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Many transcription factors are controlled through SUMO modification, and in the majority of cases this
modification results in enhancements in their repressive properties. In some instances, SUMO modification
and its associated repressive activities can be reversed by the action of intracellular signaling pathways,
leading to enhanced transcriptional capacities of transcription factors. Here we have investigated sumoylation
of the ETS domain transcription factor PEA3 and its interplay with the extracellular signal-regulated kinase
(ERK) mitogen-activated protein (MAP) kinase signaling pathway. PEA3 is modified by SUMO in vitro and in
vivo on multiple sites in its N-terminal region. Activation of the ERK MAP kinase pathway promotes sumoy-
lation of PEA3. Importantly, sumoylation of PEA3 is required for maximal activation of target gene promoters,
including MMP-1 and COX-2. Molecularly, sumoylation is selectively required for synergistic activation of
target gene expression with the coactivator CBP. Moreover, sumoylation of PEA3 is required for ubiquitination
of PEA3 and promotes its degradation, suggesting that SUMO-mediated recycling of PEA3 plays a role in
PEA3-mediated promoter activation. Thus, in contrast to the majority of other transcription factors studied,
sumoylation of PEA3 plays a positive role in PEA3-mediated transcriptional activation and the ERK MAP

kinase pathway cooperates with rather than antagonizes this process.

SUMO is a small polypeptide which is structurally related to
ubiquitin. Indeed, many components of the pathway that con-
jugate ubiquitin to substrate proteins also show structural and
functional homology with the SUMO pathway (reviewed in
references 17 and 22). However, unlike ubiquitin, which pre-
dominantly targets proteins for degradation, SUMO modifica-
tion has been shown to exhibit a number of disparate functions
depending on the protein substrates (reviewed in references
17, 22, and 55). Indeed, one of the initial roles demonstrated
for SUMO was to oppose ubiquitin-mediated degradation in
IkB (7). However, more recently, one of the major roles
emerging for sumoylation is in imparting repressive properties
on transcriptional regulatory proteins (reviewed in references
10 and 11). Conversely, in a limited number of cases, sumoy-
lation has also been associated with transcriptional activation,
such as with GRIP1 (25), myocardin (54), p45/NF-E2 (42),
GATA-4 (53), NFAT1 (49), Smad4 (29), glucocorticoid recep-
tor (27), p53 (38), and HSF-1/-2 (13, 20).

Protein sumoylation is not a static process. Indeed, sumoy-
lation appears to be quite dynamic, with typically only a small
proportion of any protein being modified. The latter observa-
tion has been suggested to equate to a role of SUMO in
establishing a particular state which is then maintained
through the action of other proteins and/or modifications (re-
viewed in reference 17). One way in which sumoylation can be
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controlled is through the action of protein kinase cascades in
response to extracellular signals (reviewed in reference 16). An
example of this is in the case of HSF-1, whose sumoylation
status is enhanced following heat shock-mediated phosphory-
lation (18). Molecularly, this occurs through an extended
SUMO recognition motif known as the PDSM, where a pro-
line-directed serine phosphorylation site is located three amino
acids downstream from the core consensus motif ($KX
EXXSP) (19). This type of regulation has also been demon-
strated for a number of other proteins, including MEF2 family
members (14, 23, 41; reviewed in reference 59) and Hicl (44).
In contrast, extracellular signal-regulated kinase (ERK) mito-
gen-activated protein (MAP) kinase pathway signaling reduces
sumoylation of the ETS domain transcription factor Elk-1 (58)
and the progesterone receptor (PR) (4). In the latter case,
Elk-1 desumoylation is a component of the transcriptional
activation process that is orchestrated by this transcription
factor in response to ERK pathway signaling.

PEA3 (also known as E1AF and ETV4) is a member of the
ETS domain transcription factor family, is in a distinct subclass
from Elk-1, and shares a domain structure and extensive se-
quence similarities with ER81 and ERM (reviewed in refer-
ence 6). In common with Elk-1, PEA3 is an activator protein
whose transactivation capacity is enhanced following activation
of the ERK and JNK MAP kinase signaling pathways (37).
However, PEA3 has a distinct biological role and is associated
with neuronal pathfinding (31, 52) and in a disease context with
tumor metastasis (reviewed in reference 6). In common with
the latter observation, numerous PEA3 target genes have been
identified, including MMP-1 and COX-2 (40, 51). Recently, a
proteomic study identified ER81/ETV1 as a potential SUMO
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target (12). Furthermore, ERM was recently also shown to be
modified by SUMO (5). We therefore asked whether PEA3 is
also sumoylated and what the consequences of SUMO modi-
fication on PEA3 function might be.

We demonstrate that PEA3 is modified by SUMO in vitro
and in vivo on multiple sites in its N-terminal region. Impor-
tantly, we show that activation of the ERK MAP kinase path-
way promotes PEA3 sumoylation. Sumoylation subsequently
triggers PEA3 ubiquitination and destabilization. Further-
more, we show that sumoylation of PEA3 is required for max-
imal activation of target gene promoters, including MMP-1 and
COX-2, thereby implicating a dynamic series of regulatory
events in the activation cycle of PEA3. Thus, in contrast to the
majority of other transcription factors, sumoylation destabi-
lizes PEA3 and plays a positive role in PEA3-mediated gene
expression, and the ERK MAP kinase pathway cooperates
with, rather than antagonizes, this process.

MATERIALS AND METHODS

Plasmid constructs. The following plasmids were used in mammalian cell
transfections. pCH110 (Pharmacia), pColl-Luc (containing the MMPI promoter
[—517/+63]; kindly provided by Olivier Kassel) (40), and phPES2 (nucleotides
—327 to +59 of the human COX-2 promoter) (21) have been described previ-
ously. pAS1801 (encoding full-length mouse PEA3) (24), pPCW7 (encoding His-
tagged ubiquitin; kindly provided by Jean-Luc Baert) (1), pPCDNA3-dnUbc9,
pCDNA3-Ubc9, and pCDNA3-His-SUMO-2 (kindly provided by Ron Hay),
pCMV-Flag-SENP1 (kindly provided by Edward Yeh), and cytomegalovirus
(CMV)-driven plasmids encoding wild-type and catalytically inactive Ubp41l
(kindly provided by Kyungjin Kim) (28) have been described previously. pPCMV-
MEKI1 encodes constitutively active MEK-1(ANS218E-S222D). The vector en-
coding CBP (pPA8) was provided by Marleen Petit.

The following plasmids encode full-length PEA3 with mutations in combina-
tions of the lysine residues K96 (K1), K222 (K2), K256 (K3), K330 (K4), and
K437 (K5) or glutamate residues E98 (E1), E224 (E2), E258 (E3), E332 (E4),
and E439 (E5) and were constructed by QuikChange mutagenesis (Stratagene).
pAS1029, pAS1030, pAS1031, pAS1032, and pAS1033 [encoding PEA3(K1R),
PEA3(K2R), PEA3(K3R), PEA3(K4R), and PEA3(K5R)] were constructed us-
ing the template pAS1801 and the primer pairs ADS1936/1937, ADS1938/1939,
ADS1940/1941, ADS1942/1943, and ADS1944/1945, respectively. Additional
compound mutations were then created by using the appropriate primer pairs on
templates already containing individual or multiple mutations to create
pAS1034, pAS1036, pAS1040, pAS1041, pAS1042, pAS2651, and pAS2652 [en-
coding PEA3(K12R), PEA3(KI123R), PEA3(K1234R), PEA3(KI12345R),
PEA3(K2345R), PEA3(K1345R), and PEA3(K1245R)]. Similarly, the mutants
PpAS1043, pAS1044, p1045, pAS1046, and pAS1047 [encoding PEA3(E1A),
PEA3(E2A), PEA3(E3A), PEA3(E4A), and PEA3(E5A)] and the compound
mutants pAS1048, pAS1049, and pAS1050 [encoding PEA3(E23A), PEA3(E123A),
and PEA3(E12345A)] were created by sequential insertion of mutations at the
indicated glutamate residues using the primer pairs ADS1946/1947 (E1),
ADS1948/1949 (E2), ADS1950/1951 (E3), ADS1952/1953 (E4), and ADS1954/
1955 (ES). pAS2653, pAS2654, and pAS2655 [encoding PEA3(S101A),
PEA3(S101E), and PEA3(P102A)] were constructed using the template
pAS1801 and the primer pairs ADS1956/1957, ADS1958/1959, and ADS1960/
1961, respectively.

