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Abstract

The Hippo signaling pathway functions through Yorkie to control tissue growth and homeostasis.
How this pathway regulates non-developmental processes remains largely unexplored. Here we
report an essential role for Hippo signaling in innate immunity whereby Yorkie directly regulates
the transcription of the Drosophila 1xB homologue, Cactus, in Toll receptor-mediated
antimicrobial response. Loss of Hippo pathway tumor suppressors or activation of Yorkie in fat
bodies, the Drosophila immune organ, leads to elevated cactus mRNA levels, decreased
expression of antimicrobial peptides and vulnerability to infection by Gram-positive bacteria.
Furthermore, Gram-positive bacteria acutely activate Hippo-Yorkie signaling in fat bodies via the
Toll-Myd88-Pelle cascade, through Pelle-mediated phosphorylation and degradation of the Cka
subunit of the Hippo-inhibitory STRIPAK PP2A complex. Our studies elucidate a Toll-mediated
Hippo signaling pathway in antimicrobial response, highlight the importance of regulating 1«B/
Cactus transcription in innate immunity, and identify Gram-positive bacteria as extracellular
stimuli of Hippo signaling under physiological settings.

Introduction

The Hippo signaling pathway is a central regulator of organ size in diverse animals from
Drosophila to mammals (Harvey and Tapon, 2007; Johnson and Halder, 2014; Pan, 2010).
In Drosophila, this pathway comprises a core kinase cascade linking two kinase complexes
-- Hippo (Hpo)-Salvador (Sav) and Warts (Wts)-Mob as tumor suppressor (Mats) -- to the
phosphorylation of the oncoprotein Yorkie (Yki). This phosphorylation event excludes YKki
from the nucleus, where it normally functions as a transcriptional coactivator for the
expression of target genes involved in cell growth, proliferation and survival. Studies in
multiple model systems suggest that the Hippo kinase cascade represents a signaling module
that integrates multiple biological inputs such as cell polarity, adhesion, mechanical forces
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and secreted ligands (Boggiano and Fehon, 2012; Piccolo et al., 2014; Yu and Guan, 2013).
Accentuating its importance in growth control, dysregulation of Hippo signaling has been
linked to a variety of human cancers including the hereditary cancer syndrome
neurofibromatosis type Il (Hamaratoglu et al., 2006; Zhang et al., 2010).

Much of the studies to date on Hippo signaling have focused on its role in developing or
regenerating tissues. While these studies have firmly established a critical role for Hippo
signaling in tissue growth, differentiation, regeneration and homeostasis, whether and how
the Hippo pathway participates in non-developmental and non-growth-related processes
remains largely unexplored. Of particular interest to this study is innate immunity. As in
other metazoans, antimicrobial defense in Drosophila includes cellular and humoral
reactions, which involve direct attack/engulfment of microbes by circulating blood cells or
the production of antimicrobial peptides by fat bodies, respectively (Hultmark, 2003).
Pioneering studies in Drosophila have delineated two signaling pathways, hamely Toll and
Imd, that govern the humoral reactions (Georgel et al., 2001; Lemaitre et al., 1996). Fungi or
Gram-positive bacterial infection initiates a proteolytic cascade that activates Spatzle (Spz),
a ligand for the transmembrane receptor Toll (Morisato and Anderson, 1994). Activated Toll
signals through the adaptor proteins Myd88 and the protein kinase Pelle (PII) to promote the
phosphorylation and degradation of Cactus (Cact), a cytoplasmic ankyrin-repeat-containing
protein which normally inhibits the NF-xB family transcription factors Dorsal (DI) and
Dorsal-related immune factor (Dif) by retaining the latter in the cytoplasm. As a result, Toll
signaling allows DI and Dif to translocate into the nucleus where they can induce the
expression of antimicrobial peptides such as Drosomycin and Metchnikowin (Brennan and
Anderson, 2004; Hoffmann, 2003). In contrast to the Toll pathway, the Imd pathway is
primarily activated by Gram-negative bacteria. The NF-xB protein in Imd pathway, Relish,
carries its own inhibitory ankyrin-repeat sequence in the carboxy terminus. Activation of the
Imd pathway leads to the cleavage of Relish, which removes its ankyrin-repeat and releases
the amino terminus of Relish into the nucleus to induce the expression of a distinct set of
antimicrobial peptides, such as Diptericin, Attacin, Cecropin and Drosocin (Brennan and
Anderson, 2004; Hoffmann, 2003; Kleino and Silverman, 2014).

Here we report the identification and characterization of the Hippo pathway as an essential
regulator of innate immunity in Drosophila. We show that the Hippo signaling pathway
functions through Yki and its cognate DNA-binding partner Scalloped to regulate the
transcription of Cact, which in turn regulates the expression of antimicrobial peptides and
vulnerability to infection by Gram-positive bacteria. We further show that Gram-positive
bacteria activate Hippo signaling in fat bodies through Toll-dependent, Pelle-mediated
phosphorylation and degradation of Cka, an essential subunit of the STRIPAK PP2A
complex, which normally associates with Hpo and antagonizes its kinase activity. Our
studies elucidate a Toll-mediated Hippo signaling pathway in innate immunity and implicate
bacteria as extracellular stimuli of Hippo signaling under physiological settings.
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Hippo signaling activity in the fat bodies is required for antimicrobial response in adult

flies

In an effort to investigate Hippo signaling in adult physiology, we examined the effect of
depleting Hpo and Wts or overexpression of Yki on antimicrobial response. Given the fact
that the null mutants of Hpo or Wts are larval lethal, we used the r4-Gal4 driver to generate
adult flies with fat body-specific RNAI of Hpo or Wts or overexpression of Yki. These flies
were injected with Staphylococcus Aureus (S. Aureus), a Gram-positive bacterium, and
monitored daily for survival. Similar to flies with depletion of the Toll pathway component
Spz or TI, flies with knockdown of Hpo or Wis, or overexpression of Yki, were significantly
more sensitive to infection, succumbing to death at earlier time than control flies (Figure
1A). Adult flies with Hpo/Wts depletion or Yki overexpression also showed higher
sensitivity to another Gram-positive bacterium Enterococcus Faecalis (E. Faecalis) as well
as the fungus Aspergillus Fumigatus (A. Fumigatus) (Figure 1A’-A"). To exclude the
possibility that these immunity defects are due to developmental defects, we made use of
another driver, YP1-Gal4, which is only expressed in the fat bodies of adult females
(Georgel et al., 2001). Similar to the r4-Gal4 driver, adult females with YP1-Gal4-directed
Hpo or Wts knockdown or Yki overexpression showed higher sensitivity to Gram-positive
bacteria S. Aureus or E. Faecalis and fungus A. Fumigatus (Figure 1B-B”). We noted that in
these survival experiments, flies with Hpo RNAI generally showed less severe phenotypes
than flies with Wts RNAI. This is consistent with the less severe overgrowth phenotypes
induced by Hpo RNAI in the eye (Figure STA-A”).

