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Abstract

The Hippo pathway maintains tissue homeostasis by negatively regulating the oncogenic
transcriptional co-activators YAP and TAZ. Though functional inactivation of the Hippo
pathway is common in tumors, mutations in core pathway components are rare. Thus,
understanding how tumor cells inactivate Hippo signaling remains a key unresolved question.
Here, we identify the kinase STK25 as a novel activator of Hippo signaling. We demonstrate that
loss of STK25 promotes YAP/TAZ activation and enhanced cellular proliferation, even under
normally growth-suppressive conditions. We reveal that STK25 activates LATS via a previously
unobserved mechanism, in which STK25 directly phosphorylates the LATS activation loop. This
represents a new paradigm in Hippo activation and distinguishes STK25 from all other identified
kinase activators of LATS. STK25 is significantly focally deleted across a wide spectrum of
human cancers, suggesting STK25 loss may represent a common mechanism by which tumor

cells functionally impair the Hippo tumor suppressor pathway.
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First discovered in Drosophila as a critical regulator of organ size, the Hippo tumor suppressor
pathway has emerged as playing a major role in maintaining tissue homeostasis through the
regulation of cell proliferation and survival (Zanconato et al. 2016). The key mediators of Hippo
signaling are LATS1 and LATS2 (Large Tumor Suppressor) kinases, which function to
negatively regulate the activity of the oncogenic transcriptional co-activators Yes-associated
protein (YAP) and transcriptional co-activator with PDZ-binding motif (TAZ) (Zhang et al. 2009,
Zhao et a. 2010). Upon stimulation of Hippo signaling, activated LATS kinases directly
phosphorylate YAP/TAZ at conserved serine residues, which promote YAP/TAZ nuclear
extrusion and subsequent degradation (Zhao et a. 2010). By contrast, in the absence of LATS
activation, YAP/TAZ are free to trandocate into the nucleus, where they bind to the TEAD/TEF
family of transcription factors to promote the expression of numerous genes essential for cellular
proliferation and survival (Wu et al. 2008, Zhang et al. 2008, Hong et al. 2005). Deregulation of
LATSL1/2 kinases, which leads to subsequent hyper-activation of YAP/TAZ, is sufficient to
promote tumorigenesis in mouse models (Zhou et al. 2009, Nishio et a. 2015). Furthermore,
amplification of YAP and/or TAZ has been found in a variety of human malignancies

(Overholtzer et al. 2006, Fernandez-L et al. 2009).

Multiple signals lead to the activation of LATS kinases, including contact inhibition, cellular
detachment, loss of actin cytoskeletal tension, serum deprivation, glucose starvation, signaling
from G-protein coupled receptors, and cytokinesis failure (Zhao et al. 2010, Dupont et al. 2009,
Adler et a. 2013, Mo et al. 2015, Wang et al. 2015, Ganem et al. 2014, Yu et al. 2012, Dutta et al.
2018). Mechanistically, LATS kinases were initially found to be regulated by MST1 and MST2,

the mammalian orthologs of the Drosophila Hpo kinase, after which the pathway is named.
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Activation of LATSL/2 initiates with the recruitment of MST1/2 to LATS kinases via interactions
with scaffolding proteins such as SAV1, MOB1, and NF2 at the plasma membrane (Zhang et al.
2010, Yin et a. 2012). Once recruited, MST1/2 phosphorylate LATS1/2 at their hydrophobic
motifs to remove the auto-inhibitory conformations of LATSL1/2, thereby allowing auto- and
trans-phosphorylation interactions to take place at the activation loop motifs of LATSL/2. It is
this phosphorylation at the activation loop that subsequently leads to full LATS kinase activity
(Ni et al. 2015, Hoa et al. 2016). However, it has become increasingly clear that kinases which
regulate the activation of LATS are not limited to MST1/2 in mammalian cells. Genetic deletion
of MST1/2 failsto prevent full LATS activation, and YAP/TAZ phosphorylation remains intact in
mice lacking MST1/2 (Zhou et al. 2009, Meng et al. 2015). Moreover, several conditions known
to stimulate LATS activation, such as contact inhibition, serum starvation, and cell detachment,
do so in a MST1/2-independent manner, suggesting evolutionary divergence from Drosophila in
mammalian cells, as well as the presence of additional upstream kinases that control LATS
activation (Ganem et al. 2014, Zhou et al. 2009, Dutta et al. 2018, Plouffe et al. 2016). Indeed,
recent work has shown the presence of additional upstream kinases that control LATS activation
outside of MST1/2, as severa members of the MAP4K family have been identified as having
overlapping roles in directly phosphorylating the hydrophobic motif of LATS kinases (Zheng et
al. 2015, Meng et al. 2015). However, cells in which MST1/2 and all MAP4Ks have been
collectively deleted with CRISPR-mediated approaches still induce LATS and YAP
phosphorylation upon stimulation, albeit at significantly reduced levels, indicating that more
upstream activators of LATS kinases exist (Meng et al. 2015, Plouffe et al. 2016). Given that
Hippo pathway inactivation has been found across numerous tumor types, but mutations and

deletions of core Hippo signaling components are rare, the identification of novel upstream
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activators of Hippo signaling carries the potential to uncover previously unappreciated tumor

suppressor genes (Pan D 2010, Kelliher and O’ Sullivan 2013).

