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The Canonical Wnt Signal Restricts the Glycogen Synthase Kinase
3/Fbw7-Dependent Ubiquitination and Degradation of Eyal

Phosphatase

Ye Sun, Xue Li

Urological Diseases Research Center, Boston Children’s Hospital, and Departments of Surgery and Pathology, Harvard Medical School, Boston, Massachusetts, USA

Haploinsufficiency of Eyal causes the branchio-oto-renal (BOR) syndrome, and abnormally high levels of Eyal are linked to
breast cancer progression and poor prognosis. Therefore, regulation of Eyal activity is key to its tissue-specific functions and
oncogenic activities. Here, we show that Eyal is posttranslationally modified by ubiquitin and that its ubiquitination level is self-
limited to prevent premature degradation. Eyal has an evolutionarily conserved CDC4 phosphodegron (CPD) signal, a target
site of glycogen synthase kinase 3 (GSK3) kinase and Fbw7 ubiquitin ligase, which is required for Eyal ubiquitination. Genetic
deletion of Fbw7 and pharmacological inhibition of GSK3 significantly decrease Eyal ubiquitination. Conversely, activation

of the phosphatidylinositol 3-kinase (PI3K)/Akt and the canonical Wnt signal suppresses Eyal ubiquitination. Compound
Eyal™'~; Wnt9b*'~ mutants exhibit an increased penetrance of renal defect, indicating that they function in the same genetic
pathway in vivo. Together, these findings reveal that the canonical Wnt and PI3K/Akt signal pathways restrain the GSK3/Fbw?7-
dependent Eyal ubiquitination, and they further suggest that dysregulation of this novel axis contributes to tumorigenesis.

he name of the eyes absent (eya) gene tells only a partial tale.

Indeed, it is required for development of and is capable of
inducing the ectopic Drosophila eye (1-3). The function of mam-
malian Eya family proteins, however, expands beyond organogen-
esis (4-6), from tumorigenesis (7-10) to tissue remodeling (11,
12) to innate immunity (13). The underlying mechanism of Eyal
pleotropic functions remains to be fully defined.

Haploinsufficiency of human EYAI causes the branchio-oto-
renal (BOR) syndrome, suggesting that normal organ develop-
ment depends on a minimal critical level of Eyal protein (4). The
murine Eyal heterozygous mutant (Eyal™'~), which produces
approximately 43% of the normal level of Eyal protein, exhibits
the hearing defects but not the renal defects seen in human BOR
patients (14). A further reduction to 38% results in renal hypopla-
sia, and 14% of the normal Eyal level is incompatible with kidney
formation in mouse mutants (14). On the other hand, abnormally
high levels of human EYA1 are linked to breast cancer progression
and poor prognosis (7). These observations suggest that cell type-
specific Eyal function may in part depend on its protein levels.

The ubiquitin-proteasome system is a sophisticated cellular
machinery to selectively break down protein targets. A polyubiq-
uitin chain with 4 or more ubiquitin moieties is often needed to
efficiently usher covalently tagged targets to the proteasome deg-
radation complex (15). Substrate selectivity depends mainly on
each of hundreds of E3 ubiquitin ligases. For example, Fbw7 (F-
box and WD repeat domain-containing 7, Cdc4) is a substrate
recognition component of the SCF (SKP1, CULI, and F-box pro-
tein)-type ubiquitin ligases. Fbw7 selectively targets a subset of
ubiquitination substrates that have one or more consensus Cdc4
phosphodegron (CPD) sequences (16, 17). Phosphorylation of
the CPD is a prerequisite for high-affinity Fbw7 binding and sub-
sequent ubiquitination. Glycogen synthase kinase 3 (GSK3) is a
major kinase that phosphorylates the CPD of most if not all Fbw7
substrates (18, 19). Together, GSK3 and Fbw7 ubiquitin ligase are
two gatekeepers working together as a unit to instigate degrada-
tion of a selective group of protein targets.
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Eyal is posttranslational modified by small ubiquitin-related
modifier (SUMO) (20). We find that the Eyal N-terminal lysine
43 and 146 residues are SUMOylated. In addition, SUMOylation
inhibits Eyal activities (Y. Sun et al., submitted for publication).
These studies suggest that Eyal may also be ubiquitinated and that
Eyal ubiquitination by specific ubiquitin ligases may contribute
to its diverse functions. Indeed, Sun et al. reported that the Eyal
protein level fluctuates during the cell cycle and that the late-M-
phase Eyal is actively targeted to the ubiquitin-dependent degra-
dation pathway (21). Intriguingly, the rate of Eyal proteolysis
depends on the cell type, suggesting addition regulatory mecha-
nism that might be independent of the cell cycle.

