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Abstract

The Hippo pathway controls organ size and tissue homeostasis through a kinase cascade leading
from the Ste20-like kinase Hpo (MST1/2 in mammals) to the transcriptional coactivator YKi
(YAP/TAZ in mammals). While previous studies have uncovered positive and negative regulators
of Hpo/MST, how they are integrated to maintain signaling homeostasis remains poorly
understood. Here we identify a self-restricting mechanism whereby autophosphorylation of an
unstructured linker in Hpo/MST creates docking sites for the STRIPAK PP2A phosphatase
complex to inactivate Hpo/MST. Mutation of the phospho-dependent docking sites in Hpo/MST or
deletion of SImap, the STRIPAK subunit recognizing these docking sites, results in constitutive
activation of Hpo/MST in both Drosophila and mammalian cells. In contrast, autophosphorylation
of the Hpo/MST linker at distinct sites are known to recruit Mats/MOBL to facilitate Hippo
signaling. Thus, multisite autophosphorylation of Hpo/MST linker provides an evolutionarily
conserved built-in molecular platform to maintain signaling homeostasis by coupling antagonistic
signaling activities.
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The Hippo pathway was named after the Ste20-like kinase Hpo/MST but how its activity is
regulated remains unclear. Zheng et al identify a self-restricting mechanism whereby
autophosphorylation of an unstructured linker in Hpo/MST creates docking sites for the STRIPAK
PP2A phosphatase complex to inactivate Hpo/MST in both Drosophilaand mammals.
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Introduction

The Hippo signaling pathway was first elucidated as a mechanism that restricts the growth
of imaginal discs in Drosophila and has since been found to control tissue growth and
homeostasis in diverse animals including mammals (Harvey and Hariharan, 2012; Pan,
2010; Yu et al., 2015). Central to this pathway is a core kinase cascade in which the Ste-20
family kinase Hippo (Hpo, MST1/2 in mammals), in conjunction with the scaffold protein
Salvador (Sav, SAV1 in mammals), phosphorylates and activates the NDR family kinase
Warts (Wts, LATS1/2 in mammals) and its cofactor Mob as tumor suppressor (Mats,
MOB1A/B in mammals). Activated Wts/LATS-Mats/MOB1 complex then phosphorylates
and inactivates transcriptional coactivator Yorkie (Yki, YAP/TAZ in mammals), leading to
phosphorylation-dependent nuclear exclusion and inactivation of Yki/YAP/TAZ. Under
conditions of low Hippo signaling, YKi/YAP/TAZ enters the nucleus and partners with the
TEF/TEAD family DNA-binding transcriptional factor Scalloped (Sd, TEAD1/2/3/4 in
mammals) to drive the expression of growth promoting genes. Under conditions of high
Hippo signaling and absence of nuclear Yki/YAP/TAZ, Sd/TEAD functions as a default
repressor to repress the transcription of Hippo target genes (Koontz et al., 2013). An
emerging paradigm from studies in multiple model systems indicates that the core kinase
cascade of the Hippo pathway functions as a signaling module that integrates diverse cell-
intrinsic and -extrinsic signals, such as cell adhesion and polarity, mechanical forces, soluble
factors and various stress signals (Genevet and Tapon, 2011; Halder et al., 2012; Yu et al.,
2015).

Although the Hippo pathway was named after the protein kinase Hpo/MST, our
understanding of the molecular mechanisms regulating its kinase activity remains
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incomplete. Activation of Hpo and its mammalian homologues MST1/2 requires
phosphorylation of a key site in the activation loop of the kinase domain (T195 for Hpo,
T183/T180 for MST1/2), which can be mediated by trans-autophosphorylation (Creasy et
al., 1996; Ni et al., 2013; Praskova et al., 2004) or by an upstream kinase Tao-1 (TAOK1/2/3
in mammals) (Boggiano et al., 2011; Poon et al., 2011). When overexpressed in cells,
MST1/2 forms homodimers with elevated kinase activity, suggesting that homodimerization
per seis sufficient to trigger autoactivation by trans-autophosphorylation (Creasy et al.,
1996; Ni et al., 2013; Praskova et al., 2004). Autoactivation of Hpo/MST requires
dimerization elements in both the N-terminal kinase domain and the C-terminal SARAH
(Salvador-Rassf-Hpo) domain, as mutations abolishing either the N- or the C-terminal
dimerization domain strongly compromise autophosphorylation (Deng et al., 2013; Jin et al.,
2012; Ni et al., 2013). SAV1 promotes MST dimerization and activation by forming
heterotetramers containing two MST and two SAV1 subunits (Ni et al., 2013). The ability of
Hpo/MST to homodimerize and autoactivate poses a potential risk, as activated Hpo/MST is
a potent inducer of apoptosis, through Hippo signaling, as well as Hippo-independent
events, such as phosphorylation of histone H2B (Cheung et al., 2003) or FOXO transcription
factors (Lehtinen et al., 2006). Thus, the kinase activity of Hpo/MST must be carefully
regulated to prevent spurious activation in development and physiology.

One way to restrict the kinase activity of Hpo/MST is by engaging negative regulators.
Indeed, several negative regulatory mechanisms have been reported that restrict the kinase
activity of Hpo/MST. The cell polarity regulator Par-1 in Drosophila and its mammalian
homologs microtubule affinity-regulating kinases 1/2/3 (MARKZ1/2/3) have been reported to
physically interact with and antagonizes Hpo/MST activity through unknown mechanisms
(Huang et al., 2013; Kwan et al., 2016). Another negative regulator of Hpo/MST is the
STRIPAK PP2A phosphatase complex, which has been shown to associate with Hpo/MST
in Drosophila and mammalian cells (Couzens et al., 2013; Ribeiro et al., 2010) and restrict
Drosophila Hpo kinase activity by dephosphorylating its activation loop motif (Ribeiro et
al., 2010). Despite these advances, how positive and negative inputs into Hpo/MST are
integrated to maintain signaling homeostasis is poorly understood.

