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Recent genetic studies in Drosophila identified Kibra as a
novel regulator of the Hippo pathway, which controls tissue
growth and tumorigenesis by inhibiting cell proliferation and
promoting apoptosis. The cellular function and regulation of
human KIBRA remain largely unclear. Here, we show that
KIBRA is a phosphoprotein and that phosphorylation of KIBRA
is regulated in a cell cycle-dependent manner with the highest
level of phosphorylated KIBRA detected in mitosis. We further
demonstrate that the mitotickinases Aurora-A and -B phosphor-
ylate KIBRA both in vitro and in vivo. We identified the highly
conserved Ser®® as the primary phosphorylation site for Aurora
kinases. Moreover, we found that wild-type, but not catalytically
inactive, protein phosphatase 1 (PP1) associates with KIBRA.
PP1 dephosphorylated Aurora-phosphorylated KIBRA. KIBRA
depletion impaired the interaction between Aurora-A and PP1.
We also show that KIBRA associates with neurofibromatosis
type 2/Merlin in a Ser®>° phosphorylation-dependent manner.
Phosphorylation of KIBRA on Ser®*° plays a role in mitotic pro-
gression. Our results suggest that KIBRA is a physiological sub-
strate of Aurora kinases and reveal a new avenue between
KIBRA/Hippo signaling and the mitotic machinery.

The Hippo signaling pathway, originally defined in Drosoph-
ila, controls organ size, tumorigenesis, and cell contact inhibi-
tion by regulating cell proliferation and apoptosis (1-3). In
mammalian cells, kinases Mst1/2 (orthologs of Drosophila
Hippo) phosphorylate and activate Lats1/2 (orthologs of
Warts) (4, 5). Lats, in turn, phosphorylates and inactivates the
downstream effectors YAP/TAZ (orthologs of Yorkie) (6-9).
The transcriptional coactivators YAP and TAZ function
together with transcription factors such as TEAD1-4 (Scal-
loped in Drosophila) (10—13) to induce target gene expression,
including Birc5 (8), cytokines such as connective tissue growth
factor (10, 14), and the EGF family member amphiregulin (15).
Accumulated evidence suggests that this emerging signaling
pathway plays a critical role in cancer development with the
most evident contribution to hepatocellular carcinoma (1, 2,
16). For example, mice lacking Latsl or WW45 (ortholog of
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Salvador) develop several types of tumors (17-19). Overexpres-
sion of YAP or loss of Mstl and Mst2 in mouse liver dramati-
cally increases the organ size and eventually induces hepatocel-
lular carcinoma (8, 20-23). The YAP locus is consistently
amplified, and elevated YAP expression has been observed in
many human cancers, including liver cancers (8, 14, 24 -26).

KIBRA, a WW domain-containing protein (27), was origi-
nally identified as a memory performance-associated protein
(28-30). The physiological function of human KIBRA is not
well understood, although it has been shown to play a role in
podocyte migration (31, 32) and to be involved in age-depen-
dentrisk of Alzheimer disease (33). It was also reported to inter-
act with discoidin domain receptor 1 to modulate collagen-
induced signaling (34). Interestingly, KIBRA expression was
suppressed by promoter methylation in B-cell acute lympho-
cytic leukemia (35), suggesting a potential tumor suppressive
function, as it was in Drosophila (36 —38). We recently reported
that in mammalian cells KIBRA regulates the Hippo-YAP sig-
naling activity via interactions with Lats1/2 kinases and dem-
onstrated that KIBRA is also a transcriptional target induced by
YAP (39).

KIBRA is a phosphoprotein (34); however, the regulation of
KIBRA phosphorylation remains elusive. The Aurora kinase
family plays important roles in spindle assembly, centrosome
function, and mitotic progression (40, 41). Human Aurora
kinases have three family members: Aurora-A, Aurora-B, and
Aurora-C (41). Overexpression of Aurora-A transforms mam-
malian cells in vitro and has tumorigenic potential in rodent
models (42, 43). Accordingly, elevated expression and/or
amplification of Aurora-A and Aurora-B has been frequently
detected in a wide variety of human cancers. Because of the
oncogenic characteristics of these kinases, considerable atten-
tion has been drawn to the mechanism of Aurora activation and
identification of their substrates.

Protein phosphoregulation plays critical roles in determining
protein functions. Protein phosphorylation is reversed by phos-
phatases. Protein phosphatase 1 (PP1)® is a member of the
phosphoprotein phosphatase family consisting of the subfami-
lies PP1, PP2A, PP2B, and PP5 (44, 45). PP1 is a major eukary-
otic protein-serine/threonine phosphatase that regulates a
wide variety of cellular functions by dephosphorylating various
substrates (44 —46). Interestingly, like Aurora-A, PP1 is also
localized to mitotic structures such as the chromosomes, the

3 The abbreviations used are: PP, protein phosphatase; KD, kinase-dead; YAP,
yes-associated protein; TAZ, transcriptional coactivator with PDZ-binding
motif; OA, okadaic acid; NF2, neurofibromatosis type 2.
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centrosomes, and the spindle (47, 48) and plays important roles
in mitotic events (47, 49).

In this study, we show that the mitotic serine/threonine
kinases Aurora-A and -B phosphorylate KIBRA both in vitro
and in vivo. In addition, we demonstrate that PP1 dephosphor-
ylates KIBRA. Our data suggest a potential role for KIBRA in
cell cycle progression through phosphoregulation by the Auro-
ra-PP1 mitotic complex.

