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ABSTRACT
Transcription factors (TFs) are among the most frequently detected targets of sumoylation,
and effects of the modification have been studied for about 200 individual TFs to date. TF
sumoylation is most often associated with reduced target gene expression, which can be
mediated by enhanced interactions with corepressors or by interference with protein
modifications that promote transcription. However, recent studies show that sumoylation also
regulates gene expression by controlling the levels of TFs that are associated with chromatin.
SUMO can mediate this by modulating TF DNA-binding activity, promoting clearance of TFs
from chromatin, or indirectly, by influencing TF abundance or localization.
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Introduction

Sumoylation is a conserved eukaryotic post-transla-
tional modification (PTM) that regulates numerous
cellular processes, including several that are involved
in gene expression (reviewed in Refs. 1-3). Gene
Ontology (GO) analysis of a recent human SUMO
proteomics study indicates that nearly 300 sequence-
specific DNA-binding transcription factors (TFs), that
function as activators or repressors of transcription by
RNA polymerase II (RNAP II), are SUMO conjugates,
which represents over 50% of all TFs in this category,
suggesting that TFs are particularly subject to regula-
tion by SUMO.4 To date, the effects of sumoylation
on »200 individual TFs have been examined in over
350 published studies, and, with notable exceptions,2

SUMO modifications are generally associated with
reduced or repressed transcription.5,6 SUMO can
impair transcription by promoting the recruitment of
transcriptional corepressor complexes or by interfering
with transcription-promoting PTMs, such as acetyla-
tion and phosphorylation. However, as supported by
several recent studies, it is becoming evident that a
major consequence of TF sumoylation is altered levels
of TFs that are associated with their target binding
sites on chromatin. This can occur directly, by

influencing DNA-binding ability or promoting clear-
ance of TFs from chromatin, or indirectly, by regulat-
ing TF abundance or localization. Here, we discuss,
with recent examples, these mechanisms by which
sumoylation regulates TF function and association
with chromatin, and how SUMO frequently imparts
its negative effects on gene expression by antagonizing
transcriptional activators through diverse mechanisms.

The sumoylation pathway

Sumoylation involves the covalent attachment of a
»12 kDa SUMO polypeptide to specific Lys residues
on target proteins.1-3 There are five SUMO isoforms
in mammals, SUMO1, the nearly identical SUMO2
and SUMO3, and the less-studied isoforms SUMO4
and SUMO5, whereas D. melanogaster, C. elegans and
lower eukaryotes, including yeasts, express a single
SUMO form.7,8 SUMO polypeptides are expressed as
precursors that are cleaved to their mature form by
members of the SUMO protease family of isopepti-
dases, which exposes a C-terminal di-glycine motif
that is required for conjugation to target proteins. Like
ubiquitination, the SUMO conjugation pathway
involves a cascade of enzymatic activities.1 First, the
mature SUMO polypeptide is activated by the E1 class
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activating enzyme, composed of SAE1 and SAE2 sub-
units, in an ATP hydrolysis-dependent manner.
SUMO is then transferred to the sole E2 conjugating
enzyme Ubc9, which catalyzes the covalent SUMO
modification of the target protein. Although not
essential for sumoylation in vitro, SUMO E3 ligases
provide target specificity and enhanced sumoylation
efficiency.

Unlike ubiquitination, the SUMO acceptor site is
often situated within a consensus motif whose core
sequence is C-K-x-D/E, where C represents a large
hydrophobic residue, K is the modified Lys residue, x
is any residue, and D/E represents Asp or Glu.1,3

Through bioinformatics analysis of multiple SUMO
acceptor sites, extended consensus motifs have also
been identified, such as the negatively charged amino
acid-dependent sumoylation motif (NDSM), which
includes clusters of acidic residues downstream of the
core motif.9 Recognition of SUMO acceptor sites
within some target proteins requires prior phosphory-
lation of nearby residues, and these sites are conse-
quently referred to as phosphorylation-dependent
sumoylation motifs (PDSM).10 The dependence on
phosphorylation for these SUMO targets reflects the
frequently observed cross-talk between phosphoryla-
tion and sumoylation on TFs, with one modification
promoting or inhibiting the other.11 For example,
MAPK-mediated phosphorylation of Bcl11b promotes
its desumoylation through recruitment of the SENP1
SUMO protease during T-cell development.12 SENP1
is one of multiple mammalian SUMO proteases of the
SENP family, whose ubiquitous activity is at least
partly responsible for the low level of sumoylation typ-
ically seen with most SUMO targets.13

