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The Hippo pathway controls tissue growth and tumorigenesis
by inhibiting cell proliferation and promoting apoptosis. Recent
genetic studies in Drosophila identified Kibra as a novel regula-
tor of Hippo signaling. Human KIBRA has been associated with
memory performance and cell migration. However, it is unclear
whether or how KIBRA is connected to the Hippo pathway in
mammalian cells. Here, we show that KIBRA associates with and
activates Lats (large tumor suppressor) 1 and 2 kinases by stim-
ulating their phosphorylation on the hydrophobic motif. KIBRA
overexpression stimulates the phosphorylation of Yes-associated
protein (YAP), the Hippo pathway effector. Conversely, depletion
of KIBRA by RNA interference reduces YAP phosphorylation. Fur-
thermore, KIBRA stabilizes Lats2 by inhibiting its ubiquitination.
We also found that KIBRA mRNA is induced by YAP overexpres-
sion in both murine and human cells, suggesting the evolutionary
conservation of KIBRA as a transcriptional target of the Hippo sig-
naling pathway. Thus, our study revealed a new connection
between KIBRA and mammalian Hippo signaling.

Precise coordination of cell proliferation and cell death is
essential for animal development and organ regeneration.
Recent studies in Drosophila have led to the discovery of the
Hippo signaling pathway, which controls organ size, tumori-
genesis, and cell contact inhibition by regulating cell prolifera-
tion and apoptosis (1-6). The core components of the Hippo
pathway Hippo (Hpo),? Salvador (Sav), Warts (Wts), and Mob
as tumor suppressor (Mats) form a kinase cascade to regulate
the downstream transcriptional co-activator Yorkie (Yki) (1,7)
and target genes such as cyclin E, Drosophila inhibitor of apo-
ptosis (diapl), and the microRNA bantam (1, 5, 8, 9). Upon
activation, the Ste20-like kinase Hpo phosphorylates and acti-
vates another serine/threonine kinase Wts (10-12), which in
turn phosphorylates and inactivates Yki (7, 13). Adaptor pro-
teins Sav and Mats regulate the kinase complexes (12, 14). In Dro-
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sophila, Hpo, Sav, Mats, and Wts function as tumor suppressors.
Inactivation of any of these or overexpression of the Yki oncopro-
tein, results in massive tissue overgrowth characterized by exces-
sive cell proliferation and diminished apoptosis (1).

Components of the Hippo network are highly conserved in
mammals (3, 15). Several human orthologs of the Hippo signal-
ing components can rescue the respective Drosophila mutants
in vivo (7, 12, 14). Furthermore, a number of the mammalian
genes in this emerging signaling pathway have already been
associated with cancer. Down-regulation of Latsl and Lats2
(mammalian orthologs of Wts) by promoter hypermethylation
is associated with a biologically aggressive phenotype in breast
cancer (16). Moreover, mice lacking Lats1 develop several types
of tumors (17). Like its counterpart Yki in Drosophila (7), over-
expression of YAP in mouse liver dramatically increases the
organ size and eventually induces hepatocellular carcinoma
(18, 19). Consistently, tissue-specific ablation of both mamma-
lian Ste20-like kinases 1 and 2 (Mst1 and Mst2, Hpo orthologs)
in mouse liver leads to hepatocellular carcinoma, confirming
the tumor suppressive function of Mstl and Mst2 (20-22).

Genetic screens identified Kibra as a regulator of the Hippo
pathway (23-25). Kibra contains two WW domains and func-
tions together with tumor suppressors Merlin (Mer) and
Expanded (Ex) to regulate the Hippo signaling activity in Dro-
sophila (23-25). In humans, KIBRA expression is enriched in
kidney and brain (26) and has been associated with memory
performance (27-29) and age-dependent risk of Alzheimer dis-
ease (30). KIBRA is phosphorylated by atypical protein kinase C
{(PKCY) (31) and has been shown to play a role in cell migration
(32, 33). However, whether and how KIBRA is involved in the
Hippo signaling pathway in mammalian cells remains to be
determined. In this study, we show that KIBRA associates with
both Lats1 and Lats2 to regulate the Hippo signaling activity in
human cells. Our data reveal a new connection between KIBRA
and the mammalian Hippo pathway.

EXPERIMENTAL PROCEDURES

Expression Constructs—The human full-length KIBRA
c¢DNA (isoform 1) has been described previously (25). We used
this ¢cDNA as a PCR template to clone KIBRA into
pcDNA3.1/FLAG (Invitrogen) vector or pcDNA3.1/3xMyc
(Invitrogen) to generate N-terminal FLAG-tagged or Myc-
tagged KIBRA, respectively. To make N-terminal HA-tagged
KIBRA, we first inserted an HA tag into pcDNA3.1+ (Invitro-
gen) with HindIII and BamHI digestion. The resulting vector,
pcDNA3.1+HA, was then used to clone KIBRA PCR products.
Deletion constructs were made by PCR and verified by
sequencing and restriction enzyme digestion. Point mutations
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were generated by the QuikChange Site-directed PCR
mutagenesis kit (Stratagene) and verified by sequencing.
Expression constructs Myc-WW45, FLAG-Mstl, FLAG-Mst2,
Myc-Lats1, and Lats1-KD, Myc-Lats2, and Lats2-KD have been
described previously (19, 34). GFP-YAP was from Addgene.

