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SUMMARY

The Hippo signaling pathway regulates organ size
and tissue homeostasis from Drosophila to
mammals. Central to this pathway is a kinase
cascade wherein Hippo (Hpo), in complex with Salva-
dor (Sav), phosphorylates and activates Warts (Wts),
which in turn phosphorylates and inactivates the
Yorkie (Yki) oncoprotein, known as the YAP coactiva-
tor in mammalian cells. The FERM domain proteins
Merlin (Mer) and Expanded (Ex) are upstream com-
ponents that regulate Hpo activity through unknown
mechanisms. Here we identify Kibra as another
upstream component of the Hippo signaling path-
way. We show that Kibra functions together with
Mer and Ex in a protein complex localized to the
apical domain of epithelial cells, and that this protein
complex regulates the Hippo kinase cascade via
direct binding to Hpo and Sav. These results shed
light on the mechanism of Ex and Mer function and
implicate Kibra as a potential tumor suppressor
with relevance to neurofibromatosis.

INTRODUCTION

In multicellular organisms, cell growth, proliferation, and death

must be coordinated in order to attain proper organ size during

development and to maintain tissue homeostasis in adult life.

Recent studies in Drosophila have led to the discovery of the

Hippo signaling pathway as a key mechanism that controls

organ size by impinging on cell growth, proliferation, and

apoptosis. Central to the Hippo pathway is a kinase cascade

comprised of four tumor suppressors, including the Ste20-like

kinase Hippo (Hpo) (Wu et al., 2003; Udan et al., 2003; Harvey

et al., 2003; Pantalacci et al., 2003; Jia et al., 2003) and its regu-

latory protein Salvador (Sav) (Tapon et al., 2002; Kango-Singh

et al., 2002), the NDR family kinase Warts (Wts) (Justice et al.,

1995; Xu et al., 1995) and its regulatory protein Mats (Lai et al.,

2005). The Hpo-Sav complex phosphorylates and activates the

Wts-Mats complex (Wu et al., 2003; Wei et al., 2007), which in
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turn phosphorylates and inactivates the oncoprotein Yki (Huang

et al., 2005), which normally functions as a coactivator for the

TEAD/TEF family transcription factor Scalloped (Sd) (Wu et al.,

2008; Zhang et al., 2008; Goulev et al., 2008). Recent studies

have also implicated the atypical cadherin Fat (Ft) (Silva et al.,

2006; Willecke et al., 2006; Bennett and Harvey, 2006; Cho

et al., 2006) as well as the membrane-associated FERM-domain

proteins Expanded (Ex) and Merlin (Mer) (Maitra et al., 2006;

Hamaratoglu et al., 2006; Pellock et al., 2006; Tyler and Baker,

2007) as upstream components of the Hippo pathway. How

these proteins are biochemically linked to the Hippo kinase

cascade remains largely unknown, although Ex can at least

partially regulate the Hippo pathway by directly binding and

sequestering Yki in the cytoplasm (Badouel et al., 2009). Ft

differs from Ex, Mer, and core components of the Hippo kinase

cascade in that, besides tissue growth, Ft also regulates planar

cell polarity (PCP), for which it interacts with another cadherin

Dachsous (Ds) (Yang et al., 2002; Matakatsu and Blair, 2006;

Casal et al., 2006). Most recently, it was shown that a gradient

of Ds activity in imaginal discs can modulate Hippo-mediated

growth regulation (Rogulja et al., 2008; Willecke et al., 2008),

thus potentially linking PCP to the Hippo kinase cascade,

although the biochemical mechanism of this linkage remains to

be determined.

The physiological function of the Hippo pathway is best under-

stood in Drosophila imaginal discs, where inactivation of the

Hippo pathway tumor suppressors, or overexpression of the

Yki oncoprotein, results in tissue overgrowth characterized by

excessive cell proliferation, diminished apoptosis, and increased

transcription of Hippo pathway target genes such as the cell

death inhibitor diap1 (Huang et al., 2005) and the microRNA

bantam (Thompson and Cohen, 2006; Nolo et al., 2006), as

well as ex and mer as part of a negative feedback regulatory

loop (Hamaratoglu et al., 2006). Recent studies further impli-

cated the Hippo pathway as a conserved mechanism of organ

size control and tissue homeostasis in mammals. Thus, the

mammalian homologs of Hpo (Mst1/2), Sav (WW45), Wts

(Lats1/2), and Yki (YAP) constitute an analogous kinase cascade

(Dong et al., 2007; Zhao et al., 2007), and transgenic overexpres-

sion of YAP or inactivation of Mst1/2 led to massive organome-

galy and rapid progression to tumorigenesis (Dong et al., 2007;

Camargo et al., 2007; Zhou et al., 2009). Furthermore, NF2, the

mammalian homolog of mer, is a well-established tumor
ier Inc.

https://core.ac.uk/display/82698262?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
mailto:wumin@bio.fsu.edu
mailto:djpan@jhmi.edu


Developmental Cell

Kibra Regulates Hippo Signaling
suppressor gene whose mutations lead to neurofibromatosis

(McClatchey and Giovannini, 2005; Okada et al., 2007).

Besides its prominent role in controlling imaginal disc growth,

the Hippo pathway is required during Drosophila oogenesis for

the proper maturation of posterior follicle cells (PFCs) (Polesello

and Tapon, 2007; Meignin et al., 2007; Yu et al., 2008). In the

absence of Hippo signaling, the PFCs fail to undergo a Notch-

mediated mitotic cycle-endocycle switch and accumulate in

extra layers of follicular epithelium. The PFC maturation defects,

in turn, lead to a disruption of the anterior-posterior (AP) polarity

of the underlying oocyte, which manifests itself as mislocaliza-

tion of the oocyte nucleus and AP axis determinants such as

the RNA-binding protein Staufen (Stau) (Polesello and Tapon,

2007; Meignin et al., 2007; Yu et al., 2008). Interestingly, the

oocyte polarity defect is observed in mutants for components

of the Hippo kinase cascade as well as ex and mer, but not ft

(Polesello and Tapon, 2007; Meignin et al., 2007; Yu et al.,

2008), suggesting that the canonical Hippo pathway may inte-

grate different signals in different developmental contexts.

In this study, we identify Kibra as an upstream component of

the Hippo pathway. Loss of kibra leads to oogenesis defects,

imaginal disc overgrowth, and aberrant gene expression charac-

teristic of defective Hippo signaling. We show that Kibra func-

tions together with Mer and Ex in an apical protein complex,

which, through direct binding to the Hpo-Sav complex, regulates

the Hippo kinase cascade and thus Yki phosphorylation. These

findings uncover an important missing link in the Hippo signaling

pathway and shed light on the molecular mechanism of the Ex

and Mer tumor suppressor proteins.

