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Differential phosphorylation of transcription factors by signal
transduction pathways play an important role in regulation of
gene expression and functions. ESE-1 is an epithelium-specific
ETS transcription factor that transforms human breast epithelial cells through a serine- and aspartic acid-rich domain (SAR)
by an unknown cytoplasmic mechanism. Here we found that a
signaling kinase, p21-activated kinase-1 (Pak1), interacts with
and phosphorylates ESE-1. Interestingly, Pak1 selectively phosphorylates ESE-1 at Ser207, which is located within the SAR
domain. A S207A substitution in ESE-1 reduced its ability to
transform breast cancer cells. We also found that ESE-1 is a
labile protein and by interacting with F-box-binding protein
␤-TrCP, undergoes ubiquitin-dependent proteolysis. Intriguingly, Pak1 phosphorylation inactive mutant ESE1-S207A is
more unstable than either wild-type ESE-1 or its Pak1 phosphorylation mimetic mutant, i.e. ESE1-S207E. These findings provide novel insights into the mechanism of transformation
potential of ESE-1 and discovered that ESE-1 functions are coordinately regulated by Pak1 phosphorylation and ␤-TrCPdependent ubiquitin-proteasome pathways.

The ETS family of transcription factors plays critical roles in
the normal and pathologic processes important for growth and
development (1). In addition to regulating cell proliferation,
differentiation, apoptosis, migration, and epithelial mesenchymal transitions during normal development, ETS proteins,
when their levels and activity are deregulated, also contribute to
the initiation and progression of human cancers (2– 4). In general, ETS family transcription factors are defined by a highly
conserved 85-amino acid motif called the ETS domain that
binds to a core recognition sequence (GGA(A/T)) located on
promoters of their target genes (5). The epithelium-specific
ETS (ESE) family, which is part of the ETS family and includes
ESE-1, ESE-2, ESE-3, and PDEF, has been implicated in epithelial cell differentiation (6).
ESE-1 (also known as ERT, Jen, ESX, or Elf3) was initially
identified as a regulator of epithelial cell differentiation because

of its ability to regulate expression of epithelial cell markers in
keratinocytes (7, 8), bronchial (9), and retina (10). As a transcription factor, ESE-1 regulates a variety of genes, such as
HER-2 in breast epithelial cells (11), MIP3␣ in colon (12), and
transforming growth factor-␤ type II receptor (13). ESE-1 also
regulates genes involved in inflammation, such as angiopoietin-1 and cyclooxygenase-2 (14, 15). Interestingly, the HER-2mediated pathway regulates ESE-1 expression, and ESE-1 regulates HER-2 expression by binding at the HER-2 promoter (11,
16). Accumulating evidence suggests that overexpression of
several ETS genes, including PEA3, ESE-1, ETS-1, and plateletderived growth factor, is associated with breast cancer (17).
Recent reports suggest that ESE-1 transforms human breast
epithelial MCF12A cells through the serine- and aspartic acidrich (SAR)2 domain by an unknown cytoplasmic mechanism
(18). Furthermore, overexpression of ESE-1 in MCF12A cells
confers a motile phenotype to these cells similar to Rho, Rac
and Cdc42 GTPases displayed motile phototypes (19).
In general, unstable eukaryotic proteins are encoded by short
destruction sequences called “degrons,” including the PEST
domain, DSGXXG motif, which can be recognized and targeted
for ubiquitin proteolysis (20, 21). The Skp1/Cul1/F-box protein
(SCF) complex E3-ubiquitin ligase targets many proteins for
proteolysis in diverse cellular context (22). ␤-TrCP, a WD40
repeat-containing F-box protein of SCF␤-TrCP, recognizes the
doubly phosphorylated DSG motif (DpSGXpS, where  represents a hydrophobic amino acid and X represents any amino
acid) in various SCF␤-TrCP target proteins (23). The phosphoserine residues within the DSG motif are essential for target
proteins to interact with ␤-TrCP (22). Although ETS transcription factors are unstable proteins with short half-lives, the
molecular mechanisms underlying the degradation of ETS proteins and the influence of phosphorylation on this process
remain elusive (24).
In recent years, it has become increasingly evident that ETS
transcription factors are targets of signaling pathways (25, 26).
In particular, the MAPK pathway has been intimately linked
with diverse regulatory events involving ETS-domain proteins
(25). Phosphorylation of ETS proteins at particular serine or
threonine residues has been shown to affect their transactiva-
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tion potential, DNA binding activity, interaction with coregulatory partners, or subcellular localization (2). In brief, signaling
pathways may regulate the activity and functions of ETS proteins in an important manner.
p21-activated kinase 1 (Pak1), an evolutionary conserved
family of serine/threonine kinases, was initially identified as an
effector of Rac1 and Cdc42, and as being involved in formation
of lamellipodia and membrane ruffles and required for cell
motility (27–30). It has been shown that expression of a catalytically active Pak1 mutant stimulates anchorage-independent
growth of breast cancer cells (31). Recent findings suggest that
Pak1 promotes the process of tumorigenesis by phosphorylating DLC1 (30, 32) and epithelial to mesenchymal transition
by phosphorylating Snail (33). Furthermore, Pak1 hyperactivation is sufficient for tumor formation in the murine mammary
gland (34). Because ESE-1 and Pak1 exhibit overlapping functions such as cell motility, epithelial mesenchymal transitions,
and tumorigenesis, and because the mechanism of ESE-1-mediated transformation remains unknown, here we investigated
the possibilities that Pak1 is an upstream kinase of ESE-1 and
that Pak1 phosphorylation of ESE-1 regulates the stability and
transforming ability of ESE-1.