Cell Lines and Transfection—HEK293T, HEK293GP, and
MDA-MB-231 (a breast adenocarcinoma cell line) cell lines
were maintained in DMEM (high glucose) containing 10% FBS
and L-glutamine plus 100 units/ml penicillin and 100 ug/ml
streptomycin (Invitrogen) at 37 °C in a humidified atmosphere
containing 5% CO,. Human pancreatic Nestin-expressing
(HPNE) cells and HPNE cells expressing YAP or empty vector
were maintained and established as described (19, 35). All of the
transient overexpression transfections were performed using
Attractene (Qiagen) following the manufacturer’s instructions.
Cells were harvested at 2 days post-transfection. RNA interfer-
ence was performed using HiPerFect (Qiagen). For DNA and
siRNA co-transfection, Attractene reagents were used. siRNA
oligonucleotides were purchased from Dharmacom and
GenePharma. MG132 (Santa Cruz Biotechnology) was dis-
solved in DMSO at 10 mm. Okadaic acid (from Santa Cruz
Biotechnology) was dissolved in methanol at 1 mm. Cyclohexi-
mide was purchased from Research Products International
Corp. and dissolved in 96% ethanol at 20 mg/ml. All other
chemicals were either from Sigma or Thermo Fisher.

Retrovirus Packaging and Infection—To generate shRNA
against human KIBRA, oligonucleotides were synthesized (tar-
get sequences were as follows: 5'-GGTTGGAGATTACT-
TCATA-3" and 5-AACATATGCTGAAGGATTA-3') and
cloned into pSuper-Retro-puro vector following the company’s
instructions (Oligoengine). The resulting plasmid was co-
transfected with a construct expressing VSV-G gene into the
virus packaging cell line HEK293GP to produce retrovirus
expressing shRNA against KIBRA. The obtained retroviral
supernatant was further filtered and used to infect the MDA-
MB-231 cells with polybrene (Millipore) at final concentration
10 ug/ml. The following day, virus supernatant was replaced
with fresh growth medium. The transduced cells were then
selected with 1 ug/ml of puromycin (at 48 h post-infection) to
establish stably expressing KIBRA shRNA cell lines. To make
the KIBRA siRNA resistant construct, the corresponding
sequence (KIBRA siRNA 1) was changed into 5'-GGTcGGc-
GACTAtTTCATA-3" by PCR mutagenesis. The resulting
KIBRA ¢DNA was cloned into MaRXIV vector and used to
infect the MDA-MB-231 KIBRA RNA:i 1 cell line and selected
with G418 (600 ug/ml) for 7 days. To establish the KIBRA over-
expressing stable cell line, KIBRA was cloned into MaRXIV-
puro-FLAG vector, and virus packaging and infection were
done as described above.

Immunoprecipitation and Western Blot Analysis—At 48 h
after transfection, cells were lysed in radioimmune precipita-
tion assay buffer (150 mm NaCl, 50 mm Tris-HCI, pH 7.4, 1%
Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 1 mm
PMSF with protease inhibitor mixture (Roche Applied Sci-
ence), and phosphatase inhibitors (10 mm pyrophosphate, 10
mM S-glycerophosphate, 1.5 mM sodium orthovanadate, and 25
mM sodium fluoride). Proteins were immunoprecipitated with
appropriate antibodies and Sepharose 4 Fast Flow Protein G
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beads (GE Healthcare). The proteins were separated on SDS-
polyacrylamide gels and transferred onto PVDF membranes
(Millipore). HRP-conjugated anti-mouse or anti-rabbit IgG
were from Pierce. ECL and SuperSignal West Pico Chemilumi-
nescent substrate kits (Pierce) were used as HRP substrates.

Antibodies—Anti-KIBRA antisera were raised in rabbits
against the synthetic peptide sequence, SAQERYRLEEP-
GTEGKQ), corresponding to amino acids 584—600 of the
human KIBRA protein, conjugated to keyhole limpet hemocy-
anin (GenScript). The obtained antisera were further purified
on a peptide affinity column. Mouse monoclonal antibodies
against FLAG, HA, and Myc were from Sigma-Aldrich. Anti-3-
actin and anti-GFP antibodies were purchased from Santa Cruz
Biotechnology. Anti-YAP, anti-phospho-Ser'>” YAP, anti-
phospho-Thr'®? Mst1/Thr'® Mst2, and anti-phospho-Thr'°”®
Latsl were from Cell Signaling. Anti-Lats1, anti-Lats2, anti-
Mstl, and anti-Mst2 antibodies were from Bethyl Laboratories.
Anti-Merlin antibodies were from Sigma.

