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The phosphatase and transactivator EYA family proteins are overexpressed in many cancer cell lines and are abundantly distrib-
uted in undifferentiated cells during development. Loss-of-function studies have shown that EYA1 is required for cell prolifera-
tion and survival during mammalian organogenesis. However, how EYAL is regulated during development is unknown. Here, we
report that EYA1 is regulated throughout the cell cycle via ubiquitin-mediated proteolysis. The level of EYA1 protein fluctuates
in the cell cycle, peaking during mitosis and dropping drastically as cells exit into G,. We found that EYAL1 is efficiently degraded
during mitotic exit in a Cdh1-dependent manner and that these two proteins physically interact. Overexpression of Cdh1 re-
duces the protein levels of ectopically expressed or endogenous EYA1, whereas depletion of Cdh1 by RNA interference stabilizes
the EYA1 protein. Together, our results indicate that anaphase-promoting complex/cyclosome (APC/C)-Cdh1 specifically tar-
gets EYA1 for degradation during M-to-G, transition, failure of which may compromise cell proliferation and survival.

he eyes absent (EYA) family proteins is composed of four

members (EYA1 to EYA4) defined by a conserved C-terminal
Eya domain, which interacts with other proteins and has an in-
trinsic phosphatase activity (1-3). The EYA proteins possess a
transactivation domain in their N-terminal regions (4) and act as
transcriptional coactivators by interacting with DNA-binding
proteins, such as the homeodomain SIX family proteins, to trans-
activate genes that are essential for normal development during
mammalian organogenesis (4—7). Mutations in the human EYAI
cause branchio-oto-renal (BOR) and branchio-oto (BO) syn-
dromes, which are characterized by branchial arch abnormalities
and hearing loss with or without kidney defects (8—11). Deletion
of either gene in mice results in the absence of the inner ear, kid-
ney, and thymus as well as reduction of other tissues (10, 12, 13).

During mouse embryonic development, Eyal is expressed in
early progenitor cells in several organ primordia and regulates cell
proliferation and survival, as its inactivation in mice leads to re-
duced proliferation and increased apoptosis in several organ pri-
mordia (10, 12-15). In Drosophila, overexpression of EYA results
in overproliferation, while their loss leads to tissue reduction (7,
16). Recent studies have found that the levels of EYA proteins are
elevated in several cancer cells (17-20). While a recent study re-
ported that EYA may promote DNA repair by dephosphorylating
histone yYH2AX (21), how EYA acts to regulate cell proliferation
and its precise mode of action in cell cycle regulation remain
largely unknown. Furthermore, although the biochemical func-
tions of EYA proteins and the spatiotemporal expression pattern
of their mRNAs during mouse development have been well stud-
ied, it is currently unknown how the levels of EYA proteins are
regulated during development.

Most eukaryotic cell cycle regulators require targeted degrada-
tion to maintain the highly ordered series of events necessary for
proper progression through each of the cell cycle stages by ubiq-
uitin-dependent proteolysis, which depends on the recognition of
substrates by E3 enzymes (22, 23). From late mitosis through early
G, the anaphase-promoting complex/cyclosome (APC/C)-medi-
ated ubiquitin-proteasome system is essential for cell cycle-rele-
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vant proteolytic degradation in order to exit mitosis, and its
activity is targeted to appropriate substrates by evolutionarily con-
served coactivators Cdc20 and Cdh1 (24). APC/C-mediated deg-
radation occurs in two sequential waves, the first of which is co-
ordinated by Cdc20 in mitosis (25) and the second by Cdhl
during the mitotic exit (26). Although a previous study has re-
ported that EYA1 serves as a substrate for sumoylation with
SUMOI (small ubiquitin-related modifier) in palate development
(27), it remains unclear whether its sumoylation is linked to its
degradation or whether it is regulated during cell cycle progres-
sion.

Here, we set out to study EYA1 function through analysis of the
regulation of EYA1 at the posttranscriptional level during the cell
cycle. We found that EYA1 is ubiquitinated and the protein levels
fluctuate throughout the cell cycle, being highest at mitosis. Our
results demonstrate that EYAL1 is targeted by the APC/C-Cdhl1-
mediated ubiquitin-proteasome pathway both in vitro and in vivo
for degradation during the M-to-G, transition.

MATERIALS AND METHODS

Plasmids and mutagenesis. The Flag-tagged full length of the Eyal cDNA
expression plasmid (Flag-Eyal) as well as the Flag-tagged Eyal domain
(Flag-EyalD) and Eyal N-terminus sequence (Flag-EyalN) were previ-
ously described (9). 3X Flag-Eyal/pcDNA3 was generated by adding two
additional 2X Flag tags by using a PCR method. Then 2X hemagglutinin
(HA) tags were added into 3X Flag-Eyal/pcDNA3 by the same method. A
QuikChange site-directed mutagenesis kit (Stratagene) was used to gen-
erate the O-box and D-box mutants in 2XHA-3XFlag-Eyal/pcDNA3.
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3XFlag-Eyal-IRES-GFP-pCDNA3 was obtained by inserting the internal
ribosomal entry site-green fluorescent protein (IRES-GFP) cassette into
3XFlag-Eyal/pcDNA3. HA-ubiquitin/pCMYV (kindly provided by L. Zhu
at Albert Einstein Medical Center), Myc-Cdh1, and Myc-Cdc20 expression
plasmids (kindly provided by M. W. Kirschner, Harvard Medical School)
were also used for this study.

