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Summary

The dimeric transcription factor nuclear factor kB (NF-«xB) functions broadly in coordinating
cellular responses during inflammation and immune reactions, and its importance in the
pathogenesis of cancer is increasingly recognized. Many of the signal transduction pathways that
trigger activation of cytoplasmic NF-«B in response to a broad array of immune and inflammatory
stimuli have been elaborated in great detail. NF-kB can also be activated by DNA damage, though
relatively less is known about the signal transduction mechanisms that link DNA damage in the
nucleus with activation of NF-kB in the cytoplasm. Here, we focus on the conserved signaling
pathway that has emerged that promotes NF-«B activation following DNA damage. Post-
translational modification of NF-«xB essential modulator (NEMO) plays a central role in linking
the cellular DNA damage response to NF-«kB via the ataxia telangiectasia mutated (ATM) kinase.
Accumulating evidence suggests that DNA damage-dependent NF-xB activation may play
significant biological roles, particularly during lymphocyte differentiation and progression of
human malignancies.
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Personal and historical narrative commemorating 25 years of NF-kB

As part of this special issue commemorating the 25™ anniversary of the discovery of nuclear
factor xB (NF-xB), I (S. Miyamoto) was asked to include a brief account of my scientific
interests relating to activation of NF-xB by DNA-damaging agents. After obtaining an
independent faculty position, | wished to start a new line of research. However, as with any
other scientific quests, identifying and deciding what specific puzzle to tackle was
challenging. Obviously, the task needed to be carefully weighed against limited amounts of
time (ticking tenure clock) and financial and personnel resources. The answer came in the
form of a side project that then led to a much bigger puzzle. One of my colleagues in the
department at that time, David Boothman, suggested that we run a pilot experiment to test
whether NF-xB could be activated by B-lapachone, a chemical that was thought to inhibit
topoisomerase | (Top 1) activity. We used a pre-B-cell line and gel shift assays (EMSA) to
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test this. p-lapachone did activate NF-«xB but did so very poorly in comparison to our
positive control lipopolysaccharide (LPS) stimulation. However, another inhibitor of Top I,
Camptothecin (CPT), induced a robust activation of NF-«B in this cell system.

At this point, a light went on with a basic question: how could nuclear DNA damage induce
activation of NF-xB that was known at the time to be sequestered and activated in the
cytoplasm? This is backward of a typical signaling pathway that begins at a cell surface
receptor. Had this been described by others? We quickly collected and eagerly read all the
papers that we could identify in the literature describing NF-xB activation by different
DNA-damaging agents. At that time (early 1996), the concept of ‘nuclear-to-cytoplasmic’
signaling to activate NF-xB by ultraviolet-C (UV-C) radiation exposure had been presented
in 1989 by Peter Herrlich’s group (1). However, we could not find any mechanistic solution
to this interesting question. Moreover, although the functional significance of NF-xB
activation by various DNA-damaging agents had been continually investigated, it appeared
that the mechanism regarding nuclear-to-cytoplasmic signaling was not being tackled in the
literature. It also appeared that ‘DNA damage’ was vaguely used to describe the signaling
event. However, it was totally unclear which types of DNA damage were actually involved,
what exactly happened after DNA damage, and whether DNA damage was sufficient to
induce such a signaling pathway. Furthermore, mitochondria harbor DNA outside the
nucleus, so it was not even clear whether the nucleus was involved or not. It was possible
that mitochondrial DNA damage could be a cytoplasmic signal-initiation event. In the
meantime, there was already accumulated evidence that nuclear DNA damage was probably
not even involved in activation of NF-xB by UV-C (2-4). Thus, even if we hypothesized
nuclear DNA damage as being the cause of such an activation pathway, it was unclear what
exactly the ‘nuclear signal’ was that left the nucleus to communicate with latent cytoplasmic
NF-kB. Was it a protein, nucleic acid, or other macromolecules? Could it be a second
messenger like calcium? Existing literature did not reveal known signaling pathways that
involved a nuclear-initiated signal that communicated with cytoplasmic targets. The only
thing that could remotely fit this idea was MRNAs that are generated in the nucleus and
exported to the cytoplasm to produce encoded protein products. However, it did not fit the
notion of ‘signal transduction’, like those involved in growth factor signaling or cytokine
signaling—classical models of intracellular cell signaling.