Quantitative Real-time PCR—Total cellular RNA was
extracted using TRIzol reagent following the manufacturer’s
instructions (Invitrogen). Semiquantitative RT-PCR was per-
formed with a Titan one-tube RT-PCR kit following the man-
ufacturer’s instructions (Roche Applied Science). RNA was
reverse transcribed with oligo(dT) primers at 42 °C for 50 min
using the Superscript III First Strand System for RT-PCR (Invit-
rogen). For real-time quantitative PCR, 1 ul of the RT reaction
was amplified using the SYBR Green Master Mix (Bio-Rad) in a
total volume of 25 ul on a 7300 Real-time PCR System (Bio-
Rad) with 35 cycles of denaturation at 95 °C for 15 s, annealing
at 61 °C for 30 s, and extension at 72 °C for 30 s. Real-time
quantitative PCR was done in triplicate, using GAPDH as a
housekeeping control. Relative fold differences in expression of
KIBRA in control and YAP-overexpressing HPNE cells were
determined using the 2-AACt method. Primer sequences were
as follows: ctccgaggecagagcetgtaaggaac (human KIBRA, for-
ward) and ctagaggacttgtgactcagtac (human KIBRA, reverse);
gecggecttecteegtcaagtce (mouse KIBRA, forward) and gat-
gttcatccgaggeegggtg (mouse KIBRA, reverse); gatgacatcaa-
gaaggtggtgaag (human GAPDH, forward) and tccttggaggccat-
gtgggccat (human GAPDH, reverse); and ggaaagctgtggcgtg-
atggc (mouse GAPDH, forward) and gcctgcttcaccaccttettg
(mouse GAPDH, reverse).

RESULTS

KIBRA Associates with Latsl and Lats2—To further charac-
terize the function of KIBRA and to explore the relationship
between KIBRA and the Hippo signaling in mammalian cells,
we generated an anti-KIBRA antibody and performed immu-
noprecipitations on lysates of HEK293T cells. As expected,
KIBRA interacts with endogenous Merlin (supplemental Fig.
1). We found that KIBRA also strongly associates with Latsl
and Lats2. Fig. 1, A and B, showed that immunoprecipitation of
KIBRA but not mock immunoprecipitation with IgG control
co-precipitates both endogenous Latsl and Lats2 and vice
versa. These interactions were also confirmed by co-transfec-
tion of FLAG-tagged KIBRA and Myc-tagged Latsl and Lats2
(Fig. 1, Cand D).
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FIGURE 1. KIBRA associates with Lats1 and Lats2 in human cells. KIBRA proteins were immunoprecipitated (/P) from HEK293T cells by an antibody against
human KIBRA (normal rabbit IgG included as controls). The immunoprecipitates were subsequently probed with anti-Lats1 (A) or anti-Lats2 (B) antibodies. A
fraction of total cell lysates was also probed with the indicated antibodies to determine the expression levels. Similar immunoprecipitations were done with
anti-Lats1 (A) or anti-Lats2 (B) antibodies, and KIBRA protein was detected in both Lats1- and Lats2-IP, but not in control IP. C and D, FLAG-tagged KIBRA and
Myc-tagged Lats1 or Lats2 were transfected into HEK293T cells as indicated. At 48 h after transfection, cells were lysed, and proteins were immunoprecipitated
using antibodies against the indicated epitope tags. Immunoprecipitated products were subjected to Western blot analysis with the indicated antibodies to
confirm the presence of appropriate proteins. *, a nonspecific signal. A fraction of total cell lysate was also probed with the indicated antibodies to confirm

expression before IP. IB,immunoblot.

WW Domains Are Required for KIBRA to Interact with Lats2—
To map the interaction domains, we generated series of FLAG-
tagged KIBRA constructs with different deletions at the N ter-
minus. When these constructs were transfected and immuno-
precipitated by FLAG antibody from HEK293T cell lysates, we
found that deletion of the first 100 amino acids of KIBRA abol-
ished the interaction between KIBRA and Lats2 (Fig. 24; data
not shown), suggesting that KIBRA binds to Lats2 through its
N-terminal 100 amino acids.

KIBRA contains two WW domains in its N terminus (amino
acids 7-39 for WW 1 and amino acids 54 — 86 for WW2, Fig. 2A)
(26). We made additional mutations within this region (Fig. 24)
and tested their ability to associate with Lats2. A KIBRA protein
mutant containing mutations in both WW domains (W34A/
P37A and P84A) largely impaired but did not abolish the inter-
action between KIBRA and Lats2 (Fig. 2B). A KIBRA mutant
with changes in either one of the WW domains (W34A/P37A
or P84A) could co-immunoprecipitate with Lats2 as efficiently
as WT KIBRA (data not shown). Similarly, in cultured Drosoph-
ila cells, a P86A mutation in the first WW domain of Kibra does
not affect its interaction with Wts (24); however, the effect of
mutations in both WW domains on the interaction between
Kibra and Wts has not been determined. Notably, KIBRA lack-
ing the N-terminal 86 amino acids (AWW) did not associate
with Lats2 (Fig. 2, A-C). Interestingly, the same domain is also
required for binding to Lats1 (supplemental Fig. 2). This finding
indicates that the intact WW domains are required for KIBRA
to interact with Lats1/2 or that other regions (e.g. the first six
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amino acids before the first WW domain or amino acids 40 —53
between the two WW domains) are also involved in binding.

