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Abstract

LATS1/2 (large tumor suppressor) kinases and the Angiomotin
family proteins are potent inhibitors of the YAP (yes-associated
protein) oncoprotein, but the underlying molecular mechanism
is not fully understood. Here, we report for the first time that
USP9X is a deubiquitinase of Angiomotin-like 2 (AMOTL2) and that
AMOTL2 mono-ubiquitination is required for YAP inhibition. USP9X
knockdown increased the LATS-mediated phosphorylation of YAP
and decreased the transcriptional output of YAP. Conversely, over-
expression of USP9X reactivated YAP in densely cultured cells. Both
genetic and biochemical approaches identified AMOTL2 as a target
of USP9X. AMOTL2 was found to be ubiquitinated at K347 and
K408, which both reside in the protein’s coiled-coil domain. The
AMOTL2 K347/408R mutant, which cannot be ubiquitinated, was
impaired in its ability to inhibit YAP. Furthermore, ubiquitinated
AMOTL2 can bind to the UBA domain of LATS kinase, and this
domain is required for the function of LATS. Our results provide
novel insights into the activation mechanisms of core Hippo path-
way components.
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Introduction

Yes-associated protein (YAP) is a key regulator of stem cell func-
tion and has been implicated in cancer development and progres-
sion. Acting together with the TEAD (TEA domain) family of
transcription factors (among others), YAP turns on the transcrip-
tional programs that drive proliferation, inhibit stem/progenitor
cell death, and influence lineage commitment [1-4]. For its crucial
role in cell proliferation, the activity of YAP is controlled by diverse

upstream inputs. The most classic regulator of YAP is canonical
Hippo signaling, which is believed to be activated by cell polarity
or cell-cell junction formation. Following the establishment of such
upstream signals, several protein complexes (e.g., NF2-MST1/2—
SAV1 and Scribbled-MST1/2-SAV1) activate the LATS kinase
[5,6], which directly phosphorylates and inactivates YAP [7]. The
LATS kinase phosphorylates YAP on five HxRxxS/T motifs [8]. Of
those sites, S127 is the principal target, and its phosphorylation
causes YAP to be sequestered in the cytoplasm via interaction with
14-3-3 proteins [7-9]. YAP is also heavily regulated by the status of
the actin cytoskeleton: it is activated by actin polymerization or
increased tension on the actin cytoskeleton, but inhibited by actin
depolymerization [10-12]. Both LATS-dependent and -independent
mechanisms have been implicated in the actin-mediated regulation
of YAP [10,13,14]. In addition to these mechanical cues, YAP activ-
ity is also mediated by intracellular metabolites (e.g., glucose and
mevalonate) [15-19] and extracellular ligands (e.g., LPA, LIF and
Wnt) [20-22]. Importantly, many (although not all) of these
upstream inputs appear to converge on the LATS Kkinase. There-
fore, gaining a better understanding of the mechanisms that
regulate LATS kinase activity is an area of active investigation in
the field.

Multiple groups have identified the Angiomotin family proteins
as potent suppressors of YAP [23-26], while some studies have
paradoxically suggested that Angiomotins can activate YAP [27,28].
There are three Angiomotin proteins: Angiomotin (including
the short p80 and long pl130 isoforms), Angiomotin-like 1 and
Angiomotin-like 2 (AMOTL2). AMOTL?2 itself is also a transcrip-
tional target of YAP, highlighting the particular importance of this
Angiomotin family member in the negative-feedback regulation of
Hippo signaling [10]. Angiomotin proteins can inactivate YAP by at
least two mechanisms: First, Angiomotin proteins can sequester
YAP in the cytoplasm by direct protein—protein interactions [23,24].
Second, Angiomotin proteins can also activate the LATS kinase
[23,25]. Intriguingly, Angiomotin proteins themselves are phospho-
rylated by LATS, which in turn reinforce their interaction, forming a
positive feedback loop [29,30]. Conceptually, Angiomotin proteins
might play a key role in the integration of cell-cell junction signals
and actin cytoskeleton-based signals. First, Angiomotin proteins are
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part of the cell-cell junction complex, and they activate LATS kinase
by recruiting it to the junction of the inner cell mass in pre-implantation
embryos [29,31]. Second, Angiomotin proteins bind to F-actin, by
which they are considered to become inactive. Thus, mechanical
signals that damage the actin cytoskeleton will free Angiomotin
proteins from the non-functioning compartment. In addition, LATS-
mediated phosphorylation of Angiomotin proteins also loosens their
interaction with F-actin.

While the roles of phosphorylation and dephosphorylation
among key components in the Hippo pathway have been exten-
sively studied, the roles of ubiquitination and deubiquitination in
this pathway are less well understood. Here, we newly identify the
deubiquitinating enzyme, USP9X, as having the ability to deubiquiti-
nate  AMOTL2. In addition, we show that AMOTL2 mono-
ubiquitination at K347 and K408 can activate LATS kinase by
promoting binding to the UBA domain of LATS. Our studies identify
the mono-ubiquitination and deubiquitination of AMOTL2 as a
novel molecular switch in Hippo signaling.

Results
USPOX is required for the activity of YAP in the Hippo pathway

To better understand the mechanism responsible for regulating the
LATS-YAP axis, we purified YAP from detached normal human reti-
nal epithelial (RPE) cells by tandem affinity purification (strepta-
vidin followed by S-tag). Co-purified proteins were visualized by
silver staining and specific bands were identified by mass spectrom-
etry. The list of identified proteins (provided in Appendix Table S1)
included USP9X, which was previously reported as a LATS-binding
protein in another comprehensive proteomic screening [32]. Func-
tionally, USP9X is well known to act as an oncogene by stabilizing
other oncogenes, such as Mcl-1 [33] and ERG [34], although one
study conversely suggested that it may act as a tumor suppressor in
KRas-driven pancreatic cancers [35]. Because the regulation of the
Hippo pathway by ubiquitination and deubiquitination has not been
well characterized, we chose to focus on investigating the role of
USP9X in Hippo signaling.

