
















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

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.
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sumoylation must kinetically precede ubiquitination. We
therefore followed the appearance of multisumoylated and
polyubiquitinated species following PMA treatment. Whereas
increases in sumoylation could be detected after 3 to 4 h,

ubiquitination was delayed, and increases were only detectable
after 4 h (Fig. 7H).

Together these results therefore demonstrate that sumoyla-
tion precedes and is required for the subsequent efficient

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 �g) (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 �g) were cotransfected as indicated.
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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 �g 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
was cotransfected (F). Data in panels D and E are the average of duplicate samples and representative of at least two independent experiments,
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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-

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-1	
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

study on BMAL1 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 (ICAM-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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