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Abstract. Members of the NF-xB family of tran-
scription factors play critical roles in regulating
immunity and cell survival and contribute to cancer
progression and chemoresistance. Over the past
20 years, much has been learned about the remarkable
complexity in regulation of NF-kB signaling. In
particular, recent studies have added to our current

understanding of the roles of a multitude of post-
translational modifications in this signaling system:
these include phosphorylation, acetylation, nitrosyla-
tion, ubiquitination, neddylation and sumoylation.
This review will highlight our current knowledge of
the roles of sumoylation in regulating NF-kB signaling
and functions and will address future perspectives.
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Overview of the NF-kB signaling system

It has been more than 20 years since the initial report
of the discovery of the transcription factor nuclear
factor kappa B (NF-xB) [1]. NF-kB refers to a
collection of protein dimers, each composed of
members of the NF-kB/Rel family of proteins. In the
mammalian system, there are five members: p65/
RelA, RelB, c-Rel, p105/p50 and p100/p52. Conserved
members of this family can also be found in other
eukaryotic systems, including Drosophila (Dorsal, Dif
and Relish), cnidarians (Nv-NF-kB) and others [2]. In
mammalian cells, the most ubiquitous NF-xB dimer
consists of a p65/p50 heterodimer [3] that is found in
the cytoplasm bound to members of a family of
inhibitors known as inhibitor of NF-kB (IkB). The
binding of IxkB family members, such as IxkBa and
IxBp, can prevent nuclear accumulation of NF-kB, in
part via masking the nuclear localization sequence
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(NLS) of NF-kB [4, 5]. IkBa can also promote nuclear
export of bound NF-«kB, further ensuring cytoplasmic
localization of inactive NF-kB dimers [6-10].

Activation of NF-kB involves its release from IxB,
followed by nuclear translocation and a multitude of
posttranslational modifications that enable its tran-
scriptional activation function. In this review, the term
“signaling” (or “signal transduction™) is used specif-
ically to refer to molecular events leading up to, but
not including, those directly associated with NF-kB-
dependent transcription in the nucleus. The “canon-
ical” NF-«xB signaling includes the release of active
NF-xB in the cytoplasm by the activation of the
cytoplasmic kinase complex, known as the IkB kinase
(IKK). IKK consists of three major proteins: two
kinases, IKKo/IKK1 and IKKB/IKK2, and a regula-
tory subunit, IKKy/NEMO (NF-kB essential modu-
lator). A large body of literature describes the
complex mechanisms that are employed to cause
IKK activation in response to a wide array of
structurally and functionally unrelated extracellular
and intracellular signals [11]. In most cases, activated
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IKK promotes phosphorylation of IkBa and its
subsequent degradation by the ubiquitin-dependent
26S proteasome system, thereby exposing the NLS of
NF-«B, leading to its translocation into the nucleus.
During its liberation from IxkBa and subsequent to
nuclear translocation, NF-xB subunits can undergo
several posttranslational modifications to acquire
maximal capacity to regulate the transcription of
many different target genes involved in inflammatory
responses, B and T cell receptor activation and various
stress responses. The specific outcomes of NF-kB-
dependent transcription are dependent on the cell
types and the signals leading to NF-kB activation [12].
In addition to this highly studied NF-kB activation
mechanism, another well-established “noncanonical”
pathway has also emerged, which involves proteolytic
processing of p100/NF-kB2 to selectively activate p52/
RelB heterodimers. This pathway is solely dependent
on IKKa, without the need for IKKf3 and NEMO, and
regulates secondary lymphoid organogenesis and B
cell development, among other biological functions
[13]. Readers are encouraged to consult more com-
prehensive and excellent reviews of the NF-«xB family
members, distinct activation mechanisms and their
role in transcription [2, 3, 12].

It has been demonstrated time and again that differ-
ential posttranslational modifications aid in determin-
ing the specificity of signal transduction pathways
both activating and sometimes inhibiting NF-xB
induced by diverse agents. Modifications such as
phosphorylation, ubiquitination and acetylation and,
more recently, nitrosylation, neddylation and sumoy-
lation have been demonstrated to play critical roles in
regulating NF-kB signaling and transcriptional func-
tion [14]. One area of NF-«B biology that has not been
extensively reviewed in the literature is the role of
protein modifications by SUMO (small ubiquitin-like
modifier). Thus, the focus of this review will be geared
towards current knowledge regarding the roles of
sumoylation of different protein targets in NF-xB
signaling and transcriptional pathways. We will first
briefly describe the process of sumoylation and then
delve into different situations in which sumoylation
and SUMO regulatory proteins have been implicated
in the regulation of NF-xB. Finally, we will highlight
some of the unanswered issues that may be further
addressed in future research.

Overview of protein sumoylation

Sumoylation is the process of posttranslational cova-
lent modification of target proteins by a relatively
small peptide (~20 kDa) called SUMO. SUMO was
cloned over 10 years ago in Saccharomyces cerevisiae
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and called SMT3 (suppressor of mif two 3) [15]. In
humans there are currently four known SUMO iso-
forms (SUMO-1, SUMO-2, SUMO-3 and SUMO-4),
of which only SUMO-1, -2, and -3 can be conjugated to
target substrate proteins [16]. SUMO is first trans-
lated in an unconjugatable precursor state and needs
to be C-terminally processed by SUMO proteases to
expose glycine-glycine (“di-glycine”) residues critical
for the conjugation reaction (see below). SUMO-4
contains a proline residue N-terminally adjacent to
the di-glycine moiety, which seems to prevent its
maturation into a functional conjugatable entity [17].
Protein modification by SUMO occurs on specific
lysine residues of target proteins and takes place via a
series of enzymatic steps. A heterodimeric SUMO-
activating enzyme (E1), SAE1/SAE2 in human (also
known as Aos1/Uba2 in S. cerevisiae), forms a high-
energy thioester bond with the active site cysteine
residue C173 in SAE2 and the C-terminal glycine
residue of SUMO in a manner that is ATP-dependent.
The SUMO moiety is then transferred to the catalytic
cysteine residue (C93) of Ubc9 (ubiquitin-conjugating
enzyme 9), the SUMO-conjugating enzyme (E2). The
E2 can then directly interact with a substrate by
recognition of a consensus sequence, YKXE/D (“y”
representing a hydrophobic amino acid residue and
“x” representing any amino acid residue), and transfer
SUMO to the epsilon amino group of the lysine
residue embedded within the consensus site to form a
covalent isopeptide bond; this is referred to as
sumoylation [18]. In yeast and mammals, there is
only one known SUMO E1 and one known SUMO
E2. Both SUMO EI1 and E2 are predominantly found
in the nuclear compartment, although the E2 has also
been shown to be localized to the cytoplasmic filament
of the nuclear pore complex (NPC) [19]. Sumoylation
affects many protein substrates and is involved in
many important physiological and pathological proc-
esses [16,20]. In fact, deletion of Ubc9 has been shown
to be lethal in both yeast and mice [21, 22].