The molecular consequences of SUMO modifica-
tions depend on the specific target proteins, but
often result in altered subcellular localization, activ-
ity, or stability.1-3 The SUMO moiety is thought to
mediate these effects by modulating protein–pro-
tein interactions, in some cases enabling and in
other cases precluding the interactions. Proteins
that associate with SUMO-modified partners con-
tain one or more SUMO-interacting motifs (SIMs),
typically consisting of several hydrophobic residues
situated adjacent to an acidic patch of amino acid
residues, which bind directly to a surface on
SUMO polypeptides.11 Conjugated SUMO2/3 poly-
peptides themselves can be sumoylated, forming
SUMO chains that are recognized by proteins that

contain multiple adjacent SIMs, such as the
SUMO-targeted ubiquitin ligases (STUbLs).14

STUbLs trigger the degradation of target polysu-
moylated proteins by promoting their ubiquitina-
tion and subsequent degradation through the 26S
proteasome.15 As with sumoylation and phosphory-
lation, STUbL-mediated ubiquitination is another
example of the frequently observed interdepen-
dence of SUMO and other protein modifications.
The effects of sumoylation on downstream PTMs
of target proteins, including phosphorylation, ubiq-
uitination, and acetylation, are discussed below.

Interaction with HDACs and other
transcriptional coregulators

In 2004, sumoylation of the ETS domain TF Elk-1 was
shown to promote the recruitment of the histone
deacetylase complex (HDAC) HDAC-2, a transcrip-
tional corepressor, to promoters of Elk-1 target
genes.16 Since then, mutation of SUMO acceptor sites
on numerous other TFs has been found to reduce the
association of the TFs with HDACs, and/or impair the
recruitment of HDACs to their target genes (Fig. 1A;
reviewed in refs. 5,17). Recent studies continue to sup-
port HDAC recruitment as a major effect of TF
SUMO modification. For example, a sumoylation-
deficient form of GFI1, a repressor of haematopoietic
stem cell genes, fails to associate efficiently with com-
ponents of the CoREST HDAC and is defective in
transcriptional repression,18 while a form of glucocor-
ticoid receptor (GR) that cannot be sumoylated is
unable to recruit the NCoR1/SMRT HDAC to a subset
of GR-repressed target genes.19 HDACs are the most
commonly implicated, but recruitment of other types
of corepressors is also promoted by TF sumoylation.
For example, G9a, a histone H3 Lys 9 (H3K9) methyl-
transferase, is targeted to muscle-specific promoters
by sumoylation of the repressor Sharp-1 to inhibit
skeletal muscle differentiation.20 The frequently
observed connection between TF sumoylation and
corepressor recruitment is likely explained by the
observation that multiple components of corepressor
complexes, including CoREST, NCoR1, and SMRT,
are capable of interacting directly with SUMO iso-
forms.17,18,21 This suggests a straightforward mecha-
nism of SUMO-mediated transcriptional repression
through recruitment of corepressor complex subunits
by sumoylated, DNA-bound TFs (Fig. 1A).
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Reflecting SUMO’s less frequent role in promoting
transcriptional activation, in only a few studies have
SUMO modifications been shown to promote recruit-
ment or association with coactivators, particularly the
homologous histone acetyltransferases CBP and p300
(Fig. 1B).12,22,23 Sumoylation of the T cell TF Bcl11b
enables its interaction with p300, which is necessary
for derepression of genes that it normally represses.12

Similarly, association of CBP with the CLOCK1-
BMAL1 TF complex is dependent on BMAL1 sumoy-
lation, allowing transcription of the circadian rhythm-
regulated gene Per1.22 CBP/p300 contains a type of
ZZ zinc finger domain that mediates a direct interac-
tion with SUMO1, suggesting that additional TFs
might recruit CBP/p300 through their sumoylation.24

In other cases, TF sumoylation promotes transcription
not by recruiting coactivators, but by disrupting the
recruitment or assembly of corepressor complexes.
For example, HDAC3 can suppress gene activation
through TFII-I, which binds the initiator element of
several promoters, but sumoylation of TFII-I impairs
its interaction with HDAC3, and, consequently, a

sumoylation-deficient form of TFII-I showed reduced
induction of transcription from the c-fos promoter.25

Further work is needed to understand how SUMO
modifications selectively regulate the recruitment of
either corepressors or coactivators in a context-depen-
dent manner.