We first examined whether USP9X could affect the activity of a
YAP-TEAD reporter. Indeed, USP9X over-expression increased YAP-
TEAD reporter activity, while expression of a catalytically inactive
mutant failed to do so (Fig 1A). Conversely, depletion of USP9X by
two independent siRNAs in 293T cells decreased YAP-TEAD
reporter activity (Fig 1B). Next, we examined the impact of USP9X
knockdown on YAP target gene expression in two normal human
epithelial cell lines: RPE and MCF10A (a normal breast epithelial
cell line). Since YAP activity is governed by cell density, we
reseeded cells to either sparse or dense conditions 1 day after
siRNA transfection. As expected, the levels of CTGF and Cyr61, two
well-established targets of YAP, were decreased in densely cultured
cells compared to sparsely cultured cells (Fig 1C and D). Knock-
down of USP9X decreased the expressions of CTGF and Cyr61 (at
both protein and mRNA levels) in sparsely cultured cells (Fig 1C
and D). Furthermore, USP9X knockdown reduced YAP-TEAD
reporter activity in sparsely cultured RPE cells (Fig 1E). Based on
these findings, we conclude that USP9X is required for maximal
YAP activity.

© 2015 The Authors
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USP9X regulates YAP phosphorylation and localization
through LATS

We next investigated the localization of YAP, as changes in localiza-
tion form the principal mechanism through which this protein is
regulated. In sparsely growing control RPE cells, intense nuclear
YAP staining was observed by immunofluorescence (Fig 2A). In
USP9X-depleted cells, in contrast, YAP was diffusely localized
throughout the cell (Fig 2A), and the staining intensity of nuclear
YAP was significantly decreased (Fig 2B). The reduction of nuclear
YAP in USP9X-depleted cells was also confirmed by cell fractiona-
tion experiments (Fig 2C). We also examined whether USP9X over-
expression could reactivate YAP in densely cultured cells. Since
USP9X is a large protein, it was technically difficult to establish
retrovirus packaging of USP9X for its over-expression. Therefore,
we first transiently transfected USP9X and detected transfected cells
by V5 immunostaining. EGFP plasmid was used as a control. In
densely growing cells, YAP was diffusely localized throughout the
cell, and neither GFP nor catalytically inactive USP9X affected YAP
localization (Fig 2D). In contrast, USP9X wild-type transfected cells
showed increased nuclear YAP staining (Fig 2D and E). We also
attempted to establish stable RPE clones expressing USP9X WT or
CS mutant, which we successfully obtained two independent clones
for each construct. When these cells were grown to high density,
USP9X WT-over-expressing cells showed increased levels of nuclear
YAP (Fig 2F) and its target genes (Appendix Fig S1A). As an alter-
native approach of increasing USP9X expression, we took the
advantage of recently developed CRISPR-SAM (synergistic activation
mediator) system [36]. We identified three sgRNAs that effectively
over-expressed USP9X. Densely growing cells over-expressing
USP9X by sgRNA also exhibited increased amount of nuclear YAP
as determined by cell fractionation (Fig 2G). Accordingly, USP9X
over-expression increased CTGF and Cyr61 protein levels in densely
growing cells (Appendix Fig S1B). Importantly, USP9X siRNA trans-
fection reduced CTGF and Cyr61 levels back, excluding the possibil-
ity of off-target effects of sgRNAs (Appendix Fig S1C).

Since YAP S127 phosphorylation is the major determinant of
YAP localization, we examined the phosphorylation status of YAP
S$127 in USP9X knockdown cells. Interestingly, USP9X knockdown
markedly increased YAP S127 phosphorylation to a level compara-
ble to that seen in densely cultured cells (Fig 3A). Conversely, over-
expression of USP9X by either stable integration of USP9X WT or
CRISPR-SAM reduced YAP S127 phosphorylation in densely
cultured cells (Fig 3B and C). Because LATS1/2 kinases are the
major kinases for YAP S127, we next questioned whether LATS1/2
depletion could restore the YAP S127 phosphorylation induced by
USP9X knockdown. Due to the technical difficulties inherent in
using siRNA to efficiently deplete three proteins, we established
stable cell lines expressing USP9X shRNA (using the sequence of
siRNA #2). Our results revealed that transfection of USP9X shRNA-
expressing cells with LATS1/2 siRNAs restored YAP S127 phospho-
rylation (Fig 3D). As an independent approach, we examined the
impact of USP9X depletion in RPE cells expressing Flag-YAP WT or
the Flag-YAP 5SA mutant, which cannot be phosphorylated by
LATS. As expected, USP9X depletion decreased YAP target genes in
Flag-YAP WT-expressing cells, but had no effect in Flag-YAP 5SA-
expressing cells (Fig 3E and F). Consistent with these observations,
cell proliferation was impaired by USP9X knockdown in control
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Figure 1. USP9X is required for YAP activity.
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293T cells were co-transfected with CMV-Renilla, 8X-TBS (eight repeats of the TEAD-binding-sequence) luciferase reporter, Flag-YAP, HA-TEAD2 and wild-type (WT) or

catalytically inactive (CS) USP9X-VS. One day after transfection, luciferase activity was measured and normalized with respect to Renilla activity. The value for Flag-
YAP/HA-TEAD-transfected cells (2" column) was adjusted to 1. Shown below is a representative Western blot showing that the expression levels were comparable

between samples (n = 4).

293T cells were transfected with control or USP9X-targeting siRNAs. One day after siRNA transfection, the cells were co-transfected with CMV-Renilla, 8X-TBS

luciferase, Flag-YAP and HA-TEAD2. Reporter activity was quantified as described in (A) (n = 4).

RPE or MCF10A cells were transfected with the indicated siRNAs for 24 h and then reseeded to either sparse or dense culture conditions. At 48 h after siRNA

transfection, the cells were harvested and cell extracts were analyzed by Western blotting for the indicated proteins. L.E., long exposure, S.E., short exposure.

Cells were treated as described in (C), the indicated mRNAs were analyzed with RT-qPCR, and the results were normalized with respect to the B-actin mRNA (n = 4).
RPE cells were transfected with the indicated siRNAs for 24 h, and then co-transfected with CMV-Renilla and 8X-TBS luciferase. One day after the latter transfection,

the cells were reseeded to either sparse or dense conditions, and reporter activity was measured at 24 h after reseeding (n = 3).

Data information: Error bars indicate the SEM (*P < 0.05, **P < 0.01, ***P < 0.001; paired Student’s t-test).

cells, whereas YAP S5SA-expressing cells remained refractory
(Fig EV1). Taken together, these results suggest that USP9X
promotes YAP activity by restraining LATS kinase.

