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MST4 kinase suppresses gastric tumorigenesis by
limiting YAP activation via a non-canonical pathway

Liwei An**, Pingping Nie?*, Min Chen'*®, Yang Tang'®, Hui Zhang?, Jingmin Guan?, Zhifa Cao? Chun Hou3®, Wenjia Wang?®, Yun Zhao?, Huixiong Xu?,

Shi Jiao?®, and Zhaocai Zhou>*®

Hyperactivation of YAP has been commonly associated with tumorigenesis, and emerging evidence hints at multilayered
Hippo-independent regulations of YAP. In this study, we identified a new MST4-YAP axis, which acts as a noncanonical Hippo
signaling pathway that limits stress-induced YAP activation. MST4 kinase directly phosphorylated YAP at Thr83 to block its
binding with importin a, therefore leading to YAP cytoplasmic retention and inactivation. Due to a consequential interplay
between MST4-mediated YAP phospho-Thr83 signaling and the classical YAP phospho-Ser127 signaling, the phosphorylation
level of YAP at Thr83 was correlated to that at Ser127. Mutation of T83E mimicking MST4-mediated alternative signaling
restrained the activity of both wild-type YAP and its S127A mutant mimicking loss of classical Hippo signal. Depletion of MST4
in mice promoted gastric tumorigenesis with diminished Thr83 phosphorylation and hyperactivation of YAP. Moreover, loss of
MST4-YAP signaling was associated with poor prognosis of human gastric cancer. Collectively, our study uncovered a
noncanonical MST4-YAP signaling axis essential for suppressing gastric tumorigenesis.

Introduction
The Hippo signaling pathway has been extensively studied for
its essential roles in organ size control, tissue homeostasis, and
tumorigenesis (Lin et al., 2018; Pan, 2010; Yu et al., 2015). In the
well-characterized Hippo kinase cascade, MST1/2 kinases
phosphorylate LATS1/2 kinases, which in turn phosphorylate
the downstream transcriptional coactivator Yes-associated
protein (YAP) or transcriptional coactivator with PDZ-binding
motif (TAZ; Lin et al., 2018; Moya and Halder, 2019; Pan, 2010;
Yu et al., 2015). Phosphorylation of YAP/TAZ, thus causing its
cytoplasmic retention and subsequent degradation, is required to
avoid otherwise aberrant cell proliferation (Misra and Irvine,
2018; Zhang et al., 2008, 2015; Zhao et al., 2007). In the ab-
sence of Hippo signal, YAP/TAZ undergo dephosphorylation and
enter the nucleus, where they bind to the TEA domain family of
transcription factors (TEAD1-4) to regulate target gene expres-
sion, leading to increased cell proliferation and decreased apo-
ptosis (Totaro et al., 2018).

Dysregulation of Hippo pathway contributes to tumorigene-
sis and has been closely associated with a wide range of human
cancers including liver, lung, breast, and gastric cancers (GCs;

Chen et al., 2012; Cottini et al., 2014; Harvey et al., 2013; Jiao
et al., 2014). Hyperactivation of YAP is frequently observed in
most types of cancers. However, it is rare or less common to
observe mutation or abnormal expression of the upstream tu-
mor suppressor kinases (Zheng and Pan, 2019). For example, we
and others have shown that YAP is hyperactivated in GC (Jiao
et al,, 2014; Kang et al., 2011; Zhang et al., 2020) and that con-
stitutive activation of YAP drives GC development (Choi et al.,
2018; Huang et al., 2020; Jiao et al., 2018); yet MST1/2 and LATS2
kinases seem to be normally expressed without any mutation in
GC. These phenomena hint at the possibility of additional or
alternative regulation of YAP activity beyond the canonical
Hippo kinase cascade.

Despite various types of posttranslational modifications
(PTMs) including dephosphorylation (Huang et al., 2013; Liu
et al., 2013; Wang et al., 2012; Wilson et al., 2014), ubiquitina-
tion (Cho et al., 2020; Sun et al., 2019; Yao et al., 2018), meth-
ylation (Fang et al, 2018; Oudhoff et al, 2013), and
O-GlcNAcylation (Peng et al., 2017; Zhang et al., 2017) that have
been implicated in fine-tuning YAP activity, phosphorylation is
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regarded as a dominant manner of YAP regulation. The classic
Hippo-YAP signaling features sequential phosphorylation of
YAP at Ser127 (Zhang et al., 2008, 2015; Zhao et al., 2007) and
Ser381/Ser384 (Zhao et al., 2010). Currently, how phosphoryl-
ation and thus activation of YAP respond to distinct stimuli is
undergoing intensive investigation, especially in various tissue-
specific contexts. For instance, cellular energy stress stimulates
YAP phosphorylation at S94 by AMP-activated protein kinase,
thereby inhibiting YAP activities (Mo et al., 2015; Wang et al.,
2015), whereas osmotic stress-induced phosphorylation by
Nemo-like kinase at Serl28 activates YAP (Hong et al., 2017;
Moon et al., 2017).

The mammalian sterile20-like serine/threonine kinase (STK)
family consists of MST], 2, 3, 4, and STK25, among which MST1/
2 kinases represent the canonical Hippo. For the rest members
of this family, MST4 is relatively well studied, and is involved in
cell proliferation, polarity, and cancer metastasis (Madsen et al.,
2015; ten Klooster et al., 2009; Thompson and Sahai, 2015). With
its expression dynamically responding to bacterial infection,
MST4 kinase can directly phosphorylate TRAF6 to confine
macrophage-mediated inflammation, therefore avoiding tissue
damage caused by immune overaction (Jiao et al., 2015). Re-
cently, MST4 has been found to orchestrate gastric acid secre-
tion by phosphorylating ACAP4 and Ezrin (Jiang et al., 2015;
Yuan et al., 2017). In addition, MST4 stimulates autophagy via
phosphorylation-dependent activation of ATG4B in glioblastoma
(Huang et al., 2017). Thus, MST4 seems to regulate diverse bio-
logical processes via phosphorylating different substrates. De-
spite comprehensive profiling of features for MST4 substrate
targeting and signaling outputs (Miller et al., 2019), the potential
function of MST4 in the Hippo pathway remains elusive.

Previously, we and others have discovered VGLL4 as a nat-
ural antagonist of YAP (Koontz et al., 2013; Zhang et al., 2014),
and developed a peptide inhibitor mimicking VGLL4 to treat GC
(Jiao et al., 2014). Recently, we further identified IRF3 as an
agonist of YAP in the context of viral infection, and showed that
pharmacological inhibition of IRF3 suppressed YAP-driven gas-
tric tumorigenesis (Jiao et al., 2018). In this current study, we
characterized MST4 as a direct bona fide kinase of YAP, which
phosphorylates YAP at Thr83 upon serum starvation, thereby
causing impaired nuclear importing of YAP. We further demon-
strated this MST4-YAP axis functions in parallel with the ca-
nonical Hippo kinase cascade. Moreover, depletion of MST4
exacerbated GC growth by promoting YAP activity. Consistently,
both MST4 expression and YAP Thr83 phosphorylation were
found to be markedly decreased in GC patients and strongly as-
sociated with poor prognosis. Overall, this work uncovered a
noncanonical MST4-YAP signaling axis and demonstrated its
pathological function in gastric tumorigenesis.

Results

Identification of MST4 as an inhibitor of stress-induced YAP
activation

Given that the MST family of kinases share relatively conserved
three-dimensional structures but only MST1/2 kinases are re-
garded as mammalian Hippo homologues, we hypothesized that
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members other than MST1/2 might also relate to the Hippo
pathway such as the activation of YAP. To test this possibility,
we used a luciferase-based reporter assay in HEK293FT cells to
monitor YAP-induced transactivation of TEAD4 in response to
overexpression of various MST family members. Confirming the
suitability of our screen, ectopic expression of YAP induced
robust activation of TEAD4 promoter-mediated luciferase ac-
tivity (Fig. 1 A). Consistent with the known role of Hippo kinases
in suppressing YAP activation, overexpression of MST1 or MST2
kinase dramatically decreased the reporter activity (Fig. 1 A and
Fig. S1 A). Intriguingly, we found all other MST members in-
cluding MST3, MST4, and STK25 significantly also attenuated
YAP-stimulated reporter activities, among which MST4 showed
the strongest inhibitory effects and was thus chosen for further
characterization (Fig. 1 A and Fig. S1 A).

Confirming MST4’s negative regulation of YAP activation,
overexpression of MST4 substantially inhibited YAP trans-
activation, as well as the expression of downstream target genes
CTGF and CYR6, in a dose-dependent manner (Fig. 1 B and Fig. S1
B). Conversely, siRNA-mediated MST4 depletion greatly stim-
ulated YAP-induced TEAD4-luciferase activity and target genes’
transcription (Fig. 1 C and Fig. S1, C and D). To further explore
MST4’s regulation of YAP activity, we generated MST4 KO cells
using CRISPR-Cas9 methodology in 293A cells (Fig. S1 E), and
examined subcellular localization of YAP under various con-
ditions, including serum starvation, glucose deprivation, energy
stress, and F-actin disruption (Fig. 1, D and E). As expected, these
stimuli led to decreased localization of YAP in the nucleus (Fig. 1,
D and E). To our surprise, depletion of MST4 resulted in a robust
increase of YAP nuclear localization; we observed this under all
tested conditions, but note that the most efficient nuclear
translocation occurred under serum starvation (Fig. 1, D and E).

We then went on to investigate MST4 regulation of YAP in a
context of using serum starvation as a stress signal. To further
verify the above observations of MST4 depletion-induced nu-
clear localization of YAP, we separated and analyzed by Western
blotting nuclear and cytoplasmic YAP under the stress of serum
starvation. Consistently, more YAP was present in the nuclear
fractions of MST4-deficient cells compared with control cells
(Fig. 1 F). Meanwhile, we found that transcriptions of YAP target
genes CTGF and CYR61 were significantly up-regulated in MST4
KO cells in response to serum starvation (Fig. S1 F). These lines
of evidence together strongly suggest that MST4 limits YAP
activity in response to various Hippo-triggering stress signals.