Similar to the ubiquitination system [23], sumoylation
can utilize a group of enzymes known as SUMO
ligases (E3), which can promote the protein sumoy-
lation reaction both in vitro and in vivo. There are
multiple SUMO E3s identified, and the list is still
growing. Like E1 and E2, the cellular location of E3s
appears to be concentrated in the nucleus or on the
nuclear membrane [24]. The largest group of SUMO
E3s belongs to the protein inhibitors of activated
STAT (PIAS) family, which was originally identified
to be inhibitors of the STAT (signal transducer and
activator of transcription) family of transcription
factors [25, 26]. Characteristic of the PIAS family is
their SP-RING (Siz/PIAS-really interesting new
gene) domain, which is critical to promote protein
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sumoylation [27]. Two additional SUMO Ez3s,
RanBP2 (Ran-binding protein 2) and Pc2 (polycomb
group (PcG) protein), have been identified; however,
they are structurally dissimilar to the PIAS family as
well as to each other [28,29]. It has been proposed that
SUMO E3s may orient the SUMO-bound E2 onto the
protein target to increase sumoylation efficiency [30].
SUMO E3s can also provide some substrate specific-
ity; however, the specificity does not appear to be too
strict, as certain SUMO E3s exhibit an ability to
promote sumoylation of multiple seemingly unrelated
substrates both in vitro and in vivo [24, 31]. Given the
relatively small number of E3s currently known
compared to the large number of SUMO substrates
identified, it seems logical that many substrates share
specific E3s or may not even require the aid of an E3
for efficient sumoylation in vivo.

Protein sumoylation is a highly dynamic process in the
cell, and the detection of sumoylated proteins has
proven very difficult with many protein substrates in
vivo [16]. Limited pools of SUMO precursors and
mature SUMO isoforms and the existence of a family
of SUMO-specific proteases (SENPs) are most prob-
ably the major contributors to the dynamic nature of
sumoylation [32]. The SENPs are a group of cysteine
proteases that not only participate in maturation of
SUMO precursors (often referred to as “processing”)
but also cleave isopeptide bonds of SUMO-conjugat-
ed protein targets (referred to as “desumoylation™)
[33]. The first SENP was also discovered in yeast and
named Ulp (Ubl-specific protease) 1 [34]. Currently,
there are 6 human SENPs known (SENP1, 2, 3,5, 6
and 7). SENP1 is localized in the nucleus [35, 36], and
SENP?2 is associated with the nuclear envelope [37,
38]. Both SENP3 [39] and SENP5 [40, 41] localize to
the nucleolus, and SENP6 [42,43] and SENP7 [44] also
have nuclear distribution. It seems clear that SUMO
proteases vary in their ability to both process different
SUMO precursors and differentially desumoylate
different SUMO isoforms from distinct target sub-
strates [40, 41, 43, 45-47]. Defining substrate and
SUMO isoform deconjugation specificities for each of
the SUMO proteases is an important current topic of
study. In addition, knockout mouse strains missing one
of the SUMO E3s and proteases have been generated
to provide insights into their physiological roles
[48-51]. However, these studies are incomplete at
present.
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Sumoylation components regulating NF-xB
signaling/transcriptional activity

Case 1: The role of IxkBa sumoylation

The first SUMO-modified protein implicated in
NF-kB regulation is IxBa [52]. This particular
NF-kB inhibitor plays multiple critical roles in regu-
lating both initial activation of NF-«kB and the
duration of this activity in response to extracellular
signals. As described below, sumoylation of IkBa
could participate at these different steps (Fig. 1). First,
degradation of IkBa in response to various cellular
stimuli results in initial NF-xB activation [53]. The
degradation of IkBa occurs through phosphorylation
on serines 32 and 36, which then leads to its
recognition by an SCF (Skpl/Cull/F-box protein)
ubiquitin ligase containing -TrCP (beta-transducin
repeat-containing protein). This in turn causes the
K48-linked “canonical” polyubiquitination of IxBa
predominantly on K21 and/or K22 and results in its
proteasome-mediated degradation [54-57]. The
SUMO E2 Ubc9 was first shown to interact with
IxkBa in vitro, and overexpression of a catalytically
inactive mutant of Ubc9 delayed both IkBa degrada-
tion and NF-xB activation induced by TNFa (tumor
necrosis factor-alpha) stimulation [58]. In an inde-
pendent line of investigation, a SUMO-1-modified
form of IkBa that was resistant to ubiquitin-mediated
degradation was detected in several cell lines [52].
Ubc9 was further shown to function asa SUMO E2 for
IxBa. The resistance of sumoylated IkBa to ubiquitin-
dependent degradation was found to be the result of
targeting of the same lysine residue normally used for
ubiquitination, namely K21 [52] . This landmark study
demonstrated that competition of sumoylation and
ubiquitination for the same lysine can lead to inhib-
ition of proteasomal degradation of a specific protein
substrate.

Previous studies demonstrated that ubiquitination of
IxBa does not absolutely depend on K21 and can take
place on K22 alone to promote proteasome-mediated
degradation [56]. It is possible that due to its globular
structure, sumoylation of K21 hinders ubiquitination
of K22 by the large 3-TrCP SCF complex. Since the N-
terminal domain of IxBa appears to be quite flexible
[4,5], K21 sumoylation might also induce a conforma-
tional change to prevent recognition by the SCF
complex. Interestingly, mutation of the IKK phos-
phorylation sites S32 and S36 to glutamic acid
prevented IkBo sumoylation in vitro [52]. Thus, a
conformational change could also be associated with
modulation of IxBa sumoylation by IKK-dependent
phosphorylation.

Surprisingly, later studies revealed that amino acids
1-26 of IxkBa could be SUMO-modified in vitro but
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Figure 1. Model showing alter-
native ways in which sumoylated
IxBa could affect the activity of
NF-xB. Activators of NF-kB lead
to IKK-mediated phosphoryla-
tion of IxkBa on S32 and S36.
This recruits the ubiquitin ligase
B-TrCP and results in polyubiqui-
tination of IxBa on K21 and/or
K22, leading to its degradation
via the 26S proteasome. NF-kB
then translocates into the nucleus
and promotes transcription of its
target genes, such as IkBa. Newly
translated free IkBa can enter
the nucleus via its nuclear local-
ization sequence (NLS) and bind
NF-xB to inhibit its transcrip-
tional activity. IkBa then brings
NF-«B into the cytoplasm via its
nuclear export sequence (NES),
resulting in a cytoplasmic inac-
tive NF-xkB/IkBa complex. Su-
moylation on K21 has been im-
plicated in inhibition of IxBa
degradation, thus providing a
mode of NF-«B inhibition. IkBa
requires a nuclear signal for its
sumoylation that may or may not
be enhanced by a SUMO E3.
Sumoylated IkBo could play a
role in modulating NF-kB-de-
pendent transcription in the nu-
cleus and/or the export of NF-xB
from the nucleus. The SUMO
protease for IxBa remains un-
known. Since most SUMO pro-
teases are localized in the nucleus
or at the nuclear periphery, it is
possible that an unknown SUMO
protease could desumoylate
IkBa in conjunction with its exit
from the nucleus.

/>

Nudeus

not in vivo [59]. Addition of an NLS to IxBa could
restore its sumoylation in vivo, suggesting that nuclear
localization of IxBa was necessary for its sumoylation.
Interestingly, free IkBa has been demonstrated to
actively transport to the nucleus via a nonclassical
nuclear localization sequence (NLS) [60]; this non-
classical NLS is located within its second ankyrin
repeat and consists of a small cluster of hydrophobic
residues [61]. Nuclear localization of free IkBa has an
important function in the autoregulatory feedback of
NF-xB activity. In a simple yet elegant mechanism,
active NF-kB promotes the transcription of IkBa due
to an NF-kB responsive element in its promoter [62,
63]. Newly translated IxBa enters the nucleus via its
unusual NLS and can then “strip” NF-«B off of its
DNA element [64, 65] and bring it back to the
cytoplasm via an IxBo nuclear export sequence
(NES). Two NES motifs in IkBa have been identified,

one located on its N-terminus and one with a C-
terminal location [6-10]. Cell-based analyses support
a critical role for both of these NES sequences in the
regulation of NF-kB; however, mouse knock-in
studies might be necessary to determine the physio-
logical functions of the two sequences. Whether
sumoylation of IkBa participates in this elaborate
“post-induction repression” process has not been
directly evaluated. As sumoylation of IkBa requires
its nuclear localization, this may be the case, as
previously proposed by others [59, 66]. In this context,
the modulatory effects of sumoylation of IxBa on its
affinity for NF-«xB, subcellular localization, ability to
remove NF-kB off DNA sites and nuclear export of
NF-xB have not been carefully analyzed. Further-
more, whether or not a SUMO E3 is involved in
sumoylation of IkBa and if there is a specific SUMO
protease that removes the SUMO moiety from IkBa
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have yet to be determined. These additional factors
may also change the balance between sumoylated and
non-sumoylated pools of IxBa to further fine-tune
NF-kB functions.

