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ABSTRACT EYA1 is known to be overexpressed in human breast cancer, in which
the Myc protein is also accumulated in association with decreased phospho-T58
(pT58) levels. We have recently reported that EYA1 functions as a unique protein
phosphatase to dephosphorylate Myc at pT58 to regulate Myc levels. However, it re-
mains unclear whether EYA1-mediated Myc dephosphorylation on T58 is a critical
function in regulating Myc protein stability in breast cancer. Furthermore, EYA1’s
substrate specificity has remained elusive. In this study, we have investigated these
questions, and here, we report that depletion of EYA1 using short hairpin RNA
(shRNA) in breast cancer cells destabilizes the Myc protein and increases pT58 levels,
leading to an increase in the doubling time and impairment of cell cycle progres-
sion. In correlation with EYA1-mediated stabilization of cMyc and reduced levels of
pT58, EYA1 greatly reduced cMyc-FBW7 binding and cMyc ubiquitination, thus pro-
viding novel insight into how EYA1 acts to regulate the FBW7-mediated Myc degra-
dation machinery. We found that the conserved C-terminal haloacid dehalogenase
domain of EYA1, which has been reported to have only tyrosine phosphatase activ-
ity, has dual phosphatase activities, and both the N- and C-terminal domains interact
with substrates to increase the catalytic activity of EYA1. Enzymatic assay and nu-
clear magnetic resonance (NMR) analysis demonstrated that EYA1 has a striking con-
formation preference for phospho-T58 of Myc. Together, our results not only provide
novel structural evidence about the conformation specificity of EYA1 in dephospho-
rylating phosphothreonine in Myc but also reveal an important mechanism contrib-
uting to Myc deregulation in human breast cancer.
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The transcription factor Eyes absent (EYA) represents the prototype of a novel class
of eukaryotic aspartyl protein tyrosine phosphatases (1–3) that play important roles

in development and disease (4–6). While the conserved C-terminal haloacid dehaloge-
nase domain of EYA (ED), which contains the signature motif for the aspartate-based
serine/threonine (Ser/Thr) phosphatase family (1–3, 7), has been reported to have only
tyrosine phosphatase activity (8), a recent study reported that the N terminus of EYA
(NT), which bears no sequence similarity to any known Ser/Thr phosphatase families,
has Thr phosphatase activity (8). Therefore, it remains unclear which domain of EYA
contains residues for substrate binding and catalytic activity and how EYA achieves
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substrate specificity. It is also unclear how EYA uses its phosphatase activity to regulate
distinct cellular processes, and very little is known about its physiological substrates.

We recently reported that EYA1 regulates Myc levels through its Thr phosphatase
activity (9). Phosphorylation of Myc at S62 and T58 is critical for controlling Myc
turnover in diverse cellular processes, such as the cell cycle and tumorigenesis (10).
The Ser/Thr residues that are followed by proline (S/T-P) in many proteins are
phosphorylated by mitotic kinases at the G2-to-M phase transition of the cell cycle (11),
which is known to trigger many of the structural modifications during mitosis. Phos-
phorylated S/T-P motifs in polypeptides exist in cis or trans configuration owing to the
proline peptide bond. The cis/trans conversion of the phospho-S/T-P (pS/T-P) motif is
mediated by PIN1, which is an essential mitotic phosphorylation-directed proline
isomerase (12). PP2A regulates Myc turnover by targeting phospho-S62 (pS62)-P, and
its activity is enhanced by PIN1 (13, 14). However, the conformation specificity of EYA1
on phospho-T58 (pT58)-Myc and the sequence responsible for catalytic activity are
unknown. Furthermore, although EYA is known to be overexpressed in many cancer
cells (4), its activity in regulating Myc stability has not been studied.

In this study, we have integrated molecular, structural, biochemical, and loss-of-
function analyses to define EYA1’s conformation specificity in targeting pT58-Myc and
its function in the cell cycle. We demonstrate for the first time that the conserved
C-terminal haloacid dehalogenase ED has dual-specificity phosphatase (DUSP) activity
and that both the NT and ED interact with substrates to increase the catalytic activity
of EYA1. Enzymatic assay and nuclear magnetic resonance (NMR) spectroscopy analysis
indicated that EYA1 has striking conformation preference for phospho-T58 of Myc.
Depleting EYA1 using short hairpin RNA (shRNA) in human breast cancer cells desta-
bilizes Myc and increases pT58 levels, leading to an increase in the doubling time and
impairment of cell cycle progression. We found that EYA1 affects FBW7-Myc binding to
regulate the FBW7-mediated Myc degradation machinery. Thus, our results indicate a
critical function of EYA1 in regulation of Myc protein stability and cell proliferation,
providing an important mechanism contributing to Myc deregulation in human breast
cancer.

RESULTS
EYA1’s N- and C-terminal domains interact with substrates to increase catalytic

activity. To map the region in EYA1 required for substrate binding and dephosphor-
ylation, we first performed mutational analysis of EYA1 (Fig. 1A) in targeting phospho-
threonine/serine/tyrosine peptides (Fig. 1C). EYA1 wild-type or mutant proteins ex-
pressed in 293 cells were purified and confirmed on SDS-PAGE using Coomassie blue
staining (Fig. 1B). Purified EYA1 showed activity on pT58-Myc peptide that was �2.5-
fold lower than that on phosphotyrosine pY-H2AX peptide (a known substrate for EYA’s
tyrosine phosphatase activity) (5) (Fig. 1D). In contrast, EYA1 exhibited little or no
activity on pS62-Myc peptide or phospho-S2-CTD peptide (YSPTSPSYpS2PTSPS) (the
C-terminal domain [CTD] of RNA polymerase II) (Fig. 1D). This result is in agreement
with a previous study in which the CTD peptides YSPTSPSYpS2PTpS5PS and YSPTSPS
YSPpT4SPS were used to show that EYA is much weaker as a serine phosphatase, as its
activity is �10-fold lower than its threonine phosphatase activity (8). The NT or ED of
EYA1 alone had reduced activity toward pT58 (Fig. 1E), suggesting that either the NT or
ED has threonine phosphatase activity. The C-terminal haloacid dehalogenase ED
contains the signature motif DXDXT (amino acids [aa] 327 to 331) for phosphatase
activity found in the aspartate-based Ser/Thr phosphatases (Fig. 1A) (2, 3, 7), and the
D327N (Asp327-to-Asn) mutation was previously reported to be a tyrosine-
phosphatase-dead mutation within the ED (1, 5). In agreement with this, the D327N
mutation almost abolished EYA1’s tyrosine phosphatase activity toward pY-H2AX (Fig.
1F). Interestingly, the D327N mutation also decreased EYA1’s threonine phosphatase
activity on pT58 (Fig. 1E), suggesting that the D327 in the signature motif DXDXT (aa
327 to 331) conserved in the aspartate-based Ser/Thr phosphatases is also important
for EYA1’s threonine phosphatase activity. Replacement of a set of four conserved
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tyrosine residues in the NT with alanine (Y4A) (Fig. 1A), which has been reported to
disrupt EYA4’s threonine phosphatase activity (8), greatly reduced not only EYA1’s
threonine phosphatase activity in dephosphorylating pT58 (Fig. 1E) but also its tyrosine
phosphatase activity toward pY-H2AX, which became comparable to that of ED alone
(Fig. 1F). While the ED is the catalytic domain for tyrosine phosphatase activity, the
domain alone exhibited weaker activity than the full-length EYA1 in dephosphorylating
pY-H2AX (Fig. 1F). Combination of the Y4A and D327N mutations further decreased its

