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Angiomotin is a novel Hippo pathway
component that inhibits YAP oncoprotein

Bi1(11 Zhao,"*° Li Li,l'j’i'g Qing Lu,"” Lloyd H. Wang,"” Chen-Ying Liu,** Qunying Lei,**®
and Kun-Liang Guan "~

'Department of Pharmacology, University of California at San Diego, La Jolla, California 92093, USA; *Moores Cancer Center,
University of California at San Diego, La Jolla, California 92093, USA; *Department of Biological Chemistry, University of
Michigan, Ann Arbor, Michigan 48109, USA; *Department of Biological Chemistry, School of Medicine, Fudan University,
Shanghai, China 200032; *Molecular and Cell Biology Laboratory, Institutes of Biomedical Sciences, Fudan University, Shanghai,
China 200032

The Yes-associated protein (YAP) is a transcription coactivator that plays a crucial role in organ size control by
promoting cell proliferation and inhibiting apoptosis. The Hippo tumor suppressor pathway inhibits YAP through
phosphorylation-induced cytoplasmic retention and degradation. Here we report a novel mechanism of YAP
regulation by angiomotin (AMOT) family proteins via a direct interaction. Knockdown of AMOT family protein
AMOTL2 in polarized Madin-Darby canine kidney (MDCK) cells leads to YAP activation, as indicated by
decreased YAP tight junction localization, attenuated YAP phosphorylation, accumulation of nuclear YAP, and
induction of YAP target gene expression. Transcriptional coactivator with PDZ-binding motif (TAZ), the YAP
paralog, is also regulated by AMOT in a similar fashion. Furthermore, AMOTL2 knockdown results in loss of cell
contact inhibition in a manner dependent on the functions of YAP and TAZ. Our results indicate a potential
tumor-suppressing role of AMOT family proteins as components of the Hippo pathway, and demonstrate a novel

mechanism of YAP and TAZ inhibition by AMOT-mediated tight junction localization. These observations
provide a potential link between the Hippo pathway and cell contact inhibition.

[Keywords: YAP; angiomotin; Hippo; tight junction; cancer]

Supplemental material is available for this article.

Received June 20, 2010; revised version accepted November 5, 2010.

In multicellular organisms, the relative size of each organ is
precisely controlled. In the last decade, the Yes-associated
protein (YAP) transcription coactivator was shown to play
an important role in organ size homeostasis, and was dem-
onstrated to be inhibited by the Hippo signaling pathway
(for review, see Zhao et al. 2010a). For example, transgenic
expression of YAP in the mouse liver results in a liver three
times larger than normal and leads to tumor formation if
high YAP expression persists (Camargo et al. 2007; Dong
et al. 2007). Similarly, in Drosophila, mutation of the Hip-
po pathway genes or transgenic expression of Yki, the YAP
homolog, results in enlarged organ size (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). YAP promotes cell
proliferation and inhibits apoptosis by activating target
transcription factors, such as the TEAD family transcrip-
tion factors (Zhao et al. 2008), to induce gene expression. In
Drosophila, Yki-induced genes include cycE, diapl, and
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bantam microRNA (Huang et al. 2005; Nolo et al. 2006;
Thompson and Cohen 2006). In mammalian cells, YAP
induces Birc5 and Birc2 (Dong et al. 2007), two diap1 ho-
mologs, and many cytokines such as connective tissue
growth factor (CTGF), brain-derived neurotrophic factor
(BDNF), fibroblast growth factor 1 (FGF1), and amphiregu-
lin (AREG) (Hao et al. 2008; Zhao et al. 2008; ] Zhang et al.
2009, although their contribution to organ size regulation
has not been evaluated.

The YAP gene locus is amplified in human cancers,
including hepatocellular carcinoma (HCC), intracranial
ependymoma, oral squamous cell carcinoma, and medul-
loblastoma (Baldwin et al. 2005; Snijders et al. 2005;
Modena et al. 2006; Zender et al. 2006; Fernandez et al.
2009). More interestingly, two reports identified YAP as
a driving oncogene in the human HCC 1122 amplicon
and a mouse mammary tumor amplicon (Overholtzer et al.
2006; Zender et al. 2006). Consistently, elevated YAP
expression and nuclear localization have been observed
in multiple types of human cancers, including liver, colon,
ovarian, lung, and prostate cancers (Zender et al. 2006;
Dong et al. 2007; Zhao et al. 2007; Steinhardt et al. 2008).
Recently, YAP was determined to be an independent
prognostic marker for overall survival and disease-free
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survival for HCC patients (Xu et al. 2009). In cell culture,
YAP could induce cellular transformation and epithelial-
mesenchymal transition (EMT), and is involved in cell
contact inhibition, a fundamental property lost in many
cancer cells that enhances their ability to invade host
tissues and metastasize (Overholtzer et al. 2006; Zhao
et al. 2007; Zhang et al. 2008).

