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Abstract

The Hippo pathway plays a key role in controlling organ growth in many animal species and its
deregulation is associated with different types of cancer. Understanding the regulation of the
Hippo pathway and discovering upstream regulators is thus a major quest. Interestingly, while the
core of the Hippo pathway contains a highly conserved kinase cascade, different components have
been identified as upstream regulators in Drosophila and vertebrates. However, whether the
regulation of the Hippo pathway is indeed different between Drosophila and vertebrates or
whether these differences are due to our limited analysis of these components in different
organisms is not known. Here we show that the mouse Fat4 cadherin, the ortholog of the Hippo
pathway regulator Fat in Drosophila, does not apparently regulate the Hippo pathway in the
murine liver. In fact, we uncovered an evolutionary shift in many of the known upstream
regulators at the base of the arthropod lineage. In this evolutionary transition, Fat and the adaptor
protein Expanded gained novel domains that connected them to the Hippo pathway, whereas the
cell-adhesion receptor Echinoid evolved as a new protein. Subsequently, the junctional adaptor
protein Angiomotin (Amot) was lost and the downstream effector Yap lost its PDZ-binding motif
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that interacts with cell junction proteins. We conclude that fundamental differences exist in the
upstream regulatory mechanisms of Hippo signaling between Drosophila and vertebrates.
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Introduction

Growth is a fundamental aspect of animal development, and the Hippo signal-transduction
pathway has emerged as a major pathway that controls organ size.1~* Loss of Hippo
pathway activity in flies and mice results in severely overgrown tissues with an excess
number of cells.1=4 A major question about the Hippo pathway concerns the identity of
upstream regulators and their function in growth control. Studies in flies and mice identified
several upstream regulators of the Hippo pathway. Although it is frequently assumed that
upstream regulators have similar functions in flies and mammals, it is not clear, however,
which of these inputs are actually conserved.

The core of the Hippo pathway in Drosophila consist of two kinases, Hippo (Hpo) and
Warts (Wts), and their adaptor proteins, Salvador (Sav) and Mob as a tumor suppressor
(Mats), which regulate the activity of the transcriptional coactivator Yorkie (Yki) and its
transcription factor binding partner Scalloped (Sd).1~* The core of the Hippo pathway is
highly conserved in evolution and homologous components are found in representatives of
most major animal phyla (Supplementary Figure S1 A).>6 Specifically, Hpo, Wts, Sav,
Mats, Yki and Sd predate the animal radiation, as homologs are present in amoeboid
holozoans, where they also form a kinase cascade.® Vertebrates have two Hpo homologs,
Mstl and Mst2, that work in a redundant manner, as only double mutants show an
overgrowth phenotype.’~12 Warts has two vertebrate homologs, Lats1 and Lats2, that
function in similar ways by phosphorylating and thereby inhibiting the activity of Yki or the
vertebrate homologs Yap and Taz, respectively. In mammals, Yap and Taz have added
levels of diversity not observed in flies: Yap and Taz have eight and two alternative splicing
isoforms, respectively.13-15 Also, while Yap and Taz are targeted for degradation in
mammals, this has not been observed in flies.16:17 Indeed, the phosphodegron responsible
for the degradation of Yap and Taz is not conserved in fly Yki, 1 although we found this to
be conserved in other classes of insects (not shown). Sd has four mammalian homologs,
TEAD1-4, that all show high evolutionary conservation.18 Importantly, biochemical
experiments and transgenic rescue experiments indicate that the core components function in
comparable ways in different phyla, at least in Drosophila and vertebrate systems. The core
of the Hippo pathway thus forms a highly conserved signal-transduction module.1-4.19

Some of the upstream regulators of the Hippo pathway, like Merlin (Mer), Kibra, Expanded
(Ex), Ras association family members (Rassf), Fat (Ft), Tao, Ajuba, Crumbs (Crb), ZO
proteins and a-catenin, are present in both flies and mammals.1~* However, confusion and
controversy exists as to whether the function of these proteins as regulators of the Hippo
pathway is also conserved. For example, it is not clear whether the vertebrate homologs of
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two important regulators in flies, Ft and Ex, regulate Hippo signaling. Knockdown of the ft
ortholog, Fat4 (a.k.a. Fatj), in the neural tube of chicks leads to increased cell proliferation
of progenitor cells and Yap activation,20 whereas deletion of Fat4 in mice does not lead to
overgrowth defects, but instead leads to smaller kidneys and defects in planar cell polarity
(PCP)21:22 Thus, while the function of Ft In PCP appears to be conserved between flies and
vertebrates, 2125 whether Fat4 directly connects with the Hippo pathway is not clear. Ex has
a human ortholog, FRMDS, that may act as a tumor suppressor in vertebrates.26:27 However,
whether FRMDS acts through effects on Hippo signaling is controversial 26:27