It was recently described that overexpression of
SUMO-4 could modify IxBo and inhibit NF-xB
activation in response to TNFa [67]. However, it has
yet to be determined if endogenous proteins can be
modified by endogenous SUMO-4; the presence of a
proline residue near the di-glycine moiety may
prevent maturation of SUMO-4 by SUMO proteases
[17].

Case 2: Sumoylation of NEMO during NF-xB
signaling induced by DNA-damaging agents

The most recently identified SUMO-modified protein
substrate in the NF-«kB signaling pathway is NEMO
[68] (Fig. 2). NEMO, as stated previously, is part of the
cytoplasmic IKK complex that is critical for NF-xB
activation not only by the majority of extracellular
signals, including TNFa and IL-1 (Interleukin-1), but
also in response to many genotoxic stress agents, such
as etoposide (VP16), camptothecin (CPT) and ioniz-
ing radiation (IR) [53, 69]. Structurally, from its N- to
C-terminus, NEMO is predicted to contain two
putative coiled coil domains (CC1 and CC2), a leucine
zipper (LZ) and a zinc finger domain (ZF). NEMO is
capable of multimerization; however, the stoichiom-
etry of this multimer appears to be complex in vivo,
given that dimeric, trimeric and tetrameric forms of
NEMO have been described [70-73].
Multimerization of NEMO has been proposed to be
critical for activation of the IKK complex, and its
multimerization is thought to require the CC2 and LZ
trimerization domain on one hand [72] and the N-
terminal dimerization domain on the other [73].
Moreover, forced dimerization of NEMO is sufficient
to cause IKK and NF-«kB activation [70].

The uniqueness of the role of SUMO in genotoxic
stress signaling to NF-«B lies upstream of IKK
activation events. It was previously demonstrated
that enucleation had little impact on NF-«B signaling
induced by TNFa, thereby indicating that all the
signaling components and events can take place
without the need for an intact nucleus. In contrast,
the enucleation procedure abrogated activation by
CPT, a topoisomerase I poison [74]. This study
suggested that a nuclear event, or at least an intact
nucleus, is selectively required for genotoxic stress-
induced NF-xB activation. Since enucleation leaves
mitochondria in the cytoplasts [75], and this abundant
organelle contains its own DNA that can also serve as
a target for CPT to cause DNA damage via the
mitochondria-specific topoisomerase I enzyme [76],
the study demonstrated that nuclear topoisomerase |
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Genotoxic agents:
VP16, Dox, CPT, IR

Figure 2. Model depicting the role of sumoylation in genotoxic
stress-induced NF-kB signaling. Genotoxic agents cause DNA
double-strand breaks (DSBs) along with other cellular stress,
including oxidative stress. The latter might be involved in
modulating NEMO localization to the nucleus, possibly via the
C-terminal ZF domain. NEMO is then SUMO-modified on K277/
K309 with the help of the SUMO E1/E2 and an E3, PIASy. PIDD
and RIP-1 also have arole in NEMO sumoylation. DSBs lead to the
activation of ATM, which then associates with NEMO and
promotes phosphorylation on S85. This in turn results in NEMO
ubiquitination, supposedly on the same lysines that are used for
sumoylation. NEMO is exported out of the nucleus likely with
ATM, a mechanism that requires Ran-GTP, an unknown nuclear
export receptor and Ca*>". Exported ATM and NEMO then work
with a protein known as ELKS to promote IKK activation,
resulting in activation of NF-«B via IxBa degradation. The nature
of a SUMO protease, a ubiquitin ligase (E3) and the nuclear export
receptor for NEMO and the mechanism of IKK activation remain
undetermined.

is the critical target for the NF-xB activation event to
take place. Indeed, CEM/C2 cells that harbor intact
mitochondrial topoisomerase I but contain a CPT-
resistant nuclear enzyme were defective for NF-xB
activation by CPT but not by TNFa or other DNA-
damaging agents that do not target topoisomerase I
[74]. These and additional studies [77] seem to point to
DNA double-strand breaks (DSBs) as the critical
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DNA lesion in promoting NF-«B activation by many
genotoxic agents. Later, ataxia telangiectasia mutated
(ATM), a nuclear DSB-activated protein kinase, was
shown to be essential for NF-kB activation in response
to DSB inducers [68, 78]. Although these findings and
others [79-81] suggest the requirement for a nuclear
signaling event for genotoxic stress-induced NF-xB
activation, they did not explain how ATM signaling
caused cytoplasmic IKK activation and subsequent
NF-«B activation.

A surprising series of events led to a partial under-
standing of the relationship between NEMO su-
moylation and ATM-dependent activation of the
IKK complex leading to NF-xB activation. It was
demonstrated that a fraction of IKK-free NEMO
was SUMO-1-modified in response to CPT and
VP16 but not by TNFa and LPS (lipopolysacchar-
ide), and this caused its nuclear accumulation in the
cell [68]. This sumoylation was specific for SUMO-1
(not SUMO-2 or -3), since SUMO-2- or SUMO-3-
modified NEMO was not observed [82]. SUMO-1
modification of NEMO was induced in a transient
manner that occurred prior to cytoplasmic IKK and
NF-«xB activation. ATM was found to be irrelevant
for promoting sumoylation of NEMO by DSB-
inducing agents [68]. Moreover, this sumoylation
could also be induced by cell stresses that did not
induce DSBs or ATM activation [83], thereby
further implicating non-ATM-mediated, but some
stress-mediated, events in NEMO sumoylation. The
putative SUMO-modification sites were determined
by mutagenesis studies to be K277 and K309 within
and just outside the CC2 domain, respectively [68].
The sumoylation of NEMO also required its ZF
motif in vivo, and a ZF mutant of NEMO was
incapable of being SUMO-modified and could not
accumulate in the nucleus upon CPT and VP16
exposure. Following sumoylation, nuclear NEMO
interacted with ATM, which phosphorylated serine
85 of NEMO to promote its ubiquitin modification
and nuclear export [84]. As mentioned with IxkBa
above, the sumoylation and ubiquitination sites
appeared to compete for the same lysine sites.
Mutation of both lysines to alanine prevented
ubiquitination even when SUMO-1 was supplied to
NEMO as a fusion moiety, a trick that could
complement the ZF-dependent sumoylation defect
of NEMO [68]. A recent study further demonstrated
that a Ca*"-mediated signaling event is also required
for NEMO export into the cytoplasm [85]. Cumu-
lation of data led to the model that nuclear export of
NEMO permits ATM to form a complex with
cytoplasmic IKK, leading to IKK and NF-xB acti-
vation by an as-yet poorly defined mechanism [84].
Inhibition of any of these events eliminated geno-

SUMO and NF-kB ties

toxic stress-induced NF-xB activation. Gene fusion
studies indicate that SUMO-1 or ubiquitin directly
fused to NEMO can bypass the need for these
modifications [68, 84], further supporting the critical
roles of these events.

