
MEL-18 Interacts with HSF2 and the SUMO E2 UBC9 to Inhibit
HSF2 Sumoylation*

Received for publication, August 24, 2007, and in revised form, January 11, 2008 Published, JBC Papers in Press, January 21, 2008, DOI 10.1074/jbc.M707122200

Jie Zhang, Michael L. Goodson1, Yiling Hong2, and Kevin D. Sarge3

From the Department of Molecular and Cellular Biochemistry, Chandler Medical Center, University of Kentucky,
Lexington, Kentucky 40536

In a previous study we found that sumoylation of the DNA-
binding protein heat shock factor 2 (HSF2) is up-regulated dur-
ing mitosis, but the mechanism that mediates this regulation
was unknown. Here we show that HSF2 interacts with the poly-
comb protein MEL-18, that this interaction decreases during
mitosis, and that overexpression and RNA interference-medi-
ated reduction of MEL-18 result in decreased and increased
HSF2 sumoylation, respectively. Other results suggest that
MEL-18 may also function to inhibit the sumoylation of other
cellular proteins. The results also show that MEL-18 is able to
interact with the small ubiquitin-like modifier (SUMO) ubiq-
uitin carrier protein (E2) enzymeUBC9 and thatMEL-18 inhib-
its the ability of UBC9 to transfer the SUMO protein to target
proteins. Together, the results in thiswork suggest amechanism
in which MEL-18 bound to HSF2 inhibits its sumoylation by
binding to and inhibiting the activity of UBC9 enzymes in the
vicinity of HSF2. These results provide an explanation for how
mitotic HSF2 sumoylation is regulated and suggest that MEL-
18, in contrast to the sumoylation-stimulating activities of the
polycomb protein PC2, actually functions like an anti-SUMO
ubiquitin-protein isopeptide ligase (E3), interacting both with
HSF2 and the SUMOE2UBC9 but acting to inhibit UBC9 activ-
ity to decrease sumoylation of a target protein, in this case that
of HSF2.

Covalent attachment of small ubiquitin-like modifier
(SUMO)4 proteins to lysine residues in target proteins, or
sumoylation, is an important regulator of protein functional
properties (1–7). SUMO proteins are covalently attached to
target lysine residues by the SUMOE2 enzymeUBC9, and these
substrate lysines are typically found within the consensus
sequence �KXE (� represents hydrophobic amino acids)
(8–11). SUMO E3 proteins have been identified that enhance
the efficiency of sumoylation by interacting with both UBC9

(SUMO E2) and the target protein, thereby acting as bridging
factors to increase the rate of the sumoylation reaction (12–14).
Previous studies in our and another laboratory revealed that

a DNA-binding protein called heat shock factor 2 (HSF2) is a
target of sumoylation in vivo (15, 16). Our prior work indicated
that one of the functions of HSF2 is to bind to heat shock ele-
ments in the promoters of hsp70 and other heat shock protein
genes during mitosis to mediate an epigenetic function called
gene bookmarking on these promoters (17, 18). The results of
this study also indicated that sumoylation of HSF2 is up-regu-
lated during mitosis and is important for the interaction of this
factor with a subunit of the condensin complex during the
bookmarking process, suggesting that this modification is
involved in regulating HSF2 bookmarking function (17). How-
ever, how the increase in HSF2 sumoylation during mitosis is
regulated was not known.
MEL-18 is a member of the polycomb group of proteins that

play a vital role in development and differentiation by control-
ling patterns of gene expression (19–23). One important devel-
opment with respect to the functional roles of polycomb pro-
teins was the discovery that at least one of them, PC2/CBX4,
functions as a SUMO E3 to stimulate the sumoylation of spe-
cific target proteins (24, 25).
The results presented in this work now identify the existence

of an interaction between HSF2 and the polycomb group pro-
tein MEL-18 and suggest that cell cycle-dependent interaction
between MEL-18 and HSF2 functions as a mechanism for the
previously observed up-regulation of HSF2 sumoylation during
mitosis. The results also support the intriguing hypothesis that
MEL-18, in contrast to the polycomb protein PC2/CBX4, in
which SUMOE3 activity stimulates sumoylation of certain pro-
teins, actually functions like an anti-SUMO E3 protein, inter-
acting with both HSF2 and the SUMO E2 UBC9 but acting to
inhibit UBC9 activity and thereby decreasing sumoylation of a
target protein, in this case that of HSF2.