AMOTL2 is a substrate of USP9X

To further understand the mechanism through which USP9X regu-
lates LATS kinase, we utilized genetic and biochemical
approaches. A number of LATS kinase regulators are known,
including NF2, Angiomotin proteins, MST1/2-SAV1 and Rho
activity. We co-depleted each upstream regulator together with
USP9X and examined YAP phosphorylation. Among the three Angio-
motin family proteins, we chose Angiomotin-like 2 (AMOTL2) for
our analysis, because AMOTL2 is known to be the major isoform
expressed in MCF10A cells and its loss-of-function phenotypes are

EMBO reports Vol 17 | No 1| 2016

well established [24]. Co-depletion of AMOTL2, but not SAV1 or
NF2, reduced YAP phosphorylation and increased the expression
of its target genes (Fig 4A and B). Using USP9X shRNA-expressing
cells, we further confirmed that an MST1/2 siRNA failed to
rescue  YAP  phosphorylation or target gene expression
(Appendix Fig S2). We also confirmed that active LATS (phospho-
LATS S909) was increased by USP9X depletion, and that only
AMOTL2 co-depletion restored it (Fig 4A and Appendix Fig S2A).
Notably, co-depletion of NF2 restored target gene expression but
did not affect YAP phosphorylation, suggesting that NF2 might
suppress YAP activity independent of YAP phosphorylation. In
this regard, it is notable that nuclear NF2 is believed to have
tumor-suppressor function [37]. Lastly, we confirmed that RhoA
activity was not significantly affected by USP9X knockdown, as
judged by a Rhotekin pull-down assay (Fig EV2). Based on these

© 2015 The Authors



Miju Kim et al ~ AMOTL2 mono-ubiquitination inhibits YAP activity

o]
*
-
-

A siCon

siUSP9X #1 siUSP9X #2

54

YAP

DAPI

Nuclear YAP (AU)
e n 8
a
B -
.
o
¢ o
©
5
[+) o
o

Merged

Densnty S D S D S D
siCon siUSP9X #1 siUSPIX #2

USPOX WT-V5

USP9X CS-V5

EMBO reports

(o] Cytosol Nucleus
siUSP9X Con #1 #2 Con #1 #2

| 00 N 5P
3 oo -
S » Lamin B
2 amin
a-Tubulin
o000 . USP9X
| oo I 7
| 66— S s w== | amin B

GFP /V5 YAP

Merged

F Cytosol

E
=)
<
o
<
>
]
@
5
=z
GFP  USP9XWT USP9X CS
Cytosol Nucleus

CS CS
USPI9X-V5 Vec #1 #2 #1 #2 Vec #1 #2 #1 #2

200~
V5 (L.E.

200~
66—

66

Lamin B

a-Tubulin

Figure 2. USP9X regulates YAP localization.

sgUSP9X Con #1

#2 #3 Con #1 #2 #3

USP9X
YAP
Lamin B

a-Tubulin

A Representative anti-YAP immunofluorescence images of sparsely cultured RPE cells transfected with the indicated siRNAs. Green, YAP. Blue, DAPI. Scale bar, 10 pm.
B The nuclear YAP intensities of the cells shown in (A) were quantified using the Image| software. At least 70 cells from five or six random fields were analyzed.

Quantified values were normalized by adjusting the average of “siControl Dense cells” to 1. We performed two independent experiments and obtained similar results.

Data from one representative experiment are presented. The red bar indicates the average value. S, Sparse. D, Dense (***P < 0.001; paired Student’s t-test).

C Sparsely cultured RPE or MCF10A cells were transfected with the indicated siRNAs, fractionated into cytosolic and nuclear extracts, and analyzed by Western blotting

for the indicated proteins.

D Representative anti-YAP immunofluorescence images of densely cultured RPE cells transfected with the indicated plasmids. Green, GFP or V5. Red, YAP. Blue, DAPI.

Scale bar, 10 pm.

The nuclear YAP intensities of transfected cells in (D) were quantified using the Image] software. At least 70 cells from five to six random fields were analyzed.

Quantified values were normalized by adjusting the average of “EGFP transfected cells” to 1. Similar results were obtained from two independent experiments. Data

from one representative experiment are presented. The red bar indicates the average value (***P < 0.001; paired Student’s t-test).
Densely cultured stable RPE clones integrated with empty vector (Vec), USP9X-V5 WT or CS mutant were fractionated into cytosolic and nuclear extracts, and

analyzed by Western blotting for the indicated proteins.

G Densely cultured RPE cells transduced with CRISPR-SAM targeting USP9X were fractionated into cytosolic and nuclear extracts, and analyzed by Western blotting for

the indicated proteins.

© 2015 The Authors
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genetic screening results, we speculate that AMOTL2 could be a
potential target of USP9X.

In parallel, we performed in vivo ubiquitination assays against
selected Hippo pathway components (AMOTL2, NF2, MST1, SAV1,
LATS1/2, Mob1A, YAP and TEAD4), and tested whether the ubiqui-
tination of each was affected by USP9X knockdown or over-
expression. Interestingly, ubiquitination of AMOTL2 was the only
robust result obtained from this screen: knockdown of USP9X
increased AMOTL2 ubiquitination (Fig SA), whereas over-expression
of USP9X WT, but not the catalytically inactive mutant, decreased
AMOTL2 ubiquitination (Fig 5B). We also confirmed that
immunoprecipitated USP9X could deubiquitinate AMOTL2 in vitro
(Appendix Fig S3). Notably, AMOTL2 ubiquitination was increased
as cells became confluent (Fig 5C) and also by USP9X knockdown in
sparsely cultured cells (Fig 5SD). A physical interaction between
USP9X and AMOTL2 was demonstrated by co-immunoprecipitation
experiments with tagged proteins in 293T cells (Fig 5E), as well as
with endogenous proteins in RPE and MCF10A cells (Fig 5F). Thus,
our biochemical screening also indicates that AMOTL2 is a down-
stream target of USP9X. Consistent with this notion, the interaction

A Sparse Dense B WT

siUSP9X Con #1 #2 Con #1 #2

USP9X-V5 Vec #1 #2 #1

AMOTL2 mono-ubiquitination inhibits YAP activity — Miju Kim et al

between AMOTL2 and YAP was increased by USP9X knockdown
(Fig 4C).