The sumoylation of NEMO is believed to be inde-
pendent of IKK complex formation. Evidence that
supports this model include that dissociation of
NEMO from the IKK complex by a NEMO-binding
peptide did not disrupt its sumoylation. In contrast to
NEMO, nuclear translocation of the IKK subunits
(IKKa and IKKf) was not observed prior to NF-«xB
activation [68]. This suggests that there is a preexisting
IKK-free pool of NEMO or some fraction of NEMO
that is dissociated from the IKK complex following
stress induction to allow for SUMO modification. The
requirement of IKK-free NEMO for sumoylation
became evident when the SUMO E3 for NEMO was
identified. At the time of the study, the known SUMO
E3s consisted of the proteins Pc2 and RanBP2, two
unrelated SUMO ligases and the PIAS family con-
sisting of PIAS1, PIAS3, PIASxa, PIASxf and PIASy.
Utilizing siRNA towards these known SUMO E3s, a
PIAS family SUMO E3, PIASy (also known as
PIASY), was shown to be specifically required for
NF-«B activation in response to genotoxic stress [82].
PIASy was demonstrated to promote NEMO sumoy-
lation both in vitro and in vivo in a manner that was
dependent on its catalytic activity (SP-RING do-
main), and it was also shown to be necessary for
NEMO sumoylation in response to genotoxic stimuli
without interfering with ATM activation [82]. Signifi-
cantly, PIASy was only able to interact with IKK-free
NEMO. Even when IKKf and PIASy were overex-
pressed, NEMO was unable to assemble an IKKf-
NEMO-PIASy complex, demonstrating that the in-
teraction between NEMO-PIASy and NEMO-IKKf
was mutually exclusive; indeed, an overlapping do-
main of NEMO was required for these interactions.
Moreover, the NEMO-PIASy interaction appears to
be predominantly nuclear. Interestingly, the NEMO
ZF domain was dispensable for both interaction with
PIASy in vivo and direct SUMO-1 modification in
vitro. Additionally, sumoylation of NEMO by Ubc9
and PTASy was selective for SUMO-1, since SUMO-2
and SUMO-3 were not conjugated to NEMO in vitro.
Certain antioxidants prevented NEMO sumoylation
induced by VP16 in CEM T leukemic cells [82] and
oxidative stress by means of exogenously added
hydrogen peroxide was able to cause NEMO sumoy-
lation. These findings led to a model in which cell
stress, possibly an oxidative stress-related event,
promotes ZF-dependent nuclear import of NEMO
and subsequent PIASy-dependent SUMO-1 modifi-
cation without involving ATM activation.
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A recent study further contributed to our under-
standing of the control of NEMO sumoylation by
genotoxic stress conditions. Janssens et al. found that
the protein PIDD (p53-inducible death-domain-con-
taining protein) translocates to the nucleus to stabi-
lize/enhance NEMO sumoylation in the cell following
genotoxic insult [86]. The increase in SUMO-modi-
fied NEMO also correlated with augmented NF-xB
activation. It was further shown that RIP1 (receptor-
interacting protein 1), previously found to be critical
for genotoxic stress-induced NF-kB activation [87],
was also required for NEMO sumoylation in con-
junction with PIDD. siRNA-mediated silencing of
endogenous PIDD attenuated NEMO sumoylation
and NF-«B activation, indicating that PIDD is critical
for efficient NF-kB activation by genotoxic agents
(see Fig. 2 for model). A more recent study demon-
strated that PIDD undergoes autocleavage processing
to generate PIDD-C and PIDD-CC peptides [88].
Interestingly, PIDD-C promoted NF-kB activation by
genotoxic agents, whereas PIDD-CC specifically
assembled with RAIDD (RIP-associated ICH-1/
CED-3-homologous protein with a death domain)
and procaspase-2 to cause apoptosis [88]. It is still
unclear how PIDD-C promotes NEMO sumoylation;
however, these additional molecular components add
to the exciting, yet complex nature of the NEMO
sumoylation regulation induced by DNA-damaging
agents.

Of note, other roles for PIASy in regulating NF-xB
function have recently been observed. Overexpres-
sion of PIASy inhibited NF-kB-dependent luciferase
reporter activity in both a 291D-GFP mouse kerati-
nocyte cell line in response to a combination of UVB
(ultraviolet B) and TNFa in one study [89] and in
HEK?293 cells in response to overexpressed TRIF
(Toll/IL-1 receptor (TIR) domain-containing adaptor
inducing IFN-) [90]. Whether or not PIASy is acting
in these pathways through NEMO sumoylation or
through an unidentified NF-«xB signaling protein has
yet to be determined. The requirement of the catalytic
activity of PIASy to mediate the inhibitory action has
not been determined in these studies, so it also remains
a possibility that the effect of PIASy may be mediated
by protein-protein interactions without the need for
sumoylation per se.

Case 3: SUMO, SUMO enzymes and
NF-xB-dependent transcription

A. NF-kxB transcriptional repression. An instance in
which sumoylation components affect NF-kB trans-
activation activity was shown with a SUMO E3 PIAS
family member, PIAS1. In the first scenario, PIAS1
was shown to interact with the NF-xB family member
p65 (RelA), and overexpression of PIASI led to
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inhibition of NF-kB-dependent transcription, as
shown using an NF-xB luciferase reporter construct
[91]. It was further demonstrated that PIAS1 could
also inhibit the NF-kB-dependent target genes IxBa
and Bfll. PIAS1 was believed to exert its effects
through prevention of NF-kB DNA-binding activity
in the nucleus of the cell, since PIAS1 inhibition of
NF-xB occurred after IkBa degradation and p65
nuclear translocation. Overexpression of PIAS1 could
inhibit DNA binding of NF-xB in vitro and on the
IxBa promoter in vivo. In PIAS1” mice, transcription
of the NF-xB-dependent genes for the proinflamma-
tory cytokines TNFa and IL-1p was increased upon
stimulation with TNFo. These mice also exhibited
slightly elevated basal serum levels of TNFa and
IL-1B, indicating that PIAS1 functions to suppress
NF-«kB-dependent transcription [91]. Furthermore,
using chromatin immunoprecipitation (ChIP) assays
in a PIAS1-deficient cell line, an increase in p65
recruitment to the /kxBa promoter was seen upon
activation of NF-kB with TNFa. Hence, the ability of
PIASI to prevent NF-kB-dependent transcription in
vivo correlated with inhibition or displacement of p65
occupancy from the promoter site. Interestingly,
PIAS1 was shown to interact with the transactivation
domain (TAD) of p65. Thus, in this case, the inhibitory
action of PIAS1 on NF-xB-dependent transcription
appears to involve direct protein-protein interactions
rather than PIAS1-mediated sumoylation of p65.