We have previously shown that upon phosphorylation at its activation loop in the kinase
domain, Hpo/MST undergoes multisite autophosphorylation in an unstructured linker region
between the kinase domain and the SARAH domain (Ni et al., 2015). Some of these sites
serve as phospho-dependent docking sites that function together with a hydrophobic motif
(HFM) (Figure 1A) to recruit Mats/MOB1 thus promoting Wts/LATS phosphorylation (Ni et
al., 2015). While investigating the functional contribution of the remaining phosphorylation
sites in the linker region, we found that, contrary to the Mats/MOB1 docking sites, these
autophosphorylation sites play an opposite role in Hippo signaling. Further investigation
revealed that these sites function as phosphorylation-dependent docking motifs for the
STRIPAK PP2A phosphatase complex to inactivate Hpo/MST. Thus, multisite
autophosphorylation of the Hpo/MST linker provides a built-in molecular platform to
maintain signaling homeostasis by coupling antagonistic signaling outputs. We suggest that
strategies aimed at disrupting this self-restricting mechanism may provide a potential
approach to activate Hippo signaling for cancer treatment.
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Results

The linker region of Hpo contains two types of autophosphorylation sites with opposing
effects on Hippo signaling

Previously, we have identified a cluster of autophosphorylation sites in the linker of Hpo/
MST, with each site characterized by a Thr residue followed by a hydrophobic Met, Leu, or
Val residue (Ni et al., 2015). Hpo contains five such sites (Figure 1A). We have shown
previously that aside from a Mats-binding hydrophobic motif (HFM), the T431 site also
contributes to Mats binding in a GST pull-down assay (Ni et al., 2015). To further dissect the
function of the linker phosphorylation sites, we generated a Hpo mutant replacing Thr by
Ala in all five sites (Hpo5A), as well as Hpo mutants containing Ala mutations in all but one
of the five phosphorylation sites (Hpo4A/356T, Hpo4A/374T, Hpo4A/387T, HpodA/421T
and Hpo4A/431T). Each Hpo mutant was expressed in Drosophila S2R+ cells and tested for
Mats-binding using bacterially purified GST-Mats fusion protein in a GST pull-down assay.
As shown in Figure 1A, comparable amount of wildtype Hpo and Hpo4A/431T was pulled
down by GST-Mats, whereas binding was reduced to a similar extent between GST-Mats
and all mutants that disabled T431, including Hpo5A, Hpo4A/356T, Hpo4A/374T, HpodA/
387T and Hpo4A/421T. The residual Mats-binding in these Hpo mutant is likely mediated
by the hydrophobic motif and the kinase domain of Hpo (Ni et al., 2015). These results
confirmed that T431 contributes to Mats binding (Ni et al., 2015) and further suggested that
it is the only linker site mediating this interaction (Figure 1A). Thus, the linker
phosphorylation sites can be categorized into two groups, the Mats-binding site T431 and
the remaining four non-Mats-binding sites of unknown function.

To investigate the potential function of the two groups of linker phosphorylation sites, we
compared the /n vivo activity of two Hpo mutants, Hpo431A that lacks the Mats-binding site
T431 and Hpo4A/431T that lacks the four non-Mats-binding sites, with that of wildtype
Hpo. We reasoned that the commonly used UAS/GAL4 system might not be adequate for
comparing their activities because massive overexpression of wildtype Hpo resulting from
the UAS/GALA4 system is sufficient to activate Hippo signaling in Drosophila, potentially
masking any intrinsic differences between the different Hpo variants. With this
consideration, we turned to a conditional expression system driven by the ubiquitous and
mild 7ubulin a1 promoter. For this purpose, we engineered transgenes in which an FRT y*
FRT cassette (Basler and Struhl, 1994) was placed between the 7uz6 promoter and cDNA of
FLAG-tagged Hpo or its variants, thus blocking transcription downstream of the 7ub
promoter (Figure 1B). Each transgene was inserted into identical landing site by PhiC31-
mediated chromosomal integration (Bischof et al., 2007). In the resulting transgenic flies,
the FRT y* FRT cassette can be excised (FLP-out) by a tissue-specific Flippase (FLP)
recombinase source, thus allowing the expression of a Hpo variant downstream of the 7ub
promoter in a tissue-specific manner (Figure 1B).

Using this FLP-out expression system, we first compared the activity of wildtype Hpo,
Hpo431A and Hpo4A/431T in the eye using an eye-specific FLP source ey-FLP. While
expression of wildtype Hpo or Hpo431A by the 7ub promoter caused no discernable
phenotypes in adult flies, we failed to recover any adult flies expressing Hpo4A/431T,
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suggesting that Hpo4A/431T may confer gain-of-function activity (Figure S1A-D). To
obtain viable adults for comparison, we turned to engrailed (en)-Gal4 to drive the expression
of FLP in the posterior compartment of wing imaginal discs. Expression of wildtype Hpo
using this system slightly decreased the size of posterior compartment of adult wings, while
expression of the Mats-binding deficient mutant Hpo431A had no effect, suggesting that
Hpo431A is less active than wildtype Hpo (Figure 1C-E and Figure 1G). Thus, consistent
with our previous results (Ni et al., 2015), the Mats-binding site T431 in the Hpo linker
promotes Hippo signaling. In contrast to Hpo431A, expression of Hpo4A/431T markedly
reduced the size of the posterior compartment, indicating gain-of-function activity of
Hpo4A/431T (Figure 1F and G). Consistent with the adult wing phenotypes, expression of
Hpo4A/431T, but not wildtype Hpo or Hpo431A, significantly decreased the expression of
the Hippo target digp1 in the posterior compartment in developing wing imaginal discs
(Figure 1H-K). To further confirm the gain-of-function activity of Hpo4A/431T, we
examined the expression level of Hippo pathway reporter diapI-lacZ. Indeed, only Hpo4A/
431T was able to markedly downregulate the expression level of digp1-/acZin wing discs
(Figure S1E-H). Of note, western blotting analysis of wing imaginal discs revealed
comparable expression level of the FLAG-tagged Hpo variants, excluding the possibility that
different /n vivo activities were simply due to different protein levels resulting from the
transgenes (Figure S1I). Taken together, these results suggest that the Hpo linker contains
two types of autophosphorylation sites with opposing effects on Hippo signaling, with the
Mats-binding site T431 promoting while the remaining four non-Mats-binding sites
inhibiting Hippo signaling.