Genetic and biochemical studies indicated that YAP is
inhibited by the Hippo pathway (for review, see Zhao et al.
2010a). Core to the Hippo pathway is a kinase cascade in
which mammalian Mstl/2 kinases (Drosophila Hippo
homologs) complexed with a scaffold protein, Savl, to
phosphorylate and activate the Latsl/2 kinases (Chan
et al. 2005; Callus et al. 2006). Lats1/2 are also activated
by another scaffold protein, Mobl (Hergovich et al. 2006).
Latsl/2 directly phosphorylate YAP on serines in five
consensus HXRXXS motifs (Zhao et al. 2007, 2010b; Hao
et al. 2008). Phosphorylation of YAP S127 generates a
14-3-3-binding motif responsible for YAP cytoplasmic reten-
tion (Zhao et al. 2007). Thereby, YAP is inhibited by phys-
ical separation from nuclear-localized transcription factors
and target gene promoters. Furthermore, phosphorylation
by Lats1/2 also destabilizes YAP. Phosphorylation on YAP
S381 primes subsequent phosphorylation by another ki-
nase, possibly casein kinase 1 (CK138/¢), activating a phos-
phodegron and causing the recruitment of SCF*TRF E3
ubiquitin ligase, leading to YAP ubiquitination and degra-
dation (Zhao et al. 2010b). Drosophila Yki is also inhibited
by phosphorylation-induced translocation (Dong et al.
2007). Furthermore, Yki WW domains could interact with
the PPXY motifs in Ex, Wts, and Hpo. Such interactions
may inhibit Yki by phosphorylation-independent cytoplas-
mic sequestration, adding another layer of complexity to
Yki regulation (Badouel et al. 2009; Oh et al. 2009).
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Here we report the identification of angiomotin (AMOT)
family proteins as strong interacting partners of YAP and
TAZ (transcriptional coactivator with PDZ-binding motif)
by tandem affinity purification (TAP) and mass spectrom-
etry. The interaction maps to the WW domains of YAP and
TAZ and the PPXY motifs of AMOT. Binding to AMOT
family proteins is crucial to the tight junction localization
of YAP and TAZ, and is also important for their phosphor-
ylation by the Hippo pathway. Consistently, knockdown of
AMOTL2 in Madin-Darby canine kidney (MDCK) cells
leads to loss of tight junction localization and nuclear
accumulation of both YAP and TAZ, induction of YAP/
TAZ target gene expression, and, importantly, loss of cell
contact inhibition. Furthermore, AMOTL2 knockdown-
induced foci formation is blocked by simultaneous knock-
down of YAP and TAZ. Our results demonstrate AMOT
family proteins as new components of the Hippo pathway
with tumor-suppressing potential, and indicate a new
mode of YAP and TAZ regulation.

Results

YAP strongly interacts with AMOT family proteins

To further elucidate the regulation and function of YAP,
we carried out TAP of Flag-Streptavidin-binding peptide
(SBP)-tagged YAP ectopically expressed in MCF10A cells.
As shown in Figure 1A, many proteins specifically in-
teract with YAP. To identify these proteins, total eluates
were subjected to mass spectrometry analysis that
identified many known YAP-binding proteins, including
Latsl, TEADI1, and TEAD3 (Fig. 1B). Among novel YAP-
interacting proteins were AMOTL1 and AMOTL2, two
AMOT family proteins. Notably, both of them are on the

Figure 1. Identification of AMOT family proteins
as YAP-binding partners. (A) Analysis of YAP TAP
products. MCFI0A cells stably expressing either
the vector control or Flag-SBP-tagged YAP were

*| AMOTL2 established. Cells were grown to 70% confluence,

and cell lysates were purified first with anti-Flag
resin and then with streptavidin resin. The final
eluates were resolved on SDS-PAGE gels and
silver-stained. A weak band at the same position
as YAP in the Vec lane is due to a leak from the
YAP lane. (B) Mass spectrometry analysis of YAP
TAP products identified AMOT family members
as strong interacting proteins. YAP TAP products
were analyzed by MS-MS. The number of peptide
hits for AMOTL1, AMOTL?2, and several known
YAP-interacting proteins are shown. (C) Confir-
mation of YAP-interacting proteins by Western
blotting. Vec and YAP purification products were
analyzed by Western blots using specific anti-
bodies against AMOTL2, TEADI, and Flag. (D)
All AMOT family proteins interact with YAP.
YAP was cotransfected with human or mouse

AMOT, AMOTLI1, or AMOTL2 into HEK293 cells. YAP was immunoprecipitated with anti-Flag antibody, and coimmunoprecipitated
AMOT family proteins were analyzed by anti-HA Western blot. (E) Endogenous YAP and AMOT interact in HEK293T cells. YAP was
immunoprecipitated from cell lysates from normal HEK293T cells or two AMOT shRNA knockdown clones. AMOT pl30 was
detected by a specific antibody. Immunoprecipitation with anti-Gal4 antibody was used as a negative control.
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top of the peptide hit list—ahead of Latsl, TEADI1, and
TEAD3—suggesting a strong interaction between AMOT
family proteins and YAP. AMOT is known to associate
with tight junction proteins, including Palsl and PATJ
(Wells et al. 2006). Interestingly, we also observed several
tight junction proteins—including Palsl, PATJ], MPDZ,
and Lin7C—that were copurified with YAP (data not
shown), possibly mediated by AMOT family proteins.
The presence of AMOTL2 and TEADI in YAP purifica-
tion was confirmed by Western blots (Fig. 1C). We also
performed TAP of TAZ from HEK293T cells and identi-
fied AMOT and AMOTLI1 as top TAZ-associating pro-
teins (Supplemental Fig. S1A).

The AMOT family has three paralogs in humans and
mice: AMOT, AMOTLI, and AMOTL2. They share similar
domain organization, including PPXY motifs, a coiled-coil
domain, and a C-terminal PDZ-binding motif (Supplemen-
tal Fig. S1B). When cotransfected with YAP, the human
AMOT pl30 isoform (the longer one among two AMOT
isoforms), and mouse AMOT, AMOTLI1, and AMOTL2 all
efficiently coimmunoprecipitated with YAP (Fig. 1D). To
facilitate further study of endogenous proteins, we exam-
ined the expression of AMOT family members in several
cell lines. Quantitative RT-PCR showed different expres-
sion patterns of the three AMOT genes, with at least one
of them expressed in each cell line (Supplemental Fig.
S1C). We also evaluated commercial antibodies against
AMOT family proteins. The anti-AMOT antibody recog-
nized only the human AMOT p130 isoform, such as in
HEK293T cells, but detected no signal in NIH-3T3 mouse
fibroblast cells, which also express high levels of AMOT
mRNA (Supplemental Fig. S1C,D). The anti-AMOTL1
antibody detected only the protein from the mouse origin
(Supplemental Fig. S1D). The anti-AMOTL2 antibody
detected high background, which made it difficult to
distinguish a specific AMOTL2 band (data not shown),
although it detected highly concentrated AMOTL2 in
TAP of YAP. Due to these restraints, we examined endog-
enous YAP and AMOT interaction in HEK293T cells.
Quantification of Western blots indicated that immuno-
precipitation with anti-YAP, but not an unrelated anti-
body, recovered 22% of YAP as well as 9% of endogenous
AMOT. This converts to ~40% of endogenous AMOT
in association with YAP (Fig. 1E). shRNA knockdown of
AMOT eliminates it from YAP immunoprecipitation. The
above results have established AMOT family proteins as
strong interacting partners of YAP under physiological
conditions.