EXPERIMENTAL PROCEDURES
Plasmid Construction—The following plasmids were constructed for expressing glutathione S-transferase (GST) fusion
proteins in Escherichia coli DE3. pGST-ESE-1 (encoding GSTESE-1; ESE-1 amino acids 1–371), pED1 (encoding GST-ESE1-(1–159); ESE-1 amino acids 1–159), pED2 (encoding GSTESE-1-(128 –159); ESE-1 amino acids 128 –159)), pED3
(encoding GST-ESE-1-(274 –371); ESE-1 amino acids 274 –
371), pED4 (encoding GST-ESE-1-(159 –371); ESE-1 amino
acids 159 –371), and pED5 (encoding GST-ESE-1-(1–259);
ESE-1 amino acids 1–259) were constructed by inserting a
EcoRI-NotI-cleaved PCR-derived fragment, using pCGN2ESX as a template, to the same sites of pGEX5X1 (Amersham
Biosciences). pGST-ESE1-S207A (encoding serine 207 to the
alanine mutant of GST-ESE-1) and pGST-ESE1-S254A (encoding serine 254 to the alanine mutant of GST-ESE-1) with sitedirected mutations at the indicated amino acids were mutated
by site-directed mutagenesis using a QuikChange mutagenesis
kit (Stratagene).
The following plasmids were constructed for use in mammalian cell transfections. T7-tagged ESE-1 (encoding T7-ESE-1;
ESE-1 amino acids 1–371) was constructed by inserting a
EcoRI-NotI-cleaved PCR-derived fragment into the same sites
of pcDNA3.1C (Invitrogen). pcDNA-ESE1-S207A (encoding
the serine 207 to alanine mutant of T7-ESE-1) and
pcDNA-ESE1-S207E (encoding serine 207 to the aspartic acid
mutant of T7-ESE-1) were derived from pcDNA-ESE-1, with
site-directed mutations at the indicated amino acids by sitedirected mutagenesis using a QuikChange mutagenesis kit
(Stratagene).
Cell Culture and Reagents—Human breast cancer cell lines
MCF-7 and ZR75 were obtained from the American Type Culture Collection (Manassas, VA) and were maintained in a 1:1
mixture of Dulbecco’s modified Eagle’s medium and F-12
medium supplemented with 10% fetal calf serum. MCF12A
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human breast epithelial cells (American Type Culture Collection) were maintained in Ham’s F-12/Dulbecco’s modified
Eagle’s medium containing 100 ng/ml cholera toxin (Invitrogen), 0.5 g/ml hydrocortisone (Sigma), 10 g/ml bovine insulin (Sigma), 20 ng/ml epidermal growth factor (Sigma), and 5%
horse serum (Invitrogen). Polyclonal ESE-1 antibody was
obtained from Abcam, MA. Mouse antibody against T7 was
purchased from Novagen (Madison, WI), and rabbit antibody
against T7 was purchased from Bethyl Lab (Montgomery, TX).
Vinculin antibody was purchased from Sigma. Antibody
against Pak1 was purchased from Cell Signaling Technology
(Beverly, MA).
In Vitro Pak1 Kinase Assay—Using GST-ESE-1 fusion protein as a substrate and bacterially purified GST-Pak1 as an
enzyme, we performed in vitro kinase assays in HEPES buffer
(50 mM HEPES, 10 mM MgCl2, 2 mM MnCl2, 1 mM dithiothreitol) containing 100 ng of purified GST-Pak1 enzyme, 10 Ci of
[␥-32P]ATP, and 25 M cold ATP. Dynein light chain 1 (DLC1)
was used as positive control and GST as negative control. GST
proteins were purified using glutathione-Sepharose (Amersham Biosciences) according to the manufacturer’s instructions. The reaction was carried out in a volume of 30 l for 30
min at 30 °C and then stopped by the addition of 10 l of 4⫻
SDS buffer. We resolved the reaction products by SDS-PAGE
and analyzed the results by autoradiography.
Stable Cell Lines—Nontransformed but immortalized
MCF12A human mammary epithelial cells were transfected by
using the FuGENE reagent (Roche Molecular Biochemicals)
with 5 g of pcDNA3.1C, pcDNA-ESE-1, pcDNA-ESE1-S207A,
or pcDNA-ESE1-S207E in 60-mm dishes. Twenty-four hours
after transfection, the medium was replaced with fresh Ham’s
medium as well as 500 g/ml of G418 to select for geneticinresistant cells. After 12 days of selection, pools of G418-resistant cells, denoted as pcDNA3.1C, WT-ESE-1 (wild-type),
ESE1-S207A, and ESE1-S207E, were replated, expanded, and
maintained in complete medium containing 200 g/ml G418.
For experiments, log phase cells between passages 4 and 10
were utilized.
Cell Extracts, Immunoblotting, and Immunoprecipitation—
Cells were grown in Ham’s F-12/Dulbecco’s modified Eagle’s
medium containing all components already described. To prepare cell extracts, cells were washed three times with phosphate-buffered saline and then subjected to lysis in Nonidet
P-40 lysis buffer (50 mM Tris-HCl, pH 8.0, 137 mM NaCl, 10%
glycerol, 1% Nonidet P-40, 50 mM NaF, 1⫻ protease inhibitor
mixture (Roche Biochemicals), 1 mM sodium vanadate) for 15
min on ice. The lysates were subjected to centrifugation in an
Eppendorf centrifuge at 4 °C for 15 min. Cell lysates containing
equal amounts of protein (⬃100 g) were resolved by SDSPAGE (10 –12% acrylamide), transferred to nitrocellulose
membranes, probed with the appropriate antibodies, and
developed using the enhanced chemiluminescence method.
Immunoprecipitation was performed for 4 h at 4 °C using 1 g
of antibody/mg of protein as previously reported (35).
Glutathione S-Transferase Pull-down Assay—In vitro transcription and translation of Pak1 was done using a T7 TNT kit
(Promega), where 1 g of cDNA in pcDNA3.1 vector was translated in the presence of [35S]methionine in a reaction volume of
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50 l. The reaction mixture was diluted to 1 ml with GST binding buffer (25 mM Tris-HCl, pH 8.0, 50 mM NaCl, 10% glycerol,
0.1% Nonidet P-40). An equal aliquot was used for each GST
pull-down assay. Translation and product size were verified by
subjecting 2 l of the reaction mixture to SDS-PAGE and autoradiography. The GST pull-down assays were done by incubating equal amounts of GST, GST-tagged full-length proteins,
and GST-tagged deletion constructs immobilized on glutathione-Sepharose beads with in vitro translated 35S-labeled protein to which the binding was being tested. Bound proteins
were isolated by incubating the mixture for 2 h at 4 °C in GST
binding buffer, washing five times with GST binding buffer,
eluting the proteins with 2⫻ SDS buffer, and separating them
by SDS-PAGE. The bound proteins were then visualized by
autoradiography.
siRNA Transfection and RT-PCR—Pak1-specific small interfering RNA (siRNA; Cell Signaling Technology), ESE-1 siRNA,
and control nonspecific siRNA (Dharmacon, Lafayette, CO)
were purchased. siRNA transfections were performed using
100 nM of a pool of four individual RNA interference against
Pak1, ESE-1, or control nonspecific siRNA and 4 l of Oligofectamine (Invitrogen) according to the manufacturer’s protocol in 6-well plates. Forty-eight hours were allowed to elapse
after transfection to allow efficient silencing of the gene.
