when Lats1/2 were down-regulated by siRNAs (Supple-
mental Fig. S3A), the YAP phosphorylation level was
much lower regardless of cell attachment status, sug-
gesting that Lats1/2 were the kinases responsible for YAP
phosphorylation in both attachment and detachment

(Fig. 4A). Mst1/2 are known upstream kinases activating
Latsl/2 (Chan et al. 2005). Although knockdown of
Mst1/2 by siRNAs did not affect basal YAP phosphoryla-
tion in HeLa cells, it did attenuate YAP phosphorylation
when cells were detached, and the effect lasted to the
next attachment step (Fig. 4A). This result suggests that
Mstl/2 contribute to YAP phosphorylation under detached
condition in this cell type. These observations indicate
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cell detachment-induced YAP phosphorylation. HeLa cells were transfected with the indicated siRNAs twice with a 24-h interval. Cells
either were directly lysed or went through the following treatment: trypsinized (T), trypsinized and then attached to fibronectin-coated
petri dishes for 2 h (A), or further trypsinized after attachment (reT). Samples were analyzed by Western blots as indicated. S and L
indicate short and long exposures, respectively. (B) A YAP kinase is activated by cell detachment. HeLa cells were transfected with the
indicated siRNAs twice with a 24-h interval. Cells were replated onto fibronectin-coated petri dishes for 3 h and then directly lysed (A)
or lysed following trypsinization (T). Cell lysates were then incubated with GST-YAP immobilized on glutathione resin. The resins
were then washed and subjected to in vitro kinase assays. The products were analyzed by Western blots as indicated. (C) Lats] is
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indicated. (D) Cell detachment increases Lats2 phosphorylation. HeLa cells transfected with HA-Lats2 were replated onto fibronectin-
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control. HA-Lats2 immunoprecipitated with anti-HA antibody was subjected to in vitro kinase assay using GST-YAP as a substrate.
The products were analyzed by Western blotting as indicated. (F) Endogenous Latsl is inhibited by disruption of the microtubule.
Experiments were similar to that in E except that endogenous Latsl was immunoprecipitated from untransfected HeLa cells. (G) Lats2
is activated by actin depolymerization. Experiments were similar to that in E except that HeLa cells were newly plated on fibronectin-
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Experiments were similar to those in G except that endogenous Latsl was immunoprecipitated from untransfected HeLa cells.
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that the Hippo pathway regulates YAP phosphorylation
in response to cell attachment status.

To test whether a YAP kinase was activated during cell
detachment, we assayed YAP phosphorylation in vitro.
To do so, we incubated immobilized GST-YAP with cell
lysates to pull down its upstream kinase. The activity of
this captured kinase could be examined by in vitro kinase
assay. Interestingly, the YAP kinase captured by GST-
YAP pull-down from lysates of trypsinized HeLa cells
showed markedly elevated activity compared with that
from lysates of attached cells (Fig. 4B), indicating that
a YAP kinase is activated by detachment. Interestingly,
using a Lats1-specific antibody, we detected Latsl in the
pull-down products of GST-YAP (Fig. 4B). Furthermore,
knockdown of Lats1/2 or Mst1/2 (Supplemental Fig. S3B)
largely decreased the activation of this YAP kinase by cell
detachment, suggesting that this kinase might be Lats1/
2. Next, we immunoprecipitated endogenous Lats] from
attached or trypsinized HeLa cells and directly examined
its activity in vitro. Lats] was strongly activated by cell
detachment, and both Lats1/2 and Mstl/2 knockdown
decreased Lats1 activity (Fig. 4C). Lats1/2 are activated by
phosphorylation of the activation loop (S909/872 for
Latsl and Lats2) and the hydrophobic motif (T1079/999
for Latsl and Lats2) (Chan et al. 2005). Using two
phospho-specific antibodies, we detected a significant in-
crease of phosphorylation of ectopically expressed Lats2
in trypsinized cells (Fig. 4D), further supporting the ac-
tivation of Lats2 by cell detachment. The specificity of
these antibodies was confirmed for ectopically expressed
Lats2 (Supplemental Fig. S3C), although we had difficulty
detecting endogenous pLatsl/2 using these antibodies in
the conditions we tested (data not shown). Therefore, our
results unequivocally demonstrate for the first time that
cell detachment activates the Hippo pathway kinases
Latsl/2.