The YAP WW domains and AMOT PPXY motifs
mediate their interaction

We next mapped the region responsible for YAP and
AMOT interaction. AMOT has two isoforms generated
by alternative splicing (Ernkvist et al. 2006). The p80
isoform lacks the N-terminal 400 amino acids present in
the p130 isoform (Fig. 2A). In a reciprocal coimmunopre-
cipitation experiment, AMOT p130, but not AMOT p80,
showed clear interaction with YAP (Fig. 2B). Furthermore,
when GST-YAP purified from Escherichia coli was in-

YAP inhibition by angiomotin

cubated with HA-AMOT p130 or p80 immunoprecipitated
from HEK293 cells, it interacted only with AMOT p130,
but not the p80 (Supplemental Fig. S2). The p130 unique
N-terminal region contains two PPXY motifs (Fig. 2A),
which could serve as binding partners for the YAP WW do-
mains. Interestingly, mutation of the first PPXY motif,
which is conserved in all three AMOT family members,
significantly decreased interaction with YAP. Mutation of
the second PPXY motif, which is not conserved in AMOTL2,
had little effect (Fig. 2C). Combinatory mutation of both
PPXY motifs showed an effect similar to mutation of the
first PPXY motif (Fig. 2C). We further tested deletion of
several other regions on AMOT pl130 for the effect on
YAP interaction. Deletion of the PDZ-binding motif,
which is known to interact with PAT] (Wells et al.
2006), or the linker region, which is responsible for
angiostatin binding in the p80 isoform (Troyanovsky
et al. 2001), did not affect AMOT interaction with YAP.
However, deletion of the coiled-coil domain also signifi-
cantly attenuated interaction with YAP (Fig. 2D). The
coiled-coil domain of AMOT interacts with Richl and is
possibly involved in AMOT dimerization and localiza-
tion (Wells et al. 2006; Ernkvist et al. 2008). Therefore,
the coiled-coil domain may affect AMOT-YAP interac-
tion indirectly. Taken together, both the PPXY motif and
the coiled-coil domain of AMOT contribute to interac-
tion with YAP.

WW domains are known to interact with PPXY motifs.
Mutation of the first WW domain of YAP largely abolished
YAP-AMOT interaction, while mutation of the second
WW domain also decreased the interaction, albeit less
potently (Fig. 2E). Mutation of both WW domains abolished
the interaction similarly to mutation of the first WW
domain (Fig. 2E). Noteworthy, mutation of YAP WW do-
mains has a more profound effect on diminishing YAP-
AMOT interaction than mutation of AMOT PPXY motifs.
One possibility is that endogenous AMOT may medi-
ate YAP-AMOT-Y1Y2 interaction by dimerization with
AMOT-Y1Y2. Alternatively, mutation of the tyrosine in
PPXY motifs may not completely disrupt interaction with
WW domains. Similar to YAP, TAZ also interacted with
AMOT pl30, but not p80, in a WW domain-dependent
manner (Fig. 2F).

The YAP-AMOT interaction was further confirmed in
live cells by fluorescence resonance energy transfer (FRET)
experiments. In cells expressing YFP-AMOT pl130 and
CFP-YAP, bleaching of the FRET acceptor YFP caused
a decrease of FRET, as visualized by a decreasing YFP
emission with a concomitant rising of fluorescence emis-
sion from the FRET donor CFP (Fig. 2G). This supports
a specific interaction between CFP-YAP and YFP-AMOT
in live cells. However, if a CFP-YAP-W1W2 mutant was
used, no significant increase of CFP signal was seen when
YFP was bleached (Fig. 2G), indicating lack of FRET, hence
no interaction between the two proteins. Similar results
were observed when we switched the YFP and CFP tags
on YAP and AMOT (data not shown). The above results
showed that the WW domains of YAP and the first PPXY
motif of AMOT play major roles in YAP-AMOT
interaction.
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AMOT regulates YAP subcellular localization

The Hippo pathway inhibits YAP at least in part by
affecting YAP subcellular localization (Zhao et al. 2007).
We examined whether YAP localization is also regulated
by AMOT. In low-density HeLa cell culture, Flag-YAP was
localized mainly in the cell nucleus (Fig. 3A). Coexpression
of Mst2 and Lats2 induced translocation of YAP to cyto-
plasm. Interestingly, when AMOT p130 was coexpressed,
Flag-YAP was also localized predominantly in the cyto-
plasm (Fig. 3A), indicating a role of AMOT in regulating
YAP subcellular localization. However, localization of the
YAP-W1W2 mutant was not affected by AMOT (Fig. 3A),
supporting the importance of the interaction with AMOT
in modulating YAP localization. The Hippo pathway
affects YAP localization via phosphorylation-dependent
14-3-3 binding (Zhao et al. 2007). Mutation of the Hippo
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pathway phosphorylation sites makes YAP constitutively
active, as shown in Figure 3A. The YAP-5SA mutant
showed a more discrete nuclear localization than the
wild-type protein and was no longer regulated by Lats (data
not shown). However, ectopic expression of AMOT in-
duced a significant cytoplasmic localization of YAP-5SA
(Fig. 3A). This is consistent with the observation that YAP-
5SA retains interaction with AMOT (Supplemental Fig.
S3A). The above data indicate a role of AMOT in stimu-
lating YAP cytoplasmic localization. Under condition of
AMOT pl30 ectopic expression, the cytoplasmic trans-
location of YAP does not require phosphorylation by the
Hippo pathway, suggesting the involvement of physical
binding in this process.