The non-Mats-binding sites in the Hpo linker bind to SImap in a phospho-dependent

manner

To understand the biochemical mechanism underlying the gain-of-function activity of the
Hpo4A/431T mutant, we expressed it in Drosophila S2R+ cells. Interestingly, compared to
wildtype Hpo, Hpo4A/431T showed elevated phosphorylation at its activation loop
autophosphorylation site T195 (Figure 2A), suggesting that Hpo4A/431T may possess
higher intrinsic kinase activity than wildtype Hpo.

The increased T195 phosphorylation of the Hpo4A/431T mutant suggests that the non-Mats-
binding sites may normally recruit a negative regulator(s) to restrict the kinase activity of
Hpo. Furthermore, such negative regulator(s) may interact with Hpo through these sites in a
phospho-Thr-dependent manner. Three types of negative regulators of Hpo have been
identified to date, including Rassf (Polesello et al., 2006), the STRIPAK PP2A phosphatase
complex (Ribeiro et al., 2010) and the kinase Par-1 (Huang et al., 2013). A thorough survey
of the domain structure of these negative regulators revealed SImap as a prominent candidate
containing a phospho-Thr binding domain. Simap is a subunit of the STRIPAK PP2A
phosphatase complex (Goudreault et al., 2009), an evolutionarily conserved negative
regulator of Hpo/MST. SImap contains a phospho-Thr binding domain known as Forkhead-
associated (FHA) domain (Durocher and Jackson, 2002). Indeed, SImap has been identified
as a Hpo-binding protein from two independent unbiased screens in Drosophila, including a
genome-wide affinity purification coupled with mass spectrometry analysis (Guruharsha et
al., 2011) and a high-throughput yeast two-hybrid (Y2H) screen (Formstecher et al., 2005).
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We verified Hpo-SImap interaction by reciprocal coimmunoprecipitation (co-1P) between
epitope-tagged Hpo and Slamp in S2R+ cells (Figure 2B). Importantly, no interaction was
detected between Slmap and the kinase dead HpoX71R mutant protein (Wu et al., 2003)
(Figure 2C), consistent with the hypothesis that SImap binds to Hpo only after Hpo has
undergone autophosphorylation.

Interestingly, the previous high-throughput Y2H screen isolated three overlapping clones of
Slmap using Hpo as a bait, and all three clones include the FHA domain of Slamp (Figure
S2A) (Formstecher et al., 2005). In agreement with the Y2H results, epitope-tagged Hpo co-
precipitated with N-terminal half of SImap, which contains the FHA domain (SImapN, aa 1-
343), but not with the C-terminal half of Simap (SImapC, aa 344-897) (Figure S2B). To
further test the importance of the FHA domain, we introduced point mutations in the FHA
domain by replacing three conserved residues (R260 N261 H262) with Alanine, resulting in
a mutant called Simap2FHA, Since SImap is a tail-anchored protein containing a single
predicted transmembrane (TM) domain at the extreme C-terminus (Figure S2A) (Byers et
al., 2009), we also generated a mutant deleting the TM segment, Simap®™  as a control.
Supporting the importance of the FHA domain, Simap2FHA  but not wildtype Simap or
SImap®T™ abolished SImap-Hpo interaction (Figure 2D, left). Direct binding between Hpo
and Slmap’s FHA domain was further confirmed by GST pull-down assay between
bacterially purified GST-FHA fusion protein and epitope-tagged Hpo expressed in S2R+
cells (Figure 2D, right).

Next, we tested whether Hpo-SIimap interaction is mediated by the non-Mats-binding
autophosphorylation sites in the Hpo linker. Mutating all five phosphorylation sites (Hpo5A)
abolished Hpo-SImap interaction in co-IP assays, suggesting that at least some of the linker
sites are required for SImap binding (Figure 2E). Mutating the most C-terminal site T356
(Hpo356A) greatly diminished Hpo-SIimap interaction (Figure 2E), and conversely, a Hpo
mutant with all sites mutated except for T356 (Hpo4A/356T), still interacted strongly with
Slmap (Figure 2E). To determine whether the residual interaction between Hpo356A and
Slmap is due to the remaining sites in the Hpo linker, we compared Hpo5A with Hpo
mutants retaining only one of the five linker sites. As shown in Figure 2F, while T356 was
most critical, Hpo4A/421T, Hpo4A/387T and Hpo4A/374T also interacted with Simap at a
level above Hpo5A or Hpo4A/431T (Figure 2F, short and longer exposures). Thus, all four
non-Mats-binding sites in the Hpo linker contribute to SImap binding, with T356 being the
most important. Taken together, these results support our hypothesis that Simap, through its
phospho-Thr-binding FHA domain, binds to the non-Mats-binding autophosphorylation sites
in the Hpo linker, in a phosphorylation-dependent manner.

Slmap mediates the association between Hpo and the STRIPAK PP2A phosphatase

complex

The STRIPAK PP2A phosphatase complex is an evolutionarily conserved negative regulator
of Hpo/MST in both Drosgphilaand mammals (Couzens et al., 2013; Ribeiro et al., 2010).
Mammalian cells contain two mutually exclusive STRIPAK PP2A complexes, defined by
the presence of CTTNBP2-like adaptors or SLMAP in conjunction with SIKE or its
paralogue FGFR10P2 (Goudreault et al., 2009). However, the initial proteomic study, which
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isolated the STRIPAK PP2A phosphatase complex as a negative regulator of Hpo in
Drosophila, did not identify SImap as a Hpo-associated protein (Ribeiro et al., 2010). To
confirm that Simap is indeed a component of the STRIPAK complex in Drosgphila, we
depleted Slmap in Drosophila wing imaginal discs by RNAI. SImap RNAI in the ern-
expression domain resulted in downregulation of Hippo targets Diapl, diapI-LacZ and ex-
LacZ (Figure 3A-F) as well as a reduction in the size of the posterior compartment of adult
wings (Figure S3A-C). These phenotypes closely resemble RNAI of Cka or Fgop2, two
previously characterized STRIPAK components (Ribeiro et al., 2010), or expression of the
Slmap-binding deficient Hpo4A/431T mutant (Figure 1). Furthermore, Simap RNAI
suppressed the elevated Diap1 expression in exéZ clones but not in o047 clones (Figure
S3D-G), consistent with SImap acting through Hpo to regulate the Hippo pathway.