MST4 limits YAP activation depending on its kinase activity

To evaluate whether the observed MST4-mediated YAP inacti-
vation requires its kinase activity, we stably reconstituted MST4
KO cells (gRNA2) with MST4 alleles encoding WT MST4
(hereafter as MST4WT), its kinase inactive K53R mutant
(MST4X53R), or its phosphomimic T178E mutant (MST4T178F; Fig.
S1, G and H). In the cells expressing MST4WT, YAP was dis-
tributed throughout the cell but more sequestered in the cyto-
plasm (Fig. 1 G). Moreover, the cytoplasmic localization of YAP
was further enhanced in the cells expressing the constitutively
activated MST4™78E mutant, which showed <20% frequency for
nuclear localization of YAP (Fig. 1 G). In contrast, YAP was
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Figure 1. Identification of MST4 as a negative regulator of YAP activation. (A) Mini-screen identifies MST3, MST4, and STK25 as negative regulators of
YAP activation. HEK293FT cells were transiently transfected with either empty or Flag-tagged YAP and indicated constructs, together with TEAD-luciferase
reporters. Luciferase assay was performed 48 h after transfection (n = 2 within a total of 7 replicates, *, P < 0.05; **, P < 0.01; ***, P < 0.001, one-way ANOVA
with Dunnett’s post hoc analysis, compared with column 2). (B) MST4 dose-dependently inhibits YAP transcriptional activity. HEK293FT cells were co-
transfected with YAP and an increasing amount of MST4 expression construct (0, 1, and 3 ug) for 48 h before performing a luciferase assay (n = 3, ***, P <
0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with column 2). (C) MST4 depletion activates YAP-mediated transcription. HEK293FT cells
were transfected with indicated siRNAs for 24 h. Cells were further transfected with either empty or YAP construct for another 24 h before harvest for
luciferase assay (n = 3, *, P < 0.05; **, P < 0.01, one-way ANOVA with Dunnett’s post hoc analysis, compared with column 2). (D and E) MST4 depletion
increases YAP nuclear localization in response to stimuli. 293A cells (WT and KO) were untreated or treated with glucose-free medium (4 h), 2-DG (50 mM, 2 h),
dihydrocytochalasin B (5 uM, 1 h), and serum-free medium (12 h) before processing for IFA assay using anti-YAP antibodies. N > C, YAP is enriched in nucleus; N =
C, YAP is evenly distributed in cytoplasm and nucleus; N < C, YAP is enriched in cytoplasm (scale bar, 5 um; n = 3, *, P < 0.05; **, P < 0.01, one-way ANOVA with
Dunnett’s post hoc analysis, compared with control gRNA). (F) 293A cells (WT and KO) were treated with serum-free medium for 12 h. Fractionation assay was
performed to examine YAP protein distribution via Western blotting analysis using indicated antibodies. Short, short exposure; Long, long exposure (n = 3,
quantification values represent the mean from three repeats). (G and H) MST4-mediated YAP inactivation requires its kinase activity. (G) 293A cells stably
expressing Flag-tagged MST4WT, MST4T78E, and MST4X53R were processed for IFA assay to examine YAP subcellular localization (scale bar, 5 um;n = 3, % P <
0.05; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with MST4WT). (H) 293A cells pretreated with MST4 siRNA#2 were
transfected with indicated MST4 constructs, together with or without YAP plasmid. qPCR analysis of CTGF mRNA expression were performed in each
treatment (n = 3, %, P < 0.05; **, P < 0.0L; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with column 4). All data are presented
as mean = SEM. e.v., empty vector; n.s., not significant. See also Fig. S1.
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mostly localized in the nucleus (~70% frequency) in the cells
expressing the kinase-dead MST4X5*R mutant (Fig. 1 G). These
observations clearly indicate that MST4 inhibits nuclear trans-
location of YAP in a manner dependent on its kinase activity.
We also measured the mRNA levels of the YAP target genes
including CTGF and CYRé1 in MST4-depleted cells reconstituted
with MST4WT, MST4T78E, or MST4X53R, Consistently, we found
that overexpression of YAP led to increased transcription of CTGF
and CYRé], and observed that this increase was further stimulated
in MST4-depleted cells (Fig. 1 H and Fig. S1 I). Moreover, ectopic
expression of MST4WT and MST4T78E, but not MST4X>3R, mark-
edly reversed this increase in YAP-induced transcription of the
target genes (Fig. 1 H and Fig. S1 I). Collectively, these results
demonstrate that MST4, via its kinase activity, limits stress-
related YAP activation, thereby defining a previously unknown
MST4-regulated branch of the YAP signaling pathway.

MST4 directly interacts with and phosphorylates YAP at Thr83
Seeking potential mechanism(s) through which MST4 limits
YAP activation, we examined whether MST4 may interact with
core Hippo signaling components. To this end, Flag-tagged
MST4 was overexpressed, and coimmunoprecipitation (Co-IP)
assays were performed in HEK293FT cells (Fig. 2 A). We failed to
detect any interaction between MST4 and upstream kinases
including MST1, MST2, and LATS]; however, this analysis re-
vealed an interaction of MST4 with YAP (Fig. 2 A). We then con-
firmed that endogenous YAP also interacts with endogenous MST4
in separate immunoprecipitation experiments (Fig. 2 B). Further,
and consistent with our aforementioned finding that MST4 in-
activates YAP in response to serum starvation, this stress condition
enhanced the YAP-MST4 interaction (Fig. 2 C). To further dissect
the MST4-YAP interaction, we purified proteins of MST4 and
maltose-binding protein (MBP)-tagged YAP fragments and ana-
lyzed their interaction using a pull-down approach, and our results
indicated that YAP directly interacts with MST4 (Fig. S2 A).

Our findings that MST4 interacts with and limits YAP acti-
vation in a kinase activity-dependent manner prompted us to
speculate that YAP may be a substrate of MST4. Indeed, an
in vitro kinase assay using purified MST4 and MBP-tagged YAP
protein fragments revealed that the N-terminal domain of YAP
(1-150 aa) was robustly phosphorylated when coincubated with
MST4 (Fig. 2 D), thereby defining YAP as a novel MST4 phos-
phorylation target. To identify the specific residue(s) of YAP
phosphorylated by MST4, purified MBP-tagged YAP N-terminal
proteins were coincubated with or without MST4 in vitro and
were subsequently subjected to mass spectrometry (MS)-based
phosphoproteomics analysis. Results indicated that YAP was
phosphorylated at several residues including Thré3, Ser109, and
Ser13l without adding MST4 in the system; however, co-
incubation with MST4 further phosphorylated YAP at Thr4l,
Thr77, Thr83, Ser94, and Thrl10 (Fig. 2 E and Fig. S2, B and C).

Next, we adopted a point mutation strategy to identify which
residue of YAP is the key phosphorylation site mediated by
MST4. To this end, we mutated each phosphorylation site to
alanine (A), purified the corresponding MBP-tagged YAP
N-terminal proteins, and performed in vitro kinase assays.
Strikingly, mutation of Thr83, but not the other putative
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residues, completely blocked YAP phosphorylation by MST4 as
assessed via both anti-thiophosphate ester specific antibody and
radio-labeled 3%P analyses (Fig. 2 F). Sequence alignment of YAP
Thr83 revealed this threonine residue is conserved from chicken
to human (Fig. 2 G). Taken together, these results establish that YAP
is a bona fide substrate of MST4 kinase and indicate that Thr83 of
YAP is the major site targeted for phosphorylation by MST4.

Phosphorylation at Thr83 is required for MST4-mediated YAP
inactivation

It is known that phosphorylation of YAP at Ser127 by the classic
Hippo kinase cascade is essential for its cytoplasmic localization
and inactivation. Since MST4 can attenuate YAP activation and
phosphorylate YAP at Thr83, we hypothesized that phospho-
rylation of YAP at Thr83 (hereafter referred as pYAPT®?) is re-
sponsible for the MST4-mediated inhibitory effect. To test this
possibility, we replaced Thr83 with a glutamic acid (T83E,
hereafter referred as YAPT83E) to mimic MST4-mediated Thr83
phosphorylation, and examined the subcellular localization of
the YAPT®3E mutant. Consistent with our finding for the phos-
phomimetic MST4™78F mutant variant (Fig. 1 G), we found
whereas WT YAP tended to be evenly distributed in the cells, the
YAPT83E mutant was mainly localized in the cytoplasm (Fig. 3 A).
The YAPT®3A mutant that is resistant to MST4-mediated phos-
phorylation, on the contrary, showed a clear nuclear localization
pattern, comparable to the pattern for the classic constitutively
activated mutant variant YAPS27A (Fig. 3 A). Meanwhile, mu-
tation of other candidate sites including Thr4l, Thr77, and
Thr110 did not significantly alter the subcellular distribution
patterns of YAP (Fig. S2 D).

We next measured the abilities of WT and various YAP
mutants to stimulate CTGF and CYR6] mRNA transcription and
found that overexpression of YAPWT, as well as YAPT#A and
YAPS127A all significantly increased target gene transcription
(Fig. 3 B and Fig. S2 E). Notably, the YAPS?7A and YAPT8%A
mutants showed more robust induction compared with YAPWT,
findings consistent with our observation of their increased nu-
clear localization (Fig. 3 A). In contrast, the cells expressing the
phosphomimetic YAPTE mutant had lower CTGF and CYR6! ex-
pression than cells expressing YAPWT as well as cells expressing
YAPT83A or YAPS'?A (Fig. 3 B and Fig. S2 E). Furthermore, over-
expression of MST4 efficiently suppressed YAPWT-induced gene
expression but did not affect the expression-inducing activities of
YAPT83A or YAPTS3E (Fig. 3 B and Fig. S2 E), thereby demonstrating
that Thr83 is the phosphorylation site through which MST4 at-
tenuates YAP activity. However, it is important to note that these
experiments also showed that MST4 overexpression also sup-
pressed YAPS127A-induced expression of CTGF and CYR6I expres-
sion (Fig. 3 B and Fig. S2 E), hinting at the independence of Thrg3’s
YAP-regulating effects from those mediated by the canonical
Hippo cascade Serl27 target site.

YAP phosphorylation at Thr83 attenuates its nuclear import

Given our findings that MST4 limits YAP activity via Thr83
phosphorylation and such an effect is independent of the classic
Hippo kinase cascade, we went on to investigate the mechanism
through which Thr83 phosphorylation causes YAP inactivation.
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Interestingly, based on reported TEAD4-binding interface of
YAP (Chen et al., 2010; Li et al., 2010), we noted that Thr83 is
just positioned adjacent to this interface (Fig. 3 C). We then
performed Co-IP assays in HEK293FT cells overexpressing YAP
variants to evaluate their interaction with TEAD4. Interestingly,
compared with YAPWT and YAPT®3A, the YAPT®3E mutant ex-
hibited reduced association with TEAD4 (Fig. 3 D). Next, to de-
termine whether the observed decreased TEAD4-YAPTSE
association resulted either from reduced protein-protein inter-
action or from reduced nuclear import of YAP, we first per-
formed an in vitro pull-down assay using purified recombinant
TEAD4 proteins and indicated MBP-tagged YAP proteins. Re-
sults revealed that YAPT®3E displayed comparable TEAD4-
binding capacities as with YAPWT and YAPT®3A (Fig. S2 F),
suggesting that Thr83 phosphorylation of YAP does not affect its
direct interaction with TEAD4. To test the other possibility, we
next examined the cytoplasmic/nucleus distribution of indicated
YAP mutants, and found that both YAPT332 and YAPS127A were
dominantly enriched in the nucleus, whereas YAPT83E was
mainly sequestered in the cytoplasm as compared with YAPWT

An etal.
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exp, exposure. See also Fig. S2.

(Fig. 3 E). Collectively, these data indicate that YAP phospho-
rylation at Thr83 impairs its nuclear import.