Reverse transcription-PCR (RT-PCR) for ESE-1 was done using
the Access RT-PCR kit (Promega) using specific primers: FP,
5⬘-AAAAGAACAGCAACATGACCTACGA-3⬘; RP, 5⬘-GTTCCAACCCTCAGTTCCGAC-3⬘; and T7-FP, 5⬘-CAGCAAATGGGTCGGGATC-3⬘.
Soft Agar Assays—Soft agar colony growth assays were done
as previously described (36). Briefly, 1 ml of 0.6% Difco agar in
Dulbecco’s modified Eagle’s medium was layered onto tissue
culture plates. Test cells (1 ⫻ 104) mixed with 1 ml of 0.36%
bactoagar solution in Dulbecco’s modified Eagle’s medium
were layered on top of the 0.6% bactoagar layer and plates were
incubated at 37 °C in 5% CO2 for 21 days and colonies were
counted.
Immunofluorescence and Confocal Microscopy Studies—We
determined the cellular localization of proteins by indirect
immunofluorescence using an Olympus FV300 laser scanning confocal microscope as described previously (36).
Briefly, cells grown on glass coverslips were fixed in 4%
paraformaldehyde at 30 °C for 4 min. The cells were incubated with primary antibodies for 1 h, washed three times in
phosphate-buffered saline, and then incubated with secondary antibodies conjugated with Alexa 546 (red), Alexa 633
(blue), or Alexa 488 (green) dye from Molecular Probes
(Eugene, OR). The DNA dye Topro-3 (Molecular Probes)
was used to co-stain the DNA (blue). Cells treated only with
the secondary antibody served as controls.

RESULTS
Pak1 Phosphorylates ESE-1 Both in Vitro and in Vivo—To
explore the possibility that Pak1 phosphorylates ESE-1, we first
performed an in vitro Pak1 kinase assay by incubating recombinant GST-ESE-1 and purified Pak1 enzyme. The DLC1 protein, an established Pak1 substrate (32), and GST were used as
positive and negative controls, respectively. The results showed
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FIGURE 1. Pak1 phosphorylates ESE-1 both in vitro and in vivo. A, in vitro
phosphorylation of ESE-1. An in vitro kinase assay shows phosphorylation of
purified GST-ESE-1 by purified Pak1 enzyme in the presence of [␥-32P]ATP.
GST-DLC1 and GST served as positive and negative controls, respectively. The
lower panels are Ponceau S-stained blots showing GST-ESE-1, GST-DLC1, and
GST. B, increasing amounts of GST-ESE-1 were incubated with Pak1
enzyme, and the in vitro kinase assay was repeated as above. C, in vivo
phosphorylation of ESE-1. Following 24 h transfection of T7-tagged ESE-1,
MCF7 cells were serum starved for 24 h and labeled with [32P]orthophosphoric acid overnight. Cells were then treated with serum (10%) for 30
min. Cell lysates were immunoprecipitated with T7 antibody, resolved by
SDS-PAGE, and transferred to nitrocellulose membranes. After autoradiography, the same membranes were probed with a T7 antibody (lower
panel). D, following 48 h post-transfection of either control siRNA or Pak1
siRNA, MCF7 cells were transfected with T7-ESE-1 and cells were grown for
24 h and then, cells were labeled with [32P]orthophosphoric acid as above.
Phosphorylation status of T7-ESE-1 was determined by immunoprecipitation followed by autoradiography. An aliquot of total lysate was analyzed
by Western blot to check the knockdown of Pak1. Vinculin served as protein loading control. WB, Western blot.

that the Pak1 enzyme could phosphorylate GST-ESE-1 but not
GST alone (Fig. 1A). Furthermore, we also observed a strong
dose-dependent enhancement of ESE-1 phosphorylation by
Pak1 (Fig. 1B), suggesting that Pak1 effectively phosphorylates
ESE-1 in vitro. Next we examined the status of ESE-1 phosphorylation in vivo. To that end, MCF7 cells were metabolically
labeled with [32P]orthophosphoric acid, and the status of ESE-1
phosphorylation was determined after treatment with the
physiological signal that activates Pak1 (29), such as serum. Signal (serum) that activates Pak1 increased the phosphorylation
of transfected epitope-tagged ESE-1 (Fig. 1C). To further confirm the direct involvement of Pak1 in ESE-1 phosphorylation
in vivo, we cotransfected either control siRNA or Pak1 siRNA,
along with T7-ESE-1, into MCF7 cells, and then cells were
labeled metabolically with [32P]orthophosphoric acid. Under
modest knockdown conditions of Pak1 (Fig. 1D, lower panel),
phosphorylation of ESE-1 was reduced significantly (Fig. 1D).
Together, these results suggest that Pak1 efficiently phosphorylates ESE-1 both in vitro and in vivo.
Pak1 Phosphorylates ESE-1 at Serine 207 in the SAR Domain—
After confirming that Pak1 phosphorylates ESE-1 both in vitro
and in vivo, we next mapped the potential Pak1 phosphorylation sites in ESE-1. ESE-1 protein contains several functional
VOLUME 282 • NUMBER 27 • JULY 6, 2007

Signaling-mediated Breast Epithelial Cell Transformation
fused ESE-1 deletions and assayed
each one for its phosphorylation by
the Pak1 enzyme. Results indicated
that the Pak1 phosphorylation site
on ESE-1 is located in the region
between amino acids 159 and 259
(Fig. 2A). Examination of this region
of ESE-1 revealed the presence of
two potential Pak1 phosphorylation
sites, i.e. serine 207 and serine 254.