For bacterial expression, pPGEX2T-Ubc9 and pGEX2T-SUMO-1 have been
described previously (8).

For in vitro transcription/translation, pAS1801 [encoding full-length mouse
PEA3(1-480)] and its mutant derivatives were used.

Tissue culture, cell transfections, reporter gene assays, and reverse transcrip-
tion-PCR (RT-PCR). HEK293 and HCT116 cells were grown in Dulbecco’s
modified Eagle’s medium supplemented with 10% fetal bovine serum. SW480
cells were grown in L15 Leibovitz culture medium supplemented with 10% fetal
bovine serum. Where indicated, cells were treated with phorbol myristate acetate
(PMA; 10 nM), cerulenin (5 pg/ml), etoposide (10 wM; Sigma), the MEK
inhibitor U0126 (10 wM), or the proteosome inhibitor MG132 (5 uM). Plasmid
transfections for HEK293T cells were performed using Polyfect (Qiagen) ac-
cording to the manufacturer’s instructions. For transfected cells, the inhibitors
were added 20 h after transfection and proteins were analyzed by Western
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blotting or luciferase assays typically 6 h later. To analyze protein stability, the
protein synthesis inhibitor cycloheximide (50 pg/ml) was added to cells for the
times indicated in the figure legends. Cells were then washed and samples
analyzed by Western analysis over a 9-h period. Small interfering RNA (siRNA)
transfections were performed with 5 wl Lipofectamine 2000 per well in a six-well
plate and 40 nM SMARTpool siRNA duplexes against glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH), RNF4, and CBP or a scrambled duplex (Dhar-
macon) for 24 h before treatment of cells with PMA.

For reporter gene assays, typically 0.25 pg of reporter plasmid and 50 ng of
pCHI110 were cotransfected with 0.005 to 2 pg of expression plasmids. Cell
extracts were prepared and equal amounts of protein were used in luciferase and
B-galactosidase assays as described previously (15).

Standard and real-time RT-PCR of MMPI and COX-2 expression was carried
out using the primer pairs ADS1962 (5'-CGTCTTACGAATTTGCCGACAG
A-3") with ADS1963 (5'-GTTCTAGGGAAGCCAAAGGAGCTG-3') and
ADS2058 (5'-TCAGCCATACAGCAAATCCT-3") with ADS2059 (5'-CTTGA
AGTGGGTAAGTATGTAGT-3') as described previously (36).

In vitro and in vivo SUMO and ubiquitination assays. In vitro SUMO assays
were performed essentially as described previously (58) using in vitro-translated
PEA3 proteins with 0.08 pg SAE1/2 (Alexis Biochemicals), 0.5 ug Ubc9, and 0.5
g SUMO-1 or glutathione S-transferase (GST)-SUMO-1 (see Fig. 1, below)
according to the manufacturer’s instructions (Biomol) (see Fig. 2, below).
Sumoylated species were monitored on 12% (see Fig. 1) or 8% (see Fig. 2)
sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels.

In vivo sumoylation of overexpressed proteins was detected by cotransfection
of His-tagged SUMO-2 and Ubc9 and wild-type or mutant PEA3 derivatives into
293T cells. After transfection, the cells were left overnight and then treated with
different reagents as detailed in the figure legends, followed by Ni-nitrilotriacetic
acid purification of the conjugates under denaturing conditions in the presence
of 8 M guanidine-HCI and 10 mM imidazole as described previously (58). In vivo
ubiquitination of PEA3 was examined by cotransfection of His-ubiquitin, wild-
type, or mutant derivatives of PEA3 into HEK293T cells, followed by similar
procedures as used for purification of His-tagged SUMO conjugates. For ana-
lyzing sumoylation of endogenous proteins, cells were lysed in buffer containing
the SUMO protease inhibitor N-ethylmaleimide (NEM) (150 mM NaCl, 20 mM
Tris-HCl, pH 7.5, 10% [vol/vol] glycerol, 1% [vol/vol] Triton X-100, 1 mM
phenylmethylsulfonyl fluoride, 10 mM aprotinin, 10 mM NEM), and subsequent
immunoprecipitations were also performed in the presence of this inhibitor.

Western blot analysis. Western blotting was carried out with the primary
antibodies PEA3 (sc-113; Santa Cruz), SUMO-1 (sc-5308; Santa Cruz), and
RNF4 (kindly provide by Jorma Palvimo) essentially as described previously (15).
Data were quantified using Quantity One software (Bio-Rad).

ChIP assays. Chromatin immunoprecipitation (ChIP) assays using control
immunoglobulin G (IgG; Upstate) or acetyl histone H4 (Upstate 06-866) were
performed as described previously (43). Bound promoters were detected by PCR
using the following primers: for the MMP-1 promoter, ADS1968, 5'-GGGGAC
TCCAAGGCTCTATT-3', and ADS1969, 5'-TCAGGAAAGCAGCATGTGA
C-3'; for the COX-2 promoter, ADS2052, 5'-AAAGACGTACAGACCAGAC
ACG-3', and ADS2053, 5'-GCTTCCGAGAGCCAGTTC-3', or SRF intron 3
(24).

RESULTS

PEA3 is modified by SUMO. PEA3 contains five sites which
fit the core SUMO consensus sequence YKXE (Fig. 1A).
These sites are conserved in PEA3 family proteins from hu-
mans to zebrafish in otherwise poorly conserved regions of the
proteins, suggesting functional importance. Three of the sites,
K222, K256, and K437, conform to the longer NDSM consen-
sus sequence, where clusters of acidic residues are located
downstream from the core motif (57). A fourth site, K96,
conforms to the PDSM consensus sequence (19), as it contains
a potential proline-directed serine phosphorylation site three
residues downstream from the end of the core motif.

To establish whether PEA3 is a potential substrate of the
SUMO pathway, we first carried out in vitro sumoylation as-
says. Incubation of PEA3 with components of the SUMO path-
way caused the appearance of multiple higher-molecular-
weight species indicative of several sumoylation events (Fig.
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FIG. 1. PEA3 is SUMO modified. (A) Schematic of the PEA3 structure, illustrating the location of the SUMO consensus sites with respect to
the known domains (AD and Ct are activation domains and ETS is the DNA binding domain). The local context of the core yKXE SUMO motifs
is indicated, with downstream acidic residues or SP motifs underlined. (B) In vitro sumoylation of PEA3. In vitro-translated PEA3 was incubated
with the indicated components of the SUMO pathway and either SUMO-1 or GST-SUMO-1. The positions of the high-molecular-weight
SUMO-conjugated species are indicated by brackets. (C) In vivo sumoylation of PEA3. 293 cells were cotransfected with the indicated combi-
nations of PEA3, Ubc9, and His-tagged SUMO-2. SUMO-conjugated proteins were isolated by nickel affinity pull down (PD) and PEA3-derived
species were identified by immunoblotting (IB). Total input levels of PEA3 were determined by IB (bottom panel). The positions of discrete major
bands corresponding to SUMO-conjugated species are indicated by arrows and roman numerals. (D, E, and F) Sumoylation of endogenous PEA3.
PEA3 was immunoprecipitated (IP) from SW480 cells in the presence and absence of NEM (D and F) or from MDA-MB-231 cells treated with
NEM (E) and the precipitated proteins identified by IB with SUMO-1 or PEA3 antibodies. Cells were also treated with cerulenin (E) or etoposide
(F) where indicated. IgG precipitates were used as a control. The positions of the high-molecular-weight SUMO-conjugated species are indicated
by brackets (B and D) or an arrow (E and F), or specific bands are indicated by numbered arrows (C). Asterisks represent a nonspecific band

resulting from the co-IP (IgG heavy chain).