To clear up confusion about the conservation and divergence of upstream regulators of the
Hippo pathway, we performed a systematic analysis. We used a combination of mouse
knockout studies of Fat4 and In vivo structure function analysis of Drosophlia Ft and
identified a motif in Drosophlia Ft that is necessary to signal to the Hippo pathway. We then
traced the evolutionary origin of this domain and that of other Hippo pathway components
and their functional domains to clarify the evolutionary history of the known upstream
components. Our analysis revealed an evolutionary shift of several regulators of the Hippo
pathway at the base of the arthropod lineage that affected their function In the Hippo
pathway. Our analysis indicates that during arthropod evolution Fat Ex and Echinoid (Ed)
gained function in the Hippo pathway, whereas Angiomotin was lost and Yap changed its
molecular interactions. In addition to these changes in the arthropod lineage, Dachs was lost
in chordates. We conclude that fundamental differences exist In the mechanisms of Hippo
pathway regulation between flies and mice.

Fat4 does not regulate Hippo signaling in mammalian livers

Drosophiia has two Fat-like proteins: Ft, which regulates tissue growth through the Hippo
pathway28-32 and PCP independently of the Hippo pathway, and Kugelei, which regulates
PCP but not the Hippo pathway.33-34 Mice have four Ft homologs: Fat1-3 are orthologs of
Kugelei, and Fat4 is the sole ortholog of Ft.33 Recent studies investigating the function of
Fat4 did not report overgrowth phenotypes in Fat4 knockout mice,21:22 indicating that Fat4
might be dispensable for the regulation of Hippo signaling in mice. To more directly
examine a role for Fat4 in Hippo signaling, we used Albumin-Cre (Alb-Cre) to delete Fat4
specifically in the mouse liver, an organ that is exquisitely sensitive to Hippo signaling.1:3>
Unlike mice defective in Hippo signaling,6-11:36.37 Alb-Cre; Fat4flo¥/flox mice (N>5) did not
show any phenotypic abnormalities at 3.5 or 11 months of age compared with age-matched
wild-type littermates (Figures 1a and b), demonstrating that Fat4 is dispensable for normal
liver growth.

In Drosophila, Ft functions semiredundantly with Mer to regulate Hippo signaling in
imaginal discs, and ft mer double mutants show much more severe tissue overgrowth
phenotypes than either single mutant.39:32 To exclude the possibility that our analysis of
Fat4 mutant mice might have missed a subtle role for Fat4 in mammalian Hippo signaling,
we further examined a double mutant combination of Fat4 with Nf2, the gene encoding Mer.
We generated Nf2 knockout livers and Fat4; Nf2 double knockout livers using Alb-Cre (Alb-
Cre; Nf2flox/flox and Alb-Cre; Fataflox/flox. Nfpflox/floxy ' Ag reported previously,3¢ Nf2 mutant
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livers developed hepatomegaly and widespread bile duct hamartomas, which appeared
microscopically as collections of irregularly shaped duct-like structures comprised of
cytokeratin-positive biliary epithelial cells (Figures 1a and b). Unlike the strong synergy in
the overgrowth phenotype observed between ft and mer mutations in flies,39-32 examination
of Fat4; Nf2 double mutant livers revealed similar phenotypes as Nf2 mutant livers in liver
size and histology (Figures 1a and b). Thus, even in a sensitized genetic background with
compromised Hippo signaling due to loss of Nf2, Fat4 does not contribute significantly to
Hippo signaling. While negative data can be difficult to interpret, our genetic analysis,
together with the already published data, indicates that the role of Fat4 in PCP is conserved
between flies and mammals, and that Fat4 has no or only a minor role in the Hippo pathway
in mammals.