FIG 1 The conserved C-terminal haloacid dehalogenase EYA domain has dual tyrosine and threonine
phosphatase activities. (A) Diagrams of EYA1 and its mutants used for this study. Three short signature
motifs for the phosphatase subgroup of the haloacid dehalogenase superfamily (1–3, 7) are marked:
motif I (aa 327 to 331), DXDXT/S; motif II (aa 497 to 500), hhh(T/S), where “h” is a hydrophobic residue;
and motif III (aa 533 to 559), K(Xn)-hhhhGDXXX(D/E), which is less conserved. Among the three short
motifs, the first motif, DXDXT/S (red), is also highly conserved in aspartate-based Ser/Thr phosphatase
family members (7). Another signature catalytic motif, CX5R (CXXXXXR; aa 532 to 559), conserved in
DUSPs, is marked in blue (27). Asterisks indicate the location of the D327N mutation in the ED. (B)
Coomassie staining of an SDS-PAGE gel showing the purified FLAG-EYA1 wild type and its mutant
proteins and cMyc proteins from HEK293 cells using anti-FLAG M2 beads. (C) Nonphosphorylated and
phospho-Myc peptides, as well as control peptides phospho-S2-RNA PII CTD and phospho-Y-�H2AX,
used for enzymatic assays. Phosphorylation modification of amino acid residues (pS/T/Y; red) is shown.
(D) Dephosphorylation of different peptides by EYA1. (E and F) Dephosphorylation of pT58-Myc (E) or
pY-H2AX (F) peptide by EYA1 and its mutants. All experiments were performed in triplicate, and the error
bars represent standard deviations (SD).

Deregulation of Myc by EYA1 in Human Breast Cancer Molecular and Cellular Biology

January 2017 Volume 37 Issue 1 e00499-16 mcb.asm.org 3

http://mcb.asm.org


activity on pT58 (Fig. 1E). These data indicate that the conserved C-terminal haloacid
dehalogenase ED that contains the signature motif for the aspartate-based Ser/Thr
phosphatase family reveals the hallmarks of a dual-specificity phosphatase, but both
domains appear to interact with substrates to regulate EYA1’s phosphatase activity.

To further examine the importance of the Y4 and D327 residues for EYA1’s threonine
phosphatase activity, we introduced Y4A in the NT alone and D327N in the ED alone
(Fig. 1A) and performed an in vitro phosphatase assay. While the Y4A mutation
markedly reduced the NT’s threonine phosphatase activity (to 15.9% � 2.1% of that of
the wild-type NT), the D327N mutation only decreased the ED’s threonine phosphatase
activity (Fig. 1E; see Fig. 3A). This result suggests that the ED contains an additional
residue(s), other than D327 alone, that is important for its threonine phosphatase
activity.

EYA1 shows substrate preferences in catalyzing the phosphothreonine pep-
tides. To investigate EYA1’s conformation specificity in targeting pT58-Myc, we syn-
thesized a series of phosphoserine/threonine-containing peptide substrates with dis-
tinct mutations introduced flanking T58 or S62 (Fig. 2A) and assayed their
dephosphorylation by EYA1. Mutation of pT58 to pS58 or pY58 significantly decreased
the rate of dephosphorylation by EYA1 (Fig. 2B). However, mutation of the isomeriza-

FIG 2 Substrate preference of EYA1 and optimum pH for EYA1’s phosphatase activity. (A) Peptides used
for enzymatic assay. Phosphorylation modification of amino acid residues (pS/T/Y; red) and substitution
of different residues (green) are shown. Replacement of Thr58 or Ser62 with glutamic acid (E) mimics the
phosphorylated T58 or S62. (B) Structural effects of substrates on EYA1 phosphatase activity. The released
phosphate was quantified by measuring the OD620. (C) Optimum pH of EYA1 phosphatase activity for
dephosphorylating phospho-T58, phospho-T58A mutant, or phospho-Y-�H2AX peptide. (D) Comparison
of kinetic constants of EYA1 phosphatase on pT58 and pT58P59A. The range of peptide concentrations
was 0, 50, 100, 200, 400, 600, and 800 �M. All experiments were performed in triplicate, and the error
bars represent SD. P values were calculated using StatView t tests.
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tion site P59 to alanine (pT58-P59A), which blocks conformational exchange (15),
drastically increased the rate of dephosphorylation on T58 by EYA1 to �18-fold higher
than that on pT58-Myc (Fig. 2B).

We next measured EYA1’s phosphatase activity under different pHs to define the
optimum pH for its tyrosine- or threonine phosphatase activity. EYA1 showed the
highest tyrosine phosphatase activity with pY-H2AX at pH �7.25, whereas its threonine
phosphatase activity potentiated at higher pH, with an optimum pH of �8.0 (Fig. 2C).
The Michaelis-Menten constant (Km) of EYA1 for pT58-P or pT58-P59A peptides was
1,582 � 350 �M or 268 � 33 �M, respectively, and a P59-to-A mutation resulted in up
to a 23-fold increase in the kcat/Km ratio (Fig. 2D). Either NT or ED alone showed weaker
activity on the pT58-P59A mutant peptide (Fig. 3A). While either the D327N or Y4A
mutation alone decreased EYA1’s activity, a combination of both mutations led to a
further reduction in its activity (Fig. 3A). Similarly, the NT-Y4A mutation almost abol-
ished the NT’s threonine phosphatase activity, while the ED-D327N mutation only
decreased the ED’s threonine phosphatase activity. These data further indicate that,
besides D327, there is an additional residue(s) in the ED that is important for the ED’s
threonine phosphatase activity and that both the ED and the NT domain interact with
the phosphopeptide substrates to increase the catalytic activity of EYA1.

We next asked if EYA1 has similar conformation preferences on the phospho-
threonine-proline in other proteins. Cyclin E also contains a conserved phosphorylation site
consensus sequence, �X���T395PPXS399, with � representing a hydrophobic residue,
and double phosphorylation at T395/S399 is known to be critical for controlling cyclin

FIG 3 Dephosphorylation of different peptides by EYA1 and its mutants. Shown are Myc pT58P59A
mutant (A) and cyclin E nonphosphorylated and pT395 wild-type and pT395A mutant (B) peptides. The
error bars represent SD. P, �0.005.