AMOT p130 was reported to colocalize with F-actin and
promote the formation of actin fibers in endothelial cells
(Ernkvist et al. 2006). Consistently, in HeLa cells, AMOT
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expression induced a meshwork-like localization of YAP
similar to actin cytoskeleton (Fig. 3A). Such a change of
YAP localization was more obvious in GFP-AMOT pl30-
expressing MCF10A cells, in which GFP-AMOT pl130
colocalized with bundled F-actin visualized by phalloidin
staining (Supplemental Fig. S3B). Interestingly, in similar
structures, we also observed colocalization of GFP-AMOT
p130 with enriched endogenous YAP (Supplemental Fig.
S3B). These observations indicate the ability of AMOT p130
to direct YAP localization to specific cell compartments.
In tight junction-forming epithelial cells such as MDCK
cells, AMOT has been reported to localize to tight junc-
tions (Wells et al. 2006). Indeed, we observed nice colocal-
ization of GFP-AMOT p130, but not the GFP control, with
tight junction protein ZO-1 in polarized MDCK cells (Fig.
3B). We next examined YAP localization in these cells.
Using a previously reported anti-YAP antibody (Oka et al.
2008), we observed that, in well-polarized GFP-expressing
MDCK cells, YAP localized mainly to the cytoplasm.
However, expression of GFP-AMOT p130 brought a frac-
tion of endogenous YAP to discrete tight junction locali-
zation (Fig. 3B). Specificity of the antibody was confirmed
by loss of immunofluorescence staining in YAP knock-
down cells (Supplemental Fig. S3C). The translocation of
YAP was further confirmed by biochemical fractionation.
Ectopically expressed GFP-YAP was recovered mainly in
the cytoplasmic fraction from confluent MDCK cells,
while GFP-AMOT pl30 was mainly in the membrane
fraction (Supplemental Fig. S3D), consistent with its tight
junction localization. Interestingly, coexpression of AMOT
p130 relocalized a significant fraction of GFP-YAP but not

YAP inhibition by angiomotin

Figure 3. AMOT binding affects YAP sub-
cellular localization. (A) AMOT alters YAP
localization in HeLa cells. Flag-YAP wild
type or mutants were transfected into HeLa
cells with or without cotransfection of HA-
AMOT p130, or a combination of HA-Mst2/
HA-Lats2. Immunofluorescent stainings were
done with anti-Flag and anti-HA antibodies.
DAPI stains cell nuclei. An area from
Flag-YAP-WT and HA-AMOT pl130 expres-
sed cells was enlarged to show the cyto-
skeleton-like localization of both proteins.
(B) AMOT pl130 promotes YAP localization
to tight junctions in MDCK cells. MDCK
cells infected with control GFP or GFP-
AMOT pl30 were cultured onto transwell
membranes. Polarized cells were fixed and
stained with anti-ZO-1 tight junction marker
or anti-YAP (from Dr. Marius Sudol’s labora-
tory) for endogenous YAP localization. Both
the top view and Z-stack view images are
shown.

Merge

the YAP-WI1W2 mutant to the cell membrane (Supple-
mental Fig. S3D). These data indicate that a direct in-
teraction with AMOT contributes to the tight junction and
cell membrane localization of YAP.

We then examined whether endogenous YAP localizes to
tight junctions under physiological conditions. However,
by staining MDCK cells with the antibody used above, we
could not observe specific localization of YAP to tight
junctions in untransfected MDCK cells, which could be
due to the low level of tight junction-associated YAP or the
lack of binding of the antibody to the tight junction-
associated YAP. Therefore, we tested a new antibody that
was raised against the YAP C-terminal region, which is not
involved in AMOT binding. Furthermore, we also modified
the immunofluorescence staining protocol by pretreating
cells with detergent before fixation to remove freely dif-
fusible YAP. With these improvements, we indeed ob-
served that a fraction of endogenous YAP colocalized with
the tight junction marker ZO-1 in normal MDCK cells,
although the signal was weak (Fig. 4A). The specificity of
this anti-YAP antibody was confirmed by the loss of
Western blot signals and tight junction immunofluores-
cence staining in YAP knockdown MDCK cells (Supple-
mental Fig. S4A).

To determine the function of endogenous AMOT
family proteins in controlling YAP tight junction locali-
zation, we examined AMOTL2 knockdown in MDCK
cells (Fig. 5D), which express a high level of AMOTL2
but a low level of AMOT (Supplemental Fig. S1C). No-
tably, in AMOTL2 knockdown cells, a clear loss of tight
junction-localized YAP was observed, and an accompanied
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Figure 4. AMOTL2 is required for YAP and
TAZ tight junction localization in MDCK
cells. (A) A fraction of endogenous YAP
localizes to tight junctions in MDCK cells.
Confluent MDCK cells were treated with
1% Triton for 5 min and then fixed and
stained with anti-ZO-1 or anti-YAP (from
Bethyl Laboratories). Enlarged views and

Z-stack
== a Z-stack view are shown. YAP and ZO-1
- -- were stained as red and green, respectively.
B (B) AMOTL2 knockdown leads to loss of

section |

scramble

section ||

section |

shAMOTL2

section ||

Z0O-1

TAZ
- . .

shAMOTL2

increase of nuclear-localized YAP was also observed
(Fig. 4B). Furthermore, when a similar staining procedure
was used to stain TAZ in MDCK cells using a validated
TAZ antibody (Supplemental Fig. S4B), we observed
a distinct tight junction localization of endogenous TAZ
(Fig. 4C). Similar to what was observed for YAP, AMOTL2
knockdown in MDCK cells also led to a loss of tight
junction-localized TAZ and an accumulation of nu-
clear TAZ (Fig. 4D). The above results indicate that,
in MDCK cells, a fraction of endogenous YAP/TAZ lo-
calizes to tight junctions in an AMOT family protein-
dependent manner. Loss of YAP/TAZ tight junction
localization caused by AMOTL2 knockdown leads to
their nuclear accumulation and possibly activation,
supporting a physiological role of AMOTL2 in regula-
tion of YAP/TAZ.
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DAPI Merge

tight junction-localized YAP and accumula-
tion of nuclear YAP. Scramble and AMOTL2
knockdown MDCK cells were established
by lentiviral infection of MDCK cells with
shRNA constructs. Staining is similar to
that in A, and for each field images were
acquired on two optical sections as indi-
cated. Section I was set at the position of the
tight junction, whereas section IT was set at
the position of the nucleus. (C) Tight junc-
tion localization of TAZ in MDCK cells.
MDCK cells were stained using anti-TAZ
antibody in a procedure similar to that in A.
(D) AMOTL2 knockdown leads to loss of
tight junction-localized TAZ and accumula-
tion of nuclear TAZ. The same cells as that
in B were used for TAZ staining, and the
thickness of the optical slice covers both the
cell nuclear and apical regions.