The cytoplasm-to-nucleus translocation of Yorkie, the Dro-
sophila melanogaster homologue of YAP, is mediated by the
classical importin a/B heterodimer complex (Wang et al., 2016).
Distinct from Drosophila (which has only three importin a sub-
units), a total of seven importin o subunits (KPNAI-KPNA?7)
have been identified in mammalian cells (Bauer et al., 2015). To
identify the specific subunits required for YAP nuclear import in
mammalian cells, we conducted Co-IP experiments showing that
YAP interacts with KPNA1, KPNA2, and KPNA?7 (Fig. S2 G). Next,
Co-IP assays between YAP mutants and KPNA1 (or KPNA7) were
performed to evaluate whether pYAPT® affects its binding
ability to importins (Fig. 3 F and Fig. S2 H). Both YAPT83A and
YAPS1272 displayed higher binding affinities for KPNA1/KPNA7
than did YAPWT, whereas the phosphomimic YAPT®3E had much
weaker binding affinity for KPNA1/KPNA?7 (Fig. 3 F). Consis-
tently, overexpression of MST4 apparently suppressed the in-
teraction of YAP with KPNAl, while depletion of MST4
promoted such interaction (Fig. 3 G). Overall, we concluded that
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Figure 3. YAP Thr83 phosphorylation impairs its nuclear import and activation. (A) YAPT8A mutant mainly localizes into nucleus. 293A cells transfected
with indicated YAP constructs were subjected to IFA assay using Flag antibody (scale bar, 5 um; n = 3, *, P < 0.05; ***, P < 0.001, one-way ANOVA with
Dunnett’s post hoc analysis, compared with YAPWT). (B) YAP Thr83 phosphorylation is required for MST4-mediated YAP inactivation. HEK293FT cells were
transfected with indicated YAP constructs together with or without MST4 for 48 h. Cells were processed for real-time gPCR analysis of CTGF transcriptional
levels (n = 3, n.s., not significant, *, P < 0.05; **, P < 0.01; ***, P < 0.001, unpaired t test and one-way ANOVA with Dunnett’s post hoc analysis as compared
with column 4). (C) Cartoon views of the YAP Thr83 position at the YAP-TEAD4 interface (PDB ID: 3KYS). (D) YAPT83E mutant impairs its association with
TEAD4. Cell lysates derived from HEK293FT cells transfected with indicated YAP constructs were subjected to Flag immunoprecipitation. Immunoprecipitates
were detected using anti-Flag or anti-TEAD4 antibodies (n = 3, quantification values represent the mean from three repeats). (E) YAPT83E was mainly enriched
in the cytoplasm. HEK293FT cells transfected with indicated YAP constructs were subjected to fractionation assay, and YAP cytoplasmic/nucleus distributions
were examined via Western blotting using indicated antibodies (n = 3, quantification values represent the mean from three repeats). (F) Phosphorylation of YAP
at Thr83 impairs YAP-KPNA(s) interactions. HEK293FT cells were cotransfected constructs encoding Flag-YAP (WT and mutants) and HA-KPNA1 (left panel) or
HA-KPNA?7 (right panel) for 48 h. Cell lysates were incubated with Flag beads for 4 h and analyzed by Western blotting using indicated antibodies (n = 3,
quantification values represent the mean from three repeats). (G) MST4 negatively regulates YAP-KPNAL binding. 293A cells were cotransfected with HA-
KPNA1 and increased amount of Flag-MST4 plasmid (0, 1, and 3 pg; left panel). Or 293A cells (WT and MST4 KO) were transfected with HA-KPNA1 (right panel).
Cell lysates were subjected to HA immunoprecipitation and analyzed using indicated antibodies (n = 3, quantification values represent the mean from three
repeats). Data are presented as the mean + SEM. See also Fig. S2.

MST4-mediated Thr83 phosphorylation of YAP impairs its antibody specifically recognizing phosphorylation of YAP Thr83
binding to importin complex, leading to decreased nuclear as its epitope (Fig. 4 A). And we confirmed that this antibody

translocation and activation of YAP. could recognize MST4-enforced YAPWT, but not YAPT®3A mu-

tant, phosphorylation (Fig. 4 A). Consistent with the require-
Serum starvation induces concomitant phosphorylation of ment of MST4's kinase activity, MST4WT and MST4T78E, but not
YAP by MST4 and LATS1/2 MST4%53R markedly increased pYAPT®? levels (Fig. S3 A). Using

To better characterize YAP Thr83 phosphorylation in response this antibody, we found that serum starvation treatment re-
to a stress stimulus (serum starvation), we raised a polyclonal sulted in dramatic increases in YAP Thr83 phosphorylation
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Figure 4. Interplay between pYAPT33 and pYAPS!? in response to serum starvation. (A) Validation of the homemade pYAPT83 antibody. HEK293FT cells
were cotransfected with Flag-tagged YAP (WT or T83A mutant) and Myc-MST4 for 48 h. Cell lysates were processed for Flag immunoprecipitation and were
analyzed using indicated antibodies (n = 4). (B) Serum starvation triggers concomitant phosphorylation of YAP at Thr83 and Ser127. 293A cells cultured in
medium with or without serum for 12 h were harvested and analyzed by Western blotting using indicated antibodies (n = 3, quantification values represent the
mean from three repeats). (C) MST4 promotes YAP phosphorylation at Thr83 and Ser127 in response to serum starvation. 293A cells (WT and MST4 KO) were
subjected to serum starvation for 12 h and analyzed by Western blotting using indicated antibodies (n = 3, quantification values represent the mean from three
repeats). (D) LATS1/2 promotes YAP phosphorylation at Thr83 and Ser127 in response to serum starvation. 293A cells (WT and LATS1/2 KO) were subjected to
serum starvation treatment and analyzed by Western blotting (n = 3, quantification values represent the mean from three repeats). (E) Cell lysates derived
from HEK293FT cells expressing indicated Flag-tagged YAP proteins were incubated with Flag beads. Immunoprecipitates were subjected to Western blotting
analysis using antibodies (n = 2, quantification values represent the mean from two repeats). (F and G) YAP Thr83 phosphorylation constrains YAPS127A-induced
transcriptional activation and CTGF expression. 293A YAP KO cells reconstituted with indicated YAP constructs were subjected to either luciferase assay (F; n =
3, ***, P < 0.001, unpaired t test) or gPCR analysis of mRNA expression of CTGF (G; n = 3, ***, P < 0.001, unpaired t test). (H) YAP Thr83 phosphorylation limits
YAPS27A-induced tumor formation in vivo. Nude mice injected with HGC-27 cells were further infected with lentivirus harboring indicated YAP mutants.
Representative images showed the tumors induced by indicated YAP mutants (left panel). The tumor weights were measured and analyzed 3 wk after injection
(three mice/group, n = 2 biological repeats, n.s., not significant, **, P < 0.01; ***, P < 0.001, unpaired t test; and one-way ANOVA with Dunnett’s post hoc
analysis as compared with vector control). (1) Schematic illustration of the concomitant pYAP™3 and Ser127 in response to serum starvation. Data are
presented as the mean + SEM. See also Fig. S3.
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levels (Fig. 4 B). Consistent with previous reports, this treatment
also significantly increased YAP Serl27 phosphorylation levels
(Fig. 4 B). As expected, this stress-induced YAP Thr83 phos-
phorylation was significantly reduced in MST4 KO cells (Fig. 4
C). Importantly, we found that phosphorylation of YAP at Ser127
was also greatly reduced in the MST4 KO cells (Fig. 4 C).
Moreover, the phosphorylation levels at both sites were de-
creased in cells in which the canonical Hippo components
LATS1/2 were knocked out (LATS1/2 DKO) in response to serum
starvation (Fig. 4 D).

These observations prompted us to speculate that both
modifications may be essential for the sequestration of YAP in
the cytoplasm in response to serum starvation. To test this hy-
pothesis, we first excluded the possibility that YAPS127A may
perturb MST4’s ability to phosphorylate YAPT33, as both YAPWT
and YAPS!27A can be efficiently phosphorylated by MST4 in vitro
(Fig. S3 B). Next, we examined the phosphorylation of both sites
in the precipitates of indicated YAP proteins (Fig. 4 E). As ex-
pected, YAPT33A and YAPS27A completely blocked the corre-
sponding phosphorylation as compared with YAPWT (Fig. 4 E).
Intriguingly, we found that pYAP5?” levels were remarkably
attenuated in YAPT®3A precipitates, and pYAPT®? levels were also
reduced in YAPS'?’A precipitates (Fig. 4 E), which was entirely
consistent with their subcellular localization patterns (Fig. 3 A).
Conversely, we found that LATS] overexpression, which re-
sembles YAPSI27E to sequester YAP in cytoplasm, enhanced the
pYAPT83 levels (Fig. S3 C), and similarly suppressed YAPTS3-
induced CTGF and CYRéI expression (Fig. S3 D). Taken together,
our results indicate that phosphorylation of one site (Thr83 or
Ser127) can alter the subcellular localization of YAP and there-
fore enhance the phosphorylation of the other site by promoting
the availability of YAP to the corresponding kinase, and that
concomitant phosphorylation of both sites is required for full
sequestration of YAP in the cytoplasm.

MST4 restricts YAP activity independent of the classic

Hippo signaling

We next evaluated the biological importance of the MST4-
mediated branch of YAP signaling in the absence of a classic
Hippo signal. To this end, a YAPS!27A-T83E mytant was generated
that should in theory disrupt the canonical LATS1/2 kinases-
mediated Serl27-dependent inhibitory effects but should
mimic MST4-mediated attenuation of YAP activity. We then
reintroduced YAPSI27A-T83E and other YAP mutants into 293A
YAP KO cells (Fig. S3 E), and examined their abilities to stimu-
late TEAD4-associated luciferase activity and to induce expres-
sion of YAP target genes CTGF and CYR6I. First, we noted that
compared with YAPWT, cells expressing the YAPT83E mutant had
significantly decreased TEAD4-luciferase activity and tran-
scription of CTGF and CYR61, while YAPS!27A strongly stimulated
both luciferase activity and target gene expression (Fig. 4, F and
G; and Fig. S3 F). Consistent with our design, expression of the
YAPSIZ7A-T8SE mytant significantly reduced luciferase activity
and target genes’ induction compared with YAPS'?7A (Fig, 4, F
and G; and Fig. S3 F), thereby demonstrating that YAP Thr83
phosphorylation attenuates YAP activation independent of ca-
nonical Hippo kinase cascade-mediated Ser127 phosphorylation.

Anetal.
MST4 limits YAP activation to suppress GC

We further investigated whether the YAP Thr83 phospho-
rylation can rescue the oncogenic functions of YAPS127A in vivo.
To this end, nude mice were first injected subcutaneously with
GC HGC-27 cells for 1 wk to incubate tumors, and were further
infected with lentiviruses expressing the YAP mutants to fur-
ther stimulate the tumor growth for 3 wk before harvest (Fig.
S3 G). Although the infection efficiencies were comparable be-
tween groups (30-40%; Fig. S3 H), the YAPT®3F mutant group
showed decreased average tumor weights (797 mg vs. 1,084 mg)
and volumes (804 mm? vs. 992 mm?) as compared with YAPWT
(Fig. 4 H and Fig. S3 I). The YAPS!*’A mutant, however, can
further stimulate tumor growth compared with YAPWT (Fig. 4 H
and Fig. S31). Strikingly, expression of the YAPS!27A-T83E mytant
efficiently reversed the tumor weights (from 1,559 to 814 mg)
and volumes (from 1,887 to 883 mm?) compared with YAPS127A,
and comparable to the YAPTS3E group (Fig. 4 H and Fig. S3 I).
These observations were further confirmed by immunohisto-
chemistry (IHC) staining of the cell proliferation marker Ki67,
which showed similar patterns to those of tumor weights and
volumes (Fig. S3]). Collectively, these results demonstrated that
the MST4-YAP signaling is independent of the classic Hippo
pathway (Fig. 4 I).

Recapitulation of the MST4-pYAPT®3 signaling axis in GC
MST4 is known to exert multiple context-dependent functions
in tumorigenesis (Chen et al., 2018; Madsen et al., 2015). Our
finding that MST4 suppresses YAP activation implies that it may
work as a tumor suppressor under certain conditions. Interest-
ingly, analysis of microarray datasets publicly available revealed
that expression of MST4 is significantly decreased in GC speci-
mens compared with normal tissues (P < 0.001; Fig. 5, A and B).
Moreover, the mRNA levels of YAP target genes CTGF and CYR61
are markedly elevated in patients with GC, and show very good
negative correlation with the STK26 mRNA level (Fig. 5, A-C).
Consistent with these observations, the expression levels of
MST4 and pYAPT®3 were both decreased in multiple GC cell lines
as compared with normal gastric GESI cells (Fig. 5 D).