EXPERIMENTAL PROCEDURES

Expression Constructs—The human KIBRA constructs have
been described previously (39). A human full-length Aurora-A
¢DNA clone (identification number 3051177, OpenBiosys-
tems) was subcloned in-frame into the pEGFP-C1 vector (Clon-
tech) to make the GFP-Aurora-A construct. GFP-Aurora-B and
its catalytically inactive (kinase-dead (KD)) form have been
described previously (50). A human PP1c clone (identification
number 3956353) was purchased from OpenBiosystems and
subcloned into the pcDNA-HA vector (39). Deletion constructs
were made by PCR and verified by sequencing and restriction
enzyme digestion. Point mutations were generated by the
QuikChange site-directed PCR mutagenesis kit (Stratagene)
and verified by sequencing.

Cell Culture and Transfection—HEK293T, HeLa, and
MCE-7 cell lines were maintained in Dulbecco’s modified
Eagle’s medium (high glucose) containing 10% fetal bovine
serum and L-glutamine plus 100 units/ml penicillin and
100 pg/ml streptomycin (Invitrogen) at 37 °C in a humidified
atmosphere containing 5% CO,. All the transient overexpres-
sion transfections were performed using Attractene (Qiagen)
following the manufacturer’s instructions. Okadaic acid (OA;
LC Laboratories) was dissolved in methanol to 1 mm. To inhibit
Aurora-A and -B activity, VX680 (Selleck Chemicals) was used
at 1 um for 4 h. Nocodazole (100 ng/ml for 16 —20 h) and Taxol
(paclitaxel; 1 um for 16 h) (Sigma) were used to arrest the cells in
mitosis. Thymidine (Sigma) was used at 2.5 mM to synchronize
the cells in S phase. Double thymidine synchronization was
done as described (51). siRNA (SMARTpool) for human Auro-
ra-A and -B was purchased from Dharmacon Inc. siRNA for
human PP1 (targeting all three isoforms) was from Santa Cruz
Biotechnology. All other chemicals were either from Sigma or
Thermo Fisher.

Establishment of Tet-On-inducible Cell Lines—We utilized
the pRetroX-Tet-On advanced/pRetroX-Tight-Pur system
(Clontech) to establish the cell lines expressing wild-type (WT)
KIBRA or KIBRA S539A mutant. The parental MCF-7-rtTA
cell line was also purchased from Clontech. Virus production
and infection were done as described previously (39). Cells were
maintained in medium containing Tet system-approved fetal
bovine serum (Clontech).

Immunoprecipitation, Western Blot Analysis, and Metabolic
Labeling—Immunoprecipitation and Western blot analysis
were done as described previously (39). For metabolic labeling,
cells (at 2 days post-transfection) were grown in phosphate-free
medium (500 ml containing 4.5 g of NaCl, 0.2 g of KCI, 0.05 mg
of Fe(NO,)5, 198.67 mg of CaCl,-2H,0, 48.59 mg of MgSO,,
5.96 g of HEPES, 2.5 g of glucose (anhydrous dextrose), pH 7.4,
1X essential amino acids (Invitrogen), 1X vitamins (Invitro-
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gen), and 0.1% FBS) for 3 h in the presence of *P. 2 mCi of **P
was used for each 60-mm dish. Cells were then lysed with radio-
immune precipitation assay buffer and immunoprecipitated.
The proteins were separated on SDS-polyacrylamide gels,
transferred onto PVDF membranes, and visualized by autora-
diography followed by Western blot. [>*P]Orthophosphate was
purchased from MP Biomedicals.

Antibodies—Anti-KIBRA rabbit polyclonal antibody has
been described (39). Mouse monoclonal antibodies against
KIBRA and polyclonal phosphospecific antibody for KIBRA
Ser®® were generated by AbMart (Shanghai, China). Cell cul-
ture supernatant (clone 2A5) was used for Western blotting,
and the polyclonal KIBRA antibody was used for immunopre-
cipitation in this study unless otherwise indicated. FLAG, HA,
and Myc antibodies were from Sigma-Aldrich. Anti-B-actin;
anti-Akt; anti-PP1 (pan); anti-PP1e, -3, and -v; and anti-GFP anti-
bodies were purchased from Santa Cruz Biotechnology. Anti-
Aurora-A (Abnova and Bethyl Laboratories), anti-phospho-
Thr?®® Aurora-A, anti-phospho-Ser'® H3, anti-phospho-Tyr'®
Cdc2, anti-phospho-Thr**® Akt, anti-Cyclin B (Cell Signaling
Technology), anti-glutathione S-transferase (GST), anti-His
(Bethyl Laboratories), and anti-Aurora-B (Abcam) antibodies
were also used.

A-Phosphatase Treatment—Cells were lysed in Nonidet P-40
buffer (50 mm Tris-HCI, pH 8.0, 150 mm NaCl, and 1% Nonidet
P-40). The lysates were treated or not with 400 units (1 ul) of
A-phosphatase (P0753, New England Biolabs) in the presence of
1 mm MnCl, at 30 °C for 30 min. A mixed solution of 10 mm
sodium orthovanadate and 50 mMm sodium fluoride was used as
a A-phosphatase inhibitor. The reaction was stopped by the
addition of SDS sample buffer followed by 5 min of heating at
95 °C.