Next, single point mutation of serine 254 to alanine did not affect the
phosphorylation of ESE-1 by Pak1,
whereas point mutation of ESE-1 at
serine 207 to alanine completely
abolished Pak1 phosphorylation of
ESE-1 as demonstrated by in vitro
Pak1 kinase assay, isolating serine
207 as the only Pak1 phosphorylation site in ESE-1 (Fig. 2B). To further confirm the in vitro kinase
assay results in vivo, we subcloned
the Pak1 phosphorylation mutant of
ESE-1, such as GST-ESE1-S207A,
into mammalian expression vector
pcDNA3.1C, resulting in pcDNAESE1-S207A, which expresses
T7-tagged ESE1-S207A in mammalian cells. MCF7 cells were transfected with either wild-type
T7-ESE-1 or T7-ESE1-S207A, or
control pcDNA vector and then
were metabolically labeled with
[32P]orthophosphoric acid. Immunoprecipitation of the cell lysates
with a T7 monoclonal antibody
indicated a substantial reduction of
FIGURE 2. Identification of the Pak-1 phosphorylation site in ESE-1. A, schematic representation of func- phosphorylation of ESE1-S207A as
tional domains of ESE-1 and putative Pak1 phosphorylation sites in ESE-1 (upper panel). In vitro kinase assays compared with intense phosphorylwere performed using GST-fused ESE-1 fragments as substrates and Pak1 as the enzyme (middle panel). The
lower panels are Ponceau S-stained blots showing GST-tagged ESE-1 deletion fragments, GST-DLC1, and GST. ation of the wild-type T7-ESE-1,
The asterisk illustrates that the [32P] signal corresponds to protein bands on Ponceau S-stained blots. B, in vitro and thus strengthening serine 207
Pak1 kinase assay shows that Pak1 phosphorylates either WT-GST-ESE-1 or GST-ESE1-S254A but not GST-ESE1S207A (upper panel). The lower panels are Ponceau S-stained blots showing GST-tagged ESE-1 mutants, GST- as the Pak1 phosphorylation site in
DLC1, and GST. C, in vivo phosphorylation of wild-type ESE-1 and its Pak1 phosphorylation mutant, T7-ESE1- ESE-1 (Fig. 2C). To further confirm
S207A in MCF7 cells in the presence of [32P]orthophosphoric acid (lower panel). Protein band intensities were that phosphorylation at Ser207 on
quantified by ImageQuant 5.1 software. D, effect of Pak1 silencing by Pak1 siRNA on in vivo phosphorylation of
ESE-1. Following 48 h post-transfection of either control siRNA or Pak1 siRNA, MCF7 cells were transfected with ESE-1 is Pak1 dependent or not, we
T7-ESE-1 or T7-ESE1-S207A. Eighteen hours post-transfection of either WT-ESE-1 or ESE1-S207A, cells were have silenced Pak1 using Pak1
labeled with [32P]orthophosphoric acid as above, and the phosphorylation status of ESE-1 was detersiRNA in either wild-type ESE-1 or
mined by immunoprecipitation followed by autoradiography. An aliquot of total lysate was analyzed by
expressing MCF7
Western blot to check the knockdown of Pak1. E, conservation of serine 207 in ESE-1 among human, ESE1-S207A
mouse, and rat.
cells. Under effective knockdown of
Pak1, substantial reduction in the
domains, including the pointed, transactivation, SAR, AT hook, [32P] signal of wild-type ESE-1 but not ESE1-S207A indicates
and ETS domains (Fig. 2A). It is known that Pak1 is a serine/ that phosphorylation at serine 207 is indeed Pak1 dependent
threonine kinase that phosphorylates a number of substrates on (Fig. 2D). Interestingly, we found that ESE-1 serine 207 is well
serine/threonine residues, preferring preceding basic residues conserved in human, mouse, and rat (Fig. 2E). All together these
such as (K/R)(R/X)X(S/T) (28, 29). Analysis of the ESE-1 amino results suggest that Pak1 phosphorylate ESE-1 at serine 207
acid sequence identified several potential putative Pak1 phos- both in vivo and in vitro.
phorylation sites (Fig. 2A). To map the functional Pak1 phosPak1 Interacts with ESE-1 in Breast Cancer Cells—Although
phorylation site in ESE-1, we next generated a series of GST- ESE-1 is a transcriptional factor, it localizes predominantly in
JULY 6, 2007 • VOLUME 282 • NUMBER 27

JOURNAL OF BIOLOGICAL CHEMISTRY

19823

Signaling-mediated Breast Epithelial Cell Transformation
are not good for immunoprecipitation, we were unable to conduct
a reverse immunoprecipitation
using an ESE-1 antibody. To further strengthen this observation, we
carried out confocal microscopy
studies using ZR75 breast cancer
cells by double staining for transiently transfected myc-Pak1 and
endogenous ESE-1. As shown in Fig.
3D, transfected myc-Pak1 colocalizes with endogenous ESE-1, which
is predominantly localized in the
cytoplasm.
Next, we defined the minimal
region of Pak1 required for its interaction with ESE-1. Pak1 has several
important domains that include
N-terminal domain (amino acids
1–132), Cdc42/Rac1 interactive
binding domain (amino acids
52–132), PIX binding domain
(amino acids 132–270), and C-terminal kinase domain (amino acids
270 –545) (28). These C- and N-terminal Pak1 deletion constructs were
used and expressed as GST fusion
proteins; they were then subjected
to GST pull-down assays with the
35
S-labeled ESE-1. The results suggested that ESE-1 binds to the
region comprising amino acids
1–270, which include the N-terminal domain and the PIX binding
domain, but did not binds to the
C-terminal kinase domain (amino
acids 270 –545) of Pak1 (Fig. 3E).