To identify novel upstream kinases that regulate LATS activity, we performed a focused RNAI
screen to identify kinases that contribute to LATS phosphorylation and subsequent YAP
phosphorylation. This approach identified STK25 as a novel upstream activator of the LATS
kinases, whose loss significantly promotes YAP/TAZ activity. Mechanistically, we demonstrate
that STK25 phosphorylates LATS at the activation loop motif in the absence of hydrophobic
motif phosphorylation, which distinguishes it from all of the other known LATS activating

kinases discovered to date.

Results

A focused kinome screen identifies STK25 as a novel regulator of LATS-YAP phosphorylation
We performed a focused RNAI screen to identify kinases that are necessary for inducing YAP
phosphorylation under conditions of activated Hippo signaling in the non-transformed IMR90
fibroblast cell line. We focused our kinome screen on members of the Sterile20 superfamily of
kinases (which includes MST1/2), as members of this superfamily maintain structural similarities
in spite of evolutionary divergence (Thompson and Sahai 2014). We depleted individual kinases
via RNAiI and then stimulated Hippo pathway activation by treatment with the drug
dihydrocytochalasin B (DCB), which destabilizes the actin cytoskeleton and mimics activation of
Hippo signaling under loss of F-actin driven cytoskeletal tension (MacLean-Fletcher and Pollard
1980, Zhao et al. 2012). Treatment with DCB induced robust activation of Hippo signaling with

consequent phosphorylation of YAP at serine 127, which is a LATS-specific canonical site that
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regulates Y AP cytoplasmic retention through binding to 14-3-3 proteins (Zhao et al. 2010). As
expected, we found that depletion of known activators of LATS, such as MST1/2, decreased
Y AP phosphorylation, but surprisingly we found STK25 to be the strongest hit in our screen
(Supplementary Fig. la-d). Depletion of STK25 significantly reduced levels of YAP S127
phosphorylation as assessed by quantitative immunoblotting relative to controls in this assay
(Supplementary Fig. la-d). Importantly, this effect was reproduced in multiple cell lines,
including both HEK293A and hTERT RPE-1 (Fig. 1a, Supplementary Fig. 1c, d). We performed
phos-tag gel electrophoresis to assess overal levels of YAP phosphorylation and found that
STK25-depletion led to significantly reduced levels of phosphorylated Y AP, with consequent
enrichment of unphosphorylated Y AP, as compared to controls (Fig. 1b). Additionally, we found
that TAZ, a mammalian paralog of YAP, was also enriched in an unphosphorylated status in
STK25-depleted cells (Fig. 1c). We reproduced these results in cells treated with Latrunculin A,
which is a fungal-derived actin-binding toxin that has a different mechanism of action than

cytochal asin-class agents (Supplementary Fig. 1€) (Morton et a. 2000).

We used multiple approaches to ensure that decreases in Y AP phosphorylation following STK25
depletion via RNAI was not due to RNAi-induced off-target effects. First, we validated this
finding with multiple distinct SRNA sequences targeting STK25 (8 total siRNAs, including
three targeting the 3'UTR), and we observed that the degree of reduction in YAP
phosphorylation strongly correlated with STK25 knockdown efficiency (Supplementary Fig. 1f,
0). Second, we used CRISPR-Cas9 to genetically knockout STK25 from HEK293A cells and
found that STK25 KO clonal cells (generated with two different sSgRNA sequences) similarly

failed to induce Y AP phosphorylation to the same extent as control cells expressing Cas9 and a
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non-targeting sgRNA following DCB treatment (Fig. 1d). Finally, we demonstrated that

overexpression of sSiRNA-resistant wild-type STK25, but not kinase-dead STK25 KR,

was
sufficient to rescue the loss of YAP phosphorylation observed in our knockdown experiments
(Fig. 1le). Altogether, these data reveal that the kinase STK25 plays a previously unappreciated

rolein promoting Y AP phosphorylation.

STK25 Depletion Promotes YAP Activation

We next analyzed if the decrease in Y AP phosphorylation following STK25 depletion leads to a
corresponding increase in the nuclear localization of active YAP. Depletion of STK25, either by
RNAi-mediated knockdown or CRISPR-mediated gene knockout, led to a significant increase in
nuclear YAP in multiple cell lines (Fig. 2a-f, Supplementary Fig. 2d-i). We also observed a gene
dose-dependent increase in nuclear YAP in STK25" and STK25"" MEFs (Supplementary Fig.
2a-c). Remarkably, we found that depletion of STK25 enabled a population of YAP to remain
nuclear even under conditions of actin depolymerization, which strongly sequesters YAP in the

cytoplasm in control cells (Fig. 2a-c).