The growth control and PCP functions of Fat can be separated

An important question concerns the mechanism by which Ft signals into the Hippo pathway.
In a genetic screen for novel Hippo pathway components, we isolated a new allele of ft that
we named ‘fat super-size me’ (ftSU™) because it specifically affects the function of Ft in
growth control. Homozygous ftY™ mutant larvae had strongly overgrown eye and wing
imaginal discs (Figures 2a and d) and ft>Y™ mutant clones had overgrown eye imaginal discs
(Figures 2e and f). Interestingly, ftSU™ mutant tissues showed no observable PCP phenotypes
as assayed by analyzing bristle orientation on the abdomen of mutant pharate adults (Figures
29-j) and the orientation of ommatidia in mutant clones visualized by md-lacZ expression,
which marks R4 photoreceptors (Figures 2k and I). Importantly, ftY™ mutant clones
upregulated fj-lacz, a readout for Yki activity, similar to ft#22 mutant clones (Figures 2e and
f). Ft functions through a mechanism that involves the atypical myosin Dachs (D).2%:38-40 |
wild-type imaginal discs, D is asymmetrically localized along the proximal-distal axis of
each cell, but this asymmetric localization was lost and D levels were increased in ft-null
mutant clones (Figure 2n).41-44 Increased D levels correlate with increased growth,40
whereas the asymmetric localization of D is involved in the regulation of PCP.41-44
Interestingly, we found that D was still asymmetrically localized but was increased in ftSUM
mutant clones, further demonstrating that the PCP function of Ft was not significantly
affected by the ftSU™ mutation (Figure 2n). We sequenced the entire ft open reading frame of
ftSUM mutants and found a single point mutation giving rise to a substitution of isoleucine
4852 to an asparagine in the Ft intracellular domain (Supplementary Figure S3).
Importantly, ftY™ has a point mutation in the normal genomic context of the ft gene and
therefore the observed phenotypes did not rely on rescue constructs that may cause unrelated
overexpression or insertion artifacts. These data indicate that isoleucine 4852 is important in
regulating the levels of D but not its subcellular localization. Thus, the tumor suppressor
function of Ft can be separated from its PCP function.

The Ft intracellular domain has no annotated protein domains but it does have portions that
show varying levels of evolutionary conservation between flies and vertebrates
(Supplementary Figure S3). Interestingly, the ftY™ mutation resides in a motif that is not
conserved between flies and vertebrates, although there are several other motifs that are
highly conserved (Supplementary Figure S3). To assess the functional importance of the
conserved motifs, we generated a series of deletion constructs in the context of the FtAECD
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construct, a Ft construct that lacks the extracellular domain but that is sufficient to rescue
growth and PCP phenotypes of ft mutant animals.#> All of our deletion constructs were
inserted into the same genomic location by PhiC31-mediated integration*® to ensure
equivalent expression levels. We then assayed the activity of these constructs in five
different in vivo assays that report Hippo pathway activity and PCP regulation. Specifically,
we used actin-Gal4 to overexpress the different Ft constructs in ft mutant animals and
assayed the ability to rescue the lethality, PCP of abdominal hairs and the wing size (Figure
3a and Supplementary Figure S4). In addition, we expressed the Ft constructs using hh-Gal4
in ft mutants to test the effect on the size of the posterior compartment and on ex-lacZ
expression in wing imaginal discs (Figure 3a and Supplementary Figure S5). We found that
overexpression of a deletion construct in which motif 3 is deleted (Ft23) was not able to
rescue lethality (Figure 3a), wing size (Figure 3a and Supplementary Figure S4), imaginal
disc size (Figures 3a-e) and ex-lacZ expression in ft mutants (Figures 3a and 2f-j and
Supplementary Figure S5), whereas all other deletion constructs were able to rescue the
growth and PCP defects (Figure 3a and Supplementary Figures S4-6, quantified in
Supplementary Figure S5). Importantly, deletion of motif 3 did not destabilize the Ft protein
as Ft23 was expressed at similar levels compared with the other Ft constructs (Figures 3i and
j). Therefore, specifically motif 3 is essential for Hippo signaling regulation. We thus named
this motif the Hippo pathway-interacting motif (HM). Notably, the HM (residues 4834—
4899) overlaps with the domains identified by Matakatsu and Blair*’ to be essential for the
regulation of Hippo signaling, namely the Hippo N (residues 4775-4836) and Hippo C
(residues 4839-4920) domains (Supplementary Figure S3). Notably, the residue that is
mutated in ftSU™ lies in the HM, further demonstrating the importance of the HM in the
regulation of the Hippo pathway. Our data also indicate that the other conserved motifs are
individually dispensable for growth and PCP regulation. However, an Ft*ECD _derived
construct that deleted all motifs except the HM failed to rescue lethality, overgrowth and fj-
lacZ expression (Figures 3a and k). Therefore, the motifs outside of the HM are necessary in
combination with the HM for full Ft activity. Overall, we conclude that the HM is essential
for the regulation of growth through the Hippo pathway.