Inhibiting acetylation and phosphorylation

In addition to directly modulating the recruitment of
transcriptional coregulator complexes to DNA-bound
TFs, SUMO modifications often indirectly influence
TF activity by inhibiting other types of PTMs on the
TF (Figs. 1C and D). Since conjugation of SUMO to
Lys precludes other modifications on the residue,
sumoylation can compete with other Lys-based modi-
fications to regulate TF function. Acetylation of the
tumor suppressor gene product HIC1 impairs its asso-
ciation with the NuRD HDAC component MTA1,
thereby reducing its potential as a repressor of target
genes. However, sumoylation restores the repressive
functions of HIC1 by competing with acetylation for

Figure 1. SUMO controls TF function through multiple mechanisms. (A) Sumoylation of many repressor TFs enhances transcription inhi-
bition by recruiting HDACs. SUMO interacts directly with components of HDACs, which repress transcription. (B) Sumoylation of some
TFs results in recruitment of coactivators CBP/p300, which bind directly to SUMO1, thereby stimulating transcription. (C) SUMO com-
petes with acetylation for target Lys residues on multiple TFs. As TF acetylation frequently promotes gene activation, sumoylation has
an inhibitory effect on transcription in these cases. (D) SUMO interferes with phosphorylation at nearby residues on transcription factors
that require phosphorylation for full activation of target genes. Examples for each scenario, as described in the text, are listed below
each panel. Mechanisms of SUMO action are represented by red arrows; repressive effects of sumoylation on transcription are indicated
by red X marks, and stimulation of transcription is indicated by a green arrow. Encircled S represents SUMO; encircled Ac, acetyl;
encircled P, phosphate.
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the same Lys residue and promoting the interaction
with MTA1.26 Similarly, one of the five SUMO accep-
tor sites on the intracellular TF form of lactoferrin,
delta-lactoferrin, is also its main site of acetylation,
K13. Acetylation at this residue was shown to preclude
sumoylation and thereby promote transcriptional acti-
vation on a delta-lactoferrin responsive reporter
gene.27 Competition between SUMO and Lys-based
ubiquitin modifications has also been observed, usu-
ally influencing TF stability (discussed below), but the
competition between sumoylation and acetylation
often represents a switch between active and inactive
forms of modified TFs, with SUMO typically acting as
the “off” switch.26-28

Although sumoylation and phosphorylation occur
on different amino acid residues, SUMO modifica-
tions can influence the phosphorylation status of
nearby residues. STAT5, which drives transcription of
genes required for development and immune cell
function, is sumoylated at two neighboring residues,
K696 and 700. Sumoylation of STAT5 inhibits phos-
phorylation at nearby Y694 and competes with acety-
lation at K696, thereby impeding two transcription-
promoting modifications.29 During cytokine-induced
activation of another member of the STAT family,
STAT1, phosphorylation at Y701 promotes the forma-
tion of polymers called paracrystals, which are associ-
ated with the active form of the TF. Sumoylation at
nearby K703 obstructs phosphorylation at this posi-
tion, thereby interfering with polymer formation and
limiting gene activation.30 These examples highlight
how the transcriptional repressive effects of SUMO
can be mediated by antagonizing other PTMs that
promote transcription.

Association with and availability to bind
chromatin

In addition to regulating TF activity through interac-
tions with transcriptional coregulators and other
PTMs, sumoylation controls the association of TFs
with their target sites on chromatin through multiple
mechanisms (Fig. 2). This has become evident through
several recent studies in which the effects of sumoyla-
tion on the TF-chromatin interaction were assayed by
chromatin immunoprecipitation (ChIP). In all cases,
altering TF sumoylation levels resulted in altered TF
chromatin occupancy (see Table 1). Considering also,
as discussed below, the frequently-observed effects of

TF sumoylation on the subcellular localization and
stability of TFs, it is becoming increasingly apparent
that a major direct or indirect consequence of TF
sumoylation is altered levels of chromatin-bound TFs.
Indirectly, sumoylation can control the abundance or
subcellular distribution of TFs, thereby influencing the
number of TFs that are available for binding to their
chromatin target sites, whereas, more directly, sumoy-
lation can influence DNA binding or promote the
clearance of DNA-bound TFs from chromatin. These
mechanisms are discussed in the four sections below.