Cell culture and transfections. HEK293 cells, NIH 3T3 mouse em-
bryonic fibroblast cells (MEFs), C2C12 mouse myoblast cells, and HeLa
cells were cultured according to standard protocols. The proteasome was
inhibited by culturing cells for 6 h in the presence of 50 uM MG132
(Sigma) dissolved in dimethyl sulfoxide (DMSO). The concentration of
cycloheximide was 0.1 mg/ml. Transient transfections were performed
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
instructions.

B22 cellline stably expressing Eyal. The 3 X Flag-Eyal-IRES-GFP sta-
ble cell line was developed by cotransfecting HEK293 cells with 3X Flag-
Eyal-IRES-GFP/pCDNA3 and pBABE. Stable transfectants were selected
for 4 weeks in the presence of 3 pg/ml puromycin. Surviving clones were
analyzed by Western blotting to select Eyal-expressing clones.

Cell synchronization. To synchronize cells at mitotic phase, cells were
treated with 100 ng/ml nocodazole for 18 h. A mitotic shake off was per-
formed, and the cells were reseeded in complete medium for release from
the arrest. The analysis of the cell cycle was performed by flow cytometry.
Synchronized cells were harvested at set release time points, fixed in 70%
ethanol, washed with phosphate-buffered saline (PBS), and then treated
with propidium iodide (PI) staining solution (0.1% [vol/vol]), Triton
X-100, 10 pg/ml of PI, and 100 pg/ml of DNase-free RNase A in PBS. The
stained cells were then subjected to fluorescence-activated cell sorter
(FACS) flow cytometry. Cell cycle distribution was analyzed with Flow Jo
software.

CoIP, Western blotting, immunostaining, and RNA interference.
Whole-cell lysates were prepared with Nonidet P-40 lysis buffer (150 mM
sodium chloride, 1.0% NP-40, 50 mM Tris, pH 8.0, 1 X complete protease
inhibitor cocktail), and coimmunoprecipitation (coIP) was performed as
described previously (9).

Antibodies used for immunoprecipitation and Western blotting were
anti-cyclin A and anti-B-actin (Santa Cruz), anti-EYA1 antibody (ProSci
Incorporated), anti-Flag M2 antibody and anti-Flag M2 affinity gel
(Sigma), anti-HA and anti-Myc (Abcam), and anti-Fizzy-Related (FZR)
antibody (Invitrogen).

For immunofluorescence staining, fluorescein isothiocyanate (FITC)-
conjugated anti-a-tubulin and Cy3-conjugated secondary antibodies
were used for detection. Hoechst was used for detecting nuclei.

For RNA interference, either FZR/CdhI short hairpin RNA (shRNA)
(sc-145283-SH; Santa Cruz), Eyal shRNA, or control shRNA (plasmid
1864; Addgene) was cotransfected with 2X HA-3XFlag-Eyal into 3T3 or
C2C12 cells, and cell lysates were prepared 48 h posttransfection.

RT-PCR. For reverse transcription-PCR (RT-PCR), RNAs were ex-
tracted using TRIzol reagent (Invitrogen) by following the manufacturer’s
protocol. First-strand cDNA was synthesized from 0.5 g total RNA using
an ImProm-II reverse transcription system (Promega) in a final 25-pl
reaction mixture, and 1 pl of RT product was used as a template for PCR.
Eyal was amplified with primers EyalF8, 5'-TTGGAAGAGATGGCTTT
CCT-3', and EyalR8, 5'-TATTGGAAACACAATTCCT-3'. 18S rRNA
was amplified with primers 5'-TCAAGAACGAAAGTCGGAGG-3' and
5'-GGACATCTAAGGGCATCACA-3'. Reactions were amplified and re-
solved on a 1.5% agarose gel in triplicate and repeated three times. Eyal
mRNA level was normalized by the 18S rRNA reverse transcription level
after being analyzed with Quantity One software (Bio-Rad).

Purification of HA-Flag-EYA1 and Myc-Cdhl proteins. HA-Flag-
EYAI and Myc-Cdh1 were expressed in HEK293 cells by transient trans-
fection, and the whole-cell lysates were immunoprecipitated using anti-
FlagM2 beads or mouse anti-Myc antibody—protein A beads, respectively.
After 5 washes in Tris-buffered saline (TBS) buffer, HA-Flag-tagged EYA1
protein was eluted with 3 XFlag peptides, and the Myc-tagged Cdh1 pro-
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tein was eluted with Myc peptide. The eluted proteins were frozen and
stored at —80°C.