In the second setting, PIAS1 also surfaced as a
regulator of NF-kB-dependent transcription via mod-
ulating sumoylation of a different transcription factor,
namely PPAR-y (peroxisome proliferator-activated
receptor gamma) [92]. PPAR-y is a nuclear receptor
with a role in regulation of adipogenesis [93]. PPAR-y
also has anti-inflammatory properties that are be-
lieved to be in part due to its ability to inhibit NF-kB-
dependent transcription [94]. A recent study examin-
ing the effect of corepressor complexes for NF-xB
revealed that NCoR (nuclear hormone receptor co-
repressor) and its related factor SMRT (silencing
mediator of retinoic acid and thyroid hormone
receptors) in complex with HDAC3 (histone deace-
tylase 3) can serve as a corepressor complex for a
subset of NF-kB-dependent target genes, such as the
proinflammatory response gene iNOS (inducible
nitric oxide synthase) [92]. In a yeast 2-hybrid screen,
PIAS1 was identified as a binding partner of PPAR-y.
siRNA targeting PIAS1 demonstrated its requirement
for LPS-induced PPAR-y recruitment to the iNOS
promoter. Treatment with LPS could also promote
PPAR-y sumoylation, and this was required for trans-
repression of the iNOS promoter. These results led to
a model in which LPS-induced sumoylation of
PPAR-y mediated by PIAS1 results in PPAR-y-
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dependent recruitment to the NCoR/SMRT corepres-
sor complex on the iNOS promoter. Recruitment of
this corepressor prevents NF-kB-dependent trans-
activation. This PIAS1-PPAR-y-dependent repres-
sion of NF-kB target gene transcription might also
play a role in the previous report of PIAS1-mediated
NF-«B repression [91]. Analysis of this mechanism on
multiple promoters of NF-kB-dependent genes would
determine how frequently this mechanism is utilized
in the cell.

In a separate study, another SUMO E3, PIAS3, was
shown to interact with p65 in a yeast 2-hybrid assay,
and this interaction was subsequently confirmed using
both in vitro and in vivo assays [95]. In contrast to
PIAS1, PIAS3 interacted with the Rel homology
domain (RHD) of p65, the domain responsible for
NF-kB dimerization and DNA binding. Furthermore,
overexpression of PIAS3 could inhibit TNFa- and
IL-1p-induced = NF-kB-dependent  transcription
(shown using a 3xxB luciferase reporter), similar to
what was seen with PIAS1. Like PIAS1, the effects of
PIAS3 were downstream of IkBa degradation, since
overexpression of PIAS3 did not alter phosphoryla-
tion-dependent degradation of IkBa in response to
TNFo stimulation. Unlike PIAS1, PIAS3 did not
seem to alter p65 DNA-binding activity. It is well-
established that CBP [CREB (cAMP response ele-
ment-binding)-binding protein] acts as a coactivator
of p65 [96, 97]. Interestingly, when overexpressed,
PIAS3 could compete with CBP for binding to p65
both in vitro and in vivo [95]. Hence, the effects of
PIAS3 on p65-mediated NF-kB transactivation ap-
pear to be due to defects in coactivator binding to p65.
Whether or not the catalytic domain within the RING
finger of PIAS3, which has been shown to be required
for enhanced substrate sumoylation, is required for
inhibition of NF-kB transcription has not been
determined. This is also the case with PIAS1, descri-
bed above. Thus, it is still unclear whether the
enzymatic activity of PIAS1/3 is required for repres-
sion of NF-kB transcriptional activity. Of note, it is of
interest that components of the p65 coactivator
complex, CBP and p300, are SUMO-modified them-
selves [98, 99]. SUMO modification of CBP and p300
in this context serves as a negative regulator of
transcriptional activity. It is tempting to think that
CBP and p300 coactivator regulation by SUMO
modification may play a role in negative regulation
of NF-«xB transcriptional activity. Further studies will
need to be conducted to determine if this mechanism
indeed exists.

The strong role of sumoylation in NF-xB regulation
and possibly NF-kB-dependent transcription was
initially identified in genetic studies of innate immun-
ity in the Drosophila system. Mutations in the
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Drosophila version of the Ubc9 (dUbc9) gene, less-
wright (Iwr), were associated with up-regulation of the
NF-kB pathway in the fat body, where increased
transcriptional activity of Dorsal (dl) and Dif (Dorsal-
related immunity factor), members of the Rel/NF-xB
family, resulted in constitutive expression of the
antimicrobial peptide genes Drosomycin and Cecro-
pin [100]. Constitutive expression of these genes is
abolished in triple (Iwr, Dif and d/) mutants [100].
Moreover, the dUbc9/Iwr had a separate but similar
regulatory effect in Drosophila blood cells (hemo-
cytes). Lwr mutants exhibited increased proliferation
of hemocytes, and some mutant hemocytes showed
localization of Dorsal to the nucleus [101]. The
overproliferation phenotype could be suppressed in
triple (Iwr, Dif and dl) mutants [100, 101], but the
target genes of Dorsal/Dif causing the overprolifera-
tion were not described. Both the fat body- and
hemocyte-based phenotypic defects were also rescued
by a non-signaling allele of Cactus [100]. These
genetic epistatic experiments suggested that dUbc9
either regulates Dorsal and Dif via its effects on
Cactus or independently regulates Cactus and Dorsal/
Dif in the signal transduction pathway. It is possible
that direct sumoylation of Dorsal and Dif results in
transcriptional repression of target genes such as that
of the mammalian transcription factors c-Jun, p53,
androgen receptor (AR), Sp3 and Elk-1 (Ets-like
kinase 1) [20]. In this context, it is of interest to note
that in Cos7 (transformed monkey kidney) cells,
overexpression of Ubc9 or SUMO-1 inhibited
NF-xB transcriptional activity induced by TNFa,
IL-1 and okadaic acid as measured by an NF-kB-
dependent HIV-LTR reporter construct [52]. Alter-
natively, it is also possible that dUbc9 might function
in modifying Cactus stability or in regulating Dorsal
localization [100]. A previous study indicated that
overexpression of catalytically inactive Ubc9 can
retard IxBo degradation and NF-xB activation in
response to TNFa stimulation in HeLa cells [58].

B. NF-xB transcriptional activation. Although over-
expression of dUbc9 was shown to inhibit Dorsal-
dependent transcription, as described above, studies
examining the effect of dUbc9 on Drosophila devel-
opment demonstrated the converse [102]. Dorsal was
shown to interact with dUbc9 in a yeast 2-hybrid assay,
and this interaction was confirmed in vivo. Over-
expression of Dorsal in cells can result in its nuclear
localization by overcoming inhibition imposed by the
endogenous pool of the Drosophila homologue of
IxB, Cactus. Hence, Cactus needs to be overexpressed
along with Dorsal in order to restore Dorsal’s
cytoplasmic localization. Under conditions in which
Dorsal, Cactus and a coactivator (Twist) were coex-
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pressed, overexpression of dUbc9 surprisingly result-
ed in nuclear accumulation of Dorsal and trans-
activation of a Dorsal-dependent reporter gene. This
is inconsistent with the previous study showing that
the lesswright mutation causes an increase in nuclear
Dorsal accumulation in hemocytes [101]. Coexpres-
sion of Dorsal/Twist/Cactus with Drosophila SUMO
or the Drosophila SUMO E1, SAE1/2, could also
augment the reporter activity, suggesting that compo-
nents of the SUMO conjugation machinery could
stimulate transcription of NF-«B in the fly [102].
Later, Dorsal was shown to be SUMO-modified on
K382 in Drosophila S2 cells [103]. Overexpression of
dSUMO and dUbc9 could increase Dorsal-dependent
reporter activity and expression of the CecAl gene.
siRNA targeting dUbc9 and dSUMO led to a reduc-
tion in CecAl gene induction following LPS stimula-
tion of Drosophila S2 cells. Examination of Droso-
phila first instar larvae that had hypomorphic P-
element disruptions in either dUbc9 or dASUMO also
revealed defective CecAl gene induction upon chal-
lenge with LPS. This is in contrast with the study
mentioned above, which demonstrated that mutations
in lesswright (dUbc9) can increase CecAl gene
expression in third instar larvae [100]. These apparent
contradictory results in Drosophila larvae and cul-
tured cells support the view that individual proteins
(or the stoichiometry of proteins in complexes)
subject to sumoylation may have different outcomes
depending on the cell system used. These observations
also underscore the need to characterize how these
biochemical differences result in distinct physiological
outcomes. The variable effects of SUMO proteins on
NF-«B signaling is summarized to emphasize this idea
(Table 1).