If cell attachment status regulates YAP phosphoryla-
tion through cytoskeleton remodeling, disruption of cy-
toskeletons should also affect Latsl/2 activity. Indeed,
disruption of the microtubule cytoskeleton by nocodazole
significantly decreased the activity of both ectopically
expressed Lats2 and endogenous Latsl (Fig. 4E,F). In con-
trast, disruption of the actin cytoskeleton by latrunculin B
activated both ectopically expressed Lats2 and endogenous
Latsl (Fig. 4G,H). The above experiments provide direct
evidence that the Hippo pathway mediates regulation of
YAP phosphorylation and localization by cell detach-
ment and cytoskeleton integrity.

Mst1/2 activity is not regulated by cell attachment

Mstl1/2 are upstream activating kinases of Lats1/2 in the
Hippo pathway. To determine whether Mst1/2 activation
might be responsible for Latsl/2 activation by cell de-
tachment, we examined Mstl/2 kinase activity in vitro
toward Mob, which was reported to be a direct substrate
of Mstl/2 (Praskova et al. 2008). Surprisingly, Mst2
immunoprecipitated from transfected HeLa cells in at-
tached or trypsinized conditions showed similar activity,
as indicated by comparable Mst2 autophosphorylation and
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Mob phosphorylation shown by 3?P-ATP incorporation
(Supplemental Fig. S4A). To further confirm this obser-
vation, we immunoprecipitated endogenous Mstl from
attached or detached MCFI0A cells and found that en-
dogenous Mstl activity remained the same in the two
conditions, although endogenous YAP phosphorylation
was clearly stimulated by detachment (Supplemental Fig.
S4B). Mstl/2 are activated by phosphorylation on the
activation loop. Using an antibody that specifically rec-
ognizes the phosphorylated and hence active Mstl/2, we
found that the activating phosphorylation of Mst2 was
not affected by cell attachment status (Supplemental Fig.
S4C). Consistently, endogenous Mob phosphorylation
was not regulated by cell attachment, although it was ac-
tivated by hydrogen peroxide treatment as previously re-
ported (Supplemental Fig. S4D). These data suggest that
Mst1/2 kinase activity is not regulated by cell attachment.

We further examined YAP phosphorylation in Mstl
and Mts2 double-knockout mouse embryonic fibroblast
(MEF) cells and found that YAP phosphorylation was still
efficiently regulated by cell attachment (Supplemental
Fig. S4E). However, in HeLa cells, Mstl/2 appeared to
play a role in detachment-induced YAP phosphorylation
(Fig. 4A-C). Thus, the requirement of Mst1/2 in Lats1/2
and YAP regulation by cell attachment seems to be cell
type-dependent, which is consistent with previous re-
ports in other context (Zhou et al. 2009). In cells such as
MEFs, Mstl/2 is not required, and in other cells such as
HeLa cells, Mstl/2 are involved, although their kinase
activity is not regulated by cell attachment. We also ex-
amined the possibility that cell attachment regulates the
interaction among Hippo pathway core components Mst1/2,
Sav, Lats1/2, and Mob. However, by coimmunoprecipita-
tion experiments, we did not observe significant changes
in Mst2-Sav interaction and Lats2-Mob interaction (Sup-
plemental Fig. S5A) or alteration of the four-component
complex formation (Supplemental Fig. S5B). Based on cur-
rent observations, we propose that cell attachment regu-
lates the Hippo pathway downstream from Mstl/2 and
upstream of Lats1/2.

YAP inhibits anoikis of mammary epithelial cells

Accumulating evidence supports an oncogenic role of YAP
and a tumor suppressor function of the Hippo pathway
(Overholtzer et al. 2006; Zender et al. 2006; Zhao et al. 2007,
Steinhardt et al. 2008; Xu et al. 2009; Zhou et al. 2009; Lee
et al. 2010; Lu et al. 2010; Pan 2010; Song et al. 2010).
Therefore, the regulation of YAP by cell attachment
status suggests a possible role of the Hippo pathway in
anoikis, which is initiated by detachment and represents
a barrier for tumor cell survival in the bloodstream and
metastasis (Chiarugi and Giannoni 2008). We hypothe-
size that activation of the Hippo pathway and subsequent
inhibition of YAP represent a mechanism to activate
anoikis and inhibit metastasis. As shown in Figure 5A
and as previously reported (Zhao et al. 2008), active YAP
could induce MCF10A cell foci formation in soft agar, sug-
gesting that YAP not only promotes proliferation, but also
inhibits anoikis. To directly assay the effect of YAP on

GENES & DEVELOPMENT 61


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

Downloaded from genesdev.cship.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

Zhao et al.