Xenopus egg extracts and destruction assay. Xenopus cytostatic fac-
tor-arrested egg extracts (cerebrospinal fluid [CSF] extracts) were pre-
pared as described previously (28, 29). Briefly, eggs from human chori-
onic gonadotropin (HCG)-injected frogs were collected and washed in
1X MMR (140 mM NaCl, 2.5 mM KCl, 1 mM MgCl,, 1 mM CaCl,, 10
mM HEPES [pH 7.4]). Eggs were dejellied with 2% cysteine and then
washed into extraction buffer containing protease inhibitors. A 1-min
packing spin at 1,000 rpm was performed, followed by a crushing spin at
10,000 rpm. The cytoplasmic layer was collected and subjected to a clari-
fying spin, also at 10,000 rpm. The clarified cytoplasmic layer was col-
lected. After addition of an energy-regenerating system, protease inhibi-
tors, cytochalasin B, and glycerol to 4%, extracts were frozen in liquid
nitrogen and stored at —80°C. In these extracts, cyclin B destruction,
inactivation of maturation promoting factor, and inactivation of CSF can
be triggered for cell cycle progression to G, phase by the addition of 0.4
mM CaCl,. As Cdhl is absent from the eggs that were arrested at second
metaphase of meiosis and does not appear during embryonic develop-
ment until the midblastula transition (30), Xenopus egg extracts do not
show degradation of known Cdhl substrates. However, a cell-free FZR/
Cdh1-APC/C-dependent destruction assay was reconstituted by adding
purified Myc-Cdhl1 to interphase egg extracts.

RESULTS

EYA1 abundance s cell cycle dependent. To investigate whether
EYA1 activity is cell cycle regulated, we first performed immu-
nostaining to characterize its abundance in C2C12 mouse
myoblast cells. Immunofluorescence staining of a population
of replicating C2C12 cells revealed that the cells endogenously
express EYA1 protein during mitosis, with highest levels at
metaphase to telophase/cytokinesis (Fig. 1a). A similar obser-
vation was obtained with wild-type MEFs (Fig. 1e). No signal
was detected in Eyal '~ MEFs by either immunostaining
(Fig. 1f) or Western blot analysis (Fig. 1g), demonstrating the
specificity of the EYA1 antibody.

Since we have generated an HEK293 cell line that stably over-
expresses 3 X Flag-tagged Eyal (named the B22 cell line), we used
this cell line to characterize the mechanism involved in the cell
cycle regulation of EYA1 protein. Immunofluorescence staining
of B22 cells with anti-Flag antibody revealed stronger signals for
Flag-EYA1 in mitotic cells (Fig. 2a), similar to the endogenous
EYAL1 observed in C2C12 cells and MEFs (Fig. 1) or HeLa cells
(Fig. 2b), further suggesting that the EYA1 protein is regulated in
a cell cycle-dependent manner.

To validate the immunofluorescence staining data, we next set
out to detect EYA1 in synchronized cultures. After synchroniza-
tion of B22 cells at prometaphase with nocodazole followed by
release into the cell cycle, cells were collected at each time point
and analyzed by immunoblotting. EYA1 levels were higher during
mitosis and decreased as the cells entered G,/S phase (Fig. 2c and
e), whereas 3-actin levels did not change throughout the cell cycle
(Fig. 2c). Similar result was obtained with HeLa cells (data not
shown).

To test whether the abundance of EYAI protein levels corre-
lates with its mRNA expression levels, we isolated total RNAs from
the cells that were synchronously progressing through the cell cy-
cle by nocodazole treatment and performed semiquantitative RT-
PCR for detecting Eyal transcripts. In contrast to the regulation of
its protein levels, the levels of Eyal mRNA were comparable be-
tween the different treatments (Fig. 2d and e), similar to that of the
18S rRNA, which was used as an internal control (Fig. 2d and e).