1B, lane 4). These bands were confirmed as sumoylated species
as their mobility decreased upon substitution of SUMO-1 with
a GST-SUMO-1 fusion protein (Fig. 1B, lane 6).

To confirm that PEA3 could be sumoylated in vivo, we
cotransfected 293 cells with a PEA3 expression vector along
with plasmids encoding Ubc9 (the E2 ligase) and His-tagged
SUMO-2. Subsequent isolation of His-tagged protein conju-
gates demonstrated that PEA3 can be sumoylated to give rise
to several high-molecular-weight bands in vivo (Fig. 1C; see
also Fig. 2B, below). The number of bands detected varied, but
there were two predominant ones (bands II and III). Further-
more, we determined whether endogenous PEA3 could be
sumoylated. Little PEA3 protein can be detected in the ma-
jority of cultured cell lines; however, we were able to detect
PEA3 in several high-molecular-weight forms in SW480 cells
(Fig. 1D, bottom panel) and HCT116 cells (data not shown).
These high-molecular-weight forms were also identified using
an anti-SUMO-1 antibody (Fig. 1D, top panel) and their ap-
pearance was dependent on the inclusion of the SUMO pro-

tease inhibitor NEM, demonstrating that they represent
SUMO-conjugated species of PEA3. Importantly, the molec-
ular weights of these SUMO-modified PEA3 forms closely
matched the mobilities of the sumoylated species seen with
exogenous PEA3 (see Fig. 3A, below). We also examined
whether we could detect SUMO-modified PEA3 in MDA-MB-
231 cells that had been treated with the fatty acid synthase
inhibitor cerulenin. This agent has previously been shown to
enhance the levels of PEA3 protein in cancer cells (33). A
high-molecular-weight form of PEA3 could be specifically pre-
cipitated from these cells upon cerulenin treatment, which
corresponded to a SUMO-modified form (Fig. 1E, lanes 3 and
4). This was not apparent in cells where PEA3 levels had not
been enhanced due to cerulenin treatment (Fig. 1E, lanes 1
and 2). Similarly, we treated MDA-MB-231 cells with etopo-
side, which was previously shown to increase PEA3 levels (56).
Again, a higher-molecular-weight conjugated form of PEA3
could be detected with anti-PEA3 and -SUMO antibodies but
only in the presence of etoposide and NEM (Fig. 1F, lane 8).
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FIG. 2. Mapping the SUMO modification sites in PEA3. (A) Sche-
matic of the PEA3 structure, illustrating the locations of the sumoy-
lation sites that were mutated. (B and C) In vivo sumoylation of the
indicated PEA3 derivatives was probed as described for Fig. 1C. Ar-
rows and associated roman numerals indicate the positions of the
major SUMO-dependent high-molecular-weight PEA3 species. Cells
were either untreated (B) or treated with PMA for 6 h before harvest-
ing where indicated (C). (D) In vitro sumoylation of the indicated
PEA3 derivatives was performed as described for Fig. 1B.

Together these results demonstrate that PEA3 can be
sumoylated in vitro and in vivo at several sites.

Mapping the SUMO sites in PEA3. To identify which of the
potential SUMO sites are functional in PEA3, we mutated
each one individually and examined PEA3 sumoylation status
in vivo. Mutation of either K222 (K2) or K256 (K3) resulted in
the loss of one of the two major sumoylated species (Fig. 2B,
lanes 4 and 8; bands II and III, respectively). In contrast mu-
tation of either K330 (K4) or K437 (K5) had little effect on the
high-molecular-weight sumoylated species (Fig. 2B, lanes 5
and 6; bands IV and V, respectively). The minor sumoylated
band (band I) was lost upon mutation of K96 (K1) along with
reductions in bands II and III, but only band I loss was repro-
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ducibly observed (Fig. 2B, lanes 7). Thus, in vivo, the major
sites of sumoylation are K222 and K256, and to a lesser extent
K96. Moreover, as each band could be specifically attributed to
a particular sumoylation event at a defined lysine residue, the
different mobility bands most likely arise due to the abnormal
mobility commonly observed for branched polypeptides
formed when SUMO is conjugated at different positions in the
protein sequence. To establish whether these three sites were
the only ones used for SUMO conjugation, we mutated all
three in the mutant PEA3(K123R) and tested its sumoylation
status in vivo. Sumoylation was not detectable in this mutant
(Fig. 2C). Finally, we confirmed the in vivo results in an in vitro
sumoylation assay. Consistent with the in vivo results, in vitro
analysis demonstrated that the PEA3 mutant K123R was
devoid of sumoylation (Fig. 2D). Similarly, the mutant
PEA3(E123A), which contains single amino acids substitutions
at the conserved glutamic acid residues (to alanine) within the
three core sumoylation motifs, also causes abolition of PEA3
sumoylation in vitro (Fig. 2D) and multisite sumoylation in
vivo (data not shown). Thus, K96 (K1), K222 (K2), and K256
(K3) are also the major sites of sumoylation in PEA3 in vitro.

Collectively these results therefore demonstrate that PEA3
can be sumoylated at multiple sites, chiefly involving lysines
K96, K222, or K256.

ERK MAP kinase pathway activation enhances PEA3
sumoylation. The sumoylation levels of the ETS domain tran-
scription factor Elk-1 and the PR are reduced upon activation
of the ERK MAP kinase pathway (4, 58). As PEA3 is also
regulated by ERK MAP kinase signaling, we therefore inves-
tigated whether this pathway affected PEA3 sumoylation lev-
els. In contrast to the effects on Elk-1 and PR, upon treatment
of cells with PMA, a potent activator of the ERK pathway, we
observed an overall increase in PEA3 sumoylation levels. In
particular, band I, corresponding to sumoylation at K96, was
clearly visible (Fig. 3A, lanes 1 and 2). PMA treatment also
caused an increase in PEA3 levels, but importantly, when
PEA3 protein levels were normalized through either stabiliza-
tion through proteosomal inhibition with MG132 (Fig. 3A,
lanes 3 and 4) or through rerunning volumes of precipitated
samples that corresponded to equal amounts of input PEA3
protein (Fig, 3B), increased sumoylation levels were still ob-
served after PMA treatment. Equal precipitation of SUMO-
modified proteins was confirmed under all treatment condi-
tions (Fig. 3A, lanes 5 to 8). To confirm that the enhanced
levels of sumoylation occurred at the same sites as those ob-
served under steady-state conditions, we tested the triple
E123A and multiple E12345A mutants which are mutated in
the first three or all five of the consensus SUMO modification
sites. In both cases, only residual low-level SUMO modifica-
tion was observed following PMA stimulation, indicating that
K96, K222, and K256 are the major sites of conjugation under
both basal and activating signaling conditions (Fig. 3C). Im-
portantly, inhibition of the endogenous SUMO pathway with a
dominant-negative version of Ubc9 (dn-Ubc9) blocked the
PMA-induced appearance of these sumoylated forms of PEA3
(Fig. 3D). To monitor the kinetics of appearance of the sumoy-
lated species, we treated cells with PMA in the presence of the
proteosome inhibitor MG132. This ensured that we had equal
amounts of PEA3 present, as PMA potently stimulates the
accumulation of PEA3 protein and confounds analysis of in-
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FIG. 3. ERK MAP kinase signaling enhances PEA3 sumoylation. (A to F) In vivo sumoylation of wild-type PEA3 or the indicated mutant forms
of PEA3 in transfected 293 cells was probed as described for Fig. 1C. (A) PMA and/or MG132 was added 6 h before harvesting, as indicated. Ubc9
and His-tagged SUMO-2 were cotransfected with PEA3. SUMO-conjugated PEA3 was detected by immunoblotting (IB) with anti-PEA3
antibodies (left panel) and total precipitated SUMO conjugates were detected by anti-SUMO-2 antibodies (right panel). (B) The levels of input
PEA3 protein in panel A were normalized and the amounts of precipitated samples run on the gel were normalized, due to PMA affecting overall
PEA3 levels. This enabled comparisons to be made based on equal amounts of PEA3 protein. (C) Cells were cotransfected with Ubc9, His-tagged
SUMO-2, and the indicated PEA3 derivatives and sumoylation was detected following 6 h of treatment with PMA. (D) PEA3 was contransfected
with His-tagged SUMO-2 and dnUbc9, and cells were treated with PMA where indicated. (E) Cells transfected with PEA3, SUMO-2, or Ubc9 were
treated with MG132 and for the indicated times with PMA. The amount of sumoylation at each time point relative to total PEA3 level is shown
in the bar graph beneath the figure. The line graph represents quantification of the appearance of the three major sumoylated PEA3 species (bands
I to III) over the first 5 h after PMA stimulation relative to the basal levels of band I (taken as 1). (F) Ubc9 and His-tagged SUMO-2 were
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creases in sumoylation levels (Fig. 3A and D). Under these
conditions, the increase in abundance of the bands correspond-
ing to the three major sumoylation sites (I, II, and III) in-
creased significantly between 2 and 3 h after PMA stimulation
(Fig. 3E, lanes 1 to 4). Further increases in the intensity of
band I were then observed, peaking between 5 and 6 h,
whereas the others had already reached a plateau (Fig. 3E,
lanes 5 to 7). Thus, while sumoylation of all three sites was
enhanced in response to PMA stimulation, the kinetics of K96
sumoylation clearly differs, suggesting that its regulation differs
from the other sites.

