JBC Papers in Press. Published on November 28, 2017 as Manuscript RA117.000392
The latest version is at http://www.jbc.org/cgi/doi/10.1074/jbc.RA117.000392

USPI9X is a deubiquitylase of LATS?2
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ABSTRACT

The Hippo pathway plays important roles in
controlling organ size and in suppressing
tumorigenesis through large tumor suppressor
kinase 12 (LATS1/2)-mediated
phosphorylation of YAP/TAZ transcription
co-activators. The kinase activity of LATS1/2 is
regulated by phosphorylation in response to
extracellular signals. Moreover, LATS2 protein
levels are vrepressed by the ubiquitin—
proteasome system in conditions such as
hypoxia. However, the mechanism that removes
the ubiquitin modification from LATS2 and
thereby stabilizes the protein is not well
understood. Here, using tandem affinity
(TAP), we found that

anaphase-promoting

purification
complex/cyclosome
(APC/C), a ubiquitin ligase complex, and
USPI9X, a deubiquitylase, specifically interact

with LATS2. We also found that although
APC1 co-localizes with LATS2 to intracellular
vesicle structures, it does not regulate LATS2
protein levels and activity. In contrast, USP9X
ablation drastically diminished LATS2 protein
levels. We further demonstrated that USP9X
deubiquitinates LATS2 and thus prevents
LATS2 degradation by the proteasome.
Furthermore, in pancreatic cancer cells,
USPIX loss activated YAP and enhanced the
oncogenic potential of the cells. In addition, the
tumorigenesis induced by the USP9X ablation
depended not only on LATS2 repression, but
also on YAP/TAZ activity. We conclude that
USP9X is a deubiquitylase of the Hippo
pathway kinase LATS2 and that the Hippo
pathway functions as a downstream signaling
USPIX’s

cascade that mediates

tumor-suppressive activity.
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The Hippo pathway is an evolutionarily
conserved mechanism that plays a fundamental
role in control of organ size (1,2). It limits cell

number through transcriptional regulation of cell

proliferation, apoptosis, and stem cell self-renewal.

Deregulation of the Hippo pathway leads to drastic
enlargement of organs such as eyes and wings in
Drosophila, as well as livers, hearts, and stomachs
in mice (3-9). Furthermore, sustained inactivation
of the Hippo pathway potently induces
tumorigenesis in mice. More importantly,
accumulating evidence clearly indicates that the
Hippo pathway is deregulated in various human
cancers, which plays important roles in cancer
initiation and progression (10). These findings
highlight the importance to thoroughly understand
molecular mechanisms regulating the Hippo
pathway.

Central to the Hippo pathway is a kinase
cascade formed by the MST1/2 kinases of the
STE-20 family and their downstream kinases
LATS1/2 of the AGC family. MST1/2 activate
LATS1/2 through direct phosphorylation and also
through phosphorylation of SAV1 (an adaptor
protein of MSTI1/2) and MOBI1A/B (adaptor
proteins of LATS1/2) (2). The Hippo pathway
regulates gene expression via direct
phosphorylation and inhibition of transcription
co-activators Yes-associated protein (YAP), and
its paralog transcriptional coactivator with
PDZ-binding motif (TAZ) (11-15).
Phosphorylation of YAP by LATS1/2 leads to its
cytoplasmic retention mediated by the scaffold
protein 14-3-3, and degradation mediated by the
E3 ligase SCFP™  (12,16). Nevertheless,
inactivation of the Hippo pathway leads to YAP
nuclear translocation and interaction with

transcription factors such as the TEAD family
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proteins, which results in expression of
pro-proliferative and anti-apoptotic genes (17-21).
The Hippo pathway is tightly regulated by
upstream signals such as mechanical stress,
G-protein coupled receptor signaling, and cellular
energy status, which result in change of LATS1/2
phosphorylation level and activity (2).
Interestingly, the protein level of LATS2 is also
regulated by hypoxia condition through
ubiquitination by the E3 ubiquitin ligase SIAH2,
and subsequent degradation by proteasomes (22).
LATS2 is also ubiquitinated by other E3 enzymes
such as NEDD4 and CRL4°“F'  (2324).
Therefore, the turnover of LATS1/2 protein could
be another mechanism playing important roles in
regulation of Hippo pathway activity. However,
little is known about the deubiquitination process
of LATS2, the other side of the coin.

Protein  ubiquitination is a  reversible
post-translational modification that could be
removed by a family of enzymes called
(DUBs). USP9X is an

evolutionarily conserved member of the largest

deubiquitylases

DUB family, the ubiquitin-specific proteases (USP)
(28). Recent investigations revealed important
functions of USP9X in development and in
diseases such as neurodegeneration and cancer.
Interestingly, depending on the type of cancer,
USP9X could be either oncogenic or tumor
suppressive. For example, elevation of USP9X
may stabilize MCL1, a pro-survival BCL2 family
protein, thus contributes to the development of
lymphoma and multiple myeloma (29).
Conversely, in a genetic screen for tumor
suppressors of pancreatic ductal adenocarcinoma
(PDAC) carried out in mice, USP9X was found to
be the most commonly mutated gene in over 50%
of the tumors (30), indicating its strong tumor

suppressive activity. However, the mechanism by
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which USP9X working as a tumor suppressor in
PDAC remains obscure.

In this study, we identified the APC/C E3
complex and USP9X as specific
LATS2-interacting proteins. While APC/C does
not seem to play a regulatory role on LATS2,
USP9X potently regulates the protein level of
LATS2. In pancreatic cancer cells, ablation of
USP9X diminishes the protein level of LATS2 and
thus leads to YAP activation and enhanced
oncogenic potential. We thus identified USP9X as
a DUB of LATS2, and propose that deregulation
of USP9X in PDAC promotes tumorigenesis
through silencing of the Hippo pathway.