AMOTL2 is mono-ubiquitinated at K347 and K408

As our results suggested that ubiquitinated AMOTL2 is the more
active form, we sought to identify the ubiquitination site(s) and
prove the functionality of this modification. Of note, AMOTL2
ubiquitination seems to be independent of protein stability control,
as ubiquitination was readily detected in the absence of protea-
some inhibitor treatment. Interestingly, our molecular weight
analysis revealed that mono-ubiquitinated AMOTL2 was by far
the major ubiquitinated species, although a small portion of poly-
ubiquitinated AMOTL2 was also detected upon longer exposure
(Fig 5A). Importantly, AMOTL2 was equally ubiquitinated with
KO ubiquitin mutant (which carries no lysine residues, so that it
cannot be polymerized), confirming that AMOTL2 is mono-
ubiquitinated (Fig 5A, lanes 7-9).

Domain mapping experiments showed AMOTL2 to be majorly
ubiquitinated within the central coiled-coil domain (Fig 6A).
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Figure 3. USP9X regulates YAP phosphorylation through LATS kinase.
A RPE cells were analyzed by Western blotting for the indicated proteins.

yré61 Flag-YAP - WT 5SA

B Indicated stable RPE clones in densely cultured conditions were analyzed by Western blotting for the indicated proteins.
C Densely cultured RPE cells transduced with CRISPR-SAM targeting USP9X were analyzed by Western blotting for the indicated proteins.
D RPE or MCF10A cells expressing the control or USP9X shRNA were transfected with the LATS1/2 siRNA as indicated. Cells were reseeded to low density and harvested

after one day.

m

RPE cells transduced with Flag-YAP WT or Flag-YAP 5SA were transfected with the indicated siRNAs. Cells were reseeded to low density and harvested after one day.

F RT—gPCR of CTGF mRNAs in the cells described in (E) (n = 3). Error bars indicate the SEM (*P < 0.05, paired Student’s t-test).
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A RPE or MCF10A cells were transfected with the indicated combinations of siRNAs and reseeded to low density, and cell extracts were analyzed by Western blotting

for the indicated proteins.

B The cells described in (A) were analyzed by RT-qPCR for the indicated target genes (n = 4). Error bars indicate the SEM (*P < 0.05, **P < 0.01; paired Student’s

t-test).

C Sparsely cultured RPE cells transfected with the indicated siRNAs were immunoprecipitated with an anti-AMOTL2 antibody and analyzed by Western blotting for the

indicated proteins. WCL, whole-cell lysates.

Since a previously published proteomic study found that
AMOTL2 K408, which resides in the coiled-coil domain, is ubiqui-
tinated in cells [38], we mutated this site to generate the
AMOTL2 K408R mutant. This mutant was less ubiquitinated than
the WT control, and showed decreased YAP binding in RPE and
MCF10A cells (Fig EV3). Since residual ubiquitination was still
observed in the K408R mutant, we suspected that additional site
(s) should exist. Thus, we isolated the AMOTL2 coiled-coil
domain from 293T cells and analyzed it by mass spectrometry.
Our results validated the ubiquitination of K408, and also newly
identified ubiquitination at K347 (Fig 6B). The AMOTL2 K347 and
K408 double mutant showed complete abolition of ubiquitination
(Fig 6C and D) and had a significantly decreased interaction with
YAP in RPE and MCF10A cells (Fig 6D). Next, we hoped to
determine how AMOTL2-YAP interaction might affect AMOTL2

© 2015 The Authors

ubiquitination. Thus, we generated AMOTL2 Y213A mutant which
fails to interact with YAP (Fig 6E). Strikingly, the AMOTL2
Y213A mutant also failed to be ubiquitinated (Fig 6E). This result
indicates that AMOTL2-YAP interaction is required for AMOTL2
ubiquitination.

Ubiquitination of AMOTL2 at K347 and K408 is required for
its function

To examine if ubiquitination of AMOTL2 is required for its tumor-
suppressor function, we performed complementation experiments
with shRNA-resistant AMOTL2 WT or K347/408R mutant.
As expected, AMOTL2 knockdown decreased YAP S127 phospho-
rylation and increased levels of putative YAP target genes,
whereas AMOTL2 WT reintroduction reverted them. However, the

EMBO reports Vol 17|No1|2016 69
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A 293T cells were transfected with the indicated siRNAs, cultured for 24 h, and then transfected with the indicated DNAs. 48 h after siRNA transfection, the cells were

harvested and ubiquitination of Flag-AMOTL2 was examined. C, control siRNA.

B 293T cells were transfected with the indicated combinations of DNAs, cultured for 24 h, and subjected to in vivo ubiquitination assays.

(@}

RPE cells transduced with vector (control) or Flag-AMOTL2 were seeded under sparse (S) or dense (D) conditions, and an in vivo ubiquitination assay was performed.

D RPE cells transduced with Flag-AMOTL2 were transfected with a 1:1 mixture of the two USP9X siRNAs. One day after siRNA transfection, the cells were reseeded to
the sparse condition and an in vivo ubiquitination assay was performed after one day.

E 2937 cells were transfected with the indicated combinations of DNAs, and a co-immunoprecipitation assay was performed.

F Sparsely cultured RPE or MCF10A cells were immunoprecipitated with an anti-AMOTL2 antibody.