The next several years were spent analyzing different cell lines and cell systems (including
almost all available normal human cell types that could be purchased from Clonetics) with
different classes of DNA-damaging agents using gel shift assays to first understand what
efficiently activated NF-xB and in which cell systems. Based on these initial analyses, we
selected model cell systems to tackle the mechanism(s) involved. We experimentally
evaluated the requirement of nuclear DNA damage by assessing activation in cytoplasts that
contained mitochondria but were devoid of intact nuclei (5). Given that our initial
observations utilized the Top | inhibitor CPT, we used a cell system developed by Yves
Pommier that harbored mutated nuclear Top | that was defective for CPT interaction but
with intact mitochondrial Top | that maintained normal CPT interaction to test the
requirement of nuclear versus mitochondrial Topl. We assessed NF-«xB activation in
different cell cycle phases using different DNA-damaging agents to ask whether this
activation was coupled to specific cell cycle phases or not. We employed restriction
enzymes capable of producing different DNA end structures and electroporated different
forms of DNA (naked double-stranded-DNA, mono-nucleosomes, and poly-nucleosomes)
(6). These early studies led to the general conclusion that nuclear DNA double strand breaks
(DSBs) are among the most potent DNA damage signals to activate NF-kB and revealed no
requirement for cell cycle progression. Moreover, this activation did not require new protein
synthesis and occurred within 1-2 h after break induction through the activation of the
canonical inhibitor of kB (1xB) kinase (IKK) complex and IkBo degradation. However, we
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still did not have any idea how nuclear DSBs affected these cytoplasmic events to activate
NF-kB. Although other DNA-damaging agents, like aphidicolin or hydroxyurea, could
induce NF-«kB very weakly after prolonged exposures, we focused our attention on
dissecting early activation mechanisms that did not require prolonged chemical exposure to
avoid complications of potential secondary events.

Very early on we learned that the DSB-responsive nuclear kinase, ataxia telangiectasia
mutated (ATM), was required for this signaling process, but we could not obtain any
evidence for the involvement of any known downstream effectors of ATM, including the
canonical downstream checkpoint kinase Chk2, suggesting the possibility of a specific ATM
substrate designated for NF-kB signaling. Critical insight came from reconstitution
experiments with 1.3E2 NEMO-deficient mouse pre-B cell system that we obtained from
Alan Israel’s group. In particular, we obtained a robust phenotype with a C-terminal zinc
finger (ZF) deletion mutant of NEMO, which gave completely defective NF-kB signaling
with all DNA-damaging agents we tested while LPS-induced activation was relatively
normal (7). Additional investigation led to a breakthrough—small ubiquitin like modifier-1
(SUMO-1) modification of NEMO that was selectively induced in response to DNA-
damaging agents in a manner dependent on the ZF but induced not by lipopolysaccharide
(LPS) or tumor necrosis factor (TNF) stimulation (8). Characterization of the events
associated with NEMO SUMOylation began to unravel how this DSB-dependent NF-xB
signaling pathway operates.

The following sections elaborate on key aspects of this NF-xB signaling pathway induced by
nuclear DSBs and provide an update on additional mechanisms and insights that have
emerged from the efforts of multiple laboratories. Elsewhere in this special issue of
Immunological Reviews (Volume 246), the reader may find a more general introduction to
NF-«xB signaling. We also touch upon newly emerging biological and pathological roles for
this pathway and finally address some perspectives focusing on outstanding questions.