Co-option of Fat into the Hippo pathway in arthropods

The finding that the HM, which is not conserved in mammals, is essential for the regulation
of growth control, whereas single deletion of the other conserved motifs had no noticeable
effect, indicates that Fat might have different molecular functions in flies and vertebrates.
The molecular mechanisms of Ft signal transduction are poorly understood, but genetic
evidence in Drosophila indicates that Ft signals through D2°:38-40 tq regulate the levels of
Wis29 and to affect the localization of Ex.39:32 We thus wanted to trace the evolutionary
history of the HM, the other motifs in the Ft intracellular domain and D. We found that the
HM is conserved in arthropods, but is not found outside of arthropods (Figure 4a). Notably,
the 65 amino acids of the HM of Ft represent a sequence that does not share any significant
sequence similarity to sequences of the human and mouse proteomes. In addition, the
residue that is mutated in ftU™ is conserved in all arthropod species analyzed, pertaining to
its functional significance. Thus, Ft acquired a new domain in arthropods that links it to the
Hippo pathway. Dachs is present in flies but not in vertebrates. Phylogenetic tracing of D
indicates that D may be ancestral in metazoans, but is lost in chordates. Interestingly, D
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belongs to the myosin X subfamily, which, similar as D in flies,** regulates spindle
orientation in mice.#849 |t is not clear whether D has a function in Hippo signaling outside
of arthropods, as some domains are arthropod-specific although it is not known whether
these domains act in Hippo signaling. We therefore conclude that the Ft-D axis regulates the
Hippo pathway in flies but is absent in vertebrates.

The Crumbs complex exchanges Angiomotin for Expanded at the base of the arthropod

lineage

An upstream regulator of Hippo signaling that is present in mammals and flies is the Crb
complex composed of the transmembrane domain protein Crb and its binding partners.50 At
first sight, it therefore appears that the mechanism of Crb action in the Hippo pathway may
be conserved. Interestingly however, different mechanisms have been described by which
Crb regulates the Hippo pathway.

In vertebrates, Crb has three homologs that form a complex with the Angiomotin family
proteins, Angiomotin (Amot), and Angiomotin-like 1 and 2 (Amotl1 and Amotl2). Amot
proteins are adaptor proteins that associate with the cytoskeleton and localize to tight
junctions.®1-55 Amot binds Yap through the interaction of its PPxY and LPxY motifs with
the WW domains of Yap and Taz>6-58 (Supplementary Figures S1 and S2). In addition,
Amot interacts with the junction proteins ZO-1 and -2 using its PDZ interaction motif.59.60
Importantly, Amot family proteins are required for the cytoplasmic localization of Yap and
Taz.51-53.56 Strikingly, although Amot family proteins are essential for the proper regulation
of Yap and Taz in vertebrates, no Amot homolog is present in Drosophila. Was Amot
ancestral to both vertebrates and flies but then lost in the lineage giving rise to flies or was
Amot gained in the lineage giving rise to vertebrates? To distinguish between these
possibilities, we tracked the phylogenetic distribution of Amot genes. We found that Amot-
like genes are present in representatives of all major bilaterian phyla including arthropods
(Figure 4c). Hence, Amot was most likely present in the last common ancestor of all
bilaterian animals and lost during arthropod evolution. Within arthropods, Amot is present
in all classes including insects, but in insects it is not present in Schizophora, part of the
Neodiptera, which contain fruit flies and houseflies (Figure 4c). Thus, Amot was originally
present in all bilaterian animals, but was lost relatively recently in the dipteran lineage that
includes Drosophila. Interestingly, although Amot is present in most arthropods, several
arthropod Amot proteins lack motifs that are functionally important in vertebrate Amot.
First, the C-terminal PDZ-binding motif, which links Amot to the Crb complex, was lost in
arthropods. Second, the PPxY motifs, which mediate its interaction with Yap, were lost
multiple times independently in arthropods. These data indicate that Amot became less
important in arthropods, leading to low selection pressure on important domains and
ultimately to the loss of Amot itself. Thus, the Crb complex lost Amot as a link to the Hippo
pathway at the base of the arthropod lineage.