RESULTS

Identification of kibra as a Gene Required for Oocyte
Polarity
In a genetic screen for oocyte polarity mutants based on FRT/

FLP-induced mitotic clones in follicle cells, we identified four

lethal P element insertion lines on chromosome 3R that caused

mislocalization of Stau-GFP and Stau to the center of the oocyte

when the PFCs were made homozygous mutant for the

P element insertions (see Figures S1B–S1E available online).

This polarity defect was observed with variable penetrance de-

pending on the specific P element line analyzed, likely due to

their hypomorphic nature. These lethal lines (264/09, 1156/7,

f06952, and EP3494) fail to complement each other and all carry

a P element insertion near the 50 UTR or within the first intron of

CG33967 (Figure S1A). CG33967 encodes a 1288 amino acid

protein that shares 39% identity with KIBRA, a cytoplasmic

protein named after its predominant expression in kidney and

brain in humans (Kremerskothen et al., 2003). Both CG33967

and KIBRA contain two N-terminal WW domains and one

C-terminal C2 domain (Figure 1A). For simplicity, we shall refer

to CG33967 as kibra to distinguish it from its human ortholog

KIBRA.

Using the FRT/FLP-mediated genomic deletion strategy

(Parks et al., 2004), we generated a null allele of kibra that deletes

its entire coding sequence (Figure S1A). kibradel caused a similar

Stau mislocalization phenotype as the P element insertion lines

described above, but with 100% penetrance (n = 72) (Figures

1B–1C0). Therefore, all subsequent studies have been conducted
Developm
with the kibradel allele. Besides Stau mislocalization, PFC clones

of kibradel caused mislocalization of oocyte nucleus and Gurken

(Grk) protein in the oocyte (94%, n = 68) (Figures 1D–1E0), as

well as the formation of multilayered follicular epithelium (72%,

n = 55) (Figure 1B–1E0). Both the oocyte polarity and the multilay-

ered PFC phenotypes were rescued by expression of a wild-type

Kibra or Kibra:GFP transgene in the kibradel mutant PFC cells

(Figures S1F–S1I0), further confirming that kibra is responsible

for the observed oogenesis defects.

Loss of kibra Produces Notch Signaling Defects in PFCs
Similar to Those of Canonical Hippo Pathway Mutants
The oocyte polarity defects and the multilayered follicular epithe-

lium observed in kibra mosaic egg chambers grossly resemble

those caused by loss of Hippo signaling in PFCs (Polesello and

Tapon, 2007; Meignin et al., 2007; Yu et al., 2008). To corrobo-

rate a similarity between kibra mutants and loss of Hippo

signaling at a molecular level, we compared the expression of

several Notch target genes in mosaic egg chambers bearing

PFC clones of kibra or hpo. The expression of Cut, a marker of

mitotic follicle cells that is normally inhibited by Notch signaling

at the mitotic-endocycle switch at stage 7 of oogenesis (Sun

and Deng, 2005), was maintained in both kibra and hpo mutant

PFCs up to stage 10 (Figures 1F–1H). Conversely, the expression

of Hindsight (Hnt), which is normally induced by Notch signaling

at stage 7 (Sun and Deng, 2007), was compromised in both kibra

and hpo mutant PFCs (Figures 1I–1K). Consistent with a defect in

mitotic-endocycle transition, kibra mutant PFCs had smaller

nuclei than wild-type PFCs, a phenotype that resembles that of

canonical Hippo pathway mutants (Polesello and Tapon, 2007;

Meignin et al., 2007; Yu et al., 2008). Of note, the persistent

expression of Cut in kibra PFCs can be rescued by a wild-type

kibra transgene (Figures S1H and S1I0).

To distinguish whether loss of kibra has a direct impact on

Notch signaling or influences the mitotic-endocycle switch in

a more indirect manner, we monitored the expression of E(spl)-

CD2, a direct Notch signaling reporter (de Celis et al., 1998).

We found that E(spl)-CD2 expression was compromised in kibra

mutant PFC clones during stages 7–10, as in sav mutant PFC

clones (Figures 1L–1N). We conclude that kibra, like known

Hippo pathway components, is required for proper transcrip-

tional response of the PFCs to Notch signaling.

Loss of kibra Results in Tissue Overgrowth
Characteristic of Hippo Signaling Defects
The multitude of similarities between kibra and canonical Hippo

pathway mutants during Drosophila oogenesis implicate Kibra

as a component of the Hippo signaling pathway. We further

corroborated this hypothesis in Drosophila imaginal discs,

where the canonical Hippo pathway plays a prominent role in

controlling tissue size through coordinated regulation of cell

proliferation and cell death. Induction of kibra mutant clones

using an eyeless-FLP (ey-flp) source resulted in adult eyes that

were larger than normal (Figures 2A–2D). Notably, the kibra

mosaic eyes showed an overrepresentation of mutant over

wild-type tissues (Figures 2C and 2D), and kibra mutant clones

contained an average of 5.8 extra interommatidial cells per

ommatidial cluster (Figures 2I–I00 0), suggesting that loss of kibra,

like that of the canonical Hippo pathway components, results in
ental Cell 18, 288–299, February 16, 2010 ª2010 Elsevier Inc. 289
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Figure 1. Loss of kibra Results in PFC Defects Similar to Those Caused by Loss of Canonical Hippo Pathway Genes

(A) Schematic diagram of the Drosophila Kibra protein (top; Dm) and its human ortholog KIBRA (bottom; Hs). The conserved WW domains and C2 domains are

indicated.

(B–E0 ) kibra is required for oocyte polarity. Stage 9 wild-type (B and D) and mosaic egg chambers containing large kibradel PFC clones (GFP-negative [C, C0, E, and

E0]) were stained for Stau (red) or Grk (red) and counterstained with DAPI (blue). Note the mislocalization of Stau from the posterior pole to the center of the oocyte

(arrowheads in [B] and [C]), the mislocalization of Grk from the dorsal anterior corner to the posterior pole of the oocyte (arrowheads in [D] and [E]), and the multiple

cell layers associated with kibra PFC clones ([C0 ] and [E0]). Also note the mislocalization of the oocyte nucleus to the posterior pole (arrows in [C] and [E]).

(F–H) Stage 9 wild-type (F) and mosaic egg chambers containing kibra (G) or hpo (H) PFC clones (GFP-negative) were stained for Cut (red). Cut expression was

undetectable in stage 9 wild-type egg chambers (F), but persisted in kibra or hpo PFC clones (arrows).

(I–K) Similar to (F)–(H) except that stage 8 egg chambers were stained for Hnt (red). While Hnt expression was detected in all columnar follicle cells in wild-type egg

chambers (I), it was abolished in kibra (J) or hpo (K) PFC clones (arrows).

(L–N) Stage 8 wild-type (L) and mosaic egg chambers containing kibra (M) or sav (N) PFC clones (GFP-negative) were stained for E(spl):CD2 (red). Note the reduc-

tion of E(spl):CD2 signal in kibra (M) or sav (N) PFC clones (arrows) compared to the wild-type (L). See Figure S1 for data supplemental to Figure 1.
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increased cell proliferation and/or survival. Conversely, overex-

pression of kibra with the GMR-Gal4 driver led to ectopic

apoptosis and a decrease in eye size (Figures 2E–2H), which

was largely suppressed by coexpression of the baculovirus

cell death inhibitor P35 (Hay et al., 1994) (Figure S2) and which

resembled those caused by hyperactivation of the Hippo

pathway.