Recombinant Protein Purification—Truncated forms of
KIBRA were subcloned in-frame into the pGEX-5X-1 vector
(Novagen). The GST-tagged proteins were bacterially
expressed and purified on GSTrap FF affinity columns (GE
Healthcare) following the manufacturer’s instructions. To
make His-tagged human Aurora-A kinase, full-length Auro-
ra-A was subcloned into pET-21c vector (Novagen), and pro-
teins were expressed and purified as described (52). His-tagged
Xenopus Aurora-A and kinase-inactive proteins were purified
as described (53). His-tagged Xenopus Aurora-B proteins were
purified as described previously (54).

In Vitro Kinase Assay—1-2 pg of GST-KIBRA was incubated
with 0.5-1 ug of active recombinant Aurora kinase in kinase
buffer (50 mm Tris-HCI, pH 7.4, 50 mm NaCl, 10 mm MgCl,, 10
mMm B-glycerophosphate, 1 mm dithiothreitol (DTT), and 100
uM ATP) in the presence of 5 uCi of [y->*P]JATP (3000
Ci/mmol; PerkinElmer Life Sciences). The reaction was carried
out at 30 °C for 30 min and stopped by the addition of SDS
loading buffer. The samples were resolved by SDS-PAGE,
transferred onto PVDF (Millipore), and visualized by autora-
diography followed by Western blot analysis.

In Vitro Dephosphorylation/Phosphatase Assay—GST-KI-
BRA-M was first phosphorylated by Aurora-A in vitro as
described above. Phosphorylated GST-KIBRA-M was pulled
down by glutathione-agarose (SC-2009, Santa Cruz Biotech-
nology) and extensively washed with Nonidet P-40 buffer. The
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FIGURE 1. Phosphorylation of KIBRA is regulated by cell cycle in Aurora-dependent manner. A, various cell lysates were treated with or without A-phos-
phatase (A PPase) (see “Experimental Procedures”) and probed with anti-KIBRA antibody. B, FLAG-tagged KIBRA was transfected into HEK293T cells. At 2 days
after transfection, cells were either kept under normal culture or metabolically labeled in the presence of 2P (see “Experimental Procedures”). Cells were then
lysed, and proteins were immunoprecipitated (/P) using anti-FLAG antibody. Immunoprecipitated products were separated by SDS-PAGE and transferred onto
PVDF membrane followed by autoradiography and Western blot analysis. C, HeLa and MCF-7 cells were synchronized at the indicated cell phase. Total cell
lysates were subjected to Western blot analysis with the indicated antibodies. Polyclonal anti-KIBRA (39) was used in this assay. Asy, asynchronized. D, HeLa cells
were synchronized using the double thymidine method. Total cell lysates were harvested at the indicated time points after release and subjected to Western
blot analysis with the indicated antibodies. £, nocodazole-arrested (G,/M) Hela cells were treated with VX680 (1 um for 4 h) or DMSO. Total lysates were then
subjected to Western blot analysis with the indicated antibodies. Activation of Aurora kinases was judged by T-loop autophosphorylation (phospho-Thr?8in
Aurora-A and phospho-Thr?*2 in Aurora-B). H3 is a substrate for Aurora-B. F, FLAG-KIBRA and GFP-Aurora constructs were transfected into HEK293T cells as
indicated. At 2 days after transfection, cells were lysed and treated with or without A-phosphatase. The lysates were subjected to Western blot analysis with the
indicated antibodies. KD, K162R for Aurora-A and K109R for Aurora-B; Aur, Aurora.

washed beads were then resuspended in Nonidet P-40 buffer
and split into tubes containing 1 mm MnCl,, 1 mm DTT (final
concentration), and appropriate protein phosphatases or BSA as a
negative control. For inhibitor-2 treatment, 2.5 units of inhibitor-2
were added. The reaction was incubated at 30 °C for 30 min. The
beads and supernatant were carefully separated by centrifugation.
The relative amounts of **P released into the supernatant and the
32P bound to GST-KIBRA-M were quantified by liquid scintilla-
tion counting (Beckman). PP1 (P0754) and protein phosphatase
inhibitor-2 (P0755) were purchased from New England Biolabs.
PP2A (539508) was from Calbiochem.
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Statistical Analysis—Statistical significance was determined
using a two-tailed, unpaired Student’s ¢ test.

RESULTS

KIBRA Is a Phosphoprotein—In most cases, KIBRA runs as a
doublet or as multiple bands on SDS-polyacrylamide gels (Fig.
1A and data not shown) (34). A-Phosphatase treatment con-
verted all the higher molecular weight protein bands to the
faster migrating form, suggesting that the electrophoretic
upshift of KIBRA is caused by post-translational phosphoryla-
tion (Fig. 14). The KIBRA phosphorylation is not specific to
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FIGURE 2. Aurora kinases phosphorylate KIBRA in vitro. A, schematic diagram of truncated GST-KIBRA constructs. The purified proteins were stained with
Coomassie Blue. B, GST-KIBRA-N, -M, and -C proteins were used as substrates for in vitro kinase assays as described under “Experimental Procedures.” Autora-
diography shows the 3P incorporation, and Western blot (WB) shows the substrate loading. C, in vitro kinase assays with Xenopus Aurora-A kinases (KD, K169R).