Here, we provide evidence that Eyal protein is modified by
ubiquitin at the conserved C-terminal phosphatase domain. The
Eyal ubiquitination level is limited by its intrinsic tyrosine phos-
phatase activity, which prevents premature degradation. Eyal
ubiquitination depends on its conserved CPD signal sequence and
the GSK3/Fbw?7 destruction complex. Both canonical Wnt and
phosphatidylinositol 3-kinase (PI3K)/Akt signals restrain Eyal
ubiquitination. Thus, Eyal may function as a node of multiple
signal networks to promote organ development and tumor for-
mation.

MATERIALS AND METHODS

Mouse lines and cell lines. The Wnt9b*'~ and Eyal™*’~ heterozygous
mouse lines were described previously and were maintained in a mixed
genetic background (4, 22). All animal studies were performed according
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FIG 1 Eyal is posttranslationally modified by ubiquitin. (A and B) A proteasome inhibitor, MG132, increases the Eyal protein level. HEK293 cells that were
stably transfected with a Flag-Eyal expression vector were treated with MG132 (12.5 uM). The Flag/Eyal protein level in total cell lysates was determined using
a Flag-specific antibody after 16 h of MG132 treatment (A) or during a time course (B). GAPDH was used as a protein loading control. DMSO mock treatment
was considered the starting point (0 h). (C and D) Eyal is ubiquitinated in HEK293 cells. Flag/Eyal, Flag/D327A, and HA-tagged ubiquitin (HA/UB) were
transiently coexpressed in HEK293 cells. An immunoprecipitation/immunoblotting (IP/IB) assay was done using the indicated antibodies or control IgG at 48
h after transfection. Numbers on the side of each panel indicate the ubiquitin chain length.

to protocols reviewed and approved by the Institutional Animal Care and
Use Committee at Boston Children’s Hospital. Wild-type and FBW7 '~
HCT116 cells were obtained from Bert Vogelstein (Johns Hopkins Uni-
versity), and cultured in McCoy’s 5a medium (Invitrogen) with 10% fetal
bovine serum. L cells and L-Wnt3a cells were gifts from Xi He (Boston
Children’s Hospital). L cells and L-Wnt3a cells were cultured in Dulbec-
co’s modified Eagle’s medium (DMEM) supplemented with 10% fetal
bovine serum and 0.4 mg/ml G418 for L-Wnt3a cells to generate condi-
tioned medium.

IP/IB. A standard immunoprecipitation and immunoblotting (IP/IB)
protocol was used with minor modifications. Specifically, high-stringency
lysis buffer (300 mM NaCl, 0.5% NP-40, Tris HCI [pH 7.4], 0.5 mM
EDTA) was used for ubiquitination assays, while low-salt lysis buffer (150
mM NaCl, 1% NP-40, Tris HCI [pH 7.4], 0.5 mM EDTA) was used for
protein interaction assays. Proteins were separated by electrophoresis us-
ing 4 to 12% NuPAGE Novex bis-Tris gels (Invitrogen). Standard molec-
ular cloning techniques were used to generate luciferase reporter and
epitope-tagged Sixl, Eyal, and Fbw7 expression constructs. The
QuikChange IT XL site-directed mutagenesis kit (Stratagene) was used to
generate mutant variants. Hemagglutinin epitope-tagged ubiquitin (HA/
UB) was a kind gift from Martin E. Dorf and Daniel Finley (Harvard
Medical School). GSK3 and DkkI expression plasmids were from Xi He
(Boston Children’s Hospital). Antibodies were anti-HA (Covance), anti-
Flag (Sigma), anti-Myc (Clontech), peroxidase-conjugated anti-Flag
(Sigma), peroxidase-conjugated anti-HA (Roche), anti-GAPDH (anti-
glyceraldehyde-3-phosphate dehydrogenase) (Santa Cruz) and anti-UB
(Santa Cruz). Cycloheximide (CHX), MG132, GSK3f rabbit recombi-
nant protein, and lithium chloride were from Sigma.