To confirm that nuclear localized Y AP was active, we first assessed whether depletion of STK25
increased YAP/TAZ activity using a luciferase-based gene expression reporter assay. HEK293A
cells were transfected with a reporter encoding a Y AP/TAZ-responsive luciferase gene, in which
eight TEAD-YAP binding sites are cloned into the promoter driving expression of firefly
luciferase (Dupont et al. 2011). Using this approach, we found that depletion of STK25 resulted
in adoubling of expression from the luciferase reporter, indicating that loss of STK25 promotes

YAPITAZ activity (Fig. 2i). We also assessed the expression of YAP-target genes in célls
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depleted of STK25 and found that canonical Y AP-target genes were significantly upregulated in
IMR9O fibroblasts (Fig. 2g). Moreover, we found that YAP-target gene expression was also
increased in a STK25 gene-dose dependent fashion in knockout MEFs for three well-established
genes (Fig. 2h). Lastly, to assess gene expression in a comprehensive, unbiased fashion, we
depleted STK25 from hTERT-RPE-1 cells and performed gene expression microarray analysis to
obtain a list of genes that were significantly upregulated in cells lacking STK25 compared to
controls. Gene Set Enrichment Analysis (GSEA) was performed using a curated set of 11
publically available, published gene sets for active YAP/TAZ as well as a composite gene set
derived from RPE-1 cells expressing constitutively active YAP ®* or TAZ ***. This GSEA
revealed that depletion of STK25 in RPE-1 cells results in a highly significant enrichment of
active YAP/TAZ gene expression signatures (Fig. 2j, Supplementary Fig. 3a, b). Collectively,

our data demongtrate that loss of STK25 promotes Y AP/TAZ activation.

STK25 actsthrough LATSL/2 to inhibit YAP

Given that loss of STK25 leads to an overall decrease in phosphorylation of Y AP, we predicted
that overexpression of STK25 may have the opposite effect and promote phosphorylation of
YAP. Indeed, we found that overexpression of wild-type STK25, but not a kinase dead mutant
(STK25 “*R) |ed to significant increases in levels of phosphorylated YAP relative to controls
(Supplementary Fig. 4a, b) and that this caused Y AP to become enriched in the cytoplasm (Fig.
3a-c). We found that this effect of STK25 on Y AP phosphorylation was LATS1/2-dependent, as
overexpression of STK25 in HEK293A cdlls genetically depleted of LATS1/2 by CRISPR
(LATS1/2 dKO) did not produce cytoplasmic enrichment of YAP (Fig. 3d-f). We also depleted

STK25 from both wild-type and LATS dKO 293A cells and found that while loss of STK25
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reduces Y AP phosphorylation and drives Y AP into the nucleus in wild-type cells, there was no
such effect in LATS dKO 293A (Fig. 3g-i, Supplementary Fig. 4c), further indicating that
STK25 functions through LATSL1/2. Lastly, we found that knockdown of LATS1/2 via RNAI
was sufficient to rescue YAP-target gene expression, even upon STK25 overexpression

(Supplementary Fig. 4d). Thus, STK25 depends on LATS1/2 to regulate Y AP.

Interestingly, this STK25-LATSL1/2 axis is independent of other identified upstream LATS
activating kinases. HEK293A cells depleted of MST1, MST2, and all members of the MAP4K
family (MAP4K1-7) via CRISPR-Cas9 (henceforth called MM8KO 293A) still demonstrate
Y AP phosphorylation when grown to confluence, abeit at much lower levels than in wild-type
293A. However, MMBKO 293A cells depleted of STK25 showed significantly decreased levels
of Y AP phosphorylation (Fig. 3j). Additionally, overexpression of STK25 in MM8KO 293A was
sufficient to induce a cytoplasmic shift of YAP (Fig. 3k, I). This suggests that STK25 acts to
regulate YAP in a LATSL1/2-dependent fashion and that this signaling is independent of

MST1/2/MAP4AKS' activities.

STK25 stimulates LATS kinases by promoting phosphorylation of LATS on the activation loop
motif

Since STK25 is aufficient to induce YAP phosphorylation in the absence of other upstream
LATS-activating kinases, and given the structural similarities between STK25 and MST1/2, we
tested if STK25 directly phosphorylates and activates LATS. We first assessed whether STK25
and LATS interact. We expressed HA-tagged LATS2 and FLAG-tagged STK25 in HEK293A

cells and found that immunoprecipitated HA-tagged LATS2 co-precipitated FLAG-tagged
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STK25 (Fig. 4a). To assess whether LATS1 or LATS2 bind to endogenous STK25, we
overexpressed either Myc-tagged LATSL or HA-tagged LATS2, and then immunoprecipitated
each respective LATS kinase. We found that endogenous STK25 co-precipitated with both
LATSL and LATS2, suggesting that STK25 interacts with both LATS kinases to promote their

activation (Fig. 4b).

We next tested if STK25 could directly phosphorylate LATS. To do this, we carried out an in
vitro kinase assay using HA-LATSZ2 as the substrate and either FLAG-STK25 or FLAG-
MAP4K1 (positive control) as the kinase after proteins were immunoprecipitation-purified from
transfected HEK293A lysates (Fig. 4c). As expected, we found that FLAG-MAP4K1 induced
phosphorylation at the hydrophobic motif of LATS (LATS-HM), leading to subsequent
phosphorylation at the activation loop (LATS-AL) (Fig. 4d). By contrast, STK25 did not induce
phosphorylation at the LATS-HM, but was able to induce phosphorylation at the LATS-AL (Fig.
4d). This effect was dependent on STK25 kinase activity, as a kinase-dead STK25*R was
unable to produce robust phosphorylation at the LATS-AL (Fig. 4d). Altogether, these data
suggested that STK25 might be acting to activate LATS through direct phosphorylation at the

activation loop site, bypassing phosphorylation at the hydrophobic motif.