To further probe the specificity of the immune phenotypes we have observed in adult flies
with defective Hippo signaling, we infected these animals with the Gram-negative bacteria
Erwinia carotovora carotovora 15 (Ecc15) or Escherichi Coli (E. Coli). In contrast to their
high sensitivity to Gram-positive bacteria and fungi, adult flies with Hpo/Wts knockdown or
Yki overexpression were not sensitive to these Gram-negative bacteria (Figure 1C-C’). In
contrast, adult flies with knockdown of TAK1, a key mediator of the Imd pathway (Vidal et
al., 2001), were highly sensitive to infection by both Gram-negative bacteria (Figure 1C-
C).

To further corroborate a functional requirement for the Hippo pathway in immunity, we took
advantage of mats”33, a newly isolated hypomorphic allele of mats carrying a Gly137Asp
missense mutation. Unlike the larval lethality that results from null alleles for any of the
core components of the Hippo kinase cascade (hpo, sav, wts and mats) (Wu et al., 2003; Xu
et al., 1995; Tapon et al., 2002; Lai et al., 2005), transheterozygoes of mats*33 over the null
allele mats®23® produced viable survivors with no visible morphological defects. We found
that the mats235/mats”33 flies were extremely sensitive to S. Aureus infection, displaying a
survival rate comparable to the null mutants of spz (Figure 1D). In contrast, the mats&235/
mats”32 transheterozygotes were not sensitive to Ecc15 infection (Figure 1E).

Taken together, these findings suggest that defective Hippo signaling confers preferential
sensitivity to the Toll-mediated response to Gram-positive bacteria and fungi, but not the
Imd-mediated response to Gram-negative bacteria. Consistent with this view, the mMRNA
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level of the Toll pathway target gene Drosomycin (Drs) upon S. Aureus infection was
significantly decreased in adult flies with Hpo knockdown, Wts knockdown or Yki
overexpression than control flies, similar to flies with RNAI depletion of the major Toll
pathway components Spz, Tl, Myd88 or PIl (Figure 1F). In contrast, the mRNA level of the
Imd pathway target Diptericin (Dpt) was not affected in these flies upon Ecc15 infection
(Figure 1G).

As a more quantitative assessment of the selective vulnerability of the Hippo-defective flies
to infection by Gram-positive bacteria, we measured post-infection bacterial load in adult
flies with fat body-specific Wts knockdown or Yki overexpression. 24 hrs after infecting
these flies with Gram-positive bacteria S. Aureus, bacterial load (as measured by colony
forming units or CFU) was significantly higher than that in the control flies, similar to flies
with RNAI knockdown of the major Toll pathway components Spz, Tl, Myd88 and PII
(Figure S1B). In contrast, knockdown of Hpo or Wts had no effect on the load of the Gram-
negative bacteria Ecc15 (Figure S1C), consistent with the normal survival rate of these
animals upon Ecc15 infection. Taken together, the differential sensitivity to Gram-positive
versus Gram-negative bacteria suggests a potential link between Hippo signaling and the
Toll-mediated innate immunity pathway.

The Hippo kinase cascade cell-autonomously regulates Toll signaling outputs in larval fat
bodies including target gene expression and Cact protein levels

To investigate the molecular mechanism by which Hippo signaling intersects the Toll-
mediated immunity pathway, we turned to the larval fat bodies. A major advantage of the
larval fat bodies over the adult fat bodies is the ease of immunostaining and mosaic analysis,
which allows a robust genetic analysis at single-cell resolution. Consistent with the
downregulation of the Toll pathway target gene Drs after S. Aureus infection in Wits-
depleted adult flies, we found that loss-of-function (LOF) mutant clones of wts in larval fat
bodies showed a cell-autonomous decrease of Drs expression after S. Aureus infection (see
Table S1 for quantification of all clonal phenotypes reported in this paper), as revealed by a
Drs-GFP reporter line (Ferrandon et al., 1998) (Figure 2A—A”). On the other hand, the
expression of the Imd pathway reporter Diptericin (Dpt)-GFP (Tzou et al., 2000) was not
affected in wts LOF mutant clones in the larval fat bodies after infection by the Gram-
negative bacteria E. Coli (Figure 2B-B”). Taken together, these findings implicate a cell-
autonomous requirement for Hippo signaling in conferring normal levels of Toll pathway
target gene expression.

Degradation of Cactus represents a direct biochemical output of the Toll signaling pathway
(Belvin et al., 1995; Nicolas et al., 1998; Reach et al., 1996). In order to establish a
functional link between Hippo signaling and the Toll pathway, we investigated the effect of
Hippo signaling on Cact protein levels. For this purpose, we examined Cact protein in larval
fat bodies containing LOF mutant clones of hpo, sav, wts and mats, key components of the
Hippo kinase cascade. LOF mutant clones for any of the four tumor suppressor genes
showed a robust increase of Cact protein levels in a cell-autonomous manner (Figure 2C—
F”). Besides the fat bodies, a similar upregulation of Cact protein levels was observed in
mutant clones of the respective Hippo pathway components in the imaginal discs (Figure
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S2), suggesting that Hippo signaling is a general regulator of Cact expression. Taken
together, the cell-autonomous requirement of Hippo signaling for Drs and Cact expression
further supports a functional link between the Hippo and the Toll pathways.