RESULTS
LATS?2 interacts with APC/C complex and
USPIX
To further elucidate the regulation and function
of LATS2 kinase, we carried out TAP of
Flag-Streptavidin-binding peptide (SBP)-tagged
LATS2 ectopically expressed in MCFI10A cells.
Due to the growth-suppressive activity of LATS2,
we used the kinase inactive KR mutant to avoid
difficulty in stable cell propagation. In this
purification we recovered many proteins that
specifically interact with LATS2 (Fig. 1A). Mass
spectrometry identified known LATS2-interacting
proteins, such as MOB1A and NF2 (Fig. 1B).
Interestingly, = several  proteins  regulating
ubiquitination are also on top of the list, including
USP9X deubiquitylase and several components of
the APC/C ubiquitin ligase complex, including
ANAPC1 (APC1), ANAPCS (APC5), CDCI6,
CDC23, and CDC26 (Fig. 1B). The presence of
APC1, APCS, and USP9X in the LATS2 TAP
product was also confirmed by western blotting
with specific antibodies (Fig. 1C). We further
determined the interaction between APC1 and
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LATS2 by their co-immunoprecipitation when
co-expressed in HEK293T cells. While LATS2
co-immunoprecipitated well with wild-type APC1,
it lost interaction with a truncation mutant 1-1548
naturally occurred during sub-cloning (Fig. 1D).
Interactions of LATS2 with other APC/C complex
proteins including APCS5, APC2, CDC23, and
APC7 have also been confirmed (Supplemental
Fig. S1A and B). A couple of previous reports
have investigated the Hippo pathway interactome
using similar affinity purification approaches
(31,32). Interestingly, in their results we also
found USP9X and the APC/C complex as specific
interacting proteins of LATS2 but not LATS1. We
confirmed that in comparison with LATSI,
LATS2 has much stronger interaction with APC1
(Fig. 1E). Similarly, USP9X only interacts with
LATS2 but not LATS1, and the enzymatically
inactive CA mutant of USP9X exhibits stronger
interaction with LATS2 (Fig. 1F). Furthermore,
we confirmed that LATS2 interacts with APCI
and USP9X at the endogenous level (Fig. 1G and
H). Angiomotin (AMOT) family proteins in the
Hippo pathway have previously been shown to
interact with and be deubiquitinated by USP9X
(33,34). We found that the interaction of USP9X
with AMOT is much weaker than that with
LATS2 (Supplemental Fig. S1C), while the
interaction of USP9X with AMOTL?2 is similar to
that with LATS2 (Supplemental Fig. S1D).
However, the USP9X-LATS?2 interaction is not
significantly affected by co-expression of
AMOTL2 (Supplemental Fig. S1D). The above
results identified the APC/C complex and USP9X
as  ubiquitination-regulating  enzymes  that
specifically interact with LATS2, which may thus
play regulatory roles in the Hippo pathway.

LATS?2 interacts with APC1 and USP9X
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through distinct regions

We next mapped the protein regions responsible
for the interactions between LATS2 and APC1 or
USP9X. Since the APC1 C-terminal truncation
mutant lacking 400 amino acids (1-1548) lost
interaction with LATS2 (Fig. 2A), we added back
100 amino acids at a time to test restoration of the
interaction. Clearly, add back 200 amino acids
(1-1748) but not 100 amino acids (1-1648) fully
rescued the interaction with LATS2 (Fig. 2B),
indicating that the region between APC1 amino
acids 1648-1748 is critical for the interaction. For
LATS2, deletion of the N-terminal 30 amino acids
abolished the interaction with APC1 (Fig. 2C).
Furthermore, deletion of amino acids 60-90, but
not 30-60 also impairs LATS2 interaction with
APC1 (Supplemental Figure S2A). Therefore, the
1-30 and the 60-90 regions of LATS2 are both
involved in the interaction with APCI.
Consistently, the 1-200 region of LATS2 is
sufficient to interact with APC1 (Fig. 2C).
However, the interaction of LATS2 1-200 with the
APC1 1549-1748 fragment is marginal (data not
shown), suggesting that additional regions of
APC1 are involved. The N-terminal of LATS2
contains two D (destruction) boxes, targeting
motifs recognized by the APC/C complex (35).
However, they are not required for the interaction
with APC1 (Supplemental Figure S2B). Similarly,
the UBA domain of LATS2 is also dispensable for
the interaction with APC1 (Supplemental Figure
S2B).

To determine the LATS2-interacting region of
USP9X, we truncated the USP9X CA protein into
4 fragments (Fig. 2A). Although the C-terminal
fragment °‘d’ showed weak interaction with
LATS2, the N-terminal fragment ‘a’ (1-674)
interacted with LATS2 similarly as the full-length
protein (Fig. 2D), suggesting that ‘a’ is the major
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LATS2-interacting region. Deletion of LATS2
from the N-terminal indicated that loss of the
N-terminal 30 amino acids reduced but did not
abolish interaction with USP9X (Fig. 2E).
However, loss of a region from 400 to 619 almost
abolished the interaction, while the fragment
1-625 interacted well with USP9X (Fig. 2E).
These results suggest that LATS2 400-619 is
playing a critical role in interaction with USP9X.
However, this region alone is insufficient to
interact with USP9X (Fig. 2E), suggesting that
some other regions or an intact protein structure is
required. It is noteworthy that mutation of R615, a
residue critical for LATS2 interaction with
MOBI1A/B (36), does not affect interaction with
USP9X (Fig. 2E), indicating that the interaction of
LATS2 with USP9X is independent of MOB1A/B.
Taken together, LATS2 interacts with APC1 and

USP9X through distinct regions of the protein (Fig.

2A), and loss of the N-terminal 30 amino acids of
LATS2 inhibits the interaction with both APCI1
and USP9X to various extents.