WW domains are predicted to bind to PPxY motifs (36).
Lats2 contains a single PPxY motif (*'>PPPY"'®) (Fig. 2D).
Reciprocally, a Lats2 protein mutated in its PPxY motif
(Y518A) partially but not completely lost interaction with
KIBRA (Fig. 2E), further implying that another region
besides the PPxY motif in Lats2 is involved in associating
with KIBRA. Indeed, further deletion tests revealed that
amino acids 667-788 (in the Lats2 kinase domain) are
required for interaction with KIBRA (Fig. 2, D and F). Thus,
the binding between KIBRA and Lats2 requires the N-termi-
nal 86 amino acids of KIBRA and the PPPY motif and amino
acids 667-788 in Lats2.

KIBRA Stimulates Latsl and Lats2 Phosphorylation—Lats1
and Lats2 are serine/threonine protein kinases. Phosphoryla-
tion of both an autophosphorylation site (Ser®® for Lats1 and
Ser®”? for Lats2) and a site in the hydrophobic motif (Thr'®”® in
Lats1 and Thr'®*" in Lats2) is required for their kinase activity
(34). The association between KIBRA and Latsl and Lats2
prompted us to investigate whether KIBRA can promote Lats1/2
kinase activity. We made use of a phosphospecific antibody against
the hydrophobic site. The specificity of the antibody is shown in
Fig. 3A. Co-transfection of Mst1/2 substantially induced Thr'*”®/
Thr'**' phosphorylation, which was abolished by a Lats1 T1079A
mutation or a Lats2 T1041A mutation (Fig. 34, lanes 4 and 9). As
positive controls, okadaic acid treatment stimulated phosphoryla-
tion on Thr'%”®/Thr'**! of Lats1/2 (Fig. 34, lanes 5 and 10). KIBRA
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FIGURE 2. The WW domains of KIBRA are required for its binding to Lats2. A, schematic diagram of various KIBRA constructs. Boxed 1 and 2 represent the
first (amino acids 7-39) and the second (amino acids 54 -86) WW domain, respectively. C2, C2-like domain; AN700, N-terminal 100-amino acid deletion; W1*,
the first WW domain mutant (W34A/P37A); W2*, the second WW domain mutant (P84A); W*W*, KIBRA with mutations at both WW domains (W34A/P37A and
P84A); AWW, amino acids 1-86 deletion. B, FLAG-tagged KIBRA constructs were transfected into HEK293T cells as indicated. At 48 h after transfection, cells
were lysed and immunoprecipitated with anti-FLAG antibody. Immunoprecipitated products were subjected to Western blot with Lats2 antibody to check the
presence of endogenous Lats2. C, HEK293T cells were co-transfected with the indicated DNAs. IPs and Western blots were done as in B. D, schematic diagram
of Lats2 constructs. Both the PPPY motif and the kinase domains are shown. E, Myc-tagged KIBRA and FLAG-tagged Lats2 (WT and PY mutant) were transfected
into HEK293T cells as indicated. At 48 h after transfection, cells were lysed, immunoprecipitated, and subjected to Western blot analysis with indicated
antibodies to check the presence of the appropriate proteins. f, FLAG-tagged KIBRA was co-transfected with Myc-tagged Lats2 wild-type or mutant constructs
as indicated. Forty-eight hours post-transfection, cells were lysed, and proteins were immunoprecipitated with anti-Myc and subjected to Western blotting to

probe for FLAG-tagged KIBRA. /B, immunoblot.

overexpression promoted hydrophobic motif phosphorylation on
both Lats1 and Lats2 (Fig. 3B), which is consistent with a previous
report wherein a phosphospecific antibody against the Drosophila
Wts hydrophobic motif was used (25). Therefore, KIBRA pro-
motes Latsl and Lats2 kinase activity by stimulating phos-
phorylation on their hydrophobic sites. Interestingly, the KIBRA
protein with its WW domains deleted (AWW) is virtually unable
to promote the phosphorylation of Lats2, suggesting that the asso-
ciation with Lats2 protein is required for KIBRA to activate the
kinase (Fig. 3C).