The Hippo kinase cascade regulates Cact through a Yki-mediated transcriptional

mechanism

Since the best understood mode of regulating Cact in innate immunity is through Toll
pathway-mediated phosphorylation and degradation (Nicolas et al., 1998), we first
considered the simplest possibility that the Hippo kinase cascade may directly or indirectly
promote the phosphorylation and degradation of Cact. However, in transfection experiments
in Drosophila S2R+ cells, co-expression of Hpo and Wits failed to induce mobility shift or
degradation of Cact (Figure S3), suggesting that Hippo signaling downregulates Cact
through a previously undescribed mechanism.

Since the Hippo kinase cascade functions almost exclusively through the transcriptional
coactivator Yki in diverse biological processes, we considered the alternative possibility that
the regulation of Cact by the Hippo kinase cascade may be mediated by Yki through a
transcriptional mechanism. Consistent with this hypothesis, Yki overexpression clones in fat
bodies showed a dramatic increase of Cact protein levels in a cell autonomous manner
(Figure 3A-A"), mimicking the LOF mutant clones for hpo, sav, wts and mats. A similar
upregulation of Cact protein levels was observed in Yki overexpression clones in many
other tissues, such as the imaginal disc (Figure S4A-A"), the gut (Figure S4B-B”) and the
salivary gland (Figure S4C-C”), suggesting that it represents a general mode of Cact
regulation. Conversely, LOF mutant clones of yki in fat bodies showed a decrease of Cact
protein levels (Figure 3B-B”).

Additional evidence further supports our model of transcriptional regulation of Cact by
Hippo signaling. As a transcriptional coactivator, Yki functions together with its major
DNA-binding transcription factor partner Scalloped (Sd) to control target gene expression
(Wu et al., 2008; Zhang et al., 2008). One would thus expect Yki-induced Cact expression to
be Sd-dependent. To test this prediction, we used the MARCM (Mosaic analysis with a
repressible cell marker) technique (Lee and Luo, 1999) to generate sd mutant clones with
Yki overexpression. Indeed, in both fat bodies and imaginal discs, sd mutant clones with Yki
overexpression showed normal Cact expression (Figure 3C-C” and Figure S4D-D”),
demonstrating that Yki-induced upregulation of Cact expression is Sd-dependent. To more
directly assay cact transcription, we took advantage of cact“17027 a P[lacZ] enhancer trap
reporter inserted into the cact locus. Indeed, lacZ expression from cactk17027 was strongly
induced in Yki-overexpression clones in fat bodies (Figure 3D-D”) or wts LOF mutant
clones in imaginal discs (Figure 3E—E”), further demonstrating that cact is regulated by
Hippo signaling through a transcription mechanism.

cact is a direct target of the Yki-Sd transcription factor complex

After demonstrating that Cact is regulated by the Hippo signaling through a transcriptional
mechanism, we wished to investigate whether cact is a direct target of the Yki-Sd
transcription factor complex. Through systematic dissection of Hippo-responsive element
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(HRE) in the classic Hippo target gene diapl, we have previously identified a minimal HRE
that contains an Sd-binding site (Wu et al., 2008). Examination of the cact locus revealed
nine potential Sd-binding motifs as defined by the consensus Sd-binding sequence
CATTCNN (Figure 4A). We first used a cell-based luciferase reporter assay to test their
potential function as HREs. For this purpose, each Sd-binding motif and 50 bp flanking
sequence on each side was cloned upstream of the hsp70 basal promoter in the pGL3
luciferase reporter vector, with the exception of #4, which contains two Sd-binding motifs
only 21 bp apart (Figure 4A). Among all the constructs, only #4 could be activated by co-
expression of Sd and Yki (Figure 4B), suggesting that it may function as HRE. Since #4
contains two potential Sd-binding motifs (CATTCCA and CATTCCC), we mutated each
site individually and found that mutation of CATTCCA (#4M1), but not CATTCCC
(#4M2), abolished the Yki-Sd-induced luciferase activity (Figure 4B), suggesting that the
former motif is required for HRE activity. Strikingly, this motif is identical to the Sd-
binding sequence in the HRE of diapl (Wu et al., 2008).

To validate the physiological relevance of our cell-based assay, we cloned #4 or a mutant
version of #4 with mutation of the CATTCCA motif (#4M1) into the enhancer detector
vector CPLZN which contains the hsp70 basal promoter and lacZ reporter (Wharton and
Crews, 1993). LacZ reporter expression was then examined in imaginal discs and fat bodies
containing Yki overexpression clones. Consistent with our in vitro assay, the lacZ reporter
containing #4, but #4M1, was strongly induced in Yki-overexpression clones in both
imaginal discs (Figure 4C-D") and fat bodies (Figure 4E—F"). Taken together, these results
pinpoint an essential HRE in the cact locus and identify cact as a direct target of the Sd-Yki
transcription factor complex.

If cact is a physiological target of Yki in innate immunity, one would expect the immune
phenotypes of the Hippo-defective flies to be critically dependent on Cact activity. Indeed,
we found that knockdown of Cact rescued both the higher sensitivity and the higher
bacterial load upon S. Aureus infection in Yki-overexpressing flies (Figure 4G-H), further
supporting our molecular model implicating Cact as a transcriptional target of the Hippo-
YKki pathway.

Bacterial infection activates Hippo signaling in vivo

In the course of our studies, we noted that infection by the Gram-positive bacteria S. Aureus
(Figure 5A), but not the Gram-negative bacteria E. Coli (Figure 5B), induced a rapid
nuclear-to-cytoplasmic translocation of Yki in the larval fat body cells. Yki is highly
enriched in fat body nuclei in unchallenged animals (Figure 5A). A shift of Yki to
cytoplasmic localization was detectable within 30 minutes of S. Aureus infection. By 4 hrs
post infection, Yki was diffusely distributed in most fat body cells and no longer enriched in
the cell nuclei (Figure 5A).