In vitro kinase assay. HEK293 cells pretransfected with Flag/Eyal
were lysed with hypotonic buffer containing 50 mM Tris (pH 7.4), 0.5
mM dithiothreitol (DTT), 10 mM NaF, 1 mM Na;VO,, 5 nM okadaic
acid, 5 nM calyculin A, 1 mM B-glycerophosphate, 2.5 mM Na,P,0O,,
protease inhibitor cocktail, and 1 mM phenylmethylsulfonyl fluoride
(PMSF). Flag/Eyal was immunoprecipitated according to the protocol
described above. Immunoprecipitated Flag/Eyal was incubated with the
active form of GSK3@ rabbit recombinant protein (Sigma) in a kinase
reaction buffer (20 mM HEPES [pH 8.0], 20 mM MgCl,, 2 mM DTT, 10
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mM NaF, 1 mM Na;VO,, 5 nM okadaic acid, 5 nM calyculin A, 1 mM
beta-glycerophosphate, 2.5 mM Na,P,0,, | mM EDTA, 25 uM ATP, and
5 wCi [y->?P]ATP) at room temperature for 6 h. After incubation, the
reactions were stopped by adding SDS sample buffer, and the products
were resolved in a 4 to 12% NuPAGE Novex bis-Tris gradient gel.

Statistics. The paired 2-tailed Student ¢ test was used for analysis of
differences between groups. Data are presented as means * standard er-
rors of the means (SEM) from at least three independent experiments. A P
value of less than 0.05 was considered statistically significant.

RESULTS
The intrinsic phosphatase activity restricts ubiquitination and
stabilizes Eyal. To examine potential mechanisms of Eyal pro-
tein stability, a Flag epitope-tagged Eyal (Flag-Eyal) was trans-
fected in HEK293 cells, and its expression level was monitored
using a Flag-specific antibody. These cells were treated with
MG132, a potent cell-permeative inhibitor of the ubiquitin-me-
diated proteasome complex. Compared to treatment of cells with
dimethyl sulfoxide (DMSO) vehicle, MG132 treatment (12.5 puM
for 16 h) resulted in a marked increase of the Flag/Eyal protein
level (Fig. 1A), suggesting that Eyal protein is targeted, either
directly or indirectly, by the ubiquitin-mediated protein degrada-
tion pathway. To measure the Eyal protein half-life, these
HEK293 cells was treated with cycloheximide (CHX) to inhibit the
protein synthesis machinery (Fig. 1B). Resident proteins were
chased over time to measure the persistence of endogenous pro-
teins. Wild-type Eyal (Flag/Eyal) did not change over an 8-hour
pulse-chase period, indicating that its half-life was more than 8 h
in these cells. In contrast, a phosphatase-dead mutant variant
(Flag/D327A) with a point mutation in the catalytic motif (5, 23,
24) had nearly an 80% reduction within 4 h. Thus, Eyal intrinsic
phosphatase activity is required to its own stability via a possible
ubiquitination mechanism.

To examine whether Eyal could be posttranslationally modi-
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FIG 2 The conserved Eya tyrosine phosphatase domain is ubiquitinated. (A and B) The C terminus of Eyal is ubiquitinated. Flag-tagged Eyal truncated
fragments (as indicated) and HA/UB were coexpressed in HEK293 cells, and total cell lysates were subjected to an IP/IB assay at 48 h after transfection. Results
are summarized in panel B. Lane 1, total cell lysate; lane 2, IP with control IgG; lane 3, IP with a Flag-specific antibody. (C) Ubiquitination patterns of several
Flag-tagged Eyal variants that were found in human branchio-oto-renal (BOR) syndrome. WT, wild type.

fied by ubiquitin, Flag/Eyal and HA epitope-tagged ubiquitin
(HA/UB) were coexpressed in HEK293 cells. Flag/Eyal protein,
regardless of its modification status, was immunoprecipitated un-
der a high-stringency condition to discourage protein-protein in-
teraction. The immunocomplex was resolved using a gradient gel
and subsequently investigated using HA- as well as Flag-specific
antibodies (Fig. 1C). A HA/UB antibody detected a series of high-
molecular-weight species from the Flag/Eyal-specific immuno-
complex but not from a normal IgG control, and some of these
slow migrating bands displayed a characteristic incremental size
increase of individual ubiquitin moieties (~8.5 kDa). A large por-
tion of ubiquitinated Eyal had a single or two ubiquitin moieties
(Fig. 1C). Indeed, mono- and diubiquitinated Flag/Eyal were en-
riched from the HA/UB immunocomplex (Fig. 1D). The ubiquiti-
nation pattern of the D327A variant was therefore compared di-
rectly with that of the wild-type control (Fig. 1C and D). In
comparison to the wild-type control, a weaker signal correspond-
ing to monoubiquitination of D327A was detected, but a polyu-
biquitination signal with chains longer than 4 ubiquitin moieties
was relatively stronger (Fig. 1C, lane 4). Since a long polyubiquitin
chain with at least four ubiquitin moieties is needed to efficiently
target substrates to the degradation complex (15), meagerly ubiq-
uitinated Eyal was unlikely to be degraded readily, consistent with
the observation that it is relatively stable.