FIGURE 3. Pak1 interacts with ESE-1 both in vitro and in vivo. A and B, reciprocal interaction between Pak1 Conversely, to define the binding
and ESE-1 demonstrated by in vitro translation combined GST pull-down assays. The lower panels are Ponceau region(s) of ESE-1 that are imporS-stained blots showing either GST-ESE-1 or GST-Pak1 and GST. C, interaction of ESE-1 with Pak1 in ZR75 cells. tant for Pak1 interaction, we used a
Co-immunoprecipitation (IP) was performed with either control immunoglobulin IgG or Pak1 antibody using
lysates of ZR75 cells. Cell lysates were mixed with 1⫻ SDS dye that lacks ␤-mercaptoethanol to keep the IgG series of GST-fused ESE-1 deletion
chains (heavy and light chains) intact before loading onto an 8% PAGE gel as described (43). Then, immunob- constructs. Results of the GST pulllots were analyzed with either Pak1 or ESE-1 antibody. D, co-localization of endogenous ESE-1 with transfected
myc-tagged Pak1 in ZR75 cells. Colocalization between ESE-1 and Pak1 appears in yellow. Bar, 10 m. The white down assays indicated that ESE-1
box area is shown as a blowup on the right side of the panel. E and F, mapping the minimal interacting regions uses amino acids 159 –371, which
between Pak1 and ESE-1 by the GST pull-down assay described under “Experimental Procedures.”
contain the SAR, AT hook, and ETS
domains, to interact with Pak1 (Fig.
the cytoplasm in breast cancer cells (18) and because Pak1 is 3F). Taken together, these results suggest that ESE-1 interacts
also localized predominantly in the cytoplasm (28), we next with Pak1 both in vitro and in vivo.
Pak1 Phosphorylation Promotes ESE-1 Transforming Ability—
explored the possibility of interaction between ESE-1 and Pak1
in breast cancer cells. Results from the GST pull-down assay Because overexpression of either ESE-1 or the SAR domain of
showed that in vitro translated ESE-1 efficiently interacted with ESE-1 alone in MCF12A mammary epithelial cells has been
GST-Pak1 (Fig. 3A). Conversely, in vitro translated Pak1 pro- shown to be transforming in nature (18) and the fact that Pak1
tein also interacted with GST-ESE-1 (Fig. 3B). To further con- phosphorylates ESE-1 at serine 207, which is located in the SAR
firm this interaction in a physiologic setting, lysates of ZR75 domain, raised the possibility that phosphorylation of ESE-1 by
cells grown in 10% serum were subjected to immunoprecipita- Pak1 may be required for its transformation ability. To address
tion using a Pak1 antibody. Results showed that ESE-1 is this question, we generated stable MCF12A cells expressing
coprecipitated with Pak1 but not with control IgG (Fig. 3C). either wild-type T7-ESE-1 or its Pak1 phosphorylation
Because the available ESE-1 antibodies and the one used here mutants. Then the expression of T7-tagged wild-type ESE-1
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control siRNA or Pak1 siRNA
knockdown conditions. Typical colonies were photographed after 21
days and the numbers of colonies
counted (Fig. 4C). In agreement
with previous reports (18), the cells
expressing vector alone generated
small clusters, whereas T7-ESE-1
stable transfectants formed larger
colonies, indicating the transforming ability of ESE-1 in MCF12A cells
(Fig. 4C). Interestingly, we also
found that the number of transformed colonies was markedly
reduced (⬃50%) in the serine 207 to
alanine mutants (i.e. T7-ESE1S207A), whereas the serine to glutamic acid mutants (i.e. T7-ESE1S207E) formed more colonies than
the wild-type T7-ESE-1 stable
transfectants (Fig. 4D) under control siRNA-transfected clones.
Whereas silencing of Pak1 markedly
reduced the number of transformed
colonies by wild-type ESE-1 but not
either of Pak1 phosphorylation
mutants indicating the dependence
of Pak1 on ESE-1 transforming ability (Fig. 4C, second row). All
together these results indicate that
Pak1 phosphorylation of ESE-1
affects its transformation ability at
least in a significant manner.
ESE-1 Is an Unstable Protein and
Stabilized
by
Pak1-mediated
Phosphorylation—To delineate the
molecular mechanism behind the
role of Pak1 phosphorylation on
the transformation ability of ESE-1
in breast cancer cells, we explored
the possibility that Pak1 phosphorylation may influence ESE-1 proFIGURE 4. Phosphorylation of ESE-1 by Pak1 promotes its transformation potential. A, Western blot (WB) tein stability because ETS trananalysis shows the overexpression of ESE-1 and its Pak1 phosphorylation mutants in MCF12A cells. B, total RNA scriptional factors are generally
was extracted from either pcDNA or wild-type or mutant ESE-1 stably expressed in MCF12A cells and synthesis considered as unstable proteins (24,
of ESE-1 mRNA was analyzed by RT-PCR (right panel). Lanes 2– 4 show the ⬃400-bp PCR product that spans
between the T7 tag and N-terminal region of ESE-1. C, anchorage-independent growth potentials of wild-type 26). We first examined the effect of
ESE-1 and its mutants under control siRNA or Pak1 siRNA-treated conditions. Number of colonies formed on the proteasomal inhibitor, MG132,
soft agar after 21 days is shown. Representative phase images obtained at 21 days in soft agar using a ⫻10 (top on the stability of exogenously exrow) objective are shown. Western blot presented below the soft agar pictures is silencing of Pak1 in either
pcDNA or WT ESE-1 or ESE1-S207A or ESE1-S207E stably expressing MCF12A cells. D, the graph represents the pressed T7-ESE-1 in MCF7 cells.
number of colonies formed on soft agar by either pcDNA or wild-type or mutant ESE-1 MCF12A transfor- Interestingly, treatment of MCF7
mants in either con-siRNA or Pak1 siRNA-treated conditions. Significant levels were determined by the
two-sided t test. Wild-type T7-ESE-1 versus T7-ESE1-S207A (p ⫽ 0.03) and wild-type T7-ESE-1 versus cells with MG132 enhanced the levels of ESE-1 protein (Fig. 5A). To
T7-ESE1-S207E (p ⫽ 0.01).
further confirm this observation, we
and its phosphorylation mutants such as T7-ESE1-S207A and assessed ESE-1 stability in the presence of either MG132 or
T7-ESE1-S207E mutants was determined by Western analysis cycloheximide (CHX), protein synthesis inhibitor, alone or
(Fig. 4A) and also by RT-PCR analysis (Fig. 4B). Next we assayed together. MCF7 cells were transfected with a wild-type ESE-1
the transformation ability of each of these stable clones by an expression plasmid and left unstimulated or treated with CHX
anchorage independent-based colony formation assay under and/or MG132 (Fig. 5B). ESE-1 protein was barely detectable
JULY 6, 2007 • VOLUME 282 • NUMBER 27

JOURNAL OF BIOLOGICAL CHEMISTRY

19825

Signaling-mediated Breast Epithelial Cell Transformation
such as ESE1-S207A and ESE1S207E in the presence of the protein
synthesis inhibitor, cycloheximide.