- section |

= section Il

AMOT p130 promotes YAP phosphorylation
and inhibits YAP transcriptional activity

Since AMOTL2 knockdown results in YAP/TAZ nuclear
accumulation, which is known to be regulated also
by phosphorylation, we examined whether AMOTL2
knockdown altered YAP/TAZ phosphorylation. Indeed,
we observed a drop of YAP and TAZ phosphorylation
as determined by phosphorylation-specific antibodies
and differential migration on Phos-tag gel, which specif-
ically retards phosphorylated proteins (Fig. 5A). This re-
sult suggests that decreased YAP/TAZ phosphorylation
might contribute to the YAP/TAZ nuclear accumulation
observed in AMOTL2 knockdown cells.

We further examined the physiological role of AMOT
family proteins in YAP phosphorylation in additional cell
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in MDCK cells induces CTGF expression.

RNA was extracted from cells the same as those in A, and mRNA levels of AMOTL2 and CTGF were examined by quantitative
RT-PCR. (E) Endogenous AMOT inhibits the activity of a YAP reporter. Control or AMOT knockdown HEK293T cells were transfected
with CTGF-luciferase reporter and the CMV-B-gal control. Luciferase activity was measured and normalized to B-galactosidase activity.
CTGFarg1/2/3-1luc indicates the CTGF-luciferase reporter with mutation of all three TEAD-binding sites. AMOT p130 expression levels
were determined by Western blots. (F) AMOT pl30 inhibits YAP in luciferase assay. Indicated plasmids were cotransfected with
a 5XUAS-luciferase reporter, Gal4-TEAD4, and CMV-B-gal constructs into HEK293T cells. Luciferase activity was measured and
normalized to B-galactosidase activity. Folds of YAP inhibition by AMOT were labeled on top of columns. YAP and AMOT expression

levels were determined by anti-Flag Western blot.

types. In HEK293T cells, AMOT expression is high and
AMOTL2 expression is low (Supplemental Fig. S1C).
AMOT knockdown in this cell line also led to a loss of
membrane-localized YAP (Supplemental Fig. S5A) and
attenuated YAP phosphorylation on S127, a Hippo path-
way target site (Fig. 5B). The effect of AMOT knockdown
on YAP phosphorylation was rescued by re-expression of
a shRNA-resistant mouse AMOT (Fig. 5C). AMOT over-
expression did not increase YAP phosphorylation in con-
trol HEK293 cells (Fig. 5C). This could be due to the high
level of endogenous AMOT in this cell line or the limited
amount of another factor required for AMOT to stimulate
YAP phosphorylation in HEK293 cells. These results in-
dicate that endogenous AMOT family proteins are impor-
tant for YAP phosphorylation by the Hippo pathway.
Consistently, we also observed activation of YAP and
TAZ caused by knockdown of AMOT family proteins. In
AMOTL2 knockdown MDCK cells, expression of CTGF,
a direct YAP and TAZ target gene, was increased at both
protein and mRNA levels (Fig. 5A,D). In HEK293T cells,
AMOT knockdown consistently activated a CTGF pro-
moter reporter (Fig. 5E). As a negative control, a mutant
CTGEF reporter with all three TEAD-binding sites disrupted
was insensitive to AMOT knockdown, indicating that the
increased CTGF promoter activity in AMOT-deficient cells
was due specifically to increased YAP-TEAD function.
Moreover, expression of AMOT pl30 strongly inhibited
(a 10.5-fold reduction) YAP activation of Gal4-TEAD4 on
the 5XUAS-luciferase reporter (Fig. 5F). In contrast, the
YAP-W1W2 mutant was not efficiently inhibited by

AMOT pl30 (Fig. 5F). AMOT p80 also had little effect
on either YAP wild type or the WIW2 mutant. As we
reported previously, the YAP-5SA mutant, which could not
be phosphorylated by the Hippo pathway, has elevated
activity. This mutant was partially inhibited (3.7-fold) by
coexpression of AMOT p130 (Fig. 5F), supporting that both
Hippo pathway phosphorylation-dependent and -indepen-
dent mechanisms are involved in YAP inhibition by AMOT
p130. In addition, coexpressed AMOT pl30 and Hippo
pathway proteins cooperated to produce a greater degree of
YAP inhibition (Supplemental Fig. S5B). This inhibition
likely did not involve a direct competition of AMOT p130
with TEAD because coimmunoprecipitation of YAP and
TEADI1 was not affected by the presence of ectopically ex-
pressed AMOT pl30 (Supplemental Fig. S5C). The above
data support AMOT as a physiological inhibitor of YAP
transcription coactivator activity.