Deregulation of Myc by EYA1 in Human Breast Cancer Molecular and Cellular Biology

January 2017 Volume 37 Issue 1 e00499-16 mcb.asm.org 5

http://mcb.asm.org


E stability (16). We synthesized nonphosphorylated (PSGLLTPPQSGKK) and phospho-
threonine (PSGLLpT395PPQSGKK) cyclin E wild-type (WT) and P396-to-A mutant (PSGL
LpT395APQSGKK) peptides and examined their dephosphorylation by EYA1 (Fig. 3B).
Mutation of P396A (pT395-P396A) similarly increased EYA1’s phosphatase activity (Fig.
3B), further suggesting that EYA1 has conformation specificity in targeting pT58-Myc.

Conformation specificity of EYA1 in dephosphorylating pT58-Myc. The relatively
weak activity on pT58-Myc but marked increase on pT58-P59A suggests that Pro59-to-
Ala mutation may cause conformational change of the peptide, which makes the
peptide more sensitive to dephosphorylation by EYA1. To test this hypothesis, we
performed NMR spectroscopy analysis to examine the effects of T58 phosphorylation
and P59-to-A mutation on the peptide backbone conformation. NMR analysis showed
that, consistent with the observation that the trans conformation is far more energet-
ically favorable at equilibrium than the cis (17), 88% of the pT58-P motif in the
pT58-Myc peptide or 87% of the pT58-A motif in the pT58-P59A mutant peptide exists
in the trans configuration (Fig. 4A). Phosphorylation of T58 caused major chemical shift
changes for T58-H�/H� proton resonances and, to a lesser extent, for T58-H� and
P59-H	 resonances (Fig. 4B). However, the P59A mutation induced dramatic chemical
shift changes of pT58-C�/H� resonances (at 4.40 ppm/60.0 ppm to 4.10 ppm/62.0 ppm)
and nuclear Overhauser effect (NOE) signals detected between A59H� and P57H	1/H	2
(Fig. 4B), thus providing direct structural evidence that P59A mutation causes pro-
nounced local backbone conformational changes at the pT58 site.

FIG 4 NMR analysis. (A) The majority of the pT58-P motif in the pT58-Myc peptide or the pT58-A motif in the pT58-P59A mutant peptide is in the trans isomer.
(B) Comparison of two-dimensional (2D) 1H-nuclear Overhauser effect spectroscopy (NOESY) NMR spectra of the wild-type T58 (left) and pT58P59 (middle) or
pT58P59A (right) mutant peptides. Note that the intramolecular NOE peak annotations are indicated. The NOESY spectra were all collected with a mixing time
of 300 ms on a 500-MHz Bruker NMR spectrometer at 288 K.
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We next investigated the potential anti/syn conformation conversion at the pT58
site by defining a � virtual backbone dihedral angle between two carbonyl groups of
two consecutive peptide bonds (O�CiOCi � 1�O), using molecular dynamics (MD)
simulation (Fig. 5A to C). A dihedral angle between �90° and 180° represents an anti
conformation (i.e., on opposite sides), while a dihedral angle between 0° and �90°
represents a syn conformation (i.e., on the same side). The calculated � virtual dihedral
angle of P57pT58 of the pT58 peptide showed an anti conformation characterized by
two well-defined patterns that fluctuated between �168° � 9° and 161° � 13° and at
about �122° � 13°, respectively, for �97% of the MD simulation. A syn conformation
that contributed less was shown by a third pattern at about 4° � 20° for �3% of the
MD simulation, which suggests an incipient turn backbone formation in the pT58
peptide at the pT58 site from anti to syn conformation (Fig. 5B). In the case of the
pT58P59A peptide, the calculated � virtual dihedral angle of P57pT58 is different from
the corresponding angles of the wild-type and pT58 peptides, indicating an anti-to-syn
conformation conversion (Fig. 5C). The syn conformation has an average � virtual
dihedral angle of 25° � 19°, representing �73% of the MD simulation, and the anti
conformation has an average � virtual dihedral angle that fluctuates between �157° �

19° and 162° � 20°, representing �27% of the MD simulation (Fig. 5D). Taken together,
the computational studies of the wild-type, pT58, and pT58-P59A Myc peptides have
revealed that the pT58-P59A peptide results in a backbone turn conformation precisely
at the pT58 site, causing an anti-to-syn conformation conversion, shown in Fig. 5. This

FIG 5 MD simulation. (A to C) Histograms of a � backbone dihedral angle between two carbonyl groups of two
consecutive peptide bonds (O�CiOCi � 1�O) formed by Pro4 and Thr5 (Pro57 and Thr58). A � backbone dihedral
angle close to 180° represents an anti conformation, while a dihedral angle close to 0° represents a syn
conformation. (A) WT peptide, with mainly anti conformation along the MD simulation. Although most of the time
the virtual dihedral angles of P57T58 (P4T5) of the wild-type peptide fluctuated between �161° � 10° and
162° � 14° along the whole MD simulation (overall, �49% of the MD simulation), there were two other substrates
that converged on average to �122° � 14° (�50% of the MD simulation) and to �10° � 22° (�1% of the MD
simulation). (B and C) pT peptide, with mainly anti conformation along the MD simulation (B), and pTA peptide,
with �73% of the MD simulation corresponding to the syn conformation and 27% to the anti conformation (C). (D)
Representative structures of anti-to-syn conformations. MD simulation studies revealed that the pT58P59A peptide
results in a backbone turn conformation precisely at the pT58 site, causing an anti (i.e., on opposite sides)-to-syn
(i.e., on the same side) conformation conversion between two carbonyl groups of two consecutive peptide bonds.
The pT58P59 peptide exists in anti carbonyl group conformation, whereas the pT58P59A peptide adopts a syn
carbonyl group conformation. The structure of each peptide, pT58 and pT58P59A, is shown.
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makes the pT58-P59A peptide more sensitive to dephosphorylation by EYA1, due to the
favorable syn conformation of its two carbonyl groups of two consecutive peptide
bonds formed by P57 and pT58, and pT58 and P59A, respectively, which could explain
the robust EYA1 phosphatase activity of 18-fold compared to the pT58-P59 peptide.