S. Aureus-induced cytoplasmic translocation of Yki in the fat bodies is reminiscent of
Hippo-dependent cytoplasmic retention of phosphorylated Yki in the imaginal discs (Dong
et al., 2007), suggesting that S. Aureus infection may activate Hippo signaling in vivo.
Consistent with this hypothesis, loss of hpo abolished S. Aureus-induced cytoplasmic
translocation of Yki in the fat bodies (Figure 5C—-C”). In agreement with this in vivo finding,
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treating Drosophila Mbn2 cells (a macrophage-like cell line) with heat-inactivated Gram-
positive bacterial cocktail containing S. Aureus and E. Faecalis induced rapid and robust
phosphorylation of endogenous Hpo and Yki (Figure 5D). Treating Mbn2 cells with
peptidoglycan (PGN) derived from another Gram-positive bacterial strain M. Luteus
(Micrococcus Luteus) had a similar effect (Figure 5D). Interestingly, in both treatment
conditions, Hpo phosphorylation peaked at 0.5 hr while elevated Yki phosphorylation
persisted at 3 hrs, a time course that agrees with the cytoplasmic translocation of Yki
observed in vivo. These results demonstrate that bacterial infection can rapidly and potently
activate the Hippo-Yorkie pathway, thus implicating Gram-positive bacteria as a class of
signals that induce Hippo signaling in vivo. We further infer from these data that Gram-
positive bacteria activate the Hippo signaling cascade at the level of Hpo or upstream of
Hpo.

The Toll-Myd88-Pelle cascade mediates bacteria-induced Hippo signhaling in Drosophila fat

bodies

To investigate how Hippo signaling is rapidly activated by bacterial infection, we considered
the possibility that the Toll receptor, which is rapidly activated by Gram-positive bacteria,
may itself mediate the activation of Hippo signaling by S. Aureus infection. We conducted
several experiments to test this hypothesis.

One prediction of this model is that Tl itself may be required for S. Aureus-induced Hippo
signaling in the fat bodies. Consistent with this prediction, we found that S. Aureus-induced
Yki cytoplasmic translocation was blocked in Tl mutant animals (Figure 6B). To investigate
which additional components of the canonical Tl signaling pathway are required for S.
Aureus-induced Hippo signaling, we examined YKi localization after S. Aureus infection in
LOF mutants of positive signaling components Spz, Myd88 and PII, and gain-of-function
overexpression clones of the negative component Cactus. We also included LOF mutants of
Dredd and Tak1, two key components of the Imd pathway (Leulier et al., 2000; Vidal et al.,
2001), as control. Most of these LOF mutants are homozygous or transheterozygous viable
except for pll, for which LOF mutant clones were examined. Similar to the TI mutants, S.
Aureus-induced Yki cytoplasmic localization was blocked in the absence of spz (Figure 6C),
Myd88 (Figure 6D) and pll (Figure 6F). In contrast, S. Aureus-induced Yki cytoplasmic
localization was not affected in LOF mutants of Dredd (Figure 6E), Tak1 (Figure S5), or
cells with Cact overexpression (Figure 6G). These results suggest that Toll signaling
components upstream of Cactus are require for S. Aureus-induced Hippo signaling.

Another prediction of our model is that artificial activation of Toll signaling may be
sufficient to activate Hippo signaling, even in the absence of bacterial infection. We first
tested this prediction by generating mosaic fat bodies containing Tl-overexpression clones.
Strikingly, in unchallenged flies, Tl-overexpression clones in the fat bodies showed robust
cytoplasmic localization of YKki, in sharp contrast to the nuclear localization of Yki in the
neighboring wildtype cells (Figure 6H). A similar cytoplasmic translocation of Yki was
observed in fat body clones overexpressing the Toll signaling components Pelle (Figure 61).
These results indicate that artificial activation of TI or Pll is sufficient to activate Hippo
signaling in Drosophila fat bodies in a cell-autonomous manner.
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Consistent with genetic analysis in the fat bodies, overexpression of Pelle or a constitutively
activated mutant of TI (TI10P) (Schneider et al., 1991) promoted the phosphorylation of Yki
in Drosophila S2 cells (Figure 6J). Furthermore, Pll-induced Yki phosphorylation was
greatly attenuated by knockdown of Hpo or Wts (Figure 6J), consistent with the requirement
of the Hippo kinase cascade in Yki phosphorylation. Pl and TI2% also induced the
phosphorylation of Hpo (Figure 6K), in agreement with our results showing increased Hpo
phosphorylation by Gram-positive bacteria (Figure 5D). These results further support our
genetic analysis demonstrating the requirement of Tl and Pll in S. Aureus-induced Hippo
signaling in Drosophila fat bodies.

Pelle activates Hpo by phosphorylating and inducing the degradation of Cka, an essential
subunit of the Hpo-inhibitory STRIPAK PP2A complex

The results presented so far suggest a model whereby Gram-positive bacteria, through a
pathway involving Tl and its downstream signaling components Myd88 and Pelle, promotes
the phosphorylation of Hpo. Since Pelle encodes a protein kinase, the simplest model is that
PIl may directly phosphorylate Hpo. We tested this possibility by conducting in vitro kinase
assay using bacterially purified GST fusion protein with a kinase dead form of Hpo (HpoKP)
to avoid auto-phosphorylation of Hpo, as described in previous studies (Boggiano et al.,
2011). We failed to detect phosphorylation of GST-HpoKP by PII in this assay (Figure S6A).
As a control, GST-HpoKP was robustly phosphorylated by Tao1, a bona fide upstream
activating kinase of Hpo (Boggiano et al., 2011; Poon et al., 2011) (Figure S6A). Thus, it is
unlikely that PIl functions as a direct Hpo kinase.