To corroborate the MST4-pYAP?™? signaling axis in GC, we
generated a MST4 KO line on the basis of HGC-27 cells (Fig. S4
A), and examined the effects of MST4 in modulating YAP lo-
calization in response to stress stimuli. In keeping with the re-
sults in 293A cells, we found YAP was efficiently localized into
the nucleus, and its target genes CTGF and CYR6I were signifi-
cantly induced in response to serum starvation in the HGC-
27-derived MST4 KO cells (Fig. S4, B and C). Moreover, nuclear
fractions of YAP were also significantly increased in MST4 KO
cells under other conditions including higher cell confluence
(Fig. 5 E and Fig. S4 D) and lower matrix stiffness (Fig. S4 E).
Importantly, pYAPT®3 levels were apparently decreased in MST4
KO cells under high-density conditions (Fig. 5 F).

We also examined the regulatory effect of MST4 on the
proliferation of HGC-27 cells and found that depletion of MST4
by siRNA or CRISPR-Cas9 significantly promoted HGC-27 cell
proliferation (Fig. 5 G and Fig. S4 F). Furthermore, reconstitu-
tion of the HGC-27 MST4 KO cells with MST4WT and MST4T'72E,
but not MST4K53R attenuated the proliferation of these cells
(Fig. 5 H and Fig. S4 G). Together with the observations in
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Figure 5. MST4 limits YAP activation and cell proliferation in GC cells. (A and B) Analysis of STK26, CTGF, and CYR61 mRNA expression in published GC
dataset. Heatmap demonstration (A), and statistical analysis (B) of the mRNA expression levels of STK26 and YAP target genes CTGF and CYR61 between healthy
(n = 21) and GC tissue samples (n = 111) based on previously published microarray database (GEO accession no. GSE54129, ***, P < 0.001, unpaired t test).
(C) STK26 mRNA expression negatively correlated with CTGF and CYR61 mRNA expression. Pearson'’s correlation analysis between STK26 mRNA and YAP target
genes CTGF and CYR61 was performed by GraphPad Prism 8.0 software. (D) The MST4-YAPT83 axis protein expression was down-regulated in GC cancer cells
compared with normal gastric cells. Western blotting analysis of MST4, pYAP83, pYAPS127, and YAP protein levels in normal and different GC cell lines (n = 2,
quantification values represent the mean from two repeats). (E) MST4 depletion increases YAP nuclear localization in response to high cell density. HGC-27
cells (WT and MST4 KO) were seeded at high (90%) cell density for 24 h before processing for IFA assay using anti-YAP antibodies (scale bar, 5 um, n = 3, n.s,
not significant; **, P < 0.01; one-way ANOVA with Dunnett’s post hoc analysis, compared with control gRNA). (F) MST4 depletion reduced pYAPT® levels in
HGC-27 cells. High cell density (90%) of HGC-27 cells (WT and MST4 KO) were harvested for immunoblotting analysis using indicated antibodies (n = 3,
quantification values represent the mean from three repeats). (G) MST4 deficiency stimulates GC cell proliferation. Cell proliferation curves of HGC-27 cells
(WT and MST4 KOs) over the indicated time were measured by CellTiter Luminescent-based assay (four replicates per cell line for three repeats, *, P < 0.05; **,
P < 0.01; two-way ANOVA with Tukey’s post hoc test). (H) MST4 limits cell proliferation requires its kinase activity. Quantification of cell proliferation rates of
HGC-27 KO cell reconstituted with indicated constructs on day 3 were measured as in G (n = 3, n.s, not significant; **, P < 0.01; one-way ANOVA with Dunnett’s
post hoc analysis, compared with vector control). Data are presented as the mean + SEM. See also Fig. S4.
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Fig. 4 H, these results recapitulated the MST4-pYAPT®3 signaling
axis in GC cells, suggesting that dysregulation of this axis may
promote gastric tumorigenesis.

The MST4-pYAP™®3 signaling axis suppresses gastric
tumorigenesis in mice

To assess in vivo the effect of the MST4-pYAPT®3 signaling axis
in gastric tumorigenesis, we next generated whole-body MST4
heterozygous and homozygous mice (Stk26*/~ and Stk267/-) by
deletion of exon 8 (Fig. 6 A). For gastric tumor formation, 8-wk-
old mice were treated with 100 mg/ml carcinogen N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) using a standard dosage
timing regimen (Fig. 6 B). Interestingly, we observed an ap-
parent decrease of MST4 protein level in WT mice treated with
MNNG (Fig. 6 C), although in vitro assay showed that MNNG did
not directly affect its kinase activity (Fig. S5 A). Supporting the
notion that MST4 serves as a tumor suppressor for GC, we found
the numbers of palpable tumors were significantly increased in
Stk26*/~ and Stk26~/~ mice (Fig. 6 D). A similar increasing trend
was also observed by ITHC staining of the proliferation marker
Ki67 between WT, Stk26*/~, and Stk26/~ mice (Fig. 6 E). Further
histological validation of tumor tissues from each group revealed
much lower pepsinogen C (PGC) signals, but increased periodic
acid-Schiff (PAS) signals, in Stk26*/~ and Stk267/~ mice when
compared with WT mice (Fig. S5, B and C). Taken together, these
results indicate that deficiency of MST4 promotes gastric
tumorigenesis.

To further verify the relevance of YAP in MST4-regulated
gastric tumorigenesis, we next examined YAP signaling in tu-
mor tissues derived from Stk26*/~ and Stk26 /- mice. Consistent
with our in vitro mechanistic findings, pYAPT®? levels were
gradually reduced in Stk26*/~ and Stk267/~ mice, and we noted
that the total YAP protein levels were significantly increased in
an MST4 dose-dependent decrease manner (Fig. 6 F). Subse-
quent RNA sequencing (RNA-Seq) and gene set enrichment
analysis (GSEA) of gastric tumor tissues from the WT and
Stk267/~ mice revealed a significant positive enrichment of YAP
target gene expression upon MST4 depletion (Fig. 6 G). These
observations were further confirmed by quantitative PCR
(QPCR) analysis showing that the transcription of CTGF and
CYRé1 were also gradually elevated upon depletion of MST4
(Fig. 6 H). Collectively, this evidence revealed that MST4 func-
tions as a tumor suppressor in GC, deficiency of which would
promote gastric tumorigenesis with diminished Thr83 phos-
phorylation and hyperactivation of YAP.

The MST4-pYAPT83 axis is negatively correlated to human GC

To further validate the pathological role of the MST4-pYAPT#3
signaling axis in GC, we next examined the expression levels of
MST4, pYAP™®3, and YAP in an IHC analysis of a tissue micro-
array comprising 88 previously described GC specimens (Jiao
et al., 2018). Strikingly, the protein levels of MST4, as well as
PYAPT83, were observed to be down-regulated in 68.2% (60/88)
and 58.0% (51/88) of gastric tumors, respectively (Fig. 7, A and
B). Moreover, a significant positive correlation between MST4
and pYAPT®? levels was revealed (P = 0.0207; Table S1). On the
contrary, protein levels of total YAP were up-regulated in 72.7%

Anetal.
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(64/88) of GC patients (Fig. 7, A and B), which showed a sig-
nificant negative correlation with MST4 protein level (P =
0.0387; Table 1). Nevertheless, there was no statistically signif-
icant correlation between pYAPT®3 and total YAP protein levels
(P = 0.2253; Table S2). We also assessed the correlations between
MST4 level, as well as pYAP™3 level, with the clinicopatholog-
ical features of the 88 GC patients (Table 2 and Table S3). Al-
though no significant correlations between MST4 protein
expression and sex (P = 0.6598), age (P = 0.1394), or distant
metastasis (P = 0.0837) were observed, we found significant
negative correlations between low MST4 level and tumor size (P =
0.0003), lymph node metastasis (P = 0.0001), and tumor stages
(P = 0.0246; Table 2). Analysis of pYAPT33 with these features
revealed highly similar correlation patterns as with MST4 levels
(Table S3).

In addition to the IHC analysis, a subsequent RNAscope
in situ hybridization assay revealed that the mRNA level of CTGF
was also increased in GC samples compared with adjacent nor-
mal mucosa (Fig. S5 D). We then stereologically quantified the
integrated optical density (I0D) of immunostaining results from
both THC and RNAscope. We observed a significant down-
regulation of MST4 (P < 0.001) and pYAPT®3 (P < 0.01), as well
as markedly increased expression of YAP (P < 0.001) and CTGF
(P < 0.05), in GC samples compared with normal gastric mucosa
(Fig. S5 E). Further linear regression analysis revealed that
MST4 was positively correlated with pYAPT®? (P = 0.8099; P <
0.0001), but negatively correlated with YAP (P = -0.6161; P <
0.0001), and CTGF (P = -0.4666; P < 0.0001; Fig. S5 F). Similarly,
negative correlation between pYAPT83 and YAP (P = -0.6224; P <
0.0001), as well as between pYAP#3 and CTGF (P = -0.4804; P <
0.0001), were also observed (Fig. S5 F).

Next, we examined the expression of MST4, pYAPT23, YAP,
and CTGF in freshly prepared human GC samples. qPCR assays
indicated that mRNA levels of STK26 were significantly down-
regulated (17/30, P = 0.0301), whereas YAP (16/30, P = 0.0429)
and CTGF (14/30, P = 0.0494) were up-regulated in GC samples
(Fig. S5 G). Negative correlations between STK26 and YAP (r =
-0.4989; P = 0.0041) as well as between STK26 and CTGF (r =
-0.3943; P = 0.0065) were observed (Fig. S5 H). Consistently,
immunoblotting analysis revealed that the protein levels of both
MST4 and pYAP™®3 were decreased, whereas the protein levels
of total YAP were increased, in gastric tumors as compared with
adjacent normal tissues (Fig. 7 C).

Lastly, Kaplan-Meier survival analysis of our microarray
data revealed that low expression levels of MST4, as well as those
of pYAPT®, indicate poor prognosis of GC patients (Fig. 7 D).
Furthermore, patients classified as MST4Migh/pYAPT83High
showed the best survival outcomes, whereas the MST4Low/
pYAPT8Low statys predicted the shortest survival (Fig. 7 E).
Taken together, these results highlight the clinical relevance
of the down-regulated MST4-pYAPT® signaling axis for GC
prognostics.

Discussion
The Hippo-YAP signaling pathway is well recognized for its
pathological roles in tumorigenesis. Despite the fact that
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Figure 6. MST4 suppresses gastric tumorigenesis and YAP activation in vivo. (A) Schematic illustration of the generation of Stk26*/~ and Stk26~/~ mice.
(B) An experimental flow chart of the chemical MNNG treatment for induction of gastric tumorigenesis in mice model. 8-wk-old mice (WT, Stk26*/~, and
Stk267/-) were treated with drinking water containing 100 mg/ml MNNG followed a standard “three cycles” timing regimen. A MNNG “cycle” includes 2 wk of
MNNG in drinking water (d.w.) followed by 2 wk of regular water. Mice were sacrificed at 20 wk old for subsequent multiple analysis. (C) MNNG treatment
reduces MST4 protein expression in vivo. Gastric tissues derived from mice treated with or without MNNG were subjected to Western blotting analysis using
indicated antibodies (n = 2, quantification values represent the mean from two repeats). (D) MST4 deficiency promotes GC development. Quantification of
palpable gastric tumor numbers in WT, Stk26*/~, and Stk26=/~ mice (10 mice/group, *, P < 0.05; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc
analysis, compared with WT). (E) IHC staining of the proliferation marker Ki-67 in gastric tissues derived from WT, Stk26*/~, and Stk26~/~ mice. Quantifications
of Ki-67-positive cells (%) are displayed below (scale bar, 50 um). (F) Levels of YAP Thr83 phosphorylation were reduced in GC tissue samples in Stk26~/~ mice.
Western blotting analysis of pYAPT? and total YAP protein levels in gastric tumor tissues derived from WT, Stk26*/~, and Stk26~/~ mice (two mice/group) using
indicated antibodies (n = 3, quantification values represent the mean from three repeats). (G) YAP signaling pathway was activated in gastric tumors derived
from Stk26~/~ mice. GSEA analysis showing a significant positive enrichment of YAP target genes in gastric tumor tissues derived from WT (n = 2) and Stk26/~
(n = 2) mice by RNA-Seq. (H) CTGF and CYR61 mRNA expression were gradually up-regulated in Stk26*/~ and Stk26~/~ mice. Real-time qPCR analysis of
transcriptional levels of YAP target genes CTGF and CYR61 in gastric tumor tissues derived from WT, Stk26*/~, and Stk26~/~ mice (two mice/group, n = 3, *, P <
0.05; **, P < 0.01; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with WT). Data are presented as the mean + SEM. See also Fig.
S5.

depletion of MST1/2 or LATS1/2 kinases promotes tumorigene-
sis in mice (Choi et al., 2018; Zhou et al., 2009), deletion or
mutation of these genes is rarely identified in cancer, raising the
question of why the downstream transcription coactivator YAP
is frequently hyperactivated in most cancers. Emerging evi-
dence suggests additional mechanisms exist to regulate YAP
activation (Misra and Irvine, 2018). Here, we revealed that the
MST4 kinase-mediated Thr83 phosphorylation of YAP repre-
sents such an additional mechanism of YAP inactivation. In re-
sponse to serum starvation, Thr83 and Ser127 are concomitantly
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yet independently phosphorylated by MST4 and LATS1/2, re-
spectively, to fully inhibit the nuclear translocation and activa-
tion of YAP (Fig. 7 F).