To link Kibra to the Hippo signaling pathway further, we exam-

ined the expression of diap1 and ex, two of the most commonly

used Hippo pathway target genes. Transcription of both diap1

and ex, monitored with the thj5c8 and the exe1 enhancer trap lines,

respectively, was upregulated in kibra mutant PFC clones

(Figures 3A–3B00). In the eye imaginal disc, however, loss of kibra

has a much milder effect—kibra mutant clones showed a modest

increase in Ex protein levels along the morphogenetic furrow

(Figures 3C–3C00) and no visible upregulation of diap1-lacZ

expression (Figure 6M–6M00). Interestingly, kibra-overexpressing

clones in the eye imaginal disc did show a cell-autonomous

decrease in Diap1 levels, especially along the morphogenetic

furrow (Figure 3D–3D00). Overall, the modest effect of kibra on

Ex and Diap1 levels in the eye resembles that of mer (Pellock

et al., 2006), but is weaker than canonical Hippo pathway

mutants such as hpo, sav, or wts. These molecular defects corre-
290 Developmental Cell 18, 288–299, February 16, 2010 ª2010 Elsev
late with their relative severity of overgrowth phenotypes, with

the canonical Hippo pathway mutants showing multiply folded

eye surface and >40 extra interommatidial cells per cluster

(Hamaratoglu et al., 2006), whereas the kibra and mer mutants

showed smooth eye surface and many fewer interommatidial

cells (Figures 2 and 6).

Kibra Regulates Yki and Hpo Phosphorylation
Independent of the genetic screen for oocyte polarity mutants,

we identified kibra as a putative Hippo pathway component in

a genome-wide RNAi screen in Drosophila S2 cells using the

Hippo-responsive Yki S168 phosphorylation (Dong et al., 2007)

as pathway readout (F. Yin and D.P., unpublished data). RNAi

knockdown of kibra resulted not only in a decrease of Yki S168

phosphorylation (Figure 4A), but also a decrease of Hpo kinase

activity (Figure 4B), as measured by a phospho-specific antibody

against Hpo’s autophosphorylation site (Colombani et al., 2006).

These molecular data directly implicate kibra in the Hippo

pathway and place Kibra upstream of Hpo activation.

To substantiate this molecular model, we investigated the

genetic relationship between kibra and core components of the

Hippo kinase cascade. Overexpression of yki by the GMR-Gal4

driver results in increased eye size, whereas overexpression of
ier Inc.
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Figure 2. kibra Is a Negative Regulator of Imaginal Disc Growth

(A and B) Scanning electron micrographs (SEM) of a wild-type eye (A) and an eye composed predominantly of kibra mutant cells (B). Note the increased eye size in

(B). Genotypes: (A) y w ey-flp; FRT82B/FRT82B Ubi-GFP, (B) y w ey-flp; FRT82B kibradel/FRT82B Ubi-GFP.

(C and D) Same as in (A) and (B) except that stereomicroscopic images are shown. Note that adult eyes mosaic for kibra (D) contained predominantly mutant

tissues (white), whereas eyes mosaic for a control chromosome contained far less white tissues (C).

(E and F) SEM images of fly eyes in which kibra was overexpressed by the GMR-Gal4 driver. Genotypes: (E) GMR-Gal4/UAS-kibra, (F) GMR-Gal4 UAS-kibra/

UAS-kibra.

(G–H) TUNEL staining of wild-type (G) and GMR-Gal4 UAS-kibra/UAS-kibra (H) eye imaginal discs. Note the ectopic cell death in kibra-overexpressing eye disc

(H).

(I–I00 0) A mid-pupal retina containing kibra mutant clones, marked by the lack of GFP (I), and stained for Discs-Large (Dlg [I]0) and DAPI (I00 0). Superimposed GFP and

Dlg are shown in (I00). Note the increased number of interommatidial cells in kibra clones. See Figure S2 for data supplemental to Figure 2.
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kibra results in an opposite phenotype. In agreement with our

molecular data placing kibra upstream of yki, co-overexpression

of kibra and yki resulted in eye size similar to that caused by yki

overexpression alone (Figures 4C–4F). Next, we examined

genetic epitasis between kibra and hpo, taking advantage of

the opposite eye size phenotypes caused by loss of kibra and

hpo overexpression. Notably, kibra mutant eyes that overex-

pressed hpo showed a small eye phenotype similar to that

caused by hpo overexpression (Figures 4G–4I), consistent with

our molecular data placing kibra upstream of hpo. We investi-

gated the genetic epistasis between kibra and sav, a component

of the Hpo-Sav kinase complex, by combining kibra overexpres-

sion with loss of sav. As shown above, overexpression of kibra

during eye development results in ectopic cell death and

severely reduced eye size. Significantly, both defects were

reversed by loss of sav—sav mutant eyes that overexpressed

kibra showed overgrowth similar to that of sav mutant alone

(Figures 4J and 4K), and ectopic cell death induced by kibra

overexpression was suppressed in sav mutant clones, but not

in the neighboring sav+ cells (Figures 4L–4L00). Taken together,

these results place Kibra upstream of the Hpo-Sav kinase

complex in the Hippo signaling pathway.
Developm
Kibra Functions Together with Mer and Ex in a Protein
Complex Localized to the Apical Membrane Domain of
Epithelial Cells
To understand the molecular mechanism by which Kibra regu-

lates Hippo signaling, we searched the available protein interac-

tion map (PIM) database and found that Kibra was isolated as

a Mer-binding protein in a yeast two-hybrid (Y2H)-based global

PIM analysis conducted by Hybrigenics (Formstecher et al.,

2005). Notably, multiple overlapping Kibra clones were isolated

using two independent Mer baits, demonstrating that the inter-

action is of high confidence (Figure S3A). In agreement with

the Y2H result, epitope-tagged Kibra and Mer, as well as endog-

enous Kibra and Mer, coimmunoprecipitated with each other in

Drosophila S2 cells (Figure 5A). We also tested interactions

between Kibra and Ex, a related FERM domain protein known

to associate with and act synergistically with Mer (McCartney

et al., 2000; Hamaratoglu et al., 2006), and found that Kibra

and Ex coimmunoprecipitated with each other, at both overex-

pressed and endogenous levels (Figure 5B). Interestingly, Ex

potentiated Kibra-Mer interaction; in the presence of transfected

Ex, significantly more Kibra was coimmunoprecipitated by Mer

(Figure 5C).
ental Cell 18, 288–299, February 16, 2010 ª2010 Elsevier Inc. 291
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Figure 3. kibra Regulates Hippo Pathway Target Genes

(A–B00) Egg chambers containing kibra mutant clones (GFP-negative) and

stained for diap1-lacZ (A–A00) or ex-lacZ (B–B00) reporter expression (red).