AMOT inhibits YAP-induced transformation and loss
of cell contact inhibition in the epithelial sheet

We then set out to determine the role of AMOT family
proteins in regulating YAP cellular function by first estab-
lishing a functional assay for YAP in MDCK cells. We
observed that cells infected with GFP-YAP formed foci (Fig.
6A). These foci were further analyzed by confocal micros-
copy after rhodamine-phalloidin staining for actin cyto-
skeleton to mark cell boundaries. While control GFP cells
integrated seamlessly in the monolayer epithelial sheet,
GFP-YAP cells were extruded from the GFP-negative
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Figure 6. AMOT inhibits the activity of
YAP in inducing transformation and loss of
cell contact inhibition in the epithelial
sheet. (A) YAP induces MDCK cell foci
formation. MDCK cells infected with GFP
control or GFP-YAP wild type or mutants
were cultured onto transwell membranes
at a density of 1 million cells per 24-mm
insert. Cells were further cultured for 5 d,
and cell foci were visualized by Giemsa
stain. (B) MDCK cell foci induced by YAP

IS SRR are multilayer cells showing loss of contact
v inhibition. The same cells as in A were fixed

and stained with rhodamine-phalloidin to

° visualize F-actin. Z-stack views of confocal

: microscopy images were presented. (C)
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were fixed and stained with rhodamine-
phalloidin. Both lower-magnification top
views and higher-magnification Z-stack
images were shown. (D) Quantification of
AMOT effect on YAP-induced MDCK foci
formation. Cell foci in five random views
were counted. GFP-YAP expression levels
were shown by anti-YAP Western blot. (E)
AMOT inhibits YAP-induced CTGF expres-
sion in MDCK cells. MDCK cells infected as

top view
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monolayer and grew on top of each other to form multi-
layer foci (Fig. 6B). Remarkably, most GFP-YAP cells were
excluded from the basal layer of cells that attached to the
supporting membrane (Fig. 6B). A previous study showed
that interaction with surrounding normal cells excludes
transformed cells from the normal epithelial sheet, sug-
gesting that the GFP-YAP cells are transformed (Hogan
et al. 2009). These observations provide a convenient and
robust functional assay for YAP, and demonstrate that high
YAP activity overrides contact inhibition in epithelial cells.
Furthermore, we observed that, when expressed at similar
levels (Supplemental Fig. S6), YAP-5SA displayed higher
activity than wild-type YAP in inducing foci formation (Fig.
6A,B), and that mutation of S94, which eliminates TEAD
binding, in either the wild-type or 5SA background largely
inhibited foci formation. These findings are consistent
with previous reports that YAP function largely relies on
TEAD binding and is inhibited by Hippo pathway-medi-
ated phosphorylation (Zhao et al. 2007, 2008). The effect of
WW domain mutation could be complicated because it has
been implicated to play a positive role in YAP function by
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interacting with other transcription factors (X Zhang et al.
2009; Zhao et al. 2009), and the same domain also plays
arole in YAP inhibition by binding Lats1/2 (Oka et al. 2008)
and AMOT, as shown in this study.

After establishing the oncogenic activity of YAP in
MDCK cells, we examined whether this activity is regu-
lated by AMOT. Interestingly, expression of AMOT p130
largely decreased both cell focus number and layers of cells
in each focus of GFP-YAP-expressing MDCK cells (Fig.
6C,D). YAP-5SA drove formation of larger foci, although
when infection efficiency was controlled at a low level,
a similar number of foci was formed. Consistent with the
ability of AMOT to affect YAP-5SA localization and inhibit
its activity, AMOT pl30 also reduced YAP-5SA-induced
foci formation (Fig. 6C,D), although the magnitude was less
compared with the inhibition of wild-type YAP. Consis-
tently, YAP-induced CTGF expression was also blocked by
AMOT pl30 coexpression (Fig. 6E). These observations
have revealed the ability of AMOT to inhibit the oncogenic
activity of YAP in MDCK cells, thus indicating a potential
tumor suppressor function of AMOT.
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AMOTL2 knockdown induces MDCK cell
transformation in a YAP- and TAZ-dependent manner

To test whether endogenous AMOT family proteins play
a role in repressing the oncogenic activity of YAP, we
examined AMOTL2 knockdown in MDCK cells in foci
formation assays. Remarkably, AMOTL2 knockdown
alone in MDCK cells was sufficient to induce foci forma-
tion (Fig. 7A; Supplemental Fig. S7A). Many cells in the foci
displayed elevated nuclear YAP (Fig. 7B). Because YAP was
known to induce enlarged acini of MCF10A cells in three-
dimensional culture, we also tested whether AMOTL2
knockdown in MDCK cells could induce a similar pheno-
type. Indeed, AMOTL2 knockdown MDCK cells formed
larger acini with filled lumen, whereas control acini were
smaller with cleared lumen (Supplemental Fig. S7B). These
results complement the data obtained with AMOT over-

os)

A F-actin

shAMOTL2

shAMOTL2

Scramble

12 T AMOTLZ] F-actin DAPI

i 4
08

06

04 - Scramble

i

0

12—

Scramble

Cc

Relative mRNA

Relative mRNA
o
@

YAP

-

o o

_.
RE Be R
H
H
—

Relative mRNA
o o o

»

Relative mRNA
@

CTGF
shYAP - - + - +
shTAZ - - - + +

shAMOTL2

F-actin DAPI

i VAP
08
o4 H ShAMOTL2
0.2
TAZ
shAMOTL2
+shYAP
shAMOTL2
+shTAZ
10
6
ShAMOTL2
+shYAP
+shTAZ

YAP inhibition by angiomotin

expression experiments and provide the first evidence for
a tumor suppressor function of AMOT family proteins.
To determine whether YAP and TAZ play a role in
AMOTL2 knockdown-induced transformation, we exam-
ined the effect of knockdown of YAP and TAZ in AMOTL2-
deficient cells. Knockdown of YAP or TAZ individually in
AMOTL2 knockdown MDCK cells significantly reduced
the expression of CTGF (Fig. 7C). Simultaneous knockdown
of YAP and TAZ completely blocked the induction of CTGF
caused by AMOTL2 knockdown. Consistently, individual
knockdown of YAP or TAZ partially abolished AMOTL2
knockdown-induced foci formation (Fig. 7D), whereas dou-
ble knockdown of YAP and TAZ fully blocked foci forma-
tion in AMOTL2 knockdown MDCK cells (Fig. 7D). In this
assay, cells with simultaneous knockdown of AMOTL2,
YAP, and TAZ are viable (Supplemental Fig. S7C), indicat-
ing that the elimination of foci was not caused by massive