The loss of Amot's PDZ-binding motif in arthropods indicates that Amot cannot relay
information from the Crb complex into the Hippo pathway. In flies, however, the Crb
complex affects Hippo signaling through the FERM domain adaptor protein Ex.81-63 Ex
regulates the Hippo pathway by forming a complex with Mer and Kibra to regulate the Hpo
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and Wts kinases84:65 and by directly binding to Yki.68:67 Interestingly, although Ex and
Amot are different proteins with different domains, they resemble each other in their
function: both localize subapically, both bind to the Crb complex81-3 and both bind to Yap
and Taz/YKki directly.61-63.66-69 \we thus investigated the evolution of Ex. The FERM
domain of EX, which is necessary for complex formation with Mer and Kibra, is present,
although diversified, in Ex orthologs outside of arthropods (Supplementary Figure S7),
indicating that also outside of arthropods. Ex may complex with Mer and Kibra. In contrast
to the FERM domain, however, the C-terminal domain of Drosophila Ex, which is
necessary and sufficient for its growth control function,’%71 is not conserved in Ex
homologs outside of arthropods (Figure 4d and Supplementary Figure S7). Importantly, the
three PPxY motifs, which are located in the C-terminal domain of Ex and are necessary for
YKi binding, are conserved in arthropods. Thus, the interactions of Ex with Yki and Hpo,
respectively, are evolutionary innovations in the arthropod lineage, more specifically in
pancrustacea. Therefore, although Ex may form a complex with Mer and Kibra in
vertebrates, it is unlikely that vertebrate Ex functions in the same way in the Hippo pathway
as in Drosophila, as the C-terminal domain that interacts with the Hippo pathway is
arthropod-specific. Thus, the acquisition of the new C-terminal domain in Ex co-occurred
with the loss of the PDZ-binding motif of Amot. We speculate that a switch occurred in the
regulation of Hippo signaling from Amot to Ex at the base of the arthropod lineage.

Yap loses its PDZ-binding motif during arthropod evolution

Given the changes in Amot and Ex, which both form complexes with Yap and Taz, we
wondered whether the loss of Amot and the gain of a novel domain in Ex was accompanied
by changes in Yap homologs. In mammals. Yap and Taz are localized to apical junctions by
a tripartite complex of Amot, Yap/Taz and the tight junction component ZO-2 (and perhaps
Z0-1).5960 The WW domains of Yap and Taz interact with the PPxY motifs of Amot and
the PDZ-binding motif of Yap interacts with the PDZ domain of zo0-2.51:59.60.72.73 gjngle
Yap orthologs are found in species of different animal phyla including cnidaria
(Supplementary Figure S1A),12 indicating that a single Yap gene was ancestral. Notably, the
different domains of Yap, its N-terminal Sd interaction domain, its main Wts
phosphorylation site that binds to 14-3-3, its WW domains and its C-terminal PDZ-binding
motif that binds to ZO-2 are all highly conserved throughout the phylogenetic tree except in
Diptera, where the PDZ-binding motif and the full-length transactivation domain are no
longer present (Figure 4e). Thus, we speculate that the loss of the interaction of Amot with
the Crb complex at the base of the arthropod lineage opened the possibility for the loss of
the PDZ-binding motif of Yap, which also interacts with the Crb complex. Also at the base
of the arthropod lineage. Ex gained a novel Yki-interacting domain. Thus, the mechanisms
by which the Crb complex regulates the Hippo pathway, including the direct interaction with
Yap, changed during arthropod evolution.

The adherens junction protein Echinoid is arthropod-specific

The loss of Amot during arthropod evolution coincides with major changes in the
organization of cell-cell junctions.”* Amot is thus not the only junctional protein that
changed. One of the junctional components that is present in flies but not in mammals is Ed
(Figure 4f). Ed is loosely related to Hemicentin in mammals, but reciprocal blast searches
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indicate that they are not orthologs. Interestingly, Ed not only promotes formation of
adherens junctions but also plays a role in the regulation of Hippo signaling. Indeed, Ed acts
as tumor suppressor upstream of the Hippo pathway and complexes with Ex, Sav, Mer and
Yki through its intracellular domain.”® The C-terminal portion of the intracellular domain,
which is required for Hippo regulation, is highly conserved in arthropods but not present
outside of arthropods. We conclude that Ed originated as a regulator of the Hippo pathway
at the base of the arthropod lineage.