Note the elevated levels of diap1-lacZ and ex-lacZ in kibra PFC clones

(arrows).

(C–C00) An eye disc containing kibra mutant clones (GFP-negative) and stained

with a-Ex antibody (red). Note the upregulation of Ex levels in kibra mutant cells

along the morphogenetic furrow (arrows).

(D–D00) An eye disc containing kibra-overexpressing clones (GFP-positive) and

stained with a-Diap1 antibody (red). Note the decreased levels of Diap1 in

kibra-overexpressing clones (arrows) close to the morphogenetic furrow.
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Figure 4. Kibra Regulates Yki and Hpo Phosphorylation and Func-

tions Upstream of Hpo-Sav

(A and B) S2 cells were transfected with HA-Yki (A) or Myc-Hpo (B) along with

no dsRNA (lane 1), control dsRNA (lane 2), or kibra dsRNA (lane 3), and probed

with a-P-Yki(S168) (A) or and a-P-Hpo(T195) (B). Note the suppression of Yki

and Hpo phosphorylation by kibra RNAi.

(C–K) SEM images of eyes from the following genotypes: (C) wild-type, (D)

GMR-Gal4; UAS-yki, (E) GMR-Gal4 UAS-kibra/UAS-kibra, (F) GMR-Gal4

UAS-kibra/UAS-kibra; UAS-yki, (G) y w ey-flp; FRT82B kibradel/FRT82B Ubi-

GFP, (H) GMR-hpo, (I) y w ey-flp; GMR-hpo; FRT82B kibradel/FRT82B Ubi-

GFP, (J) y w ey-flp; FRT82B savshrp1/FRT82B Ubi-GFP, (K) y w ey-flp; GMR-

Gal4 UAS-kibra/UAS-kibra; FRT82B savshrp1/FRT82B Ubi-GFP.

(L–L00) TUNEL staining of an eye disc containing sav mutant clones (GFP-nega-

tive) and simultaneously overexpressing kibra posterior to the morphogenetic

furrow. Note the diminished TUNEL staining in sav mutant clones (arrow).

Genotype: y w hs-flp; GMR-Gal4 UAS-kibra/UAS-kibra; FRT82B savshrp1/

FRT82B Ubi-GFP.
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The protein-protein interactions among Kibra, Mer, and Ex

suggest that these proteins function together in a protein

complex to regulate the Hippo pathway. To corroborate this

model further, we examined the subcellular localization of Kibra.

Unfortunately, while our homemade a-Kibra antibody was of

sufficient quality for immunoprecipitation and western blotting

(Figures 5A and 5B and Figure S3L), it did not work on immunos-

taining. As an alternative, we examined the subcellular localiza-

tion of a Kibra:GFP fusion protein. We found that Kibra:GFP

was localized to the cytoplasm and enriched in the apical

membrane domain of ovarian follicle cells (Figure S3B), reminis-

cent of the localization of Mer and Ex. Interestingly, the apical

membrane localization of Kibra:GFP was not noticeably affected

by loss of ft, ex, or mer (Figures S3B–S3E), and conversely, loss

of kibra did not affect the apical membrane localization of Ex and

Mer (Figure S3F–S3K0). Combined with the fact that Mer and Ex

are localized to apical membrane domain independent of each
292 Developmental Cell 18, 288–299, February 16, 2010 ª2010 Elsev
other (McCartney et al., 2000), these results suggest that each

protein is targeted to the apical membrane domain independent

of the others.

Kibra, Ex, and Mer Act Synergistically to Regulate
the Hippo Kinase Cascade
Because Mer and Ex can synergistically activate Wts phosphor-

ylation in Drosophila S2 cells (Hamaratoglu et al., 2006), we

examined the effect of Kibra, Mer, and Ex on Wts phosphoryla-

tion. To facilitate this analysis, we generated a phospho-specific
ier Inc.
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Figure 5. Kibra Forms a Protein Complex and Acts Synergistically with Mer and Ex to Promote Wts Phosphorylation

(A) Physical association between Kibra and Mer. Lanes 1–4: S2 cell lysates expressing the indicated combination of T7-Kibra and FLAG-Mer constructs were

immunoprecipitated (IP) and probed with the indicated antibodies. FLAG-Mer was detected in T7-IP in the presence (lane 2), but not the absence (lane 1), of

T7-Kibra. Conversely, T7-Kibra was detected in FLAG-IP in the presence (lane 4), but not the absence (lane 3), of FLAG-Mer. Lanes 5–7: a-Kibra was used to

IP endogenous Kibra from untransfected S2 cells and probed with a-Mer or a-Kibra antibody. Mer was detected in Kibra-IP, not in IP with control IgG.

(B) Physical association between Kibra and Ex. Lanes 1–4: similar to (A) except that T7-Kibra and HA-Ex were tested for co-IP. HA-Ex was detected in T7-IP

products in the presence (lane 2), but not the absence (lane 1), of T7-Kibra. Conversely, T7-Kibra was detected in HA-IP products in the presence (lane 4),

but not the absence (lane 3), of HA-Ex. Lanes 5–7: a-Kibra was used to IP endogenous Kibra from untransfected S2 cells. Ex was detected in Kibra-IP, but

not in IP with control IgG.

(C) Ex potentiates Kibra-Mer interaction. S2 cells expressing the indicated constructs were analyzed by co-IP. Note that in the presence of HA-Ex, significantly

more T7-Kibra was detected in FLAG-Mer IP (compare lanes 3 and 2).

(D) Phospho-specific antibody against the hydrophobic motif of Drosophila Wts and human Lats1/2. The indicated V5-Wts or Myc-Lats1/2 constructs were

expressed in S2 cells or HEK293 cells, respectively, immunoprecipitated, and probed with antibodies against P-Wts (top gels) and the respective epitopes

(middle gels). A fraction of cell lysate was probed with the indicated antibodies to evaluate expression levels of Myc-Hpo or FLAG-Mst1/2 (bottom gels). Hpo

induced Wts T1077 phosphorylation, which was abolished by a T1077A mutation. Mst1/2 induced Lats1 T1079 or Lats2 T1041 phosphorylation, which was

abolished by a Lats1 T1079A mutation or a Lats2 T1041A mutation.

(E) Kibra promotes Wts phosphorylation in conjunction with Mer and Ex. V5-IP from S2 cells expressing the indicated constructs were probed with a-P-

Wts(T1077) and a-V5 using the Odyssey Infrared Imaging System. A fraction of the cell lysate was probed with indicated antibodies to evaluate protein expression

levels. The P-Wts signal relative to the V5-Wts signal, expressed in arbitrary units, is plotted in the graph.

(F) The human KIBRA protein promotes Lats1/Lats2 phosphorylation in conjunction with human NF2. Myc-IP from HEK293 cells expressing the indicated

constructs were probed with a-P-Wts and a-Myc. A fraction of the cell lysate was probed with the indicated antibodies to evaluate protein expression levels.