To verify that STK25, and not other identified upstream activators of LATS kinases such as
MST1/2 and members of the MAP4K family were responsible for the increase in
phosphorylation at the activation loop of LATS, we utilized MM8KO 293A cdlls to IP purify
STK25 and LATS2 for our in vitro kinase reactions as before. Once again, co-incubation of

wild-type FLAG-STK25 with HA-LATS2 produced robust increases in phosphorylation at the
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activation loop of LATS2 as assessed by immunoblotting, which was decreased when LATS2
was co-incubated with kinase-dead STK25 ¥R (Supplementary Fig. 5a). As phosphorylation at
the activation loop has been canonically associated with LATS auto-phosphorylation, we wished
to further verify that STK25 kinase activity, and not LATS2 intrinsic kinase activity, was driving
this phenomenon (Tamaskovic et a. 2002, Stegert et a. 2004, Ni et al. 2015, Hoa et a. 2016).
To accomplish this, we utilized LATS dKO 293A cells, into which kinase-dead LATS2 P84
was transfected. FLAG-STK25 and FLAG-MAP4K1 were also transfected into LATS dKO
293A cdlls. These proteins were IP-purified as before from the LATS dKO 293A cdl lysates,
which were then used for downstream in vitro kinase assays. Such a set-up ensured that we
would be utilizing only LATS2 with no intrinsic kinase activity as our substrate, and that there
would be no wild-type LATSL or LATS2 that co-immunoprecipitated with either HA-LATS2
D809 " FLAG-STK25, or FLAG-MAP4K1 to confound interpretation of the data. Our results
revealed that wild-type STK25, but not kinase-dead STK25 “**R promoted the phosphorylation
of LATS-AL, independent of LATS intrinsic kinase activity (Fig. 4€). Further, we also noted that
while MAP4K 1 was able to promote phosphorylation of kinase-dead LATS2 at the hydrophobic
motif, it was unable to do so at the activation loop. These datareveal that STK25 activates LATS
kinases through a mechanism that is completely distinct from what has previously been

characterized for the MST/MAPA4K kinases (Fig. 4€).

To assess whether the increase in phosphorylated LATS-AL correlates with an increase in LATS
activity, we transfected STK25 either alone, or together with LATS2, in LATS dKO 293A cells
and then assessed levels of Y AP phosphorylation via immunoblotting. As we previously noted,

overexpression of STK25 in LATS dKO 293A was insufficient to induce Y AP phosphorylation;
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however, transfection of wild-type LATS2 was sufficient to increase levels of phosphorylated
YAP, which was further increased upon co-transfection of LATS2 with STK25 "', but not
STK25 K*R (Supplementary Fig. 5b). Additionally, transfection of kinase-dead LATS2
abrogated this effect, which could not be rescued by co-transfection with STK25, strongly
indicating once again that STK25 depends upon LATS kinases for its inhibitory effects on YAP

(Supplementary Fig. 5b).

To further validate our in vitro findings that STK25 is able to phosphorylate LATS at its
activation loop, we assessed the effects that modulation of STK25 has on LATS-AL
phosphorylation in cells. To do this, we depleted STK25 via SRNA transfection and then
stimulated LATS activity by treating cells with 10 uM DCB, after which the levels of activated
LATS were assessed by quantitative immunoblotting. We observed an increase in
phosphorylated LATS-AL with DCB treatment, which was significantly decreased upon
knockdown of STK25 (Fig. 4f). Next, we overexpressed STK25 together with LATS2 in cdlls
and found that co-expression of LATS2 along with wild-type STK25, but not kinase-dead
STK25, was able to increase levels of phosphorylated LATS-AL (Fig. 49). Lastly, we grew to
confluence either control HEK293A cells expressing Cas9 together with a non-targeting sgRNA
or STK25 KO HEK293A expressing Cas9 together with a sgRNA targeting STK25, and then
assessed levels of phosphorylated LATSL a the hydrophobic motif (LATS-HM) and the
activation loop (LATS-AL) by quantitative immunoblotting. We found a significant decrease in
phosphorylation of the LATS-AL in our STK25 KO HEK293A, but to our surprise, we also
noted a robust and seemingly compensatory increase in phosphorylation of the LATS-HM (Fig.

4h).  Further, this data suggested that cells lacking STK25 are unable to appropriately

12


https://doi.org/10.1101/354233
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/354233; this version posted October 1, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC 4.0 International license.

phosphorylate LATS-AL even when the LATS-HM is phosphorylated (Fig. 4h). Taken together,
these data demonstrate that STK25 activates LATS through a previously unreported mechanism
in which STK25 directly promotes phosphorylation of LATS-AL, independent from LATS

intrinsic kinase activity.