Eyal has a conserved C-terminal tyrosine phosphatase domain
from amino acid (aa) 320 to 591 (5, 23, 24). To dissect regions of
Eyal that were modified by ubiquitin, we characterized the ubiq-
uitination potential of several Eyal fragments. Fragment A (aa 1 to
326) had no detectable ubiquitination (Fig. 2A and B, Flag/Eyal-
A), even though this fragment was highly expressed. Fragments B
(Flag/Eyal-B, aa 1 to 497), C (Flag/Eyal-C, aa 316 to 497), and D
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(Flag/Eyal-D, aa 316 to 591), however, were heavily ubiquiti-
nated. The conserved phosphatase domain is disrupted in frag-
ments B and C. The intense signal of high-molecular-weight
bands suggested that fragments B and C have longer ubiquitin
chains than fragment D.

Taken together, these results indicate that Eyal protein is likely
targeted by the ubiquitin-mediated proteasome degradation
pathway and that the intrinsic tyrosine phosphatase activity re-
stricts ubiquitination and stabilizes Eyal.

Aberrant ubiquitination of human BOR disease forms of
Eyal variants. To examine the potential pathophysiological sig-
nificance of Eyal ubiquitin modification, we analyzed a number of
missense mutations within the conserved C-terminal domain
identified in patients with BOR syndrome (9, 25, 26). Among
them, the S487P and L505R point mutants have a significantly
lower level of tyrosine phosphatase catalytic activity (23, 27). Both
variants exhibited an increase of ubiquitination (Fig. 2C). Enzy-
matic activities of the L583P and E362K variants are unknown.
While the ubiquitination status of L583P was similar to that of
wild-type Eyal, the E362K variant exhibited the highest level of
ubiquitination among all the mutant variants. Moreover, a trun-
cated form of E362K was detected (Fig. 2C, last lane). We also
noted that the G426S, D429G, and R440Q variants displayed a
slight increase of ubiquitination, even though they may have com-
parable levels of tyrosine phosphatase activity in vitro (23, 27).
Structural and site-directed mutator (SDM) analysis suggests that
the S487P, G426S, D429G, and R440Q mutants have minimal
impact on the overall structural integrity of the Eyal protein (9).
The aberrant modification patterns of diseased forms of Eyal,
including S487P, L505R, and E362K, suggest that dysregulation of
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FIG 3 GSK3p phosphorylates and enhances the ubiquitination level of Eyal. (A) Sequence alignment of Eyal proteins reveals a conserved GSK3[ consensus
motif and the Cdc4 (also known as Fbw7) phosphodegron (CPD) signal sequence. (B and C) GSK3[3, wild-type Eyal, and a phosphatase mutant D327A variant
were transiently expressed in HEK293 cells, and total cell lysates were used for a co-IP/IB assay. Quantitative results are shown in panel C. *, P < 0.05 (n = 3).
(D and E) An autoradiograph of radiolabeled Flag/Eyal (top panel) and immunoblot (bottom panel) following an in vitro kinase reaction using recombinant
GSK3 protein, immunopurified Flag/Eyal, and radiolabeled [y->*P]JATP is shown in panel D. The relative density of **P labeling was normalized against the
input Flag/Eyal level and presented in panel E. (F) Mutation of the GSK3[3 consensus motif/CPD signal sequence reduces the Eyal ubiquitination level. Flag/Eyal
variants and HA/UB were transiently expressed in HEK293 cells, and the Flag/Eyal ubiquitination level was determined using the indicated antibodies in an IP/IB
assay. (G) GSK3p was coexpressed with Flag/Eyal and HA/UB to assess its impact on Eyal ubiquitination using an IP/IB assay. WT, wild type; con, control
(SSSEIAS [aa 48 to 54] to AAAEIAS); M1, S152A/S156A; M2, S156A/T160A; M3, T160A/S164A.

human EYA1 protein stability could contribute to BOR syn-
drome.