A

Vector

YAP-5SA

N w
o (=]
o o

=y
o
(=]

Colony number

0 -
Vec 5SA

YAP-WT

B

4.2%

Attach 3

? f
Annexin V

Count

5.2%

w 10’
Annexin V

0 w*

Count

25.7%
Suspension-g
8

0’ "'
Annexin V

Non-targeting siRNA

1 ‘i 15.3%
i o? o*

w " w*
Annexin V

Lats1/2 siRNA

4.4%
Attach

Count

4
Annexin V

Count

1 ‘ 7.4%
w0 10? w'

Annexin V

Suspension

10
Annexin V

Count

B l ' 16.6%
10 10’ '

p-

Annexin V

A S
Myc-YAP - + - +
e
FARF . Cleaved
= 1" parP
e —
YAP-5SA
4.4%
.:r:nexin\.' N
A:’nexinv
30 -
25 -
i)
820
a " Attach
815 1
© B Suspension
2 10
5 .
b 8
$F
& )
RN
&

Figure 5. YAP inhibits detachment-induced anoikis. (A) Active YAP induces anchorage-independent growth in MCF10A cells.
MCFI10A cells infected with control vector or YAP-5SA were cultured in soft agar for 16 d before pictures were taken. Colony number
was counted and is shown in the right panel. (B) YAP inhibits suspension-induced PARP cleavage. Control or YAP-expressing HMLE
cells were cultured on tissue culture plates (A) or ultralow attachment plates in suspension (S) for 72 h. Cells were then harvested and
analyzed by Western blotting with specific antibodies. (C) YAP inhibits anoikis. HMLE cells with control vector or ectopic expression of
YAP wild type or 5SA mutant were cultured on tissue culture plates (Attach) or ultralow attachment plates in suspension for 72 h. Cells
were then collected and stained with PE Annexin V and analyzed by FACS. Experiments were done in duplicate. (D) Knockdown of
Lats1/2 inhibits anoikis in HMLE cells. HMLE cells were transfected with control siRNA or siRNAs targeting Lats1 and Lats2. Cells
were then cultured on tissue culture plates (Attach) or ultralow attachment plates in suspension. After 72 h, cells were collected and
stained with PE Annexin V and analyzed by FACS. Apoptosis rates were quantified from two independent experiments and are shown

in the right panel.
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anoikis, we did suspension culture of MCF10A and an-
other noncancerous mammary epithelial cell line, HMLE,
on ultralow attachment plates. Although our MCF10A
cells did not show significant anoikis up to 3 d in sus-
pension culture, possibility due to compensation of the
attachment signal by cell aggregation, HMLE did go
through anoikis, as indicated by PARP cleavage, a well-
established apoptosis marker (Fig. 5B). Interestingly, PARP
cleavage induced by suspension culture was blocked by
ectopic expression of YAP (Fig. 5B). To further confirm the
role of YAP in inhibiting anoikis, we stained cells from
attachment or suspension culture with Annexin V, an
apoptosis marker. While only 4% of cells in attached
culture show positive staining of Annexin V, 25% of cells
in suspension culture were Annexin V positive, indicat-
ing induction of anoikis (Fig. 5C). Expression of wild-type
YAP reduced anoikis by half, and expression of active
YAP-5SA completely blocked anoikis such that the ap-
optosis rate was similar to that observed in attached cells
(Fig. 5C). These data support a critical inhibitory role of
YAP in anoikis and the necessity of YAP inactivation in
order for anoikis to occur.

YAP is known to induce epithelial-mesenchymal tran-
sition (EMT) (Overholtzer et al. 2006; Zhao et al. 2008),
which has been shown to repress anoikis in mammary
epithelial cells (Onder et al. 2008). Indeed, we observed
that expression of wild-type or active YAP induced a
gradual loss of E-cadherin and induction of N-cadherin in
HMLE cells even in suspension (Supplemental Fig. S6A).
Furthermore, we also observed an induction of Erk phos-
phorylation by YAP specifically in suspension cells (Sup-
plemental Fig. S6A), indicating activation of the classical
MAP kinase survival pathway by YAP. A possible mech-
anism for Erk activation by YAP is that many growth
factors are induced by YAP (Zhao et al. 2007; Zhang et al.
2009). Therefore, YAP-induced EMT and Erk activation
may contribute to the function of YAP in inhibiting anoikis.