D, in vitro kinase assays with Xenopus Aurora-B kinase.

cancer cells as it is also evident in HEK293T cells (Fig. 14, lanes
7and 8). Metabolic labeling with >*P confirmed that transfected
FLAG-tagged KIBRA is also phosphorylated (Fig. 1B).
Phosphorylation of KIBRA Is Regulated by Cell Cycle in Auro-
ra-dependent Manner—KIBRA associates with Lats1 and Lats2
(39), which are both phosphorylated by mitotic kinases during
mitosis (55, 56). To test whether KIBRA phosphorylation is also
regulated by the cell cycle, we arrested cells in S and G,/M phases
by thymidine and nocodazole, respectively. Interestingly, KIBRA
was further upshifted in both HeLa and MCEF-7 cells synchronized
at G,/M phase, suggesting that KIBRA is hyperphosphorylated in
nocodazole-arrested mitotic cells (Fig. 1C). Increased phosphory-
lation of H3 Ser'® and removal of inhibitory phosphorylation at
Tyr'® of Cdc2 are both well known characteristics of cells in mito-
sis. To further examine the phosphorylation status of KIBRA dur-
ing cell cycle progression under more physiological conditions, we
performed double thymidine synchronization in HeLa cells (51).
Mitotic entry peaked at 8—12 h following thymidine release in
these cells as judged by increased cyclin B expression and phos-
pho-H3 Ser' levels, coinciding with the highest phosphorylation
level (judged by mobility upshift) on endogenous KIBRA (Fig. 1D).
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Taken together, these data suggest that KIBRA is phosphorylated
in both unperturbed and nocodazole-arrested mitotic cells.

Next, we set out to determine the corresponding kinase(s)
involved in KIBRA phosphorylation. Several kinases are acti-
vated during mitosis (41). Among them, the members of the
Aurora kinase family play critical roles in controlling mitosis (40 —
42, 51). To test whether KIBRA phosphorylation in mitosis is
caused by activated Aurora kinases, we treated the nocodazole-
arrested cells with VX680, an Aurora-A and -B inhibitor, and ana-
lyzed the mobility shift of endogenous KIBRA. As shown in Fig. 1E,
inhibition of Aurora kinases largely abolished the upshift of KIBRA
caused by nocodazole treatment, indicating that phosphorylation
of KIBRA in mitosis is Aurora kinase-dependent. Furthermore,
WT Aurora-A and -B upshifted KIBRA, and the kinase-inactive
forms (KD) greatly increased the mobility of KIBRA when they
were overexpressed (Fig. 1F), implying a potential link between
Aurora kinases and KIBRA phosphorylation.

Aurora Kinases Phosphorylate KIBRA in Vitro—To deter-
mine whether Aurora kinases can directly phosphorylate
KIBRA, we performed in vitro kinase assays with truncated
GST-tagged KIBRA forms (-N, -M, and -C) as substrates (Fig.
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FIGURE 3. Aurora kinases phosphorylate KIBRA at Ser®>® both in vitro and in vivo. A, schematic diagram of truncated GST-KIBRA-M constructs. KIBRA Ser>°
resides in a highly conserved Aurora phosphorylation consensus ((R/K)X(pS/pT)(I/L/V)). B, in vitro kinase assays with Aurora-A kinase. Autoradiography shows
the 3P incorporation, and Western blot (WB) shows the substrate loading. C, in vitro kinase assays using Aurora-A kinase to phosphorylate GST-KIBRA-M2 with
or without S539A mutation. D, various DNA constructs were transfected into HEK293T cell as indicated. At 2 days after transfection, cells were subjected to
metabolic labeling in the presence of 3P as described under “Experimental Procedures.” Immunoprecipitation (IP), autoradiography, and Western blot analysis
were done as in Fig. 1B. E, in vitro kinase assays with Aurora-A kinase without *?P. The samples were probed with a phosphospecific antibody against KIBRA
Ser>3°, F, KIBRA was immunoprecipitated from Hela cells treated with Taxol or vehicle only and treated with A-phosphatase as indicated. The samples were
probed with phospho-Ser®3? and total KIBRA antibodies. G, HeLa cells were transfected with control siRNA (ctrl) or siRNA against Aurora-A and -B (A/B). At 2 days
after transfection, cells were treated with DMSO or Taxol, and VX680 was added to the cells for 2 h before harvesting as indicated. The samples were analyzed
by Western blotting with the indicated antibodies. H, various DNA constructs were transfected into HEK293T cells as indicated. At 2 days after transfection, cells
were lysed and subjected to immunoprecipitation with FLAG antibody. The precipitates were immunoblotted with the indicated antibodies. Total lysates
before immunoprecipitation were also subjected to Western blot analysis with the indicated antibody.
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2A). Fig. 2B shows that purified Aurora-A kinase strongly phos-
phorylates the middle part of KIBRA (GST-KIBRA-M; amino
acids 428 — 835) with no phosphorylation detected in the N ter-
minus and mild phosphorylation detected in the C terminus
(Fig. 2B). Although WT Aurora kinase robustly phosphorylates
KIBRA, no phosphorylation was detected when Aurora-KD
was used in the kinase assays (Fig. 2C). As expected, addition of
VX680 also greatly inhibited phosphorylation of KIBRA even in
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the presence of WT Aurora kinase (Fig. 2C), further confirming
the specificity. The electrophoretic mobility of GST-KIBRA-M
was greatly retarded upon phosphorylation (Fig. 2C, compare
lane 2 with lanes 1, 3, and 4). The upshift of GST-KIBRA-M is
also evident in other kinase assays (Fig. 2, B and D).