To demonstrate that the effect of PMA on PEA3 sumoyla-
tion was through the ERK pathway rather than some other
signaling route, we treated cells with PMA in the presence and
absence of the MEK inhibitor U0126. In the presence of in-
hibitor, the enhancement of PEA3 sumoylation was blocked,
although PEA3 levels also decreased (Fig. 3F, lanes 4 and 5).
We therefore stabilized PEA3 levels by cotreatment with
MG132, and under these conditions, a clear reduction in PEA3
sumoylation levels could be observed upon inhibition of ERK
pathway signaling, despite the equal levels of total PEA3 pro-
tein (Fig. 3F, lanes 7 and 8). Furthermore, treatment of SW480
cells with the MEK inhibitor also caused a decrease in the
levels of sumoylated endogenous PEA3 (Fig. 3G).

Due to the relatively slow kinetics of ERK pathway-depen-
dent enhancement of PEA3 sumoylation, we tested when ERK
pathway activity was required by adding the U0126 inhibitor at
different times following PMA stimulation. Addition of the
inhibitor between 0 and 2 h after PMA addition substantially
blocked the enhancement of PEA3 sumoylation (Fig. 3H, lanes
5 to 7). However, addition of the inhibitor after 3 h had little
effect on PEA3 sumoylation levels (Fig. 3H, lanes 1 to 4).
These results demonstrate that ERK kinase pathway activity
must therefore be sustained for more than 2 h to trigger PEA3
sumoylation and is consistent with the kinetics of PEA3 sumoy-
lation, which begin to peak between 3 and 4 h after ERK
pathway activation.

Together these data therefore indicate that sustained ERK
pathway signaling increases the levels of PEA3 sumoylation.

PEA3 is transiently multisumoylated. In several experi-
ments where we used the proteosomal inhibitor MG132, we
noticed an accumulation of higher-molecular-weight conju-
gates (Fig. 3A, B, C, and E). To establish unequivocally that
MG132 treatment was preserving these high-molecular-weight
conjugates, we compared samples from PMA-treated cells in
the presence and absence of MG132 cotreatment, following
normalization of total PEA3 levels. Proteosomal inhibition led
to the clear accumulation of high-molecular-weight lower-mo-
bility species (Fig. 4A). The appearance of these species was
dependent on the sumoylation sites, as removal of four or five
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FIG. 4. PEA3 is multisumoylated. (A) Ubc9 and His-tagged
SUMO-2 were cotransfected with PEA3. PMA was added 6 h before
harvesting in the presence or absence of MG132 as indicated. The
levels of input proteins and precipitated samples were normalized
prior to loading. (B) Schematic of the PEA3 structure, illustrating the
locations of the sumoylation sites that were mutated. (C and D) Ubc9
and His-tagged SUMO-2 were cotransfected with the indicated PEA3
derivatives. PMA was added 6 h before harvesting in the presence or
absence of MG132 as indicated. IB, immunoblotting results; PD, pull-
down assay results.

cotransfected with PEA3 as indicated, and PMA and the MEK inhibitor U0126 were added 6 h before harvesting. MG132 was added (lanes 6 to
8) 1 h prior to stimulation of cells with PMA. The amount of sumoylation relative to total PEA3 levels in lanes 6 to 8 is shown in the box beneath
the figure. (G) Sumoylation of endogenous PEA3 in SW480 cells was probed as described for Fig. 1D. The MEK inhibitor U0126 was added at
the indicated times prior to harvesting. (H) 293 cells were transfected with PEA3, SUMO-2, or Ubc9 and were treated with PMA for 6 h in the
presence of MG132. U0126 was added at the indicated times after PMA addition. The amount of sumoylation at each time point relative to total
PEA3 levels is shown in the bar graph beneath the figure. Arrows and associated roman numerals indicate the positions of the major SUMO-
dependent high-molecular-weight PEA3 species. Multisumoylated species are indicated by brackets.
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of the consensus sumoylation sites abolished the induction of
the high-molecular-weight conjugates (Fig. 4C). A similar ef-
fect was observed in the K123R and E123A mutants, which
lacked the major SUMO modification events (data not shown).
To establish whether any of the individual sumoylation sites
were more important for the generation of these high-molec-
ular-weight conjugates, we tested the effect of MG132 treat-
ment on the sumoylation status of PEA3 proteins containing
only one of the three sumoylation sites following PMA treat-
ment. While high-molecular-weight conjugates could be ob-
served on wild-type PEA3, mutant proteins containing the
single sumoylation sites K96, K222, or K256 exhibited reduced
levels of these lower-mobility species (Fig. 4D, lanes 4, 6, and
8). Moreover, the residual banding patterns did not resemble
that observed with the wild-type protein (Fig. 4D, compare
lanes 4 and 2).

Together these results demonstrate that proteosomal inhi-
bition traps a transient population of multisumoylated PEA3
and suggest that multiple SUMO sites are required for the
production of the high-molecular-weight sumoylated species.

K96 sumoylation is controlled through a PDSM. The induc-
tion kinetics of K96 sumoylation in response to MAP kinase
signaling differs from that of K222 and K256. Indeed, the
sequence of this site conforms to the PDSM consensus site
(Fig. 5B) (19), suggesting that sumoylation at this site might be
controlled by phosphorylation. Moreover, the key features of
this site (i.e., the core and SP motifs) are evolutionarily con-
served with PEA3 homologues in species as distant as Dro-
sophila melanogaster and the sea urchin Strongylocentrotus pu-
puratus (Fig. 5B). To establish whether sumoylation of this site
is responsive to MAP kinase-mediated signaling, we examined
the sumoylation status of PEA3(K2345R), which lacks all po-
tential sumoylation sites other than K96. Importantly, sumoy-
lation of K96 was enhanced in this mutant following PMA
treatment in an ERK pathway-dependent manner (Fig. 5A),
demonstrating that prior sumoylation at other sites is not a
prerequisite for K96 sumoylation.