PIN1 appears to inhibit EYA1-mediated dephosphorylation of Myc. The mitotic-
specific prolyl isomerase PIN1 catalyzes isomerization of the cis/trans conversion of the
pT/S-P motifs to facilitate dephosphorylation mediated by PP2A (15, 18). We thus
examined whether PIN1 regulates EYA1-mediated dephosphorylation. Addition of PIN1
led to only �16 to 17% reduction of EYA1 activity in dephosphorylating pT58-P Myc
peptide (Fig. 6A). As this reduction of EYA1 activity by PIN1 was reproducible in
multiple independent experiments, PIN1 may reduce the cis substrate population to an
even lower level to inhibit EYA1 activity. To further investigate this, we next used
purified cMyc protein (Fig. 1B) for an in vitro phosphatase assay. PIN1 itself did not
directly induce dephosphorylation of cMyc compared to the samples in the presence of
bovine serum albumin (BSA) (Fig. 6B). In contrast to enhanced PP2A-mediated dephos-
phorylation of Myc by PIN1 (13), EYA1-dependent dephosphorylation at T58 appeared
to be inhibited by the addition of PIN1 (Fig. 6B). When overexpressed in 293 cells,
consistent with a previous observation that addition of PIN1 destabilizes Myc (13),
coexpression of cMyc with PIN1 shortened Myc’s half-life (Fig. 6C). In contrast, overex-
pression of EYA1 stabilized Myc in 293 cells (Fig. 6C) (9). However, when cMyc was
overexpressed with both EYA1 and PIN1, EYA1-mediated stabilization of Myc was also
inhibited (Fig. 6C).

As EYA1 had much higher threonine phosphatase activity on a pT58P59A mutant
peptide and the P59A mutation blocks cis/trans conformational exchange, we sought
to use the T58P59A mutant protein as a control to further examine the effect of PIN1
in EYA1-mediated stabilization of Myc in vitro and in vivo. However, the anti-pT58
antibody failed to detect phospho-T58-P59A (Fig. 6D), which is likely due to the
structure change at the pT58 position caused by the P59A mutation, as demonstrated
by our NMR analysis (Fig. 5). When the T58P59A mutant was transfected into 293 cells,
we detected not only the cMyc protein with a molecular weight similar to that of the
wild-type protein but also the cMyc products with higher molecular weights (Fig. 6D,
arrow). These cMyc products also appeared to accumulate in the presence of EYA1 (Fig.
6D). This molecular weight change upon overexpression in vivo and infeasibility of
using anti-pT58 antibody for detection made it impossible for a dephosphorylation
assay using purified cMycP59A and assaying for the effect of PIN1 on EYA1-mediated
dephosphorylation of the mutant protein to lead to a specific outcome.

We next asked if EYA1 and PIN1 physically interact. Coimmunoprecipitation (coIP)
revealed no physical interaction between EYA1 and PIN1 (Fig. 7A). Both the NT and the
ED of EYA1 showed binding to the Myc protein with affinities similar to that of PIN1 or
full-length EYA1 (Fig. 7B). The T58A mutation, which blocks phosphorylation at T58 and
decreases Myc binding with PIN1 (to �65.3% � 2.08%) (13) (Fig. 5B), also reduced
binding to either the NT (to �73.5% � 3.34% that of wild-type protein) or ED (to
�56.2% � 3.9% that of wild-type protein) (Fig. 7B). Endogenously, pT58 showed
higher-affinity binding to EYA1 (Fig. 7C). Although binding is not equivalent to activity,
these results demonstrate that both domains of EYA1 bind to the pT58 region in the
Myc protein. The inhibition of EYA1 activity by addition of PIN1 could be partially due
to substrate-binding competition between EYA1 and PIN1, which in turn may reduce
EYA1 activity in dephosphorylating pT58-Myc. Nonetheless, our results suggest that
EYA1 belongs to a class of threonine phosphatases that is different from PP2A, whose
activity is enhanced by PIN1.

Depletion of EYA1 causes Myc destabilization and impairs cell cycle progres-
sion in human breast cancer. EYA has cancer-promoting activity, and EYA1’s phos-
phatase function is essential for breast cancer cell proliferation by maintaining cyclin D1
(19). Myc is known to be accumulated in �70% of human cancers, and a recent study
reported that Myc protein stability is also increased in breast cancer, which is associated
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with decreased pT58 levels (20). However, how pT58 levels and Myc stability are
regulated in breast cancer remains largely unclear. We therefore investigated EYA1’s
phosphatase activity on Myc stability and pT58 levels in the human breast cancer cell
line MDA-MB-231, in which both EYA1 and Myc are overexpressed (19, 20). We used
two distinct sets of EYA1 shRNAs (shEYA1), each of which encoded a mix of four

FIG 6 Effect of PIN1 on EYA1-mediated dephosphorylation of Myc. (A) (Top) In vitro phosphatase assay of pT58-Myc wild-type
peptide in the absence or presence of PIN1. (Bottom) Quantification of EYA1’s threonine phosphatase activity and comparison
between EYA1 alone and EYA1 together with PIN1. Addition of PIN1 reduced EYA1 activity to 83.1% � 1.84% of its activity
without PIN1. The experiment was performed in triplicate and repeated three times, and the data were reproducible. The error
bars represent SD; the P value (�0.001) was calculated using StatView t tests. (B) PIN1 decreases EYA1-mediated Myc
dephosphorylation. (Top) EYA1 dephosphorylates Myc at T58. Either BSA or PIN1 was added in the absence or presence of
EYA1. (Bottom) Relative dephosphorylation ratios of pT58 (left) and pS62 (right) according to the quantification of Western blot
data. (C) Western blot analysis. His-cMyc alone or together with Flag-Pin1 was transfected into 293 cells or Flag-Eya1-transfected
stable 293 cells, and 40 h posttransfection, the cells were treated with cycloheximide (CHX) for different times before harvest.
t1/2, half-life of cMyc. (D) Western blot analysis. His-cMyc or the His-P59A mutant was transfected into 293 cells or Flag-Eya1-
overexpressing stable 293 cells cells, and 40 h posttransfection, the cells were treated with CHX for different times before
harvest. t1/2, half-life of cMyc. Anti-pT58 failed to detect the phosphorylated-T58-P59A mutant protein. The arrow indicates the
cMyc products with higher molecular weights in the P59A-transfected cells.
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shEYA1s, to transfect the MDA-MB-231 cells and established stable cell lines (shEYA1-
MDA-MB-231 cells) through puromycin drug selection (see Materials and Methods).
Control scramble shRNA-MDA-MB-231 stable cell lines were similarly established. West-
ern and quantification analyses confirmed that EYA1 in the shEYA1-KD MDA-MB-231
cells was depleted to 21% � 5.6% of those in control shRNA-MDA-MB-231 cells (Fig.
8A). Depletion of EYA1 decreased Myc (40.3% � 2.4%) and cyclin D1 (40.8% � 1.1%)
levels but increased pT58 levels (194.7% � 6.0%) compared to those in the control
shRNA-MDA-MB-231 cells (Fig. 8A). In contrast, knockdown (KD) of EYA1 also slightly
reduced pS62 levels (78.1% � 9.7%). The shEya1-KD MDA-MB-231 cells showed an
increase in the doubling time (Fig. 8B) and a reduced number of cycling cells and
half-life of cMyc (Fig. 8B and C). Similar results were observed in mouse embryonic
fibroblasts (MEFs) isolated from Eya1-null embryos (Fig. 9). The shEYA1-KD MDA-MB-231
cells released from mitotic arrest with nocodazole into medium progressed from G1 to
S but did so somewhat incompletely or more slowly than control cells, and a certain
population of the cells appeared to be arrested in G2/M phase (Fig. 8D). Collectively,
these data identify an important mode of EYA1 in regulating Myc stability and cell
growth in human breast cancer.