EXPERIMENTAL PROCEDURES

Cell Culture—HeLa ATCC cells and HEK 293T cells were
grown at 37 °C in Dulbecco’s modified Eagle’s medium supple-
mented with 10% fetal bovine serum.
Generation of Antibodies AgainstMEL-18—Affinity-purified

goat polyclonal antibody to MEL-18 was prepared by Bethyl
Laboratories (Montgomery, TX) and was raised against the
synthetic peptide STSRGRKMTVNGAPVPPLT, which corre-
sponds to the C-terminal sequence of the human MEL-18
polypeptide.

* This work was supported by National Institutes of Health Grants GM61053
and GM64606 (to K. D. S.). The costs of publication of this article were
defrayed in part by the payment of page charges. This article must there-
fore be hereby marked “advertisement” in accordance with 18 U.S.C. Sec-
tion 1734 solely to indicate this fact.

1 Present address: Section of Microbiology, University of California, Davis, CA
95616.

2 Present address: Dept. of Biology, University of Dayton, Dayton, OH 45469.
3 To whom correspondence should be addressed. E-mail: kdsarge@uky.edu.
4 The abbreviations used are: SUMO, small ubiquitin-like modifier; E2, ubiq-

uitin carrier protein; E3, ubiquitin-protein isopeptide ligase; GFP, green
fluorescent protein; EGFP, enhanced GFP; HSF, heat shock factor; RNAi,
RNA interference; GST, glutathione S-transferase; shRNA, short hairpin
RNA.

THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 12, pp. 7464 –7469, March 21, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. Printed in the U.S.A.

7464 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 12 • MARCH 21, 2008



Plasmid Construction—The pEGFP-MEL-18 plasmid was
generated by using PCR to amplify, from the plasmid pSG5-
mel-18 cDNA, a coding fragment of MEL-18 having KpnI and
BamHI sites at the ends using the following primers: 5�-GCG
GGT ACC TCC ATG CAT CGG ACT ACA CGG-3� and
5�-CGC GGA TCC AGA GGG TCC CTT TCC TCA AGG-3�.
This PCRproductwas then cloned into the pEGFP-C1 vector at
theKpnI and BamHI sites to form the pEGFP-MEL-18 plasmid.
This plasmid was confirmed by DNA sequencing.
GSTPulldownAssays—For in vitro binding betweenMEL-18

and HSF2, GST-HSF2 was expressed in Escherichia coli from
the pGEX-HSF2 plasmid, GST was expressed from the pGEX
plasmid, and then lysates of these bacteria were incubated with
glutathione-agarose beads for about 2 h at 4 °C with rotation
followed by washing. The GST and GST-HSF2 bound to beads
were then incubated with [35S]methionine-labeled MEL-18,
created by a coupled in vitro transcription and translation sys-
tem in rabbit reticulocyte lysates (TNT, Promega), overnight at
4 °C with rotation in Buffer A (20 mM HEPES (pH 7.9), 0.2 mM
EDTA, 0.1 M KCl, and 20% (v/v) glycerol) in a total volume of
650 �l. After washing four times with Buffer D, the amount of
[35S]methionine-labeled MEL-18 bound to GST or GST-HSF2
was determined by boiling the beads in SDS-PAGE buffer, fol-
lowed by SDS-PAGE and autoradiography. For in vitro binding
between MEL-18 and UBC9, similar amounts of purified GST
or GST-UBC9 were bound to glutathione-agarose beads and
then incubated with extracts of HeLa cells made using Nonidet
P-40 lysis buffer (1% Nonidet P-40, 50 mM Tris-HCl (pH 8.0),
150 mM NaCl, 1 mM dithiothreitol, and Complete protease
inhibitor mixture (Roche Applied Science)). After washing six
times withNonidet P-40 buffer, bound protein complexes were
separated by SDS-PAGE and analyzed by Western blotting
using the anti-MEL-18 goat polyclonal antibodies (Bethyl Lab-
oratories) raised as described above.
Immunoprecipitation Analysis—For co-immunoprecipita-