After excluding Pl as a direct Hpo kinase, we explored whether PII activates Hpo indirectly
by phosphorylating a Hippo pathway component upstream of Hpo. For this purpose, we
systematically conducted co-immunoprecipitation assays between PIl and proteins that have
been implicated upstream of Hpo, including Taol, Ex, Mer, Kibra, as well as different
subunits of the STRIPAK (Striatin-interacting phosphatase and kinase) PP2A (Protein
phosphatase 2A) complex. The STRIPAK PP2A complex is known to associate with Hpo
and inhibit Hpo activity by dephosphorylating Hpo at its activation loop (Thr1%) (Ribeiro et
al., 2010). Among all of these proteins, the only protein that interacted with PIl was Cka, a
subunit of the STRIPAK complex (Figure 7A and Figure S6B-D). We confirmed that Cka
was required to inhibit the phosphorylation of Hpo as reported (Ribeiro et al., 2010), as
RNAI of Cka induced robust Hpo phosphorylation in S2 cells (Figure S6E). Furthermore,
LOF mutant clones of Cka in larval fat bodies showed robust cytoplasmic localization of
YKi, consistent with activation of Hippo signaling upon loss of Cka in fat body cells (Figure
7B-B”). While examining the physical interactions between PIl and Cka, we noticed that co-
transfection of PIl induced mobility retardation of Cka on SDS-PAGE as well as greatly
decreased Cka protein levels (Figure 7C), suggesting that PIl may induce phosphorylation
and degradation of Cka. This hypothesis was supported by additional biochemical evidence.
First, the mobility shift of Cka induced by PII was abrogated by phosphatase treatment,
demonstrating that this mobility shift is due to protein phosphorylation (Figure S6F).
Second, in contrast to wildtype PII, a kinase-dead mutant form of PIl (PllI-K240R)
(Daigneault et al., 2013) failed to induce mobility shift or degradation of Cka (Figure 7D).
Lastly, we performed in vitro kinase assay to examine whether PII can directly
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phosphorylate bacterially purified GST-Cka fusion protein. In this assay, ATP-yS was used
as phosphate donor to generate thiophosphorylated substrate, which further reacts with p-
nitrobenzyl mesylate (PNBM) to form a thiophosphate-ester that can be detected by
thiophosphate-ester-specific antibody (Allen et al., 2007). As shown in Figure 7E, Cka was
phosphorylated in vitro by wildtype PII, but not the kinase-dead mutant Pll-K240R,
supporting our model implicating Cka as a direct substrate of PII.

Taken together, the above data suggest a working model in which Gram-positive bacteria
activate Hippo signaling through Pll-mediated phosphorylation and degradation of Cka,
ultimately leading to decreased Yki activity, decreased Cact transcription and increased Drs
expression (Figure 7M). This model predicts that Cka should positively regulate the
transcription of cact and negatively regulates the transcription of Drs. Indeed, fat body-
specific RNAI knockdown of Cka resulted in decreased cact mMRNA levels and increased
Drs mRNA levels, both in S. Aureus-infected and non-infected adult flies (Figure 7F-G). To
further corroborate our model, we used clonal analysis in larval fat bodies to examine the
regulation of Cka by PII at single-cell resolution. Due to the lack of anti-Cka antibodies
suitable for immunostaining, we monitored Cka protein levels in vivo using a FLAG-tagged
Cka transgene driven by the tubulin promoter (tub-FLAG-Cka) that fully rescued the
lethality of Cka mutant flies. Consistent with our model, Pll-overexpression clones in the
larval fat bodies showed a cell-autonomous decrease of FLAG-Cka protein levels compared
to the neighboring wildtype cells, both in S. Aureus-infected and non-infected flies (Figure
7H-1). Of note, the Cka protein levels in wildtype fat body cells were significantly lower in
S. Aureus-infected flies than non-infected flies, consistent with bacteria inducing
degradation of Cka (compare the staining intensity of FLAG-Cka in wildtype fat body cells
in Figure 71’ vs. 7H’, or Figure 7L’ vs. 7K”). A similar decrease of Cka protein levels was
observed in Mbn2 cells treated with heat-inactivated Gram-positive bacteria or
peptidoglycan derived from Gram-positive bacteria (Figure 7J). Complementary to the effect
of PIl overexpression on Cka protein levels, larval fat body clones with PII knockdown
showed a modest, cell-autonomous increase of Cka protein levels compared to the
neighboring wildtype cells in the absence of S. Aureus infection (Figure 7K-K”). The
difference in Cka protein levels between Pll-depleted and wildtype cells was even more
obvious when the larvae were infected with S. Aureus (Figure 7L—L"). These results further
support our model linking Toll to Hippo signaling through Pll-mediated degradation of Cka.

Discussion

An emerging theme of biological systems is that a limited number of signaling pathways are
used reiteratively to control a myriad of biological processes. In this study, we have
characterized an essential role for Hippo signaling, a developmental signaling pathway, in
innate immune response. It is interesting to note that organ size control and innate immunity
are two ancient features of metazoans (Leulier and Lemaitre, 2008; Sebe-Pedros et al.,
2012). Our findings that the signaling pathways underlying these seemingly disparate
processes (Hippo and Toll) are functionally intertwined may therefore have a deep
evolutionary origin. Interestingly, Toll receptor and Hippo signaling have both been
implicated in other biological processes such as cell competition in the wing disc (Meyer et
al., 2014; Neto-Silva et al., 2010) and polarized cell rearrangements in Drosophila embryos
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(Marcinkevicius and Zallen, 2013; Pare et al., 2014), although their molecular relationship
in these processes has not been determined.

The Hippo signaling pathway was initially defined as an intracellular signaling cascade
linking tumor suppressor kinases to transcriptional regulation, and there has been
longstanding interest in the field to understand how Hippo signaling activity is regulated in
normal development and physiology. An emerging theme from studies in both Drosophila
and mammals indicates that the Hippo kinase cascade functions as a signaling module that
integrates multiple upstream inputs such as cell polarity, adhesion, mechanical forces and
secreted ligands (Boggiano and Fehon, 2012; Piccolo et al., 2014; Yu and Guan, 2013). In
this regard, we note that while many conditions have been reported to modulate YAP (the
mammalian counterpart of Yki) in cell cultures such as cell density (Zhao et al., 2007), cell
detachment (Zhao et al., 2012), certain GPCR ligands (Yu et al., 2012), cell shape (Dupont
etal., 2011; Wada et al., 2011), oxygen availability (Ma et al., 2015) and energy stress
(DeRan et al., 2014), it remains a challenge to define the exact physiological contexts in
which these biological inputs are employed to regulate Hippo signaling in intact tissues.
Thus, our findings demonstrating rapid cytoplasmic translocation of Yki in Drosophila fat
bodies upon bacterial infection implicate Gram-positive bacteria as a unique class of signals
capable of activating Hippo signaling under physiological settings.