Inhibition of cMyc ubiquitination and interaction with FBW7 in the presence of
EYA1. There is substantial evidence that T58 phosphorylation-dependent degradation
of cMyc is mediated by the F-box protein FBW7, a component of the SCFFBW7 ubiquitin
ligase and a tumor suppressor (13, 21, 22). To test the role of EYA1 in FBW7-mediated
cMyc degradation, we investigated whether EYA1 affects cMyc-FBW7 interaction and
cMyc ubiquitination. HA-Ub alone or together with His-cMyc was transfected into 293
cells or Eya1-overexpressing stable 293 cells (23), and cell lysates were immunoprecipi-
tated (IP) using anti-cMyc beads. Consistent with our previous observation that EYA1
physically interacts with and stabilizes cMyc through dephosphorylation at T58 (Fig. 6

FIG 7 EYA1 does not interact with PIN1 but interacts with cMyc, and the T58A mutation affects Myc
interaction with EYA1. (A) CoIP analysis of cell lysates from HEK293 cells transfected with the indicated
plasmids. GFP, green fluorescent protein. (B) (Left) CoIP analysis of T58 phosphorylation on EYA1-Myc
binding. PIN1 was used as a control. (Right) Ratios of immunoprecipitated/input Myc (left y axis) and
T58A (right axis) were quantified from three independent experiments. The error bars represent SD, and
P values were calculated using StatView t tests. (C) CoIP analysis. Lysates from cells transfected with
Flag-Pin1 and His-cMyc or His-T58A, Flag-Eya1ED/His-cMyc or His-T58A, Flag-Eya1NT/His-cMyc or His-T58A,
or Flag-Eya1/His-cMyc or His-T58A were precipitated with anti-Flag and detected using anti-His for
His-cMyc or -T58A and anti-Flag for Flag-PIN1, -EYA1, -ED, or NT on Western blots. Inputs, 5% of the
amount used for IP.
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FIG 8 EYA1 regulates Myc stability in breast cancer. (A) Western blot of cell lysates from passage 3
scramble shRNA- or shEya1-transfected MDA-MB-231 (left) and quantification (right). Protein levels in
MDA-MB-231 cells transfected with scramble shRNA were set to 100%. P values were calculated using
StatView t tests. (B) (Left) Graphic representation of cell numbers determined on the indicated days. The
numbers were consistent in triplicate, and averages are shown. (Right) FACS analysis of cells at day 4. (C)
Western blot of cells treated with CHX for different times. t1/2, half-life of cMyc. (D) Flow cytometry of
scramble shRNA- or shEYA1-MDA-MB-231 cells released into medium from G2/M arrest by nocoda-
zole and Western blot of cell lysates with anti-cyclin A and �-actin as a loading control. The error
bars indicate SD.
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and 7) (9), EYA1 increased the levels of cMyc but reduced the levels of pT58-cMyc in
both input and IP samples (Fig. 10). While EYA1 was abundantly coprecipitated by cMyc
in cMyc-transfected cells, weak EYA1 was also coprecipitated by endogenous cMyc in
non-His-cMyc-transfected 293 cells (Fig. 7C and 10A). As reported previously (13, 21, 22),
cMyc efficiently coprecipitated endogenous FBW7 (Fig. 10A). Interestingly, in correla-
tion with the reduction of pT58 levels, EYA1 greatly decreased the amount of endog-
enous FBW7 coprecipitated by cMyc and reduced cMyc ubiquitination (Fig. 10A). These
data are in agreement with the previous finding that phospho-T58-cMyc binds to FBW7,
which promotes cMyc ubiquitination and subsequent degradation. When lysates of
cells expressing cMyc or EYA1 alone, or both, were immunoprecipitated using anti-
Flag-EYA1, cMyc and endogenous FBW7 were also coprecipitated (Fig. 10B), suggesting
that FBW7 and EYA1 form a complex in vivo, consistent with the report that FBW7 binds
to EYA1 in vivo (24). In sum, these results suggest that EYA1 regulates cMyc stability by
affecting the degradation machinery through binding to cMyc and regulation of the
phospho-T58-Myc levels, which in turn impairs the recruitment of FBW7 to cMyc,
subsequently leading to reduced ubiquitination of Myc.

DISCUSSION

EYA was initially reported to possess both tyrosine and threonine/serine phos-
phatase activities, and the serine/threonine phosphatase activity was assigned to the
C-terminal haloacid dehalogenase ED of EYA based on the existence of the conserved
motifs that are found in the aspartate-based phosphoserine/threonine phosphatase
family (7). However, the previous studies did not provide direct experimental evidence
demonstrating that the ED acts as a Ser/Thr phosphatase, as they assayed only the
full-length EYA protein. In contrast, the ED alone is generally accepted to be a tyrosine
phosphatase, as the D327N mutation abolishes EYA’s tyrosine phosphatase activity

FIG 9 EYA1 regulates Myc stability in MEFs. (A) Western blot of cell lysates from wild-type (�/�) and
Eya1�/� MEFs at passage 2. (B) Quantification of Western blot in panel A. The error bars represent SD,
and the P values were calculated using StatView t tests. (C) (Left) Graphic representation of wild-type and
Eya1�/� MEFs from passage 3 on the indicated days. Eya1�/� MEFs stopping growing at passage 3; 2 �
105 cells were plated in a 60-mm plate (in triplicate) and were counted after each day of growth for 4
days. The numbers were consistent in triplicate, and averages are shown. (Right) Flow cytometry analysis
of wild-type and Eya1�/� MEFs at passages 1, 2, and 3. (D) Western blot analysis of cell lysates from
passage 2 wild-type or Eya1�/� MEFs collected at the indicated time points after treatment with CHX. The
cells were starved in low serum for 3 days before treatment with CHX. t(1/2), half-life of cMyc.
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(1, 5, 8). A recent follow-up study from another group that specifically characterized the
catalytic activities of the NT or ED of EYA4, another member of the EYA family, led to
the conclusion that the NT of EYA4 has threonine phosphatase activity but the ED of
EYA4 has only tyrosine phosphatase activity (8). The catalytic motif for EYA4’s threonine
phosphatase activity was mapped to a set of four conserved tyrosine residues (Y4) in
the NT, since replacement of the four tyrosine residues with alanine (Y4A) in the
full-length protein abolished EYA4’s threonine phosphatase activity (8). In this study, we
showed that the NT alone has only threonine phosphatase activity and the ED alone is

FIG 10 EYA1 affects cMyc-FBW7 binding and cMyc ubiquitination. (A) The physical interaction between
cMyc and FBW7 is reduced in the presence of EYA1. For coIP analysis, lysates from 293 cells (lanes 1 and
3) or Flag-Eya1-overexpressing stable 293 cells (lanes 2 and 4) transfected with HA-Ub alone or together
with His-cMyc were immunoprecipitated with anti-cMyc beads and analyzed by Western blotting with
anti-FBW7, -cMyc, -pT58, -HA, -Flag, or -�-actin. Input, 5% of the amount used for IP. (B) CoIP analysis.
Lysates from 293 cells (lane 1) or Flag-Eya1-overexpressing stable 293 cells (lanes 2 to 4) transfected with
HA-Ub alone or together with His-cMyc or the His-P59A mutant were immunoprecipitated with anti-Flag
M2 beads and analyzed on Western blots with anti-FBW7, -cMyc, or -Flag. Input, 5% of the amount used
for IP.
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a dual-specificity phosphatase, but both domains interact with substrates to coopera-
tively regulate EYA1’s phosphatase activity.