If the Hippo pathway is indeed involved in anoikis, one
may speculate that Lats1/2 would be important for anoikis
to occur in untransformed cells. To test this hypothesis,
we used siRNAs targeting Latsl and Lats2 to down-
regulate their expression in HMLE cells (Supplemental
Fig. S6B). Indeed, knockdown of Latsl/2 attenuated
anoikis of HMLE cells by >50% (Fig. 5D), a level similar
to that induced by ectopic expression of wild-type YAP.
Thus, not only YAP overexpression could prevent anoikis,
but also the endogenous Hippo pathway is important for
anoikis of untransformed cells.

Inactivation of the Hippo pathway contributes to anoikis
evasion and correlates with cancer metastasis

To further investigate the role of the Hippo pathway in
anoikis in the context of cancer metastasis, we analyzed
anoikis of several prostate cell lines that have different
tumorigenic and metastatic potentials. As we expected,
the noncancerous prostate cell line RWPE showed signif-
icant anoikis when cultured in suspension (Fig. 6A), while
the metastatic prostate cancer cell line PC-3 only showed
minor anoikis (Supplemental Fig. S6C), and DU 145,
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a less-metastatic prostate cancer cell line, showed in-
termediate anoikis (Supplemental Fig. S6D). More impor-
tantly, similar to that in HMLE cells, knockdown of
Latsl/2 in RWPE cells (Supplemental Fig. S6B) signifi-
cantly reduced anoikis (Fig. 6A), suggesting a cell type-
independent role of the Hippo pathway in regulating
anoikis. Since YAP activation would evade anoikis, we
asked whether YAP activity contributed to the lack of
anoikis in these anoikis-resistant prostate cancer cells. We
used siRNA to knock down both YAP and TAZ, a YAP
paralog. However, we did not see a significant increase of
anoikis in PC-3 and DU 145 upon YAP/TAZ knockdown
(Supplemental Fig. S6C,D). Further analysis indicated
that YAP could be phosphorylated in these cells upon
cell detachment (data not shown), suggesting that anoikis
deficiency in these cancer cells is likely due to an abnor-
mality other than the Hippo pathway.

We reasoned that cancer cells with an abnormal Hippo
pathway might rely on YAP/TAZ to suppress anoikis. One
such cancer cell line is ACHN, a renal carcinoma cell line
that has elevated YAP activity due to Sav mutation (Tapon
et al. 2002). Notably, knockdown of YAP and TAZ (Sup-
plemental Fig. S6B) potently promoted anoikis in this cell
line (Fig. 6B). Similarly, knockdown of YAP and TAZ also
increased anoikis of SF268 (Supplemental Fig. S6E), a glio-
blastoma cell line with an abnormally high level of YAP
expression (K-L Guan and I Lian, unpubl.). These data
further support that abnormality of the Hippo pathway
could lead to evasion of anoikis, and therapeutics targeting
YAP might be an attractive approach to induce anoikis and
prevent metastasis of cancers with an aberrant Hippo
pathway.