KIBRA Regulates YAP Phosphorylation—YAP is a critical
substrate of Lats1 and Lats2 kinases (37, 38). Lats1/2 inactivates
YAP by phosphorylating serine 127 of YAP (19, 37, 38). We
therefore investigated the ability of KIBRA to stimulate YAP
Ser'®” phosphorylation. Indeed, overexpression of KIBRA
resulted in a significant increase of YAP Ser'*” phosphorylation
(Fig. 3D). As expected, KIBRA with its WW domains deleted
was not able to promote YAP Ser'*” phosphorylation (Fig. 3D).
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However, mutation of neither the first WW domain nor the
second WW domain alone affected the ability of KIBRA to pro-
mote YAP phosphorylation (supplemental Fig. 3). Consistent
with our overexpression results, stable knockdown of KIBRA
markedly reduced the endogenous phospho-Ser'?” level of YAP
in MDA-MB-231 cells (Fig. 3E). Importantly, this effect was
largely rescued by expressing siRNA-resistant KIBRA (Fig. 3E).
From these observations, we speculate that KIBRA promotes
YAP Ser'?” phosphorylation by activating Latsl and Lats2
kinases. To further test this hypothesis, we co-transfected KIBRA
with WT Lats2 or various Lats2 mutants. As shown in Fig. 3F,
co-transfection of Lats2-KD (K697R mutant, kinase-inactive
form) markedly blocked YAP Ser'*” phosphorylation stimulated
by KIBRA (compare lane 5 with lanes 2—4). Nonphosphorylatable
mutant forms (Lats2 S872A or T1041A) partially blocked phos-
phorylation, as compared with Lats2-KD (Fig. 3F). Thus, our data
are consistent with a model in which KIBRA regulates YAP phos-
phorylation through Lats kinases.
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FIGURE 3. KIBRA regulates Lats and YAP phosphorylation. A, HEK293T cells were transfected with the indicated plasmids. Cells were treated with or without
okadaic acid (OA, 1 um) for 30 min at 48 h post-transfection, and lysates were probed with anti-phospho-Thr'%”® (Thr'®*" of Lats2) of Lats1. The membrane was
stripped and reprobed with anti-Myc and FLAG antibodies to detect the Lats1/2 and Mst1/2 expression levels, respectively. B, KIBRA promotes both Lats1 and
Lats2 phosphorylation. Myc-tagged Lats1 or Lats2 were transfected with empty vector or FLAG-tagged KIBRA, and cellular proteins were immunoprecipitated
with anti-Myc antibody. Samples were then probed with phospho-specific antibody against Lats1 Thr'®”?. A portion of total cell lysates was probed with an
anti-FLAG antibody to show KIBRA expression. C, Myc-tagged Lats2 was co-transfected with empty vector or FLAG-tagged KIBRA or KIBRA mutants as
indicated. IP and Western blotting were done as in B. D, GFP-YAP was transfected with FLAG-KIBRA or its derivatives into HEK293T cells. Total cell lysates were
probed with indicated antibodies. AWW indicates FLAG-KIBRA with N-terminal amino acids 1-86 deleted. E, MDA-MB-231 cell lines stably expressing control
shRNA or shRNA targeting human KIBRA were established (see “Experimental Procedures”). The pooled rescue (Rescue) cells were made by infection of a KIBRA
construct resistant to KIBRA RNAi 1 (see “Experimental Procedures”). Lysates from these cell lines were subjected to Western blot analysis with the indicated
antibodies. F, HEK293T cells were transfected with indicated DNA constructs. Lysates were made at 48 h post-transfection and probed with indicated anti-
bodies. KD, kinase-dead form (K697R); SA, S872A mutant; TA, T1041A mutant; AA, Lats2 with both S872A and T1041A mutations.

Mst1/2 Are Dispensable for KIBRA to Regulate Phosphoryla-
tion of Lats2—Lats]l and Lats2 are phosphorylated and acti-
vated by upstream Mst kinases (Fig. 34, 34). Furthermore, epi-
static studies in Drosophila have placed Kibra upstream of Hpo,
which is the ortholog of mammalian Mst1/2 (23-25). There-
fore, we speculated KIBRA could also activate Mst1/2. Surpris-
ingly, the activity of Mst1/2 revealed by a phosphospecific anti-
body against the autophosphorylation sites (Thr'®* in Mst1 and
Thr'®® in Mst2) is not affected in KIBRA-knockdown MDA-
MB-231 cells (Fig. 3E). Similarly, overexpression of KIBRA did
not affect the phospho-level of Mst1/2 (Fig. 44). We further
showed that KIBRA could stimulate Lats2 phosphorylation
with Mstl and Mst2 knockdown (Fig. 4B). Our data suggest, at
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least in the cells we tested, a new mechanism exists through
which KIBRA regulates Lats1/2 and YAP phosphorylation
independent of Mst1/2 kinases.