No evidence for LATS2 regulation by
APC/C
We next investigated whether APC/C plays a
regulatory role on LATS2 by first examining the
subcellular localization. When expressed in HelLa
cells, wild-type LATS2 adopts vesicle-like
localizations besides cytoplasmic distribution (Fig.
3A). However, deletion of the N-terminal 30 or
619 amino acids results in even distribution of
LATS2 in the cytoplasm (Fig. 3A). Consistently,
in biochemical fractionation, wild-type LATS2
was mainly recovered in the membrane fraction,
which was dramatically reduced by deletion of
1-30 or 1-619 (Supplemental Fig. S3A). The
localization of LATS2 and its mutants have been
confirmed in U20S cells (data not shown). These
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results suggest that the 1-30 region of LATS2
might localize LATS2 to some intracellular
vesicles. Interestingly, wild-type but not the
LATS2-binding-deficient 1-1548 mutant of APC1
also adopts vesicle-like structures in HelLa cells
(Fig. 3B). Fractionation experiments confirmed
that APC1 is also mainly membrane-localized,
which was reduced by deletion of the C-terminal
after 1548 (Supplemental Fig. S3B). To test
whether LATS2 and APC1 promote the
vesicle-like localization of each other, they were
co-expressed for immunofluorescence staining.
Indeed, vesicles positive for LATS2 were also
co-occupied by APCl (Fig. 3C). However,
deletion of LATS2 1-30 or APCI1 after 1548 only
disrupts vesicle-like localization of the respective
protein but not the other (Fig. 3C), suggesting that
the vesicle-like localization of LATS2 and APC1
does not depend on each other. Indeed,

knockdown of APC1 or LATS2 (Supplemental Fig.

S3C) did not affect the vesicle-like structures of
LATS2 or APCI, respectively (Fig. 3D). These
results demonstrate that both LATS2 and APCI
localize to internal vesicle structures in cells,
which could be important for the interaction of
these two proteins. However, this subcellular
localization of LATS2 is not regulated by APCI.
By co-staining we found that these
LATS2-positive vesicles are not Rab5- or
Lampl-positive endosomes (data not shown).
Thus, the identity of these vesicle-like structures
remains to be determined. During the study of
LATS2 subcellular localization we also noticed
that the N-terminal fragment of LATS2 before the
kinase domain adopts explicit nuclear localization
(Fig. 3A), suggesting that it may mediate nuclear
localization of LATS2. Indeed, although the
nuclear localization of wild-type LATS2 is not
significant, it was drastically enhanced by
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leptomycin B (LMB) treatment, which blocks
CRMI1-dependent nuclear export (Supplemental
Fig. S3D). The nuclear localization of LATSI is
also enhanced by LMB although less potently
(data not shown). These results suggest that the
subcellular localization of LATS2 could be
dynamically regulated, which might play an
important role in the regulation and function of the
Hippo pathway.

The APC/C complex is a ubiquitin ligase
mediating protein degradation, which thus initiates
the metaphase—anaphase transition and mitotic exit
in mitosis (35). We thus examined whether
inhibition of APC/C activity would increase
LATS2 protein level. We treated
non-synchronized or thymidine/
nocodazole-synchronized HeLa cells with two
inhibitors of APC/C, apcin and proTAME (37).
The protein level of cyclin B1, a known substrate
of APC/C, was clearly increased but the protein
level of LATS2 remained the same (Fig. 3E).
Furthermore, knockdown of APC1 did not change
the protein level or kinase activity of LATS2 (Fig.
3F). Therefore, LATS2 is not a substrate of
APC/C. However, we noticed that deletion of
amino acids 1-30 results in inhibition of LATS2
kinase activity (Fig. 3F), suggesting that LATS2 is
likely activated on the membrane of intracellular
vesicles. We have also noticed that APC1 has two
consensus LATS2 target phosphorylation motif
HXRXXS at amino acids 304-309 and 338-343
(Fig. 2A). In addition, co-expression of APC1 with
LATS2 could induce retarded migration of APC1
in electrophoresis on gels containing Phos-tag,
which specifically retards phosphorylated proteins
(Supplemental Fig. S3E). Thus LATS2 might
phosphorylate and regulate APC/C, which is an
interesting possibility beyond the scope of this
study.
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USPY9X deubiquitinates and stabilizes
LATS?2
We further investigated whether USP9X
regulates LATS2. siRNAs were used to
knockdown USP9X in pancreatic cancer cell line
MIA PaCa-2. Interestingly, while siRNAs #1 and
#3 efficiently repressed USP9X expression, the
protein level of LATS2 was also dramatically
reduced (Fig. 4A). Similarly, siRNA-mediated
knockdown of USP9X also diminished LATS2
protein levels in pancreatic cancer cell lines
CFPAC-1, BxPC-3, AsPC-1, and breast cancer
cell line MDA-MB-468, as well as a transformed
mammary  epithelial cell line MCFI10A
(Supplemental Fig. S4A). To further confirm these
observations, shRNAs were used to knockdown
USP9X in BxPC-3 cells. Indeed, two shRNAs that
efficiently repressed USP9X expression also
diminished LATS2 protein expression (Fig. 4B).
We next knocked out USP9X in HeLa and MIA
PaCa-2 cells using CRISPR/Cas9 technology.
Again, LATS2 protein level was markedly
reduced upon ablation of USP9X (Fig. 4C and D).
Importantly, the protein level of LATS2 could be
rescued by re-expression of wild-type but not the
enzymatically inactive CA mutant of USP9X (Fig.
4D and Supplemental Fig. S4B). Furthermore, the
mRNA levels of LATS2 were not consistently
repressed upon USP9X knockdown or knockout
(Fig. 4E). These results highly suggest that
USP9X maintains the protein level of LATS2
through deubiquitination and inhibition of LATS2
degradation. While LATS]1 protein levels largely
remain unaffected by USP9X knockdown or
knockout (Fig. 4A, B, D, and G), they were
sometimes found reduced in USP9X knockout

clones (Fig. 4C and Supplemental Fig. S4C and D).

However, it is obvious that the reduction of
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LATSI1 protein level is clone-specific and could
not be rescued by proteasome inhibitor
(Supplemental Fig. S4C), suggesting it is a
non-specific effect.

We further examined the degradation of LATS2
after inhibition of protein synthesis by
cycloheximide. The results indicate that the
degradation of LATS2 but not LATS1 is much
faster after ablation of USP9X (Fig. 4F).
Furthermore, the diminished protein level of
LATS2 caused by USP9X knockdown or
knockout could be fully rescued by a proteasome
inhibitor bortezomib (Fig. 4G and Supplemental
Fig. S4C).
chaperone-mediated autophagy, another pathway

However, inhibition of
for protein degradation, by chloroquine, could not
rescue LATS2 protein level (Supplemental Fig.
S4D). Therefore, USP9X inhibits LATS2
degradation by  proteasome.  Consistently,
knockdown of USP9X in HeLa cells stably
expressing HA-tagged Ub clearly enhanced the
level of LATS2 ubiquitination (Fig. 4H). In the
same cells, immunoprecipitation of HA-Ub also
revealed markedly increased pull-down of LATS2
after USP9X knockdown (Fig. 41). These results
indicate that USP9X inhibits poly-ubiquitination
of LATS2. In addition, recombinant wild-type but
not the inactive USP9X catalytic domain purified
from E. coli could deubiquitinate LATS2 in vitro
(Fig. 4J). Taken together, USP9X plays a key role
in maintaining the protein level of LATS2 via
prevention of proteasome-mediated degradation of
the protein through direct deubiquitination.