Table 1 summarizes the results of studies in which
ChIP was used to examine the effects of TF sumoyla-
tion on chromatin occupancy. In each study, the level
of TF sumoylation was modulated by at least one of
three methods: blocked or reduced sumoylation by
mutation of TF SUMO acceptor sites or nearby resi-
dues, elevated sumoylation by expression of a SUMO-
TF fusion protein, or by altering cellular levels of
SUMO by overexpression or siRNA-mediated silenc-
ing. Although informative, each method carries poten-
tial caveats. For example, point mutations can interrupt
other types of PTMs, fusion to SUMO does not accu-
rately recapitulate natural Lys sumoylation, and altered
expression of sumoylation enzymes influences numer-
ous substrates besides the specific target TF. Predomi-
nantly, however, elevated sumoylation levels correlate
with reduced TF occupancy, and decreased sumoyla-
tion correlates with increased occupancy, suggesting
that sumoylation acts in restricting TF association with
chromatin. GATA-1 and Prox1, are exceptions, how-
ever, as both showed somewhat reduced levels of chro-
matin occupancy when their SUMO acceptor sites
were mutated, and SUMO fusion to p53 resulted in
higher occupancy on some target genes and reduced
occupancy on others.31-34 Whether sumoylation has a
widespread role in reducing TF chromatin occupancy
will be determined as future studies continue to explore
the consequences of TF sumoylation on target site
occupancy. However, such a role might be limited to
situations where the effects of sumoylation are not
dependent on TFs remaining associated with DNA,
such as in the recruitment of HDACs.

In all the studies listed in Table 1, there is a correla-
tion between the change in TF occupancy and the
transcriptional consequences that result from altered
sumoylation. For example, SUMO acceptor site muta-
tion of FOXA1, a pioneer TF involved in prostate
development, resulted in higher occupancy of the TF
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on three target loci, and consequently, higher induc-
tion of these genes.35 For Scm, a member of the Dro-
sophila Polycomb group of transcriptional repressors,
reduced global sumoylation and SUMO acceptor site
mutation also correlated with higher target site occu-
pancy, but consistent with its role as a repressor of
homeotic genes, this resulted in decreased expression
of its target gene Ubx.36 A link between TF sumoyla-
tion and human disease was made in an insightful
pair of studies in which a polymorphism in the TF
MITF that predisposes affected individuals to mela-
noma and renal cell carcinoma was discovered to
severely reduce its sumoylation.37,38 The polymor-
phism results in a missense substitution, E318R, that
impairs sumoylation at adjacent K317, and reduced
sumoylation was found to correlate with increased

occupancy of MITF on its target gene HIF1A, with a
consequential increase in HIF1A expression.38 These
studies and the others summarized in Table 1 point to
a strong relationship between the transcriptional con-
sequences of TF sumoylation and the effects of
sumoylation on chromatin occupancy of those TFs. It
will therefore be critical in future studies to determine
whether the transcriptional effects that are attributed
to TF sumoylation are at least partly due to SUMO-
dependent changes in the association of TFs with their
chromatin targets.

(i) SUMO promotes TF clearance from chromatin

Multiple lines of evidence suggest that at least some
TFs are modified by SUMO specifically when they are

Figure 2. SUMO controls levels of chromatin-associated TFs through diverse mechanisms. (A) Some TFs are sumoylated specifically
when bound to DNA during active transcription of target genes, and the modification acts to promote their clearance from DNA,
thereby restricting gene expression. (B) STUbLs associate with polysumoylated targets, which results in their ubiquitination and degra-
dation through the 26S proteasome (upper panel). In other cases, TF sumoylation interferes with subsequent ubiquitination, often
through competition for target Lys residues, thereby preventing degradation of the target (lower panel). Encircled Ub represents ubiqui-
tin. (C) For many TFs, SUMO has a more direct role in regulating the association with chromatin by inhibiting (upper panel) or promoting
(lower panel) their DNA-binding activities. (D) Sumoylation regulates the subcellular localization of TFs, either inhibiting (upper panel) or
promoting (lower panel) nuclear retention, or targeting TFs to specific nuclear regions (not depicted). Examples for each scenario, as
described in the text, are listed below each panel. The consequences of sumoylation on the association of TFs with chromatin is shown
on the right of each panel, with the empty DNA symbol indicating that sumoylation reduces the association, and DNA depicted with a
TF indicating that sumoylation promotes the association. Bent arrows represent transcriptional start sites situated downstream of TF
binding sites.
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associated with chromatin. For example, in so-called
re-ChIP experiments, in which sequential TF and
SUMO immunoprecipitations were performed,
sumoylated forms of Elk-1, FXR, and Oct4 were found
to be bound to their target gene promoters.39-41