Overexpression of dASUMO and dUbc9 could activate
Dorsal-dependent reporter activity, and mutation of
the SUMO modification site on K383 to A or R also
increased Dorsal reporter activity, leaving the ques-
tion as to how sumoylation and mutation of the
putative SUMO modification site in Dorsal could lead
to the same phenotype. Using two luciferase reporter
constructs, one with a single and one with multiple
Dorsal binding sites, it was found that mutant Dorsal
was only able to increase luciferase activity when
multiple binding sites were present. From these
results, Bhaskar et al. [103] concluded that the
SUMO modification site of Dorsal is actually within
a synergy control (SC) motif, which has been shown to
inhibit transcriptional synergy through recruitment of
a synergy attenuator, an SC factor (SCF) [104]. Both
SUMO modification and mutagenesis of K383 to A or
R presumably prevent the interaction of an unidenti-
fied SC factor with DNA-bound Dorsal/Twist, thwart-
ing the attenuation of Dorsal transactivational activity

Review Article 1987

and thus giving rise to the same transcriptional
phenotype. This is analogous to the situation in the
mammalian system, in which SC motifs have similarity
to sumoylation sites; for example, C/EBPalpha and
GR (glucocorticoid receptor) can be SUMO-modified
within their SC motifs, leading to uncontrolled gene
expression [105, 106]. Thus, although sumoylation of
transcription factors is generally linked to their tran-
scriptional repression, there are other instances in
which SUMO modification of transcription factors
can promote their transcriptional activity. Sumoyla-
tion of estrogen receptor alpha (ERa) and heat shock
factors 1 and 2 (HSF1 and 2) has also been shown to
promote their transcription [107-109]; however, un-
like the SC factor situations described above, the
mechanisms are unclear as to how direct sumoylation
of ERa and HSF1/2 could promote their transcrip-
tional activities.

In another yeast 2-hybrid screen, MEKK1 (mitogen-
activated protein kinase/ERK kinase kinase-1), a
protein positively implicated in NF-kB signaling
[110, 111], was found to directly interact with Ubc9
[112]. Further analysis revealed that this interaction
requires the catalytic domain and death domain of
MEKKI1. Overexpression of Ubc9, regardless of its
catalytic activity, was shown to promote TNFa-
induced NF-«kB transcription in an NF-kB-dependent
luciferase reporter assay in HeLa cells. This corrob-
orates a previous study showing that a catalytically
dead mutant of Ubc9 retards TNFa-induced NF-xB
activation [58]. Moreover, when expressed together,
Ubc9 and MEKKI1 could act in synergy to induce
NF-kB activation in response to TNFa stimulation. It
was proposed that Ubc9 may be acting as a scaffolding
protein with MEKK1 [112]. We also found that
depletion of UbcY inhibited NF-kB-dependent luci-
ferase reporter activity in response to TNFa in
HEK?293 cells (Mabb, unpublished observations). In
these scenarios, it appears that Ubc9 has some NF-kB
signaling function, possibly without involving sumoy-
lation, upstream of NF-kB transcriptional events.

To help sort out the role of SUMO components in
NF-kB signaling and modulation of NF-kB-depend-
ent transcription, we attempted to formulate a model
as to how sumoylation and SUMO conjugation
machinery may play a role in the NF-kB system in
response TNFa (Fig. 3). In this hypothetical model,
TNFa binds to the TNFR1 (tumor necrosis factor
receptor 1) and causes the recruitment of downstream
factors, such as TRADD (TNF-R1-associated death
domain protein) and RIP1, to the C-terminal DD
(death domain) of TNFR1 [113]. Ubc9 may also
impinge on the DD of TNFR1 to mediate protein
interactions or promote sumoylation of known or as-
yet-unidentified additional factors. MEKKI is also
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Table 1. Putative role of SUMO enzymes in the NF-kB pathway.
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Sumoylation
Cell line/system component(s) Suggested effects
used Stimulus examined Experiment on substrate Effects on NF-kB Reference
Dominant negative Inhibition of
HeLa TNFa  Ubc9 Overexpression IxBa degradation Inhibition [58]
Interaction with
HeLa TNFa Ubc9 and MEKK1 Overexpression MEKK1 Activation [112]
Effects on
HeLa TNFa  Ubc9 Overexpression MEKK1 Activation [112]
Dominant negative Effects on
HeLa TNFa Ubc9 Overexpression MEKK1 Activation [112]
Effects on IxBa
Cos7 TNFa SUMO-1 Overexpression sumoylation Inhibition [52]
Effects on IkBa
Cos7 IL-1 SUMO-1 Overexpression sumoylation Inhibition [52]
Okadaic Effects on IxBa
Cos7 acid SUMO-1 Overexpression sumoylation Inhibition [52]
Effects on IkBa
Cos7 TNFa Ubc9 Overexpression sumoylation Inhibition [52]
Effects on IxBa
Cos7 IL-1 Ubc9 Overexpression sumoylation Inhibition [52]
Okadaic Effects on IxBa
Cos7 acid Ubc9 Overexpression sumoylation Inhibition [52]
Effects on
NEMO
HEK 293 VP16 Ubc9 Ubc9 siRNA sumoylation Inhibition [82]
Mabb,
HEK 293 TNFa  Ubc9 UbcY siRNA Unknown Inhibition unpublished
Potential IxkBa
HEK 293 TNFo  SUMO-4 Overexpression sumoylation Inhibition [67]
Overexpression with Dorsal
Drosophila S2 - Drosophila Ubc9  and Twist Dorsal Activation [103]
Overexpression with Dorsal,
Drosophila S2 - Drosophila Ubc9  Cactus, and Twist Dorsal Activation [102]
Drosophila Ubc9/
Drosophila S2 - SUMO-1 Overexpression with Dorsal ~ Dorsal Activation [103]
Drosophila Ubc9/  Overexpression with Dorsal
Drosophila S2 - SUMO-1 and Twist Dorsal Activation [103]
Overexpression with Dorsal,
Drosophila S2 - Drosophila SUMO Cactus, and Twist Dorsal Activation [102]
Drosophila Ubc9/  Overexpression with Dorsal,
Drosophila S2 - SUMO-1 Cactus, and Twist Dorsal Activation [102]
Drosophila Sael/2 Overexpression with Dorsal,
Drosophila S2 - (SUMO E1) Cactus, and Twist Dorsal Activation [102]
Drosophila Sael/2  Overexpression with Dorsal,
Drosophila S2 - (SUMO E1) Cactus, Twist, and Smt3 Dorsal Activation [102]
lesswright hypomorphic P- Dorsal nuclear
larval hemocytes - Drosophila Ubc9  element disruption Unknown localization [101]
Dominant negative Dorsal nuclear
larval hemocytes - Drosophila Ubc9  Overexpression Unknown localization [101]
HEK?293 and NEMO [82] and Mabb,
CEM VP16 PIASy siRNA sumoylation Inhibition unpublished
HEK?293 and NEMO [82] and Mabb,
CEM CPT PIASy siRNA sumoylation Inhibition unpublished



Cell. Mol. Life Sci. ~ Vol. 64, 2007 Review Article 1989
Table 1 (Continued)