Interestingly, the half-life of wildtype ESE-1 appears to be ⬃5 h,
whereas the Pak1 mutant ESE1S207A has a lesser half-life, which is
about 3 h (Fig. 5C). However, ESE1S207E was comparatively more stable (half-life about 8 –10 h) than
either wild-type or ESE1-S207A. To
confirm these findings, we carried
out pulse-chase experiments using
MCF7 cells by transfecting ESE-1 or
its mutants in the presence of
[35S]methionine. Consistent with
previous results (Fig. 5C), the results
showed that indeed the Pak1 phosphorylation mutant such as ESE1S207A is more short lived than
either wild-type or Pak1 phosphorylation mimetic mutants, such as
ESE1-S207E (Fig. 5D). These results
indicated that Pak1 phosphorylation may inhibit ESE-1 degradation.
Next we examined the status of
endogenous ESE-1 in ZR75 cells
under Pak1 silencing conditions,
using Pak1 siRNA, in the presence
of the protein synthesis inhibitor,
cycloheximide. Cells were transfected with either control siRNA or
Pak1 siRNA, grown for 48 h and
then followed by cycloheximide
FIGURE 5. ESE-1 undergoes proteasomal degradation. A, effect of proteasomal inhibitor MG132 on the treatment for different time points
stability of ESE-1. Following a 24-h transfection of ESE-1 into MCF7 cells, cells were treated with MG132 (10 M)
for the indicated times and then cell lysates were analyzed by Western blotting (WB) using T7 antibody. as indicated in Fig. 5E. Results indiVinculin (vin) served as loading control. B, MCF7 cells transfected with T7-ESE-1 were left untreated (second cated that ESE-1 half-life appears to
lane) or treated with the protein synthesis inhibitor, CHX (25 g/ml), for 8 h (third lane) or with MG132 (10 M)
be about 6 h in control siRNAfor 30 min followed by CHX for 8 h (fifth lane) or with MG132 alone for 8 h (fourth lane), as indicated. Cell extracts
were subjected to anti-T7 (upper panel) or anti-vinculin Western blot. C, following 24 h transfection of either treated cells, however, silencing of
wild-type T7-ESE-1 or its mutants, MCF7 cells were treated with CHX (25 g/ml) for the indicated times and Pak1 reduced the half-life of ESE-1
then cells lysates were analyzed by Western blotting using T7 antibody or vinculin (left panel). The amount of
ESE-1 protein at each time point was quantified on a PhosphorImager and normalized relative to the amount from 6 to ⬃3 h (Fig. 5E). Taken
of ESE-1 present in cells at 0 h; results are plotted (right panel). D, 20 h after transfection, cells were pulse-labeled together, these results conclude that
with [35S]methionine for 2 h and then chased for the indicated lengths of time in the presence of CHX. Cell Pak1 phosphorylation inhibits deglysates were immunoprecipitated with anti-T7 antibody. The resulting T7 immunoprecipitates were separated
by SDS-PAGE and visualized by autoradiography (left panel). The amount of labeled ESE-1 protein at each time radation of ESE-1, implying a role
point was quantified on a PhosphorImager and normalized relative to the amount of radiolabeled ESE-1 for Pak1 in promoting the tumoripresent in cells following the 0-h chase; results are plotted (right panel). E, ZR75 cells were transfected with
either control siRNA or ESE-1 siRNA. Forty-eight hours following transfection, cells were treated with cyclohex- genic functions of ESE-1 due to an
imide (25 g/ml) for the indicated times and then cell lysates were analyzed by Western blotting using ESE-1 overall increased ESE-1 level.
and Pak1 antibodies, respectively; results are plotted (right panel). Vinculin served as loading control.
ESE-1 Interacts with ␤-TrCP and
Undergoes ␤-TrCP-dependent Ubiqafter 8 h of CHX treatment as shown (Fig. 5B, third lane), but uitination—To further understand the mechanism of ESE-1
pretreatment with MG132 prevented ESE-1 degradation (Fig. degradation, we searched for the presence of critical destruc5B, fourth lane), confirming that ESE-1 degradation occurs tion elements in ESE-1 and reasoned the potential regulation of
such motifs by ESE1-Ser207 phosphorylation by Pak1. A careful
through the proteasomal pathway.
Because the Pak1 phosphorylation mutant, such as ESE1- analysis of the ESE-1 amino acid sequence using the EMBOSS
S207A, exhibits an inefficient transforming ability in MCF12A GUIv1.14 motif program revealed the presence of a potential
cells (Fig. 4D) than in wild-type ESE-1, we reasoned that Pak1 PEST sequence (PEST score ⬎5 is considered as a potential
phosphorylation might protect ESE-1. Therefore we evaluated PEST sequence; PEST score for ESE-1 is 12.32) with 16 amino
the half-life of wild-type and its Pak1 phosphorylation mutants, acid residues between amino acids 208 and 225 in the SAR
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spanning amino acids 24 –26 is
located in the pointed domain of
ESE-1 (Fig. 6A). IKK-␤, ␤-catenin,
and Snail have been shown to contain serine/threonine sites in their
F-box (37, 38) and to interact with
␤-TrCP, and the stability of these
proteins was influenced by phosphorylation status of their serine
residues. To explore the possibility
of ␤-TrCP interaction with ESE-1,
we cotransfected T7-ESE-1 and
myc-␤-TrCP into MCF-7 cells and
carried out a coimmunoprecipitation assay using the T7 antibody.
We found that ␤-TrCP is coimmunoprecipitated with T7-tagged
ESE-1 (Fig. 6B). Furthermore, we
also observed barely detectable levels of ESE-1 protein in MCF7 cells
when we exogenously expressed
myc-tagged ␤-TrCP but not in control myc-tagged (CMV) vector (Fig.