Eyal is a target of GSK3 via the CPD signal. The Eyal protein
sequence has an evolutionarily conserved motif that resembles
both the GSK3 kinase phosphorylation consensus site and the
CPD signal sequence (Fig. 3A). This prompted us to test whether
Eyal was targeted by the GSK3/Fbw7 axis. HA-tagged GSK3[3
(HA/GSK3pB) was detected in the Flag/Eyal immunocomplex,
suggesting a potential association between Eyal and GSK3 (Fig.
3B). The phosphatase mutant D327A variant had a lower expres-
sion level than wild-type Flag/Eyal. However, more GSK3f pro-
teins were recruited into the Flag/Eyal(D327A) immunocomplex
(Fig. 3B and C). Thus, both wild-type and phosphatase mutant
Eyal proteins interact with GSK3[, but the mutant appears to
have a much higher affinity.

To examine whether Eyal served as a substrate of GSK3 ki-
nase, immunopurified Flag/Eyal protein was incubated with re-
combinant GSK3[ protein in a kinase reaction buffer containing
radioactive [y->*P]ATP. Radioactively labeled Eyal protein was
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detected by the subsequent autoradiography (Fig. 3D and E), in-
dicating that Eyal is phosphorylated by GSK38 in vitro. There are
anumber of predicted GSK3 sites. To pinpoint the potential phos-
phorylation site(s), we mutated candidate serine (S) and threo-
nine (T) residues to alanine (A) within the CPD motif (Fig. 3A).
The double mutation S156A and T160A (M2), which impaired
all possible GSK3 consensus sites, decreased GSK3[ labeling.
Mutations of S152A/S156A (M1) and T160/S164 (M3) only
partially removed GSK3 consensus sites and consistently had
minimal impact on the in vitro kinase assay (Fig. 3D and E).
The ubiquitination patterns of these mutants were also exam-
ined (Fig. 3F). Both the M1 and M2 mutations reduced Eyal
ubiquitination levels, suggesting that S156 may be critical for
Eyal ubiquitination in cells. The SSSEIAS (aa 48 to 54)-to-
AAAEFEIAS mutation was used as a control since the sequence is
located outside the CPD motif. This mutant exhibited a level of
ubiquitination similar to that of the wild-type control (Fig. 3F).
Furthermore, overexpression of GSK3 significantly enhanced
Eyal ubiquitination in a dose-dependent manner (Fig. 3G).
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FIG 4 Eyal interacts with Fbw7 ubiquitin ligase. (A and B) Wild-type (Flag/Eyal) and phosphatase mutant (Flag/D327A) Eyal were coexpressed with Myc/Fbw7
in HEK293 cells with (B) or without (A) HA/GSK3. Interaction between Eyal and Fbw7 was examined by the IP/IB assay using the indicated antibodies. The
numbers in panel A indicate relative levels. (C) Combinations of Flag/Eyal variants, Myc/Fbw7, and HA/GSK3B were coexpressed and examined using the
indicated antibodies in a co-IP/IB assay. M1, SI52A/S156A; M2, S156A/T160A; M3, T160A/S164A. (D and E) Interactions between Fbw7 and Eyal fragments (D)
as well as BOR mutant variants (E) as assessed by an IP/IB assay. Asterisk, nonspecific signal.

Thus, Eyal is likely targeted by GSK3 and the ubiquitination
pathway via the conserved CPD signal.

Fbw7 ubiquitin ligase interacts with Eyal. Fbw7 is a canonical
ubiquitin ligase that recognizes the phosphorylated CPD signal.
Similar to the case for GSK3B (Fig. 3B), the Myc-tagged Fbw7
(Myc/Fbw?7) was detected in the Flag/Eyal immunocomplex, and
the phosphatase mutant Eyal variant (D327A) exhibited a much
stronger interaction with Fbw7 than wild-type Eyal (Fig. 4A).
Expression of GSK3 significantly enhanced the interaction be-
tween Fbw7 and Eyal (Fig. 4B). Furthermore, mutations of the
CPD signal, including S152A/S156A (M1), S156A/T160A (M2),
and to a lesser extent T160/S164A (M3), severely hindered Eyal
interaction with Fbw7 (Fig. 4C). Intriguingly, the N-terminal A
fragment did not interact with Fbw7 despite the fact that it has the
CPD motif (Fig. 4D). On the other hand, C-terminal fragments C
and D interacted strongly with Myc/Fbw7. Potential interaction of
fragment B could not be determined with certainty since it had
low level of expression. To further examine whether recruitment
of Fbw7 by Eyal may contribute to the pathogenesis of BOR, we
examined interaction between Fbw7 and a number of BOR point
mutants (Fig. 4E). While most BOR mutants preserved the feature
of interacting with Fbw7, the S487P and L583P variants had
weaker interaction than the wild-type control. Potential interac-
tion with E362K could not be assessed reliably due to its low ex-
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pression level. Together, these findings suggest that both the N-
terminal CPD motif and the C-terminal phosphatase domain of
Eyal are important for the recruitment of Fbw7 ubiquitin ligase.