To test whether SImap is essential for the STRIPAK complex to downregulate the kinase
activity of Hpo, we individually depleted several STRIPAK subunits including SImap in S2R
+ cells by RNAI and examined T195 phosphorylation of endogenous Hpo. Depletion of
Slmap, Cka, Fgop2, Strip or Mob4 all led to increased T195 phosphorylation, while
knockdown of Cttnbp2 showed no effects (Figure 3G). To further confirm these results, we
applied CRISPR/Cas9-mediated genome editing to generate the s/map? allele, which
contains a 19 bp deletion predicted to cause a premature stop codon close to the N-terminus
of the protein (Figure S3H). s/map* homozygous flies are pupal lethal, and the lethality was
rescued 100% by a s/map transgene driven by the Tubulin a1 promoter. In agreement with
the results from S2R+ cells, eye-antennal imaginal discs isolated from 3rd instar larvae of
simap® homozygotes showed elevated Hpo T195 phosphorylation compared to wildtype
control (Figure 3H). In contrast, eye-antennal discs from the null mutants of Rassf, another
protein that has been proposed to mediate Hpo-STRIPAK interaction in Drosophila (Ribeiro
et al., 2010), did not show obvious elevation of Hpo T195 phosphorylation (Figure 3H).
Taken together, these results support a role for SImap and the STRIPAK complex in
suppressing the kinase activity of Hpo.

Next, we investigated how Slmap interacts with the other subunits of the STRIPAK complex
by co-IP assays and found that Simap interacted strongly with Fgop2, but not Cka, Strip or
Mob4 (Figure 31). Consistent with this observation, SImap was identified as a Fgop2-
binding protein in a Y2H-based protein-interaction map of the Drosophila proteome (Giot et
al., 2003). Next, we performed co-IP assays between Hpo and each subunit of the STRIPAK
complex. In line with a previous study (Ribeiro et al., 2010), we detected weak interactions
between Hpo and Fgop2, Cka, or Mts (Figure 3J). Although not identified as a Hpo-binding
protein in the same study, SImap showed much stronger interaction with Hpo under the same
experimental condition (Figure 3J). Significantly, co-expression of Simap markedly
enhanced the interaction between Hpo and Fgop2 (Figure 3J, compare lane 9 with lane 3),
suggesting that Simap may function as a bridge between Hpo and Fgop2, and by inference,
the rest of the STRIPAK complex. We tested this model by taking advantage of a FLAG-
tagged Cka transgene driven by the Tubulin a1 promoter that fully rescued the lethality of
Cka mutant flies (Liu et al., 2016). As shown in Figure 3K, FLAG-Cka readily co-
immunoprecipitated with endogenous Hpo from protein lysates of wildtype third instar
larvae, but not homozygous s/map? larvae (Figure 3K), suggesting that Slmap is required for
the other subunits of the STRIPAK complex to associate with Hpo.
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Phospho-dependent recruitment of SLMAP by MST2 in mammalian cells

Having established a mechanism by which autophosphorylation of the Hpo linker recruits
Slmap and the STRIPAK complex to suppress Hpo activity, we explored whether such
mechanism is conserved in mammals. We noted that co-immunoprecipitation between
MST1/2 and SLMAP has been reported in mammalian cells (Couzens et al., 2013).
However, neither the physiological outcome of this interaction nor the underlying
mechanism of how Slmap brings to STRIPAK to Hpo/MST was elucidated. Like its
Drosophila counterpart, the mammalian SLMAP binds to MST2 but not MST2P164A 3
kinase dead mutant of MST2 (Chan et al., 2005) (Figure 4A). To test whether loss of
SLMAP also leads to activation of MST1/2, we mutated the SLMAP gene using CRISPR-
mediated genome editing in the haploid cell line HAP1 (Figure S4A). Indeed, loss of
SLMAP led to increased phosphorylation of MST1/2 at its activation loop site (T183/180),
accompanied by increased phosphorylation of MOB1 (T35) and YAP (S127 and S397)
(Figure 4B). The activation of Hippo signaling upon loss of SLMAP is MST1/2-dependent,
since a MST1/2-specific inhibitor XMU-MP-1 (Fan et al., 2016) completely reversed the
elevated phosphorylation of MST1/2, MOB1 and YAP in the SLMAP mutant cells (Figure
4B). Consistent with these results, YAP was more concentrated in the cytoplasm in the
SLMAP mutant HAP1 cells compared to the wildtype control (Figure 4C-D).

The human MST2 linker contains seven autophosphorylation sites, four of which are
recognized by MOB1 (Ni et al., 2015). Substitution of all seven sites with Ala (MST2-7A)
abolished MST2-SLMAP interaction (Figure 4A and 4E), suggesting that human SLMAP
also recognizes the autophosphorylation linker sites in MST2. In further agreement with the
results in Drosophila, MST2-7A also showed gain-of-function activity, as revealed by a
dramatic increase of MST2 autophosphorylation at its activation loop site T180 (Figure 4E).
To assess the contribution of each linker site to MST2-SLMAP binding, we engineered a set
of MST2 variants mutating all but one of the seven linker phosphorylation sites (MST2-6A/
325T, MST2-6A/336T, MST2-6A/342T, MST2-6A/349T, MST2-6A/356T, MST2-6A/364T,
and MST2-6A/378T). Among these mutants, MST2-SLMAP binding was significantly
restored in MST2-6A/325T and MST2-6A/378T, and slightly restored in MST2-6A/336T
(Figure 4E). Accordingly, these three mutants also showed less T180 phosphorylation than
MST2-7A or the rest of the MST2-6A mutants (Figure 4E). Taken together, these results
suggest that the T325, T336 and T378 site each contributes partially to SLMAP binding. We
note that among these three sites, T378 is one of the four linker sites that have been
implicated in MOBL1 binding (Ni et al., 2015). Thus, unlike Drosophila Hpo in which the
Mats-binding and the Simap-binding sites are completely separable, T378 is a shared site in
MST2 that can bind both MOB1 and SLMAP (Figure S4D).