Note that accompanying the induced hydrophobic motif phosphorylation, KIBRA and NF2 also caused retarded mobility of Lats proteins, which is more obvious

for Lats1 than Lats2. See Figure S3 for data supplemental to Figure 5.
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antibody against T1077 of the Wts hydrophobic motif, based on

previous reports that Lats1/2 are phosphorylated by Mst1/2 at

a conserved site (Chan et al., 2005; Praskova et al., 2008).

Indeed, the phospho-Wts antibody detected a specific signal

that was induced by Hpo and abolished by a T1077A mutation

(Figure 5D). This antibody also showed crossreactivity with the

highly conserved hydrophobic motif in mammalian Lats1/2

(Figure 5D and Figure S3M). When transfected individually into

S2 cells, Kibra, Mer, and Ex could each stimulate Wts T1077
Developm
phosphorylation, although the effect of Kibra was more modest

than that of Mer or Ex (Figure 5E). Interestingly, despite the rela-

tively modest effect of Kibra on Wts T1079 phosphorylation, co-

expression of Kibra with Mer or Ex synergistically activated Wts

phosphorylation to a similar extent as the Mer-Ex combination

(Figure 5E). Furthermore, the Kibra-Mer-Ex combination led to

greater Wts phosphorylation than the Mer-Ex combination did

(Figure 5E). Thus, Kibra, Mer, and Ex can act synergistically to

induce Wts phosphorylation in cultured cells.
ental Cell 18, 288–299, February 16, 2010 ª2010 Elsevier Inc. 293
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Figure 6. Kibra Functions Together with Mer and Ex to Regulate
Tissue Growth and Hippo Signaling In Vivo

(A–F) SEM images of compound eyes from the following genotypes: (A) wild-

type, (B) y w ey-flp; FRT40A exe1/FRT40A Ubi-GFP, (C) y w ey-flp, Ubi-GFP

FRT19A/mer4 FRT19A, (D) y w ey-flp; FRT82B kibradel/FRT82B Ubi-GFP, (E)

y w ey-flp; FRT40A exe1/FRT40A Ubi-GFP; FRT82B kibradel/FRT82B Ubi-

GFP, and (F) y w ey-flp, Ubi-GFP FRT19A/mer4 FRT19A; FRT82B kibradel/

FRT82B Ubi-GFP. Note the smooth eye surface in (B)–(D) and the deformed

eye surface with folded eye tissues in (E and F).

(G–L) Mid-pupal retina of the indicated genotype and stained for Dlg. Twenty

ommatidial clusters of each genotype were used for counting interommatidial

cells.
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If Kibra, Mer, and Ex act synergistically to regulate the Hippo

pathway, we should expect mer; kibra or ex; kibra double

mutants to show a more severe phenotype than any of the single

mutants, in much the same way that mer; ex double mutants

cause a stronger phenotype than either single mutant (Hamara-

toglu et al., 2006). Indeed, both ex; kibra and mer; kibra eyes dis-

played a stronger overgrowth phenotype and a greater number

of interommatidial cells than did the respective single mutants

(Figures 6A–6L). For example, although ex, mer, and kibra

mutant adult eyes all had a smooth exterior surface, ex; kibra

and mer; kibra adult eyes were deformed with extra folds of

tissues (Figures 6A–6F). Likewise, although ex, mer, and kibra

mutant eyes had an average of 1.4, 8.4, and 5.8 extra interom-

matidial cells, respectively, ex; kibra and mer; kibra eyes had

23 and 51 extra interommatidial cells per cluster, respectively

(Figures 6G–6L). The synergy between kibra and mer could

also be seen at the level of Hippo pathway target gene expres-

sion—although neither mer nor kibra mutant showed visible up-

regulation of diap1 transcription, mer; kibra double mutant

clones showed significantly elevated levels of diap1 expression

(Figures 6M–6O00). These genetic interactions suggest that Kibra

functions together with Ex and Mer in at least a partially redun-

dant manner to regulate the Hippo pathway.
Kibra, Ex, and Mer Regulate the Hippo Kinase Cascade
via Direct Binding to the Hpo-Sav Complex
Having established that Kibra functions upstream of Hpo

together with Mer and Ex, we investigated how Kibra is linked

to the canonical Hippo kinase cascade. We were particularly

intrigued by the presence of two WW domains within Kibra, given

that it is the third Hippo pathway component containing two WW

domains. Interestingly, while WW1 and WW2 of Yki are canonical

WW domains containing two signature tryptophan residues, the

WW2 domain of Kibra and Sav has a single tryptophan. Recent

structural studies showed that the atypical WW2 domain of the

mouse Sav homolog can form a homodimer (Ohnishi et al.,

2007). The presence of the atypical WW2 domain in Kibra

prompted us to investigate whether Kibra could heterodimerize

with Sav. Indeed, we found that Kibra and Sav bind to each other

in an Y2H assay (Figure S4B). Consistent with our Y2H result,

epitope-tagged Kibra and Sav (Figure 7A), as well as epitope-

tagged Sav and endogenous Kibra (Figure S4C), coimmunopre-

cipitated with each other in S2 cells, whereas epitope-tagged

Kibra and Yki proteins did not (data not shown). Interestingly,

we found that epitope-tagged Kibra immunoprecipitated endog-

enous Hpo protein in S2 cells in a Sav-dependent manner—the

amount of endogenous Hpo immunoprecipitated by Kibra was

significantly increased by cotransfection of Sav and diminished

by RNAi knockdown of endogenous Sav (Figure 7B). These

observations are consistent with our genetic epistasis analysis

placing Kibra upstream of Sav (Figure 4), and they further

suggest that Sav may link Kibra to the Hpo kinase complex.

If Kibra provides the only link between the apical proteins

and the Hpo kinase cascade, loss of kibra should produce
(M–O00) Third instar eye discs containing kibra (M–M00), mer (N–N00), or mer; kibra

(O–O00) clones and diap1-lacZ reporter. Note the elevated levels of diap1-lacZ

(red) in mer; kibra, but not kibra or mer clones (arrows).
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Figure 7. Multiple Interactions Link Kibra, Ex, and Mer to the Hpo-Sav Complex

(A) Physical association between Kibra and Sav. S2 cell lysates expressing the indicated constructs were immunoprecipitated (IP) and probed with the indicated

antibodies. FLAG-Sav was detected in T7-Kibra IP. Conversely, T7-Kibra was detected in FLAG-Sav IP.

(B) Sav potentiates association between Kibra and Hpo. T7-IP from S2 cells transfected with the indicated constructs or dsRNA was probed with antibody against

endogenous Hpo. Note that the amount of endogenous Hpo detected in T7-Kibra IP was increased by coexpression of FLAG-Sav (compare lanes 3 and 2) and

diminished by sav RNAi (compare lanes 6 and 5).