Aurora-A and Aurora-B kinases are structurally similar with
a conserved C-terminal kinase domain (40, 57). Interestingly,
we found that Aurora-B kinase also phosphorylates GST-KI-
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FIGURE 4. Aurora-A kinase associates with KIBRA. A, HEK293T cells were treated with nocodazole. The cells were lysed and immunoprecipitated (/P) with IgG
(control) and Aurora-A (Aur-A) antibody. The immunoprecipitates were probed with anti-KIBRA to check for the presence of endogenous KIBRA. Total cell
lysates before immunoprecipitation were used as input. HC, heavy chain. B, schematic diagram of KIBRA with various deletions. Boxes 7 and 2 represent WW
domains. The binding ability of truncated KIBRA is indicated by “+” (binding) or “—" (no binding). C, HEK293T cells were transfected with various DNAs as
indicated. At 2 days post-transfection, cells were lysed and immunoprecipitated with FLAG antibody. The immunoprecipitates were probed with anti-
Aurora-A. Total cell lysates before immunoprecipitation were also probed with GFP antibody to show the Aurora-A expression levels. SE, short exposure; LE,
long exposure. D, HEK293T cells were transfected with various DNAs as indicated. At 2 days post-transfection, cells were lysed and immunoprecipitated with
FLAG antibody. The immunoprecipitates were probed with anti-GFP. Total cell lysates before immunoprecipitation were also analyzed. E, schematic diagram
of Aurora-A with various deletions. The binding ability of truncated Aurora-A is indicated by + (binding) or — (no binding). F, HEK293T cells were transfected
with various DNAs as indicated. At 2 days post-transfection, cells were lysed and immunoprecipitated with GFP antibody. The immunoprecipitates were
probed with anti-FLAG to check for the presence of FLAG-tagged KIBRA protein. Total cell lysates before immunoprecipitation were also analyzed by Western
blot analysis with FLAG and GFP antibodies.

BRA-M but not GST-KIBRA-N (Fig. 2D). Together, our data
indicate that Aurora-A and -B kinases phosphorylate the cen-
tral part of KIBRA in vitro.

Aurora Phosphorylates KIBRA at Ser*>® Both in Vitro and in
Vivo—To delineate the phosphorylation region of KIBRA, we
purified GST-KIBRA-M proteins with various deletions (Fig.
3A and data not shown). In vitro kinase assays showed that
KIBRA-M2 and KIBRA-M were similarly phosphorylated by
Aurora-A, indicating that the 428 —526 region is not phosphor-
ylated by Aurora-A in vitro. However, further deletion of amino
acids 526-581 (KIBRA-M1) abolished the phosphory-
lation, suggesting that the 526 —581 region is phosphorylated by
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Aurora-A (Fig. 3B). Aurora kinases specifically recognize the
(R/K)X(pS/pT)(I/L/V) (X denotes any residue, pS denotes
phosphoserine, and pT denotes phosphothreonine) consensus
sequence (58, 59). Interestingly, we found a highly conserved
region within amino acids 526 —581, including Ser®*® that per-
fectly matches the Aurora phosphorylation consensus (Fig. 3A4).
To test whether Ser®®® is phosphorylated by Aurora-A, we
mutated Ser®*® to nonphosphorylatable alanine and performed
in vitro kinase assays. As shown in Fig. 3C, phosphorylation by
Aurora-A was significantly reduced when Ser®*” was changed
to alanine (compare with WT GST-KIBRA-M2), and similar
results were obtained with Aurora-B kinase (data not shown),
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FIGURE 5. PP1 dephosphorylates KIBRA in vitro. A, a simplified procedure
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HA antibody aftera 20-min insulin stimulation. The same amount of PP2A was
used to dephosphorylate immunoprecipitated HA-Akt. WB, Western blot.

indicating that KIBRA Ser®*® is the primary phosphorylation
site for Aurora-A and -B in vitro. However, our data cannot
exclude the possibility that mutation of Ser®*® alters the phos-
phorylation of other residues.

To explore whether Ser®*® is also phosphorylated by Aurora
kinases in vivo, we carried out metabolic labeling assays with
either WT KIBRA or a KIBRA S539A mutant transfected into
HEK293T cells. Fig. 3D shows that KIBRA Ser®* is indeed
phosphorylated in vivo because the S539A mutant had
decreased **P incorporation (lanes 3 and 1). Importantly, **P
incorporation (phosphorylation) was dramatically increased in
WT KIBRA but not in the S539A mutant in the presence of
overexpressed Aurora kinases. To further confirm that Ser®®® is
phosphorylated by Aurora, we generated a phosphospecific
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antibody against KIBRA Ser®*”. A strong signal was detected
when GST-KIBRA-M2 was incubated with Aurora-A kinase,
and the signal was abolished when Ser®*° was mutated into
alanine (Fig. 3E), confirming that Aurora-A phosphorylates
KIBRA Ser®*® in vitro. The specificity of the phospho-Ser®*’
antibody was further confirmed by experiments in which we
immunoprecipitated KIBRA. As shown in Fig. 3F, Taxol
(another agent that arrests cells in mitosis) treatment signifi-
cantly increased the phosphosignal, and the signal was abol-
ished by A-phosphatase treatment. Using an inhibitor and
siRNA for Aurora kinases, we demonstrated that phosphoryla-
tion of KIBRA Ser®*® is Aurora kinase-dependent (Fig. 3G).
Transient overexpression assays also confirmed that Aurora
kinases phosphorylate KIBRA Ser>*® (Fig. 3H). Interestingly, a
recent quantitative phosphoproteomics study revealed that
KIBRA Ser®*® phosphorylation was up-regulated in mitotic
HeLa S3 cells (60). Taken together, these results support the
notion that KIBRA Ser®®® is the major phosphorylation site for
Aurora-A and -B both in vitro and in vivo.