KIBRA Up-regulates Lats2 Protein Level—In the course of
these experiments, we noticed that Lats2 protein levels were
increased in the presence of KIBRA. To examine whether
KIBRA affects Lats2 protein abundance, we transfected Myc-
tagged Lats2 with increasing amounts of FLAG-tagged KIBRA.
Co-expression of KIBRA resulted in an increase of Lats2 levels
(Fig. 5A). To exclude the possibility that this is an artifact due to
transfection efficiency, we included the same amount of a GFP
construct in all transfections. The expression level of GFP was
not significantly changed by KIBRA co-expression, suggesting
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FIGURE 4. Mst1/2 are dispensable for KIBRA to stimulate the phosphory-
lation of Lats2. A, FLAG-tagged Mst1 or empty vector was co-transfected
with or without FLAG-KIBRA into HEK293T cells. At 48 h after transfection,
cells were treated with (lane 3) or without okadaic acid (OA; lanes 1 and 2) for
1 h. Total cell lysates were probed with anti-p-Mst1-Thr'®3, and the mem-
brane was stripped and reprobed with FLAG antibody. B, control siRNA or
siRNA against Mst1 and Mst2 were co-transfected with Myc-tagged Lats2 and
FLAG-tagged KIBRA as indicated. IP and Western blotting were done as in Fig. 3.

KIBRA specifically up-regulates Lats2 protein level (Fig. 54). To
further confirm the specificity, we co-transfected Lats2 and
KIBRA with control siRNA (scrambled sequence) or siRNA
against KIBRA. FLAG-tagged KIBRA was effectively knocked
down by co-transfection of KIBRA siRNA but not scrambled
siRNA, and this resulted in a marked decrease in Lats2 protein
level (Fig. 5B).

To further confirm the importance of KIBRA in controlling
Lats2 levels, we measured the steady-state levels of Lats2 in
KIBRA knockdown cells. Fig. 5C shows that stable reduction of
KIBRA in MDA-MB-231 cells caused a significant decrease in
endogenous Lats2. Importantly, addition of an siRNA-resistant
form of KIBRA largely restored the Lats2 level, confirming the
specificity of KIBRA knockdown (Fig. 5C). Accordingly, endog-
enous Lats2 levels were increased when KIBRA was overex-
pressed in MDA-MB-231 cells (Fig. 5D). Thus, our data suggest
KIBRA controls the Lats2 protein level, and this is not likely
regulated at the transcriptional level since Lats2 mRNA levels
are not affected in KIBRA overexpression or knockdown cells
(Fig. 5, C and D, bottom panels).

KIBRA Prolongs Lats2 Half-life—The observed correlation
between KIBRA expression and Lats2 abundance prompted us
to test whether KIBRA prevents Lats2 from degradation. To
investigate this possibility, we first measured Lats2 half-life in
the presence or absence of overexpressed KIBRA. Forty-eight
hours post-transfection, cells were treated with cycloheximide
to inhibit protein synthesis. In the presence of overexpressed
KIBRA, the half-life of transfected Myc-tagged Lats2 was strik-
ingly prolonged (Fig. 6A). We also measured the half-life of
endogenous Lats2 with or without KIBRA knockdown. In
agreement with our overexpression data, reduction of KIBRA
by RNA interference resulted in more rapid degradation of
endogenous Lats2 protein (Fig. 6B).

Like many other proteins, Lats2 is degraded through the protea-
somal pathway because a proteasome inhibitor MG132 greatly
increased Lats2 protein levels (Fig. 6C). Ubiquitination of target
proteins is very common prior to proteasomal degradation. To
determine whether Lats2 is ubiquitylated, Myc-Lats2 was
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FIGURE 5. Effects of KIBRA expression on Lats2 protein levels. A, HEK293T
cells were transfected with Myc-tagged Lats2 and pEGFP-C1(GFP) with or
withoutincreasing amounts of FLAG-tagged KIBRA. At 48 h after transfection,
total cell lysates were subjected to Western blot analysis to detect the Lats2
and GFP protein levels. The lysates were also probed with anti-FLAG to detect
the KIBRA expression, and with anti-B-actin antibody to show equal loading.
B, HEK293T cells were transfected with Myc-Lats2 with (lanes 2-4) or without
(lane 1) FLAG-KIBRA together either with siRNA oligonucleotides targeting
the human KIBRA sequence (lanes 3 and 4) or with a scrambled oligonucleo-
tide (lanes 1 and 2). At 48 h post-transfection, total cell lysates were subjected
to Western blot analysis using indicated antibodies. C, MDA-MB-231 cell lines
stably expressing control shRNA or shRNA targeting human KIBRA were
established (see “Experimental Procedures”). The rescue cells were generated
asin Fig. 3. Total protein lysates were subjected to Western blot analysis with
anti-Lats2 and anti-KIBRA antibodies to detect the Lats2 and KIBRA protein
levels, respectively. Two pooled lines are shown. Semiquantitative RT-PCR
was performed with primers amplifying Lats2 and GAPDH (control) (bottom
panel). D, MDA-MB-231 cell lines stably expressing control vector or FLAG-
KIBRA were established (see “Experimental Procedures”). Total protein lysates
were subjected to Western blot analysis with anti-Lats2 antibody to detect
the endogenous Lats2 protein level and with anti-FLAG antibody to confirm
KIBRA expression (two separately generated lines are shown). Total RNA was
also isolated from these cell lines and semiquantitative RT-PCR was per-
formed with primers amplifying Lats2 and GAPDH (control) (bottom panel).