(C) Physical association between Mer and Sav. FLAG-Sav was detected in HA-IP from S2 cells coexpressing HA-Mer and HA-MerN (N-terminal half of Mer), but

not HA-MerC (C-terminal half of Mer).

(D) Sav contains a FERM-binding motif (FBM) that is required for binding to Mer. Top: alignment of FBM sequence from Sav orthologs in Drosophila (Dm), human

(Hs), and worm (Ce). The consensus FBM is also shown. Lower right: HA-IP from S2 cells expressing HA-Mer with FLAG-Sav or FLAG-SavDGKY (SavD) was

probed with the indicated antibodies. FLAG-Sav, but not FLAG-SavDGKY, was detected in HA-IP. Also note the mobility shift of Sav, but not SavDGKY, induced

by Mer coexpression. Lower left: phosphatase (CIP) treatment of FLAG-Sav IP from cells expressing HA-Mer and FLAG-Sav. Hyper- and hypophosphorylated

Sav are indicated by black and white circles next to the protein bands, respectively.

(E) Physical association between Ex and Hpo. Lanes 1–4: Myc-Hpo was detected in V5-IP from S2 cells coexpressing V5-Ex, V5-ExN (N-terminal half of Ex), or

V5-ExC (C-terminal half of Ex). Lanes 5–7: a-Hpo was used to IP endogenous Hpo from untransfected S2 cells. Endogenous Ex was detected in Hpo-IP, but not in

IP with control IgG.

(F) The SARAH domain of Hpo is required for binding to Ex. HA-IP from S2 cells expressing HA-Ex with Myc-Hpo or Myc-Hpo42–20 was analyzed. Hpo42–20 mimics

a hypomorphic hpo allele that deletes just the SARAH domain (Wu et al., 2003). Myc-Hpo (lane 2), but not Myc-Hpo42–20 (lane 3), was detected in HA-Ex IP.

(G) Ex, Sav, and Hpo can coexist in the same complex. V5-IP from S2 cells expressing the indicated constructs was analyzed. Note that in the presence of FLAG-

Sav or FLAG-SavDWW (deleting the WW domains), but not FLAG-Savshrp6 (mimicking a sav allele that deletes just the SARAH domain [Kango-Singh et al., 2002]),

significantly more Myc-Hpo was detected in V5-Ex IP (compare lanes 2–5). A small fraction of the cell lysate was probed to evaluate protein expression levels (top

right). The schematic structure of Sav mutants used in the experiment is also shown (lower right).

(H) The apical proteins are required for membrane association of Hpo. S2 cells transiently expressing a myristylated Akt construct (Verdu et al., 1999) were treated

with control or dsRNAs against Kibra, Ex, and Mer (KEM) and subjected to cell fractionation. Cytosolic (C), membrane (M), and a portion of the total lysate (T) were

probed for endogenous Hpo. Note the decreased Hpo signal in membrane fraction upon KEM RNAi. Also note that myristylated-Akt was only recovered in the

membrane fraction. See Figure S4 for data supplemental to Figure 7.
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overgrowth phenotypes as strong as those resulting from

combined loss of kibra, ex, or mer. Our analysis of ex; kibra

and mer; kibra double mutants clearly argued against this possi-

bility (Figure 6), suggesting that Ex and Mer may additionally

interact with the Hippo kinase cascade independently of Kibra.

Consistent with the latter model, we note that the PIM analysis
Developm
conducted by Hybrigenics also revealed Y2H interactions

between Mer and Sav, as well as between Ex and Hpo

(Figure S4A) (Formstecher et al., 2005). We confirmed these

interactions in yeast (Figure S4B). In contrast, Ex and Sav do

not associate with each other in yeast (Figure S4B). These inter-

actions were also confirmed in S2 cells, as epitope-tagged Mer
ental Cell 18, 288–299, February 16, 2010 ª2010 Elsevier Inc. 295
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and Sav (Figure 7C), as well as endogenous Mer and epitope-

tagged Sav (Figure S4C), coimmunoprecipitated with each

other. Furthermore, epitope-tagged Ex and Hpo, as well as

endogenous Ex and Hpo, coimmunoprecipitated with each other

(Figure 7E).

Using coimmunoprecipitation assays, we further mapped

protein domains involved in Mer-Sav and Ex-Hpo interactions.

We found that the N-terminal half of Mer, which is composed

mostly of the FERM domain, is required for interaction with

Sav (Figure 7C). Interestingly, Sav contains a sequence near its

N terminus that matches a consensus FERM-binding motif

(FBM) (Figures 7D and Figure S4A). This sequence represents

the only evolutionarily conserved sequence outside Sav’s WW

and SARAH domains. To test the importance of this newly recog-

nized FBM, we mutated it by deleting a functionally critical GxY

motif (Gosens et al., 2007) and found that this mutation abolished

Sav-Mer association (Figure 7D). In the course of these experi-

ments, we noted that coexpression of Mer with Sav led to

phosphorylation of Sav, manifested as retarded mobility on

SDS-PAGE that was reversed by phosphatase treatment

(Figure 7D). Significantly, mutation of the FBM abolished not

only Sav-Mer interaction, but also Mer-induced phosphorylation

of Sav (Figure 7D).

In contrast to Mer-Sav interaction, both the N- (containing the

FERM domain) and C-terminal halves of Ex can associate with

Hpo (Figure 7E). Analysis of Hpo truncation mutants revealed

that the SARAH domain at its C terminus is essential for Ex inter-

action (Figure 7F and data not shown). Since the SARAH domain

of Hpo is known to mediate Hpo-Sav interaction (Scheel and

Hofmann, 2003), we wondered whether Ex and Sav can interact

with Hpo simultaneously, or in a mutually exclusive manner.

Consistent with the former possibility, we found that coexpres-

sion of Sav enhanced Ex-Hpo interactions (Figure 7G). Further-

more, this enhancement requires the SARAH domain, but not

the WW domains, of Sav (Figure 7G).

Given the apical membrane localization of Kibra, Ex, and Mer,

and recent reports implicating mammalian MST kinases in acti-

vating NDR kinases at plasma membrane (Hergovich et al.,

2005), we examined whether the apical proteins affect the

membrane association of Hpo in Drosophila S2 cells. Using

a subcellular fractionation protocol that separates membrane

and cytosolic fractions (Hergovich et al., 2005), we found that

RNAi knockdown of Kibra, Ex, and Mer (KEM) resulted in a signif-

icant decrease of endogenous Hpo protein in the membrane

fraction (Figure 7H). Thus, the apical proteins regulate Hpo at

least in part by bringing the latter to the membrane, where Hpo

may be activated via mechanisms yet to be determined.

Conserved Function of the Human KIBRA Protein
Although initially identified based on its predominant expression

in kidney and brain (Kremerskothen et al., 2003), the KIBRA gene

has garnered considerable recent interest due to the reported

association between KIBRA polymorphism and individual

variation in memory performance in natural human populations

(Papassotiropoulos et al., 2006). At present, the biochemical

function of the human KIBRA protein remains poorly understood.