AMOTL2 K347/408R mutant failed to show such effects (Fig 7A).
YAP activation or AMOTL2 depletion is known to trigger epithelial-
to-mesenchymal transition. Thus, we checked the expression of
epithelial and mesenchymal markers. AMOTL2 knockdown
decreased epithelial marker (E-cadherin), and increased several
mesenchymal markers including N-cadherin. Again, while AMOTL2
WT reintroduction reverted these changes, AMOTL2 K347/408R
mutant failed to do so (Fig 7B). Accordingly, AMOTL2 WT rescued
the increased migration of AMOTL2-depleted cells in transwell
migration assay, but AMOTL2 K347/408R mutant was ineffective
(Fig 7C). Finally, we performed soft agar assay to check for tumori-
genic potential of each cell line. AMOTL2-depleted cells showed
marked induction of colony-forming ability, which was only
rescued by AMOTL2 WT (Fig 7D and E). Taken altogether, these
results show that mono-ubiquitination of AMOTL2 is required for
its function.
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Ubiquitinated AMOTL2 can bind to the LATS UBA domain

Next, we examined how AMOTL2 ubiquitination might confer its
function. The LATS1/2 kinases have evolutionarily well-conserved
UBA domains at their N-termini (Fig 8A). Such domains are known
to bind ubiquitinated proteins, but no previous study has examined
the ligands or functional significance of the LATS UBA domain.
Prompted by our above findings, we postulated that ubiquitinated
AMOTL2 could be a ligand of the LATS UBA domain. Indeed, we
found that the AMOTL2 coiled-coil domain interacted with LATS2
WT, but not with the LATS2 AUBA mutant (Fig 8B). Furthermore,
the AMOTL2 K347/408R mutant showed reduced interaction with
LATS2 (Fig 8C). Using full-length AMOTL2, we confirmed that
AUBA mutation of LATS2 reduces the interaction with AMOTL2
(Fig EV4). Next, to examine whether the LATS UBA domain is
required for the AMOTL2-induced activation of LATS kinase, we

© 2015 The Authors
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Flag-AMOTL2 constructs were designed to express regions spanning from the N-terminus to the coiled-coil domain (AA 1-306), the coiled-coil domain (AA 307-581),

and the C-terminal portion (AA 582-781). These constructs were co-transfected into 293T cells with Myc-Ub, and an in vivo ubiquitination assay was conducted.

*Non-specific band.

B The SBP-AMOTL2 coiled-coil domain was expressed in 293T cells, subjected to tandem affinity purification, fractionated by SDS—PAGE and stained with Coomassie
blue. Bands corresponding to the AMOTL2 coiled-coil domain were excised and analyzed by mass spectrometry for identification of ubiquitinated sites (K-G-G
linkages). Shown are MS/MS spectra recoded using an LTQ-Orbitrap mass spectrometer for the doubly charged peptide, IEK*LESEIQR (MH+ = 135872, z = 2+ ; upper),

and the triply charged peptide, LASK*TQEAQAGSQDMVAK (MH+ = 1992.96, z = 3+ ;

lower). These peptides c:

ontain the K347 and K408 ubiquitination sites,

respectively (marked by asterisks). Fragmented ions are annotated according to the nomenclature for peptide fragmentation in mass spectrometry.

and WCL samples were analyzed by Western blotting for the

indicated proteins.

The indicated Flag-AMOTL2 WT or mutant proteins were subjected to an in vivo ubiquitination assay in 293T cells.
RPE or MCF10A cells were transduced with Flag-AMOTL2 WT or Flag-AMOTL2 K347/408R, and immunoprecipitated with an anti-Flag antibody. Immunoprecipitated

E RPE or MCF10A cells were transduced with Flag-AMOTL2 WT or Flag-AMOTL2 Y213A, and processed as in (D).

© 2015 The Authors
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Figure 7. AMOTL2 ubiquitination is required for its function.

A MCF10A cells expressing shRNA against AMOTL2 were complemented with shRNA-resistant Flag-AMOTL2 WT or the K347/408R mutant. The indicated cells were

harvested and analyzed by Western blotting for the indicated proteins.

B mRNAs isolated from cells in (A) were analyzed by RT-qPCR against indicated EMT marker genes (n = 4). Error bars indicate the SEM (*P < 0.05, **P < 0.01,

***p < 0.001; paired Student’s t-test).

C Transwell migration assay was performed using cells as in (A) (n = 8). We analyzed 5 random fields for each sample. Error bars indicate the SEM (**P < 0.01, paired

Student’s t-test).

D Representative images of soft agar assay results using cells as in (A). Scale bar, 1 mm.
E Soft agar assay was performed using cells as in (A) (n = 8). Error bars indicate the SEM (**P < 0.01, *** P < 0.001, paired Student’s t-test).

immunoprecipitated HA-LATS2 WT or AUBA mutant proteins from
293T cell extracts co-expressing AMOTL2, and subjected the
immune complexes to a kinase assay using His-YAP as the
substrate. Our results revealed that LATS2 WT was robustly acti-
vated by AMOTL2 (lanes 2 and 4, Fig 8D), whereas LATS2 AUBA
was only weakly affected (lanes 3 and 5, Fig 8D). Both LATS2 WT
and the LATS2 AUBA mutant showed marginal activity toward YAP
in the absence of AMOTL2 over-expression (lanes 2 and 3, Fig 8D),
confirming that AMOTL2 contributes to the activation of LATS. KO
Ub mutant activated LATS2 to a level comparable to WT Ub,
confirming that mono-ubiquitination of AMOTL2 plays a functional
role (Appendix Fig S4). We also performed immune complex kinase
assays using AMOTL2 WT or the AMOTL2 K347/408R mutant. Our

EMBO reports Vol 17 | No 1| 2016

results revealed that although AMOTL2 WT effectively increased
LATS activity, the AMOTL2 K347/408R mutant was less potent in
doing so (Fig 8E). To further examine the functional importance of
the LATS UBA domain, we employed our previously established
Lats1~/~; Lats2V"; SV40 immortalized mouse embryonic fibroblasts
[13]. As expected, ablation of Lats2 by Cre infection abolished Yap
phosphorylation and markedly induced the expression of CTGF and
Cyr61 (lane 2, Fig 8F). Also consistent with our expectations, recon-
stitution with LATS2 WT reverted these changes (lane 3, Fig 8F).
Strikingly, however, reconstitution with the LATS2 AUBA mutant
almost completely failed to restore Yap phosphorylation and reduce
the target gene expression (lane 4, Fig 8F). Based on these results,
we propose that ubiquitination of AMOTL2 at K347 and K408

© 2015 The Authors
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Figure 8. Ubiquitinated AMOTL2 can bind to the LATS UBA domain.

A Schematics of human LATS1 and LATS2. PY, PY motif.

B, C

D, E
His-YAP and cold ATP.