YAP is activated by USPI9X knockdown in
pancreatic cancer cells
We hypothesized that USP9X may play a tumor
suppressive role by promoting the protein level of
LATS?2 thus inhibiting YAP in the Hippo pathway.
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Genetic evidence in mice indicates that USP9X is
a tumor suppressor in PDAC, and in clinical
samples the expression level of USP9X favorably
associates with survival (30). We thus examined
the effect of USP9X knockdown in pancreatic
cancer cell line MIA PaCa-2. Surprisingly, using
an antibody against YAP phosphorylated at serine
127 (S127), we did not observe a significant
decrease of YAP phosphorylation (Fig. 5A).
Nevertheless, using an antibody that recognizes
YAP only when it is dephosphorylated at S127
(active YAP), the specificity of which has been
previously  validated  (38,39), we could
demonstrate a marked increase of active YAP
upon USP9X knockdown (Fig. 5A). These data
also underscores the sensitivity and advantage to
directly detect active YAP, which is the fraction
that executes downstream biological functions.
However, in BT-474 breast cancer cell line,
knockdown of USP9X  affected neither
phospho-YAP nor active dephosphorylated YAP
(Fig. 5A). This observation is in consistent with
the cancer type specific function of USP9X as a
tumor suppressor. Since YAP could be
phosphorylated by both LATS1 and LATS2, we
examined their mRNA expression levels in
different cell lines. We found that the ratio
between LATS2 and LATSI is relatively low in
BT-474 (Fig. 5B), which could be one of the
reasons contributing to the insensitivity of YAP
phosphorylation to USP9X in this cell line.
Thereby, we examined additional cell lines with
high LATS2 to LATSI1 ratio, including AsPC-1,
BxPC-3, and HelLa, and found that the
phosphorylation of YAP is also regulated by
USP9X in these cells (Supplemental Fig. S5A). In
consistence with the increase of active YAP level,
USP9X knockdown led to increased nuclear
localization of YAP in MIA PaCa-2 cells similarly
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as LATS2 knockdown (Fig. 5C). More
importantly, knockdown of USP9X also enhanced
the expression of many YAP target genes such as

CYR61, ANKRDI, AXL, BIRCS, and DIAPH3 (Fig.

5D), although the expression of CTGF, another
well-known YAP target gene (20), was too low to
be detected in this cell line. In contrast, the
expression of YAP target genes was not stimulated
by USP9X knockdown in BT-474 cells
(Supplemental Fig. S5B). These data demonstrate
that USP9X suppresses YAP activity in pancreatic
cancer cells likely through maintaining the protein
level of LATS2.

USPI9X suppresses tumorigenesis via the
Hippo pathway
We next examined whether the Hippo pathway
plays a role in tumorigenesis downstream of
USP9X. Indeed, knockdown of USP9X increased
proliferation of MIA PaCa-2 cells as determined
by flow cytometry analysis of EAU incorporation
(Fig. 6A). Furthermore, knockdown or knockout
of USP9X promoted anchorage-independent
growth, a well-known indicator of oncogenic
potential (Fig. 6B and Supplemental Fig. S6A).
Importantly, this phenotype was normalized by
re-expression of USP9X (Fig. 6B and
Supplemental Fig. S6B). These observations
confirmed the tumor suppressive activity of
USP9X in pancreatic cancer cells. Remarkably,
enhanced anchorage-independent growth induced
by USP9X knockout was also inhibited by
expression of LATS2 or knockdown of YAP/TAZ
(Fig. 6C-D and Supplemental Fig. S6C-D).
Furthermore, @ USP9X  knockout enhanced
subcutaneous xenograft tumor growth of MIA
PaCa-2 cells in nude mice, which was also
dramatically inhibited by re-expression of USP9X
or LATS2, or knockdown of YAP/TAZ (Fig. 6E).
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These data demonstrate that repression of LATS2
and the ensuing activation of the Hippo pathway
effectors play a critical role in tumorigenesis
induced by inhibition of USP9X, a tumor

suppressor in pancreatic cancer.

DISCUSSION

Biological functions of the Hippo pathway are
mediated by YAP/TAZ transcription co-activators,
which are tightly controlled via phosphorylation
by LATS1/2 kinases (40). Therefore, regulation of
LATS1/2 activity is central to mechanisms
regulating the Hippo pathway. The activity of
LATS1/2 is first regulated by phosphorylation on
the activation loop and the hydrophobic motif by
upstream kinases, such as MST1/2 in the canonical
Hippo pathway, and MAP4K family kinases as
recently reported (41-44). It was also reported that
phosphorylation of LATS2 by Aurora-A promotes
its centrosomal localization (45). Recently, we
have reported that Src inactivates LATS1 through
direct phosphorylation on tyrosine residues (39).
These investigations highlight the importance of
phosphorylation in regulation of LATSI1/2.
However, the whole picture is more complicate.
For instance, LATS1/2 are also regulated on the
expression level by microRNAs such as miR-372
and miR-373 (46). Furthermore, LATS1/2 protein
levels are regulated by ubiquitination and
proteasome-mediated degradation. LATS1 could
be ubiquitinated by ubiquitin ligases Itch, WWP1,
and NEDD4, and LATS2 could be ubiquitinated
by CRL4"“*F! NEDDA4, and SIAH2 (22-27,47). In
this study we found that USP9X is a DUB
deubiquitinating LATS2 but not LATS1. LATS1
does not interact with USP9X and repression of
USP9X does not consistently decrease LATSI
protein level. It is interesting to note that despite
functional redundancy of LATS1 and LATS2 in
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many circumstances, they could be individually
regulated beyond what has been expected, for
example, LATS1 by Src (39), and LATS2 by
USP9X or by YAP in the negative feedback loop
(48-50). Therefore, the impact of differential
regulations of LATS1 and LATS2 in development
and diseases should not be neglected.