6C), indicating the role of ␤-TrCP in
ESE-1 degradation. To further confirm this observation, we have
silenced the endogenous ␤-TrCP in
MCF7 cells using ␤-TrCP siRNA in
MCF7 cells. Results showed that
silencing of ␤-TrCP enhanced the
ESE-1 protein level compared with
control siRNA-transfected cells
(Fig. 6D). Because Pak1 phosphorylation inhibits ESE-1 degradation
and Pak1 phosphorylation mutants
such as ESE1-S207A has less halflife, it is possible that ESE1-S207A
may be more prone to undergo
ubiquitination. To test this notion,
FIGURE 6. ESE-1 interacts with ␤-TrCP and follows ␤-TrCP/ubiquitin-mediated proteasome degradation. we cotransfected ␤-TrCP along
A, schematic representation of ESE-1 functional domains. Identification of the PEST sequence between amino with wild-type ESE-1, ESE1-S207A,
acids 208 and 225 in the SAR domain of ESE-1 (PEST score is 12.32). PEST score ⬎5 is a potential PEST sequence.
Alignment of DSG motifs found in ESE-1 with known DSG and DDG motifs. B, co-immunoprecipitates (IP) and or ESE1-S207E into MCF7 cells and
Western blots (WB) show the interaction of transfected T7-ESE-1 with myc-tagged ␤-TrCP in MCF7 cells. examined the ubiquitination of each
C, Western blot analysis shows the ESE-1 protein levels after expression of myc-tagged ␤-TrCP in MCF7 cells.
protein. We observed that both
Following a 24-h transfection cells were lysed and subjected to co-immunoprecipitation with T7 and probed
with the indicated antibodies. D, Western blot analysis shows the increased levels of ESE-1 protein after silenc- wild-type ESE-1 and ESE1-S207A
ing ␤-TRCP by ␤-TRCP siRNA in MCF7 cells. Following a 48-h transfection with either control siRNA or ␤-TRCP are readily conjugated to polyubiqsiRNA, cells were lysed and subjected to SDS-PAGE, probed with indicated antibodies. E, co-immunoprecipitation and Western blot analysis shows the polyubiquitination of ESE-1 and its mutants in MCF7 cells. MCF7 uitin chains in MCF7 cells in the
cells were transfected with either wild-type T7-ESE-1 or its mutants alone or along with myc-␤-TrCP. Following presence of ␤-TrCP expression (Fig.
a 24-h transfection cells were lysed and subjected to co-immunoprecipitation with T7 and probed with the 6E, lanes 3 and 5), however, the
indicated antibodies.
ubiquitination of ESE1-S207E was
significantly reduced (Fig. 6E, lanes
domain (Fig. 6A). Proteins containing PEST sequences are 6 and 7). All together these results suggest that ESE-1 underknown to undergo proteolytic degradation (21). Interestingly, goes ␤-TrCP-mediated proteasomal degradation and Pak1
we also found two putative ␤-TrCP interacting motifs or F-box phosphorylation inhibits ESE-1 degradation.
Pak1-ESE-1 Activates MAPK Pathway—Because expression
(DSGXXS) or DDGXXD-like sequences in ESE-1; one such
potential motif, DSGGSD, spanning amino acids 211–216, was of a catalytically active Pak1 mutant stimulates anchorage-inlocated in close proximity to the Pak1 phosphorylation site, i.e. dependent growth of breast cancer cells in soft agar in a preferserine 207 (Fig. 6A), whereas another one, such as DSTLAS ential MAPK-sensitive manner (31) and overexpression of
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Pak1 Phosphorylation of ESE-1 Modulates Its Transcriptional Potential—Because ESE-1 is a transcriptional factor, we
next examined the effect of Pak1 phosphorylation on its transactivation potential. To address this issue, we used a previously
described and widely used transient cotransfection assay utilizing a Cox-2 luciferase reporter, which contains ESE-1 binding
elements (15). Transfection of T7-ESE-1 into MCF12A cells
activated the Cox-2 reporter gene by severalfold and cotransfection of Pak1 further increased it in a dose-dependent manner
(Fig. 8A). We next examined the ESE-1 transactivation potential by cotransfecting either wild-type ESE-1 or its Pak1 phosphorylation mutants along with Cox-2 luciferase reporter plasmid into MCF12A cells. The luciferase assay results suggested
that Ser207 to Glu207 substitution (T7-ESE1-S207E) enhanced
the transcriptional potential of ESE-1 more efficiently than
wild-type ESE-1, whereas the Ser207 to alanine mutant (i.e.
T7-ESE1-S207A) displayed markedly less reporter activity than
wild-type ESE-1 (Fig. 8B). To validate the noted activation of
ESE-1 by Pak1 in vivo, we next depleted the endogenous Pak1
using Pak1-specific siRNA in MCF7 cells and examined the
status of endogenous Cox-2 by reverse transcriptase-PCR analysis. We found that depletion of either Pak1 or ESE-1 significantly reduced the expression of Cox-2 compared with the cells
transfected with control siRNA (Fig. 8C). Together, these findings suggest that Pak1 phosphorylation of ESE-1 affects its transcriptional activity.

FIGURE 7. Pak1-ESE-1 activates MAPK. A, Western blot (WB) analysis shows
activation of MAPK by expression of either wild-type ESE-1 or mutant ESE-1 in
MCF7 cells. B, Western blot analysis shows the reduced activation of MAPK by
knock down of either Pak1 or ESE-1 by Pak1 siRNA or ESE-1 siRNA, respectively, in MCF7 cells.

ESE-1 activates MAPK (19), we reasoned that Pak1 stabilizes
ESE-1 that may in turn lead to the activation of MAPK. Indeed,
expression of T7-ESE-1 in MCF7 cells activated MAPK by
3-fold; whereas the levels of MAPK activation were reduced
upon ESE1-S207A expression (Fig. 7A). Furthermore, knockdown of either ESE-1 or Pak1 also resulted in significant reduction in the level of MAPK activation as compared with cells
transfected with the control siRNA (Fig. 7B). Taken together
these results suggest that a role of Pak1 is an upstream regulator
of ESE-1 signaling in MAPK activation.
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DISCUSSION
Transcription factor ESE-1 has been shown to transform
human mammary epithelial cells by an unknown cytoplasmic
mechanism. The primary goal of this study was to define the
upstream regulators that control ESE-1-transforming functions. Because Pak1 and ESE-1 exhibit overlapping functions,
we hypothesized that Pak1 could be an upstream regulator of
ESE-1. As reported here, we found that Pak1 directly interacts
with and phosphorylates ESE-1, and this phosphorylation critically modulates the transformation functions of ESE-1. We
also discovered that ESE-1 interacts with ␤-TrCP and is targeted to ubiquitin-proteasomal degradation, and that this process is prevented by Pak1 phosphorylation.