Fbw?7 is required for ubiquitination and degradation of en-
dogenous Eyal. Concordant with the effect of GSK38 (Fig. 3F),
Myc/Fbw7 significantly enhanced the Flag/Eyal ubiquitination
level in HEK293 cells (Fig. 5A). To further examine whether
Fbw7 was required, we used human FBW7 knockout mutant
(FBW7~ ') and wild-type (EBW7*/*) HCT116 cells to mea-
sure the Eyal ubiquitination level. Flag/Eyal was ubiquitinated
in wild-type HCT116 cells (Fig. 5B). The ubiquitination pat-
tern and level were similar to those found in HEK293 cells (Fig.
1C). Notably, knockout of FBW7 substantially diminished
Flag/Eyal ubiquitination. Expression of an exogenous Myc-
Fbw7 murine gene fully restored and resulted in a robust Flag/
Eyal ubiquitination in FBW7 /'~ knockout cells (Fig. 5B, third
lane). Thus, Fbw7 is required for an efficient ubiquitination of
Eyal, and the GSK3/Fbw?7 destruction complex is able to usher
Eyal to the ubiquitination pathway.

We next examined whether FBW7 influenced endogenous
EYALI protein stability and steady-state level. Wild-type and FBW7
knockout HCT116 cells were treated with MG132, and endoge-
nous EYA1 protein levels were measured (Fig. 5C). Wild-type
HCT116 cells had a much smaller amount of endogenous EYA1
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FIG 5 Fbw7 regulates endogenous the Eyal ubiquitination level and half-life. (A and B) Flag/Eyal, HA/UB, and Myc/Fbw7 were coexpressed in HEK293 cells
(A) or FBW7 knockout HCT116 cells (B), and the Flag/Eyal ubiquitination level was analyzed using the indicated antibodies in an IP/IB assay. (C) Endogenous
EYALI protein levels in wild-type and FBW7~/~ HCT116 cells. (D to G) Flag/Eyal and variants were expressed in wild-type (D and E) and FBW7~'~ (F and G)
HCT116 cells. Cells were treated with cycloheximide (CHX) (20 pwg/ml), and the Flag/Eyal protein level was chased in a period of 6 h and quantified using Image]J

based on signal density and a protein loading control (GAPDH).

protein than FBW7 knockout cells. MG132 treatment significantly
enhanced EYA1 protein in wild-type but not mutant cells (Fig.
5C). The half-life of wild-type Flag/Eyal in Myc/Fbw7-expresing
wild-type HCT116 cells was between 2 and 4 h (Fig. 5D and E). Its
half-life, however, exceeded 6 h in FBW7 knockout cells (Fig. 5F
and G). Mutations of the CPD signal rendered Eyal insensitive to
FBW?7 status in HCT116 cells and significantly increased the half-
life of Eyal protein (Fig. 5D to G). Taken together, these findings
indicate that Fbw7 ubiquitin ligase is required for an efficient deg-
radation of endogenous Eyal protein.

The PI3K/Akt and canonical Wnt signal pathways antago-
nize Eyal ubiquitination. GSK3 is a downstream negative reg-
ulator of several signal pathways, including the phosphatidylino-
sitol 3-kinase (PI3K)/Akt and the canonical Wnt signal. As expected,
pharmacological inhibition of the PI3K/Akt signal pathway using
LY294002 increased Eyal ubiquitination in a dose-dependent
manner (Fig. 6A). LiCl treatment, which mimics activation of the
canonical Wnt signal pathway, decreased Eyal ubiquitination in a
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dose-dependent manner (Fig. 6B), providing initial evidence that
the Wnt signal inhibits Eyal ubiquitination. To further examine
this possibility, we assayed the Eyal ubiquitination level in cells
that were treated with the conditioned medium containing
Wnt3a, a canonical Wnt ligand (28). Compared to the mock con-
trol, Wnt3a treatment reduced the Eyal ubiquitination level, es-
pecially the long-chain polyubiquitination (Fig. 6C, second lane).
Conversely, Dkk1 conditioned medium, which inhibits the ca-
nonical Wnt signal pathway (29-31), enhanced the Eyal polyu-
biquitination level (Fig. 6C, third lane). Together, these findings
suggest that the canonical Wnt and the PI3K/Akt signal pathways
restrict the Eyal ubiquitination level.