Brief overview of DNA damage response

Cells are continuously faced with threats of damage to their genomes through endogenous
sources as well as exposures to exogenous agents. In order to maintain the integrity of their
genetic material, an elaborate signal transduction network, collectively termed the DNA
damage response (DDR) has evolved in eukaryotes. DDR components collectively sense
damage, amplify the signal, and activate downstream effectors through coordinated cascades
of post-translational modifications that serve specific functions to repair damage and
modulate appropriate cellular responses (9,10). The DDR is choreographed by a family of
phosphatidylinositol 3-kinase-like proteins—ATM, ATR and DNA-PK—whose actions
coordinate downstream effectors in part through phosphorylation. Recruitment to break sites
is mediated by specific phosphopeptide binding motifs (e.g. FHA) (11) present in many
DDR components that themselves contain additional enzymatic functions. These
components include enzymes that catalyze a host of post-translational modifications,
including ubiqutination, SUMOylation and poly(ADP-ribosylation) that are all important for
efficient DDR signaling (12,13). Double strand breaks are among the most toxic forms of
DNA damage and are principally sensed and responded to by the kinase ATM. ATM has a
major functional role in promoting transcriptional programs to DSBs through direct
phosphorylation of transcription factors such as the tumor suppressor p53 (14,15). It has
been known for some time that DNA damage was capable of activating the transcription
factor NF-xB, and multiple early reports clearly implicated ATM as a requirement for its
activation (8,16-18), though the mechanism remained obscure. In the years since, it has
emerged that signaling pathways involving ATM and NEMO cooperate to directly link
DNA damage events in the nucleus with the activation of NF-xB in the cytoplasm.
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Nuclear events: post-translational modifications of NEMO
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Many known stimuli that activate NF-kB require signaling through the conserved IKK
complex consisting of at least two catalytic subunits, IKKa and IKKp, and a regulatory
subunit NEMO (aka IKKy) (Reviewed in Liu et al., this volume). Studies in cell lines
deficient in IKK components demonstrated that IKK is also required for NF-«kB activation
following DNA damage. Significant progress regarding the role of IKK has been made
utilizing the NEMO-deficient 1.3E2 pre-B-cell line, which is unresponsive to many known
NF-«B activators (19-21). When stably reconstituted with wildtype NEMO, NF-xB
activation in this cell line is restored (7,21), enabling their use as a robust somatic genetic
model system to address the functional requirements of NEMO in vivo. NEMO consists of
two coiled coil domains (designated CC1 and CC2), a leucine zipper, and a C-terminal zinc
finger (ZF) domain (22). Efforts to determine the domain(s) required for NEMO function
revealed that deletion or mutation of the C-terminal ZF domain completely abrogated NF-
kB activation following treatment with DNA-damaging agents. Surprisingly, the ZF domain
was not required for NF-kB activation following treatment with canonical stimuli (e.g. LPS).
This led to the hypothesis that NEMO has a unique IKK-independent role mediated by the
ZF domain that is required for DNA damage-dependent NF-«kB activation.

Consistently, the ZF domain is required for an essential cascade of post-translational
modifications of NEMO that occur in the nucleus following exposure to DNA damage that
include SUMOylation, phosphorylation, and ubiquitination.Upon genotoxic stress, NEMO is
modified by SUMO-1 at lysine residues 277 and 309 by the SUMO E3 ligase protein
inhibitor of activated STATY (PIASy aka PIAS4) (8, 23, 24). Mutation of the SUMO-1
acceptor lysines has minimal impact on canonical NF-«xB signaling but completely abrogates
DNA damage-induced NF-«B activation. Genetic analysis suggests that the NEMO ZF
domain is necessary to promote NEMO SUMOylation. Surprisingly, in-frame fusion of
SUMO-1 to the N-terminus of NEMO ZF mutants is sufficient to complement the DNA
damage-induced NF-xB activation defect observed in ZF mutant alleles. Together, these
data suggest the necessary and sufficient function of the NEMO ZF domain is to promote
NEMO SUMOylation in response to DNA damage. It is currently unclear how the ZF
domain controls SUMOylation. One attractive hypothesis was that the ZF domain is
required for mediating the interaction between NEMO and the SUMO E3 ligase. However
the interaction of NEMO with PIASy does not require the ZF but rather is mediated by the
CC1 region of NEMO located at the N-terminus. Interestingly, the location of
NEMO:PIASYy interaction overlaps the IKK kinase-binding domain of NEMO, and
interaction between NEMO, PIASy and IKKf are mutually exclusive (24). This underscores
the unique role that NEMO plays in mediating nuclear signal transduction events that are
independent of IKK binding and of its role as an IKK subunit.