STK25 Loss Impairs LATS Activation under Physiologic Conditions and Provides a
Proliferative Advantage

We next analyzed the effects of STK25 in physiologically relevant contexts that are known to
stimulate LATS activation. We first assessed both LATS and Y AP activity in confluent, contact
inhibited cells, as contact inhibited cells are known to have strong activation of LATS kinases
(Zhao et a. 2012). Indeed, we found that control HEK293A célls efficiently activated LATS and
induced Y AP phosphorylation upon being grown to full confluence (Fig. 5a, Supplementary Fig.
6a). By contrast, HEK293A cells depleted of STK25 exhibited reduced levels of YAP
phosphorylation as assessed by quantitative immunoblotting (Fig. 5a) and phos-tag analysis
(Supplementary Fig. 6b). We aso observed reduced TAZ phosphorylation and subsequent
stabilization of unphosphorylated TAZ levels following loss of STK25 (Supplementary Fig. 6¢).
These results were reproduced in STK25 KO 293A cells (Supplementary Fig. 6d). We also grew
adherent cells in suspension for defined periods of time, as cell detachment is another known
activator of LATS activity (Zhao et al. 2012). We found that depletion of STK25 significantly
impairs the dynamics of Y AP phosphorylation under these conditions, such that not only does
the overall magnitude of Y AP phosphorylation become blunted, but Y AP gets phosphorylated

more slowly and to a lesser extent in STK25-depleted cells compared to controls (Fig. 5c¢).
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Together, these results demonstrate that STK25 plays a significant role in activating LATS

kinases following cellular perturbations known to activate the Hippo signaling pathway.

We hypothesized that depletion of STK25, with subsequent Y AP activation, would also provide
proliferative advantages to cells. Indeed, we found that cells genetically depleted of STK25 have
an increased growth rate in culture (Fig. 5b). We also found that depletion of STK25 allows cells
to partially overcome cell cycle arrest induced by contact inhibition, thereby validating our
findings that loss of STK25 prevents YAP phosphorylation under contact inhibited conditions
(Fig. 5d). Further, it has previously been demonstrated that tetraploid cells, which arise from
cytokinetic falures, fail to proliferate efficiently due to LATS activation and subsequent
inactivation of YAP. Proliferation can be restored to tetraploid cells through restoration of YAP
activity (Ganem et a. 2014). Indeed, we found that STK25 knockdown is also sufficient to
restore proliferative capacity to tetraploid cells (Fig. 5e, f). Lastly, we wished to assess if loss of
STK25 would have similar effects in vivo. To do this, we extracted protein samples from the
livers of STK25-/- adult mice and their wild-type adult littermates, which we then analyzed via
SDS-PAGE for YAP and TAZ levels (Fig. 5g). As expected, we found increased levels of YAP
and TAZ protein in the STK25-/- mice livers compared to their wild-type controls, indicating that

loss of STK25 inactivates Hippo signaling under physiologic conditions both in vitro and in vivo

(Fig. 59).

Our data suggest STK25 is a novel activator of the LATS kinases whose depletion leads to
activation of YAP/TAZ and subsequent cellular proliferation. YAP/TAZ are known to be hyper-

activated across a wide range of human malignancies, although the mechanisms leading to their
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activation remain poorly understood. Our data suggest that loss of STK25 may represent one
route through which cancer cells functionally activate YAP/TAZ. Interestingly, bioinformatic
analysis of the TCGA reveals that focal deletion of STK25 is a very common event across many
tumor subtypes, with deep deletions occurring in a significant proportion of multiple aggressive
cancers (Fig. 6a, b). For example, STK25 is homozygously deleted from nearly 9% of all
sarcomas (Fig 6a, b). We assessed if STK25 deletion status has an effect on the clinical course of
disease and found that sarcoma patients with STK25 deletions have significantly shorter
durations of survival than those with intact STK25 and that deletions of STK25 are more common
in patients with recurrent disease than those without (Fig. 6¢c, Supplementary Fig. 7a).
Additionally, we found that this pattern of recurrent focal loss in human cancers is unique to
STK25 among the currently identified LATS activating kinases (Supplementary Fig. 7b). Taken
together, our findings suggest that loss of STK25 may be one mechanism through which human
cancers functionally inactivate Hippo signaling to promote tumorigenesis and disease

progression.

Discussion

It has been well established since the first knockout studies that deletions of both MST1 and
MST2 are not sufficient to completely inactivate LATS signaling in mammalian cells (Zhou et al.
2009), strongly indicating the presence of additional LATS regulators (Thompson and Sahai
2015). Indeed, members of the MAP4K family, including human orthologs of Drosophila Hppy
(MAP4K1, 2, 3, and 5) and Msn (MAP4K4, 6, and 7) were recently identified as upstream
activators of LATS kinases. Like MST1/2, MAP4K proteins activate LATS via phosphorylation