KIBRA Associates with Aurora Kinase—To test whether
KIBRA forms a complex with Aurora kinase(s) in intact cells,
we immunoprecipitated Aurora-A from nocodazole-treated
HEK293T cells. As shown in Fig. 44, endogenous KIBRA is
detected in Aurora-A but not in control IgG immunoprecipi-
tates. To determine the binding domain of KIBRA, we made a
series of KIBRA deletion constructs and tested their binding
ability with Aurora-A (Fig. 4B and data not shown). Immuno-
precipitation of FLAG-tagged KIBRA efficiently pulled down
GFP-tagged Aurora-A when both proteins were expressed
together in cells (Fig. 4C). Deleting the C-terminal 100-500
amino acids did not significantly affect KIBRA binding to Auro-
ra-A (Fig. 4C and data not shown). However, KIBRA with the
C-terminal 620 amino acids deleted (AC620) had greatly
reduced binding with Aurora-A (Fig. 4C, compare lane 5 with
lanes 2-4). The primary phosphorylation site Ser®® was
deleted in the AC620 construct. Interestingly, the S539A muta-
tion largely impaired the binding of KIBRA to Aurora-A kinase,
suggesting that Ser®>® phosphorylation by Aurora is required
for KIBRA to bind to Aurora (Fig. 4D).

To delineate the binding region in Aurora-A, we co-trans-
fected truncated Aurora-A constructs (Fig. 4E) with KIBRA.
Fig. 4F shows that deletion of the extreme C-terminal 50 amino
acids completely abolished the interaction between Aurora-A
and KIBRA, implying that amino acids 354 —403 are required
for Aurora-A binding with KIBRA. Neither the N terminus nor
the C terminus (kinase domain) was sufficient for co-immuno-
precipitation KIBRA (Fig. 4E and data not shown).

PPI1 Dephosphorylates KIBRA in Vitro—Protein phosphory-
lation and dephosphorylation are highly dynamic. Increasing
evidence suggests that PP1 opposes the roles of Aurora kinases
in various mitotic events (61— 63). Most PP1 substrates contain
an (R/K)VX(E/W) (X denotes any residue) consensus, which
functions as a docking site for PP1 (44, 46). Interestingly,
KIBRA contains a single KVXF (**°KVEF**?) motif. To test
whether KIBRA is a substrate for PP1 dephosphorylation, we
performed in vitro dephosphorylation assays using Aurora-A-
phosphorylated GST-KIBRA-M as substrate (Fig. 54). As
shown in Fig. 5B, Aurora-A-phosphorylated KIBRA was greatly
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previously (39).

dephosphorylated with increasing amounts of purified PP1. As
expected, PP1 activity was completely blocked by the protein
phosphatase inhibitor inhibitor-2 (Fig. 5B). Strikingly, the
dephosphorylation rate was markedly impaired for KIBRA with
mutations in the potential PP1 docking site (V481A/F483A)
(Fig. 5B). The V481A/F483A mutant did not affect the phos-
phorylation by Aurora-A (Fig. 5A, right panel). PP2A only
mildly dephosphorylated Aurora-A-phosphorylated KIBRA,
although the same amount of PP2A (0.5 unit) could efficiently
dephosphorylate Akt at Thr*°®, a known substrate for PP2A
(64, 65) (Fig. 5C). These data suggest that PP1, but not PP2A,
dephosphorylates Aurora-A-phosphorylated KIBRA in vitro.
KIBRA Interacts with PPI—Next, we further explored
whether KIBRA could be dephosphorylated by PP1 in vivo. To
this end, we treated cells with OA at various concentrations.
OA inhibits PP2A at nanomolar concentrations, whereas inhi-
bition of PP1 requires much higher OA concentrations (66).
Fig. 6A shows that endogenous KIBRA was not shifted by OA
treatment at a concentration of 50 nm, which inhibited PP2A
(evidenced by increased phospho-Akt at Thr®°®) (Fig. 6A).
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However, OA treatment at higher concentration (1 um for 30
min) resulted in a marked mobility upshift of KIBRA (Fig. 6A).
These results are consistent with PP1 as a phosphatase for
KIBRA. As expected, OA treatment (Fig. 6B) or PP1 depletion
(Fig. 6C) greatly stimulated Ser”*® phosphorylation of KIBRA.
Furthermore, we found that PP1 WT, but not the catalytically
inactive mutant (dominant negative; D64N) (62), greatly
reduced the phosphorylation of KIBRA Ser®®® in transfected
cells (Fig. 6D, lanes 3 and 2). In line with our in vitro dephos-
phorylation results (Fig. 5), the KIBRA V481A/F483A mutant
was less efficiently dephosphorylated when compared with WT
KIBRA (Fig. 6D, lanes 4 and 2). These findings suggest that PP1
dephosphorylates KIBRA in vivo.