tion experiments, asynchronous HeLa cells or HeLa cells
blocked inmitosis (treated with 400 ng/ml nocodazole for 16 h)
were extracted on ice with Nonidet P-40 lysis buffer (1% Non-
idet P-40, 50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM dithi-
othreitol, andComplete protease inhibitormixture) for 20min.
Lysates were then cleared by centrifugation at 13,000 rpm for
10 min at 4 °C. Supernatants were precleared by incubation
with rabbit (control) IgG and proteinG-Sepharose beads for 2 h
at 4 °Cwith gentle rotation. Precleared extracts were then incu-
bated with primary rabbit polyclonal HSF2 antibody or control
IgG and 50% slurry of protein G-Sepharose for 4 h at 4 °C with
rotation. After washing the beads six times for 5 min each at
4 °C with Nonidet P-40 buffer, bound proteins were released by
boiling in SDS-PAGE sample dye and analyzed by Western
blotting using the anti-MEL-18 goat polyclonal antibody or
anti-HSF2 goat polyclonal antibody (Bethyl Laboratories). For
immunoprecipitation analysis ofHSF2 sumoylation,HEK293T
cellswere transfectedwith pEGFP-MEL-18 or pEGFP-C1 along
with Myc-SUMO-1 expression plasmid using Effectene trans-
fection reagent according to the manufacturer’s instructions
(Qiagen). After 48 h, cell extracts were prepared in Nonidet
P-40 lysis buffer and 10 mM N-ethylmaleimide before adding
HSF2 polyclonal antibodies or nonspecific IgG to proceed as

described above, followed by Western blot assay using anti-
Mycmonoclonal antibody (Invitrogen). For immunoprecipi-
tation analysis of HSF1 sumoylation, HEK 293T cells were
transiently transfected with pEGFP-MEL-18/pEGFP-C1 and
Myc-SUMO-1 using Effectene transfection reagent according
to the manufacturer’s instructions. After 48 h, the cells were
heat-treated at 42 °C for 1 h and then harvested. Cell extracts
were prepared inNonidet P-40 buffer before addingHSF1 poly-
clonal antibodies to proceed as above, followed by Western
blotting using anti-Myc monoclonal antibody.
In Vitro Sumoylation Assay—Full-length HSF2 was trans-

lated in vitro in a rabbit reticulocyte lysate (TNT) and then sub-
jected to in vitro SUMO-1modification assay as described pre-
viously (26) in the presence or absence of purified recombinant
GST-MEL-18 or GST.
MEL-18 RNAi—MEL-18 short hairpin RNA (shRNA) was

designed and cloned in the pSUPER-EGFP vector. The
sequence of the shRNA used was 5�-CGACGCCACCACU-
AUCGUG-3�. pSUPER-shRNA-MEL-18 and pSUPER-
scrambled (negative control) were transiently transfected
into HeLa cells using Jet-PEI reagent according to the man-
ufacturer’s instructions (Bridge Bioscience). After 48 h, the
cells were harvested. Cell extracts were prepared in Nonidet
P-40 lysis buffer before adding HSF2 polyclonal antibodies
to proceed as above, followed by Western blotting using
anti-Myc monoclonal antibody (Invitrogen).

RESULTS

For further understanding of the regulation and function of
HSF2 in cells, we performed a yeast two-hybrid screen using the
HSF2 protein as a bait. One of the HSF2-interacting clones
obtained from this screen represented a region of the polycomb
group protein MEL-18 (Fig. 1A). This clone did not interact
with a bait containingHSF1, a proteinwith high sequence relat-
edness to HSF2, indicating the specificity of this interaction.
The location of the region in MEL-18 found in the interacting
yeast two-hybrid clone, which comprises amino acids 144–
271 of the protein, is shown in the schematic in Fig. 1B. As an
independent test of the interaction between HSF2 and
MEL-18 and to determine whether the interaction is direct,
an in vitro binding experiment was performed in which 35S-
labeled in vitro translated MEL-18 was incubated with GST-
HSF2 or GST-HSF1 bound to glutathione-agarose beads.
The results of this experiment demonstrate the ability of
HSF2 to interact with MEL-18 and indicate that the interac-
tion is direct (Fig. 1C).
To determine whether endogenous HSF2 and MEL-18 pro-