Consistent with other reported SUMO-1 substrates (25-27), SUMOylation appears to alter
the intracellular distribution of NEMO to promote its nuclear localization. Whereas wildtype
NEMO can localize to the nucleus upon stimulation, non-SUMOylatable NEMO is observed
to be almost exclusively cytoplasmic following DNA damage and is thus unable to promote
NF-«B activation. Further, in-frame SUMO-1 fusion leads to constitutive nuclear
localization of NEMO, even in the absence of DNA damage. The mechanism by which
SUMOylated NEMO is localized to the nucleus is still obscure.

Building on these initial works, new molecular players have been introduced that in some
cellular contexts can modulate NEMO SUMOylation. P53 inducible death domain-
containing protein (PIDD), initially shown to activate caspase-2 following DNA damage,
was reported to nucleate a nuclear signaling complex containing receptor-interacting protein
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1 (RIP1) that promotes SUMOylation of NEMO (28). The physiologic relevance of this so-
called PIDDosome complex was bolstered by the observation that RIP1 was required for
NF-«kB activation by genotoxic agents (29). However, a recent report has revealed an
essential cytoplasmic function for RIP1 (discussed below) (30). Further, apoptotic responses
to DNA-damaging agents in cells derived from Pidd~~ mice are largely unperturbed,
suggesting Pidd is not essential (31).

Poly(ADP-Ribose) polymerase-1 (PARP-1) was recently shown to be necessary for NEMO
SUMOylation following DNA damage (23). PARP-1 is capable of directly sensing DNA
damage and catalyzes the formation of polyADP-ribose (PAR) on target substrates—
including on PARP-1 itself—that can serve as scaffolds for recruitment of additional
signaling and repair proteins. Automodified PARP-1 was shown to rapidly assemble a
signaling complex containing NEMO, PIASy ,and ATM following DNA damage that
promotes NEMO SUMOylation. Complex formation is dependent on both the catalytic
activity and DNA binding domains of PARP-1, as well as a PAR binding domain present in
the C-terminus of PIASy. The interaction of NEMO with PARP-1 and PIASy maps to
similar regions in the NEMO N-terminus that are exclusive of IKK binding (23, 24).
Consistent with the formation of a PAR-mediated signaling complex, the interactions of
NEMO with both PARP-1 and PIASYy appear to be co-dependent and require PAR synthesis
following DNA damage in cells. However, binary interactions of NEMO:PIASy and
NEMO:PARP-1 can be observed with recombinant components in vitro, even in the absence
of PAR chains, suggesting PAR scaffolds may be required to enhance binding among these
proteins in vivo. The work on PARP-1-mediated NEMO SUMOylation is discordant with
several previous reports highlighting the role of PARP-1 in DNA damage induced NF-xB
activation as an essential transcriptional co-factor of the p65 subunit of previously activated
NF-kB (32-35). In these studies, PARP-1 was shown to be essential for DNA-damage
induced NF-«B transcriptional activity (32), but its function in this capacity is independent
of both PARP-1

DNA binding and catalytic activity (34). Furthermore, both IxBa degradation and p65
nuclear translocation occurred normally in Parp1~'~ MEFs following DNA damage (32,36).
PARP-1 binding to p65 overlaps the Rel homology domain (RHD), which might be
expected to directly inhibit p65 DNA binding function. Moreover, PARP-1 may function in
a cell-type or stimulus-specific manner, as clinically relevant PARP-1 inhibitors fail to
inhibit NF-xB activation in leukemic T cells following DNA damage (37). Future
experiments are required to reconcile these apparent incompatibilities and delineate the
precise functional role of PARP-1 in DNA damage induced NF-«B activation.