In this study we have also observed differential
contribution of LATS2 protein domains to its
dynamic subcellular localization. Previous studies
have proposed that interaction of LATS1/2 with
MOBIA/B or NF2 could promote LATSI/2
recruitment to the plasma membrane, where they
are activated by upstream kinases (51,52).
However, in this study we found that the
N-terminal 1-30 region of LATS2, which is
MOBI1A/B  or
NF2-interacting  regions, mediates LATS2

different  from  mapped

distribution to the membrane fraction, especially
intracellular  vesicle structures. Importantly,
deletion of this region not only inhibits interaction
with APC1 and USP9X, but also impairs LATS2
kinase activity. Furthermore, we found that
LATS2 is actively translocating between
cytoplasm and the nucleus so that inhibition of
nuclear export leads to nuclear accumulation of
LATS2. In addition, the N-terminal domain of
LATS2 (1-625) exhibits clear nuclear localization.
Interestingly, it was previously reported that
LATS2 translocates to the nucleus following
microtubule disruption (53). These observations
raise the possibilities of YAP phosphorylation by
LATS2 in either the cytoplasm or the nucleus,
which may have differential physiological
consequences. The investigation of LATS2
subcellular localization in this work thus suggests
the study of signals and mechanisms governing
LATS?2 subcellular localization to be an important

direction in the future.
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Our results also suggest potential regulation of
APC/C by LATS2. In yeast, the LATS2 homolog
Dbf2p is central to the mitotic exit network that
regulates APC/C through Cdc14 phosphatase (54).
However, no evidence supports the conservation
of such a mechanism in mammals so far.
Nevertheless, there is a report showing that
LATS1/2 phosphorylates CDC26, which is also in
our list of LATS2-interacting proteins identified
by TAP, thus regulates APC/C assembly (55). The
findings in this report suggest that LATS2 may
further  regulate = APC/C  through  direct
phosphorylation of APC1 or through binding to
APC1 to phosphorylate other components of
APC/C. Interestingly, there is evidence that
activation of LATS2 is involved in cell cycle
arrest induced by tetraploidy or expression of
oncogenes (56,57). The regulation of APC/C by
LATS2 thus deserves further investigation.

The human genome encodes only around 95
DUBs. Therefore, it is for sure that each DUB
would have many substrates, which may mediate
various biological functions. For USP9X, several
substrates have been identified, such as MCLI,
Smad4 and B-catenin, which are responsible for
the oncogenic roles of USP9X in different types of
cancers such as lymphoma, multiple myeloma,
melanoma, and breast cancer (29,58,59). However,
a role of USP9X as a potent tumor suppressor in
PDAC was shown by genetic screen in mice (30).
Mutation of USP9X was found in more than 50%
of tumors and is the most mutated gene in this
screen. Further experiments confirmed that loss of
USP9X cooperated with Kras®'*" to promote
PDAC in vivo. However, the substrate of USP9X
mediating the tumor suppressive function of
USP9X in PDAC remains obscure. In this study
we identified LATS2 as a critical substrate
mediating the function of USP9X in pancreatic

USPI9X is a deubiquitylase of LATS?2

cancer cells through inhibition of YAP.
Interestingly, YAP was found to be activated in
relapsed PDAC in mouse models after cessation of

G12D
Kras

expression, and enables bypass of Kras
addiction to sustain tumor growth (60). Many
other reports also support the critical role of YAP
in PDAC progression (61). Thus the Hippo
pathway likely mediates the tumor suppressive
function of USP9X in PDAC. The seemingly
paradoxical roles of USP9X in different types of
cancer might be explained by many reasons, for
instance, differential oncogene addition and
differential transcription level of various USP9X
substrates in different cancers.

During the preparation of this manuscript, a
study was published reporting a similar finding of
USP9X as deubiquitylase of LATS1/2 (62). This
study is consistent with our findings that USP9X
stabilizes LATS2 and thus represses YAP to
inhibit tumorigenesis of PDAC. Our study
differentiates from this report in that we found
USP9X is specific for LATS2 but not LATS1, and
suggest that the ratio of LATS1 and LATS2
expression levels could also be an important factor
in determining whether YAP activity could be
regulated by USP9X. Our study provides a
mechanism for the tumor suppressive function of
USP9X in pancreatic cancer, and points to a new
direction for therapy design.

EXPERIMENTAL PROCEDURES
Antibodies, Plasmids, and Other Materials

We obtained anti-LATS2 , anti-USP9X,
anti-APC1, and anti-APCS5 antibodies from Bethyl
Lab; anti-K48-linked Ub, anti-LATSI,
anti-PhosphoYAP (S127) and anti-cyclin B1 from
Cell Signaling Technologies; anti-GST from
Genscript; anti- ¢ -Tubulin and anti-Flag from

Sigma; anti-YAP from Santa Cruz; anti-Hsp90
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from BD Biosciences; anti-HA from Covance;
anti-active-YAP from Abcam; Alexa Fluor 488- or
594-conjugated secondary antibodies from
ThermoFisher; Horseradish peroxidase-conjugated
secondary antibodies from GE Healthcare.
pcDNA3-HA-LATS2 and
pCDNA3-HA-LATS1 were descried before (12),
and then LATS2 was sub-cloned into pRK7-Flag,
pRK7-Myc and pBABE-Flag-SBP vectors. cDNA
of USP9X was a gift from Dr. Dario R. Alessi (63)
and was then sub-cloned into pRK7-Flag and
PB[Act-IRES-RFPIDS vectors. USP9X-catalytic
domain (USP9X-CD) was sub-cloned into
pGEX-KG vector. APC1 was cloned into
pDEST-HA vector from pDONR201 vector using
gateway technology. Then APC1 was sub-cloned
into pRK7-Flag and pCDNA3-HA vectors. Human
APC2, APC5 and CDC23 were cloned from ORF
LITE Clones library, and human APC7 was cloned
from HeLa cDNA library and then sub-cloned into
pRK7-Flag and pCDNA3-HA vectors. Point
mutations were generated by site-directed
mutagenesis. Truncation mutants of LATS2,
APCI1 and USP9X were generated by sub-cloning.
Proteasome inhibitor Bortezomib and DUB
inhibitor PR-619 were purchased from Selleck,
APC/C inhibitors apcin and proTAME were from
Boston Biochem. Leptomycin B was from Merck.
All other chemicals were from Sigma or Sangon
Biotech.