Molecular and Cellular Biology


http://mcb.asm.org

Degradation of EYA1 by APC/Cdh1

Tubulin [Tubulin/DNA

S
%

Metaphase/Anaphase
Tubulin /Tubulin/DNA

&,

Telophase

d Tubulin /Tubulin/DNA

Cytokinesis

FIG 1 Levels of EYAI protein are highest from metaphase to telophase. (a to d) C2C12 cells were coimmunostained with anti-EYA1 (red) and anti-a-tubulin
(green) and counterstained with Hoechst (blue) to label the nucleus. High levels of EYA1 were detected in metaphase/anaphase (a and b), telophase (a and c), and
cytokinesis (a and d). (e and f) Immunostaining showing EYA1 (red) in mitotic wild-type MEFs (e) and no expression in Eyal '~ MEFs (f). Hoechst (blue) was
used to label the nucleus. (g) Western blot analysis of cell lysates prepared from wild-type and Eyal ~'~ MEFs. 3-Actin was used as the loading control.
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FIG 2 EYAI abundance is cell cycle dependent. (a and b) Immunostaining of the B22 cells stably expressing Flag-Eyal with anti-Flag (a) or HeLa cells with
anti-EYALI (b) (red) and anti-oa-tubulin (green) antibodies and counterstained with Hoechst (blue). (c) EYA1 protein levels decrease at M-to-G, transition. The
B22 cells were arrested at the G,/M phase by nocodazole treatment, released into fresh medium, and harvested at the indicated times. Cell lysates were subjected
to Western blot assays with antibodies specific to Flag-tag and cyclin A. B-Actin was used as a loading control. Cell cycle status at various time points following
release from nocodazole treatment was determined by flow cytometry. (d) Eyal mRNA levels at various time points following release from nocodazole treatment
were analyzed using semiquantitative RT-PCR. 18S rRNA was used as an internal control. (e) Quantification of the levels of EYA1 protein, cyclin A protein, and

Eyal mRNA.

Together, these data indicate that EYA1 is a cell cycle-regulated
protein with highest levels during mitosis.

EYA1 can be ubiquitinated and degraded through the ubiq-
uitin-proteasome pathway. To gain insight into the mechanisms
regulating EYA1 protein stability, we investigated the involvement
of ubiquitin ligases in EYA1 degradation. We first examined
whether EYAL is polyubiquitinated in vivo. HEK293 cells were
cotransfected with Flag-Eyal and HA-ubiquitin expression plas-
mids. ColP analysis of cell lysates prepared from the transfected
cells with anti-Flag or anti-HA antibody revealed ubiquitinated
forms of EYA1 (Fig. 3a). When HA-ubiquitin was transfected with
an empty vector, no product was detected with either anti-HA or
anti-Flag antibody (Fig. 3a).

To determine which region of the EYAI protein mediates
ubiquitination, we tested the deletion mutant construct contain-
ing either the N-terminal transactivation domain (Flag-EyalN) or
the C-terminal Eya domain (Flag-EyalD). As shown in Fig. 3b, the
ubiquitinated form of EYA1 was significantly reduced when the
conserved Eya domain was deleted, whereas deletion of the N-ter-
minal domain only slightly reduced the level of ubiquitinated
EYA1 (Fig. 3b). Thus, the ubiquitination of EYA1 appears to be
mediated by the conserved Eya domain.

We next investigated whether inhibition of the proteasome
would increase the steady-state levels of EYA1 in mitotic cells. We
first measured the EYA1 protein levels from HEK293 B22 cells that
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stably express Flag-Eyal in the absence or presence of the specific
proteasome inhibitor MG132. We found that the levels of EYA1
protein were increased in the presence of MG132 (Fig. 3¢). In
contrast to HEK293 cells, EYA1 protein was almost undetectable
36 h after transfection into NIH 3T3 cells in the absence of MG132
(Fig. 3d). However, an accumulation of EYA1 protein was evident
after treatment with MG132 (Fig. 3d). Although deletion of the
Eya domain diminished the level of ubiquitination (Fig. 3b), we
found that the stability of EYAIN or EYA1D was also increased in
the presence of MG132 (Fig. 3d). This result indicates that similar
to the full-length EYALI, the truncated EYA1N or EYA1D can also
be degraded through the ubiquitin-proteasome pathway.

To determine the half-life of EYA1 protein, we treated the 3T3
cells transfected with 2XHA-3XFlag-Eyal with cycloheximide
(CHX). Since, in the absence of MG132, EYA1 was almost unde-
tectable 24 to 36 h after transfection by Western analysis (Fig. 3d),
we treated the Eyal-transfected cells with MG132 for 6 h and then
washed out the drug and released the cells to normal medium in
the presence of CHX. EYA1 degradation occurred after 90 min of
CHX treatment (Fig. 3e), and its half-life was ~98 min (Fig. 3f).