The Hippo-YAP pathway can respond to a wide range of
stress signals, eventually leading to the manifestation of differ-
ent states of YAP-dependent gene transcription. Recently, a
burst of studies have identified various types of PTMs including
ubiquitination, methylation, and O-GlcNAcylation to regulate
YAP activation in Hippo-independent manners (Fang et al.,
2018; Peng et al., 2017; Yao et al.,, 2018; Zhang et al., 2017,
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Figure 7. Pathological association of MST4-pYAPT®? axis in human GC. (A and B) The MST4-YAPT®3 axis protein expression was down-regulated in
human GC samples. (A) Representative images showing the IHC staining of MST4, YAP, and pYAPT83 on tissue microarrays derived from 88 GC patients. NGM,
normal gastric mucosa (scale bar, 100 pm). (B) Staining protein levels of MST4, YAP, and pYAP™83 in normal and cancerous GC tissue indicating negative (=),
weak (+), moderate (++), and strong (+++) expression levels. (C) The expression of MST4-pYAPT3 axis was down-regulated in four-pair freshly prepared GC
samples. Western blotting analysis of MST4, YAP, and pYAPT® protein levels between four-pair of adjacent normal (N) and tumor tissue (T) samples using
indicted antibodies (n = 3, quantification values represent the mean from three repeats). (D) Lower MST4 and pYAPT83 expression predicates poor clinical
outcomes. Kaplan-Meier survival analysis of patients between high and low levels MST4 (left panel) and pYAPT®3 levels (right panel) from the 88 GC tissue
microarray, respectively. *, P < 0.05, **, P < 0.01. (E) Kaplan-Meier survival analysis of patients with combined MST4/pYAPT83 at high or low levels from tissue
microarray. ***, P < 0.001. (F) Schematic models illustrating both MST4-pYAPT and canonical MST1/2-LATS1/2-pYAP5?7 axis are required for the inac-
tivation of YAP and targeted gene expression in response to serum starvation (left panel, STK26*/*). Deficiency or down-regulation of the MST4-pYAPT83 axis
activates YAP signaling pathway and contributes to the gastric tumorigenesis (right panel, STK26/-). See also Fig. S5.

2019). Together with these studies, our current work further
demonstrates a complicated machinery for fine and tight control
of YAP activity under various cellular contexts. Interestingly,
some negative regulators of YAP, such as MST4 kinase
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characterized here, and the reported SETIA (Fang et al., 2018),
RUNX3 (Qiao et al., 2016), and OTUDI (Yao et al., 2018), were
found to be down-regulated in different cancer specimens and to
be associated with poor prognosis. Perhaps dysregulation of
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Table 1. MST4 are negatively correlated with those of YAP in GC

MST4 Fisher’s exact test
Low High Total
YAP Low 12 12 24 0.0387*
High 48 16 64
Total 60 28 88

Asterisk indicates statistical significance. *, P < 0.05.

these YAP-related tumor suppressors could explain the hyper-
activation of YAP in cancer cells without apparent change of the
classic Hippo kinase cascade.

Among the MST family of kinases, MST4, MST3, and STK25
share almost identical three-dimensional structures (Thompson
and Sahai, 2015). Intriguingly, during the preparation of this
manuscript, STK25 was reported to promote LATS activation
and therefore indirectly limit YAP activity (Lim et al., 2019). In
that work, a siRNA-mediated depletion strategy was used to
screen YAP regulators in response to F-actin disruption. Note
that depletion of MST4, as well as MST3, also reduced YAP
phosphorylation after dihydrocytochalasin B treatment in their
primary screening. Thus, these observations support our cur-
rent finding of the MST4-YAP signaling axis, and together with
our current study, suggest that MST family of kinases can all

Table 2. Clinical significance of MST4 expression in GC

function, either indirectly or directly, as negative regulators of
YAP activation. At this stage, however, the specific physiologi-
cal/pathological contexts for these MST kinases to exert such
function remain unclear, as well as the possible redundancy. In
this regard, we did observe functional redundancy between
MST4 and MST3 at cellular levels (data not shown). Systematic
investigation of MST kinases in vivo in mice models is required
to eventually clarify such potential functional redundancy in
limiting YAP activation and GC development. Another impor-
tant aspect to further decipher the complex machinery regu-
lating YAP activation, proteomics-based strategy, could be
useful to probe the interaction network of MST kinases in re-
sponse to different types of stress conditions.

Excessive nuclear translocation of YAP leads to its hyper-
activation, which has been commonly observed to be associated
with tumorigenesis in different human cancers (Harvey et al.,
2013; Zheng and Pan, 2019). However, exactly how YAP trans-
locates into the nucleus remains poorly understand, although it
is generally thought that the nuclear import and export ma-
chineries are involved in this process. In Drosophila, it is sug-
gested that importin al can interact with the N terminus of
Yorkie, the YAP homologue, and drive its nuclear import (Wang
et al., 2016). Meanwhile, quantitative analysis-based screening
revealed mediators of YAP import/export machineries (Ege
et al., 2018). PTMs, such as methylation, can also affect YAP
nuclear export process (Fang et al., 2018). Consistent with these

Groups MST4 expression n Positive (%) P value (Fisher’s test)
- + + P

Sex

Male 19 25 8 13 65 70.8 0.6598

Female 9 7 4 3 23 60.9

Age

<60 yr 6 10 3 10 29 79.3 0.1394

260 yr 22 22 9 6 59 62.7

Tumor size

pT1+ pT2 1 1 3 7 12 917 0.0003***

pT3 + pT4 27 31 9 9 76 64.5

Lymph node metastasis

NO + N1 4 8 10 14 36 88.9 0.0001***

N2 + N3 24 24 2 2 52 53.8

Distant metastasis

MO 25 32 12 16 85 70.6 0.0837

M1 3 0 0 0 3 0.0

Tumor stage

I+ 9 8 8 12 37 75.7 0.0246*

1+ v 19 24 4 4 51 62.7

Total 28 32 12 16 88

Asterisks indicate statistical significance. *, P < 0.05; ***, P < 0.001.
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reports, here we found KPNA2 (importin al), as well as KPNA1
(importin a5) and KPNA?7 (importin a8), interact with YAP and
mediate its nuclear import in mammals. Furthermore, we
demonstrated that MST4-dediated Thr83 phosphorylation of
YAP disrupts its interaction with importin(s), and thereby im-
pairs its nuclear import. However, the detailed molecular
mechanisms of the YAP-importin complex formation need to be
further investigated, possibly from a structural perspective. In
this regard, it is worth mentioning that the molecular require-
ments of TAZ translocation have been revealed recently (Kofler
et al., 2018), showing a RhoA-regulated nuclear localization
signal and TEAD-regulated nuclear export signal model of TAZ
nucleocytoplasmic shuttling.

Given the strong positive correlation of YAP hyperactivation
with poor prognosis of GC, growing efforts are being made to
target the Hippo-YAP pathway for treating GC (Calses et al.,
2019; Huang et al., 2020; Jiao et al., 2014, 2018; Kang
et al.,, 2011; Tang et al., 2019a; Zanconato et al., 2016; Zhang
et al, 2020). We previously observed that YAP was up-
regulated in GC, and such up-regulation was positively corre-
lated with tumor stages (Jiao et al., 2014, 2018). Consistently,
YAP/TAZ was shown to be activated in LATSI and LATS2 con-
ditional KO mice to initiate gastric tumorigenesis via up-
regulation of the downstream mediator MYC in vivo (Choi
et al., 2018). YAP also appears to promote gastric metastasis
via modulating the turnover of F- and G-actin dynamics (Qiao
et al., 2017). Here, we found YAP was activated in tumor tissues
derived from Stk26 KO mice, indicating that the MST4-YAP
regulatory axis was essential to restrict YAP activity in vivo.
However, currently it is not fully understood how YAP activa-
tion contributes to GC development (Zanconato et al., 2019).
Characterization of YAP modulation in various specific cellular
contexts is of importance to elucidate its biological function in
GC development. In this regard, we used STK26 whole-body KO
mice during modeling GC. Thus, the specific cell type in which
the MST4-YAP signaling axis regulates GC still awaits further
investigation. Meanwhile, given the heterogeneity and subtypes
of GC (Cancer Genome Atlas Research Network, 2014; Cristescu
et al., 2015), it is also intriguing to analyze the MST4-YAP sig-
naling axis in a specific pathological setting in the future.

Our study demonstrated that the MST4-YAP signaling axis
functions in parallel with the classic Hippo-YAP pathway. As
such, we observed concomitant phosphorylation of YAP at both
Thr83 and Serl27; changing the phosphorylation status of one
site would indirectly alter the status of another due to the re-
sultant nuclear translocation of YAP. Interestingly, we noticed
that the MST4-mediated inhibitory effect on YAP is stronger in
the YAPS!?72 context when compared with that in the YAPWT
context both in vitro and in vivo. A possible interpretation is
that the MST4-pYAPT8? axis became more prominent, and thus
cells may be more sensitive to manipulation of this axis when
the canonical Hippo signaling was disrupted (YAPS1274). At this
point, the upstream signals of the MST4-YAP signaling axis
remain unknown. Membrane proteins including G-protein-coupled
receptors have been proposed to relay extracellular signals to the
intracellular Hippo kinase cascade (Yu et al., 2012). Besides, the
striatin-interacting phosphatase and kinase (STRIPAK) complex
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was recently revealed to integrate upstream signals to trigger Hippo
signaling in cells (Chen et al., 2019; Gil-Ranedo et al., 2019; Tang
et al., 2019b). In the future, it would be intriguing to investigate
whether these proteins are involved in the upstream regulation of
the MST4-YAP signaling, especially in a context of tumorigenesis.

In summary, our work identified an alternative MST4-YAP
signaling axis in parallel with the classic Hippo-YAP signaling
pathway, shedding new light on the coregulation of YAP activity
via both Hippo-dependent and Hippo-independent functions.
Importantly, we demonstrate dysregulation of this MST4-YAP
axis promotes gastric tumorigenesis and prognosticates bad
clinical outcomes of GC patients.