of the LATS hydrophobic motif (Li et al. 2014, Zheng et al. 2015, Meng et al. 2015, Hoa €t al.
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2016). The presence of such redundancies highlights the critical nature of LATS signaling in
ensuring that cellular proliferation ceases when appropriate. In contrast, STK25-dependent
activation of LATS entirely bypasses the need for phosphorylation at the hydrophobic motif,
which provides some explanation for the robustness with which loss of this singular kinase is
able to blunt LATS activation. Further, our study has revealed that LATS phosphorylation at the
activation loop is not solely an auto- or trans-phosphorylation event, as we have identified
STK25 as the first kinase able to phosphorylate the LATS activation loop motif independent of
LATS kinase activity. It has previously been shown by several groups that while genetic deletion
of the MST/MAP4K pathway components potently decreases levels of LATS and YAP
phosphorylation, it is still possible to induce additional LATS activity upon treatment with actin
depolymerizing agents or contact inhibition (Zhang et a. 2015, Meng et al. 2015, Li et al. 2015,
Pouffe et al. 2016). We have now shown that STK25 is responsible for at least a portion of this
remaining LATS activity, and that the mechanism through which it promotes LATS activity is
novel and independent from other upstream Hippo kinases. This may explain the robustness with
which loss of this singular kinase is able to potently activate YAP. Further, this lack of
mechanistic redundancy may also explain why STK 25 appears to be frequently focally deleted in
a spectrum of human cancers, which is not observed with members of the MST/MAPA4K

signaling cascade (Supplementary Fig. 7b).

Severa questions remain regarding the regulation of Hippo signaling, especially with respect to
how stimulatory inputs that induce loss of cytoskeletal tension ultimately activate kinases
upstream of LATS (Zhou et al. 2009, Zheng et al. 2015, Meng et a. 2015). While the activation

of MAP4K proteinsis poorly understood, MST1/2 are activated by both the TAO family kinases
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and through auto-phosphorylation events (Praskova et a. 2004, Boggiano et a. 2011, Poon et al.
2011), suggesting STK25 may be subject to similar regulatory control. Alternatively, STK25
may be congtitutively active and loss of cytoskeletal tension smply promotes LATS-STK25
interaction. Indeed, it was recently shown that TRIP6 negatively regulates LATS by competing
for MOBL1 binding, and that this inhibition of LATS is relieved upon loss of cytoskeletal tension,
suggesting that loss of tension alows for recruitment of LATS to other binding partners that
promote its activity (Dutta et al. 2018). Another possibility involves spatial regulation of STK25
in tandem with the status of the Golgi apparatus. STK25 is known to localize to and regulate the
polarization of the Golgi ribbon (Preisinger et al. 2004, Matsuki et al. 2010). Recent studies have
implicated the Golgi as serving a sensor role that integrates extracellular signals for signaling
pathways regulating cellular proliferation (Thomas et al. 2014). It is possible that when the Gol gi
becomes disorganized under conditions of low cytoskeletal tension, such as when a cell becomes
contact inhibited or actin becomes pharmacologically disrupted (Lazaro-Dieguez et al. 2006),
that STK25 becomes released from the Golgi to associate with LATS kinases. Alternatively, loss
of tension and consequent Golgi disruption may serve as asignal to recruit LATS kinases to sites

of disturbed Golgi, where they can then associate with STK25 to promote LATS activity.

In conclusion, we define STK25 as a novel regulator of Hippo signaling, which activates
LATSL/2 via a novel mechanism independent from the canonical MST/MAP4K signaling
pathway. The novelty of this mechanism explains why loss of this single kinase is able to induce
significant activation of YAP, which is unable to be compensated for by the presence of other
upstream Hippo kinases. We posit that STK25 is a putative tumor suppressor gene, with data

from human cancers supporting our claim; STK25 appears to undergo significant focal deletions
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in a large variety of human cancers, and loss of STK25 in our cellular models promotes
increased proliferation and resistance to stimuli that would normally induce cell cycle arrest.
Deletions or mutations of core Hippo pathway components are rare, and it remains to be
discovered how cancer cells overcome this critical tumor suppressor pathway in the process of
transformation. Our data demongtrate that loss of STK25 represents one potential route through

which cancer cells might deregulate this critical tumor suppressor pathway to achieve pathologic

capacity.
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Figure 1. STK25 regulates Hippo activation in response to loss of cytoskeletal tension.

a. Immunoblot and quantitation of phosphorylated YAP levels following treatment with 10 uM
DCB in HEK293A cdlls transfected with the indicated SIRNA. (n=6; ***p<0.001, unpaired t-
test). b. Global phosphorylation status of YAP was assessed using Phos-tag gel electrophoresis
following treatment with 10 uM DCB in HEK293A cdlls transfected with either control SRNA
or STK25 SRNA. Shifted bands indicate degrees of YAP phosphorylation. c. TAZ
phosphorylation status was assessed using Phos-tag gel electrophoresis following treatment with
10 uM DCB in HEK293A cdlls transfected with either control SRNA or STK25 siRNA. d.
Immunoblot and quantitation of phosphorylated YAP levels following treatment with 10 uM
DCB in ether control HEK293A stably expressing Cas9 and a non-targeting sgRNA or STK25
KO 293A stably expressing Cas9 together with either sgRNA 1 (Clone 1) or sgRNA 2 (Clone 2)
targeting STK25. (n=4; *p<0.05, One-way ANOVA with Dunnett's post-hoc analysis). e.
Immunoblot and quantitation of phosphorylated YAP levels following treatment with 10 uM
DCB in HEK293A cells stably expressing wild-type STK25 (STK25-WT), kinase-dead STK25
(STK25-KD), or vector control (Vector) transfected with the indicated sSRNAs. (n=S3;
***p<0.001, N.S.: not significant; One-way ANOVA with Tukey’'s post-hoc analysis). S.E.

stands for Short Exposure; L.E. stands for Long Exposure.