Cell Culture, Transfection, and Viral Infection
HEK293T, HelLa, HEK293P, MIA PaCa-2,
BT-474, CFPAC-1, and MDA-MB-468 cells were
cultured in DMEM (ThermoFisher) containing 10%
FBS (ThermoFisher) and 50 pg/mL
penicillin/streptomycin (P/S). AsPC-1 and BxPC-3
cells were cultured in RPMI1640 (ThermoFisher)
containing 10% FBS and 50 pg/mL P/S. MCF10A

USPI9X is a deubiquitylase of LATS?2

was cultured in  DMEM/FI2  medium
(ThermoFisher) supplemented with 5% horse
serum (ThermoFisher), 20 ng/mL EGF, 0.5 pg/mL
hydrocortisone, 10 pg/mL insulin, 100 ng/mL
cholera toxin and 50 pg/mL P/S. Plasmids were
transfected with Lipofectamine (ThermoFisher)
which is  performed according to the
manufacturer's instructions. For short interfering
RNA  (siRNA)  transfection, we  used

Lipofectamine RNAiMax Reagent (ThermoFisher).

For retroviral infection, HEK293P cells were used
to package viral constructs that co-transfected with
packaging plasmids for 48 hours. Then, viral
supernatant was supplemented with 5 pg/mL
polybrene, and applied for infection of target cells
after filtered through a 0.45 um filter. To generate
USP9X re-expression cells from USP9X knockout
cells, we used the piggyBac transposon system.
USP9X knockout cells were transfected with
PB[Act-Flag-USP9X-IRES-RFP]DS  and the
Act-PB transposase plasmids. After 48 hours, cells
were collected and seeded at low density for
colony formation. Individual clones were

examined by western blotting.

RNA interference

To generate shRNAs against human USP9X,
oligonucleotides were cloned into pLKO.1 with
the Agel/EcoRI sites. Sequences of the sense
oligonucleotides are as follows:

USP9X#1 | GAGAGTTTATTCACTGTCTTA

USP9X#2 | CGCCTGATTCTTCCAATGAAA

USP9X#3 | CGATTCTTCAAAGCTGTGAAT

siRNAs against human USP9X, APC1, LATS2,
YAP and TAZ were synthesized by RiboBio:

USP9X#1 AGAAATCGCTGGTATAAAT

USP9X#2 TCTCAATAATGAAATTGAT

USP9X#3 GAAATAACTTCCTACCGAA

LATS2#1 GTTCGGACCTTATCAGAAA
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LATS2#2 GATCGGTGCCTTTGGAGAA
ANAPCI1#1 | TCCTTGGATCATTGGACGA
ANAPC1#2 | CCAACGCTTGTCAGAACTA
YAP#1 CCACCAAGCTAGATAAAGA
YAP#2 GGTCAGAGATACTTCTTAA
Y AP#3 GCACCTATCACTCTCGAGA
TAZ#1 CCAAATCTCGTGATGAATC
TAZ#2 CCGCAGGGCTCATGAGTAT
TAZ#3 AGGAACAAACGTTGACTTA

CRISPR-Cas9 mediated knockout

We used CRISPR-Cas9 technology to generate
USP9X knockout cells. Two independent sgRNAs
were designed by the Zhang laboratory CRISPR
Design Tool. Annealed oligonucleotides were
ligated into the PEP-KO vector digested with Sapl.
Cells were transfected with plasmids for 48 hours,
then selected with 2 pg/mL puromycin for another
48 hours. Live cells were collected and seeded at
low density for colony formation. Individual
clones were examined by western blotting. sgRNA

hairpin sequences are listed as below:

USP9Xsgl | TGCATTTCCACATACTGACT

USP9Xsg2 | GTGTCGAGTATGACAGCCAC

Immunoprecipitation and Kinase Assay

For LATS2 kinase assays, HEK293T cells were
transfected with indicated plasmids. 48 hours later,
cells were lysed with mild lysis buffer (MLB) (10
mM Tris at pH 7.5, 100 mM NaCl, 10 mM EDTA,
0.5% NP-40, 50 mM NaF) with additive (1.5 mM
Na3;VO,, protease inhibitor cocktail (Roche), 1
mM DTT and 1 mM PMSF), and
immunoprecipitated with anti-HA antibody. The
immunoprecipitates were washed three times with
MLB, and once with kinase assay buffer (30 mM
HEPES, 50 mM potassium acetate, 5 mM MgCl,).
The immunoprecipitated LATS2 was subjected to
kinase assay in the presence of 500 uM ATP and 1

USPI9X is a deubiquitylase of LATS?2

pg of recombinant GST-Y AP purified from E. coli
as substrate. The reaction mixtures were incubated
for 30 min at 30°C. The reactions were terminated
with SDS loading buffer.

Tandem affinity purification

TAP purification was performed as described in
(64). Briefly, MCF10A stable cells were lysed
with buffer containing 0.3% CHAPS. Lysates
were then incubated with
anti-Flag-antibody-conjugated resin for 2 hours at
4°C and washed three times with lysis buffer.
Then bound proteins were eluted with elution
buffer containing 200 ng/ul 3xFlag peptide. The
eluates were further incubated with
streptavidin-conjugated resin for 2 hours at 4°C.
Washed resins were eluted with buffer containing
4 mM biotin. Samples were then processed for

MS/MS analysis.

Immunofluorescence Staining

Cells were fixed with 4% paraformaldehyde for
15 min and then permeabilized with 0.1% Triton
X-100 for 5 min. After blocking in 3% BSA for 30
min, slides were incubated with first antibody
diluted in 3% BSA overnight at 4°C. Slides were
washed with PBS and then incubated with Alexa
Fluor 488- or 594-conjugated secondary
antibodies for 45 min. Slides were then washed

and mounted.