To further confirm a role of Cdhl in the proteolysis of EYAL,
we performed in vivo ubiquitination assays. 3T3 cells were trans-
fected with HA-ubiquitin and Flag-Eyal expression vectors along
with empty vector or Myc-Cdhl. Twenty-four hours after trans-
fection, cells were treated with MG132 for 6 h, and protein extracts
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FIG 3 EYAI is ubiquitinated and degraded through the ubiquitin-proteasome system. (a) CoIP and Western assays of lysates from HEK293 cells transiently
cotransfected with Flag-Eyal and HA-Ub constructs using anti-Flag for immunoprecipitation (IP) and anti-HA for Western immunoblot detection (IB). Total
input was detected by anti-Flag. (b) Ubiquitination of EYA1 is mediated by the conserved Eya domain. Cell lysates from HEK293 cells transiently transfected with
HA-Ub and Flag-Eyal, Flag-EyalN, or Flag-EyalD were immunoprecipitated by anti-Flag and detected by anti-HA or -Flag by Western blot analysis. (c) EYA1
degradation in HEK293 cells can be protected in the presence of MG132. (d) EYA1 (full length), EYAIN, or EYA1D is also degraded in 3T3 cells, and their
degradation can be protected in the presence of MG132. Lysates from 3T3 cells transiently transfected with Flag-Eyal, Flag-EyalN, or Flag-EyalD in the absence
or presence of MG132 were analyzed by Western blot analysis with anti-Flag antibody. 3-Actin was used as a loading control. (e) Western analysis of EYA1 levels
using lysates from 3T3 cells transiently transfected with Flag-Eyal, treated with MG132 for 6 h, and then released to normal medium in the presence of CHX. (f)
Quantification of data shown in panel e. The levels of EYA1 protein at each time point were quantified against 3-actin levels using a densitometer, and the protein
level at time zero was designated 100%. This experiment was repeated three times and the result was consistent. The half-life of EYA1 is ~98 min. (g)
Cdh1-stimulated ubiquitination of the EYA1 protein in vivo. 3T3 cells were transfected with Flag-Eyal along with HA-Ub and/or Myc-Cdhl or empty vector,
while C2C12 cells were transfected with HA-Ub or Myc-Cdh1 alone or a combination of both. Cell lysates were bound to HA beads, and the bound fractions were
analyzed for polyubiquitination of the EYA1 protein by Western blotting with anti-EYA1. Total input was detected by anti-EYA1.

3T3cells

were bound to HA beads to bind the ubiquitinated proteins. The
levels of ubiquitinated EYA1 protein were analyzed by Western

(Fig. 3g). Thus, overexpression of Cdh1 appears to promote ubiq-
uitination of EYALI in vivo.

blot analysis using anti-EYA1 antibody. As shown in Fig. 3g, over-
expression of Cdh1 caused a significant increase in the ubiquiti-
nation of EYAI. Similarly, overexpression of Cdh1 in C2C12 cells
increased the ubiquitination levels of the endogenous EYAl
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Overexpression of Cdhl reduces EYA1 levels. During the
process of ubiquitination, ubiquitin is activated by E1 enzyme and
transferred to ubiquitin-conjugating enzyme E2, which interacts
with a specific E3 ligase and transfers the ubiquitin to the target
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protein. The E3 ubiquitin ligase targets specific protein substrates
for degradation by the proteasome. The APC/C ubiquitin ligase
normally regulates exit from mitosis and events in G, (31) and is
targeted to appropriate substrates by the evolutionarily conserved
coactivators Cdc20/Fizzy in anaphase and Cdhl/FZR proteins
from mitotic exitand in G, respectively (32). The downregulation
of EYAL after cytokinesis, when the APC/C-Cdh1 is most active,
led us to test whether this ubiquitin ligase also regulates the G,
levels of EYA1. We transfected and measured the levels of EYA1 by
Western blotting. Interestingly, ectopically expressed EYA1 pro-
tein was decreased in the presence of Cdhl, whereas ectopically
expressed Cdc20 had no or a very mild, if any, effect on coex-
pressed EYA1 levels (Fig. 4a). Overexpression of Cdhl but not
Cdc20 in C2C12 cells similarly reduced the levels of endogenous
EYA1 (Fig. 4a). This result suggests that the APC/C-Cdh1 com-
plex plays a role in ubiquitin-mediated turnover of EYAIL. It
should be noted that overexpression of Cdhl but not Cdc20 im-
paired G,-to-S transition (Fig. 4a). This result is consistent with
previous observation that overexpression of Cdhl causes a delay
in S-phase onset and reduces the rate of DNA replication (33).

Cdh1 physically interacts with EYA1 and stimulates its deg-
radation. We next determined whether EYA1 physically interacts
with Cdhl. Cell lysates were prepared from HEK293 cells 24 h
after transfection of Flag-Eyal together with Myc-Cdc20 or Myc-
Cdh1 and were subjected to coIP analysis using either Flag or Myc
epitope tag antibody. Flag-EYA1 and Myc-Cdh1 were coprecipi-
tated by either anti-Myc or -Flag antibody, indicating a specific
interaction between these two proteins (Fig. 4b). However, no
interaction was found between EYA1 and Cdc20 (Fig. 4b). Dele-
tion of the N-terminal or the C-terminal domain of EYA1 dem-
onstrated that the EYA1-Cdhl interaction was mediated by the
conserved Eya domain (Fig. 4c).

ColP analysis of cell lysates prepared from C2C12 cells using
anti-EYA1 coprecipitated the endogenous FZR (Fig. 4d). Con-
versely, anti-FZR also coprecipitated the endogenous EYA1 (Fig. 4d).
Consistent with the coIP analysis (Fig. 4c), in vitro glutathione S-
transferase (GST) pulldown assay confirmed that purified GST-
EYA1 (fulllength) or GST-EYA1D, but not GST-EYAIN, fusion pro-
tein directly interacted with the purified Myc-Cdh1 (Fig. 4e).