Several lines of evidence suggest that Pak1 phosphorylates
ESE-1 at Ser207, which is located in the SAR domain of ESE-1.
This domain consists of 50 amino acids, rich in serine and
aspartic acid residues, and is unique, as it is found only in ESE-1
but not in its homologues, such as ESE-2 and ESE-3; thus, it
provides specificity to the noted Pak1-ESE-1 connection.
Despite the fact that many ETS transcription factors are targeted by signaling pathways such as MAP, c-Jun N-terminal
kinase (JNK), and phosphatidylinositol 3-kinase and are controlled primarily by phosphorylation (25, 26), this is the first
evidence of Pak1 phosphorylation of an ETS family member.
Pak1 regulates the functions of divergent cellular key proteins
through phosphorylation, including histone H3, a component
of nucleosome (39), estrogen receptor (40), and SHARP, repressor of Notch signaling (41), and also promotes mammary
tumorigenesis (32, 34). Because overexpression of ESE-1 transforms breast epithelial cells (18), it is possible that earlier
reported Pak1 hyperactivation-driven tumorigenesis may be
VOLUME 282 • NUMBER 27 • JULY 6, 2007
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Another notable finding here is
the effect of Pak1 phosphorylation
in preventing degradation and conferring stability to ESE-1. Here we
provide evidence that phosphorylation of ESE-1 by Pak1 stabilizes
ESE-1, as demonstrated in breast
cancer cell lines on transfected
ESE-1 as well as on endogenous
ESE-1 levels (Fig. 5). In this context,
many unstable eukaryotic transcription factors are characterized
by an overlapping degradation
region between the transactivation
domain and the degron (degradation signal) sequence (20). ESE-1
contains two potential F-box-like
motifs (DSGXXS), one at the
pointed domain (24DSTLAS26) and
another at the SAR domain
(212DSGGSD216). Notably, the second DSG motif was found as part of
the PEST domain (amino acids 208 –
225), which is located in the SAR
domain. Compelling evidence suggests that phosphorylated serine or
threonine residues located in the
F-box are associated with ␤-TrCPor F-box-interacting proteins and
are targeted to a ubiquitin-mediated
proteasomal pathway for degradation (37). Because Kanemori et al.
(42) provided evidence that degradation motifs need not be serine but
instead negatively charged amino
acids such as aspartic acid, which
FIGURE 8. Phosphorylation of ESE-1 by Pak1 modulates its transcriptional activity. A, MCF12A cells were give a net negative charge to the
cotransfected with Cox-2 reporter plasmid, T7-ESE-1, and increasing amounts of wild-type Pak1. Following 18 h protein to enable association with
of transfection, cells were subjected to lysis and luciferase activity was measured. RLU, relative luciferase units.
␤-TrCP and progression to the proB, MCF12A cells were cotransfected with Cox-2 reporter plasmid and either pcDNA alone or wild-type T7-ESE-1,
T7-ESE1-S207A, or T7-ESE1-S207E. Eighteen hours following transfection, cells were subjected to lysis and teasomal degradation pathway, our
luciferase activity was measured. C, MCF7 cells were transfected with control siRNA, Pak1 siRNA, or ESE-1 siRNA. results suggest that ␤-TrCP may
Forty-eight hours after transfection, total RNA was extracted and analyzed by reverse transcriptase-PCR using
bind to ESE-1 through these motifs
Cox-2 or ESE-1-specific primers.
and undergoes ubiquitination. It is
influenced, at least in part, by ESE-1. We found that Pak1 and possible that the Pak1 phosphorylation site exists in close proxESE-1 colocalize in the cytoplasmic compartment of breast imity to the DSG motif in the SAR domain, and thus that phoscancer cells, and that substitution of Ser207 with alanine signif- phorylation prevents the association of ␤-TrCP with ESE-1 at
icantly reduces the transformation ability of ESE-1, whereas this site. This may be the reason why the Pak1 phosphorylation
gain-of-function mutant S207E (ESE1-S207E) enhances such mutant of ESE-1 such as ESE1-S207A has less half-life than
transformation in MCF12A cells. Oncogenic cell transforma- either wild-type or its Pak1 phosphorylation mimetic mutant,
tion is correlated with growth factor independence, often due i.e. ESE1-S207E.
Because ESE-1 was initially defined as a transcriptional factor
to establishment of endogenous loops feeding into MAPK activation. We found that Pak1 and the ESE-1 pathway are required for several critical genes (11–15), we have verified its transcripfor optimal MAPK kinase activities in breast cancer cells. tional activity using Cox-2 as a model. In agreement with preBecause the catalytically active Pak1 mutant stimulates anchor- vious reports, we also demonstrated that ESE-1 transactivates
age-independent growth of breast cancer cells in soft agar in a Cox-2-luc activity, however, in breast cancer cell lines (Fig. 8).
preferential MAPK-sensitive manner (31), it is possible that Because Pak1 phosphorylation affects the stability of ESE-1,
these events may be influenced by Pak1 phosphorylation of ESE1-S207A exhibited less transcriptional activity than either
wild-type or its phosphomimetic mutant, suggesting that Pak1
ESE-1.
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phosphorylation of ESE-1 impacts on its overall functions in
breast cancer cells.
Our finding that Pak1 phosphorylation of ESE-1 enhances its
transformation functions is interesting because it now links
with cytoplasmic Pak1 signaling. Early reports also suggested
that either Pak1 or ESE-1 expression leads to breast tumorigenesis, however, the linkage between these two proteins is not
studied (18, 31, 34). Consistent with these reports our findings
collectively support the notion that Pak1 is a critical upstream
regulator of the ESE-1/MAPK pathway. In conclusion, findings
presented here reveal a novel regulatory mechanism wherein
Pak1 phosphorylation and ubiquitin-proteasomal degradation
coordinately control the level of ESE-1, and consequently its
role in transformation by enhancing the steady state levels of a
transforming gene product. Furthermore, these findings provide an example of signaling convergence on the ESE-1 ubiquitination system.
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