Although accumulating evidence strongly supports a tu-
mor suppressor role of the Hippo pathway and an oncogenic
role of YAP in human cancer, there has been no clinical
evidence linking the Hippo pathway to tumor metastasis.
We asked whether Lats1/2 inhibition might be clinically
relevant to human cancer metastasis. To this end, we anal-
yzed Lats]1 and Lats2 expression in a cohort of 132 clinically
localized prostate cancer, 18 metastatic prostate cancer,
and 29 benign adjacent prostate tissues (Taylor et al.
2010). Our analysis revealed significant down-regulation of
both Latsl (P=0.01) and Lats2 (P = 0.0005) mRNA levels in
metastatic prostate cancer when compared with benign or
clinically localized cancer tissues (Fig. 6C). Considering
the functional redundancy of Latsl and Lats2, the total
mRNA level of these two genes might be more relevant in
terms of YAP phosphorylation level and clinical outcome.
We found that the total mRNA level of Lats1 and Lats2 is
also significantly down-regulated in metastatic prostate
cancer (P = 0.0002) (Fig. 6C). Similarly, remarkable down-
regulation of Latsl (P = 0.01) and Lats2 (P = 3E-06) was
confirmed in an independent cohort of primary tissues con-
sisting of ~30 adjacent benign tissues and 80 localized and
40 metastatic prostate cancer tissues (Supplemental Fig.
S6F). Thus, we report for the first time that down-regulation
of the key Hippo pathway kinases Lats1/2 correlates with
metastasis of certain human cancers, such as prostate
cancer. Lats1/2 may suppress tumor metastasis by mediat-
ing YAP inhibition and anoikis induction.
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Figure 6. Inactivation of the Hippo pathway contributes to anoikis evasion and correlates with cancer metastasis. (A) Lats1/2
knockdown impairs anoikis in RWPE cells. RWPE cells were transfected with control siRNA or siRNAs targeting Lats1 and Lats2. Cells
were then cultured on tissue culture plates (Attach) or ultralow attachment plates in suspension. After 72 h, cells were collected and
stained with PE Annexin V and analyzed by FACS. Experiments were done in duplicate. (B) YAP/TAZ knockdown restores anoikis in
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Discussion

Despite rapid progress in the field, upstream signals for
Hippo pathway regulation remain poorly understood. Here
we report that cell-ECM contact regulates Hippo pathway
activity through cytoskeleton organization (Fig. 6D). Con-
sistently, two recent studies in Drosophila provide in vivo
evidence that induction of extra F-actin network forma-
tion induces overgrowth through modulation of the Hippo
pathway activity (Fernandez et al. 2011; Sansores-Garcia
et al. 2011). In addition, the overgrowth caused by extra
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F-actin in Drosophila was suppressed efficiently by Wts
overexpression but only mildly by Hpo or Ex overexpres-
sion, even though overexpression of Ex or Hpo had stronger
effects on growth inhibition than Wts overexpression in
wild-type Drosophila (Sansores-Garcia et al. 2011). These
observations are consistent with our biochemical data that
cell attachment and the cytoskeleton impinge into the
Hippo pathway downstream from Mst1/2 and upstream of
Lats1/2.

A recent study suggested that tension on actin stress
fiber might promote nuclear localization of YAP and TAZ


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

Downloaded from genesdev.cshlp.org on August 22, 2022 - Published by Cold Spring Harbor Laboratory Press

in a Hippo pathway-independent manner (Dupont et al.
2011). However, another report suggested that cell mor-
phology regulates YAP in a phosphorylation-dependent
manner (Wada et al. 2011). In the context of cell attach-
ment, we provide compelling evidence that YAP nuclear
localization is promoted via inhibition of Lats1/2 kinases
through cytoskeleton reorganization. The small GTPase
Rho is involved in this regulation. Contrary to previous
reports, such regulation does not seem to rely on ROCK
activation, contractile actin-myosin filaments formation,
or actin tension, although in cells already attached, actin
tension does seem to moderately affect YAP phosphory-
lation. One possibility is that mDia-induced actin poly-
merization plays a role in Lats1/2 inhibition downstream
from Rho activation. Such speculation is supported by
observations in Drosophila (Sansores-Garcia et al. 2011).
We recently reported that the angiomotin family proteins
could mediate YAP localization to tight junctions and the
actin cytoskeleton and promote YAP phosphorylation
(Zhao et al. 2011). Whether Latsl/2 activation induced
by cell detachment or cytoskeleton remodeling syner-
gizes with angiomotin-mediated YAP regulation awaits
further investigation. Several recent studies provided
evidence that disruption of the E-cadherin—catenin com-
plex at the cell-cell junction also leads to activation of
YAP (Kim et al. 2011; Schlegelmilch et al. 2011; Silvis
et al. 2011). E-cadherin-catenin links cell adhesion to the
cytoskeleton structures. It is therefore worthy to speculate
that the Lats1/2 kinases in the Hippo pathway may mediate
signals from cell adhesion and the cytoskeleton to cell
proliferation and apoptosis, and thus tissue homeostasis.