In contrast to EYA4, replacement of the set of four conserved tyrosine residues with
alanine (Y4A) did not completely block EYA1’s threonine phosphatase activity when
full-length protein was used for the assay. This discrepancy could be due to different
phosphothreonine peptides used in the two different studies and the structural diver-
gence of the NT domains between these two family members, as we found that EYA1
shows striking conformation specificity for its substrates and the overall similarity of the
NT domains between EYA1 and EYA4 is only 54.5%. Our observation that the Y4A
mutation in the NT of full-length EYA1 led to a decrease in EYA1’s threonine phospha-
tase activity in dephosphorylating pT58 suggests that EYA1 is likely to contain a
regulatory residue(s) other than Y4 to increase its threonine phosphatase activity. Given
that the Y4A mutation in the NT alone almost abolished the NT’s threonine phospha-
tase activity, the additional residue(s) important for EYA1’s threonine phosphatase
activity is likely to be located in the ED. In support of this conclusion, we found that the
ED alone also has threonine phosphatase activity and is a dual-specificity phosphatase
domain, as discussed below.

When the C-terminal haloacid dehalogenase ED of EYA1 alone was assayed, in
addition to tyrosine phosphatase activity, the domain also possessed threonine phos-
phatase activity. This is consistent with the structural feature of the domain, which
shares the signature catalytic motifs of the serine/threonine protein phosphatase family
(7). While it is clear that the ED acts as a catalytic domain for EYA1’s tyrosine phos-
phatase activity, as demonstrated by multiple groups, the NT is likely to contain a
regulatory residue(s) that may increase binding of EYA1 to its phosphotyrosine sub-
strates, as the ED alone acts more weakly as a tyrosine phosphatase than the full-length
EYA1 (Fig. 1 and 3). However, both domains can bind to the Myc protein, and either
domain alone possesses an active site(s) for threonine phosphatase catalysis and
substrate binding. Since the D327N mutation in the ED alone still retains some
threonine phosphatase activity, there is likely another active/regulatory residue(s) in the
ED for catalytic binding of EYA1 to the phosphothreonine-Myc substrate. Given the
existence of another signature motif, CXXXXXR (aa 418 to 424), conserved in dual-
specificity phosphatases (25–27), it is plausible that the motif may also contribute to
EYA1’s threonine phosphatase activity. Nonetheless, both the ED and NT appear to
interact with substrates to cooperatively increase catalytic binding of EYA1 to regulate
EYA1’s threonine phosphatase activity, as either domain alone had weaker threonine
phosphatase activity.

In contrast to its tyrosine or threonine phosphatase activity, EYA1 is much weaker as
a serine phosphatase (Fig. 1) (8), and serine is the predominant target for phosphory-
lation in eukaryotic cells (7, 28). Thus, EYA may represent a new subgroup of dual-
specificity phosphatases. Our results, combined with the recent observation that the NT
of EYA possesses threonine phosphatase activity in cytoplasm (8), indicate a critical
function as a threonine phosphatase in cells. We speculate that EYA may select its
substrates for catalytic binding via multiple different sites in either domain to cross talk
with diverse intracellular pathways in distinct cellular compartments to transduce
signals promoting survival and growth. This also explains why the ED was previously
reported to have no threonine phosphatase activity (8). EYA1 is a transcriptional
coactivator, and it interacts with DNA-binding proteins and chromatin regulators to
regulate gene expression (29–31). Therefore, it is also possible that EYA1 ensures
specificity in cell signaling through association with other interacting proteins. Future
studies on isolating physiological substrates and interacting proteins and characterizing
enzyme-substrate specificity and regulation of EYA activity are necessary to better
understand how EYA could serve multiple functions in response to the formation of a
wide variety of distinct complexes in distinct cellular processes.

Our results, together with previous studies, indicate that PP2A and EYA1 are critical
in regulating Myc turnover, but with distinct substrate conformation specificities. EYA1
has much weaker activity on pT58-P Myc wild-type peptide than on pT58-P59A mutant
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peptide. Our NMR analysis suggests a potential role of EYA1 in selective recognition of
substrates, as the P59A mutation causes pronounced local backbone conformational
changes at pT58 from anti (�97% of the wild-type peptide) to syn (�73% of the mutant
peptide), resulting in markedly increased dephosphorylation by EYA1 (Fig. 5). This
conformation preference of EYA1 in dephosphorylating Myc also explains previous
observations that the ED of EYA4 does not possess threonine phosphatase activity
when assayed on different peptides or that full-length EYA has weaker phosphatase
activity than the NT or ED alone (1, 3, 8).

We found that EYA1-dependent dephosphorylation on T58 or EYA1-mediated sta-
bilization of Myc was inhibited by PIN1, which is known to enhance PP2A’s activity in
dephosphorylating Myc (12, 13). PP2A is functionally inactivated in many cancers, and
it is considered a tumor suppressor (32). In contrast, EYA has cancer-promoting activity,
including sustained proliferative signaling, resistance to cell death, angiogenesis, me-
tastasis, and replicative immortality, and is overexpressed in many cancers (19, 33–35).
Our observation that depletion of Eya1 by shRNAs (�80% loss) in human MDA-MB-231
breast cancer cells results in destabilization of Myc (�40% of that in control cells) and
accumulation of pT58-Myc (�194% of that in control cells) suggests a novel mechanism
regulating Myc stability and pT58 levels. In contrast to the increased pT58 levels, pS62
levels are only slightly reduced in EYA1 shRNA-KD MDA-MB-231 cells (�15% reduction
compared to the scramble shRNA control cells) (Fig. 8A). This is consistent with the
observation that EYA1 does not appear to dephosphorylate Myc at S62 (Fig. 6B) (9).
Since Myc is known to regulate many cellular activities important for tumorigenesis,
destabilization of Myc by depletion of EYA1 in breast cancer cells might in turn
contribute to reduced cyclin D1 levels, an increase in the doubling time, and growth
arrest (Fig. 8). Deletion of Eya1 has similar effects on MEFs (Fig. 9). These results are in
agreement with previous reports showing that the Myc dosage is critical for normal cell
cycle progression (36).