It is interesting to note that before the recent attention to the Hippo signaling pathway due to
its critical role in growth control, the mammalian counterparts of Hpo were biochemically
purified as kinases responsive to stress (thus the acronym Krs1/2) (Taylor et al., 1996). In
cultured NIH 3T3 cells, Krs1/2 (corresponding to Mst2/1) was activated by extreme forms
of stress such as okadaic acid, staurosporine, sodium arsenite or extreme heatshock at 55°C
(Taylor et al., 1996). The physiological relevance of these observations, however, has been
unclear. Our findings that bacterial infection rapidly activates Hippo signaling in fat bodies
provide a robust system to study the regulation of Hippo signaling by a non-developmental
signal. Our genetic and molecular interrogation led us to elucidate a Toll-mediated pathway
that activates Hpo through PlI-mediated phosphosphorylation and degradation of Cka. These
findings uncover the STRIPAK PP2A complex as an entry point by which regulatory inputs
converge on the Hippo signaling pathway. In this regard, it is worth noting that among the
diverse conditions that have been previously reported to modulate Y AP phosphorylation in
cell cultures -- ranging from cell-cell contacts to GPCR ligands -- none of them affects Hpo
phosphorylation, suggesting that they converge on Hippo signaling at a level downstream of
Hpo. Thus, Gram-positive bacteria represent a unique external signal that activates Hippo
signaling upstream of Hpo.

While much of the research on Toll receptor signaling has focused on the phosphorylation
and degradation of Cact at the protein level (Brennan and Anderson, 2004; Hoffmann,
2003), our studies highlight the physiological importance of regulating Cact at
transcriptional level. We suggest that regulation of Cact at both transcriptional and
posttranscriptional level is required for proper antimicrobial responses by the Toll receptor
(Figure 7M). Since the innate immune pathway is at least partially conserved (Beutler, 2009;
Medzhitov and Janeway, 2000), it will be interesting to investigate whether the functional
link between Hippo and TLR-NF-kxB/IxB signaling is conserved in innate immunity in
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mammals. We further speculate that such a link may potentially contribute to the oncogenic
activity of YAP/TAZ, whereby YAP/TAZ may protect the tumor cells from immune attack
through the induction of 1xB expression and inhibition of inflammation (Ben-Neriah and
Karin, 2011).

Experimental procedures

Drosophila Genetics

The hypomorphic mats33 allele was isolated in an EMS mutagenesis screen for mutations
on chromosome 3R that result in increased clone size in mosaic eyes using the eyeless-FIp
system (Newsome et al., 2000). Mutant clones of mats”33 were larger than wildtype clones
but much less overgrown than null alleles of mats. Sequencing of genomic DNA revealed a
Gly137Asp missense mutation in the mats”33 allele. Transheterozygous mats€235/matsA33
adult survivors were used in this study. Other flies used in the study have been described
before: hpo*2=47 (Wu et al., 2003), sav3 (Tapon et al., 2002), wts*! (Xu et al., 1995),
mats®23° (Lai et al., 2005), ykiB> (Huang et al., 2005). r4-Gal4, YP1-Gal4, spz™’, TI'3, TI™,
Myd88KG03447 'n]12 Tak12, DreddB118 and Ckas883 were obtained from Bloomington stock
center. All RNA. lines were collected from Vienna Drosophila Resource Center (VDRC)
except for Cact RNAI line which was obtained from Bloomington Stock Center.
P[lacW]Cactk17027 enhancer reporter line was obtained from Kyoto Drosophila Genetic
Resource Center. Drs-GFP and Dpt-GFP reporter lines have been reported previously
(Ferrandon et al., 1998; Tzou et al., 2000) (gift from Louisa Wu). Flp-out was used to
generate Yki overexpression clones (Pignoni and Zipursky, 1997). MARCM strain was used
to generate sd mutant clones with Yki overexpression (Lee and Luo, 1999).

To generate the flies carrying a tub-FLAG-Cka transgene, the UAS-hsp70 promoter of
pUASTattB was replaced by the a-tubulin promoter to generate the vector pTubattB. DNA
sequence of FLAG-tagged Cka was inserted into pTubattB and the resulting construct
pTubattB-FLAG-Cka was used to generate the transgenic line Tub-FLAG-Cka-86Fa. Two
P-element insertion lines of Cka, Cka$1883 and Cka%9836 were obtained from Bloomington
Drosophila Stock Center. Transheterozygous Ckas1883/Cka®836 flies died at pupal stage,
but 100% of Ckas1883/Cka05836; tyb-FLAG-Cka flies survived to adults with normal
morphology.

Microbial strains and culture

S. Aureus (ATCC 25923), E. Faecalis (ATCC 29212) and E. Coli (1106) were purchased
from ATCC. S. Aureus was cultured in tryptic soy broth. E. Faecalis was cultured in brain
heart infusion broth. Ecc15 and E. Coli were cultured in lysogeny broth medium. A.
Fumigatus spores were harvested as previously described (Tzou et al., 2002).

Septic injuries and survival experiments

Overnight cultures of bacteria were suspended in working solutions containing S. Aureus
(ODgpo=0.2), E. Faecalis (ODggo=0.2), A. Fumigatus (10° spores/ml), Ecc15 (ODggo=200)
or E. Coli (ODgp=200). Adult male or female flies, aged 3-6 days, were anaesthetized with
CO, and infected by being pricked in the thorax with a thin needle dipped previously into
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the bacterial working solution. Survival experiments were done at 29°C with 20-30 flies for
each tested group. Surviving flies were transferred daily into fresh vials and counted.

Bacterial burden estimation

Adult male flies (3—6 days old) were injected thoracically with bacterial suspension (S.
Aureus ODggp=0.2 or Ecc15 ODgp=200) and cultured at 29°C. After 24 hrs, the flies were
dipped in 70% EtOH and air dried on the fly pad. Individual flies were mashed in 100 pl
sterile bacterial culture medium and followed by spinning to remove the debris. The
supernatant from each fly was serially diluted and plated. The plates were incubated at 37°C
for 12-16 hrs before counting the number of colonies.