The PP1 activity toward KIBRA prompted us to test whether
KIBRA forms a complex with PP1. To address this question, we
performed immunoprecipitation with transfected plasmids
and found that PP1 WT, but not the dominant negative mutant,
associates with KIBRA, suggesting that the catalytic activity is
required for PP1 binding to KIBRA (Fig. 6E, lanes 2 and 4).
The PP1 dominant negative mutant did not interact with
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KIBRA S539A either (data not shown). Interestingly, the
KIBRA S539A mutant showed enhanced interaction with
PP1 when compared with WT KIBRA in transfected cells
(Fig. 6E, lanes 2 and 3). Thus, our data indicate that Aurora
prefers to bind with Ser®*°-phosphorylated KIBRA and that
PP1 tends to associate with the non-phosphorylated form of
KIBRA.

Aurora-A interacts with PP1 in mitosis (67). To test whether
KIBRA regulates the interaction between Aurora-A and PP1,
we checked their association with or without KIBRA depletion.
Fig. 6F clearly shows that KIBRA knockdown impaired Auro-
ra-A and PP1 interaction, suggesting that KIBRA is required for
the Aurora-A/PP1 association.

Phosphorylation of KIBRA on Ser*® Regulates Its Interaction
with Neurofibromatosis Type 2 (NF2)/Merlin—We and others
have shown recently that KIBRA interacts with the tumor sup-
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pressor NF2 in both Drosophila and mammalian cells (36 -39,
68); however, the domains mediating this interaction are not
well defined. To test whether Aurora phosphorylation of
KIBRA on Ser®*” might alter the association of these compo-
nents, we immunoprecipitated FLAG-tagged KIBRA from cells
treated with or without nocodazole. Interestingly, upon
nocodazole treatment, the interaction between NF2 and
KIBRA was significantly weakened, and this disassociation is
Aurora kinase-dependent because inhibition of Aurora kinases
by VX680 or siRNA partially restored the interaction between
KIBRA and NF2 (Fig. 7, A and B). To further confirm the func-
tional significance of KIBRA Ser®*” phosphorylation in regulat-
ing the association between KIBRA and NF2, KIBRA and
KIBRA S539A were expressed in HEK293T cells. As shown in
Fig. 7C, the interaction between the KIBRA S539A mutant and
NF2 was not significantly changed with or without nocodazole
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FIGURE 8. Phosphorylation of KIBRA Ser®3® regulates cell cycle progres-
sion. A, characterization of Tet-On-inducible MCF-7 cells expressing WT
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under “Experimental Procedures” and treated with doxycycline (Dox; 1
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Error bars represent S.D. C, the cell lines in A were treated with nocodazole,
and mitotic cells were collected by mechanic shake-off. Mitotic cells were
replated in normal medium and harvested at the indicated time points. Total
cell lysates were analyzed by Western blotting with the indicated antibodies.

treatment (lanes 3 and 6), whereas nocodazole treatment
greatly impaired the interaction between WT KIBRA and NF2
(lanes 2 and 5). These data suggest that NF2 and KIBRA inter-
action is regulated, at least in nocodazole-arrested cells, by
Ser®*® phosphorylation.

KIBRA promotes YAP Ser'?” phosphorylation in mamma-
lian cells (39), so we also tested whether phosphorylation of
KIBRA on Ser®®” changes its ability of promoting the YAP
phosphorylation. We detected no significant changes toward
YAP Ser'*” phosphorylation (with or without nocodazole treat-
ment) regardless of whether KIBRA or KIBRA S539A was
transfected (Fig. 7, D and E). Taken together, our data suggest
that phosphorylation of KIBRA on Ser®** modulates the inter-

OCTOBER 21,2011 +VOLUME 286+-NUMBER 42

Aurora and PP1 Regulate KIBRA Phosphorylation

action between KIBRA and NF2 but does not significantly
impact the YAP activity.

Phosphorylation of KIBRA on Ser*®® Affects Cell Cycle
Progression—Because Aurora and PP1 are well established reg-
ulators of the cell cycle, we further examined the biological
significance of KIBRA phosphorylation on Ser®*® in mitotic
progression. To do so, we established an inducible KIBRA-ex-
pressing system (Fig. 84). The exogenous WT KIBRA or
KIBRA S539A mutant was expressed at a similar level in the
presence of doxycycline (Fig. 84). Because nocodazole arrests
cells in mitosis by activating the mitotic checkpoint (also called
the spindle assembly checkpoint), we tested whether KIBRA
phosphorylation affects the mitotic checkpoint activation. To
this end, we determined the fraction of cells in mitosis by anal-
ysis of histone H3 phosphorylation on Ser'®. As expected, treat-
ment with nocodazole greatly induced MCEF-7-Tet-control
cells in mitosis (Fig. 8B). Interestingly, expression of KIBRA
S539A, but not WT KIBRA, caused a significant decrease of
cells in mitosis, suggesting that the mitotic checkpoint in
KIBRA S539A-expressing cells is compromised and that induc-
tion of KIBRA S539A mutant is sufficient to override the
mitotic checkpoint in the presence of the mitotic spindle poi-
son (Fig. 8B). To further explore the cell cycle defects in cells
expressing KIBRA S539A mutant, we collected mitotic cells by
mechanic shake-off after nocodazole treatment, released the
cells into normal medium, and then determined their exit rate
from mitosis. Cells expressing KIBRA S539A mutant promoted
mitotic exit (measured by degradation of cyclin B and
decreased phospho-H3 Ser'®) much faster than cells expressing
WT KIBRA or the parental cells (Fig. 8C). Taken together, these
data suggest that Aurora-mediated KIBRA phosphorylation on
Ser®® is required for nocodazole-induced mitotic arrest and
plays a role during mitotic exit.