Materials and methods

Cell culture

Human HEK293FT, 2934, and GC cell lines including AGS, BGC-
823, MGC-803, and HGC-27 cells were obtained from the cell
library of the Chinese Academy of Sciences (Shanghai, China).
GSS and GSU gastric cancer cells were purchased from Cell Bank
of RIKEN BioResource Center (Tsukuba, Japan). MKN-28 and
AZ-521 cells were obtained from Cell Bank of Japanese Collection
of Research Bioresources (NIBIOHN). SNU-216 and GES-1 cells
were from the Korean Cell Line Bank and Biofeng (Biofeng),
respectively. 293A-LATS1/2 DKO and 293A-YAP KO cells were
generously provided by F. Yu (Fudan University, Shanghai,
China). All the GC cell lines were maintained in RPMI1640 me-
dium (Invitrogen). HEK293FT and 293A cell lines, including the
KO cell lines derived from these cell lines, were cultured in
DMEM (Invitrogen). Cells were grown in culture medium sup-
plemented with 10% FBS, 100 pg/ml penicillin, and 100 pg/ml
streptomycin in 5% CO,, at 37°C with saturated humidity.

Plasmids

Bacteria-mediated YAP protein expression constructs, including
the truncated and point mutations of YAP, were cloned into a
modified pET-28a vector with an N-terminal MBP tag. Full-
length MST4, however, was engineered into a pET-28a vector
with a C-terminal uncleavable Hiss tag. TEAD4 YAP-binding
domain (TEAD4-YBD, residues 217-433 aa) was cloned into a
modified pET-28a vector with an N-terminal tobbaco etch virus
protease cleavable His,-SUMO tag. Mammalian expression
plasmids, including the Flag-tagged MST1, MST2, MST3, MST4,
STK25, and the YAP point mutants, were sub-cloned into a
modified pCDNA-3.1 vector with an N-terminal 3xFlag tag. The
SFB (S-tag, FLAG epitope tag, and streptavidin-binding peptide
tag)-tagged KPNAI-7 were generously provided by M.S.Y. Huen
(University of Hong Kong), and were transferred into a pCDNA-
3.1 vector with an N-terminal hemagglutinin (HA) tag. For
lentiviral-mediated overexpression constructs, the genes-of-
interest were constructed into a pCDH1-MCS-CoGFP vector. All
mutants were generated by site-directed mutagenesis and were
verified by Sanger sequencing.

Transfection, lentivirus packaging, and infection
For RNAi-mediated depletion experiments, cells were trans-
fected with two rounds of either nontargeting control or
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targeting siRNAs (Genepharma) using Lipofectamine RNAiMAX
Transfection Reagent (13778150, Invitrogen) according to the
manufacturer’s instructions. Sequences for targeting MST4
were 5'-GCCUGAUCCAAAGAAAGUATT-3' (siMST4_#1) and 5'-
AUUGUUACAAUAUAGGCACCATT-3' (siMST4_#2). For plasmid-
based transfection experiments, constructs were first incubated
with polyethylenimine (23966-1, Polysciences) at a ratio of 1:3
for 15 min at room temperature before dropwise them to the
culture medium. Lentiviral particles were produced by transient
cotransfection of the lentiviral-based expression constructs to-
gether with packaging plasmids psPAX2 and pMD2.G at a ratio
of 4:3:1 into HEK293FT cells. 48 h after transfection, the super-
natants were filtered (0.45 pm) and were applied to recipient
cell lines in the presence of 8 pg/ml polybrene (H9268, Sigma-
Aldrich).

Generation of KO cells by use of CRISPR-Cas9 method

All the KO cell lines used in this study were generated using the
CRISPR-Cas9 gene targeting approach (Sanjana et al., 2014).
Briefly, sequences of two guide RNAs (gRNAs) targeting STK26
gene exonl and exon2 were obtained from human GeCKO li-
brary (https://www.genscript.com/CRISPR-gRNA-library.html),
and were sub-cloned into the pLentiCRISPRv2 vector (52961,
Addgene). The sequences of the two gRNAs were as follows:
MST4 gRNAl#: 5'-CTTGGACAGCCACCGGCGAG-3'; MST4
gRNA2#: 5'-CCAGTGCTGAACCACCGCCC-3'. Lentiviral particles
were generated by cotransfection of lentiCRISPRv2-based
gRNAs, PsPaX2, and pMD2.G plasmids at a ratio of 4:3:1 in
293FT cells. For generation of KOs, cells were infected with
lentiviral particles harboring indicated gRNAs twice at 24-h in-
tervals. KO cells were selected by 1 ug/ml puromycin for 1 wk
before validation by Western blotting using MST4 antibody.

Immunoprecipitation and Western blotting

For whole-cell extracts, cells were lysed with 20 mM Tris-HCI,
pH 8.0, 100 mM Na(Cl, 0.5% NP-40, and 1 mM EDTA (NETN
buffer) supplemented with Micrococcal Nuclease (M0247S,
NEB) on ice for 15 min. Cell lysates were boiled with 5x SDS
loading buffer. Proteins were separated by SDS-PAGE, trans-
ferred to polyvinylidene fluoride membranes, and blotted with
indicated antibodies. The following antibodies were used for
immunoblotting: YAP (sc-101199, Santa Cruz, 1:500), MST4 (sc-
376649, Santa Cruz, 1:1,000), Lamin A (sc-518013, Santa Cruz,
1:1,000), a-tubulin (sc-17787, Santa Cruz, 1:2,000), c-Myc (sc-40,
Santa Cruz, 1:2,000), Flag (F3165, Sigma-Aldrich, 1:5,000),
B-actin (A2228, Sigma-Aldrich, 1:5,000), pYAPS'?7 (13008, Cell
Signaling Technology, 1:500), HA (3724, Cell Signaling Tech-
nology, 1:1,000), LATS1 (9153, Cell Signaling Technology, 1:500),
TEAD4 (ab58310, Abcam, 1:1,000), MST1 (ab264127, Abcam,
1:1,000), MST2 (ab52641, Abcam, 1:1,000), MST4 (ab52491, Ab-
cam, 1:1,000), anti-thiophosphate ester specific antibody
(ab92570, Abcam, 1:4,000), and anti-MST4 + MST3 + STK25
(phospho T174 + T178 + T190) antibody (ab76579, Abcam, 1:500).
The polyclonal antibody recognizing the phosphorylated YAP
Thr83 residue (pYAPT®3, 1:1,000) was generated by Shanghai
Immune Biotech Co., Ltd. via immunizing rabbits with a
YAP peptide spanning the phosphorylated Thr83 residue
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(“KTANVPQPTVPMRLRK”). The secondary HRP antibodies in-
cluding goat anti-rabbit (31460, 1:4,000), and goat anti-mouse
(31430, 1:4,000) were purchased from Thermo Fisher Scientific.
Western blotting images were captured by the Mini Chemilu-
minescent Imaging and Analysis System (Beijing Sage Creation
Science Co., Ltd.).

For Co-IP experiments, cells were lysed with NETN buffer for
15 min on ice, followed by centrifugation at 12,000 rpm for
10 min at 4°C. Supernatants were then transferred into new
Eppendorf tubes and incubated with either Flag beads (L00425,
GenScript) for 4 h or protein A/G plus agarose beads (sc-2003,
Santa Cruz) conjugated with indicated antibodies overnight at
4°C with rotation. Beads were subsequently washed three times
with NETN buffer and boiled with 1x SDS loading buffer. To
avoid the noise of light/heavy chains, the secondary antibodies
used for the immunoprecipitation assays including mouse anti-
rabbit IgG light chain (A25022, 1:5,000) and goat anti-mouse IgG
light chain (A25012, 1:5,000) were obtained from Abbkine.

Immunofluorescence staining assay (IFA)

Cells grown on coverslips were fixed with 3% paraformaldehyde
for 15 min at room temperature followed by permeabilization in
0.5% Triton X-100 solution for 30 s. After blocking with 3% milk
at room temperature for 20 min, cells were incubated sequen-
tially with primary antibodies and secondary fluorophore-
conjugated antibodies. DAPI (Sigma-Aldrich, 1:10,000) was
used to stain nuclear DNA. The following antibodies were used
for IFA assays: YAP (sc-101199, Santa Cruz, 1:100), Flag (F3165,
Sigma-Aldrich, 1:1,000), and Alexa Fluor-conjugated secondary
antibodies (Thermo Fisher Scientific, 1:400). All the images were
captured using a 60x oil immersion lens on an Olympus FV1200
fluorescence microscope and were further processed by Image]
software.

Luciferase reporter assay

HEK293FT or 293A cells were seeded in triplicates for each
treatment in 48-well plates. 24 h later, cells were cotransfected
with 5 x upstream activator sequence luciferase reporter, TEAD-
luciferase reporter, and Renilla luciferase reporter, together
with indicated plasmids. Cells were lysed in passive lysis buffer,
and luciferase activities were detected using the Dual-luciferase
Assay System (E1910, Promega) 36 h after transfection. Firefly
luciferase activity levels were normalized to levels of Renilla
luciferase activity in each well.

RNA extraction, reverse transcription, and qPCR

Total RNA from cultured cells were extracted using the RNA
isolater Total RNA Extraction Reagent (R401-01-AA, Vazyme),
and cDNA was reversed from RNA using the HiScript IT Q Select
RT SuperMix for qPCR (R223-01, Vazyme) according to the
manufacturer’s instructions. Quantitative real-time PCR was
performed using SYBR Green reagents in a StepOnePlus system
(Applied Biosystems). Primers used in this study were as fol-
lows: hCTGF forward: 5'-AAAAGTGCATCCGTACTCCCA-3’, hC
TGF reverse: 5'-CCGTCGGTACATACTCCACAG-3’; hCYRél for-
ward: 5-GGTCAAAGTTACCGGGCAGT-3’, hCYR6I reverse: 5'-
GGAGGCATCGAATCCCAGC-3’; hGAPDH forward: 5'-GGCATC
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CTGGGCTACACTGA-3', hGAPDH reverse: 5'-GAGTGGGTGTCG
CTGTTGAA-3'; mCTGF: forward: 5'-GGACACCTAAAATCGCCA
AGC-3’, mCTGF reverse: 5'-ACTTAGCCCTGTATGTCTTCACA-3';
mCYR6I: forward: 5'-TAAGGTCTGCGCTAAACAACTC-3’, mCYR6l
reverse: 5'-CAGATCCCTTTCAGAGCGGT-3’; mGAPDH: forward:
5'-AATGGATTTGGACGCATTGGT-3', mGAPDH reverse, 5'-TTT
GCACTGGTACGTGTTGAT-3'.

Cell proliferation assay

Cell proliferation assays were performed based on the protocol
of the CellTiter-Lumi Plus Luminescent Cell viability Assay Kit
(C0068M, Beyotime). Briefly, cells were seeded in triplicates
into 96-well plates at a density of 3,000/well in 100 pl medium
and were cultured for the indicated time. Cells were lysed by
addition of an equal volume of CellTiter-Lumi Plus Reagent to
the cultured medium for 2 min at room temperature on an or-
bital shaker. After that, around 130 pl supernatants were
transferred into a new 96-well plate, and the luminescent signals
were measured in a BioTek Synergy NEO microplate reader.