Larval infection

Third instar larvae were washed 3 times with sterile ddH,O and injected using a sharp
capillary in the posterolateral body with ~100 nl bacterial suspension of S. Aureus
(ODggp=20) or E. Coli (ODgpg=200). Treated larvae were placed in a vial containing regular
food and a piece of wet Kimwipes paper for further analysis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Hippo signaling is required for antimicrobial response
3-6 days old adult flies were used in all analyses. All data shown are meanx SD; **, p<0.01,;

N.S., non-significant.

(A-A’") Adult males expressing the indicated UAS constructs by r4-Gal4 were infected by
various pathogens. Fly survival was monitored daily.

(B-B”) Adult virgin females expressing the indicated UAS constructs by YP1-Gal4 were
infected and monitored for survival.
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(C-C’) Adult males expressing the indicated UAS constructs by r4-Gal4 were infected with
Eccl5 or E. Coli. Note the increased sensitivity of TAK1 RNA. flies, and the normal
sensitivity of Hpo RNAI, Wts RNAI or Yki overexpression flies.

(D) Adult males of wildtype, mats (matst235/mats”33) or spz mutants (spz™7/spz'™m’) were
infected with S. Aureus and monitored for survival. Note the higher sensitivity of mats
mutants and spz mutants than wildtype flies.

(E) Adult males of wildtype, mats (matst235/mats”33) or Takl mutants (Tak12/Tak12) were
infected with Ecc15 and monitored for survival. Note the comparable sensitivity of mats
mutant and wildtype flies.

Also note the higher sensitivity of the Takl mutant flies. (F-G) Adult males expressing the
indicated UAS constructs by r4-Gal4 were infected with S. Aureus (F) or Ecc15 (G). Drs (F)
or Dpt (G) mRNA was monitored by gRT-PCR 6 hrs post-infection and normalized by the
expression of ribosomal protein rp49.

See also Figure S1.
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mats€235)F’

Figure 2. The Hippo kinase cascade cell-autonomously regulates antimicrobial gene expression
and Cact protein levels in larval fat bodies

Third instar larval fat bodies containing the indicated mutant clones were analyzed.

(A-B”) Drs-GFP or Dpt-GFP (green) was examined 6 hrs after S. Aureus (A-A”) or E. Coli
(B-B”) infection. wts mutant clones (arrowheads) were marked by the lack of the
ubiquitously expressed Arm-lacZ marker (red). Note the decreased expression of Drs-GFP
but not Dpt-GFP in wts mutant cells.
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(C—F") GFP-negative mutant clones of the indicated genotypes were stained for Cact protein
(red). The merged images also include the nuclear dye DAPI (blue). Note the strong
upregulation of Cact expression in hpo (C-C”), sav (D-D”), wts (E-E”) or mats (F—F")
mutant cells. Representative mutant cells are outlined with dashed lines.

See also Figure S2 and Table S1.
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Figure 3. The Hippo kinase cascade regulates Cact through a Yki-mediated transcriptional
mechanism

Third instar larval fat bodies containing the indicated mutant clones were analyzed unless
otherwise indicated.

(A-B”) GFP-positive Yki overexpressing clones (A-A”) or GFP-negative ykiB> mutant
clones (B-B”) were stained for Cact protein (red), showing increased or decreased
expression of Cact, respectively.

(C-C”) GFP-positive sd*’M mutant clones with Yki overexpression were stained for Cact
protein. Note the unaltered Cact expression in the GFP-positive cells (outlined in C’).
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(D-D”) similar to A-A” except that lacZ expression (red) from the cact-lacZ enhancer trap
line cact17027 was examined. Note the increased lacZ staining in Yki-overexpressing cells.
(E-E”) A third instar wing imaginal disc containing GFP-negative wtsX! mutant clones and
the cact-lacZ enhancer trap line cactk17927 was stained for lacZ expression (red), showing
increased lacZ staining in the wts mutant clones (outlined in E’).

See also Figures S3, S4 and Table S1.
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Figure 4. cact is a transcriptional target of the Yki-Sd complex
(A) Schematic representation of the cactus locus. Nine potential Sd-binding motifs and the

DNA constructs tested for HRE activity are indicated. Also indicated are coding exons
(yellow boxes) and non-coding exons (grey boxes).

(B) Luciferase reporter assay in Drosophila S2R+ cells. Reporter constructs containing
individual Sd-binding motifs were co-transfected with Sd- and Yki-expressing plasmids.
Note the induction of luciferase activity by Yki-Sd for reporter #4. Also included are the
empty luciferase reporter (GL3: negative control) and a luciferase reporter containing the
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minimal diapl HRE (diapl: positive control) (Wu et al., 2008). Data are meanz SD; **,
p<0.01.

(C-F) Analysis of the cact HRE activity in vivo. lacZ reporter containing #4 or #4M1 (red)
was examined in third instar wing discs (C-D”) or fat bodies (E-F") containing GFP-
positive Yki overexpression clones. Note the induction of #4-lacZ (C and E), but not #4M1-
lacZ, in Yki-overexpression clones in both tissues.

(G) 3-6 days old adult males expressing the indicated UAS constructs under the control of
r4-Gal4 were infected with S. Aureus and monitored for survival. Data shown are meant
SD; **, p<0.01. Note the higher sensitivity of the YKki-overexpressing flies to S. Aureus,
which was rescued by RNAI of Cact.

(H) Adult flies of the indicated genotypes were infected with S. Aureus. Bacterial CFU in
individual flies was measured at 24 hrs post infection. Data are mean+ SD; **, p<0.01; N.S.,
non-significant. Note the significant increase of bacterial load in Yki-overexpressing flies,
which was rescued by RNAI of Cact.

See also Table S1.
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Figure 5. Gram-positive bacteria activate Hippo signaling in Drosophila fat bodies
(A-B) Third instar larvae injected with S. Aureus (A) or E.Coli (B) were immunostained

with a-YKi antibody (red) at the indicated time points post infection. Nuclear staining
(DAPI) is shown in green in the merged channel. Note the gradual accumulation of
cytoplasmic Yki signal upon S. Aureus (A) but not E. Coli infection (B).

(C-C”) Third instar fat bodies containing GFP-negative hpo mutant clones were stained
with a-YKki antibody (red) 2 hrs after S. Aureus infection. The merged channel also includes
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the nuclear dye DAPI (blue). Reduced cytoplasmic YKi staining was observed in most hpo
mutant cells (19/24; a representative hpo mutant cell is outlined in C’).