To probe the potential role for phosphorylation of the SP
motif located immediately downstream from the core YKXE
SUMO site at K96, we mutated the SP motif and examined the
consequences for MAP kinase-mediated sumoylation of
PEA3. Mutation of the serine residue in PEA3(S101A) caused
the virtual abolition of PMA-induced sumoylation of K96
(band I) but did not affect the enhancement of sumoylation at
other sites (Fig. 5B, lane 4). Similarly, mutation of the adjacent
proline residue in PEA3(P102A), also caused a loss of K96
sumoylation, although a change in mobility of the bands cor-
responding to K222 and K256 sumoylation was observed, most
likely due to conformational changes induced by this mutation
(Fig. 5B, lane 8). In contrast, replacement of serine 101 with a
phospho-mimetic residue in PEA3(S101E) restored the PMA-
inducible sumoylation of K96 (Fig. 5B, lane 6). However, en-
hanced sumoylation of K96 by introduction of this phospho-
mimetic residue was not observed when the ERK pathway was
not activated (Fig. 5C), demonstrating that negative charge at
this position (and presumably phosphorylation) is only permis-
sive and not causative in the enhancement of PEA3 sumoyla-
tion by ERK signaling.

Thus, the PDSM motif in PEA3 behaves in a similar manner
to the PDSMs found in other substrates (59). The putative
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FIG. 5. Role of the PDSM in ERK MAP kinase-mediated PEA3
sumoylation. (A to C) In vivo sumoylation of wild-type PEA3 in trans-
fected 293 cells was probed as described for Fig. 1C. (A) Ubc9 and
His-tagged SUMO-2 were cotransfected with PEA3(K2345R). PMA
and U0126 were added 6 h before harvesting as indicated. The levels
of input proteins and precipitated samples were normalized prior to
loading. (B and C) The indicated PEA3 mutants were cotransfected
with Ubc9 and His-tagged SUMO-2. Cells were left untreated (C) or
treated with PMA (6 h) as indicated (B). A longer exposure of the
samples derived in the absence of PMA is shown in panel C to visualize
the basal levels of sumoylation. Asterisks represent a nonspecific band
resulting from the pull-down assay (PD). IB, immunoblotting results.

proline-directed serine phosphorylation site within the PDSM
surrounding K96 in PEA3 is functionally important and is
required for ERK pathway-dependent enhancement of K96
sumoylation.

Sumoylated PEA3 is unstable. The trapping of high-molec-
ular-weight sumoylated PEA3 species by proteosomal inhibi-
tion suggested a general role for sumoylation in enhancing
PEA3 instability. To address this issue, we determined the
stability of the sumoylated PEA3 species in comparison to the
bulk PEA3 levels following treatment of cells with the protein
synthesis inhibitor cycloheximide. Sumoylated PEA3 exhibited
a much shorter half-life in comparison to the bulk PEA3 levels
(less than 1 h compared to more than 3 h) (Fig. 6A and B).
Among the different sites, sumoylation of K96 exhibited the
most rapid turnover (Fig. 6A, band I, and data not shown). To
confirm that the changes in sumoylation levels reflected a
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FIG. 6. Sumoylated PEA3 is unstable. (A) 293 cells were cotrans-
fected with PEA3, Ubc9, or His-tagged SUMO-2. Cells were treated
with PMA for 3 h, and then cycloheximide (CHX) was added and cells
harvested at the indicated times after cycloheximide addition. Sumoy-
lation of PEA3 was probed as described for Fig. 1C. Bulk PEA3 levels
were determined by harvesting in the absence of NEM (middle panel).
GAPDH levels were probed as a loading control (bottom panel).
(B) Graphical representation of the data from panel A. (C) 293 cells
were transfected as described for panel A, but MG132 was added at
the same time as PMA in lanes 4 to 6. PD, results from pulldown assay;
IB, immunoblotting results.

change in stability, rather than an indirect consequence of
inhibiting a component of the sumoylation machinery and
hence promoting sumoylation turnover, we compared the sta-
bility of PEA3 in the presence and absence of the proteosome
inhibitor MG132. MG132 treatment did not cause dramatic
increases or decreases in the overall levels of PEA3 sumoyla-
tion (Fig. 3A, lanes 3 and 4, and F, lanes 4 and 7), demon-
strating that it does not have a gross effect on the SUMO
pathway. Importantly, after 4 h of cycloheximide treatment,
cotreatment with MG132 blocked the loss of sumoylated spe-
cies, demonstrating that turnover was due to proteosomal deg-
radation (Fig. 6C, lane 5). However, at a later time point,
MG132 was unable to block the loss of sumoylation, demon-
strating that this loss was an indirect consequence of cyclohex-
imide treatment. Importantly, the majority of loss of sumoy-
lated PEA3 was already achieved after 4 h cycloheximide
treatment in the absence of MG132 (Fig. 6C, lane 2). Thus,
sumoylated forms of PEA3 are more unstable, and higher-
molecular-weight multi-SUMO-conjugated species appear
particularly sensitive, as they are not readily detectable unless
the proteosome inhibitor is inhibited.
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ERK pathway signaling and sumoylation promote PEA3
ubiquitination. Ubiquitination is often associated with protein
instability. We therefore tested whether PEA3 is ubiquitinated
by cotransfecting a His-tagged ubiquitin construct and exam-
ining whether conjugated PEA3 could be detected in nickel
affinity precipitates. Substantial amounts of PEA3 ubiquitina-
tion could only be observed following stimulation of cells with
PMA (Fig. 7A, lane 3). Importantly, both multiubiquitinated
high-molecular-weight species and a prominent lower-molec-
ular-weight band, most likely representing mono-ubiquitina-
tion, were observed. These results are consistent with previous
studies which demonstrated polyubiquitination of the human
form of PEA3, E1AF, although the role of ERK signaling in
this process was not addressed (47). To establish whether this
polyubiquitination was associated with proteosome-mediated
degradation, we repeated the experiment but omitted the pro-
teosomal inhibitor MG132. Importantly PMA-inducible poly-
ubiquitination was lost in the absence of MG132, although
monoubiquitination was retained (Fig. 7B, lane 4), demon-
strating that polyubiquitination of PEA3 is likely targeting it
for degradation.

Next we investigated whether any of the SUMO consensus
sites were needed for ubiquitination of PEA3. We examined
the ubiquitination status of a series of mutant PEA3 proteins in
which additional lysine residues were sequentially mutated
(Fig. 7C). Removal of the three N-terminal lysine residues,
corresponding to the major sumoylation sites substantially re-
duced the levels of PEA3 ubiquitination, especially the mul-
tiubiquitinated species (Fig. 7D, lanes 6 and 7). Further loss of
the lysine residues in the two C-terminal consensus sumoyla-
tion sites reduced the levels of ubiquitination even further,
with only residual monoubiquitination remaining (Fig. 7D,
lanes 4 and 5). As ubiquitination and sumoylation take place
on lysine residues, these results suggested that these two
modifications might occur on the same sites in PEA3. How-
ever, an alternative hypothesis is that sumoylation might
promote ubiquitination. We therefore tested the ubiquiti-
nation levels of a mutant PEA3 protein (E12345A) in which
the consensus sumoylation sites were disabled but the lysine
residues left intact (Fig. 7C). This mutant exhibits substan-
tially reduced levels of sumoylation (Fig. 3C). The pattern of
ubiquitination of this mutant resembled that of the K123R
mutant, with much reduced multiubiquitination, but re-
tained high levels of monoubiquitination (Fig. 7D, lane 3),
strongly implicating sumoylation as a requirement for sub-
sequent ubiquitination.

To further explore the links between sumoylation and ubig-
uitination, we cotransfected the SUMO protease SENP1. As
expected, SENP1 caused a dramatic loss in PEA3 sumoylation
levels (Fig. 7E, lane 5). Importantly, SENP1 also caused a loss
of polyubiquitination while again leaving monoubiquitination
largely intact (Fig. 7E, lane 3). We also performed the recip-
rocal experiment and overexpressed the ubiquitin protease
Ubp41. As expected a loss of ubiquitinated PEA3 was ob-
served (Fig. 7F, lane 3); however, sumoylation of PEA3 was
not reduced but instead was increased (Fig. 7F, lane 6). This
increase in sumoylation is consistent with the notion that
polyubiquitination leads to increased turnover of sumoylated
PEA3, and reversing the polyubiquitination would be expected
to preserve the sumoylation status of PEA3.