The human KIBRA protein has been reported to bind several

proteins, including the actin cytoskeleton-associated proteins

dendrin and synaptopodin, the PDZ-containing scaffolding
296 Developmental Cell 18, 288–299, February 16, 2010 ª2010 Elsev
protein PATJ, the motor protein dynein light chain 1 (DLC1),

histone H3, the tyrosine kinase receptor DDR1, and PKC z (Dun-

ing et al., 2008; Rayala et al., 2006; Hilton et al., 2008). None of

these proteins has been linked to the Hippo signaling pathway.

To investigate whether Kibra may play a conserved role in regu-

lating the Hippo pathway in mammals, we examined the effect of

human KIBRA on Lats1/2 phosphorylation in HEK293 cells. We

found that, like its Drosophila counterpart, KIBRA stimulated

hydrophobic motif phosphorylation of Lats1/2 (Figure 5F). Inter-

estingly, expression of human NF2/Merlin also led to a similar

increase in Lats1/2 phosphorylation, and coexpression of KIBRA

and NF2/Merlin synergistically induced Lats1/2 phosphorylation

(Figure 5F). These results suggest that, like their Drosophila

counterparts, KIBRA and NF2/Merlin may function together to

regulate the Hippo pathway in mammals.

DISCUSSION

Kibra, a Component of the Emerging Hippo Signaling
Pathway
Compared to the core kinase cascade leading from Hpo to Yki

phosphorylation, signaling events upstream of Hpo are less

well understood. In this study, we identify Kibra as a tumor

suppressor and an essential component of the Hippo pathway.

We propose a model in which Kibra functions together with

Mer and Ex in an apical protein complex to transduce growth-

regulatory signals to the Hpo-Sav complex, which, through the

canonical Hippo kinase cascade, controls Yki phosphorylation

and target gene transcription. Of note, our findings do not

exclude the possibility that Kibra, Ex, or Mer may interact with

additional Hippo pathway components besides Hpo-Sav, espe-

cially given the recent report that Ex can directly bind Yki (Ba-

douel et al., 2009). How Kibra, Ex, and Mer function together

to integrate upstream signals remains to be determined. One

possibility is that these proteins function redundantly in receiving

signals from the same upstream regulator(s). Alternatively, each

protein may be regulated by distinct upstream regulator(s).

A commonly used assay for Hippo signaling in Drosophila S2

cells involves examining mobility shifts of the Wts protein on

SDS-PAGE (Wu et al., 2003). Given its large size and that not

all protein phosphorylation causes discernable mobility shift on

SDS-PAGE, this assay is less sensitive in detecting Wts phos-

phorylation than the phospho-specific antibody used in the

present study. Indeed, overexpression of Ex in S2 cells has no

effect on Wts mobility (Hamaratoglu et al., 2006; unpublished

data), yet we demonstrate here that Ex induces robust Wts phos-

phorylation at its hydrophobic motif. The fact that this hydro-

phobic motif is a well-established direct phosphorylation site

by Hpo homologs in mammalian cells (Chan et al., 2005; Pras-

kova et al., 2008) further suggests that Ex, as well as Mer and Ki-

bra, regulates Wts through the canonical Hippo kinase cascade.

Indeed, we found that Ex-induced Wts phosphorylation is Hpo

dependent (Figure S4D). These results are not incompatible

with recent report that Ex can also regulate the Hippo pathway

in a kinase-independent manner (Badouel et al., 2009). Using

a well-established assay for Yki transcriptional activity (Huang

et al., 2005), we found that while Ex, Mer plus Kibra, or Hpo could

all suppress the activity of a Yki-Gal4 fusion protein, only Ex was

able to suppress the activity of a Yki-Gal4 fusion protein in which
ier Inc.
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all the possible Wts-phosphorylation sites are mutated (Oh and

Irvine, 2008) (Figure S4E). These observations are consistent

with the view that Ex can regulate the Hippo pathway through

both Wts-dependent (Hamaratoglu et al., 2006) and -indepen-

dent (Badouel et al., 2009) mechanisms.

Tissue-Specific Differences in Hippo Pathway
Regulation by Upstream Components
A comparison of the loss-of-function phenotypes of mer, ex, and

kibra in egg chambers and imaginal discs reveals tissue-specific

differences in the relative contribution of each gene to Hippo

pathway regulation. For example, loss of ex alone, but not mer

or kibra, is sufficient to cause robust diap1 upregulation in imag-

inal discs (Pellock et al., 2006) (this study), suggesting that ex has

a more essential role in diap1 transcriptional regulation.

However, the converse is true in the ovary, where loss of mer

or kibra results in stronger oocyte polarity and Notch signaling

defects than loss of ex (Yu et al., 2008) (this study). In fact, the

severity of mer or kibra mutant phenotypes in oogenesis are

comparable to those of core components of the Hippo pathway

such as hpo and sav (Yu et al., 2008) (this study), even though the

former display much milder overgrowth than the latter in imaginal

discs. Perhaps the most extreme case of tissue-specific require-

ment is provided by the ft tumor suppressor gene, which is

required for Hippo pathway regulation in the imaginal discs (Silva

et al., 2006; Willecke et al., 2006; Bennett and Harvey, 2006; Cho

et al., 2006) but dispensable in developing egg chambers

(Polesello and Tapon, 2007; Meignin et al., 2007; Yu et al.,

2008). While the underlying molecular basis remains to be deter-

mined, such tissue-specific requirements suggest that the core

Hippo kinase cascade may function as a signal integrator of

multiple inputs in a dynamic and versatile manner, and that

additional cell surface receptors besides Ft may signal to the

Hippo pathway.

NF2, Hippo Signaling, and Memory Performance
Considerable efforts have been directed at identifying the key

signaling pathways regulated by the NF2/Merlin tumor

suppressor protein. These investigations have led to the identifi-

cation of a number of effector mechanisms downstream of NF2/

Merlin, such as growth control pathways mediated by Ras, Rac,

STAT, or PI3K, contact inhibition mediated by cell surface recep-

tors or adherens junctions, and endocytosis/degradation of

various membrane proteins (McClatchey and Giovannini, 2005;

Okada et al., 2007). The recent identification of Mer as an

upstream regulator of Hpo in Drosophila provides yet another

plausible mechanism through which Mer functions as a tumor

suppressor protein (Hamaratoglu et al., 2006). Our identification

of Kibra, which has been independently isolated as a Mer-

binding protein in an unbiased PIM study (Formstecher et al.,

2005), as a regulator of the Hippo pathway further strengthens

the case for a functional link between NF2/Mer and the Hippo

pathway. Our observation that NF2/Mer and KIBRA can syner-

gistically stimulate Lats1/2 phosphorylation in mammalian cells

(Figure 5F) not only supports an NF2/Mer-Hippo connection,

but further implicates KIBRA as a potential tumor suppressor

in humans with relevance to neurofibromatosis.