Besides F-actin, we also demonstrated that the micro-
tubule cytoskeleton plays important roles in stimulating
Lats1/2 kinase activity and YAP phosphorylation. Nota-
bly, anti-microtubule agents such as taxol are widely used
in cancer treatment. Since disruption of the microtubule
inhibits the Hippo pathway and activates YAP, it is con-
ceivable that stabilization of the microtubule by taxol
may have a signaling role in YAP inhibition and thus con-
tribute to the anti-tumor effect of the drug besides the
well-established function of taxol to interfere with cell
cycle progression. Moreover, elevated levels of TAZ, the
YAP paralog, were found to be responsible for taxol re-
sistance in breast cancer (Lai et al. 2011). Thus, the con-
nection between the microtubule and the Hippo pathway
revealed in this study may have implications in cancer
treatment and drug resistance.

How cell-ECM contact regulates cell physiology is a
basic cell biology question. While the regulation of cell
morphology and cell motility by cell-ECM interaction is
relative clear, its regulation of cell proliferation and anoikis
is not completely understood. Current studies of anoikis
initiation focus on FA-originated signals (Chiarugi and
Giannoni 2008). In this study, we show that cell detach-
ment activates the Hippo tumor suppressor pathway,
leading to inhibition of the YAP transcription coactivator,
and therefore resulting in anoikis. We propose that the
detachment-induced Hippo activation and YAP/TAZ in-
hibition are key events necessary for anoikis induction.
Thus, our findings open a new avenue toward anoikis
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through the Hippo pathway-mediated YAP inhibition
evoked by cytoskeleton rearrangements. Such a mecha-
nism suggests a role of the Hippo pathway in clearance of
displaced cells to maintain tissue identity during de-
velopment and in suppression of tumor metastasis. In
support of this, reduced Latsl/2 expression in prostate
cancer is found to correlate specifically with metastatic
samples, suggesting a clinical relevance of Hippo path-
way deregulation in cancer metastasis.

Materials and methods

Antibodies, plasmids, and other materials

Anti-CTGF and anti-YAP antibodies were obtained from Santa
Cruz Biotechnology. Anti-phospho-YAP (S127), anti-Lats1, anti-
phospho-Lats1/2(S909/872), anti-phospho-Lats1/2(T1079/999),
anti-Mstl, anti-Mst2, anti-PARP, and anti-GST were obtained
from Cell Signaling. Anti-TAZ and anti-FAK antibodies were from
BD Biosciences. Anti-a-Tubulin, anti-Flag, and anti-vinculin an-
tibodies were obtained from Sigma. Anti-HA and anti-Myc an-
tibodies were obtained from Covance. Alexa Fluor 488- or Alexa
Fluor 594-conjugated secondary antibodies were obtained from
Invitrogen. Horseradish peroxidase-conjugated secondary anti-
bodies were obtained from GE Healthcare.

The pCMV-Flag-YAP wild-type; 5SA, pQCXIH-Myc-YAP wild-
type; 5SA, pGEX-KG-YAP, pcDNA3-HA-Lats2; and Flag-Mst2
constructs were described before (Zhao et al. 2007). Phos-tag-
conjugated acrylamide was purchased from Wako Chemicals.
PP2, Y27632, and H1152 were purchased from Calbiochem. PF-
271 was a gift from Dr. David Schlaepfer. All other chemicals
were from Sigma.

Cell culture, transfection, and retroviral infection

HelLa cells were cultured in DMEM (Invitrogen) containing 10%
FBS (Invitrogen) and 50 pg/mL penicillin/streptomycin (P/S).
MCF10A cells were cultured in DMEM/F12 (Invitrogen) supple-
mented with 5% horse serum (Invitrogen), 20 ng/mL EGF, 0.5
pwg/mL hydrocortisone, 10 wg/mL insulin, 100 ng/mL cholera
toxin, and 50 pg/mL P/S. Immortalized human breast epithelial
cells (HMLE) were cultured in MEGM medium (Lonza). Trans-
fection with Lipofectamine was performed according to the man-
ufacturer’s instructions.

To generate wild-type or mutant YAP-expressing stable cells,
retrovirus infection was performed by transfecting 293 Phoenix
retroviral packaging cells with empty vector or pQCXIH-YAP
constructs. Forty-eight hours after transfection, retroviral super-
natant was supplemented with 5 ug/mL polybrene, filtered through
a 0.45-pum filter, and used to infect MCF10A or HMLE cells.
Thirty-six hours after infection, cells were selected with 200 wg/mL
hygromycin (Roche) in culture medium.