co-transfected with FLAG-tagged ubiquitin (Ub) in HEK293T
cells. As expected, FLAG-Ub was detected in Myc-Lats2 immuno-
precipitates, consistent with the possibility that Lats2 is ubiquity-
lated in vivo (Fig. 6D, lane 2). Interestingly, addition of KIBRA
partially inhibited Lats2 ubiquitination (Fig. 6D, lane 3). Accord-
ingly, KIBRA knockdown increased Lats2 ubiquitination when
Lats2 was co-expressed with Ub (Fig. 6E). These observations indi-
cate that KIBRA prevents Lats2 from proteasomal degradation by
at least partially inhibiting Lats2 ubiquitination.

KIBRA Is a Transcriptional Target of Hippo Signaling—Sev-
eral upstream regulators of the Hippo pathway, including Mer
and Ex, are also transcriptional targets of Hippo signaling in
Drosophila (39). A recent study of Drosophila demonstrated
that Kibra is also a transcriptional target of Hippo signaling
(24). It is not known whether this is also the case in mammalian
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FIGURE 6. KIBRA prolongs Lats2 half-life. A, HEK293T cells were transfected with Myc-Lats2, together with either empty vector or FLAG-KIBRA, as indicated.
At 48 h post-transfection, cells were treated with 20 pg/ml cycloheximide (CHX) for different time points as indicated. Total protein lysates were subjected to
Western blot with indicated antibodies. The amounts of Lats2 were quantified by densitometry. The ratio between Lats2 and actin at the zero time point was
arbitrarily set to 1. B, MDA-MB-231 cell lines stably expressing control shRNA or shRNA targeting human KIBRA were treated with 20 ug/ml cycloheximide for
different time points. Total protein lysates were subjected to Western blot analysis with anti-Lats2 and anti-KIBRA antibodies to detect the endogenous Lats2
and KIBRA protein levels, respectively. The same blot was also probed with an anti-B-actin antibody to show equal loading. The relative Lats2 levels were
determined as in A. C, HEK293T cells were transfected with Myc-Lats2, and the cells were treated with DMSO or 25 um MG132 for 4 and 8 h, respectively. Cell
lysates were harvested and analyzed by Western blot with the indicated antibodies. D, HEK293T cells were transfected with Myc-tagged Lats2, FLAG-tagged
Ub, and HA-tagged KIBRA as indicated. At 48 h post-transfection, cell lysates were subjected to immunoprecipitation with an anti-Myc antibody. Co-precipi-
tating proteins were detected with anti-FLAG antibody. A portion of total cell lysates was also probed with anti-HA or anti-FLAG antibodies to check the
expression levels of KIBRA and ubiquitin, respectively. E, control siRNA and siRNA against KIBRA (two independent oligonucleotides) were co-transfected as
indicated. IP and Western blotting were done as in D.

cells, but our finding that KIBRA mRNA levels were up-regu- loss of Kibra function causes increased proliferation and
lated in YAP transgenic liver suggests that it may be (19). Quan-  reduced apoptosis and regulates Hippo signaling targets, which
titative RT-PCR confirmed that KIBRA mRNA levels were are typical phenotypes of loss-of-function of Hippo compo-
increased ~30-fold in YAP-overexpressing mouse livers com- nents. Human KIBRA has been reported to interact with several
pared with the WT (Fig. 7A4). We next tested whether an increase  partners and involved in different cellular functions (40); how-
in YAP also elevates KIBRA in human cells. To this end, we estab-  ever, the signaling pathway through which it functions has
lished an HPNE cell line stably expressing YAP. Interestingly, remained elusive. Our study has revealed a new connection
KIBRA mRNA levels were significantly up-regulated in YAP- between KIBRA and the Hippo pathway in human cells, sug-
transfected HPNE cells (Fig. 7B). As expected, KIBRA protein lev-  gesting that KIBRA may also function through the Hippo path-
els were also elevated in cells stably overexpressing YAP (Fig. 7C).  way in mammals and further implying the existence of a poten-
These observations suggest that KIBRA is an evolutionarily con-  tial role for KIBRA in regulating cell proliferation and cell
served transcriptional target of the Hippo pathway. death.