MoL. CELL. BIOL.

3212 GUO AND SHARROCKS
A B H His-SUMO-2
His-Ub: - + + His-Ub: - + + + PMA(Hrs): 0 1 2 3 4 5 6 7
PMA: + - + PMA: - - + + 7
MG132: + + + -
d
o ——
His-PD L " His-PD 3
PEA3-IB His-PD PEA3-IB g
. »7. | PEA3B ==B
< B J *
- <
e R I
1 2 3
1 2 3 4 1 2 3 4 5 6 7 8
His-Ubiquitin
c PEA3 :
PMA(Hrs): 0 1 2 3 4 5 6 7
K96 K222 K256 KEiSO Kl§7
Y ‘i
R R K12R 1
R R:R K123R . "
R R:R R K1234R His-PD
R R:R R Ri K12345R PEA3-IB :
| o ofoeg - § ] <
D -
AR
W MR
AR RO
PEA3: é‘&‘(«,‘*“’@#‘@%‘b@ PEA3-IB | suum
His-Ub: - + + + + + 4+ 4+
| 100
His-PD A IS =
PEA3-IB | -4 Bl 3%
S =l 2 60
— e —— 3 40
PEA3-IB s b
v : 20
1 2 3 45 6 7 8
0+
01 2 3 4 5 6 7
PMA stimulation (Hrs)
E HisUb Hissumoz I His-Ub  His-SUMO-2 G
PMA: - + + + 3'$ § &
- - )
SENP1: - - + - Ubpd1 £ < SiRNA:
- His-PD - }
PEA3-IB S His-PD
His-PD i = =g . PEA3-IB
SN ==
o - TN, ——| ——

1 2 3 4 5

100% 81% 47% 86%
RNF4-1B
1 2 3 4

FIG. 7. Sumoylation promotes PEA3 ubiquitination. 293 cells were cotransfected with PEA3, His-SUMO-2, or His-tagged ubiquitin (His-Ub)
as indicated. SENP1 was cotransfected as indicated (E), and wild-type and catalytically inactive mutant Ubp41 was transfected as indicated (F).
siRNA constructs against GAPDH, RNF4, and CBP were cotransfected as indicated (G). MG132 was applied in all cases apart from where
indicated in panel B and lanes 4 to 6 of panel F. Cells were also treated with PMA for 6 h (D, F, and G), for 6 h as indicated (A and E), or for
0 to 7 h (H). Ubiquitin- or SUMO-conjugated proteins were isolated by nickel affinity pull-down assay (PD), and PEA3-derived species were
identified by immunoblotting (IB). Asterisks represent a nonspecific band resulting from the co-IP. The arrow likely represents monoubiquitinated
PEA3, and the bracket represents polyubiquitinated or multisumoylated PEA3. Total levels of PEA3 in the input lysates are shown in the panels
below each PD. (C) Schematic of PEA3 structure, illustrating the locations of the sumoylation sites that were mutated. The graph in panel H shows
the levels of multisumoylation or polyubiquitination at each time point. The numbers above the bottom portion of panel G represent the
percentages of RNF4 protein remaining relative to the no-siRNA treatment.

Recently, RNF4 was identified as a SUMO-dependent E3
ubiquitin ligase that provides a molecular link between
SUMO-modified proteins and their subsequent degradation in
a ubiquitin-dependent manner (26, 46, 48). We therefore de-
pleted RNF4 by siRNA treatment and examined PMA-in-
duced ubiquitination of PEA3. Treatment with control du-

plexes directed against GAPDH or CBP had little effect on
polyubiquitination levels (Fig. 7G, lanes 2 and 4). However,
loss of RNF4 was accompanied by a reduction in polyubiquiti-
nated PEA3 (Fig. 7G, lane 3), demonstrating a further link
between SUMO modification and subsequent polyubiquitina-
tion of PEA3. A further key prediction of these results is that
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FIG. 8. Sumoylation of PEA3 enhances its transactivation capacity. (A to H) Luciferase reporter gene assays using a MMP-1 (A, C, E, F, and
G) or a COX-2 promoter-driven luciferase reporter (B, D, and H) in 293 cells. Data are presented relative to the activity of the reporter alone
(taken as 1). Western blot results for the expression levels of PEA3 derivatives are shown below the graphs. (A) Increasing amounts of wild-type
or mutant (E123A) PEA3 were transfected (50 ng, 100 ng, 200 ng, and 400 ng; increasing amounts are indicated schematically by a triangle). (B
to E) Wild-type PEA3 or the indicated mutant version of PEA3 (500 ng) was transfected in the absence (B and E) or presence of cotransfected
Ubc9 or SUMO-2 (D) or dnUbc9 (1 pg) (C and D). A schematic of the PEA3 structure, illustrating the locations of the glutamate residues mutated
within the sumoylation sites, is shown above panel E. (F to H) Wild-type PEA3 (300 ng) (F and H) or mutant PEA3(E123A) (300 ng) (G) and
constitutively active MEK (200 ng) and dnUbc9 (1 pg) were cotransfected as indicated.

sumoylation must kinetically precede ubiquitination. We ubiquitination was delayed, and increases were only detectable
therefore followed the appearance of multisumoylated and after 4 h (Fig. 7H).
polyubiquitinated species following PMA treatment. Whereas Together these results therefore demonstrate that sumoyla-

increases in sumoylation could be detected after 3 to 4 h, tion precedes and is required for the subsequent efficient



3214 GUO AND SHARROCKS MoL. CELL. BIOL.

A . C
£ 100 50x PMA(Hrs): 0
o
]
é’ 40 3.1x
o
2 2
©
° D E 1.2-
= o © 160 5
CBP: LA R 2 > M
< 120 2 0.8
PEA3(WT) PEA3(E123A) P =
=
1x  3.7x 09x 3.7x £ 8 E 0.6
PEA3-IB‘-M| g 40 Y oa
. s 3
5 1 2 3 4 s o . O os.
> 300 PEA3: ~ é\ \‘ibv\‘lib 0-
£ <« % SENP1: -+ - 4
8 a0 3 P 15
B
)
= 150 F 3
'g 100 ;
© [
s £
o N
o D
MEK: 8
CBP: B o
PEA3(WT) PEA3(E123A) %
1x 5.3x 0.8x 5.2x =
\_'i l‘ siRNA
1 2 3 4
G
ChIP: PEA3 IgG PEA3 H « F S
N
PEA3: = N & &
MMP-1 Input
Input 1 2 3 4
|
PEAS3 ChIP MAPK - SumMo Ubiquitin
pathway pathway pathway

COX-2 ue®

l'.lb”

Input @&-’ X ‘l ‘—»Degraded

PEA3 chiP | SRF

intron ?

FIG. 9. Sumoylation of PEA3 is important for its responses to coactivators and activation of endogenous MMP-1. (A and B) Luciferase reporter
gene assays using an MMP-1 promoter-driven luciferase reporter in 293 cells. Data are presented relative to the activity of the reporter alone (taken
as 1). Western blots show the expression levels of PEA3 derivatives below the graphs. Numbers above each lane represent quantification of the
PEA3 level relative to lane 1 in each panel. Wild-type PEA3 or PEA3(E123A) (300 ng) was contransfected with 2 wg CBP. Where indicated,
constitutively active MEK (200 ng) was also cotransfected. (C) 293 cells were transfected with wild-type PEA3 expression vector (500 ng) and
treated with PMA for the indicated times, and the expression of endogenous MMP-1 was detected by RT-PCR. (D, E, and F) 293 cells were
transfected with the indicated PEA3 expression vectors (500 ng) and the expression of endogenous MMP-1 (D) or COX-2 (E and F) was detected
by real-time RT-PCR. SENP1 (350 ng) was cotransfected as indicated (E) or siRNA constructs against GAPDH, RNF4, or a scrambled duplex
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polyubiquitination of PEA3. However, monoubiquitination
seems to occur largely independently of SUMO modification,
most likely on one of the lysine residues within the consensus
sumoylation sites.