Immunofluorescence staining

Cells were cultured on fibronectin or polylysine-coated cover-
slips to the appropriate density and treated as indicated in ex-
periments. Cells were fixed with 4% paraformaldehyde for 15
min and then permeabilized with 0.1% Triton X-100. After
blocking in 3% BSA for 30 min, slides were incubated with first
antibodies diluted in 1% BSA for 1.5 h at room temperature or
overnight at 4°C. After washing with PBS, slides were incubated
with Alexa Fluor 488- or Alexa Fluor 594-conjugated secondary
antibodies (1:1000 dilution) for 1.5 h. The slides were then washed
and mounted. For staining of the microtubule, cells were fixed in
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PHEMO fixative (3.7% PFA, 0.05% glutaraldehyde, 0.5% Triton
X-100 in 68 mM PIPES, 25 mM HEPES, 15 mM EGTA, 3 mM
MgCl,, 10% dimethylsulfoxide at pH 6.8) for 10 min at room
temperature. For staining of F-actin, cells were incubated with
6.6 nM Alexa Fluor 488-phalloidin for 1.5 h after blocking.

Immunoprecipitation and kinase assay

For Lats1/2 kinase assays, cells were lysed with lysis buffer
(50 mM HEPES at pH 7.5, 150mM NaCl, 1 mM EDTA, 1%
NP-40, 10 mM pyrophosphate, 10 mM glycerophosphate, 50 mM
NaF, 1.5 mM Na3VO4, protease inhibitor cocktail [Roche], 1 mM
DTT, 1 mM PMSF). Endogenous Latsl or ectopically expressed
Lats2 were immunoprecipitated with anti-Lats1 or anti-HA anti-
bodies, respectively. The immunoprecipitates were washed three
times with lysis buffer, and then once with wash buffer (40 mM
HEPES, 200 mM NaCl) and once with kinase assay buffer (30 mM
HEPES, 50 mM potassium acetate, 5 mM MgCl,). The immuno-
precipitates were then subjected to a kinase assay in the presence
of 500 uM cold ATP, 10 uCi (vy->?P)ATP, and 1 ug GST-YAP
expressed and purified from Escherichia coli as substrate. The
reaction mixtures were incubated for 30 min at 30°C, termi-
nated with SDS sample buffer, and subjected to SDS-PAGE.
YAP phosphorylation was detected by a phospho-specific anti-
body. For detection of YAP upstream kinase activity, 1 pg of
GST-YAP immobilized on glutathione resin was first incubated
with cell lysates for 2 h. The washed resins were then subjected
to kinase assay similar to that described above except that GST-
YAP was not further supplemented.

Soft agar colony formation assay

Cells (5 X 103) were added to 1.5 mL of growth medium with
0.4% agarose and layered onto 2 mL of 0.5% agarose beds in six-
well plates. Cells were fed with 2 mL of growth medium every
week for 3 wk, after which colonies were pictured and counted.

Annexin V staining and flow cytometry

For anoikis analysis, cells were cultured in attachment or
suspension. Cells were then trypsinized and stained with PE
Annexin V and analyzed by flow cytometry using the PE Annexin
V Apoptosis Detection kit (BD Biosciences) following the man-
ufacturer’s instructions. Data were collected and analyzed on
a BD FACSCanto using FACSDiva software.

RNAi

SMARTYpool siRNA oligonucleotides toward human Lats], Lats2,
Mstl, Mst2, and control siRNA toward firefly luciferase were
purchased from Dharmacon. siRNAs were transfected into
HeLa cells twice with a 24-h interval. Cells were lysed 48 h
post-transfection.

RNA isolation and real-time PCR

Total RNA was isolated from cultured cells using Trizol reagent
(Invitrogen). cDNA was synthesized by reverse transcription using
random hexamers and was subjected to real-time PCR with gene-
specific primers in the presence of SYBR Green (Applied Biosys-
tems). Relative abundance of mRNA was calculated by normaliza-
tion to hypoxanthine phosphoribosyltransferase 1 (HPRT) mRNA.

Cancer microarray data analysis

Microarray data profiling mRNA expression of the prostate can-
cer cohort was downloaded from the Gene Expression Omnibus
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(GEO) database (GSE21034) (Taylor et al. 2010). Expression
values were log-transformed and normalized to the average of the
benign samples. The box plot in Figure 6C was generated using R.
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