To further explore the function of T325, T336 and T378 in SLMAP binding, we generated
two additional mutants, MST2-3A (325/336/378A-342/349/356/364T) that mutates only
these three sites, and MST2-3T (325/336/378T-342/349/356/364A) that retains only these
three sites. MST2-3A completely lost SLMAP binding while MST2-3T showed comparable
SLMAP binding as wildtype MST2 (Figure 4F), demonstrating that the T325, T336 and
T378 sites combinatorically mediate MST2-SLMAP interaction. It is worth noting that
although both MST2-3A and MST2-7A abolished SLMAP binding, MST2-7A still had

Cell Rep. Author manuscript; available in PMC 2017 December 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zheng et al.

Page 9

higher T180 phosphorylation than MST2-3A (Figure 4F). Conversely, while MST2-3T and
wildtype MST2 showed similar SLMAP binding, MST2-3T showed higher T180
phosphorylation than wildtype MST2 (Figure 4F). The simplest explanation is that the linker
phosphorylation sites may engage additional proteins besides SLMAP to restrict MST2
kinase activity. Alternatively, SLMAP may bind to the other linker sites besides T325, T336
and T378, but the binding may be too weak to be revealed by co-1P assays.

To further corroborate our model of phospho-dependent recruitment of SLMAP by MST2,
we examined the subcellular localization of the two proteins. For comparison, we also
included the linker-sites-defective mutant MST2-7A and the kinase-dead mutant
MST2D164A in our analysis. When expressed alone in HeL a cells, the tail-anchored protein
SLMAP was predominantly localized to punctate structures positive for mitochondria and
ER markers (Figure S4B-C), as reported previously (Byers et al., 2009), while MST2,
MST2-7A or MST2P164A was distributed ubiquitously in the cytosol (Figures 4G, 41 and
4K). However, when SLMAP and MST2 were co-expressed, MST2 was predominantly co-
localized with SLMAP to punctate structures (Figure 4H). In sharp contrast, MST2-7A or
MST2D164A \yas still ubiquitously distributed in the cytosol in the presence of co-expressed
SLMAP (Figures 4J and 4L). These results not only support the critical role of MST2 linker
phosphorylation in SLMAP recruitment but also implicate mitochondria and ER surface as
potential subcellular sites of STRIPAK action.

DISCUSSION

In this study, we have identified an evolutionarily conserved mechanism by which activated
Hpo/MST self-restricts its own kinase activity. This mechanism involves
autophosphorylation of an unstructured linker in active Hpo/MST, which creates docking
sites for SImap and the STRIPAK PP2A phosphatase complex to inactivate Hpo/MST
(Figure S4D). In support of our model, mutation of the phospho-dependent docking sites in
Hpo/MST or loss of Simap results in constitutive activation of Hpo/MST in both Drosophila
and mammalian cells. Interestingly, both the linker phosphorylation motifs in Hpo/MST and
the SImap-STRIPAK complex are conserved even in the single cell organism Capsaspora
(Suga et al., 2013). The deep conservation of this mechanism suggests that it represents a
primordial and significant mode of regulation that emerged very early in the evolutionary of
the Hippo signaling pathway.

Our model provides a molecular explanation for several outstanding findings in the
literature. First, an earlier structure-function analysis has identified an inhibitory domain in
MST1 between aa 331 and aa 394, as deletion of this region resulted in increased MST1
kinase activity (Creasy et al., 1996). Since this region includes six of the seven linker
phosphorylation sites, deletion of this domain is predicted to largely abolish SLMAP-
mediated recruitment of STRIPAK and thus result in increased activity of MST1, as we have
seen in the MST2-7A mutant. Second, it was reported before that mutation of the activation
loop phosphorylation site T180 in MST2 reduced its interactions with SLMAP (Couzens et
al., 2013), which we have confirmed (Figure 4A). While in principle this finding can be
interpreted as the activation loop phosphorylation site of MST1/2 (T180/183) being the
binding site for SLMAP, our studies argue against this possibility. For example, the
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MST2-7A mutant completely abolished SLMAP-binding despite showing a dramatic
increase of T180 phosphorylation, demonstrating that phosphorylated T183/180 per seis not
directly involved in SLMAP-binding. Instead, mutation of T183/180 likely affects SLMAP-
binding indirectly, by abolishing MST1/2 kinase activity, preventing linker phosphorylation
and therefore SLMAP-binding.

We note that our model of SImap-mediated association between Hpo/MST and the
STRIPAK complex differs from a previous model positing that Rassf brings the STRIPAK
complex to suppress Hpo activity (Ribeiro et al., 2010). Unlike Slmap, which binds to the
linker autophosphorylation sites of Hpo/MST, Rassf binds to Hpo/MST through their C-
terminal SARAH domains. These two models, however, are not necessarily exclusive of
each other. Dimerization of Hpo/MST, either on its own or assisted by Sav/SAV1, promotes
its activation by trans-autophosphorylating the activation loop site in the kinase domain (Ni
et al., 2013; Praskova et al., 2004). In contrast, RASSF5 forms heterodimer with MST2, a
configuration that precludes trans-autophosphorylation (Ni et al., 2013). Indeed, the Hpo-
Sav complex has much higher kinase activity than the Hpo-Rassf complex when isolated
from the Drosophila S2 cells (Polesello et al., 2006). Thus, it is possible that the SImap- and
the Rassf-mediated mechanisms may apply to different threshold of Hpo/MST activity.
Irrespective of the validity of this model, the fact that loss of Rassfleads to a much milder
phenotype in Drosophila (Polesello et al., 2006) than loss of S/map or mutating the Simap
docking sites in Hpo suggests the SiImap-mediated mechanism is likely more critical in the
context of organ development, a proposition that is further supported by our observation of
elevated Hpo T195 phosphorylation in S/map but not Rassfmutant fly tissues (Figure 3H).