Figure 2. Lossof STK25 promotes activation of YAP.

a. HEK293A cdlls transfected with either control SSIRNA or STK25 siRNA stained for YAP
(Green), Actin (Red), and DNA (White) following treatment with 5 uM DCB. Scale bar, 20 pm.

b. YAP intensity was quantified and nuclear:cytoplasmic ratios were calculated (n=225 per group
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over 3 biological replicates, ****p<0.0001, Mann-Whitney test). c.YAP localization was
guantified (n=3; N>C, YAP is enriched in the nucleus, N=C, YAP is evenly distributed between
the nucleus and the cytoplasm; N<C, YAP is enriched in the cytoplasm). d. Control and STK25
KO HEK293A were stained for YAP (Green) and DNA (White). Scale bar, 20 um. e
Nuclear:cytoplasmic YAP ratios of control and STK25 KO HEK293A were quantified (n=225
per group over 3 biological replicates; ****p<0.0001, Kruskal-Wallistest). f. YAP localization in
control and STK25 KO HEK293A was quantified as before (n=3 biological replicates). g. gPCR
analysis of YAP-target gene expression in IMR90 fibroblasts transfected with the indicated
SIRNA (n=4; **p<0.01, unpaired t-test). h. gPCR analysis of YAP-target gene expression in
wild-type, STK25"", and STK25” mouse embryonic fibroblasts (n=3; **p<0.01, ****p<0.0001,
One-way ANOVA with Dunnett’s post-hoc analysis). i. Expression of the TEAD luciferase
reporter in HEK293A cells transfected with the indicated SRNA. Cells were transfected with
SIRNA, followed by transfection with 8X GTIIC TEAD luciferase reporter and pRL-TK renilla
luciferase. Reporter luciferase activity was normalized to Renilla luciferase (n=3; *p<0.05, One-
way ANOVA with Dunnett’'s post-hoc analysis). j. An expression signature of genes most
upregulated upon loss of STK25 was constructed and GSEA was performed against a curated list
of publicly available active YAP/TAZ gene sets. The top three most enriched gene sets are shown

here.

Figure 3. STK25 acts through LATS1/2 to inhibit YAP, independent of MST1/2 and

MAP4Ks.

a. HEK293A cells stably expressing STK25-WT, STK25-KD, or Vector were stained for YAP
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(Red) and DNA (White). b. YAP intensities from a were quantified and nuclear:cytoplasmic
ratios were calculated (n=225 per group over 3 biological replicates, ****p<0.0001, Mann-
Whitney test). c. YAP localization from a was quantified (n=3 biological replicates; N>C, YAPis
enriched in the nucleus, N=C, YAP is evenly distributed between the nucleus and the cytoplasm;
N<C, YAP is enriched in the cytoplasm). d. Wild-type and LATS dKO HEK293A were
transfected with a vector encoding FLAG-STK25-WT and were stained for YAP (Green), FLAG
(Red), and DNA (White). Arrows indicate representative cells selected for quantification that
were positive for FLAG signal (indicating expression of transfected wild-type STK25) as well as
an immediately adjacent cell negative of FLAG signal also selected for quantification to serve as
controls. e. YAP intensities from d and nuclear:cytoplasmic ratios were calculated (n=200 per
group over 4 biological replicates; ****p<0.0001, Kruskal-Wallis test with Dunn’s post-test; N.S.
indicates “not significant”). f. YAP localization from d were quantified as before (n=4 biological
replicates). g. Wild-type and LATS dKO HEK293A were transfected with the indicated SIRNA,
grown to confluence, then stained for YAP (Green), Tubulin (Red), and DNA (White). h. YAP
intensities from g were quantified and nuclear:cytoplasmic ratios were calculated (n=225 over 3
biological replicates; ****p<0.0001, Kruskal-Wallis test with Dunn’s post-test; N.S. indicates
“not significant.”) i. YAP localization from g were quantified as before (n=3 biological
replicates). j. Immunoblot and quantification of phosphorylated YAP in MM8KO 293A cells
transfected with the indicated SSIRNA (n=3; *p<0.05, paired t-test). K. MM8KO 293A cells were
transfected with a vector encoding FLAG-tagged wild-type STK25 and were stained for YAP
(Green), FLAG (Red), and DNA (White). |. YAP intensities from k were quantified in a FLAG-
signal positive cell as well as an immediately adjacent FLAG-signal negative cell, and

nuclear:cytoplasmic ratios were calculated (n=100 per group over 3 biological replicates;
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****p<0.0001, Mann-Whitney test). All scale bars 20 pm, unless indicated otherwise.