teins interact, immunoprecipitation analysis was performed.
Because our previous studies revealed that HSF2 function is
regulated in amitosis-dependentmanner (17), this analysis was
performed using extracts of asynchronous cells as well as those
of cells blocked inmitosis by nocodazole treatment. The results
of this experiment indicate that endogenousHSF2 andMEL-18
proteins do associate and that lower levels of HSF2-MEL-18
complex are observed in extracts ofmitotic cells comparedwith
those of asynchronous cells (Fig. 2).
As described above in the Introduction, previous studies

showed that the polycomb protein PC2/CBX4 functions as an
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E3 protein to stimulate sumoylation of specific target proteins
(24, 25). Based on these findings, we sought to determine
whether this polycomb protein, MEL-18, may play a role in

regulating sumoylation ofHSF2. Specifically, our previous find-
ing of increased sumoylation of HSF2 during mitosis (17),
coupled with our new results in Fig. 2 indicating that inter-
action between HSF2 and MEL-18 is decreased during mito-
sis, suggested the intriguing hypothesis that MEL-18 may
actually function as a negative regulator of HSF2 sumoyla-
tion. This would be in contrast to the sumoylation stimula-
tory function of the polycomb protein PC2/CBX4. As a first
test of this hypothesis, we determined whether adding puri-
fied recombinant GST-MEL-18 to an in vitro sumoylation
assay would affect the SUMO modification of HSF2 in this
system. As shown in Fig. 3, addition of purified GST-MEL-18
is associated with decreased sumoylation of HSF2 in the in
vitro modification assay.
Next, we wanted to test whether MEL-18 can inhibit the

sumoylation of HSF2 expressed in cells. To test this, GFP-

-35S-mel-18

In
pu

t

GS
T-

HS
F2

-TLA

-TL

   pGBD-HSF2 
+ pVP16-mel-18 
     (144-271)

A

B

C
1

    HSF2-interacting 
region from 2-hybrid

342

mel-18

271144

   pGBD-HSF1 
+ pVP16-mel-18 
     (144-271)

        pGBD 
+ pVP16-mel-18 
     (144-271)

-GST-HSF2/HSF1

GS
T-

HS
F1

79-

   pGBD-HSF2 
+ pVP16-mel-18 
     (144-271)

   pGBD-HSF1 
+ pVP16-mel-18 
     (144-271)

        pGBD 
+ pVP16-mel-18 
     (144-271)

118-

FIGURE 1. HSF2 interacts with MEL-18. A, yeast strain pJ694A transformed with
pGBD-HSF1, pGBD-HSF2, or pGBD along with pVP16-MEL-18 (amino acids 144–
271) was streaked on plates lacking tryptophan and leucine (�TL) or lacking tryp-
tophan, leucine, and alanine (�TLA). B, the schematic depicts the location within
MEL-18 of the segment (amino acids 144–271) identified as an HSF2-interacting
region in the yeast two-hybrid assay. C, 35S-labeled in vitro translated MEL-18 was
incubated with GST-HSF2 or GST-HSF1 that was bound to glutathione-agarose
beads. After washing, the amount of bound 35S-labeled MEL-18 was determined
by SDS-PAGE and autoradiography (upper panel). The amounts of GST-HSF2 and
GST-HSF1 bound to the beads were determined by performing anti-GST Western
blotting (lower panel).
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FIGURE 2. Interaction between HSF2 and MEL-18 is decreased during
mitosis. Extracts of asynchronous (A) or mitotic (M) HeLa cells were immuno-
precipitated using anti-HSF2 antibodies or nonspecific IgG, and the immuno-
precipitates were subjected to Western blotting using anti-MEL-18 antibod-
ies. The amounts of HSF2 in the input and anti-HSF2 immunoprecipitate
samples were measured by subjecting these samples to Western blotting
using goat polyclonal anti-HSF2 antibodies.
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MEL-18 or GFP expression constructs along with Myc-
SUMO-1 expression plasmid were transfected into cells, and
then extracts of the cells were subjected to immunoprecipita-
tion with anti-HSF2 antibodies or nonspecific IgG (negative
control), followed by anti-Myc Western blotting to detect the
sumoylated forms of the HSF2 protein. The results of this
experiment, shown in Fig. 4A, indicate that expression of GFP-
MEL-18, but not GFP, is associated with decreased HSF2
sumoylation. To probe the specificity of this effect of GFP-
MEL-18 in inhibiting HSF2 sumoylation, we performed a sim-
ilar experiment to analyze the related HSF1 protein, which we
and others have shown previously to be sumoylated in response
to stress (27, 28). The results show thatHSF1 sumoylation is not
significantly affected by expression of GFP-MEL-18 (Fig. 4B),
indicating the selectivity of the inhibitory effect of MEL-18
overexpression on sumoylation of HSF2.
As a reverse, complementary approach for testing the