293T cells were transfected with the indicated DNAs and immunoprecipitated with an anti-Flag antibody or pulled down with streptavidin-binding beads.
293T cells were transfected as indicated and immunoprecipitated with an anti-HA antibody. LATS2 immune complexes were subjected to a kinase assay with

F Lats1~/~; Lats2™f: Sv40 mouse embryonic fibroblasts complemented with vector, LATS2 WT or AUBA mutant were infected with empty (control) or Zeocin-Cre
retroviruses and selected with 400 pg/ml Zeocin for 4 days. Harvested cells were analyzed by Western blotting for the indicated proteins.

contributes to activation of the LATS kinase by supporting the
binding of AMOTL2 to the LATS UBA domain.

Discussion

Here, we identify AMOTL2 mono-ubiquitination, which is regulated
by the deubiquitinating enzyme, USP9X, as a new regulatory layer
of the Hippo pathway. Our studies with the K347/408R mutant
clearly show that ubiquitination of these residues is required for the
activity of AMOTL2. We also propose a working model in which
ubiquitinated AMOTL2 might function (at least in part) by acting as
a ligand of the LATS UBA domain (Fig 9). In cells experiencing low

© 2015 The Authors

cell—cell contact and strong actin tension, AMOTL2 should be inac-
tive to allow YAP-mediated transcription. In this context, AMOTL2
is deubiquitinated by USP9X activity and probably by down-
regulation of a yet-unidentified E3 ligase. As cells become confluent,
AMOTL2 undergoes ubiquitination and binds to the UBA domain of
LATS, thereby activating LATS and subsequently inhibiting YAP. In
confluent cells, ubiquitination of AMOTL2 requires E3 ligase activity
and (likely) functional down-regulation of USP9X.

Our current results raise several immediate issues. First, the E3
ligase of AMOTL2 remains to be identified. This E3 ligase would be
expected to have a tumor-suppressor function. Of note, a previous
study showed that the Itch E3 ligase activates Angiomotin by ubi-
quitinating its coiled-coil domain [39]. Although the target lysine

EMBO reports Vol 17 | No 1| 2016
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Figure 9. Model for the role of AMOTL2 ubiquitination in the Hippo

pathway.
See Discussion for further details.

residue identified in the previous study was not conserved in
AMOTL2, it is conceivable that ubiquitination of Angiomotin
proteins in the coiled-coil domain promotes their activity in general.

Second, we need to understand how USP9X itself is regulated.
Interestingly, we noticed an evolutionarily well-conserved LATS
consensus motif in USP9X (Appendix Fig S5), prompting us to spec-
ulate that USP9X activity could be inhibited by LATS-mediated
phosphorylation. In this regard, it is notable that a previous study
detected USP9X-LATS2 interaction only in the okadaic acid-treated
condition, wherein LATS2 is considered to be active [32]. It is also
important to note that we initially co-purified USP9X as a YAP-
associated complex in detached cells, which activates LATS2 as well
[14]. Although USP9X was co-precipitated with YAP (Fig EVS), we
believe that this interaction would be an indirect consequence aris-
ing from the USP9X-LATS2-AMOTL2-YAP complex. Further inves-
tigation of USP9X as a LATS substrate is required to resolve this
issue. From an evolutionary perspective, USP9X is conserved in
Drosophila as the fat facets (faf) protein, but homologs of Angio-
motin proteins are not found in the fly. Notably, the LATS target site
is not conserved in faf. We thus propose that as the Angiomotin
proteins emerged during evolution and became incorporated into
Hippo signaling, faf may have coevolved to serve the feedback regu-
lation by LATS kinase.

Finally, our results give insights into the molecular mechanism
of AMOTL2 regulation. So far, AMOTL2-YAP interaction [23,26],
AMOTL2 phosphorylation by LATS [29,30], and AMOTL2 mono-
ubiquitination (our study) have been found to regulate AMOTL2
function. Intriguingly, these regulatory mechanisms seem to cooper-
ate in a positive feed-forward manner. In the future, a systematic
study using multiple AMOTL2 mutants would allow us to dissect
the precise mechanism of AMOTL2 regulation.

Our findings are closely linked with previous reports on the func-
tions of USP9X. The crosstalk between Hippo signaling and TGF-B—
Smad signaling has been well characterized [40,41]. YAP determines

EMBO reports Vol 17 | No 1| 2016
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the localization of Smad, such that TGF- signaling becomes damp-
ened when upstream Hippo signaling is active. USP9X also plays an
essential role in TGF-B-Smad signaling by deubiquitinating Smad4,
which is required for assembly of the Smad2/3/4 complex [42].
Given our new finding that USP9X promotes the nuclear localization
of YAP, it is tempting to propose that USP9X acts as an orchestrator
of Hippo-TGF-p crosstalk. Furthermore, USP9X is over-expressed in
epithelial cancers, generally functions as an oncogene [43,44],
enhances the self-renewal of mouse neural stem cells in vitro [45],
and is needed in the brain for proper neural development [46]. In
the future, it would be interesting to examine whether YAP mediates
these phenotypes.

Numerous regulators of YAP have been identified through the
years. Although many of them converge on the LATS kinase, the
molecular mechanism responsible for regulating LATS is poorly
understood. In addition, the Hippo pathway is known to be regu-
lated by phosphorylation and dephosphorylation of key compo-
nents, but this is the first study to reveal the importance of
mono-ubiquitination and deubiquitination of these Hippo pathway
components. In light of this, our findings offer significant insights
into a new regulatory mechanism responsible for mediating the
Hippo pathway, and suggest many interesting new questions that
warrant future investigation.

Materials and Methods

Cell culture

RPE, MCF10A and 293T cells were purchased from ATCC. MCF10A
cells were cultured in DMEM/F12 supplemented with 5% horse
serum (Invitrogen), 20 ng/ml EGF (Peprotech), 10 pg/ml insulin
(Sigma), 0.5 pg/ml hydrocortisone (Sigma), 100 ng/ml cholera
toxin (Sigma) and penicillin/streptomycin (Invitrogen). 293T and
RPE cells were cultured in DMEM or DMEM/F12 supplemented with
10% FBS and penicillin/streptomycin. Immortalized Lats1/2 mouse
embryonic fibroblasts were described previously [13] and were
cultured in DMEM supplemented with 10% FBS and penicillin/
streptomycin. For generation of stable RPE clones, USP9X-V5 trans-
fected cells were selected with 5 pg/ml of blasticidin for 2 weeks
and surviving clones were picked using cloning discs (Sigma).