Cdh1 enhances the destruction of EYAL1 in vitro. To test if
EYA1 is an APC/C substrate, we purified 2XHA-3XFlag-EYA1
and Myc-Cdh1 proteins and set up an FZR/Cdh1-dependent de-
struction assay in Xenopus extracts as previously described (29)
(Fig. 5a). Since the activity of Fizzy/Cdc20-APC/C was very low at
2 h after the addition of CaCl, to CSF extracts and endogenous
FZR/Cdh1 was absent from Xenopus egg extracts (30), addition of
recombinant Cdhl to the interphase extracts results in activation
of Cdh1-dependent APC/C. As shown in Fig. 5b, upon addition of
Cdhl, EYALI, which was protected by MG132, was degraded after
30 min and almost completely destroyed after 2 h (data not
shown). In the absence of Cdhl, EYA1 was relatively stable. This
further indicates that EYA1 is a substrate for APC/C-Cdhl.

Silencing of Cdh1 stabilizes EYA1 in vivo. To confirm that the
APC/C-Cdh1 complex is required for the destruction of EYA1 in
vivo, we depleted the endogenous FZR/Cdh1 activity using Fzr/
Cdh1 shRNA. Cotransfection of Fzr/Cdhl shRNA but not control
scramble shRNA together with HA-Flag-Eyal into 3T3 cells re-
duced the endogenous FZR/Cdhl levels, which in turn not only
led to an increase in the levels of EYA1 protein (Fig. 5¢) but also
stabilized the EYA1 protein (Fig. 5d). Similarly, knocking down
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FZR/Cdhl activity in C2C12 cells resulted in a dramatic increase
in the levels of EYA1 protein (Fig. 5e). Depletion of endogenous
FZR/Cdhl by shRNA transfection in either 3T3 or C2C12 cells
also caused a severe inhibition of the ubiquitination of EYAL
(Fig. 5f). Immunostaining revealed a large increase in the number
of EYAL™ cells when FZR was depleted in C2C12 cells (Fig. 5g).
Together, these data suggest that depletion of endogenous FZR/
Cdh1 activity leads to stabilization of the EYA1 protein.

We next confirmed the role of Cdhl1 in the early G, proteolysis
of EYA1 following release from nocodazole arrest. C2C12 cells
were transfected with control and FZR/Cdh1 shRNA, respectively,
and then arrested in G,/M phase by treatments with nocodazole.
At the indicated time points following release from nocodazole
arrest, the cells were harvested and the extracts were assayed for
EYA1 (Fig. 6). As expected, the cells expressing control sShRNA
exhibited a reduction in the levels of EYA1 in early G; phase,
whereas the cells expressing shFZR/Cdh1 did not show a reduction
of EYA1 following release from the G,/M-phase block (Fig. 6).
Together, our data suggest a role of Cdhl in the degradation of
EYA1 in the late M and early G, phases of the cell cycle.

EYA1 degradation is independent of D-box and O-box mo-
tifs. Cdh1 recognizes specific motifs in the substrates: the destruc-
tion box (D-box; RXXL), O-box (LXXXN), or KEN box. The mu-
rine EYAL1 contains one D-box within the Eya domain region at
amino acids 322 to 325 (RVLL) and two O-boxes, one within the
N-terminal region at amino acids 194 to 198 (LYSGN; O-box1)
and the other within the Eya domain at amino acids 398 to 402
(LSTYN; O-box2) (Fig. 7a), but no KEN box. O-box2 is conserved
among different species, whereas D-box or O-boxl1 is not. To de-
termine whether the putative D-box and O-boxes of EYAI are
functional, we mutagenized those sites by changing the D-box
RXXL to AXXA and O-box LXXXN to AXXXA (Fig. 7a). All three
mutant forms were unstable when transfected into 3T3 cells,
which can be protected by MG132 (Fig. 7b). In addition, combi-
nations of all mutations at sites O-box1, D-box, and O-box2 did
not stabilize EYA1 (Fig. 7b). This is consistent with the observa-
tion that deletion of the N or the C terminus of EYA1 did not
stabilize the protein. Furthermore, addition of Cdhl also ap-
peared to enhance degradation of the mutant proteins (Fig. 7c).
The half-life for all three mutants is similar to that of the wild-type
EYA1 protein (Fig. 7d and e and data not shown), and depletion of
endogenous FZR similarly stabilized the mutant proteins (data
not shown). Thus, our results suggest that EYA1 contains novel
degradation signals that are recognized by APC/C-Cdhl.

DISCUSSION

In this study, we aimed to investigate how EYA1 activity is regu-
lated during an ongoing cell cycle. Our findings provide evidence
that EYA1 is ubiquitinated and degraded during mitotic exit via
the ubiquitin-proteasome pathway. This degradation requires the
activity of APC/C-Cdh1 both in vivo and in vitro (Fig. 5b), thus
identifying proteolysis as an important component of EYA1 pro-
tein regulation during an ongoing cell cycle.