Multisite phosphorylation of a single substrate by a single kinase is a common phenomenon
in signal transduction (Cohen, 2000; Salazar and Hofer, 2009). Depending on the
cooperativity among the phosphorylation sites, it can lead to switch-like behavior
(Koivomagi et al., 2011; Nash et al., 2001) or graded response (Pufall et al., 2005;
Strickfaden et al., 2007), and therefore increasing the complexity of signal transduction. A
unique feature of Hpo/MST is that multisite autophosphorylation both facilitates as well as
restricts Hippo signaling (Figure S4D). These opposing effects on signal transduction are
mediated by largely non-overlapping autophosphorylation sites that recruit distinct effectors,
Mats/MOBL1 and STRIPAK. This molecular design provides a most efficient way to couple a
“signal-on” state to a “signal-off” state, and may serve to maintain a homeostatic level of
Hippo signaling or prevent spurious/prolonged pathway activation that can be detrimental to
an organism. Interestingly, multisite phosphorylation with opposing effects was also
documented in a recent study of the Elk-1 transcriptional factor (Mylona et al., 2016),
suggesting that this may be a common design principle in signal transduction.

PP2A represents the most abundant phosphatase in cells and is predominantly found as a
heterotrimeric complex composed of a catalytic C subunit, a scaffolding A subunit, and a
regulatory B subunit (Rogers et al., 2016; Slupe et al., 2011). While it is generally believed
that the diverse B subunit dictates substrate specificity of the PP2A holoenzyme, we
demonstrate here that recognition of Hpo/MST by the STRIPAK PP2A complex is mediated
not by the B subunit (which is Cka in Drosophilaand Striatin1/3/4 in mammals), but rather
by a more periphery subunit SImap. This recognition is mediated by modular interactions
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between a dedicated phospho-Thr-binding domain (FHA domain) in Slmap and linker
phosphorylation sites in Hpo/MST, in much the same way that modular interactions mediate
other cell signaling events, such as the recognition of phosphorylated Tyrosine residues by
SH2 domains. The phospho-dependent nature of Hpo/MST-SImap interactions not only
provides a robust mechanism to couple phosphorylation and dephosphorylation in dynamic
cell signaling, but also highlights the importance of Simap as a phosphorylation dependent
substrate adaptor protein that targets PP2A to its substrates in a regulated manner. Whether
Slmap mediates the recognition of other substrates besides Hpo/MST by PP2A awaits future
investigation.

Lastly, we suggest that strategies aimed at disrupting the SImap-mediated self-restricting
mechanism on Hpo/MST may provide a potential approach to activate Hippo signaling for
cancer treatment. Most human cancers show activation of YAP/TAZ, yet they generally lack
mutations in the canonical tumor suppressors upstream of YAP/TAZ (Yu et al., 2015;
Zanconato et al., 2016). This suggests that in most tumors with high YAP/TAZ activity, the
canonical Hippo signaling is likely intact. Thus, strategies aimed at inhibiting the activity or
the recruitment of the STRIPAK complex to Hpo/MST may in principle lead to activation of
Hpo/MST, inactivation of YAP/TAZ and suppression of cancer growth. The modular nature
of Hpo/MST-SImap interactions makes this approach especially appealing. Furthermore, due
to its profound effects on Hpo/MST kinase activity, the Simap-STRIPAK complex may
represent an important and underappreciated entry point of regulation by physiological
signals. In support of this view, bacteria-induced Toll receptor signaling activates the Hippo
pathway in Drosophila fat bodies through degradation of the STRIPAK component Cka (Liu
et al., 2016). Identification of other signals that converge on the Simap-STRIPAK complex
will provide important insights into the regulation of Hippo signaling in development and

physiology.

Methods and Materials

Plasmids and antibodies

Myc-Hpo, FLAG-Sav (Wu et al., 2003); FLAG-Cka, FLAG-SImap, FLAG-Fgop2, FLAG-
Strip, FLAG-Mob4 (Liu et al., 2016); FLAG-MST2, FLAG-MST2P164A (Chan et al., 2005);
Flag-Hpo, and GST-Mats (Ni et al., 2015) expression constructs have been described
previously. HA-SImap was made from Flag-SImap. FLAG-PP2A-A (LD10247) and FLAG-
Mts (LD26077) expression constructs were generated from cDNA clones obtained from
Drosophila Genomics Resource Center. V5-SLMAP was made from the cDNA clone
BC115701.1. Site-directed mutagenesis was used to generate mutants of linker
autophosphorylation sites of Hpo/MST2. A flexible linker GGSG was fused to the N-
terminus of SImap FHA domain (C205-Q343) and the DNA sequence was inserted into
pGEX6p-1 to produce GST-FHA proteins in BL21(DE3)-RIPL cells (Agilent).

The following antibodies were used in this study: FLAG and HA (Sigma-Aldrich); Myc
(Calbiochem); V5 (Invitrogen); Hpo (Wu et al., 2003); Diapl (Gift from B. Hay); B-
galactosidase (Developmental Biology Hybridoma Bank); YAP (Novus; for
immunostaining); GFP, YAP (for Western blotting), p-YAP(S127), p-YAP(S381), p-
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MST1/2(T181/T180; also used to detect p-Hpo), MOB1, and p-MOBZ1(T35) (Cell
Signaling); Calreticulin (Abcam).

Drosophila and mammalian cell culture

Drosophila S2R+ cells were cultured in Schneider’s medium supplemented with 10% FBS
and antibiotics at 25 °C (Invitrogen). 293T and HeLa cells were maintained in DMEM
medium, while HAP1 cells in IMDM medium, supplemented with 10% FBS and antibiotics
at 37 °C (Invitrogen). Transfection, immunoprecipitation, and western blotting were carried
out as described previously (Zheng et al., 2015). RNAI in S2R+ cells was carried out using
the bathing protocol obtained from DRSC (http://www.flyrnai.org/DRSC-PRR.html).