Transfection of siRNAs

The siRNAs were synthesized by Samchully Pharm, and siRNA
duplexes were annealed to a concentration of 20 pM. For transfec-
tion, the Lipofectamine RNAIMAX reagent (Invitrogen) was used
according to the manufacturer’s instructions. Where indicated, cells
were reseeded to either sparse (3.4 x 10° cells/cm?) or dense
(10° cells/cm?) culture conditions 24 h post-transfection, and
subjected to analysis 1 day thereafter. The siRNA-targeting
sequences are presented in Appendix Table S2.

Reporter assay
293T cells were cultured in 6-well dishes and transfected with

0.25 ng Flag-YAP, 0.25 pg HA-TEAD2, 1 ug 8X-TBS luciferase,
15 ng CMV-Renilla and 1 pg USP9X-V5 using polyethylenimine

© 2015 The Authors
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(PEI). RPE cells were cultured in 6-well dishes and transfected with
2 pg 8X-TBS luciferase and 10 ng CMV-Renilla using FuGENE HD
(Promega). Reporter activities were measured using a Dual Luci-
ferase Kit (Promega) according to the manufacturer’s guides.

RNA isolation and analysis

Total RNAs were isolated using the Ribo-EX reagent (GeneALL)
according to the manufacturer’s instructions. Briefly, 2 ng RNA was
heated at 70°C for 5 min and then reverse-transcribed using an
oligo-dT (18dT) primer for 2 h at 37°C. The resulting cDNAs were
diluted with 1 volume of water and analyzed by quantitative poly-
merase chain reaction (qPCR) using a Bio-Rad Connect machine.
The mRNA levels of target genes were normalized with respect to
that of B-actin. The sequences of the utilized primers are listed in
Appendix Table S2.

Immunofluorescence and image acquisition

Anti-YAP immunostaining was performed as previously described
[13]. Images were collected with an LSM 510 microscope using a
C-Apochromat 40x/1.2 W and C-Apochromat 63x/1.2 W objectives,
and the LSM 510 NLO acquisition software (all from Zeiss). The
ImageJ software was used for image processing and signal quan-
tification.

Co-immunoprecipitation

Harvested cells were lysed with 0.5% Triton X-100 buffer [SO mM
Tris—Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA and 0.5% Triton
X-100]. Cell extracts (1 mgin 1 ml) were incubated overnight at 4°C
with 1-2 pg of the indicated antibodies. The extracts were incubated
with 20 pl of protein A/G agarose beads (GenDepot) for 1 h, and
then the beads were washed three times with lysis buffer (Triton
X-100 reduced to 0.1 %) and boiled with Laemmli buffer.

In vivo ubiquitination assay

For assays in 293T cells, the cells were transfected with Flag-
AMOTL2 and Myc-ubiquitin or HA-ubiquitin at a 1:4 ratio. For
assays in RPE or MCF10A cells, the cells were transduced with a
Flag-AMOTL2 retrovirus. Harvested cells were lysed with RIPA
buffer [50 mM Tris—Cl (pH 7.5), 150 mM NaCl, 1 mM EDTA, 0.5%
deoxycholate, 1% NP-40 and 0.1% SDS]. Cell extracts (1 mg of
protein in 1 ml) were incubated at 4°C overnight with 2 ng of anti-
Flag antibody. The extracts were then incubated with 20 pl of
protein A/G agarose beads for 1 h, and then the beads were washed
five times with RIPA buffer and boiled with Laemmli buffer.

In vitro deubiquitination assay

293T cells transfected with either vector (control), USP9X-V5 WT or
USP9X-V5 CS mutant were lysed with 0.5% Triton X-100 lysis
buffer, followed by immunoprecipitation with an anti-V5 antibody.
Beads were washed three times with lysis buffer and once with reac-
tion buffer (50 mM HEPES (pH 7.5), 100 mM NaCl, 5% glycerol,
5 mM MgCl,, and 1 mM DTT). 15 pl of ubiquitinated AMOTL2 was
added to the beads as a substrate and incubated overnight at 30°C.

© 2015 The Authors
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Reaction was terminated by adding Laemmli buffer. To prepare
ubiquitinated AMOTL2, SBP-AMOTL2 coiled-coil and Myc-Ub were
co-transfected to 293T cells. SBP-AMOTL2 was pulled down with
streptavidin-binding beads, and eluted with 2 mM biotin dissolved
in deubiquitination reaction buffer. Eluted proteins were aliquoted
and stored at —70°C until use.

CRISPR-SAM

CRISPR-SAM stable cell lines were generated according to a previ-
ously described method [36]. Related constructs were purchased
from Addgene. For selection, we used 1 pg/ml of blasticidin,
25 pg/ml of hygromycin and 100 pg/ml of zeocin. sgRNA sequences
targeting USP9X were taken from the same paper [36], and are
provided in Appendix Table S2.

LATS kinase assay

Harvested cells were lysed with 0.5% Triton X-100 buffer and the
resulting lysate (1 mg of protein in a 1 ml volume) was incubated
with 2 pg of anti-HA antibody and processed for immunoprecipita-
tion. Protein A/G agarose beads were washed three times with lysis
buffer and once with LATS kinase assay buffer [25 mM HEPES (pH
7.4), 50 mM NaCl, 10 mM MgCl,, and 1 mM dithiothreitol (DTT)].
The immunoprecipitated HA-LATS2 was reacted for 30 min at 30°C
with 1 pg of recombinant His-YAP (purified from BL21 Rosetta
strain) and 200 puM of cold ATP. The reaction was stopped by boil-
ing with an equal volume of Laemmli buffer.