EYA1 accumulates in the M phase, and its levels decrease as
cells enter the G, phase. This profile of EYA1 is consistent with
APC/C-Cdhl-mediated proteolysis. The APC/C-Cdhl complex
recognizes target proteins containing specific motifs, i.e., the D-
box, KEN box, and O-box. Two of these motifs are found in the
mouse EYAL. However, these known motifs are not critical for
targeting by Cdhl, as mutating either motif had no effect on its
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FIG4 Cdhl enhances EYA1 degradation and physically interacts with EYA1. (a) Western analysis of EYA1, Cdc20, or Cdh1 proteins in B22 cells stably expressing
Flag-Eyal, 3T3 cells transfected with HA-Flag-Eyal, or C2C12 cells transfected with an empty vector, Myc-Cdc20 or Myc-Cdhl. Data from a flow cytometry
analysis of the transfected 3T3 or C2C12 cells are shown. (b) ColP analysis of HEK293 cells transiently transfected with Flag-Eyal and Myc-Cdc20 or Myc-Cdhl
showing that EYA1 physically interacts with Cdh1 but not Cdc20. Anti-Flag or -Myc was used for IP or Western blotting. IgG was used as a negative control for
this experiment. (c¢) Cdh1 specifically interacts with the conserved Eya domain. HEK293 cells were transiently cotransfected with Myc-Cdhl and Flag-Eyal (lane
1 to 3), Flag-EyalD (lane 4 to 6), or Flag-EyaIN (lane 7 to 9). (d) CoIP analysis. Anti-EYA1 and -FZR were used for immunoprecipitation and Western blot
analysis, respectively. IgG was used as a negative control. One-tenth of the amount used for coIP was loaded as the input. (e) GST pulldown assay. Purified
Myc-Cdh1 and different GST proteins were incubated and then pulled down by GST beads and detected by anti-Myc antibody by Western blot analysis. (f)
Coomassie staining showing different purified proteins.
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FIG 5 Cdhl enhances destruction of EYAL in vitro, and silencing of Cdhl stabilizes EYA1 in vivo. (a) Schematic of a cell-free Cdh1-APC/C-dependent
destruction assay constituted in Xenopus egg extracts. CaCl, and CHX were added into Xenopus extracts and incubated at 23°C for 105 min to release CSF arrest
into interphase. Purified Myc-Cdh1 then was added to activate the interphase APC/C and after 15 min of incubation with Cdhl1, substrate (HA-Flag-EYA1) was
added at time zero, and samples were taken at the indicated time. CHX was added to prevent protein synthesis. (b) EYA1 is destroyed in a Cdh1-dependent
destruction assay. The levels of HA-Flag-EYA1 were measured by Western blotting using anti-Flag in the presence or absence of Cdhl, CHX, or MG132.
Myc-Cdh1 was detected by anti-Myc antibody. (¢) Silencing FZR/Cdh1 increases the levels of EYA1 in 3T3 cells. The levels of EYA1 protein were measured in 3T3
cells transiently transfected with HA-Flag-Eyal alone or together with control shRNA (shControl) or FZR/Cdhl shRNA (shFZR/Cdh1) at two different concen-
trations. FZR/Cdh1 protein was detected using anti-FZR. Anti-cyclin A was used as a positive control, which is also a substrate of APC/Cdh1. Anti-pHH3 was
used as a control for cells at prophase to metaphase. Data from a flow-cytometric analysis of the shRNA-transfected and untransfected cells are shown. (d) EYA1
is stable even after 3.5 h of treatment with CHX in 3T3 cells when FZR/Cdh1 activity was depleted by FZR/Cdh1 shRNA but not control shRNA. The cells were
cotransfected with HA-Flag-Eyal and control or FZR/Cdhl shRNA and treated with CHX. (e) Silencing FZR/Cdh1 in C2C12 cells also stabilizes EYAI levels.
EYAL levels were measured using anti-EYA1 in untransfected cells or transiently transfected with control or FZR/Cdhl shRNA. Endogenous FZR protein was
detected by anti-FZR. Anti-pHH3 was used as a control for cells at prophase to metaphase. B-Actin was used as a loading control. Data from a flow-cytometric
analysis of the shRNA-transfected and untransfected cells are shown. (f) Silencing FZR/Cdh1 inhibits ubiquitination of exogenous and endogenous EYA1. 3T3
cells were cotransfected with Flag-Eyal and HA-Ub or an empty vector together with control or FZR/Cdh1 shRNA. C2C12 cells were transfected with HA-Ub or
an empty vector together with control or FZR/Cdhl shRNA. Cell lysates were bound to HA beads, and the bound fractions were analyzed with anti-EYA1 by
Western blotting. Total input was detected by anti-EYA1. (h) Immunostaining showing high levels of EYA1 (red) in mitotic cells, labeled by a-tubulin (green)
in C2C12 cells transfected with control shRNA, and increased levels of EYA1 in interphase cells transfected with FZR/Cdhl shRNA.
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FIG 6 Depletion of Cdhl in C2C12 cells by shRNA transfection inhibits re-
duction of EYAL1 protein levels in late mitosis and G, phase of the cell cycle.
C2C12 cells transfected with control or FZR/Cdhl shRNA were arrested in
prometaphase by nocodazole, released, and then harvested at the indicated
times following removal of nocodazole. Cell extracts were subjected to West-
ern blot analysis with anti-EYA1 and -FZR. 3-Actin was used as a loading
control. Data from a flow-cytometric analysis of the shRNA-transfected and
untransfected cells are shown.
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interaction surface similar to a D-box but with a different primary
amino acid sequence (36). Our results show that deletion of either
the N or the C terminus does not stabilize EYA1 from degradation.
Thus, an additional destruction sequence may be present in the N
terminus. Since the N terminus does not appear to interact with
Cdh1 and is only weakly ubiquitinated (Fig. 3b), it is possible that
the proteolysis signal of EYA1 within the N terminus is not the
same for APC/C-Cdhl. It should be noted that EYAI is relatively
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FIG 7 EYALI degradation is independent of D-box and O-box motifs. (a) Schematic showing the putative D- and O-boxes in the mouse EYA1 and mutations
introduced into D-box, O-box1, and O-box2. (b) Western blot of lysates from HEK293 cells transfected with the indicated constructs showing EYA1 levels in the
absence or presence of MG132. B-Actin was used as a loading control. (c) Cdhl enhances degradation of EYA1 wild-type or mutant proteins in HEK293 cells.
Western blot analysis of lysates from cells transfected with the indicated Eyal wild-type or mutant constructs in the absence or presence of CdhI construct. (d)
Western analysis of the mutant EYA1 (containing all three mutations) levels using lysates from 3T3 cells transfected with HA-Flag-Eyal AO+ Dbox. Twenty-four
hours after transfection, the cells were treated with MG132 for 6 h, and then we washed out the drug and released the cells to normal medium in the presence of
CHX. (e) Quantification of data shown in panel c. The levels of the protein at each time point were quantified against B-actin levels using a densitometer, and the
protein level at time zero was designated 100%. The half-life of the mutant EYA1 is ~102 min.