Kibra functions upstream of Hpo and associates with Mer
and Ex to regulate Hippo signaling in Drosophila (23-25). The

Kibra was recently identified as a regulator of the Hippo association between KIBRA and neurofibromatosis type 2/Mer
pathway by three independent groups (23-25). In Drosophila, seems to be conserved in human cells (24, 41). In this study, we

DISCUSSION
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FIGURE 7. KIBRA is a transcriptional target of the Hippo pathway. A, YAP
overexpression induces KIBRA expression in mouse livers. Total RNA was iso-
lated from WT (n = 3) and YAP-transgenic (n = 3, 2 weeks of YAP induction)
mouse livers and subjected to quantitative RT-PCR. B, YAP induces KIBRA
expression in human cells. Total RNA was isolated from HPNE cells stably
expressing empty vector or YAP and subjected to quantitative RT-PCR. C, total
protein lysates from the cells in Bwere subjected to Western blot analysis with
anti-KIBRA, anti-YAP, and anti-B-actin antibodies. Error bars in A and B repre-
sent S.D. from three independent experiments. Ctrl, control.

show that KIBRA also binds to Lats1 and Lats2 and that binding
is required for KIBRA to regulate Lats and YAP activity. How-
ever, we could not detect a significant change of Mst1/2 activity
upon KIBRA overexpression or depletion. These observations
suggest that KIBRA, at least in certain human cells, can regulate
Hippo signaling activity in both Mst1/2-dependent (through
association with neurofibromatosis type 2/Mer) and Mst1/2-
independent (directly through Lats1/2) manners. This dual
activity may also be the case in Drosophila as Kibra associates
with Wts to regulate Yki phosphorylation in cultured Drosoph-
ila cells (24). Both Mstl and Mst2 knock-out mice have been
generated recently (20-22); thus, Mstl- and Mst2-negative
mouse embryonic fibroblast cells will provide an excellent sys-
tem to further test this hypothesis.

Our data suggest that KIBRA regulates Lats2 by a 2-fold
mechanism. First, KIBRA affects Lats2 kinase activity by mod-
ulating the phosphorylation of the hydrophobic motif site
(Thr'®*"), and binding is required for regulating the phosphor-
ylation. In addition, KIBRA also stabilizes Lats2 protein. Sur-
prisingly, the WW domains are not involved for the latter func-
tion because KIBRA with deleted WW domains can still
stabilize Lats2 (data not shown). The precise mechanism by
which KIBRA stabilizes Lats2 is currently unclear. Identifica-
tion of the specific E3 ligase involved in Lats2 ubiquitination
and proteasomal degradation will be highly informative.

Several components of the Hippo signaling, including Mer
and Ex, are also its transcriptional targets in Drosophila (39).
However, none of these genes has been shown to be targets of
Hippo pathway in mammalian cells. The identification of
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KIBRA as a transcriptional target of both the mammalian (Fig.
7, this study) and Drosophila Hippo pathway (24) provides the
first evidence suggesting the existence of an evolutionarily con-
served negative feedback loop. How KIBRA mRNA is induced
by YAP is not yet known. In mammalian cells, the Hippo/YAP
signaling pathway regulates downstream targets mainly
through the transcriptional factors TEAD1-4 (42). However,
we could not detect TEAD binding sites in the KIBRA promoter
region (data not shown), suggesting that YAP may function
together with an undiscovered transcriptional factor to regu-
late KIBRA transcription.

The Hippo pathway plays a pivotal role in organ size control
and tumorigenesis by regulating cell proliferation and apopto-
sis. Recent studies in Drosophila identified PKC{ and Crumbs
as novel regulators of the Hippo signaling pathway(43—-45),
providing a mechanism through which these cell polarity reg-
ulators control cell proliferation and survival. There are two cell
polarity complexes, the aPKC-PAR3-PAR6 (PAR for partition-
ing defective) and the Pals1-PATJ-Crb complex (Pals1 for pro-
tein associated with Lin7-1; PAT] for Palsl-associated tight
junction protein; and Crb for Crumbs3) (46, 47). The biochem-
ical association linking these proteins to the core Hippo signal-
ing is still missing. Interestingly, it was shown that KIBRA inter-
acts with both the apical polarity regulator PKC{ (31) and PAT]
(32). Whether KIBRA functions as such a link is an uninvesti-
gated but intriguing possibility. It will be interesting to deter-
mine whether KIBRA plays a role in the maintenance of cell
polarity and the establishment of tight junction of human epi-
thelial cells.

KIBRA interacts with the postsynaptic protein dendrin and
synaptopodin via its WW domains and is thought to play a role
in synaptic plasticity and cell migration of podocytes (26, 32).
Our data reveal that the WW domains are also required for
KIBRA to interact with Lats2 and to regulate YAP phosphory-
lation. How these interactions are coordinated and whether
these interactions are cell type-specific are unknown. Of note,
in cultured Drosophila cells, a truncated Kibra protein lacking
the WW domains interacts more efficiently with Mer, and it
was suggested that the physical interaction between Kibra and
Mer is modulated by binding of other factors to the WW
domains of Kibra (23). It will be interesting to examine whether
Lats1/2 are some of the “other factors.” In addition, it remains
unclear whether dendrin and synaptopodin control synaptic
plasticity and podocyte migration through the Hippo signaling
pathway.
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