Discussion

We addressed the question how similar or dissimilar is the regulation of Hippo signaling in
the premier model systems used to study the Hippo pathway, namely Drosophila
melanogaster and Mus musculus. Our analyses imply that despite the high conservation of
the core components of the Hippo pathway in the animal kingdom, many of the currently
known upstream regulatory mechanisms of the Hippo pathway are not conserved between
flies and mice. Most notably, Ft and Ex evolved novel protein domains that together with the
emergence of Ed formed novel regulatory inputs into the Hippo pathway at the base of the
arthropods. Later, Amot and the PDZ-binding motif of Yap were lost during arthropod
evolution. In addition to these divergent inputs, the Hippo pathway also has conserved
upstream regulators. The currently known conserved upstream regulators that regulate the
Hippo pathway through conserved mechanisms are Mer, Kibra, Rassf, Ajuba and Tao.
Another group of Hippo pathway regulators are proteins that regulate the formation and
function of F-actin, including G-protein-coupled receptors,’® Src,”” cell-cell junction
components.’® Although these components are conserved, more needs to be understood on
the role and the mechanism of actin in the regulation of the Hippo pathway to fully
appreciate whether their mechanisms are evolutionarily conserved. Taken together,
fundamental differences exist in the upstream regulatory mechanisms modulating the
activity of the Hippo pathway in different species (Figure 5). An interesting evolutionary
divergence that we uncovered involves the co-option of Ft into the Hippo pathway at the
base of the arthropod lineage. Fat proteins control PCP in vertebrates and flies. The
mechanisms by which Fat functions in PCP are not known but the regulation of D
localization may be important in flies.#0:43.79 However, vertebrates do not have a D
homolog, although they do have the closely related myosin X. Interestingly, Fat4 and
myosin X mutant mice have similar PCP phenotypes, specifically a misorientation of the
mitotic spindle,2280:81 and D is necessary for correct spindle orientation in flies.#3.79 We
thus speculate that Fat4 affects PCP by interaction with myosin X, similar to the action of
Fat-D in flies. It is unclear whether D functions in Hippo signaling outside of arthropods.
Indeed, although D is ancestral to metazoans, arthropod D contains two domains that are
specific to arthropod D, which may be important for Hippo signaling. Additionally, we
found that Fat acquired a new domain that regulates Hippo signaling. This indicates that
outside of arthropods Fat does either not directly regulate the Hippo pathway or regulates
the Hippo pathway through mechanisms different than those in flies, for example, by using a
different motif in its intracellular domain. Thus, further investigations are required to test
whether under conditions where Fat4 affects Yap activity in vertebrates, Fat4 has direct
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effects on the Hippo pathway or affects Hippo signaling indirectly through its interaction
with adherens junctions or through effects on PCP20.82.83

The existence of differences in upstream regulatory inputs between flies and vertebrates is
unusual for a developmentally critical signal-transduction pathway, and most other signal-
transduction pathways have specific signaling molecules and receptors that are highly
conserved, such as the Wnt, Hedgehog, TGFb and Notch pathways, for example, Mauviel et
al.8* What then are the implications of this evolutionary switch in the Hippo pathway? How
can the Hippo pathway have such dramatic evolutionary plasticity and what does this tell us
about the function of the pathway during development?

First, evolutionary changes occurred in several upstream regulators of the Hippo pathway,
and at least in flies these inputs often act partially redundant,13 which may enable
evolutionary flexibility. Second, the evolution of different inputs is the basis of differential
regulation of the pathway in different tissues. In flies, for example, the Ft-D axis is essential
for the regulation of the pathway in growing imaginal discs, while it is not required for the
control of follicle cell proliferation.8586 On the other hand, Mer is essential in follicle cells,
but has only a minor role in imaginal discs.5%87:88 Similarly in vertebrates, a-catenin is
essential for the regulation of Yap in keratinocytes where the core Hpo kinases Mst1/2 are
not required.8%90 Thus, loss of Hippo pathway components can have strikingly different
effects on the activity of the pathway in different tissues. Again, this is unusual for signal-
transduction pathways where similar signaling mechanisms are generally used in different
tissues, although redundancy and flexibility, of course, exists among components that are
present in a genome in multiple copies and as multiple isoforms, which is often the case in
vertebrates. Third, care must be taken when generalizing regulatory mechanisms in the
Hippo pathway. This is true for comparing mechanisms among different species as well as
between different tissues in the same species. The evolutionary changes that we identified
may not be the only variations in Hippo signaling.

Given all these variations in the regulatory inputs into the Hippo pathway, is there a
common theme? We think there is. First, the currently known major regulatory inputs into
the Hippo pathway depend directly or indirectly on cell-cell junctions and cell—cell
interactions. This is true for the regulators of the Hippo pathway in Drosophila, where Ft
and Crb are transmembrane receptors that localize to subapical junctions and physically
interact with ligands on neighboring cells. Also Ajuba, Mer and Kibra localize to cell—cell
junctions, although it is not known whether and how their activity is regulated by cell—cell
interactions.”:91-97 |n addition, Dig, Scrib and Lgl, proteins known to be required for
proper apical-basal cell polarity,?8 affect the activity of the Hippo pathway.58:99-101 Fyrther,
in mammals the Amot complex, a major input into the Hippo pathway, and a-catenin, which
may represent a parallel input, localize to cell—cell junctions.?6:90 Interestingly, major
differences exist in the physical properties and location of cell-cell junctions between flies
and vertebrates.102 Flies do not have classical tight junctions apical to adherens junctions
that are typical for vertebrate epithelia. Rather, flies have an analogous septate junction that
localizes basal to adherens junctions.”* In addition, the adherens junction component Ed,
which is essential for adherens junction formation, is arthropod-specific. Our data suggest
that the function and thus evolution of Hippo pathway inputs is linked to the evolution of
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cell—cell junctions, placing cell-cell junctions as a central regulator of organ size control.
Altogether, we conclude that major differences exist in the molecular mechanisms that relay
information from cell—cell junctions into the Hippo pathway between flies and mammals.