RNA isolation and real-time PCR

Total RNA was isolated from cells using Trizol
reagent (ThermoFisher). cDNA was synthesized
by reverse transcription using PrimeScrip RT
Master Mix (Takara) and subjected to real-time
PCR with gene-specific primers in the presence of
SYBR Green (Applied Biosystems). Relative
abundance of mRNA was calculated by
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normalization to  glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) mRNA.

In vivo Ubiquitination Assay

HeLa HA-UD stable cells were transfected with
the indicated plasmids and then treated with
Bortezomib (100 nM) for 24 hours and PR-619
(20 mM) for 1 hour. Then cells were lysed with
heated lysis buffer (10 mM Tris at pH 7.5, 100
mM NaCl, 10 mM EDTA, 1% SDS, 0.5% NP-40,
50 mM NaF, 1.5 mM Na;VO,, protease inhibitor
cocktail (Roche), 1 mM DTT, 1 mM PMSF, 20
mM N-Ethylmaleimide (NEM)) and
immunoprecipitated with anti-Flag or anti-HA
antibodies after 10 times dilution with MLB. The
immunoprecipitates were washed three times with
MLB containing 0.1% SDS. Then samples were
boiled before western blotting analysis.

In vitro deubiquitination Assay

LATS2 was immunoprecipitated as that in in
vivo ubiquitination assay. The immunoprecipitated
Flag-LATS2 was then
de-ubiquitination assay in buffer containing 50
mM Tris at pH 7.5, 50 mM NaCl, 5 mM MgCl,, 5
mM DTT in the presence of 2 pg recombinant
GST-USP9X-CD purified from E. coli as DUB.

The reaction mixtures were incubated for 2 hours

subjected to

at 37°C. The reactions were terminated with SDS
loading buffer and boiled before western blotting

analysis.

Flow cytometry

Cells were labeled with 50 pM EdU (RiboBio)
for 45 min in the culture medium, then cells were
trypsinized and fixed with 4% paraformaldehyde
for 30 min, and then neutralized with 2 mg/mL
glycine. After permeabilized with 0.1% Triton
X-100 for 10 min, cells were stained according to

USPI9X is a deubiquitylase of LATS?2

instructions of the RiboBio EdU staining kit. Then
DNA was stained with 7-AAD (BD Biosciences)
for 20 min at room temperature. Cells were then
resuspended in PBS for analysis on Beckman FC
500 MCL. Data was analyzed using FlowlJo

software.

Soft Agar Colony Formation Assay

MIA PaCa-2 cells (1x10%) in 1 mL growth
medium were mixed with 2 mL 0.5% agarose and
layered onto 2 mL of 0.6% agarose beds in 6-well
plates. Cells were fed with 2 mL of growth
medium every week for 4 weeks, after which
colonies were stained, pictured, and counted with

Image J.

Xenograft Tumorigenesis Model

All animal study protocols were approved by
the Zhejiang University Animal Care and Use
Committee. Nude mice (nu/nu, male 6- to
8-week-old) were injected subcutaneously with
7.5%10° MIA PaCa-2 cells. Around 5 to 6 weeks
later, tumors were dissected, pictured, and

weighted.

Subcellular Fractionation

HeLa cells were lysed with low salt buffer
(10 mM HEPES at pH 7.9, 10 mM KCI, 0.1 mM
EDTA, 0.1 mM EGTA) with additive (2.5 mM
NaF, protease inhibitor cocktail (Roche), 1 mM
DTT and 1 mM PMSF). After incubation on ice
for 10 min, cells were passed through 25 G needle
for 10 strokes. After centrifugation at 1000xg for
10 min at 4°C, the pellet was washed and collected
as nuclear fraction. The supernatant was processed
for centrifugation at 1x10*xg for 5 min, and the
pellet was washed and collected as mitochondrial
fraction. The supernatant was further applied for
another centrifugation at 1.5x10°xg for 40 min.
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Then the pellet was collected as membrane  blotting with Lamin A/C, Na'/K'ATPase and
fraction and the remaining supernatant was  Tubulin as loading controls respectively.
cytoplasmic fraction. Nuclear, membrane and

cytoplasmic fractions were assessed by western
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FIGURE LEGENDS

FIGURE 1. LATS?2 interacts with APC/C complex and USP9X. (A) TAP purification of LATS2-KR.
MCF10A cells stably expressing Flag-SBP-tagged LATS2-KR were established. 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. Asterisk indicates the band of LATS2. (B) Mass spectrometry
analysis identified APC/C complex proteins and USP9X as LATS2 binding proteins. LATS2-KR TAP
products were analyzed by MS-MS. The number of peptide hits for APC/C complex proteins, USP9X and
several known LATS2-binding proteins are shown. (C) Western blotting of TAP samples confirmed that
APC1, APC5 and USP9X interact with Flag-LATS2-KR. TAP samples were examined by western
blotting using the indicated antibodies. (D) APC1 co-immunoprecipitates with LATS2. Flag-LATS2 and
HA-APCI1 were co-expressed in HEK293T cells and immunoprecipitation was performed with anti-Flag
antibody. Samples were analyzed by western blotting. (E) APC1 preferentially binds to LATS2 rather
than LATSI. Experiments were similar to those in D. (F) USP9X specifically binds to LATS2.
Experiments were similar to those in D. CA stands for the C1566A inactive mutant of USP9X. (G)
LATS?2 interacts with APC1 on the endogenous level. Endogenous LATS2 was immunoprecipitated from
MCF10A cells with anti-LATS2 antibody and samples were examined by western blotting. (H) LATS2
interacts with USP9X on the endogenous level. Experiments were similar to those in G. Data are

representative of at least duplicate experiments.

FIGURE 2. LATS2 interacts with APC1 and USP9X through distinct regions. (A) LATS2, APCl1
and USP9X protein domain organization. Domains and key residues of mouse LATS2, human APC1 and
human USP9X were illustrated in scale. D box: binding motif recognized by APC/C; HXRXXS: LATS2
phosphorylation target consensus motif; PPXY: motif bound by WW domains; UBA: ubiquitin-associated
domain; UBL: ubiquitin-like domain. Protein regions interacting with each other are indicated by dashed
red lines. (B) The interaction of APC1 mutants with LATS2. Indicated plasmids were co-transfected into
HEK?293T cells. Cell lysates were immunoprecipitated with anti-Flag antibody. Samples were examined
by western blotting. (C) The interaction of LATS2 mutants with APC1. Experiments were similar to
those in B. (D) The interaction of USP9X mutants with LATS2. USP9X was truncated into four
fragments as indicated in A. Experiments were similar to those in B. (E) The interaction of LATS2
mutants with USP9X. Experiments were similar to those in B. Data are representative of triplicate

experiments.