Sumoylation
Cell line/system component(s) Suggested effects

used Stimulus examined Experiment on substrate Effects on NF-xB Reference
291D-GFP
mouse UVB/
keratinocyte TNFa  PIASy Overexpression Unknown Inhibition [89]
HEK 293 - PIASy Overexpression with TRIF ~ Unknown Inhibition [90]
HEK 293 - PIASy Overexpression with TRAF6  Unknown Inhibition [90]
Increase in NF-
MEF TNFa  PIAS1 PIAS17~ MEFs po5 kB target genes  [91]
HEK 293T and
A549 TNFa  PIASI Overexpression p65 Inhibition [91]
HEK 293T TNFa  PIAS3 Overexpression po5 Inhibition [95]
HEK 293T IL-1B PIAS3 Overexpression po5 Inhibition [95]
HEK 293T - PIAS3 Overexpression with RANK  p65 Inhibition [95]
HEK 293T - PIAS3 Overexpression with TNFR1  p65 Inhibition [95]
HEK 293T - PIAS3 Overexpression with CD30  p65 Inhibition [95]
HEK 293T - PIAS3 Overexpression with TRAF2  p65 Inhibition [95]
HEK 293T - PIAS3 Overexpression with TRAFS p65 Inhibition [95]
HEK 293T - PIAS3 Overexpression with TRAF6  p65 Inhibition [95]
MCF-7 TNFa  PIAS3 siRNA po5 Activation [95]
HeLa TNFa  SENP1 Overexpression Unknown Inhibition [117]
Catalytic defective
HeLa TNFo  SENPI Overexpression Unknown Inhibition [117]
Overexpression with Dorsal
Drosophila S2 - Drosophila Ulpl  and Twist Dorsal Biphasicresponse [103]

Known SUMO-modified proteins in the NF-kB pathway

Site Required for Effects of modification on NF-

Protein stimulus Modification kB signaling
Inhibition of IxBa
IkBa TNFa K21 degradation [52]
VP16,
NEMO CPT K277/K309 Activation [68]
NEMO H202 - Activation [83]
VP16,
NEMO Dox - Activation [86]
Dorsal - K382 Activation? [103]

activated and interacts with Ubc9 to cause activation
of downstream components that promote IKK acti-
vation leading to phosphorylation-mediated degrada-
tion of IxBa and translocation of NF-xB into the
nucleus. Here, UbcY9 may also be involved in the
interaction with p50 [58] to either promote or inhibit
transcription depending on the cellular context. Upon
DNA binding and transcription of NF-kB target
genes, PIAS1 may be recruited to a subset of the
genes to dissociate NF-kB from its promoter site,
perhaps through facilitating SUMO modification and/
or displacing bound NF-xB with an unknown inhib-
itory factor similar to NcoR/SMRT for PIAS1. Alter-

natively, PIAS3, along with a potential sumoylated
corepressor, could be recruited to a subset of NF-xB
target genes to prevent recruitment of one of its
coactivators, CBP. The signal specificity for PIAS1 or
PIAS3 may depend on the context of the promoter.
Depending on its positioning inside the cell, the
existence of SUMO-modified IkBoa may further
prevent NF-kB target gene transcription through
either sequestration of cytoplasmic NF-kB or seques-
tration of nuclear NF-kB to prevent target gene
transcription.
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Figure 3. Model depicting possi-
ble roles for sumoylation and
SUMO enzymes in TNFa-in-
duced NF-«kB activation. In re-
sponse to TNFo treatment,
TRADD and RIP are recruited
to the death domain of the
TNFR. In addition to the signal-
ing pathway that involves non-
canonical K63-linked polyubi-
quitination [125], MEKK1 could
also participate in IKK activa-
tion. IKK then phosphorylates
$32/836 of IxkBa, which promotes
its ubiquitination and degrada-
tion by the 26S proteasome. Free
NF-xB (p65/p50) translocates
into the nucleus, where it can
promote transcription of its tar-
get genes. Attenuation of NF-kB
transcription through sumoyla-
tion or SUMO enzymes could
be achieved in at least two ways:
In the first mechanism, the
SUMO E3 PIAS1 binds to
NF-xB and inhibits its DNA-
binding activity. PIAS1 may also
be involved in the recruitment of
a repressor that could prevent
transcription of some NF-«B tar-
get genes. In the second mecha-
nism, another SUMO E3, PIAS3,
binds to NF-kB to inhibit its
transactivation activity; this is
most likely achieved through
the recruitment of a corepressor
complex. Whether or not sumoy-
lation is involved in these two
pathways is unclear. The physio-
logical roles of the interactions of
Ubc9 with p50, MEKKI1 and
TNFRI1 are also currently unde-
fined.

Promotor Y

Nudeus

Perspectives and future studies

The critical roles of sumoylation and SUMO enzymes
in NF-xB signaling continue to be elucidated using
Drosophila and a variety of mammalian systems.
SUMO and the SUMO enzymes seem to participate
at the levels of membrane receptor, cytoplasmic signal-
ing components, nuclear signaling components and
nuclear transcriptional machinery to modulate NF-xB
functions in a manner dependent on cell type and
specific signals. Given the existence of many putative
sumoylation sites in most NF-kB signaling proteins (see
below), it is possible that the list of proteins that
become modified by individual SUMO isoforms may
expand in the near future. Even in situations in which

specific substrates have been identified and their
functions partially elucidated, such as IkBo and
NEMO, there are many more issues that need to be
resolved. For example, specific nuclear roles of
SUMO-1-modified IxkBa have yet to be defined. It is
also uncertain whether IkBa is modified by endoge-
nous SUMO-4. The potential involvement of a SUMO
E3 (or E3s) and a protease (or proteases) also needs to
be sorted out for this substrate. In the case of NEMO
sumoylation, in vitro SUMO-1 modification by E1/E2
is extremely inefficient compared to IkBa sumoylation
under the same conditions (Mabb, unpublished re-
sults). Even in the presence of PIASy, the sumoylation
of NEMO is still an inefficient process. One explan-
ation for this could be that the NEMO substrate
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Table 2. Frequency of potential sumoylation motifs on proteins involved in NF-kB signalling.

Review Article

SUMO consensus Lysine sites with

Protein Accession

Human SUMO consensus Lysine sites NDSM Number
IKKa 109, 146, 479, 624 - NP_001269
IKKpB 147, 238, 628, 704 704 AAC64675
IKKYy/NEMO 129, 277, 285, 325 129, 277, 325 QI9Y6K9
p65 (RelA) 37 - AAA36408
RelB 33 33 NP_006500
p105/p50 86,357, 491, 594 594 AAA36361
p100/p52 90, 298, 332 - NP_002493
c-Rel 26, 112, 361 112 CAAS52954
IkappaBa 21,38 21,38 AAA16489
IkappaBf 187,235 187 NP_002494
IkappaBe - - NP_004547
IkappaBC 209, 224 209 NP_113607
bel-3 - - AAAS51815
TNFR1 340 - P19438
TRAF2 27,313,477 - NP_066961
TRAF3 52,107,191, 429 191 NP_003291
TRAFS 100, 205, 287, 389, 417 205, 417 NP_001029082
TRAF6 67,124, 142,319, 453 142 NP_004611
BTrCP1 101 - NP_378663
pTrCP2 65 - NP_003930
MEK1 36,205 36 NP_002746
JNK - - NP_620637
TRADD - - Q15628
TABI1 - - NP_006107
TAB2 329, 562 562 NP_055908
TAK1 547 547 NP_663304
A20 386 - NP_006281
CYLD 201, 575, 665, 718 201, 575 NP_001035814
CARMAL1 9,177,231, 237, 255, 726, 937, 1012 9,177,237, 255, 937 QI9BXL7
MALT1 262,303,702 262 QIUDY8
Bcl10 110 - 095999
TRIF 415 415 BACA44839
MYDS88 161 - AAC50954
TIRP/TRAM 36, 58 58 NP_067681
IRAK-1 - - NP_001020413
MEKK3 48, 65 48, 65 Q99759
Akt 64,112, 182, 189, 276 112,182,276 NP_001014431
NIK 41, 54,373,734 41, 54,373,734 NP_003945
RSK1 (p90S6K) 119, 198 119, 198 NP_001006666
CKII 79 79 NP_001886
PIDD - - AAG13461
RIP1 105, 140, 305, 565 140, 305 Q13546
ATM 24, 388, 640, 742, 1323, 1820, 388, 640, 2421, 2816 AAB65827

1994, 2302, 2421, 2574, 2687, 2816
ELKS 10,195,202, 439, 444,472,488,579, 643, 195, 439, 444,472,579, 643, 706, 707, 1078 Q8IUD2

706, 707,712, 748, 885, 927, 962, 1078
Proteins with SUMO 37 out of 44 27 out of 44

sites

Many proteins implicated in NF-kB signaling were analyzed for the existence of consensus SUMO modification motifs (WKxE/D) using the

SUMOsp program [118].