Drosophila genetics

Slmap RNA. (8199) line was obtained from the Vienna Drosophila Resource Center
(VDRC). The 20XUAS-FLPG5.PEST  attP18line was obtained from Bloomington
Drosophila Stock Center. rassfo6 and rassf**Z were gifts from N. Tapon (Polesello et al.,
2006). The tub-FLAG-Ckatransgenic line has been described before (Liu et al., 2016). To
generate a mutation in s/map, a CRISPR target sites (CGAGGCGTCCACGAAGAACC)
was selected by CRISPR Optimal Target Finder (http://tools.flycrispr.molbio.wisc.edu/
targetFinder/). Mutants were first selected according the lethal phenotype and then further
verified by DNA sequencing and rescue test using s/map cDNA. To generate the FLP-out fly
lines, FLAG-Hpo was inserted into the pTubattB vector (Liu et al., 2016) using Kpnl/Xbal
digestion and then the FRT y+ FRT cassette was inserted into the Kpnl site. The resulting
constructs were integrated into the attP landing site 89Fb. The following genotypes were
used in this study:
Comparing the /n vivo activity of Hpo, Hpo431A and Hpo4A/431T:

20XUAS-FLPG5/+; en-Gal4 UAS-GFP; tub-FRT-y*-FRT-FLAG-hpo (wing)

20XUAS-FLPG5/+; en-Gal4 UAS-GFP; tub-FRT-y*-FRT-FLAG-hpo/diapl-lacZ
(wing for diapl-lacz)

ey-Flp; tub-FRT-y*-FRT-FLAG-hpo (eye)
GFP+ hpo clones:

UAS-GFP hs-Flp; tub-Gal80 FRT42D/FRT42D hpo*2-47: tub-Gal4
GFP+ Apo clones overexpressing s/imap RNA.:

UAS-GFP hs-Flp; tub-Gal80 FRT42D/FRT42D hpo*2-47; tub-Gal4/UAS-simap
RNAI

GFP+ ex clones:
UAS-GFP hs-Flp; tub-Gal80 FRT40A/FRT40A extl; tub-Gal4
GFP+ ex™ clones overexpressing s/imap RNAI:
UAS-GFP hs-Flp; tub-Gal80 FRT40A/FRT40A ex®l; tub-Gal4/UAS-simap RNAI

simap™ flies expressing FLAG-Cka:
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simap#/ slmap?; tub-FLAG-cka

Immunofluorescence staining

HAP1 cells were seeded on the glass chamber slides (Lab Tek) that were pre-coated with 5
g/mL human plasma fibronectin (EMD Millipore) for 5 hrs before fixation. HeLa cells
transfected with expression constructs were cultured for 24 hrs before fixation. Cells were
fixed in 4% paraformaldehyde for 15 min and then permeabilized with 0.3% Triton X-100.
After blocking in 5% goat serum for 1 hr, slides were incubated with primary antibody
diluted in 5% goat serum for overnight at 4°C. After three washes in PBS, slides were
incubated with secondary antibody for 1 hr, washed for three times in PBS, incubated with
DAPI (1:10000 dilution) for 5 min, then washed and mounted. HeL a cells were incubated
with 100 nM of Mitotracker (Cell signaling) for 1 hr before fixation to label mitochondria.

CRISPR/Cas9 genome editing in HAP1 cells

CRISPR target site (GTCCCTGAGGCGGGTTCTTC) of SLMAP was selected by the
ATUM gRNA Design Tool (https://www.atum.bio/eCommerce/cas9/input) with a score of
100 out of 100, and was further verified by the online CRISPR Design Tool of MIT (http://
crispr.mit.edu:8079/?) which gave a score of 84 out of 100. The target sequence was cloned
into vector pSpCas9n(BB)-2A-GFP and used to introduce a mutation to SLMAP gene in
HAP1 cells according to the described protocol (Ran et al., 2013).

Drug treatment

The MST1/2 inhibitor XMU-MP-1HAP1 (Y-100526) was purchased from Medchemexpress.
Hap1 cells were incubated with 10uM XMU-MP-1 in fresh IMDM medium supplemented
with 10% FBS for 1hr before harvest.

Statistical analyses

Two-tailed Student’s t test was used for two sample comparisons. Error bars represent SEM
and p < 0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
The Hpo/MST linker contains inhibitory autophosphorylation sites.
The autoinhibitory sites of Hpo/MST bind Slmap in a phospho-dependent manner.
SImap recruits the STRIPAK PP2A complex to inactivate Hpo/MST.
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Figure 1. The linker region of Hpo contains two types of autophosphorylation sites
(A) GST pull-down assay of binding between Mats and Hpo variants with mutated linker

autophosphorylation sites. Left: a schematic of Hpo protein showing the five
autophosphorylation sites and sequence of the linker region. Mats-binding site is labeled by
red, non-Mats-binding sites by blue, and the hydrophobic motif recognized by Mats (HFM)
by orange. Right: cell lysates were prepared from S2R+ cells transfected with the indicated
Hpo variants and then incubated with GST-Mats in GST pull-down assay. Hpo was pulled
down by GST-Mats (lane 2), but not GST alone (lane 1). Also note the comparable binding
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between GST-Mats and wildtype Hpo (lane 2) and Hpo4A/431T (lane 8), and reduced
binding between GST-Mats and the remaining Hpo mutants (lanes 3-7).

(B) A schematic illustration of the FLP-out expression system. A FRT y* FRT cassette
containing a transcription STOP signal is inserted between Tubulin a1 promoter and /Apo
cDNA to prevent /ipo expression. A tissue-specific source of FLP is used to excise the FRT
V" FRT cassette through recombination between the two FRT sequences, leading to Apo
expression.

(C-F) Images of adult wings expressing the indicated Hpo mutants in the engrailed (en)-
expression posterior compartment by the FLP-out expression system. Note that the size of
the posterior compartment (highlighted by green color) was greatly decreased by Hpo4A/
431T (F). Scale bars are 0.2mm.

(G) Quantification of the size of the posterior compartment relative to the anterior
compartment for experiments described in (C—F) (mean = SEM, n = 15). Wildtype Hpo
slightly and Hpo4A/431T greatly decreased the size of the en-expression domain, while
Hpo431A expression had no effect.

(H-K) Third instar wing imaginal discs corresponding to experiments described in (C-F)
and stained with anti-Diapl antibodies. Note the reduction of Diapl protein levels by
Hpo4A/431T, but not wildtype or Hpo431A in the GFP-positive en-expression domain
(arrows). Scale bars represent 50um.
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Figure 2. The non-Mats-binding sites in the Hpo linker bind to SiImap in a phospho-dependent
manner

(A) The indicated FLAG-Hpo variants were expressed in S2R+ cells, partially purified by
anti-FLAG IP and blotted for T195 phosphorylation. The p-Hpo level over total Hpo level
was quantified relative to the wildtype Hpo and indicated below the blot. Note the increased
p-Hpo level for Hpo4A/431T compared to wildtype Hpo.