Sumoylation of the hematopoiesis-associated TF
Ikaros was shown to depend on its intact DNA-bind-
ing domain, suggesting that SUMO regulates Ikaros
function specifically after it binds to its chromatin tar-
gets.42 A number of groups have used ChIP in yeast or
mammalian cells to show that Ubc9 and sumoylated
proteins are detected specifically near promoters or
transcriptional start sites of actively transcribed RNAP
II-dependent genes, which implies that sumoylation
plays a general role in regulating TFs during active
transcription.43-47 For the most part, the specific func-
tion of SUMO at these transcriptionally active chro-
matin sites is unknown, and whether sumoylation
affects occupancy of TFs while bound to DNA during
active transcription has not been examined.

In a series of recent studies, however, sumoylation
was found to promote the clearance of two TFs from
DNA, suggesting that this might be a common mecha-
nism by which SUMO modifications can regulate the
occupancy of TFs on target DNA (Fig. 2A). Using one
of the only antibodies reported to date that recognizes
a SUMO-modified target specifically, Tempe and col-
leagues used ChIP to demonstrate that c-Fos is
sumoylated when it is bound to its target DNA ele-
ments on the promoter of a transcriptionally active
reporter gene, thereby correlating c-Fos sumoylation
with active transcription. Nonetheless, blocking c-Fos

sumoylation resulted in increased activity of the
reporter gene and higher levels of c-Fos on its pro-
moter, suggesting that SUMO modifies DNA-bound
c-Fos during active transcription to limit its associa-
tion with promoter DNA.48 Similarly, we recently
showed that sumoylation of the yeast activator Gcn4,
which is triggered by DNA binding itself, reduces its
association with chromatin and thereby dampens
transcription levels of its target genes.49,50 In this case,
sumoylation of DNA-bound Gcn4 was found to stim-
ulate its phosphorylation by the RNAP II Mediator-
associated kinase Cdk8, which then signals for its
ubiquitination and proteolysis, thereby clearing Gcn4
from target sites on chromatin. For both c-Fos and
Gcn4, sumoylation of the TF on active promoters is
thought to restrict its occupancy by enabling its clear-
ance once it has functioned in the recruitment of
RNAP II, thereby preventing uncontrolled expression
of target genes. Particularly, if a similar mechanism is
found to be at play with other TFs in future analyses,
these studies might at least partly explain why an
apparently repressive mark, SUMO, is so strongly
associated with transcriptionally active genes.

(ii) SUMO influences TF stability

Regardless of whether or not sumoylation occurs spe-
cifically when TFs are bound to chromatin, SUMO
modifications frequently control TF stability by inter-
fering with or promoting subsequent ubiquitination
(Fig. 2B). Evidence for widespread dependence of
ubiquitination on prior sumoylation was provided in a

Table 1. Effects of sumoylation on TF chromatin occupancy, determined by ChIP, and target gene expression.

Apparent consequence of sumoylation �

Transcription factor Chromatin association Expression of target genes Method(s) �� Notes Ref.

Gcn4 # Decreased # Decreased Mut., Fus. 49,50

FOXA1 # Decreased # Decreased Mut. 35

c-Fos # Decreased # Decreased Mut. 48

EVI1 # Decreased # Decreased Mut., O/E, K/D 78

FXR # Decreased # Decreased Mut., O/E, K/D 40

MITF # Decreased # Decreased Mut. 38

c-Maf # Decreased # Decreased Mut. 79

MEF # Decreased # Decreased Mut., O/E 80

Scm # Decreased " Increased Mut., Fus., O/E, K/D Repressor 36

p53 # Decreased # Decreased Fus. Target gene-dependent 31

" Increased " Increased
GATA-1 " Increased " Increased Mut., Fus. Subset of targets affected only 33

Prox1 " Increased " Increased Mut. 34

�Apparent consequences are inferred by the effects of SUMO site mutation, SUMO peptide fusion to TF, or modulating cellular sumoylation levels. All are human
TFs except Gcn4, from Saccharomyces cerevisiae, and Scm, from Drosophila melanogaster.