The cMyc protein is targeted for degradation by FBW7 subsequent to phosphory-
lation (21, 22). Phosphorylation of cMyc at T58 by GSK3 during mitogenic response (37,
38) regulates binding of FBW7 to cMyc, as well as FBW7-mediated cMyc degradation
and ubiquitination (22, 39). In agreement with this, we found that in correlation with
EYA1-mediated cMyc stabilization and reduced levels of pT58, EYA1 greatly reduced
cMyc-FBW7 binding and cMyc ubiquitination (Fig. 10). It is therefore likely that EYA1
may act to affect the FBW7-mediated cMyc degradation machinery to exert its onco-
genic activity. In conclusion, our findings reported here provide novel insight into how
EYA1 as a threonine phosphatase acts to regulate Myc stability in breast cancer cells.
EYA1 may also selectively discriminate its substrates through its conformational spec-
ificity to regulate Myc stability in cell growth. Subtle quantitative differences in sub-
strate conformation and in activities of phosphatases and kinases may be crucial for
maintaining cell homeostasis in normal development, and deregulation of this balance
may lead to unrestrained proliferation or growth arrest. EYA may also exert its onco-
genic activity by counteracting PP2A. Given that Myc is stabilized in �70% of human
cancers, this EYA-mediated mechanism is a potential therapeutic target for cancer.

MATERIALS AND METHODS
Constructs, peptides, and shRNAs. His-C-Myc was from Addgene (ID45597), His-C-MycT58A was

from Addgene (ID45598), Flag-Pin1 was from R. C. Sears, and Flag-cMyc and Flag-cMycT58A were from
A. M. Kenney. HA-Flag-Eya1D327N, HA-Flag-Eya1, Flag-Eya1, Flag-Eya1NT, and Flag-Eya1ED were con-
structed in our laboratory. HA-Flag-Eya1-Y4A, HA-Flag-Eya1-Y4AD32N7, Flag-Eya1NT-Y4A, and Flag-
Eya1ED-D327N were generated by site-directed mutagenesis using the QuikChange Lightning kit (catalog
no. 210515; Agilent Technologies) according to the manufacturer’s instructions and confirmed by
sequencing.

The peptides were custom synthesized by Biomatik. All the peptides were purified by high-
performance liquid chromatography (HPLC), and the amino acid sequences were confirmed by amino
acid analysis and mass spectroscopy. The purity of each peptide was greater than 95%.

shRNA expression plasmids for human EYA1 in a pRFP-C-RS vector and its control scramble shRNA
were purchased from OriGene (TR304716). They have been tested in multiple cell lines and were able to
effectively deplete EYA1 (23). Target sequences for the Eya1 shRNAs were as follows: 1, 5=-CCAGCATTG
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GCGAAAGTCCTGCTGTATGG-3=; 2, 5=-ATCTGGCATCACCAGCCAAGCAGTTACAG-3=; 3, 5=-CACCATGCCTTG
GAACTGGAGTACCTGTA-3=; 4, 5=-GCAACAAGCTACAGCCTATGCCACGTACC-3=.

We also used four EYA1 shRNAs (HSH005041-31-34-LVRU6GP) and control scramble shRNA
(CSHCTR001-LVRU6GP) from Genecopoeia for knockdown experiments and obtained similar data.

Protein purification. The Flag-tagged proteins were purified using anti-FLAG M2 affinity gel (A2220;
Sigma) according the manufacturer’s instructions. Briefly, the cells were lysed by incubating them for 1
h at 4°C in 50 mM Tris-HCl (pH 7.5) containing 150 mM NaCl, 1% Triton X-100, 5 mM EDTA, and 1�
protease and phosphatase inhibitor cocktail (78440; Thermo Scientific). After removing the cell debris by
centrifugation at 12,000 rpm for 10 min at 4°C, the cell extracts were affinity purified with anti-FLAG M2
affinity gel and the protein was eluted with 50 mM Tris-HCl buffer (pH 7.5) containing 150 �g/ml 3�
FLAG peptide (F4799; Sigma), 150 mM NaCl, and 10% glycerol. The purified proteins were confirmed by
the standard Coomassie staining method.

In vitro phosphatase assay. For peptide assays, �75 ng, 150 ng, and 300 ng of purified FLAG-EYA1
or its mutant proteins was incubated in a final volume of 50 �l with different concentrations of peptide
(for most of them, 400 �M, unless otherwise specified) in a buffer containing 50 mM Tris-HCl (pH 7.5),
25 mM MgCl2, 0.5 mM EDTA, 1 mM dithiothreitol (DTT) at 37°C for 90 min. The reactions were stopped
by addition of 100 �l Biomol green reagent (BML-AK111; Enzo Life Science). After �30 min incubation
at room temperature, the released phosphate was quantified by measuring the optical density at 620 nm
(OD620) on a microtiter plate reader (Spectra Max250; Molecular Devices).

NMR study. The Myc peptide sample (1 to 2 mM) was prepared in a phosphate-buffered saline (PBS)
buffer, pH 7.4, with 1% deuterated dimethyl sulfoxide (DMSO). All one-dimensional proton (1H) and
two-dimensional 1H-13C heteronuclear single quantum coherence (HSQC) NMR spectra were collected at
25°C on a 500-MHz NMR spectrometer.

Computational study of the Myc peptides. We performed computational molecular modeling
analysis for three Myc peptides comprising residues ELLP-T-PPLSP, among which the peptide contains
either a nonphosphorylated T5 (T58; WT), phosphorylated T5 (pT or pT58), or phosphorylated T5 and
P6-to-Ala mutation (pTA or pT58P59A).

MD simulations. The three linear peptides were built using the LEaP module within the AMBER (40)
program. We performed a 1-�s MD simulation for each peptide. During the MD simulations, the titratable
side chain carboxylic acid of the E residue was treated as polar negatively charged. The all-atom
AMBER99SB force field (40) was used in all calculations. The three systems were initially minimized using
the steepest descent and conjugates gradients methods to remove all the possible unfavorable inter-
actions from the built peptide models. Then, by using a simulated annealing protocol, the systems were
heated from 0 K to 3,000 K and then cooled slowly to 300 K. They were heated to 3,000 K for 150 ps with
a temperature coupling parameter of 0.2 ps, cooled down slowly for 250 ps with a temperature coupling
parameter of 4.0 ps, cooled down faster for another 200 ps with a temperature coupling parameter of
1.0 ps, then cooled down much faster for another 25 ps with a temperature coupling parameter of 0.5
ps, and finally cooled down even faster for another 50 ps with a temperature coupling parameter of 0.05
ps. A large nonbonded cutoff of 999 Å was used, since a nonperiodic boundary unit cell simulation was
run. The generalized Born model was used to estimate the total solvation free energy of the three
peptides. The maximum distance between atom pairs that were considered to carry out the pairwise
summation involved in calculating the effective Born radii was set to a cutoff of 999 Å. This cutoff was
sufficiently large never to truncate any of our nonbonded interactions during the simulation. The
production MD simulation was carried out using the NVT (i.e., constant number of particles, volume, and
temperature) ensemble. In the production stage, the temperature was maintained using the Langevin
dynamics with a collision frequency of 5.0. The lengths of all bonds involving hydrogen atoms were kept
fixed with the SHAKE algorithm (41). The pressure was not controlled or scaled. The equations of motion
were integrated with a time step of 2 fs. The coordinates were saved every 5 ps. All MD simulations and
analyses were performed using the AMBER (40) and Simulaid programs (42). Physiological conditions of
0.15 M concentration were kept during the minimization, the simulated annealing, and the MD
production simulations.