Materials and Methods

Tracing the evolutionary history of genes and protein domains

A full description of the phylogenetic analysis is given in the Supplementary Information;
briefly, candidate orthologs or their absence was identified using BLAST/tblastn (translated
nucleotide database) and the PhyML algorithm in different configurations. Databases used
are listed in the Supplementary Information.

Alignments

All sequences were aligned using the MUSCLE (multiple sequence alignment by log-
expectation) alignment algorithm using 800 iterations.

Fly stocks and transgene creation

All crosses were kept at 25 °C. Mutant clones were induced using the FLP/FRT (Flp
Recombination Target) system. For generating ft-null mutant clones, ft422, which contains a
5 bp deletion at amino-acid position 1400, were flipped against corresponding ubi-GFP
marked FRT chromosomes. Other stocks used were: ex597, ft/d m@0.5-lacZ and fj-lacZ. All
Ft rescue constructs were created using phiC31-mediated integration in the 68A locus,
giving rise to UAS-FtPECD  UAS-FtP1 UAS-FtP2, UAS-FtP3, UAS-FtP4, UAS-FtP5, UAS-
FtP8, UAS-FfP7 and UAS-FtP8. We also used UAS-FfFL (from S. Blair). To induce
overexpression, we used tub-Gal4, act-Gal4 and hh-Gal4. The precise genotypes of all flies
used is added as a Supplementary Information file. All our deletion constructs included an
N-terminal signal peptide, followed by an HA and a TAP tag in place of the Ft extracellular
domain. The constructs were polymerase chain reaction amplified and inserted into the
pUAST attB vector by Notl-Kpnl. We used the PhiC31 site-specific integration system to
create UAS-transgenic flies on the third chromosome at genomic position 68A.

Drosophila tissue immunohistochemistry

Antibody stainings of imaginal discs were done as described earlier.193 The following
antibodies were used: rat anti-Fat (1/2000, M.A. Simon, Stanford, CA, USA), mouse anti-f-
Gal (1/2000, Promega, Madison, WI, USA), rabbit anti-p-Gal (1:600, Invitrogen, Grand
Island, NY, USA), rat anti-Ci (1/150, R Holmgren, Evanston, IL, USA), and mouse anti-HA
(Invitrogen, 1/200).

Generation of Fat4; Nf2 and Fat4; Nf2 conditional knockout mice

To achieve liver-specific gene deletion, Fat4flox/flox Npflox/flox 36,104 Eaggflox/flox gng
Fat4flox/flox. Nf2flox/flox mice were bred to Alb-Cre transgenic mice (no. 003574) from the
Jackson Laboratory (Bar Harbor, ME, USA). To avoid potential variation related to gender,
all experiments were performed in male mice with paternal inheritance of Alb-Cre. All
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animal experiments were performed with protocols approved by the Johns Hopkins
University IACUC (Baltimore, MD, USA).

Mouse histological analysis and immunohistochemistry

Mouse liver samples were collected, fixed overnight in 10% neutral-buffered formalin
solution (Sigma, St Louis, MO, USA), embedded in paraffin and sectioned at 5 um. Sections
were stained with hematoxylineosin for histology analysis. Primary antibodies used for
immunohistochemistry were: wild spectrum screening cytokeratin (pan-CK) (Dako,
Carpinteria, CA, USA; 20622, 1:500). The signals were developed with VECTASTAIN
Elite ABC kit (Vector Laboratories, Burlingame, CA, USA).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Fat mutant livers do not show a Hippo-like phenotype. Gross Images, hematoxylin and eosin