��Abbreviations for methods used to assay effects of TF sumoylation: Mut., SUMO site mutation; Fus., fusion to SUMO polypetide; O/E, overexpression of SUMO or
sumoylation enzymes; or K/D, knockdown of SUMO or sumoylation enzymes.
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recent study in which overexpression of SUMO3 in
HEK293T cells resulted in increased global levels of
protein ubiquitination, while overexpression of the
SUMO protease SENP3 had the opposite effect.51

Much of this is likely due to the activity of STUbLs,
which recognize specific sumoylated targets and mark
them with ubiquitin chains for degradation. For exam-
ple, PEA3, a TF involved in neuronal pathfinding, and
the ubiquitous TFs Sp1 and c-Myc are recognized in
their sumoylated form by the STUbL RNF4 which
promotes their ubiquitination and degradation.52-54

Despite the correlation between global levels of sumoy-
lation and ubiquitination, in many cases, sumoylation
acts to increase target protein stability by inhibiting
ubiquitination. This was first observed with IkBa, the
inhibitor of the TF NF-kB, for which sumoylation
antagonizes its ubiquitination, leaving it resistant to
degradation.55 For delta-lactoferrin and the homeodo-
main TF ZHX1, sumoylation and ubiquitination are
also thought to compete for modification of the same
Lys residues, with sumoylation favoring stability of the
TFs by blocking ubiquitin-mediated proteolysis.27,56 In
other cases, TF sumoylation inhibits ubiquitination
with a consequential increase in TF stability, but
whether the modifications compete for the same Lys
residues is not yet known (e.g., refs. 57-59). The multi-
ple examples of cross-talk between sumoylation and
ubiquitination suggest that SUMO frequently controls
TF abundance, and consequently regulates the levels of
TFs that are available for binding to chromatin.

(iii) SUMO controls TF DNA binding

For many TFs, SUMO has a more direct role in con-
trolling access to target sites on chromatin by regulat-
ing their ability to bind DNA (Fig. 2C). Multiple
studies have examined the effects of sumoylation on
DNA binding through in vitro assays. For Sp1, a zinc
finger TF with multiple target genes, sumoylation by
SUMO2, but not SUMO1, leads to reduced binding to
the bB1-crystallin gene promoter in electrophoretic
mobility shift analysis and, in agreement, co-expres-
sion of SUMO2 with Sp1 in transfected human lens
epithelial cells resulted in reduced activation of b-crys-
tallin genes.60 In contrast, the p32 isoform of Pax-6, a
homeodomain TF that regulates brain and eye devel-
opment, does not efficiently bind a DNA sequence
containing its target P3 element in vitro unless it is
already sumoylated with SUMO1.61 Another

homeodomain TF, Prox1, also shows dependence on
SUMO1 modification for binding to its DNA targets.
In a DNA affinity precipitation assay, wild-type Prox1
derived from a human endothelial cell line was capa-
ble of binding an oligonucleotide containing the
VEGF promoter sequence, whereas a SUMO acceptor
site mutant form of Prox1 (K556R) bound only
weakly.34 Supporting the notion that these in vitro
observations reflect authentic effects of SUMO on
DNA binding in living cells, this effect was corrobo-
rated in vivo by ChIP analysis, which showed that
wild-type Prox1, but not the K556R mutant, occupies
the natural VEGF promoter.34 Influencing the ability
of TFs to bind DNA is a direct mechanism by which
SUMO can influence the recruitment of TFs to chro-
matin, but, in most cases, further studies are needed to
determine the structural consequences of SUMO
modification that lead to changes in DNA binding.