Antibodies. The antibodies used were as follows: anti-EYA1 (42-258; ProSci Inc.), anti-FLAG (F3165;
Sigma), anti-His (SAB1306085; Sigma), antihemagglutinin (anti-HA) (H3663; Sigma), anti-cMyc (sc-40 or
sc-764; Santa Cruz), anti-cMyc–agarose beads for IP (sc-40 AC; Santa Cruz), anti-phospho-T58 cMyc
(sc-135647; Santa Cruz), anti-phospho-S62 cMyc (ab51156; Abcam), anti-cyclin D1 (sc-753; Santa Cruz),
anti-cyclin A (sc-751; Santa Cruz), anti-FBW7 (ab109617; Abcam), anti-pH 3 (sc-8656R; Santa Cruz),
anti-�H2AX (clone N1-431; BD Biosciences), anti-p27Kip1 (610242; BD Biosciences), anti-�-actin (sc-47778;
Santa Cruz), and normal rabbit IgG (sc-2763; Santa Cruz).

Analysis of PIN1 on EYA1-mediated dephosphorylation. Purified cMyc was incubated with �300
ng purified EYA1 in the same buffer used for the peptide assay. About 0.5 �M purified PIN1 was added
to the samples, as indicated, and a similar amount of BSA was used as a control. The reaction was carried
out at 30°C for different times, as indicated. The reaction samples were analyzed by Western blotting in
triplicate and detected with anti-pT58, anti-pS62, and anti-Myc antibodies, respectively.

Cell culture, transfection, coIP, and Western blotting. 293 cells or Flag-Eya1-transfected stable 293
cells that stably express Flag-EYA1 (23) were cultured in normal Dulbecco’s modified Eagle’s medium
(DMEM) with 10% fetal bovine serum (FBS) and transfected using the calcium phosphate method. For
coimmunoprecipitation, cells were lysed in 20 mM Tris-HCl (pH 7.5), 137 mM NaCl, 0.5% Triton, 2 mM
EDTA, 10% glycerol, and 1� protease and phosphatase inhibitors at 4°C for 1 h. After removal of cell
debris by centrifugation, the lysates were suspended in IP buffer (20 mM Tris-HCl, pH 7.5, 50 mM KCl, 1.25
mM MgCl2, 0.17 mM EDTA, and 10% glycerol) and immunoprecipitated with anti-FLAG M2 beads or
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antibodies overnight. The protein A or A/G beads were added if antibodies were used for IP, and IgG was
used as a negative control. The immunoprecipitated proteins were separated by SDS-PAGE and analyzed
by Western blotting.

Cell growth analysis of scramble shRNA (shControl)- or shEYA1-transfected MDA-MB-231 cells
and wild-type and Eya1�/� MEFs. For scramble shRNA- or shEYA1-transfected MDA-MB-231 cells, 2 days
after transfection, the cells were selected with puromycin to remove nontransfected cells and then
amplified. Passage 3 after selection was used for analysis.

To isolate MEFs from mouse embryos, the liver, heart, and head were removed from the embryo, and
the remaining embryo was digested with 0.25% trypsin in 2.21 mM EDTA to isolate single-cell suspen-
sions of MEFs using standard procedures. All procedures involving living mice were approved by the
Animal Care and Use Committee at the Icahn School of Medicine at Mount Sinai (06-822).

To measure cell growth speed, cells were trypsinized, and then 2 � 105 cells were replated in a
60-mm plate (in triplicate) and fed with DMEM containing 10% FBS. Following each day of growth at 37°C
and 5% CO2, we counted the cells for 4 days.

Cycloheximide treatment and cell synchronization. shControl- or shEYA1-transfected MDA-MB-
231, wild-type, or Eya1�/� MEFs were grown in normal DMEM with 10% FBS. Scramble shRNA- or
shEYA1-transfected MDA-MB-231 cells were treated with 100 �g/ml cycloheximide and harvested at the
indicated time points for Western blot analysis. For wild-type and Eya1�/� MEFs, the cells were starved
in DMEM with 0.1% FBS for 48 to 72 h before treating with cycloheximide (13).

MDA-MB-231 cells were synchronized with 100 ng/ml nocodazole for 16 h. Then, the roundup cells
(defined as M phase cells) were collected by mechanical shake-off, released into fresh medium, and
harvested at the indicated time points.

Flow cytometry assays of cell cycle distribution. Analysis of the cell cycle profile was performed by
flow cytometry. Nocodazole-treated cells, after release into medium at different time points, were harvested,
fixed in 70% ethanol, washed with PBS, and then treated with propidium iodide (PI) staining solution (0.1%
[vol/vol] Triton X-100, 10 �g/ml PI, and 100 �g/ml DNase-free RNase A in PBS). The stained cells were then
subjected to flow cytometry. The cell cycle distribution was analyzed with Flow Jo software.

Quantitative real-time RT-PCR (RT-qPCR). Total RNA was isolated from MDA-MB-231 cells, HEK293
cells, or MEFs with TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. A QuantiTect
reverse transcription (RT) kit (Qiagen) was used to synthesize first-strand cDNA from a total RNA
template. Quantitative PCR was performed using a StepOnePlus PCR system and SYBR green detector
(Qiagen). Normalization was performed using specific amplification of �-actin, and PCRs were performed in
triplicate for each biological-duplicate experiment. The relative amounts of mRNA were calculated using the
comparative threshold cycle (CT) method. The following primers were used: hEYA1, 5=-TTTCAACTTGGCAG
ACACACA-3= and 5=-ATGTGCTTAGGTCCTGTCCG-3=; h�-actin, 5=-GCACAGAGCCTCGCCTT-3= and 5=-GTTG
TCGACGACGAGCG-3=; mC-Myc, 5=-ACGCTTGGCGGGAAAAAGAAG-3= and 5=-TGATGTTGGGTCAGTCGCAG
G-3=; m�-actin, 5=-AACGGCTCCGGCATGTGCAAAG-3= and 5=-ACACGCAGCTCATTGTAGAAG-3=.
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