(B) Reciprocal co-IP between Myc-Hpo and HA-SImap expressed in S2R+ cells.

(C) S2R+ cells expressing the indicted constructs were subjected to co-IP. Note the absence
of interaction between Slmap and HpoK71R,

(D) The FHA domain of Slmap is required and sufficient for Hpo binding. Left: co-IP assay
showing interaction between Hpo and wildtype Slmap or SImap®T™, but not Simap2FHA,
Right: GST pull-down assay showing binding between GST-FHA and FLAG-Hpo expressed
in S2R+ cells. No binding was detected between GST alone and FLAG-Hpo.

(E) Identification of 356T as a strong SImap binding site in the Hpo linker. S2R+ cells
expressing the indicated constructs were analyzed by anti-FLAG immunoprecipitation. Note
the absence of binding between Hpo5A and Slmap (lane 3), very weak binding between
Hpo356A to SImap (lane 4), and mostly restored binding between Hpo4A/356T and Simap
(lane 5).

(F) Characterization of additional Simap binding sites in the Hpo linker. S2R+ cells
expressing the indicated constructs were analyzed by anti-FLAG immunoprecipitation. Both
short (S) and Long (L) exposures of the same gel were shown to reveal weak binding.
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Besides the strong binder Hpo4A/356T (lane 6), Hpo4A/421T (lane 3), 4A/387T (lane 4)
and 4A/374T (lane 5) also showed slightly higher binding than Hpo5A (lane 1) and Hpo4A/
431T (lane 2).
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Figure 3. SImap mediates the association between Hpo and the STRIPAK PP2A phosphatase
complex in Drosophila

(A-F) Wing imaginal discs expressing UAS-simap RNAiby the en-Gal4 UAS-GFP driver
were examined for the expression of Diapl (A-B), diapI-LacZ (C-D) and ex-LacZ (E-F).
Note the downregulation of these reporters in the er-expression domain (GFP-positive).
Scale bars represent 50pum.

(G) The indicated subunits of the STRIPAK complex were depleted by RNAI in S2R+ cells
and the cell lysates were examined for T195 phosphorylation of endogenous Hpo. Note
increased phospho-T195 level upon RNAI of Cka, Simap, Fgop2, Strip, or Mob4, but not
Cttnbp2.

(H) Eye-antennal imaginal discs were dissected from third instar larvae of wildtype, rassf¢/
rassf**2 trans-heterozygotes or s/map? homozygotes and lysed in 2xSDS loading buffer and
examined for phospho-Hpo (T195) level. Note increased p-Hpo level in s/map but not rassf
mutant tissues. rassf6 and rassf**Z are null alleles (Polesello et al., 2006).
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(1) S2R+ cells co-expressing HA-SImap and the indicated FLAG-tagged proteins were
analyzed by anti-FLAG immunoprecipitation. Note interactions between Simap and Fgop2.
(J) Myc-Hpo was co-expressed with the indicated FLAG-tagged subunits of the STRIPAK
complex in S2R+ cells, with (lane 9) or without HA-SImap (lanes 1-8). The interactions
between Hpo and these subunits was assayed by anti-FLAG IP. Note strong interactions
between Hpo and Simap, and weak interactions between Hpo and Fgop2, Cka or Mts. Also
note the markedly enhanced interaction between Hpo and Fgop2 in the presence of HA-
Slmap (compare lane 9 to lane 3).

(K) Tissue lysates from wildtype or s/amp? homozygous larvae, both carrying the same fub-
FLAG-ckatransgene, were subjected to anti-FLAG immunoprecipitation. Note the presence
of co-purified endogenous Hpo from wildtype not s/map mutant animals.
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Figure 4. Phospho-dependent recruitment of SLMAP by MST2 in mammalian cells
(A) HEK293 cells transfected with the indicated constructs were analyzed by anti-FLAG

immunoprecipitation. Note the interaction between SLMAP and wildtype MST2, but not

MST2-7A or MST2D164A

Page 24

(B) Control and SLMAP mutant HAP1 cells were probed for phosphorylation of MST1/2
(T183/180), YAP (S127 and S397) and MOB1 (T35). Note increased phosphorylation of
these proteins in the SLMAP mutant cells, which was completely suppressed by XMU-

MP-1.

(C-D) Subcellular localization of YAP in HAP1 cells. Note that YAP was evenly distributed
between cytosol and nucleus in the wildtype HAP1 cells, but mostly concentrated in the
cytosol in the SLMAP mutant HAP1 cells. Scale bars are 20um.
(E) Identification of 325T, 336T and 378T as SLMAP binding sites in the MST2 linker.
HEK?293 cells expressing V5-SLMAP and the indicated linker site mutants of MST2 were
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subjected to immunoprecipitation and analyzed by the indicated antibodies. The phospho-
T180 over total MST2 level was also quantified relative to the wildtype MST2 and indicated
below the p-MST2 blot. Note the absence of SLMAP-binding for MST2-7A (lane 3), the
significant restoration of SLAMP-binding for MST2-6A/325T (lane 4) and MST2-6A/378T
(lane 10), and the weak restoration of SLMAP-binding for MST2-6A/336T (lane 5). Also
note the reverse correlation between p-MST?2 level and the strength of SLMAP-binding.

(F) Further characterization of 325T, 336T and 378T as SLMAP binding sites. Similar to (E)
except that different MST2 mutants were analyzed. Note the absence of SLMAP-binding for
MST2-3A and MST2-7A, and the comparable SLMAP-binding for wildtype and MST2-3T.
Also note that phospho-T180 level of MST2-3A or MST2-3T is higher than that of wildtype
MST2 but lower than MST2-7A.

(G-L) Subcellular localization of MST2 and SLMAP. HeL a cells expressing the indicated
FLAG-MST?2 variants (red) with or without V5-SLMAP (green) were visualized by FLAG
and V5 immunostaining. Note the ubiquitous cytosolic distribution of MST, MST2-7A or
MST2D164A in the absence of co-expressed SLMAP (G, | and K). Also note the co-
localization of MST2, but not MST2-7A or MST2P164A to punctate structures in the
presence of co-expressed SLMAP (compare H with J and L). Scale bars are 25um.
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