We next wished to examine whether these upstream signaling
pathway regulate Eyal function in vivo. Eyal is required for nor-
mal development of a number of organs, including the kidney (4),
inner ear (32, 33), pituitary gland (5), and cardiovascular system
(6). Amount these organs, kidney is particularly sensitive to levels
of Eyal activity, making kidney size as an attractive indicator of
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FIG 6 The canonical Wnt signal pathway regulates the Eyal ubiquitination level. (A) Flag/Eyal ubiquitination levels in transiently transfected cells with an
increasing amount of LY294002, a pharmacological inhibitor of the PI3K/Akt signal pathway. (B and C) Activation of the canonical Wnt signal pathway by LiCl
(B) and Wnt3a (C) reduces Eyal ubiquitination. Dkk1 (C), an antagonist of canonical Wnt signal, enhanced Eyal ubiquitination. Flag/Eyal and HA/UB-
expressing cells were treated with LY294002 (A), LiCl (B), or Wnt or Dkk1 conditioned medium (C), followed by IP/IB analysis using the indicated antibodies.

Eyal physiological activities (14). Among many canonical Wnt
ligands, Wnt9b expression in the developing ureteric bud epithe-
lial cells is required for kidney development in a dose-dependent
manner (22). We therefore used Wnt9b as a proxy of the canonical
Wht signal and focused on its potential genetic interaction with
Eyal. The size of Eyal ™'~ heterozygous kidneys was comparable
to that of the wild-type control (Fig. 7A and B). Heterozygous
Wnt9b™'~ mutant kidney was slightly smaller than controls (Fig.
7C). However, kidneys from compound Eyal ™' ~; Wnt9b™ '~ mu-
tants were much smaller than these from the single heterozygous
mutants (Fig. 7D). To further examine the potential synergistic
interaction between Wnt9b and Eyal, the kidney-to-body weight
ratio was used in order to minimize growth variation among in-
dividuals. As expected, the overall kidney/body weight ratio of
heterozygous Eyal ™/~ mutants (n = 25) was comparable to that
of wild-type controls (1 = 20) (Fig. 7E). The ratio for Wnt9b™*'~

Eyai(+/+) ;}(Vn t9b(-‘?!-‘.;’/f+)

mutants was reduced (n = 20). More importantly, the ratio for
compound Eyal™'~; Wnt9b™'~ mutants (n = 20) was significant
reduced compared to that for either Eyal*’~ or Wnt9b™'~ mu-
tants. Given that Eyal "'~ alone did not cause any significant kid-
ney growth defect, the enhanced kidney phenotype observed in
compound mutants strongly suggests that Wnt9b and Eyal func-
tion in the same genetic pathway in vivo.

DISCUSSION

In this study, we showed that Eyal protein is ubiquitinated at the
C-terminal phosphatase domain and that its ubiquitination level
is self-limited by the intrinsic tyrosine phosphatase activity. The
conserved CPD signal is required for efficient ubiquitination and
protein degradation of Eyal. We also present evidence that Eyal is
likely a substrate of both GSK3 kinase and Fbw7 ubiquitin ligase.
In addition, activation of the upstream canonical Wnt signal and
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FIG 7 Wnt9b and Eyal synergistically regulate kidney growth. (A to D) Wnt9b and Eyal synergistically regulate kidney growth. Representative kidney images
from newborn pups with different combinations of genotypes are shown. (E) Quantitative analysis of kidney/body weight ratio. *, P < 0.005; **, P < 0.001.
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FIG 8 A proposed model of Eyal ubiquitination and regulation. (A) A con-
served N-terminal CPD signal facilitates Eyal ubiquitination at the C-terminal
tyrosine phosphatase domain. This is in part mediated by GSK3f kinase and
Fbw7 ubiquitin ligase. (B) The canonical Wnt signal, PI3K/Akt signal, and
Eyal intrinsic tyrosine phosphatase activity restrict Eyal ubiquitination.

the PI3K/Akt signal restricts Eyal ubiquitination. Taken together,
these findings suggest that pleiotropic activities of Eyal in organo-
genesis and tumorigenesis may depend on multiple upstream reg-
ulators, such as the canonical Wnt and PI3K/Akt signal pathways,
via a phosphorylation-dependent ubiquitination mechanism
(Fig. 8).