PEA3 transactivation activity is dependent on sumoylation.
Transcription factor sumoylation generally causes a reduction
in transactivation capacity or an increase in repressive activity
associated with a transcription factor, although in a few cases,
sumoylation has been associated with reciprocal effects result-
ing in activation (reviewed in reference 10). To establish how
PEA3-mediated transcriptional activity is affected by sumoyla-
tion, we compared the activity of wild-type PEA3 with a mu-
tant version in which the three major sumoylation sites had
been disrupted [PEA3(E123A)]. We chose to mutate the glu-
tamate residues within the core motif to avoid potential com-
plications associated with other lysine modifications. However,
similar effects were seen with the PEA3(K123R) mutant (data
not shown).

First we carried out a dose-response experiment using the
MMP-1 promoter in which the levels of transfected wild-type
and mutant PEA3 were varied over an eightfold range. In
comparison to the wild-type protein, the activity of the non-
sumoylatable mutant PEA3(E123A) was reduced at all expres-
sion levels (Fig. 8A). Similarly, the nonsumoylatable mutant
PEA3(E123A) exhibited reduced transactivation properties
compared to wild-type PEA3 on the COX-2 promoter (Fig.
8B). Furthermore, blocking the SUMO pathway by cotransfec-
tion with dnUbc9 reduced the activity of wild-type PEA3 on
both the MMP-1 and COX-2 promoters to a similar extent as
disruption of the SUMO modification sites (Fig. 8C and D). In
contrast, dnUbc9 had little effect on the activity of the non-
sumoylatable PEA3(E123A) mutant (Fig. 8C). Conversely, co-
transfection of Ubc9 and SUMO-2 caused an increase in
PEA3-mediated activation of the COX-2 promoter (Fig. 8D).
To establish whether any single sumoylation site was important
for the transactivation capacity of PEA3 we compared the
activities of mutants disabled specifically at each individual
consensus sumoylation site through mutation of glutamate res-
idues in the SUMO consensus motif (Fig. 8E). Mutation of the
first three sites which were mapped as the major sites of mod-
ification (Fig. 2) caused reductions in the transactivation ca-
pacity of PEA3, with the biggest effect being observed in the
E1A mutant (corresponding to K96). However, the simulta-
neous mutation of all three sites caused an additive reduction
in transactivation capacity. Similar results were seen from the
analogous single-site lysine mutants, although the reduction
seen upon disabling the K437 site was not as pronounced (data
not shown). Thus, multiple sites contribute to the PEA3 trans-
activation capacity.

Under conditions where the MAP kinase pathway was acti-
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vated by cotransfection of constitutively active MEK, MMP-1
(Fig. 8F) and COX-2 (Fig. 8H) promoter activation by PEA3
was also inhibited by dnUbc9. PEA3 expression levels were
unaffected by dnUbc9 (Fig. 8F and G). Again, under these
conditions, the repressive effect of dnUbc9 was severely ab-
lated in the presence of the nonsumoylatable PEA3(E123A)
protein (Fig. 8G).

PEA3 cooperates with CBP/p300 to activate transcription
(30; reviewed in reference 6). We therefore cotransfected CBP
with wild-type PEA3 or PEA3(E123A) and monitored MMP-1
promoter activity. In the presence of CBP, both the magnitude
and relative extent of induction of promoter activation were
severely reduced in the presence of PEA3(E123A) under basal
conditions (Fig. 9A) or where the ERK pathway was activated
(Fig. 9B). Thus, sumoylation of PEA3 appears to be important
for cooperativity with CBP.

To probe whether the effects we observed could be detected
at the endogenous MMP-1 promoter, we first determined the
activation kinetics of MMP-1 in response to PMA stimulation
in the presence of PEA3. Maximal levels of MMP-1 expression
were detected after 4 h of PMA treatment (Fig. 9C). This time
coincides with when we observed enhanced PEA3 sumoylation
levels (Fig. 3). Next we compared the abilities of nonsumoy-
latable PEA3 derivatives and wild-type PEA3 to activate the
endogenous MMP-1 gene. Consistent with the reporter gene
analysis, the activating capacities of both PEA3(E123A) and
PEA3(K123R) were significantly reduced (Fig. 9D). Further-
more, PEA3 can also enhance endogenous COX-2 expression,
and this enhancement is ablated by cotransfection of the
SUMO protease SENP1 (Fig. 9E). Consistent with these ob-
servations, dnUbc9 reduced the ability of wild-type PEA3 to
activate MMP-1 expression, further emphasizing the link be-
tween PEA3 sumoylation and its transcriptional activation
properties on endogenous target genes (data not shown). To
probe the role of the interplay between sumoylation and ubiq-
uitination in the transactivation properties of PEA3, we de-
pleted RNF4, which functionally couples these two processes,
and assessed the ability of PEA3 to activate endogenous
COX-2 expression. Control siRNA duplexes had little effect on
PEA3 activity. However depletion of RNF4 significantly re-
duced the level of PEA3-mediated activation of COX-2 expres-
sion (Fig. 9F).

Finally, ChIP analysis was performed to analyze PEA3 bind-
ing and histone acetylation levels at the COX-2 and MMP-1
promoters. First we demonstrated that binding could be de-
tected for wild-type PEA3 and the SUMO site mutants
PEA3(E123A) and PEA3(K123R) at both the COX-2 and
MMP-1 promoters (Fig. 9G). Next we analyzed the levels of
histone H4 acetylation at the endogenous MMP-1 promoter in
the presence of wild-type and mutant PEA3 derivatives. While

and the data in panel F are the averages of two independent experiments, each with duplicate samples. (G and H) ChIP analysis was performed
in 293 cells transfected with the indicated PEA3 expression vectors. Antibodies were used to detect PEA3 binding to SRF intron 3 or the MMP-1
or COX-2 promoter (H) or acetyl-histone H4 levels on the endogenous MMP-1 promoter (G). Cells were left untreated (G) or treated with PMA
for 6 h (H) before ChIP analysis. (I) Model depicting the sequential action of different pathways on PEA3. MAP kinase signaling initiates this
cascade, partly due to phosphorylation (P) of PEA3, and promotes subsequent sumoylation (S), which in turn is important for polyubiquitination
(Ub) and eventual turnover of PEA3. The question mark represents an alternative potential route where polyubiquitination might occur on the

SUMO moiety and/or PEA3 itself.
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enhanced levels of histone acetylation could be detected in the
presence of wild-type PEA3, acetylation levels were much re-
duced in the presence of either PEA3(E123A) and
PEA3(K123R) (Fig. 9H). This observation is consistent with
the reduced ability of the nonsumoylatable PEA3 derivatives
to cooperate with CBP and to activate the MMP-1 promoter.
Together these results demonstrate that sumoylation of
PEA3 is an important molecular determinant of its transacti-
vation capacity at target genes like MMP-1 and COX-2.

DISCUSSION

Sumoylation appears increasingly important in controlling
transcriptional events, and the prevailing view is that SUMO
imparts repressive properties on transcription factors (re-
viewed in references 10, 17, and 32). Furthermore, links be-
tween MAP kinase pathway signaling and the sumoylation
pathway have been made, most notably with the transcription
factor Elk-1, for which MAP kinase pathway activation leads to
desumoylation and hence contributes to transcriptional activa-
tion (16, 58). However, here we have demonstrated that
sumoylation of PEA3 is an important event in promoting its
transactivation properties and that activation of the ERK path-
way promotes PEA3 sumoylation. Thus, different functional
interactions between the ERK and SUMO pathways ultimately
lead to the same event, transcriptional activation, but through
different routes.