Consensus SUMO sites were then refined based on the NDSM (negatively charged amino acid-dependent sumoylation motif). The NDSM
consists of acidic residues, namely aspartic and glutamic acid, flanking the SUMO consensus motif [119]. Out of 44 proteins, 37 contained
consensus SUMO motifs and 27 contained SUMO consensus lysine sites with the NDSM.

employed is not in an appropriate state (lacking a
modification possibly induced under cell stress con-
ditions, in the wrong conformation or multimeric state,
or a combination of these variables). This also high-
lights our lack of specific knowledge regarding the
exact nature of “stress” and stress signaling induced by
genotoxic agents to promote NEMO sumoylation. The
identification of a SUMO protease and its role in

regulating NEMO sumoylation also merits careful
analyses. Such studies may also help to clarify how
PIDD can act as a switch to promote NEMO sumoy-
lation in the nucleus on one hand (via PIDD-C) and cell
death through “PIDDosome” formation in the cyto-
plasm on the other (via PIDD-CC).

Although NEMO is currently the best characterized
SUMO substrate in the NF-«B signaling system, there
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are still many unanswered issues that pertain to this
modification. One study indicated that nuclear
NEMO could bind to CBP and prevent NF-kB-
dependent transcription [114], while in another recent
study, nuclear NEMO promoted the activity of the
transcription factor hypoxia-inducible Factor 2a
(HIF2a) [115]. Whether sumoylation of NEMO
participates in modulation of these additional events
remains to be investigated. Another relevant question
is whether there are physiological signals that require
NEMO sumoylation to cause NF-xB activation. In
this context, it is also relevant to ask whether
sumoylation of NEMO is required for NF-kB activa-
tion by genotoxic stimuli in most cell types under
physiological settings. Sumoylation of NEMO has
been described in a limited number of cell systems in
response to different genotoxic stimuli [68, 82, 83, 86].
Thus, whether or not SUMO modification of NEMO
and the putative SUMO modification sites (K277 and
K309) are physiologically important in vivo remains
undetermined. While mice deficient in PIASy, the
mouse homologue of human PIASy, have been
generated and show no major observable develop-
mental phenotype [50, 51], it is difficult to extract
specific roles of NEMO sumoylation from this knock-
out mouse study due to the involvement of PIASy in
regulation of different protein targets and potential
compensation by other SUMO E3s. Thus, generation
of knock-in mice for K270/302R-NEMO, the murine
counterparts of human K277/309R, may be necessary
toreveal the physiological role of NEMO sumoylation
in vivo.

The variability seen with Ubc9 and its effects on
NF-xB function currently appears confusing. The
discrepancies amongst different model systems may
involve both specific and pleiotropic effects of Ubc9
impinging directly on proteins in the NF-«B signaling
pathway as well as indirectly on other proteins that are
not directly involved in NF-kB signaling systems.
Interpretation of results obtained with ectopic ex-
pression of Ubc9 and its mutants may be difficult, as
this type of manipulation may exhibit global effects on
cellular sumoylation processes, given that the levels of
SUMO precursors, mature SUMO isoforms and
sumoylated substrates seem to be tightly controlled
in cells. Thus, additional careful analyses are required
to reveal the functional significance of interactions
between Ubc9 and substrates such as c-Rel, p50, and
IkBa [58] and TNFR1 [112]. Similarly, whether
PIAS1/3-mediated regulation of p65 involves sumoy-
lation or is simply due to direct protein-protein
interactions without the need for sumoylation remains
unclear and requires additional studies; a comparison
of catalytically active and inactive PIAS1/3 would be
useful. There are examples, such as PIASy-mediated
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repression of the androgen receptor (AR) activity
[116], in which PIAS family members can exert their
negative transcriptional effects independent of their
catalytic activity.

Although the knowledge of the roles of SUMO
isoforms and SUMO enzymes in the regulation of
NF-kB signaling and NF-xB transactivation is still
incomplete, even less is known about SUMO pro-
teases in NF-kB signaling and transactivation. As
stated above, only six SUMO proteases have been
identified [44]. In the Drosophila system, Drosophila
Ulpl, similar to human SENP1, was shown to
desumoylate Dorsal and inhibit Dorsal/Twist activa-
tion of a Dorsal-dependent reporter [103]. In HeLa
cells, SENP1 inhibited TNFa- and p65-induced
NF-«B luciferase reporter activity; however, this
inhibition appeared to be independent of the catalytic
activity of SENP1 [117]. For IxkBa and NEMO,
nothing is known about the specific involvement of
SUMO proteases. Similar to the manipulation of
SUMO isoforms and Ubc9, the levels and activities of
individual SUMO proteases in cells likely impart a
large-scale perturbation in the SUMO system. Thus,
experimental setups and interpretation of results from
SUMO protease manipulations also require careful
consideration before defining a SUMO protease
specifically involved at each of the signaling steps.
Since the knowledge of SUMO-modified substrates in
the NF-kB signaling system is still very limited, we
sought to identify potential SUMO substrates and
putative sumoylation sites on known NF-«B signaling
proteins by means of sequence analysis. Initially, we
evaluated the presence of the consensus SUMO
modification sites on known NF-«xB signaling proteins
through the use of a predictive consensus SUMO site
program, SUMOsp (http://bioinformatics.lcd-ust-
c.org/sumosp/index.php), which predicts putative su-
moylation sites within proteins based on previously
identified SUMO motifs and the consensus YKxD/E
motif [118]. From this analysis, we identified potential
SUMO sites in 37 out of the 44 NF-«B signaling
proteins examined (Table 2). It was recently proposed
that a potentially more accurate predictor of SUMO
modification sites could be the identification of acidic
residues flanking the SUMO consensus motif [119].
Using these parameters, we narrowed the number of
potential SUMO-modified substrates in the NF-xB
signaling system down to 27. It is unclear whether any
of these sites are modified by SUMO under any
physiological or pathological conditions in vivo, but it
is noteworthy that so many of the NF-xB signaling
proteins possess potential SUMO modification sites.
However, this may also be a reflection of a generally
high frequency of putative SUMO consensus sites,
since when components of another signaling system
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(the insulin receptor signaling pathway) were ana-
lyzed, a similarly large number of proteins were found
to possess such a motif. As detection of sumoylated
proteins in cells is difficult, a considerable effort may
be needed to determine the whole repertoire of
SUMO substrates in the NF-kB signaling system.
Given the expanding physiological and pathological
roles of both the SUMO system [32, 120, 121] and the
NF-kB signaling pathways [122-124], the tie between
these two fundamentally important cellular pathways
islikely to expand substantially through future studies.
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