Multiple lines of evidence demonstrate that NEMO is also phosphorylated on serine 85
(S85) by the DSB-responsive kinase ATM following DNA damage (8, 38). This observation
corroborated multiple early reports demonstrating an essential function for ATM in
mediating NF-kB activation following ionizing radiation or treatment with chemical DNA-
damaging agents (8,16-18). Indeed, intact NEMO S85 is required for DNA damage-induced
NF-«kB activation and cell survival, providing a mechanistic link between the cellular DNA
damage response and the stress-responsive transcription factor NF-xB. The precise function
of NEMO phosphorylation is currently unclear, though ATM activity and intact NEMO S85
are prerequisites for subsequent NEMO monoubiquitination (discussed below). It is unclear
if NEMO phosphorylation and SUMOylation are directly coupled, as some cellular stresses
that activate ATM kinase activity do not result in NEMO SUMOylation or NF-«B activation
(6). Additionally, NEMO SUMOQylation is not sensitive to ATM kinase inhibitors, and
NEMO alleles that cannot be phosphorylated (e.g. S85A) are still SUMOylated following
DNA damage (8, 38). Nevertheless, NEMO SUMOylation and phosphorylation are both
required for NF-kB activation following DNA damage. Collectively, these data suggest a
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model where coincident SUMOylation and phosphorylation of NEMO represents a
necessary point of convergence for independent nuclear signal transduction pathways
required for subsequent NF-kB activation in the cytoplasm.

The only other currently known function of NEMO phosphorylation is as a prerequisite for
monoubiquitination of NEMO on lysine residues 277 and 309 (8,38). It has been suggested
that the E3 ubiquitin ligase required for NEMO monoubiquitination is cellular inhibitor of
apoptosis-1 (clAP1) (39). NEMO monoubiquitination also requires intact NEMO S85 and
ATM Kkinase activity, suggesting prior phosphorylation of NEMO is essential. However, in
vitro ubiquitination assay using recombinant clAP1 clearly showed specificity to lysine
277and 309 but did not appear to show this phosphorylation requirement. In-frame fusion of
ubiquitin to the N-terminus of NEMO-S85A is able to fully complement the NF-xB
activation defect observed in NEMO S85A cells, consistent with the idea that
phosphorylation is upstream of monoubiquitination in vivo (38). Given that NEMO
monoubiquitination is dependent on the same acceptor lysines as SUMOQylation, it has been
difficult to clearly establish if NEMO deSUMOylation is required prior to ubiquitination or
if both modifications can coexist. However, kinetic analysis of NEMO modifications
indicates that NEMO proceeds through transient SUMOQylation prior to phosphorylation and
consequent ubiquitination (8, 38). Though the function of NEMO monoubiquitination is not
fully elucidated, available data suggest that ubiquitination, like SUMOylation, regulates the
subcellular localization of NEMO. However in contrast to SUMOylation, ubiquitination
appears to promote nuclear export of NEMO to promote downstream signal transduction
events. Whereas the non-ubiquitinated NEMO S85A remains nuclear following DNA
damage, in-frame fusion of ubiquitin to the NEMO N-terminus distributes NEMO S85A
preferentially to the cytoplasm. NEMO monoubiquitination correlates with the emergence of
a cytoplasmic NEMO:ATM:IKK complex that promotes subsequent NF-xB activation (38).
Whether NEMO monoubiquitination is directly involved in NEMO nuclear export to
promote downstream signal transduction remains a significant unanswered question.

Cytoplasmic events: activation of TAK1 and IKK

Although ubiquitin fusion rescues the function of NEMO-S85A, NF-«B activation following
DNA damage remains dependent on ATM Kkinase activity in cells expressing Ub-NEMO-
S85A. Moreover, ubiquitinated NEMO can partition a small fraction of ATM to the
cytoplasm. These observations suggest that additional signaling event(s) can be coordinated
by ATM in the cytoplasm (38). Several recent reports are beginning to shed light on ATM’s
putative cytoplasmic roles in mediating NF-xB activation following DNA damage through
an additional kinase transforming growth factor p-activated kinase-1 (TAK1). TAK1 was
previously known to be required for NF-«xB activation in response to multiple stimuli (40).
TAK1 exists in a multisubunit kinase complex with its binding proteins TAB1 and TAB2, or
the TAB2-related TAB3 (41). The TAK1 complex is activated through TAB2/3-mediated
binding to K63-linked polyubiquitin chains following activation of multiple cell surface
receptors (42). In the canonical NF-xB activation pathway, TAK1 mediates IKK activation
through phosphorylation of T-loop serines 177 and 181 of IKKp. Indeed, TAK1 appears also
to be required for activation of IKK and NF-kB following DNA damage stimuli. Jin et al.
(39) first suggested that TAK1 is involved in DNA damage-induced NF-«B activation.
Three groups (30, 43, 44) have independently demonstrated in ATM- and TAK1-deficient
cells that ATM-dependent TAK1 activation is required for NF-xB activation following DNA
damage. However, several alternative models have been proposed that each address the
mechanism of DNA damage induced TAK1 activation.