(iv) SUMO controls TF subcellular localization

Sumoylation regulates the subcellular localization of
many TFs, and as a consequence, the transcriptional
effects of sumoylation can often be at least partly
explained by restricted or enhanced access of modified
TFs to their chromatin targets (Fig. 2D). This is the
case with FoxM1b, a TF involved in mitotic entry and
progression, whose transcriptional activity is sup-
pressed by sumoylation. SUMO acceptor site mutation
of FoxM1b causes increased nuclear localization,
whereas a SUMO-FoxM1b fusion protein showed
increased levels in the cytoplasm, indicating that
sumoylation promotes cytoplasmic retention of this
TF.62 On the other hand, sumoylation is associated
with nuclear retention for ZIC3, an X-linked tran-
scriptional repressor required for normal heart devel-
opment, likely explaining why the intact SUMO
acceptor site on ZIC3 is required for efficient repres-
sion of the cardiac a-actin gene promoter.63 Consis-
tent with the multiple observations that SUMO
conjugates frequently accumulate in nuclear foci, spe-
cifically PML bodies in mammals,64 sumoylation can
regulate TFs by targeting them to specific subnuclear
regions. For example, in human CD4C T-cells,
sumoylation is required for the recruitment of
NFATc1 to PML bodies where it interacts with his-
tone deacetylases, resulting in transcriptionally inactive
chromatin and repression of its target gene interleu-
kin-2.65 Controlling nuclear availability and subnuclear
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localization, therefore, appear to be important mecha-
nisms by which SUMO regulates TF function and the
access of TFs to their chromatin targets.

SUMO: A general antagonist of transcription?

The link between SUMO and transcriptional
repression first emerged from early studies on TFs,
including Sp3, c-Jun, and c-Myc, all of which
showed enhanced ability to activate target genes
when their SUMO acceptor sites were mutated.66–69

As more sumoylated TFs were identified and stud-
ied, the link was upheld. Indeed, approximately
70% of all published studies that examined tran-
scriptional effects of TF sumoylation report a nega-
tive effect for the modification on expression of
target genes. As described above, for TFs that act
as repressors, SUMO generally enhances the repres-
sive effect by directly recruiting HDACs or other
corepressors to DNA-bound, sumoylated TFs.
Many sumoylated TFs, however, are transcriptional
activators whose ability to induce transcription is
impaired by SUMO modification through one or
multiple mechanisms. For example, sumoylation of
FoxM1b promotes its cytosolic translocation and
facilitates its ubiquitin-mediated degradation, which
results in reduced expression of its target genes.62

Similarly, the ubiquitous transcriptional activator
ATF7 is impaired by SUMO1 modification that
inhibits its nuclear translocation, impedes its inter-
action with the general transcription machinery,
and prevents it from binding to target DNA
sequences.70 In some cases, the antagonistic effects
of SUMO on transcriptional activators are dramatic
and result in a full reversal of function, with activa-
tors becoming repressors when sumoylated.71,72 It
would seem, then, that SUMO frequently functions
as a general antagonist of transcriptional activators,
working at many levels, potentially as a means of
restricting their activity and preventing uncon-
trolled expression of their target genes.48,49

Considering that numerous TFs are modified by
SUMO and that the modification almost always affects
transcription levels of their target genes, is it possible
that cells can coordinately regulate global transcription
patterns by modulating cellular sumoylation levels?
For example, one might expect that increasing overall
sumoylation levels would have a general repressive
effect on global transcription, while promoting

expression of the small fraction of genes that are posi-
tively regulated by TF sumoylation. Such increases in
steady-state sumoylation levels are observed under sev-
eral stress conditions, including temperature, geno-
toxic, oxidative, and osmotic stresses, and indeed,
several TFs become hypersumoylated in stress condi-
tions, including heat shock.3,73-75 Moreover, stress-
induced sumoylation has been shown to influence the
function of some TFs. For example, a variety of stress
conditions increases sumoylation levels of c-Myb,
which impairs its function as a transcriptional activa-
tor, while heat shock-induced sumoylation of the heat
shock TF HSF2 increases expression of its tar-
gets.23,76,77 Whereas the numerous studies on sumoyla-
tion of individual TFs point to roles in restricting or
fine-tuning expression of their target genes under nor-
mal conditions, it remains to be determined, on a
global scale, what role coordinated changes to TF
sumoylation levels might play in shifting transcription
patterns during stress and changing environmental
conditions. Learning how sumoylation affects their
individual functions and whether sumoylation of mul-
tiple TFs can occur in a coordinated manner in
response to changing conditions will be key toward
understanding how cells use SUMO modifications to
regulate transcription of specific genes and genome-
wide.
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