The Eyal protein sequence has an evolutionarily conserved
CPD signal motif at the N terminus that serves as a candidate
target site of GSK3 kinase (Fig. 3A). Molecular analyses suggest
that the CPD signal is functionally required for efficient recruit-
ment of the GSK/Fbw?7 destruction complex and ubiquitination/
degradation of Eyal. Paradoxically, the C-terminal Eyal frag-
ments interact with Fbw7 and are highly ubiquitinated (Fig. 2).
These observations suggest that both the N-terminal CPD motif
and the C-terminal phosphatase domain of Eyal are involved in
recruiting Fbw7 ubiquitin ligase. It is unclear how the Eyal C-ter-
minal domain recruits Fbw7. One possibility is that it has a yet-
unidentified CPD motif(s). It is also possible that Fbw7 is re-
cruited through an indirect mechanism. In addition to Fbw?7,
other ubiquitin ligases may also involved in Eyal ubiquitination.
For instance, sun et al. have shown that Eyal is targeted by the
anaphase-promoting complex (APC)/Cdhl and that Eyal is de-
graded in a cell cycle-dependent manner (21). Thus, ubiquitina-
tion and degradation of Eyal may depend on sensitization of mul-
tiple signals through different ubiquitin ligases.

The results here indicate that Eyal phosphatase activity re-
stricts ubiquitination and promotes stability. This is supported by
several observations. First, the phosphatase-dead point mutant
has much shorter half-life than the wild-type control (Fig. 1B).
Second, the Eyal polyubiquitination level increases in the absence
of phosphatase activity, and the ubiquitin chain length appears to
belonger (Fig. 1Cand D). Third, Eyal fragments lacking the intact
phosphatase activity also exhibit increased levels of polyubiquiti-
nation and instability (Fig. 2A). In addition, several Eyal BOR
point mutants with reduced phosphatase activity also exhibit in-
creased ubiquitination (Fig. 2C). How Eyal phosphatase activity
may restrict its own ubiquitination level remains to be deter-
mined. We have observed that a phosphatase-dead Eyal variant
has an increased affinity toward GSK3 kinase and Fbw7 ubiquitin
ligase, suggesting that recruitment of the GSK3/Fbw?7 destruction
complex may be involved in the feedback regulatory mechanism.
Future identification and characterization of Eyal substrates and
cofactors are needed to better understand the underlying molec-
ular mechanism.
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Our findings suggest for the first time that the GSK3/Fbw7
destruction axis functions as a gatekeeper of Eyal. Eyal is a canon-
ical coactivator of Six family transcription factors (3, 5, 34). A high
level of Six1 correlates to advanced stages of breast cancer (35-38),
and coordinately expressed high levels of Eya (Eyal or Eya2) and
SixI indicate a poor prognosis (7). In addition, we showed re-
cently that Eyal phosphatase activity promotes breast cancer cell
migration and proliferation (10) (Sun et al., submitted). Fbw7 is a
well-characterized tumor suppressor gene that selectively de-
grades a number of oncoproteins (18, 19). For example, Fbw7
binds and destabilizes c-Myc in a manner that depends on GSK3-
mediated phosphorylation (39, 40). We have shown previously
that the Six1/Eyal transcription complex is required for c-Myc
expression in vivo (5). Thus, Fbw7 mutant cancer cells would have
increased stability as well as production of c-Myc oncoprotein.
Because of the critical involvement of both Eyal and Fbw7 in
tumorigenesis, our findings underscore the need to profile expres-
sion patterns of both genes in tumor cells and the potential to
increase efficacy to target both genes to slow down cancer cells.

In conclusion, posttranslational ubiquitin modification regu-
lates the Eyal transcription coactivator and phosphatase. Eyal
ubiquitination depends on GSK3 kinase and Fbw7 ubiquitin li-
gase but is limited by its own tyrosine phosphatase activity and
upstream signals, including canonical Wnt and PI3K/Akt. To-
gether, these findings uncover the novel Wnt/Eyal and PI3K/Akt/
Eyal axes and further suggest that Eyal is a critical node of signal
networks important for organogenesis and tumorigenesis.
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