Jin et al. (39) demonstrated that TAK1 activation requires the function of the ubiquitin E3
ligase X-linked inhibitor of apoptosis (XIAP). XIAP has been previously implicated in
TAK1 activation, as the BIR domain of XIAP can directly interact with the TAB1 subunit of
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the TAK1 complex (45, 46). However, while expression of full length XIAP in XIAP-
deficient cells was able to restore TAK1 activation following DNA damage, deletion of
either the BIR domain or the catalytic RING domain led to defective TAK1 activation (39).
This finding suggests that both direct XIAP:TABL1 interaction as well as additional signaling
events mediated by the ubiquitin ligase function of XIAP are required.

TAKTI activation also requires polyubiquitination of ELKS [a protein rich in glutamate,
leucine, lysine (K), and serine]. ELKS had been previously demonstrated to be required for
NF-«xB activation following DNA damage and TNF stimulation though the mechanism was
initially unclear (38, 47). Utilizing cells derived from ELKS™~ mice, Wu et al. (43)
demonstrated that TAK1 activation is defective in the absence of ELKS. The interaction
between ELKS and TAK1 is dependent on NEMO and ATM. Consistent with XIAP’s
function as a ubiquitin ligase, polyubiquitination of ELKS is dependent on both XIAP and
the K63-specific E2 enzyme Ubcl13. Polyubiquitinated ELKS nucleates a complex
containing NEMO, ATM, ELKS, and TAKL in the cytoplasm. Furthermore, binding of
TAKL1 to ELKS is dependent on the polyubiquitin binding function of the TAB2 subunit of
TAKL. Though TAK1 activation ultimately appears dependent upon NEMO, the ubiquitin
binding function mediated by the UBAN (aka NOA or NUB) domain of NEMO is
dispensable for TAK1 activation. This favors the interpretation that direct interaction with
NEMO and ELKS mediates an essential but insufficient step in TAK1 activation that further
relies on X1AP-dependent ubiquitination of ELKS to recruit and assemble TAK1.

An alternative model of ATM-mediated TAK1 activation relies on the DNA damage-
dependent automodification of the ubiquitin E3 ligase TNF receptor (TNFR)-associated
factor 6 (TRAF6) (44). In this case, ATM is exported to the cytoplasm in a calcium-
dependent manner, which can then activate TRAF6 autoubiquitination. This is presumed to
occur through direct binding mediated by a putative consensus TRAF6 binding motif
present in ATM. The mechanism by which ATM binding stimulates TRAF6 catalytic
activity is unclear; TRAF6 dimerization has been shown to be crucial for TRAF6 activation
and autoubiquitination (48).

Another mechanism of TAK1 activation has been proposed recently implicating a
cytoplasmic role for RIP1 (30), a protein previously demonstrated to be essential for DNA
damage induced NF-«B activation (29). In this case, RIP1 is polyubiquitinated by K63-
linked chains. RIP1 ubiquitination requires prior DNA damage-dependent SUMOyation of
RIP1 by the SUMO ligase PIASy. Modification of RIP1 correlates with the assembly of a
cytoplasmic complex containing at least NEMO, ATM, RIP1, and TAK1 and IKKp. A RIP1
mutant (RIP1-4KR) that cannot be modified by SUMOylation fails to interact with TAK1,
whereas in-frame fusion of SUMOL to RIP1-4KR restores polyubiquitination of RIP1 and
its interaction with TAKZ1(30).