Figure 7. AMOTL2 knockdown induces cell
transformation in MDCK cells in a YAP- and
TAZ-dependent manner. (A) AMOTL2 knock-
down in MDCK cells induces foci formation.
Scramble and AMOTL2 knockdown MDCK
cells were established by lentiviral infection of
MDCK cells with shRNA constructs. Cells
were then cultured onto transwell mem-
branes at a density of 1 million cells per 24-
mm insert. After 5 d, cell foci were visual-
ized by rhodamine-phalloidin staining. (B)
AMOTL2 knockdown-induced cell foci have
elevated nuclear YAP levels. Cells the same
as those in A were fixed and stained with
anti-YAP (from Dr. Marius Sudol’s labora-
tory) to visualize YAP localization, and with
rhodamine-phalloidin to show cell bound-
aries. DAPI labels cell nuclei. Images of cells
in shAMOTL2-induced foci above the mono-
layer (top panels) and of cells in the monolayer
of control cells (bottom panels) are shown.
Panels 1 and 2 represent insets from YAP
staining as indicated. (C) Knockdown of
YAP and TAZ blocks AMOTL2 knockdown-
induced CTGF expression. MDCK cells in-
fected with indicated shRNA constructs were
established. Levels of indicated mRNAs and
proteins were analyzed by quantitative RT-
PCR and Western blots, respectively. Anti-
tubulin and anti-Hsp90 Western blots were
used as loading controls. (D) Knockdown of
YAP and TAZ blocks AMOTL2 knockdown-
induced foci formation. Cells the same as
those in C were tested in foci formation
assays following the procedures in A. Cell foci
were visualized by both rhodamine-phalloidin
staining of F-actin and DAPI staining of cell
nuclei.

Merge

Merge
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cell death. These data show that AMOTL2 knockdown-
induced cell transformation depends on YAP and TAZ, and
is consistent with a model in which AMOTL2 acts
upstream and inhibits the function of YAP/TAZ.

Discussion

AMOT family proteins as new components
of the Hippo pathway

YAP is a human oncogene and a potent promoter of organ
size, which is negatively regulated by the Hippo pathway.
Understanding the mechanisms of YAP regulation has
significant implications in elucidating physiological organ
size control and in therapeutics for human cancer. In this
study, we identified AMOT family proteins as novel
inhibitors of YAP. The AMOT family proteins strongly
interact with YAP WW domains through their PPXY
motifs and play an important role in YAP inhibition under
physiological conditions. TAZ, the YAP paralog up-regu-
lated in breast cancers (Chan et al. 2008), is regulated by
AMOT family proteins in a similar fashion.

Our results indicate that AMOT can inhibit YAP/TAZ
by two mechanisms (Fig. 8). Via physical interaction,
AMOT recruits YAP/TAZ to various compartments such
as tight junctions and actin cytoskeleton, depending on
cellular context. This mechanism is independent of YAP/
TAZ phosphorylation by Latsl/2. In Drosophila, where an
AMOT homolog is not present, Yki is inhibited partly
through association with Expanded (Badouel et al. 2009; Oh
et al. 2009). Therefore, an inhibition of YAP/TAZ/Yki by
direct binding may be a common mechanism of regulation,
although different genes are involved in Drosophila and
mammalian cells. Endogenous AMOT family proteins also
inhibit YAP/TAZ by promoting their inhibitory phosphor-
ylation. AMOT family proteins could enhance YAP/TAZ
phosphorylation. It is not yet clear whether AMOT en-
hances YAP phosphorylation indirectly by modulating YAP
subcellular localization; for example, to the tight junction.
Of note, Hippo pathway proteins Latsl, Mstl, and Dro-
sophila Mats (Mobl homolog) were reported to be activated
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Figure 8. A model of AMOT in YAP/TAZ regulation. In this
model, AMOT inhibits YAP/TAZ by regulating YAP/TAZ
localization via physical interaction and promoting YAP/TAZ
phosphorylation by the Hippo pathway.
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by membrane targeting (Avruch et al. 2006; Hergovich et al.
2006; Ho et al. 2009). Therefore, the tight junction might
serve as a platform for Hippo pathway phosphorylation
events to occur. Although not examined in this study,
another possible mechanism of AMOT in inhibition of
YAP biological functions is that AMOT binding to YAP
WW domains directly competes with PPXY motif-contain-
ing transcription factors for YAP binding.

The Hippo pathway and AMOT may have overlapping
and differential roles in YAP inhibition, dependent on cell
context. AMOT family proteins are required for efficient
YAP/TAZ inhibition by the Hippo pathway, at least in
some cell contexts such as MDCK cells, in which knock-
down of AMOTL2 leads to cell transformation and in-
hibition of YAP/TAZ phosphorylation despite the presence
of Hippo pathway proteins. However, in some mouse
tissues such as liver and spleen, none of the AMOT family
proteins shows the significant expression determined by
Northern blots in a previous study (Bratt et al. 2002).
Therefore, it remains possible that, in some tissues, the
Hippo pathway functions in an AMOT-independent man-
ner. On the other hand, in certain organs such as lung,
kidney, and intestines, knockout of the Hippo pathway
kinases Mstl and Mst2 does not have an obvious effect on
organ size (Song et al. 2010). It is therefore possible that
AMOT family proteins, through a physical binding mech-
anism, inhibit YAP/TAZ in these organs.