Protein purification

Proteins were expressed in Escherichia coli BL21 (DE3) CodonPlus
cells. Protein expression was induced by 0.4 mM isopropyl $-D-
thiogalactopyranoside in Terrific Broth medium, and cells were
cultured for an additional 16 h at 18°C. Cells were then harvested
by centrifugation and were resuspended in lysis buffer (20 mM
Hepes, pH 7.5, 500 mM NaCl, 10% glycerol, and 1 mM DTT) for
MBP-tagged proteins and lysis buffer plus 10 mM imidazole for
Hise- and Hiss-SUMO-tagged proteins. Cells were lysed by a
high-pressure homogenizer at 800 bar, and cell debris was removed
by centrifugation at 16,000 rpm for 40 min. For Hise- and Hise-
SUMO-tagged proteins, the soluble fraction was loaded to Ni Se-
pharose preequilibrated beads with lysis buffer. The Ni Sepharose
beads were washed sequentially with lysis buffer plus 20 mM im-
idazole, lysis buffer plus 40 mM imidazole, and eluted with lysis
buffer plus 400 mM imidazole. For MBP-tagged proteins, the sol-
uble fraction was loaded to Amylose Resin. The Amylose Resin was
washed with lysis buffer and eluted with lysis buffer plus 20 mM
maltose. Then protein samples were concentrated and loaded to a
HilLoad 16/60 Superdex 75 or 200 pg column using 20 mM Hepes,
pH 7.5, 100 mM NaCl, and 1 mM DTT as running buffer.

MBP pull-down assay

MBP-fused protein coupled on Amylose Resin (E8021L, NEB) were
incubated with indicated prey proteins at 4°C for 3 h in buffers
containing 20 mM Hepes, pH 7.5, 100 mM NaCl, and 1 mM DTT.
After three washes, the proteins were eluted with the same buffer
supplemented with 20 mM maltose. The input and output samples
were separated by SDS-PAGE and detected by Coomassie Brilliant
Blue staining or Western blotting using indicated antibodies.

In vitro kinase assays

For radioactive kinase assays, purified MST4 proteins were first
incubated with ATP in kinase assay buffers (50 mM Tris, pH 7.5,
5 mM ATP, 0.1 mM EGTA, and 10 mM magnesium acetate) to
fully activate kinase activity via auto-phosphorylation at 30°C
for 30 min. Then, the auto-phosphorylated MST4 were further
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incubated with MBP-tagged YAP proteins in the kinase assay
buffer supplemented with 0.1 mM [y32P]-ATP at 30°C for an-
other 30 min. Samples were separated by SDS-PAGE and ana-
lyzed by autoradiography.

ATP analogue ATPyS-based kinase assay was performed
mainly based on the Kinase Reaction and Alkylation Protocol
(Abcam) as described previously (Allen et al., 2007). Briefly,
purified MST4 and MBP-tagged YAP proteins were coincubated
in the reaction buffer containing 20 mM Hepes, pH 7.5, 100 mM
NaCl, 1 mM ATPyS (ab138911, Abcam), and 10 mM MgCl, for
30 min at 30°C. Reactions were followed by alkylation for 1h at
room temperature by addition of 2.5 mM p-nitrobenzyl mesylate
(ab138910) to introduce thiophosphate esters on substrates.
Samples were subjected for Western blotting analysis, and the
phosphorylated proteins were assessed using the thiophosphate
ester specific antibody (ab92570, Abcam).

For kinase assay using mammalian expressed proteins as
substrates, YAP proteins (WT and mutants) were im-
munoprecipitated from HEK293FT cells transiently transfected
with indicated constructs for 48 h using Flag beads. Proteins
were incubated with purified MST4 proteins in buffers con-
taining ATP for 30 min at 30°C with rotation. Samples were
boiled with 2x SDS loading buffer and analyzed by Western
blotting using the indicated antibodies.

Ms

MS analysis was performed in the Mass Spectrometry Facility of
the National Facility for Protein Science in Shanghai, Shanghai
Science Research Center, Chinese Academy of Sciences
(Shanghai, China). Briefly, 0.1 pg purified MST4 and 40 pg YAP
(1-150 aa) proteins were incubated to induce phosphorylation in
the buffer containing 50 mM Tris pH 7.5, 1 mM ATP, 10 mM
MgAc,, and 0.1 mM EGTA for 30 min at 30°C. Proteins were
precipitated with TCA solution (6.1 N). The pellet was subse-
quently dissolved in 8 M urea and 100 mM Tris, pH 8.5. Then,
tris(2-carboxyethyl)phosphine (final concentration, 5 mM,
Thermo Fisher Scientific) and iodoacetamide (final concentra-
tion, 10 mM, Sigma-Aldrich) were added for reduction and al-
kylation. The protein mixture was digested with trypsin
(Promega). The reaction was stopped by formic acid, and the
peptide mixture was desalted by monospin C18 column (Pierce).
The peptide mixture was loaded onto a homemade 15-cm-long
pulled-tip analytical column (Aqua, C18, 100 um inner diameter
x 360 um outer dimension, 3 wm particle size, 125 A pore
diameter, Phenomenex) connected to an Easy-nLC 1000 nano
HPLC (Thermo Fisher Scientific) for MS analysis. Survey full-
scan MS spectra (from m/z 300-1,800) were acquired in the
Orbitrap analyzer with resolution r = 70,000 at m/z 400. The
top 20 MS/MS events were sequentially generated selected from
the full MS spectrum at a 27% normalized collision energy. Ac-
quired MS/MS data were analyzed against a Uniprot database by
Sequest algorithm integrated in the Integrated Proteomics
Pipeline software. Trypsin was defined as cleavage enzyme.
Cysteine alkylation by iodoacetamide was specified as fixed
modification with mass shift 57.02146. Serine, threonine, tyro-
sine phosphorylation was set as variable modification with
mass shift 79.9663. A decoy database containing the reversed
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sequences of all the proteins was appended to the target database
to accurately estimate peptide probabilities and false discovery
rate, and the false discovery rate was set at 0.01.

Xenograft tumor formation assay
Healthy male BALB/c A-nu/nu mice (3-4 wk) were obtained
from the Shanghai Experimental Animal Center and maintained
in pathogen-free conditions in accordance with the guidelines of
the Institutional Animal Care and Use Committee of the
Shanghai Institute of Biochemistry and Cell Biology (SIBCB;
Shanghai, China). The approval ID for the use of animals was no.
SIBCB-NAF-14-004-5329-023, issued by the Animal Core Facil-
ity of SIBCB.

For the tumor formation assay, mice were first injected with
5 x 106 HGC-27 cells/per mouse into the flank of the mice to
induce tumor formation for 7 d. Once the tumor volume reached
around 100 mm?3, lentiviral particles harboring indicated YAP
mutations (multiplicity of infection = 30) were further injected
intratumorally into the nude mice on days 7, 9, 11, and 13, re-
spectively. Tumor length and width were measured every 2 d to
calculate tumor volume (= width? x length x 0.523). 3 wk later,
mice were scheduled for euthanasia before harvesting and
measuring indicated tumor weight. Tumors were further sub-
jected to fixation in 4% paraformaldehyde, followed by either
examination of GFP signals in tumors to validate the infection
efficiency, or by IHC staining with Ki67 antibodies (ab15580,
Abcam, 1:100) to quantify the percentage of proliferating cells.

Generation of Stk26*/~ and Stk26~/~ mice and MNNG-induced
GC mice model

Stk26Floxed mice were generated using Cre/LoxP recombination
and the gene targeting and screening strategies outlined in Fig. 6
A. The experimental procedures used for the culture, transfec-
tion, and selection of E14K ES cells (129/0la) have been previ-
ously described (Hao and Rajewsky, 2001). Chimeric mice were
crossed to Flpe-deleter mice (Rodriguez et al., 2000) to generate
Stk26Floxed mice. Ubc-cre/ERT2 mice were from Shanghai Model
Organisms. Stk26t°*d mice were crossed with Ubc-cre/ERT2
mice to generate tamoxifen-inducible specific MST4 KO
(Stk267/-) mice. Mice were genotyped by PCR analysis of isolated
tail DNA using the following primers: forward: 5'-TGAGCAGCA
ATAAGGAAGTATG-3'; and reverse: 5-CTGGGCAGCCCTTGG
ACAATCC-3'. Cre activity was induced by intraperitoneal in-
jection with tamoxifen suspended in soybean oil (75 mg/kg,
Sigma-Aldrich) every 2 d. At 8 wk of age, mice were treated with
100 mg/ml MNNG in drinking water using a standard dosage
timing regimen as shown in Fig. 6 B. Mice were sacrificed at 20
wk old and processed for subsequent tumor quantification, IHC
staining, Western blotting, and RNA-Seq analysis.

RNA-Seq and GSEA analysis

Total RNA was extracted from gastric tumors derived from WT
(n=2) and STK26~/~ (n = 2) mice using the Total RNA Extraction
Reagent (R401-01-AA, Vazyme). RNA quality was assessed on a
2100 expert Bioanalyzer and sent for library preparation and
sequencing on the Illumina Hisseq2000 platform by BGI ge-
nomics. GSEA software was used to characterize the differences
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in transcriptome profiles of genes from the STK26~/~ mice
compared with WT mice in specific signatures as previously
reported (Zanconato et al., 2015).

In situ hybridization

mRNA expression was determined using in situ hybridization
following the RNA-scope procedure (ACD). Briefly, tissue was
pretreated with heat and protease before hybridization of the
target probe CTGF (ACD). Preamplifier, amplifier, and alkaline
phosphatase-labeled oligos were sequentially hybridized followed by
the application of a chromogenic substrate to produce red punctate
dots. Tissue was counter-stained with Mayer’s hematoxylin.

Tissue microarray and IHC staining
All samples collected and used in this study were derived from
patients who signed an informed consent that was approved by the
Ethics Committee of Taizhou Hospital of Zhejiang province. In total,
tumor and adjecent normal gastric samples from 88 GC patients
were collected, and tumor and normal tissue microarray sections
were prepared by Shanghai Outdo Biotech Co. Ltd. For IHC, tissue
microarray sections were incubated with anti-MST4 (1:100 dilu-
tion), anti-YAP antibody (1:100 dilution), or anti-pYAPT8? antibody
(1:50 dilution). THC stains were scored by two independent path-
ologists who were blinded to the clinical characteristics of the pa-
tients. The scoring system was based on the intensity and extent of
staining: staining intensity was classified as O (negative), 1 (weak),
2 (moderate), or 3 (strong); staining extent was dependent on the
percentage of positive cells (examined in 200 cells) and was clas-
sified into 0 (<5%), 1 (5-25%), 2 (26-50%), 3 (51-75%), or 4 (>75%).
According to the staining intensity and staining extent scores, the
IHC result was classified as 0-1, negative (-); 2-4, weakly positive
(+); 5-8, moderately positive (++); and 9-12, strongly positive (+++).
The 10D of the immunostaining was also measured by using
Image-Pro Plus Version 6.2 software (Media Cybernetics Inc.),
and the cutoff value for the definition of subgroups was the
median IOD. The IOD greater than median was considered as the
high expression group, and the IOD median or less was con-
sidered as the low expression group.

Statistical analysis

Both cellular and animal studies tended to be underpowered. Esti-
mation of sample size for planned comparisons of two independent
means using a two-tailed test were undertaken using GraphPad
Prism 8.0 statistical software. Data are expressed as mean + SEM for
continuous variables and as frequencies and proportions for cate-
gorical variables. Continuous data were compared using Student’s
t tests (comparing two variables) or one-way ANOVA analysis
(comparing multiple variables). For correlation, the Spearman rank
correlation was used for continuous variables. Survival curves were
calculated according to the Kaplan-Meier method; survival analysis
was performed using the log-rank test. P < 0.05 was considered to
indicate a significant difference. At least two biological replicates
were used throughout the study.