It is currently difficult to reconcile these models of TAK1 activation into a coherent unified
picture of TAK1 activation following DNA damage. Nevertheless, highlighting several
points of overlap in the above studies may promote future experiments to clarify the
mechanism(s) by which TAKL1 is activated. First, TAK1 is required for DNA damage
induced NF-«B activation based on multiple studies utilizing TAK1 knockdown or TAK1-
deficient cells (30, 39, 43, 44). Second, TAK1 activation requires ATM activity (30, 43, 44).
There is currently no evidence that ATM directly phosphorylates TAKZ; rather, available
data suggest it is required for mediating signal transduction events that trigger TAK1
activation. Third, the shared observations that TAK1 activation is dependent on Ubc13 and
the K63-specific ubiquitin binding subunit TAB2 collectively argue for a general role of
K63 polyubiquitination in mediating TAK1 activation (43, 44). This mirrors the canonical
pathway of NF-«B activation, where TAK1 is activated by TAB2-mediated recruitment to
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Activation

K63-linked polyubiquitin chains attached to target substrates following cell surface receptor
stimulation (42). Different E3 ligases and substrates of ubiquitination in the DNA damage
pathway have been implicated in different studies. Importantly, where differences do exist in
the above studies, it is worth noting that all groups have relied on different cell types and
varying doses of genotoxic agents. Thus, there may exist cell type-specific pathways of
TAKTI activation following DNA damage, where different cell types could employ a unique
cohort of signaling proteins to promote TAK1 activation. This may reflect an important
point of cell type specification in the mechanism of TAK1 activation.

NF-xB activation additionally requires the function of the conserved cytoplasmic IKK
complex. IKK is essential for NF-kB activation following DNA damage and is required for
viability of mice following total body irradiation (49). The precise mechanism by which
IKK activation occurs in the cytoplasm—even in the relatively more studied canonical NF-
kB pathway—is still not clear (22). There is similar lack of clarity regarding the mechanism
of IKK activation downstream of DNA damage. Here again, several groups have postulated
alternative mechanistic explanations of IKK activation. Based on their observation that
XIAP was required for both TAK1 and IKK activation, Jin et al. (39) postulated that XIAP
is required for recruitment of activated TAK1 to the IKK complex. Consistent with this,
ELKS polyubiquitination mediated by XIAP appears to facilitate recruitment of the IKK
complex to activated TAK1 (43). Hinz et al. (44) observed cytoplasmic monoubiquitination
of NEMO K285, dependent on TRAF6 and clAP1 that is required for subsequent IKK
activation, though the mechanism remained obscure. More recently, Niu et al. (50) have
uncovered a requirement for the LUBAC linear ubiquitination complex in DNA damage
induced NF-xB activation that expands on several reports that have suggested LUBAC-
mediated linear ubiquitination of NEMO is important for canonical IKK activation (51-55).
Following DNA damage, NEMO can be linear ubiquitinated on K285/309, in a manner
dependent on previous ELKS K63 polyubiquitination. LUBAC also appears to be required
for full TAK1 activation following DNA damage, presumably through recruitment via the
ubiquitin-binding TAB2 subunit (50). It has been hypothesized that NEMO linear
ubiquitination triggers a conformational change that is transmitted to the NEMO kinase
binding domain to directly activate IKK (56). Alternatively, NEMO can also associate with
linear ubiquitin chains through its UBAN domain which could cluster IKK in close
proximity with active TAK1 to promote phosphorylation of serines in the activation loop of
IKK. Additional experiments will likely shed light on the mechanistic function of these
complex patterns of ubiquitination that can be observed following DNA damage. Clearly,
post-translational modifications play a pervasive role in multiple steps leading to NF-xB
activation following DNA damage. Fig. 1 outlines a proposed schematic model to
incorporate the observations from multiple groups where different doses of genotoxic agents
are employed to observe the different mechanisms.Table 1 summarizes the available
information regarding substrates, sites of modification, and responsible enzymes for various
components in this pathway.