Our identification of Kibra as an upstream regulator of the

Hippo pathway has implications for understanding memory-
Developm
related functions of the human KIBRA gene (Papassotiropoulos

et al., 2006). Besides its well-established roles in growth control,

the Hippo pathway is also required for differentiation and

morphogenesis of certain postmitotic neurons in Drosophila

(Mikeladze-Dvali et al., 2005; Emoto et al., 2006). We speculate

that modulation of the Hippo pathway may influence the growth

or differentiation of memory-related neuronal structures, a

hypothesis that can be directly tested by genetic manipulation

of Hippo signaling activity in animal models.

EXPERIMENTAL PROCEDURES

Antibodies

Phospho-specific antibodies against Wts T1077 were produced by immuniza-

tion of rabbits with the FHGFFEF(pT)FRRFFDD phosphopeptide. Antibodies

reactive with the nonphosphopeptide were removed by adsorption to a non-

phosphopeptide affinity column. Antibodies that flowed through this column

were next passed over a column of immobilized phosphopeptide; after

washing, antibodies were eluted at low pH and dialyzed. Phospho-specific

antibodies against Yki S168 have been described previously (Dong et al.,

2007). Antibody against Kibra was produced by immunizing rabbits with the

peptide EPADAPIPVASNDAEQ. Phospho-specific antibodies against the

activation loop of Mst1/Mst2/Hpo (T183 of Mst1, T180 of Mst2, T195 of

Hpo) were obtained from Cell Signaling Technology. Other antibodies used

include rabbit a-Ex (Boedigheimer and Laughon, 1993) (gift of A.S. Laughon),

guinea pig a-Mer (Maitra et al., 2006) (gift of R.G. Fehon), and rabbit a-Hpo (Wu

et al., 2003).

Yeast Two-Hybrid Assay

Yeast two-hybrid analysis was carried out using Clontech’s Matchmaker

system according to the manufacture’s instructions. Ex, Mer, Kibra, and Sav

DNA sequences amplified by PCR were ligated into the DNA-binding domain

vector pGBKT7. Hpo and Sav DNA sequences were amplified by PCR and in-

serted into the activation domain vector pGATT7. All the sequences were veri-

fied by DNA sequencing.

Drosophila and Mammalian Cell Culture

Drosophila S2R+ cells were propagated in Drosophila Schneider’s Medium

(GIBCO) supplemented with 10% FBS and antibiotics. For RNAi experiments,

0.5 mg of dsRNA against specific Drosophila genes or GFP (as control) was co-

transfected with indicated epitope-tagged expression plasmids into S2R+

cells using Effectene reagent (QIAGEN). FLAG-Mer was constructed in the

pAc5.1/V5-HisB vector by adding a FLAG epitope (DYKDDDDK) to the

C terminus of Mer preceded by a triple Glycine linker. HA-Yki, Myc-Hpo, V5-

Wts, and FLAG-Sav have been described previously (Huang et al., 2005).

HA-Ex and HA-Mer were gift from G. Halder (Hamaratoglu et al., 2006). T7-Ki-

bra was constructed in the pAc5.1/V5-HisB vector by addition of an N-terminal

T7 epitope (MASMTGGQQMG) to the full-length cDNA clone RE26350.

N-terminal tagged HA-MerN (aa 1–375), HA-MerC (aa 376–635), V5-Ex,

V5-ExN (aa 1–709), and V5-ExC (aa 710–1427) constructs were made by

PCR using pAc5.1/V5-HisB vector. Myc-Hpo42–20 was made by introducing

a nonsense point mutation into Myc-Hpo removing the last 91 residues at

the C terminus of Hpo (Wu et al., 2003). DNA sequences corresponding to

aa 32–34 or aa 342–472 of Sav were deleted using the QuikChange Site-

Directed Mutagenesis Kit (Stratagene) to make FLAG-SavDGKY and FLAG-

SavDWW, respectively. V5-Wts1077A was also made by the same mutagenesis

kit. All constructs were verified by DNA sequencing.

Immunoprecipitation was carried out as previously described (Gao and Pan,

2001) using RIPA buffer (150 mM NaCl, 1% NP-40, 0.5% sodium deoxycho-

late, 0.1% SDS, 50 mM Tris [pH 8.0]) or NP-40 lysis buffer (150 mM NaCl,

1% Triton X-100, 10 mM Tris [pH 7.4], 1 mM EGTA, 0.5% NP-40) supple-

mented with 1 mM PMSF and protease inhibitors (Roche). All western blotting

was developed using the Amersham ECL chemilluminenscence system (GE

Healthcare), except for Figure 5E, in which quantitative measurement of Wts

T1077 phosphorylation was carried out using the Odyssey Infrared Imaging

System (LI-COR Biosciences). Briefly, V5-Wts from transfected S2R+ cells
ental Cell 18, 288–299, February 16, 2010 ª2010 Elsevier Inc. 297
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was immunoprecipitated, separated on 8% SDS-PAGE, and transferred to an

Immobilon-P PVDF membrane (MILLIPORE). Blots were blocked in Odyssey

blocker, then incubated with mouse anti-V5 (1:5000 dilution) and rabbit anti-

phopho-Wts T1077 (1:1000 dilution). Blots were washed 3 3 5 min in TBST

buffer after primary antibody incubation and then incubated with 1:10000

diluted Alexa Fluor 680 goat anti-mouse IgG (Invitrogen) and goat anti-rabbit

IRDye 800 (LI-COR Biosciences). Blots were scanned with the LI-COR

ODYSSEY infrared imaging system and quantified with the software provided

with the system.

Fractionation of cells into cytosolic and membrane-associated proteins was

carried out as described (Hergovich et al., 2005). For luciferase assay,

Gal4DB-Yki (Huang et al., 2005) or Gal4DB-Yki3A (S111A, S168A, S250A)

(Oh and Irvine, 2008) was transfected in triplicate in S2R+ cells with Ex, Mer

and/or Kibra, and Hpo, respectively. Luciferase assay was carried out using

Dual Luciferase Assay System (Promega) and a FLUOstar Lumiometer (BMG

Lab Technologies).

HEK293 cells were maintained in DMEM, 10% FBS, and antibiotics (Invitro-

gen). HA-NF2 was constructed in the pcDNA3.1+ vector by addition of an

N-terminal HA epitope (YPYDVPDYA) to the full-length human NF2 cDNA

clone (IMAGE 4871980, Invitrogen). For construction of T7-KIBRA, two over-

lapping EST clones, IMAGE 3570624 and 4473067 (Invitrogen), were used

as PCR templates to amplify the 50 and the remaining portion of human KIBRA

cDNA, with a T7 epitope added to the N terminus of KIBRA. The two PCR frag-

ments were inserted into the pcDNA3.1+ vector in a three-way ligation to result

in T7-KIBRA. Myc-Lats11079A and Myc-Lats21041A were made using the Quik-

Change Site-Directed Mutagenesis Kit (Stratagene). All clones were verified by

sequencing. All the other expression plasmids have been described previously

(Dong et al., 2007).
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