hypothesis that MEL-18 may be a negative regulator of HSF2
sumoylation, we determined the effect of reducing cellular lev-
els of MEL-18 on HSF2 sumoylation using the RNAi method-
ology. According to our hypothesis and the results in Figs. 3 and
4, we predicted that knockdown of MEL-18 should result in an
increase in sumoylation of HSF2. To test this, cells were trans-
fected with MEL-18 shRNA or scrambled shRNA along with
Myc-SUMO-1 expression plasmid, and then extracts of the
cells were subjected to immunoprecipitation with anti-HSF2
antibodies or nonspecific IgG (negative control), followed by
anti-Myc Western blotting to detect the sumoylated forms of

HSF2. As shown in Fig. 5, the results of this experiment indicate
that, consistent with our hypothesis, a reduction in MEL-18
protein levels is associated with an increase in HSF2 sumoyla-
tion. These results, together with those shown in Figs. 3 and 4
above, support the hypothesis that MEL-18 functions as an
inhibitor of HSF2 sumoylation.
Next, we sought to probe the underlying mechanism by

which MEL-18 inhibits the sumoylation of HSF2. A previous
study showed that the polycomb protein PC2 mediates its
effects on sumoylation of its target proteins by interacting with
UBC9, the SUMO E2 enzyme (24). Based on this finding, we
hypothesized thatMEL-18may also interact with UBC9 as part
of its mechanism for inhibiting HSF2 sumoylation. To test this
hypothesis, we performed an in vitro binding experiment to
determine whether MEL-18 protein present in whole cell
extracts can interact with purified recombinant GST-UBC9
bound to glutathione-agarose beads. In this experiment, after
incubating the GST-UBC9 or GST bound to glutathione-agar-
ose with HeLa cell extracts and washing the beads to remove
unbound proteins, the amount of bound MEL-18 was deter-
mined by boiling the beads in SDS-PAGE buffer, followed by
Western blotting using anti-MEL-18 antibodies. The results of
this experiment indicate that purified recombinant UBC9 is
able to interact with MEL-18 present in cell extracts (Fig. 6A).

To test for interaction between endogenous MEL-18 and
UBC9 proteins, we subjected cell extracts to immunoprecipita-
tion using MEL-18 antibodies, followed byWestern blotting of
the immunoprecipitates using UBC9 antibodies. The results,
shown in Fig. 6B, indicate that endogenous MEL-18 and UBC9
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FIGURE 4. MEL-18 inhibits sumoylation of HSF2 in vivo. A, HEK 293 cells
were transfected with GFP-MEL-18 or GFP expression constructs along with
Myc-SUMO-1 expression plasmid, and then extracts of the cells were sub-
jected to immunoprecipitation (IP) with anti-HSF2 antibodies (rabbit poly-
clonal) or nonspecific IgG (negative control), followed by anti-Myc Western
blotting (WB) to detect the sumoylated forms of HSF2. Extracts of the cells
were also subjected to Western blotting using goat polyclonal HSF2 antibod-
ies. The cell lysates were subjected to anti-GFP Western blotting to analyze
expression levels of GFP-MEL-18 and GFP and to anti-�-actin Western blot-
ting as a loading control. B, an experiment similar to that described in A was
performed, except that here the cells were subjected to a 42 °C heat treat-
ment for 60 min prior to harvesting them for immunoprecipitation analysis
(to allow stress-induced HSF1 sumoylation) and that anti-HSF1 antibodies
were used for the immunoprecipitation step, so that sumoylated forms of
HSF1 would be detected by the subsequent anti-Myc Western blotting
(detecting Myc-SUMO-1).
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do interact. The results also suggest that there is more complex
between MEL-18 and the form of UBC9 that is covalently
chargedwith SUMO (39-kDa form) relative to the non-SUMO-
carrying form of UBC9 (18-kDa form).
Based on this finding of interaction between MEL-18 and