Data availability
RNA sequencing raw data have been deposited in the Gene Ex-
pression Omnibus database under the accession no. GSE142644.
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Online supplemental material

Fig. S1 shows the negative regulation of MST4 on YAP activation
and the requirement of its kinase activity. Fig. S2 shows the
identification and evaluation of the key residues required for MST4-
mediated YAP inactivation. Fig. S3 shows the concomitant MST4-
pYAPT®3 and LATS1/2-pYAPS'?’ axis in response to stress both
in vitro and in vivo. Fig. S4 shows the recapitulation of MST4-
mediated YAP inactivation in GC cells. Fig. S5 shows the MST4-
YAP axis is required for gastric tumorigenesis in vivo, and its
dysregulation predicts poor prognosis in human GC samples. Table
S1 shows the positive correlation between MST4 and pYAPT®3 Jevels
in the 88 GC patients’ tissue microarray. Table S2 shows the cor-
relation of protein levels between YAP and pYAP™®3 in the tissue
microarray. Table S3 shows the correlations between pYAP™?® with
the clinicopathological features of the 88 GC patients.
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Figure S1. MST4 negatively regulates YAP activation. (A) Western blotting analysis of exogenously expressed indicated constructs using anti-Flag anti-
bodies (n = 2). (B) MST4 dose-dependently inhibits YAP target gene expression. HEK293FT cells were treated as described in Fig. 1 B followed by qPCR analysis
of CTGF and CYR61 mRNA expression (n = 3, *, P < 0.05; **, P < 0.03; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with column
2). (€) Validation of the siRNA-mediated MST4 knockdown efficiency by Western blotting using indicated antibodies (n = 2 biological repeats). (D) MST4
depletion activates YAP target gene expression. HEK293FT cells were treated as described in Fig. 1 C followed by qPCR analysis of CTGF and CYR61 mRNA
expression (n =3, %, P < 0.05; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with column 2). (E) Generation and validation of the
293A MST4 KO cells using CRISPR-Cas9 technology. (F) MST4 depletion promotes YAP target gene expression. 293A cells (WT and KO) were treated with
serum-free medium for 12 h. mRNA was extracted, and transcriptional levels of CTGF and CYR61 were examined by real-time qPCR (n = 3, ***, P < 0.001, one-
way ANOVA with Dunnett’s post hoc analysis, compared with control gRNA). (G and H) Generation and validation of the 293A KO cells with reconstitution with
indicated constructs as used in Fig. 1 G by either IFA (G; n = 1 biological repeat) or Western blotting (H; n = 1 biological repeat). (I) 293A cells pretreated with
MST4 siRNA#2 were transfected with indicated MST4 constructs, together with or without YAP plasmid. qPCR analysis of CYR6I mRNA expression were
performed in each treatment (n = 3, n.s., not significant, *, P < 0.05; **, P < 0.01; ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared
with column 4). Data are presented as the mean + SEM. Related to Fig. 1.
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Figure S2. MST4-mediated YAP Thr83 phosphorylation impairs its nuclear import. (A) MST4 directly interacts with YAP. Purified MST4 protein and
MBP-tagged YAP fragmental fusion proteins were subjected to MBP-pull down assay. The immunoprecipitates were analyzed by Western blotting using anti-
MST4 antibody or Coomassie Blue staining. MBP tag was used as negative control (n = 3). (B) List of YAP phospho-peptides identified by MS (n = 1). (C) The
pink map of phosphorylation of YAP Thr83 identified by MS. (D) Identification of the key MS-identified phosphorylation sites required for MST4-mediated YAP
inactivation. 293A cells were transfected with indicated YAP constructs for 24 h before processing to IFA assay using Flag antibody (scale bar, 5 um, n = 3, n.s,,
not significant, ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared with YAPWT). (E) YAP Thr83 phosphorylation is required for MST4-
mediated YAP inactivation. HEK293FT cells were transfected with indicated YAP constructs together with or without MST4 for 48 h. Cells were processed for
real-time qPCR analysis of CYR61 transcriptional levels (n = 3, n.s, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001, unpaired t test and one-way ANOVA
with Dunnett’s post hoc analysis as compared with column 3). (F) YAP Thr83 phosphorylation does not affect its TEAD4-binding affinity. Purified TEAD4-YBD
protein and indicated MBP-tagged YAP proteins (1-150 aa) were subjected to MBP-pull down assay. The immunoprecipitates were analyzed by Coomassie
Brilliant Blue staining. MBP tag was used as negative control (n = 3). (G) YAP interacts with KPNAL, KPNA2, and KPNA7. HEK293FT cells were cotransfected
with constructs encoding Flag-YAP and HA-tagged KPNA(s) for 48 h. Cell lysates were incubated with Flag beads for 4 h and analyzed by Western blotting
using indicated antibodies (n = 3). (H) YAP Thr83 mutation but not the other MS-identified sites increases YAP-KPNAL association. HEK293FT cells were
cotransfected with constructs encoding HA-KPNA1 and Flag-tagged YAP mutants for 48 h. Cell lysates were incubated with Flag beads for 4 h and analyzed by
Western blotting using indicated antibodies (n = 3, quantification values represent the mean from three repeats). Data are presented as the mean + SEM.
Related to Fig. 2 and Fig. 3.
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Figure S3. Interplay between pYAPT83 and pYAPS'?7 in response to serum starvation. (A) Phosphorylation of YAP Thr83 requires MST4's kinase activity.
Cell lysates derived from 293A cells transiently transfected with Flag-tagged MST4 constructs were subjected to Western blotting analysis using indicated
antibodies (n = 3). (B) YAPS27A mutation does not affect MST4-mediated pYAPT83 in vitro. Purified YAP proteins (WT and mutants) were incubated with
increased dose of MST4 protein at 30°C for 15 min in vitro. Samples were separated by SDS-PAGE and immunostaining by indicated antibodies (n = 3).
(C) LATS1 overexpression promotes pYAPT83 levels. Cell lysates derived from HEK293FT cells transfected with vector, Myc-MST4, or HA-LATS1 were subjected
to YAP immunoprecipitation assay and analyzed by Western blotting using indicated antibody (n = 2, quantification values represent the mean from two
repeats). (D) LATS1 overexpression inhibits YAPT83A-induced gene expression. HEK293FT cells were transfected with indicated YAP constructs together with or
without LATS1 for 48 h. Cells were processed for real-time PCR analysis of YAP target gene CTGF and CYR61 transcriptional levels (n = 3, n.s, not significant; *, P
<0.05; **, P < 0.01; ***, P < 0.001, unpaired t test). (E) Western blotting analysis of the expression of reconstituted YAP constructs in 293A YAP KO cells (n = 3).
(F) YAP Thr83 phosphorylation constrains YAPS227A.induced CYR61 expression. 293A YAP KO cells reconstituted with indicated YAP constructs were subjected
to qPCR analysis of mMRNA expression of CYR61 (n = 3, ***, P < 0.001, unpaired t test). (G) Schematic illustration of the designed xenograft tumor formation assay.
(H-J) YAP Thr83 phosphorylation limits YAPS!27A-induced tumor formation. Lentiviral infection efficiency (H), average tumor volume (1), and Ki-67-positive cell
rates (J) in each YAP mutant group were examined and quantified (three mice/group, n = 2, n.s., not significant, **, P < 0.01; ***, P < 0.001, unpaired t test and
one-way ANOVA with Dunnett’s post hoc analysis as compared with vector group). Data are presented as the mean + SEM. Related to Fig. 4.
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Figure S4. MST4 limits YAP activation and cell proliferation in GC cells. (A) Generation and validation of HGC-27 MST4 KO cells using CRISPR-Cas9
technology. (B) MST4 KO promotes YAP nuclear localization in response to serum starvation. HGC-27 cells (WT and MST4 KO) were subjected to serum
starvation for 12 h and processed to IFA assay using anti-YAP antibody (scale bar, 5 um; n = 3, n.s., not significant, **, P < 0.01, one-way ANOVA with Dunnett’s
post hoc analysis). (C) MST4 KO promotes YAP target gene expression. HGC-27 cells (WT and KOs) were treated with serum-free medium for 12 h. mRNA was
extracted, and transcriptional levels of CTGF and CYR61 were examined by real-time qPCR (n = 3, **, P < 0.01; ***, P < 0.001, one-way ANOVA with Dunnett’s
post hoc analysis, compared with control gRNA). (D) HGC-27 cells (WT and MST4 KO) at low cell density (10%) were subjected to IFA assay using anti-YAP
antibody (scale bar, 5 um). (E) HGC-27 cells (WT and MST4 KO) were seeded at either soft (1.5 kPa) or high stiffness (28.0 kPa) plates for 24 h before processing
for IFA assay using anti-YAP antibodies (scale bar, 5 um; n = 3, n.s., not significant, *, P < 0.05; **, P < 0.01, one-way ANOVA with Dunnett’s post hoc analysis,
compared with control gRNA). (F) Knockdown of MST4 stimulates GC cell growth. HGC-27 cells pretreated with indicated siRNAs were seeded at 1,000 cells/
well density, and cell proliferation curves over the indicated time were measured by CellTiter Luminescent-based assay (four replicates per cell line for three
repeats, ***, P < 0.001; two-way ANOVA with Tukey’s post hoc test). (G) Western blotting analysis of the reconstitution of MST4 constructs in HGC-27 MST4
KO cells used in Fig. 5 H. Data are presented as the mean + SEM. n.c., non-targeting control. Related to Fig. 5.
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Figure S5. MST4 deficiency promotes GC and predicates poor clinical outcomes. (A) MNNG treatment did not affect MST4’s kinase activity in vitro.
Purified MBP-YAP2%1 proteins were incubated with purified MST4 protein in the kinase assay buffer supplemented with 1 and 10 ug/pl of MNNG for 30 min at
30°C. Samples were subjected to Coomassie Brilliant Blue staining or Western blotting analysis using indicated antibodies (n = 3). (B and C) Histological
validation of the MNNG-induced GC tumors derived from indicated groups. Gastric tissues derived from control (no MNNG treatment) WT mice and MNNG-
treated WT, Stk26*/-, and Stk26~/~ mice were subjected to IHC analysis using anti-PGC antibody (B, left panel, scale bar, 50 um), and PAS staining kit (C, left
panel, scale bar, 50 um). Quantification of the fluorescence intensity of PGC signals (B, right panel), and histopathological scores of PAS staining (C, right panel)
were performed by Image]/Fiji software (20 areas were analyzed for each group, ***, P < 0.001, one-way ANOVA with Dunnett’s post hoc analysis, compared
with control WT). (D) Representative images showing the RNA-scope IHC staining of CTGF on tissue microarrays derived from 88 GC patients (scale bar, 100
um). (E) Stereological analysis of IHC staining data and CTGF RNA-scope data from the GC microarray tissues by measuring 10D (¥, P < 0.05; **, P < 0.01; ***, P
< 0.001 by paired Student’s t test). (F) Linear correlation analysis of 10D values between MST4 and YAP (left panel, gray dots), MST4 and pYAPT83 (left panel,
blue dots), MST4 and CTGF (left panel, red dots), pYAP™3and YAP (right panel, gray dots), and pYAPT83 and CTGF (right panel, red dots). (G) gPCR analysis of
mRNA levels of STK26, YAP, and CTGF in 30 pairs of freshly prepared GC samples. Bar value [2Ct(N) - aCt(T)] represents the difference of mRNA levels
between normal tissue and tumor (n = 3, paired Student’s t test). (H) Relative mRNA levels of STK26 were compared with those of YAP (red dots) and CTGF (gray
dots) by Pearson’s correlation analysis. Related to Fig. 6 and Fig. 7.
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Tables S1-S3 are provided online as separate Word documents. Table S1 lists protein levels of MST4 and pYAP (T83) are positively
correlated in GC. Table S2 describes the correlation of protein levels of total YAP and pYAP(T83) in GC. Table S3 describes the
clinical significance of pYAP (T83) expression in GC.
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