Mass spectrometry for identification of YAP-binding proteins and
the ubiquitination sites of AMOTL2

RPE cells were transduced with SBP alone (streptavidin-binding
protein/S-tag) or SBP-YAP retroviruses and selected with 1 pg/ml of
puromycin for establishment of stable cell lines. Control and SBP-
YAP-expressing cells were trypsinized and suspended for 1 h.
Harvested cells were lysed with 0.5% Triton X-100 buffer followed
by tandem affinity purification, and the obtained samples were
resolved by SDS-PAGE and subjected to silver staining. To identify
the ubiquitination sites on AMOTL2, SBP-AMOTL2 coiled-coil
domain was transfected to 293T cells in 25 100-mm dishes.
Harvested cells were lysed with 0.5% Triton X-100 buffer and
subjected to tandem affinity purification. Briefly, cell lysates were
divided into multiple tubes (3 mg of proteins in a 1 ml volume per
tube), incubated with streptavidin-binding beads (20 pl per tube)
and incubated at 4°C overnight. The beads were washed three times
with lysis buffer, and AMOTL2 was eluted with lysis buffer contain-
ing 2 mM biotin. The eluted samples were collected in a single tube
and concentrated with 20 pl of S protein binding beads. After three
washes with lysis buffer, the beads were boiled with Laemmli
buffer, and the samples were fractionated by SDS-PAGE and stained
with Coomassie blue. For mass spectrometric analysis, the stained
protein bands were excised and subjected to in-gel tryptic digestion,
as previously described [47]. The digested peptides were injected
into a reverse-phase Magic 18aq column (15 cm x 75 pm, 5 pum,
200A) on an Eksigent MDLC system at a flow rate of 300 nl/min.
Peptides were eluted with a linear gradient of 5-40% acetonitrile in
0.1% formic acid. The HPLC system was coupled to an LTQ
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XL-Orbitrap mass spectrometer (Thermo Scientific). The source
ionization parameters were as follows: spray voltage, 1.9 kV;
and capillary temperature, 250°C. Survey full-scan MS spectra
(300-2,000 m/z) were acquired with a resolution of 100,000 for
precursor selection and charge-state determination. The MS/MS
spectra of the 10 most intense ions from the MS scan were acquired
with the following options: isolation width, 2 m/z; normalized colli-
sion energy, 35%; and dynamic exclusion duration, 30 s. The raw
data were searched using the SEQUEST algorithm in Proteome
Discoverer 1.4 (Thermo Scientific). The human UniProt database
released in 2013.07 was used with the following search parameters:
full tryptic peptide cleavage specificity; two missed cleavages; static
modification of carbamidomethylation at cysteine (+ 57.021 Da);
dynamic modifications of oxidation at methionine (+ 15.995 Da);
and ubiquitination at lysine (+ 114.043 Da).

Nuclear-cytoplasmic fractionation

Harvested cells were resuspended in hypotonic buffer [10 mM
HEPES (pH 7.8), 10 mM KCI, 0.1 mM EDTA, 0.1 mM ethylene
glycol tetraacetic acid (EGTA), 1 mM DTT] and incubated on ice
for 20 min. Triton X-100 was added to a final concentration of
0.2% and the samples were briefly vortexed for 10 s to break the
plasma membrane. Nuclei were pelleted by centrifugation for
1 min, and the supernatant was saved as the cytoplasmic fraction.
The nuclear pellet was washed with hypotonic buffer and PBS,
and then extracted with hypertonic buffer [20 mM HEPES (pH
7.8), 0.5 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 420 mM NacCl]
for 30 min on ice with frequent vortexing. Nuclear debris was
removed by centrifugation for 10 min. The obtained cytoplasmic
and nuclear lysates were boiled with Laemmli buffer and resolved
by SDS-PAGE.

Rhotekin pull-down assay

The GST-Rhotekin-encoding plasmid was purchased from Addgene,
and the recombinant GST-Rhotekin protein was affinity purified
from BL21 strain. Briefly, cells were lysed with 0.5% Triton X-100
lysis buffer without EDTA, and 1 mg of cell lysate in 0.8 ml was
incubated at 4°C for 2 h with 5 pg of GST-Rhotekin bound to 20 pl
of GST beads. The beads were washed three times with lysis buffer
and boiled with Laemmli buffer.

Transwell migration assay

MCF10A stable cell lines were starved overnight in MCF10A growth
medium containing 2% serum and no EGF. After 24 h, the starved
cells were trypsinized, 1 x 10° cells were added to the top chambers
of the transwell and MCF10A growth medium was added to the
bottom chambers of the transwell. After incubation for 24 h, the
migratory cells were fixed with methanol and mounted with DAPI.

Soft agar assay
A total of 1 ml of 0.5% bottom agar in MCF10A growth medium
was solidified in 6-well plates. 1 x 10* cells were added to 0.4% top

agar in MCF10A growth medium and layered onto bottom agar. A
total of 2 ml of MCF10A growth medium was added on top to
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prevent drying and was replenished every 4 days. After 21 days,
colonies were stained with 0.1% crystal violet followed by washing
with distilled water.
dissecting microscope.

Stained colonies were examined under a

Antibodies

Antibodies against the following proteins were used in our
Western blot analyses: V5 (Life Technologies, R960-25), Flag
(WAKO, 012-22384), HA (Covance, MMS-101P), B-actin (Sigma-
Aldrich, A5316), USP9X (Abnova, H00008239-M01), CTGF (Santa
Cruz Biotechnology, sc-14939), Cyr61 (Santa Cruz Biotechnology,
sc-13100), YAP pS127 (Cell Signaling Technology, #4911), YAP
(Cell Signaling Technology, #4912), LATS pS909 (Cell Signaling
Technology #9157), LATS1 (Bethyl Laboratories, A300-477A),
LATS2 (Cell Signaling Technology, #5888), SAV1 [9], NF2 (Santa
Cruz Biotechnology, sc-331), AMOTL2 (Santa Cruz Biotechnology,
sc-82501), Myc (Santa Cruz Biotechnology, sc-40), ubiquitin (BD
Pharmingen, 550944), His (Santa Cruz Biotechnology, sc-803),
lamin B (Santa Cruz Biotechnology, sc-6217), o-tubulin (Cal-
biochem, CP06), MST1 (Cell Signaling Technology, #3682), MST2
(Cell Signaling Technology, #3952), RhoA (Santa Cruz Biotechno-
logy, sc-418) and GST (Santa Cruz Biotechnology, sc-138). For
immunofluorescence analyses, an anti-YAP antibody from Novus
Biologicals (H00010413-M01) and an anti-V5 antibody from Sigma-
Aldrich (V8137) were used. Rabbit anti-GFP serum was a kind gift
from Eunjoon Kim. For the immunoprecipitation studies, we
used the same antibodies described for the Western blot and
immunofluorescence analyses.

Statistical analysis

Graphs were drawn using the GraphPad Prism software. Statistical
analyses were performed using the paired Student’s t-test (two-
tailed) with a 95% confidence interval.

Expanded View for this article is available online.
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