(D) Drosophila Mbn2 cells were treated with a mixture containing heat inactivated S.
Aureus (5 pl/ml) and E. Faecalis (5 pl/ml) or the peptidoglycan derived from M. Luteus (20
pg/ml) for the indicated time. Cell lysates were probed with antibodies against the indicated
endogenous proteins. Note the induction of Hpo phosphorylation and Yki phosphorylation
by either treatment (compare lanes 2-5 with lane 1).

See also Table S1.
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Figure 6. The Toll-Myd88-Pelle cascade mediates bacteria-induced Hippo signaling in
Drosophila fat bodies

(A-E) Third instar fat bodies with the indicated genotypes were stained for Yki protein (red)
and counterstained with DAPI (green), before (Ctrl, top panels) or 2 hrs after S. Aureus
infection (bottom panels). Note the cytoplasmic translocation of Yki induced by S. Aureus in
wildtype (A) or DreddB! mutant flies (E), and the absence of such translocation in TI"3/TI™
(B), spz™ (C) or Myd88KG03447 (D) mutant fat bodies.

(F) Third instar fat bodies containing pll mutant clones (GFP-negative) were stained for Yki
protein (red) and counterstained with DAPI (blue) 2 hrs after S. Aureus infection. Note the
absence of Yki cytoplasmic translocation in pll2 mutant cells (outlined in F’), as compared
to the neighboring wildtype cells.

(G) Similar to (F) except that Cact-overexpression clones (GFP-positive) were examined 2
hrs after S. Aureus infection. Note the normal cytoplasmic translocation of endogenous YKki
in Cact-overexpression cells (outlined in G”), as compared to the neighboring wildtype cells.
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(H-I) Fat bodies from non-infected third instar larvae containing GFP-positive clones with
overexpression of TI (H) or PII (1) were stained for Yki (red) and counterstained with DAPI
(blue). Note the cytoplasmic enrichment of Yki in TI- or Pll-overexpression cells (outlined
inH’ and I).

(J) S2 cells were transfected with indicated plasmids. Note the induced YKki phosphorylation
by TI19 (compare lanes 2 and 1) or PIl (compare lanes 3 and 1), which was inhibited by
depleting Hpo (compare lanes 5 and 3) or Wts (compare lanes 6 and 3).

(K) S2 cells were transfected with indicated plasmids. A kinase dead form of Hpo (HpoKP)
was used to avoid auto-phosphorylation of Hpo, as reported in previous studies (Boggiano et
al., 2011). Note the induction of Hpo phosphorylation by TI10P (compare lanes 2 and 1) and
PIl (compare lanes 3 and 1).

See also Figure S5 and Table S1.
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Figure 7. Pelle activates Hpo by phosphorylating and inducing the degradation of Cka
(A) S2 cells expressing HA-PII with FLAG-tagged constructs encoding different subunits of

the STRIPAK complex were immunoprecipitated with anti-FLAG beads. Note the
interactions between PIl and Cka, but not the other subunits of the STRIPAK complex
(Slmap, Fgop2, Strip or Mob4).

(B-B”) Non-infected third instar fat bodies containing Cka mutant clones (GFP-negative)
were stained for YKki protein (red) and counterstained with DAPI (blue). Note the
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cytoplasmic enrichment of Yki in Cka mutant cells (outlined in B’), as compared to the
neighboring wildtype cells.

(C) S2R+ cells were transfected with FLAG-Cka and GFP constructs together with different
amount of HA-PII. Note the mobility shift (compare white and black dots next to protein
band) and reduced protein level of Cka when PII was co-transfected. Also note the greater
reduction of Cka protein level with increased expression of PIl. In contrast, the protein level
of the co-transfected GFP was not affected by the expression of PII.

(D) S2R+ cells were transfected with indicated plasmids. Note the mobility shift and
reduced protein level of Cka caused by wildtype PII but not the PlI-K240R mutant.

(E) Direct phosphorylation of Cka by PIl in vitro. Kinase assay was performed using
bacterially purified GST-Cka and PIl or PII-K240R immunoprecipitated from S2R+ cells.
Note the thiophosphate-ester signals on Cka as well as Pll (due to autophosphorylation) after
incubating with PII, but not with PlI-K240R.

(F-G) 3-6 days old adult males expressing the indicated UAS-RNAI constructs under the
control of r4-Gal4 were uninfected or infected with S. Aureus. cact (F) or Drs (G) mRNA
was monitored by qRT-PCR 6 hrs post-infection and normalized by rp49 level. Data shown
are meanz SD; *, p<0.05; **, p<0.01. Note the lower cact level and higher Drs level in Cka
knockdown flies than control flies in both uninfected and infected conditions.

(H-1) Fat bodies from non-infected control (H) or S. Aureus-infected (1) third instar larvae
containing Pll-overexpressing clones (GFP-positive) and tub-FLAG-Cka transgene were
stained for FLAG-Cka (red) and counterstained with DAPI (blue). Note the reduced level of
Cka in Pll-overexpressing cells (outlined in H’ and I’), as compared to the neighboring
wildtype cells. Also note the overall reduction of Cka signal (red) in the wildtype cells
(GFP-negative) upon infection (compare I-1" with H-H’, confocal images taken under
identical parameters).

(J) Mbn2 cells were treated as in Figure 5D. Note the reduced Cka protein level upon
bacterial or PGN treatment. Also note the increased p-Hpo and p-Yki levels upon bacterial
or PGN treatment.

(K-L) Similar to (H-1) except that PllI-knockdown clones (GFP-positive) were analyzed.
Note the higher level of Cka in Pll-knockdown cells (outlined in K” and L), as compared to
the neighboring wildtype cells.

(M) A schematic model depicting the coordinate regulation of Cact by Toll and Hippo
signaling. Activation of the Toll receptor by Gram-positive bacteria not only induces Cact
degradation but also suppresses cact transcription through the Hippo-Yki pathway.
Activation of Hippo signaling requires Spz, Tl, Myd88 and Pelle, which phosphorylates and
degrades Cka, a negative regulator of Hpo.

See also Figure S6 and Table S1.
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