DISCUSSION

The process of mitosis is precisely controlled by various reg-
ulators and the checkpoint apparatus (41, 69). Aberrations in
mitosis generate aneuploid daughter cells with genome insta-
bility, which is one of the major causative factors of malignant
tumor progression (69). Aurora kinases play critical roles in
several mitotic phases. Given the importance of Aurora kinases
in mitosis and their oncogenic potential, new chemotherapy
agents targeting Aurora-A and -B have been developed, and
some of them are in phase II trials for various cancers (70).

Aurora kinases are serine/threonine kinases that control the
precise regulation of various phases of mitosis by phosphory-
lating several substrates (41). In this study, we provide both in
vitro and in vivo data demonstrating that KIBRA is a novel sub-
strate phosphorylated by Aurora kinases. Phosphorylation of
KIBRA has been observed previously. For example, atypical
protein kinase C (PKC{) directly phosphorylated KIBRA on
Ser®”® and Ser®”® in vitro (71); however, it has not been deter-
mined whether PKC{ phosphorylates KIBRA in vivo. Interest-
ingly, several other residues (Thr®?®, Thr®'?, Thr®*®, Ser®®', and
Ser®®”) of KIBRA have been identified to be phosphorylated in
mitosis in a large scale proteomics study (72); however, none of
these phosphorylation sites have been confirmed, and their rel-
evant kinases have not yet been identified. Phosphorylation of
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Ser®® was not observed in that report. Our study demonstrates
that phosphorylation of KIBRA is regulated by the cell cycle in
an Aurora-dependent manner (Fig. 1). It is worth noting that
Ser®? is not the only phosphorylation site (Fig. 3), and identi-
fication of the remaining phosphorylation site(s) and the rele-
vant kinase(s) should provide useful information for a better
understanding of the cellular function of KIBRA.

Phosphorylation is a dynamic and reversible process. This
study identified PP1 as a phosphatase that directly dephosphor-
ylates Aurora-phosphorylated KIBRA (Fig. 5), further support-
ing the opposing roles of Aurora kinases and PP1 during
mitosis. The spatial and temporal regulation of KIBRA dephos-
phorylation remains to be explored. Recently, phosphatases
have also been linked to other Hippo pathway components. For
example, PP1 directly dephosphorylates and activates the
Hippo pathway effector TAZ (73). Mst2 and Lats regulate
PP2A-C stability (74). A PP2A-Drosophila Striatin-interacting
phosphatase and kinase complex was identified as a negative
regulator of Hippo pathway in Drosophila (75). Very recently,
Schlegelmilch et al. (76) reported that PP2A is also involved in
modulating YAP phosphorylation and activity. However, none
of these studies have directly linked these phosphatases to
mitotic function.

Functional connections between members of the Hippo
pathway and mitosis have been seen previously. For example,
Mstl and Mob1 tumor suppressors control centrosome dupli-
cation by regulating nuclear Dbf2-related kinase phosphoryla-
tion (77). Depletion of Mst2 caused strong mitotic chromo-
some misalignment (78), and Mstl has been shown to inhibit
Aurora-B kinase to regulate kinetochore-microtubule attach-
ment (79). Lats1 itself is a mitotic exit network kinase (80). Cells
with Lats2 depletion or knock-out also exhibit mitotic defects,
including failure of centrosome maturation and spindle organiza-
tion and cytokinesis defects (81). More recently, Mardin et al. (82)
showed that Mst2 and WW45 cooperate with Nek2 kinase to reg-
ulate centrosome disjunction. All these findings suggest that the
Hippo pathway plays critical roles in maintaining normal mitosis
and that inactivation of its function may lead to mitotic defects,
contributing to failure of cell growth control. Whether KIBRA has
amitotic role is an as yet undetermined, but intriguing, possibility.

Phosphorylation of other Hippo components by mitotic
kinases has already been documented. Lats1 is phosphorylated
by Cdc2/cyclin B at the spindle during mitosis, and the phos-
phorylation is involved in mitotic progression (55, 83). Interest-
ingly, Aurora-A directly phosphorylates Lats2 and controls
Lats2 centrosomal localization during mitosis (56). We have
shown previously that KIBRA interacts with both Latsl and
Lats2 (39). In this report, we identified Aurora kinase as a
KIBRA binding partner (Fig. 4). Aurora-A and Lats2 are both
centrosome-localized proteins during mitosis, raising the pos-
sibility that KIBRA is also localized to the centrosome. KIBRA
cellular localization has not been carefully examined. Limited
data suggest that KIBRA is mainly cytoplasmic in interphase
(34, 71). Moreover, a previous study showed that KIBRA asso-
ciates with the microtubule motor protein dynein light chain 1
(84). Together, these findings indicate that KIBRA may also be
a component of the mitotic apparatus. Further studies are
needed to examine the spatial and temporal localization of
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KIBRA, and such studies should provide insights into under-
standing the physiological function of KIBRA.
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