UBC9, we envisioned a mechanism in whichMEL-18 bound to
HSF2 inhibits its sumoylation by binding to and inhibiting the
activity of UBC9 enzymes that approach HSF2. One way of
inhibiting UBC9 activity would be to block its ability to transfer
the SUMO group from its active site to the target protein.
Therefore, as a means for testing this proposed mechanism, we
determined whether increasing the level of MEL-18 in cells
results in increased amounts of the form of UBC9 that has
SUMO remaining covalently bound to it. GFP-MEL-18 or GFP
alone was expressed in HEK 293 cells by transfection, and then
extracts of the transfected cells were subjected toWestern blot-
ting with anti-UBC9 antibodies, which will detect both the
18-kDa non-SUMO-containing form of UBC9 and the 39-kDa
SUMO-containing form of UBC9. The results of this experi-
ment, shown in Fig. 6C, indicate that expression of GFP-
MEL-18 results in increased levels of the SUMO-containing
form of UBC9 compared with cells expressing the GFP-alone
construct. This result supports the hypothesis that MEL-18
inhibits UBC9 activity by decreasing its ability to transfer
SUMO groups to target proteins.
Based on the results shown in Fig. 6 indicating that MEL-18

interacts with UBC9 andmay inhibit its ability to attach SUMO

groups to proteins, we hypothesized that MEL-18 may inhibit
the sumoylation of other proteins in addition to HSF2, perhaps
even acting to down-regulate cellular sumoylation globally. To
test this hypothesis, extracts of HEK 293 cells transfected with
GFP-MEL-18 or GFP expression constructs, along with Myc-
SUMO-1 expression plasmid from the experiment shown in
Fig. 4, were subjected to Western blotting using anti-Myc and
anti-SUMO-1 antibodies to detect sumoylated forms of cellular
proteins. Consistent with this hypothesis, the results of this
analysis indicate that increased expression of MEL-18 is asso-
ciated with a detectable decrease in conjugation of SUMO-1 to
cellular proteins (Fig. 7).

DISCUSSION

The results presented in this work support the hypothesis
thatMEL-18 bound toHSF2 inhibits its sumoylation by binding
to and inhibiting the activity of SUMO E2 (UBC9) enzymes
in the vicinity of the HSF2 protein. Furthermore, our results
showing that the interaction between HSF2 and MEL-18 is
decreased during mitosis would provide a mechanism to
explain the previously observed finding that HSF2 sumoylation
is increased during this stage of the cell cycle (17).
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The results described in this work also suggest that MEL-18
actually functions like an anti-SUMOE3 protein because, like a
traditional SUMO E3 protein, it interacts both with the SUMO
E2 enzyme UBC9 and a sumoylation substrate protein (HSF2),
but instead of stimulating SUMO modification of HSF2 it
inhibits it. This is in contrast to the sumoylation-stimulating
activities of another polycomb protein, PC2, a traditional
SUMO E3, indicating that members of the polycomb group of
proteins are involved in both the positive and negative regula-
tion of protein sumoylation through their interactions with
UBC9 and substrate proteins. The results also indicate that
MEL-18 is able to detectably inhibit conjugation of SUMO-1 to
proteins, suggesting that MEL-18 likely inhibits the sumoyla-
tion of other proteins in addition to HSF2, perhaps even acting
to down-regulate sumoylation in cells globally. Future studies
investigating whether additional polycomb proteins act as pos-
itive or negative regulators of the sumoylation of proteins in
cells and identifying other SUMO substrate proteins in which
modification is regulated by these polycomb proteins would
likely provide important insights into both the regulation of
protein sumoylation and the mechanisms by which polycomb
proteins mediate their important biological functions.
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