FIGURE 3. APC1 does not regulate the localization, protein level, or activity of LATS2. (A)
Subcellular localization of LATS2. Indicated proteins were expressed in HeLa cells and visualized by
immunofluorescence staining. (B) Subcellular localization of APC1. Experiments were similar to those in
A. (C) Co-localization of LATS2 and APC1. Experiments were similar to those in A. (D) Knockdown of
APC1 or LATS2 does not affect the localization of each other. HeLa cells were co-transfected with
indicated plasmids and siRNAs. HA-LATS2 and Flag-APC1 were visualized by immunofluorescence
staining. (E) Inhibition of APC/C does not affect the protein level of LATS2. Non-synchronized (NS) or
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thymidine-nocodazole synchronized (S) HeLa cells were treated with APC/C inhibitors as indicated.
Samples were examined by western blotting. (F) Knockdown of APC1 does not affect the kinase activity
of LATS2. LATS2 was immunoprecipitated from transfected HEK293T cells with anti-HA antibody and
then subjected to in vitro kinase assay (KA) using recombinant GST-YAP as substrate. Data are

representative of triplicate experiments.

FIGURE 4. USP9X deubiquitinates and stabilizes LATS2. (A, B) Knockdown of USP9X diminishes
LATS?2 protein level. USP9X was knocked down by siRNAs in MIA PaCa-2 cells (A) or by shRNAs in
BxPC-3 cells (B). Cell lysates were examined by western blotting. (C) Knockout of USP9X diminishes
LATS2 protein level. USP9X was knocked out in HeLa cells by CRISPR-Cas9 technology using two
independent sgRNAs. Two clones were examined for each genotype. (D) Enzymatically inactive USP9X
fails to rescue LATS2 protein level in USP9X knockout cells. Flag-USP9X-WT and CA mutant were
expressed in USP9X knockout MIA PaCa-2 cells. Cell lysates were examined by western blotting. (E)
Loss of USP9X does not inhibit LATS2 mRNA expression. The mRNA levels of LATS2 in USP9X
knockout HeLa cells or USP9X knockdown MIA PaCa-2 cells were determined by quantitative RT-PCR.
Values represent means + SD from three technical repeats. (F) LATS2 is destabilized in USP9X knockout
cells. Wide type and USP9X knockout HeLa cells were treated with cycloheximide (CHX) as indicated
before collection. Cell lysates were examined by western blotting. (G) Proteasome inhibitor rescues
LATS?2 protein level in USP9X knockdown cells. Wide type and USP9X knockdown MIA PaCa-2 cells
were treated with 100 nM Bortezomib for 24 hours before collection. (H, I) Knockdown of USP9X
promotes LATS2 ubiquitination. LATS2 and siRNAs were transfected into HeLa cells stably expressing
HA-Ub or control HeLa cells as indicated. Flag-LATS2 (H) or HA-Ub (I) was immunoprecipitated with
anti-Flag or anti-HA antibodies, respectively. Samples were examined by western blotting. (J) USP9X
deubiquitinates LATS2 in vitro. Wild-type or inactive catalytic domain of USP9X were purified from E.
coli. Flag-LATS2 was immunoprecipitated from Bortezomib-treated transfected HeLa-Ub stable cells.
LATS2 and USP9X catalytic domain were then incubated in deubiquitination assay buffer. Samples were
analyzed by western blotting. Data are representative of triplicate experiments.

FIGURE 5. Knockdown of USP9X activates YAP in pancreatic cancer cells. (A) Knockdown of
USP9X increases dephosphorylated active YAP in MIA PaCa-2 but not in BT-474 cells. Lysates of
siRNA-transfected cells were examined by western blotting. (B) LATS1/2 mRNA levels in various cancer
cell lines. Relative LATS1 and LATS2 mRNA levels in cancer cell lines were determined by quantitative
RT-PCR. The level of LATS1 and LATS2 in BT-474 cells were set to arbitrary unit one. (C) Knockdown
of USP9X increases YAP in cell nuclei. siRNA-transfected MIA PaCa-2 cells were fixed and stained for
Y AP protein. (D) Knockdown of USP9X increases the expression of YAP target genes. mRNA levels of
indicated genes in siRNA-transfected MIA PaCa-2 cells were determined by quantitative RT-PCR.
Values represent means £ SD from three technical repeats. P value was calculated by Student ¢ test. (n.s.)
not significant; (*) P <0.05; (**) P <0.01; (***) P <0.001. Data are representative of triplicate

experiments.
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FIGURE 6. USP9X suppresses tumorigenesis via the Hippo pathway. (A) USP9X knockdown
increases the proportion of proliferating cells. S phase cells were labeled by EdU, and total DNA was
labeled by 7-AAD. Samples were analyzed by flow cytometry. (B) USP9X knockout promotes
anchorage-independent growth. Wide-type, USP9X knockout and USP9X restored MIA PaCa-2 cells
were subjected to soft agar colony formation assay. Colonies were stained by crystal violet and quantified
(right panel). (C) Re-expression of LATS2 repressed colony formation induced by USP9X knockout.
Experiments were similar to those in B. (D) YAP/TAZ are required for colony formation induced by
USP9X knockout. USP9X knockout cells were transfected with siRNAs. Experiments were similar to
those in B. (E) Tumorigenesis induced by USP9X knockout is dependent on LATS2 repression and
YAP/TAZ activity. Nude mice were injected subcutaneously on the two flanks with cells the same as
those in B-D. Tumors were dissected after 6 weeks. Values represent means + SD. Individual data points
were also shown. P value was calculated by Student 7 test. (n.s.) not significant; (*) P <0.05; (**) P <0.01;

(***) P <0.001. Data are representative of at least duplicate experiments
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