Figure 4. STK25 associates with LATS1/2 and directly phosphorylates LATS activation

loop.

a. LATS2 was immunoprecipitated from HEK293A cells co-transfected with HA-LATS2 and
either vector control or FLAG-STK25. Co-precipitation of FLAG-STK25 with HA-LATS2 was
assessed by immunoblotting. b. HEK293A cells were transfected with Myc-LATS1 or HA-
LATS2. LATS1 and LATS2 were immunoprecipitated using antibodies directed against their tags
and co-precipitation of endogenous STK25 was assessed by immunoblotting. c. Schema of thein
vitro kinase assay set-up. The indicated cell lines were transfected with HA-LATS2, FLAG-
STK25, or FLAG-MAP4K1. Protein lysates were then collected and used to individualy
immunoprecipitate kinases of interest. The purified kinases were then mixed together in kinase
assay buffer and incubated for 30 minutes at 30°C with or without 500 UM ATP. Reactions were
terminated by the addition of sample buffer, and levels of LATS phosphorylation were assessed
via immunoblotting. d. Immunoprecipitation (IP) purified wild-type LATS2 (HA-LATS2-WT)
was co-incubated with IP purified wild-type STK25 (FLAG-STK25-WT), kinase-dead STK25
(FLAG-STK25-KD), or wild-type MAP4K1 (FLAG-MAP4K1) and assessed for
phosphorylation of its hydrophobic motif (P-LATS-HM) or activation loop (P-LATS-AL). e. IP
purified kinase-dead LATS2 (HA-LATS2-KD) from transfected LATS dKO 293A cells was co-
incubated with IP purified FLAG-STK25-WT, FLAG-STK25-KD, or FLAG-MAP4K1, all from
transfected LATS dKO 293A. Levels of phosphorylated LATS at the hydrophobic motif (P-
LATS-HM) and activation loop (P-LATS-AL) were assessed viaimmunoblotting. f. Immunobl ot
and quantification of LATS activation loop phosphorylation (P-LATS-AL) following treatment

with 10 uM DCB in HEK293A cdlls transfected with the indicated SRNA. (n=4; *p<0.05, paired
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t-test). g. HEK293A cells were co-transfected with HA-tagged wild-type LATS2 (HA-LATS2-
WT) and either vector control (Vector), wild-type STK25 (FLAG-STK25-WT), or kinase-dead
STK25 (FLAG-STK25-KD). LATS2 was immunoprecipitated and used to assess levels of
activation loop phosphorylation by immunoblotting. Input lysates were assessed by
immunoblotting for assessing protein loading and verification of transfected protein expression.
h. Immunaoblot and quantification of LATS1 hydrophobic motif (P-LATS-HM) and activation
loop (P-LATS-AL) phosphorylation in either control HEK293A stably expressing Cas9 and a
non-targeting sgRNA or STK25 KO 293A stably expressing Cas9 together with sgRNA 1 grown

to confluence (n=3; *p<0.05, **p<0.01, paired t-test).

Figure 5. STK25 regulates YAP phosphorylation in response to physiologic stimuli.

a. Immunaoblot and quantification of YAP phosphorylation in HEK293A cells grown to low
confluence or high confluence after transfection with the indicated sSiRNA. (n=3; *p<0.05,
unpaired t-test). b. Cdlular proliferation curves of control HEK293A clones and STK25 KO
clones over the indicated time periods (n=3 replicates per cell line; ***p<0.001, ****p<0.0001,
two-way ANOVA with Tukey’s post-hoc test). ¢. Representative immunoblot and quantification
of YAP phosphorylation in IMR90 fibroblasts transfected with the indicated SSRNA and held in
suspension for the indicated time periods. d. Quantification of the percentage of cells remaining
in S/G; phase following prolonged contact inhibition in hTERT-RPE-1-FUCCI cdlls transfected
with the indicated SRNA (n=4; **p<0.01, ****p<0.0001, one-way ANOVA with Dunnett’s post-
hoc test). e. Cytokinesis faillure was pharmacologically induced in hTERT-RPE-1 cells to
generate binucleated tetraploid cells, and the percentage of EdU postive tetraploid cells

following sSIRNA transfection was quantified. Cells were stained for DNA (White) and EdU
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incorporation (Green). Scale bar, 20 um. f. Quantification of the percentage of EdU positive
binucleated tetraploid cells following transfection with the indicated SRNA. TP53 siIRNA served
as positive control. (n=4 biological replicates; *p<0.05, One-way ANOVA with Dunnett’s post-
hoc test). g. Protein samples were collected from livers of STK25+/+ and STK25-/- adult mice.
Immunoblot and quantification of YAP and TAZ levels in these mice are presented (n=3 per
genotype, **p<0.01, ***p<0.001, unpaired t-test). All data is presented as mean + SEM unless

otherwise indicated.

Figure 6. Loss of STK25 is common in human cancers and adversely affects patient

survival.

a. Publicly available TCGA datasets were probed to assess rates of focal deletion in STK25 using

the Tumorscape program online (http://www.broadinstitute.org/tcgal). The top 10 cancers with

the highest rates of focal deletions in STK25 are shown, together with the “All Cancers’ dataset.
b. Graphical representation of human cancers with the highest frequencies of STK25 deletion.
Data was accessed using the cBioPortal online program (http://www.chioportal.org/). c. Survival
data of sarcoma patients from the TCGA dataset were accessed using the Xenabrowser online

program (https://xenabrowser.net/) and overall survival rates and times were assessed for patients

with and without deletions of STK25 (*p=0.0172, n=215, log-rank test). d. Proposed model of

STK25 in Hippo tumor suppressor signaling.
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