(H&E) and pan-CK staining of livers from wild-type control, Alb-Cre; Fataflox/flox Alb-Cre;
Fatgfloxiflox, Nfaflox/flox ang Alb-Cre; Nf2flox/flox 3t (@) 3.5 months of age or (b) 11 months of
age. Gross images show that Nf2 mutants and Nf2 Fat4 double mutants developed
comparable hepatomegaly and bile duct hamartomas at the surface of the liver, whereas
Fat4 mutant livers were normal. Scale bar=1cm. H&E and pan-CK staining showed
comparable bile duct overproliferation in Nf2 mutant and Nf2; Fat4 double mutant livers.
Scale bar=100um.
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Figure 2.
ftSUM mutants display overgrowth and activation of Yki-activity readouts, but no planar cell

polarity phenotypes. (aand b) Third instar wing discs in (a) heterozygous ftSU™ or (b)
homozygous ftU™ mutants, (c and d) Third instar eye discs in (c) heterozygous ftSU™ mutants
or (d) homozygous ftSU™ mutants, (€) diapl-lacZ expression (red and gray, €) in eye discs
containing ft422 mutant clones marked by the absence of GFP expression, (f) diapl-lacZ
expression (red and gray, ) in eye discs containing ftSY™ mutant clones marked by the
absence of GFP expression, (g-j) Pharate adult abdomen to analyze planar cell polarity
phenotypes by hair orientation in (g) wild-type, (h) ft422/ft™ mutant, (i) ft*22/ft"d mutant with
act-Gal4-driven expression of FtFL and, (j) ftSU™ mutant animals, (k and I) Third instar wing
discs with ft422 or ftSU™ clones respectively to analyze planar cell polarity by analyzing
photoreceptor R4 location marked by mad-lacZ expression (red) and ELAV (blue) to mark all
photoreceptor cells. Mutant clones are marked by the absence of GFP expression (green), (k
Z17 The orientation of rhabdomers is indicated by green arrows for wild-type tissue and red
arrows for mutant tissue, (m and n) Dachs stainings in third instar wing discs. D (red and
gray, m’ and n’) has a proximodistal sub-cellular localization in wild-type cells marked by
GFP expression (green), (m) ftV null mutant clones, marked by the absence of GFP, show
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mislocalization of D around the cell circumference and increased D levels, (n) ftSY™ mutant
clones, marked by the absence of GFP, show increased D levels but normal localization.
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Figure 3.
Amino-acid residues 4834-4899 in the intracellular domain of Fat are essential for its tumor

suppressor function in Drosophila melanogaster. (a) Graphical representation of the
different UAS-Ft constructs (left) and the phenotypes upon expression in a ft mutant
background. Rescue of lethality was assayed by act-gal4-driven expression in ft422/ftG-rv
trans-heterozygotes. Wing size (Supplementary Figure S4), wing disc size (Supplementary
Figure S5) and PCP phenotypes in the abdominal hairs (Supplementary Figure S6) were
analyzed in the same genotype. Analysis of ex-lacZ expression was analyzed by hh-Gal4-
induced expression in ft422/ftfd trans-heterozygotes. * in the Ft3°MY construct indicates the
use of f]-lacZ. (b-e) Bright-field images of third instar wing imaginal disc of (b) wild-type,
(c) ft422/ftC-1 trans-heterozygotes, (d) ft422/ftC—V discs with act-Gal4-driven expression of
full-length Ft and (e) ft422/ftC—V discs with act-Gal4-driven expression of UAS-Ft23, (f-j)
The ex-lacZ expression (red and gray, I, i/, j’) in wing discs of (f) hh-Cal4, (g) ft422/ftC-V,
(h) ft422/ftC-1V hh-Gal4, UAS-FfFL, (i) ft422/ftC-1V, hh-Gal4, UAS-FtPECD and (j) ft422/ftC-1v,
hh-Gal4, UAS-FtP3 third instar larva, (k) The hs-Flp ft*22clones, DE-Gal4, UAS-Ft30nlY eye
discs showing Ff422 clones marked by the absence of GFP (green and gray, k”), showing fj-
lacZ (red and gray, k’). The Ft3°" construct is marked by an HA tag (blue, gray, k).
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Figure4.
Phylogenetic distribution of Hippo pathway components. Phylogenetic trees represent

different phyla and specific species in arthropods, (a) Fat gains a Hippo signaling interaction
motif at the base of arthropods, (b) D is lost in the lineage that gives rise to arthropods. ()
Angiomotin originates at the base of bilateria and is lost in the neodiptera lineage, (d) The
Yorkie C-terminal PDZ-binding motif (PBM) originates at the base of eumetazoans and is
lost in diptera. (€) Ed is present only in arthropods, (f) Ex gains a C-terminal Hippo
signaling interaction domain in the arthropod lineage.
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Simplified representations of Hippo pathway regulation in Drosophila and mammals, (a)
Graphical representation of identified Hippo pathway components in Drosophila
melanogaster (b) and in mammals. In both graphical representations, solid lines indicate
direct interactions and gray lines indicate changes in subcellular localization.
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