While sumoylation is frequently linked to transcriptional
repression, it is important to emphasize that in a growing
number of cases, it enhances transactivation properties. In
some cases, this is through enhancing DNA binding (e.g., HSF-
1/-2) (13, 20). However, functional interactions with coactiva-
tors could also be affected, as suggested here for PEA3, by the
reduced ability of a nonsumoylatable PEA3 to cooperate with
CBP (Fig. 9). Furthermore, sumoylation of PEA3 decreases its
stability (Fig. 6), which differs from the commonly observed
antagonism seen between sumoylation and ubiquitin-mediated
proteolysis (reviewed in reference 50). Here we show that
PEA3 ubiquitination is enhanced following ERK pathway ac-
tivation. Ubiquitination is a conserved feature of the related
PEA3 subfamily, as another member ERM has recently also
been shown to be ubiquitinated and exhibits both poly- and
monoubiquitination, as we have observed for PEA3 (1). How-
ever, for PEA3, sumoylation is also important for efficient
PEA3 polyubiquitination. This is suggestive of a mechanism
involving SUMO-dependent recruitment of a ubiquitin ligase,
such as is observed with RNF4 (26, 46, 48) or between HIF-1a
and VHL (3). Indeed, we have provided evidence for such a
link in PEA3, as depletion of RNF4 reduces the amount of
polyubiquitination of PEA3 (Fig. 7G). Moreover, depletion of
RNF4 also reduces the transactivation effects of PEA3 (Fig.
9F), indicating that the coupling of sumoylation to ubiquitina-
tion has important consequences for the activity of PEA3.
Interestingly, sumoylation has also been shown to decrease
both the transcriptional repressing properties and the stability
of a monomeric form of another ETS domain transcription
factor, TEL, although direct links between the SUMO and
ubiquitin pathways were not made (39). These findings raise
the issue of how ubiquitination and destabilization might con-
tribute to the enhanced activity of PEA3. Indeed, a recent
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study on BMALI demonstrated that sumoylation of this tran-
scription factor also promoted polyubiquitination and degra-
dation yet was important for its transactivation properties (28).
One attractive hypothesis is that this mechanism might be
important in recycling the transcription factor so that new
productive interactions can be made with the basal transcrip-
tional machinery. Such a role for transcription factor turnover
has previously been hypothesized (reviewed in reference 34).
In addition, ubiquitination might itself provide an activation
signal independent from a role in degradation, as observed for
other transcriptional regulators, such as yeast Gal4 (9). Indeed,
in addition to polyubiquitination, there also appears to be a
prominent monoubiquitinated species (Fig. 7), but the signif-
icance of this is not yet clear. This monoubiquitinated species
is dependent on the lysine residues within the SUMO modifi-
cation sites but not on sumoylation per se, as neither disruption
of the sumoylation motif by mutating the glutamic acid resi-
dues (Fig. 7D) nor treatment with the SUMO-specific protease
SENP1 (Fig. 7E) completely abolishes PEA3 monoubiquitina-
tion. Further studies are needed to probe how monoubiquiti-
nation is controlled.

It is important to note that the increase in PEA3 sumoyla-
tion is a relatively slow process and therefore allows for a
temporal delay in its effects. Ubiquitination of PEA3 is delayed
even further. First, MAP kinase signaling can activate (37) and
stabilize (data not shown) PEA3 directly. Sumoylation and
ubiquitination occur with slower kinetics, meaning that MAP
kinase pathway activation can control the entire cascade of
events with an inbuilt temporal delay (Fig. 9I). Importantly, we
estimate that less than 5% of PEA3 is SUMO modified, mean-
ing that only a subpopulation of PEA3 is sumoylated, and
therefore that bulk PEA3 levels will be largely unaffected by
sumoylation and subsequent ubiquitination. It is tempting to
speculate that this subpopulation is the one that is actively
engaged in controlling transcription.

It is currently unclear how MAP kinase pathway activation
leads to increased sumoylation. However, while sumoylation at
three sites is induced in response to MAP kinase activation, the
kinetics of K96 sumoylation are delayed in comparison to K222
and K256, suggesting that a different regulatory mechanism is
operative. This most likely is dictated by a functionally impor-
tant potential proline-directed serine kinase site located down-
stream from K96. Indeed, a version of PEA3 with a phospho-
mimetic residue located in place of S101 is efficiently
sumoylated in response to ERK pathway activation, despite
being ineffectual in changing the basal levels of PEA3 sumoy-
lation at K96. Importantly, this phosphomimetic residue en-
hances multisumoylation, consistent with the role of signaling
in enhancing this molecular event. The putative phosphoryla-
tion event that occurs at S101 is initiated after the onset of the
more generic enhancement of SUMO pathway activity toward
PEA3, thereby accounting for the temporal delay in sumoyla-
tion kinetics at this site. It is unclear how this temporal delay is
incurred and also what the identity of the S101 kinase is.
Further studies are needed to establish whether MAP kinase-
mediated inducible phosphorylation events on PEA3 play a
direct role in enhancing its sumoylation status.

Another member of the PEA3 subfamily, ERM has previ-
ously been shown to be sumoylated (5). ERM is also modified
at multiple sites, chiefly at the four most-N-terminal sites (cor-
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responding to PEA3 K96, K222, K256, and K330). A key dif-
ference here appears to be that the fourth site in PEA3, K330,
is not modified. However, recently, and in agreement with our
results, both mouse PEA3 and its human homologue E1AF/
ETV4 were also shown to be chiefly modified at the three
most-N-terminally located SUMO consensus motifs (2, 35). In
all cases, sumoylation at the individual sites appears to occur
independently, and multisumoylated species are difficult to
detect unless proteosomal inhibitors are added (Fig. 4). It is
currently unclear whether each of the individual sites has a
specific role, but single point mutations have only small effects
on the activity of PEA3 in reporter gene assays (Fig. 8E),
suggesting either that individual sites act in a functionally re-
dundant manner or that multisite sumoylation might be the
more relevant event. Knock-in studies with individual and
composite PEA3 SUMO site mutants might be more revealing
about their specific functions.

It is not clear whether sumoylation of ERM is controlled by
MAP kinase signaling. However, in contrast to PEA3, sumoy-
lation of ERM causes enhancement in its repressive properties
rather than promoting transactivation. This is observed on
both a natural promoter (/CAM-1) and a reporter driven by a
reiterated PEA3 response element. Indeed, we also observed a
repressive effect of sumoylation on a reiterated PEA3 response
element (data not shown), but it is unclear whether this has any
physiological relevance. This is in stark contrast to the role of
sumoylation in promoting transcriptional activation in the con-
text of natural promoters in reporter constructs or in their
natural chromatin context (Fig. 8 to 9). The differences we
observed might represent protein- or promoter-specific effects
of sumoylation. Indeed, two recent studies concluded that
sumoylation imparted repressive properties on mouse PEA3
(2) and human PEA3 (E1AF/ETV4) (35). However, these
effects were modest on the MMP-7 promoter and were only
revealed on reporter constructs containing reiterated binding
elements. Indeed, a side-by-side comparison demonstrated
that equivalent mouse and human PEA3 mutants behave sim-
ilarly to the wild-type protein on the MMP-7 promoter but
show similar defects in transcriptional activity on the MMP-1
and COX-2 promoters (data not shown). Thus, there are
clearly promoter-specific effects involved. These effects are
reminiscent of data reported for nuclear hormone receptors,
for which sumoylation only causes repression on promoters
containing multiple DNA binding sites, giving rise to the con-
cept of synergy control elements (45). Whether PEA3-depen-
dent promoters fall into two different categories containing
SUMO-repressible multi-PEA3 binding sites and SUMO-acti-
vatable single PEA3 binding sites awaits the identification of a
panel of PEA3-regulated promoters by global ChIP-based
analysis.

It is likely that PEA3 sumoylation is important in cancer, as
PEA3 has been linked to metastatic processes (reviewed in
reference 6). Indeed, we have found that PEA3 is heavily
modified by SUMO in several cancer cell lines, including
SW480 colon cancer cells (Fig. 1). Importantly, this cell line
contains oncogenic Ras, thus implicating MAP kinase signaling
in this event. Thus, we have made an important connection
between Ras-ERK pathway signaling and PEA3 activation
through promoting its sumoylation, which is potentially an
important molecular event in the metastatic process.
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