AMOT family proteins as potential tumor suppressors

AMOT was first identified as an angiostatin-binding pro-
tein promoting endothelial cell migration and angiogene-
sis (Troyanovsky et al. 2001). It has been implicated in
tumor growth due to its angiogenic function. However, the
angiostatin-responsive migration-promoting functions are
observed only in the AMOT p80 splicing variant that does
not bind YAP, but not in the YAP-binding p130 variant
(Ernkvist et al. 2006). AMOT knockout mice display abnor-
mal cell accumulation in extraembryonic tissue, attrib-
uted to defective cell migration (Shimono and Behringer
2003). Considering the differential functions of AMOT
isoforms and possible functional redundancy of AMOT
family members, the phenotypes observed might not ac-
curately reflect the importance of AMOT in growth
regulation. The identification of YAPs as AMOT pl30-
binding proteins provides another link of AMOT to tu-
morigenesis. In MDCK epithelial cells, knockdown of
AMOTL2 is sufficient to activate YAP/TAZ (partly by
relieving inhibition by the Hippo pathway) and induce cell
transformation. This is the first observation that AMOT
family proteins could play a tumor suppressor role, at least
in our cell culture models. A systematic analysis of pos-
sible changes in the AMOT family protein expression
profile and mutation status will be needed to address the
significance of AMOT family proteins in human cancer.

AMOT as a possible connection between cell contact
signals and YAP inhibition

AMOT has been reported to play a role in tight junction
integrity (Wells et al. 2006). The tight junction localization
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of AMOT involves the PDZ-binding motif, the coiled-coil
domain, and also the N-terminal region, which contains
YAP/TAZ-binding sites. It was shown that the AMOT
p130 N terminus itself could localize to tight junctions
efficiently (Ernkvist et al. 2008). Therefore, it is possible
that YAP and TAZ play a role in tight junction formation
or maintenance by regulating AMOT.

YAP is regulated by cell density, and its inactivation
plays a role in cell contact inhibition. However, the
mechanism from cell contact sensing to YAP inhibition
is elusive. Interestingly, several recent reports showed that
two cell polarity protein complexes (including the apical
tight junction proteins Crumbs [Crb] and aPKC, and the
basolateral protein complex Scribble-Dlg-Lgl) modulate
Hippo pathway activity in Drosophila (Grzeschik et al.
2010; Ling et al. 2010; Robinson et al. 2010). The function
of these proteins in mammalian YAP regulation has not
been demonstrated.

In this study, we show that fractions of endogenous YAP
and TAZ adopt tight junction localization in polarized
epithelial cells in an AMOT-dependent manner. We dem-
onstrate that components of tight junction complexes in-
hibit YAP/TAZ. Our study suggests a more direct role of
tight junction proteins in the regulation of YAP. For ex-
ample, tight junction remodeling upon cell density change
may affect AMOT localization and then regulate YAP
localization and phosphorylation. In HEK293T cells, which
lack functional tight junctions, we did not observe a differ-
ential coimmunoprecipitation of YAP and AMOT from
cells cultured at different densities (Supplemental Fig. S8).
Further testing of this possibility in other cell types is
limited by the availability of proper anti-AMOT family
protein antibodies. Further study is needed to demonstrate
whether AMOT mediates the elusive contact signals, such
as from tight junctions, to inhibit YAP/TAZ, and therefore
to confer a contact inhibition in nontransformed cells.

Materials and methods

Cell culture, transfection, and lentiviral infection

HEK293 cells, HEK293T cells, HeLa cells, and MDCK cells were
cultured in DMEM (Invitrogen) containing 10% FBS (Invitrogen)
and 50 pg/mL penicillin/streptomycin (P/S). Transfection with
Lipofectamine (Invitrogen) was performed according to the man-
ufacturer’s instructions. For lentiviral infection, HEK293T cells
were transfected with lentiviral constructs and packaging plas-
mids (psPAX2 and pMD2.G). Forty-eight hours after transfection,
the lentiviral supernatant was supplemented with 5 pg/mL poly-
brene, filtered through a 0.45-um filter, and used to infect target
cells.

ShRNA knockdown of AMOT and AMOTL2

pSM2c-shRNAmir retroviral constructs targeting AMOT (clone
ID: V2HS_76026) were purchased from Thermo Scientific Open
Biosystems. The pLenti-lox-Amot-sh construct was generated by
cloning annealed oligos 5'-TGGTGGAATATCTCATCTAATTCA
AGAGATTAGATGAGATATTCCACCTTTTTTC-3' and 5'-TCG
AGAAAAAAGGTGGAATATCTCATCTAATCTCTTGAATTA
GATGAGATATTCCACCA-3’ into the pLenti-lox-3.7 vector.
Both constructs target human AMOT p80 and p130 isoforms.

YAP inhibition by angiomotin

HEK293T cells were infected with virus produced from both
vectors. GFP-positive cells after infection were selected by flow
cytometry, and two clones (#1 and #2) were used in this study.

To generate the dog AMOTL2 knockdown construct, the fol-
lowing oligonucleotides were cloned into pLKO.1 with the Agel/
EcoRI sites: sense, CCGGGCGGGAGAAAGAGGAGCAAATCT
CGAGATTTGCTCCTCTTTCTCCCGCTTTTTGC; antisense, AA
TTGAAAAAGCGGGAGAAAGAGGAGCAAATCTCGAGATT
TGCTCCTCTTTCTCCCGC.

Immunofluorescence staining

MDCK cells were cultured on transwell supporting membranes,
and other cells were cultured on coverslips to appropriate density.
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 the first antibody diluted in
1% BSA for 1.5 h. After washing with PBS, slides were incubated
with Alexa Fluor 488- or 594-conjugated secondary antibodies
(1:1000 dilution) for 1.5 h. For staining of F-actin, cells were
incubated with 6.6 nM rhodamine-phalloidin for 1.5 h after
blocking. The slides were then washed and mounted. For visual-
ization of tight junction-localized YAP and TAZ, cells were first
treated with detergent-containing buffer (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 5 min, and then fixed and stained
as described above.

MDCK foci formation assay

MDCXK cells were infected with lentiviruses expressing GFP-YAP
fusion proteins, or were further infected with GFP-AMOT con-
structs. Infected cells (1 million) were cultured onto 24-mm
transwell inserts with 0.4-um pore size. Cells were further
cultured for 3-6 d. Cell foci were visualized by staining with
Giemsa stain or rhodamine-phalloidin.
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