stable in HEK293 cells compared to NIH 3T3 cells. Although the
underlying mechanisms are unclear, a likely explanation is that
EYALI degradation involves some unknown factors which are dif-
ferentially expressed in different cell lines. Furthermore, it is cur-
rently unclear whether EYAL1 is targeted by a second E3 ligase at
interphase, since APC/Cdh1 is active in G; but EYAL levels are
high only during M phase, or whether EYAL1 is regulated at the
translational level during M phase, since its mRNAs are expressed
similarly throughout the cell cycle (Fig. 2d). Nonetheless, our ob-
servation that depleting Cdh1 stabilizes EYA1 protein throughout
the cell cycle clearly indicates that APC/Cdh1 targets EYALI for its
degradation. A detailed study will be necessary to establish the
degradation signal that targets the proteolysis of EYA1, to reveal
the molecular details that mediate EYA1 degradation, and to de-
termine whether EYAL1 is targeted by a second E3 ligase or whether
it is translationally regulated during M phase.

Eyal is necessary for cell proliferation during mouse develop-
ment, as loss of Eyal leads to reduced cell proliferation in several
organ systems during mouse development (10, 12, 15, 37-39).
Given that the levels of EYA1 are highest during mitosis, the loss of
Eyal expression may lead to mitotic misregulation during the cell
cycle, which in turn affects proliferation. Our data suggest that EYA1
acts through mitotic regulators, such as Cdc25B, to mediate mitotic
progression, since we found that the expression of Cdc25B protein
was largely diminished in Eyal /~ MEFs (data not shown).

EYA family proteins are found to be overexpressed in a subset
of leukemia patients and in cancers of the lung, breast, prostate,
cervix, and kidney (40, 41). EYA1 is capable of immortalizing
hematopoietic progenitor cells in vitro and collaborates with its
cofactor, SIX1, in hematopoietic transformation assays (41), while
EYA2 and EYA1 are the key factors necessary for SIX1-mediated
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tumor progression in the breast (42). As SIX1 has been reported to
be critical for G,-M checkpoint control (43), it is possible that
EYA activated in tumor cells contributes to the loss of cell cycle
checkpoints and facilitates the rapid proliferation of these tumor
cells. Loss of Eyal during development may cause cells to have a
defective G,-M checkpoint and to enter mitosis before repairing
damaged DNA or increase cell susceptibility to DNA damaging,
thus leading to death after cell division. Consistent with this view,
abnormal cell death was observed in multiple organs in Eyal-
deficient mice.

In conclusion, APC/Cdh1-mediated destruction of EYAI pro-
vides a novel mechanism for controlling EYA1 levels in the cell
cycle. Further genetic analysis is necessary to address its specific
role under certain conditions, especially in some developmental
stages and cell lineages. Identification of specific binding partners
and targets of EYA1 during mitosis will be essential to understand
its precise function during the cell cycle.
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