of noncanonical NF-kB pathways by DNA damage

While much previous work has focused on delineating the mechanisms that link DNA
damage to the canonical IKK-NF-«xB pathway, DNA damage can also lead to activation of
noncanonical NF-xB pathways. Nuclear localization of RelB is observed in prostate cancer
cells following ionizing radiation and correlates with poor prognosis and protection from
cell death (57-59). Though the mechanism of p100 processing and consequent RelB nuclear
localization following DNA damage is unclear, available data suggest multiple upstream
kinases may be involved (60). In osteosarcoma cell lines, p100 phosphorylation and
subsequent processing to p52 can be observed following multiple forms of DNA damage.
Based on short interfering RNA knockdown data, p100 phosphorylation is dependent on
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ATM, IKKa, and NEMO. Nuclear targets of IKKa have been observed in other contexts
(61, 62); however, it is unknown if ATM and/or NEMO are involved in transducing DNA
damage signals directly to IKKa to mediate p100 processing. Renner et al. (26) observe that
the IKK-related kinase IKKze is inducibly SUMOylated and translocated to the nucleus in a
manner dependent on IKKe kinase activity and lysine 231 as the SUMO acceptor residue.
Moreover, SUMOylation is mediated by the SUMO E3 ligase TOPORS and targets IKKg to
PML nuclear bodies. IKKe retained in PML nuclear bodies promotes phosphorylation of
serine 468 in the transactivation domain of the p65 NF-«xB subunit to promote transcription
of target genes.

Negative regulation of DNA damage-dependent NF-kB activation

Downregulation of NF-kB activation is critical for limiting constitutive NF-kB activity.
Several modes of negative regulation are intrinsic to the NF-xB pathway, and more continue
to emerge (63). A well-established mechanism of negative regulation includes the direct NF-
kB-dependent induction of IxBa that mediates post-activation repression of NF-xB
following stimulation with multiple stimuli, including following DNA damage (64, 65). This
strong negative feedback suppresses NF-xB activation globally, without altering upstream
signaling events such as IKK activation. Additional levels of negative regulation that
attenuate signal transduction pathways that lead to IKK activation after DNA damage are
beginning to emerge. SUMOylation is an important post-translational modification in
multiple signal transduction pathways, including as an essential event in DNA damage-
dependent NF-kB activation. Cells have evolved mechanisms to counteract SUMOylation
through the action of SUMO proteases—SENPs—that can hydrolyze the isopeptide linkage
between the SUMO C-terminus and modified lysines in SUMOylated substrates. SENP2 has
been identified as the primary SUMO protease that deSUMOylates NEMO in vivo (66).
Overexpression of SENP2 leads to NEMO deSUMOylation and decreased NF-«B activation
following DNA damage. Importantly, MEFs from SENP2~/~ mice show more rapid
activation kinetics, heightened maximal NF-«B activation, and a more prominent second
wave of NF-«B activation following DNA damage as compared to control cells. Moreover,
SENP2~~ MEFs are protected from apoptotic cell death following DNA damage. More
surprisingly, SENP2 and the related SENP1 were revealed as direct transcriptional targets of
NF-«B following DNA damage but not TNF stimulation. How DNA damage specifically
promotes SENP2 induction is explained in part by ATM-dependent changes in histone
modifications overlapping the NF-«xB binding sites in the regulatory region of this locus. In
addition to NEMO and RIP1, SUMOylation of proteins involved in the DDR has been
shown to be required for their accumulation at sites of DNA damage (12,67). Thus, NF-«kB-
dependent SENP induction may be a generalized self-limiting response to DNA damage.

The pervasive role of ubiquitination in multiple NF-«xB activation pathways has led to the
discovery of multiple deubiquitinases (DUBS) that can negatively regulate NF-kB activation
(68-71). The CYLD tumor suppressor gene encodes a DUB that has been shown to
antagonize ubiquitination of ELKS and NEMO and limits NF-kB activation following DNA
damage. Whether CYLD expression can be induced by NF-«B specifically following DNA
damage as a means of feedback inhibition remains to be determined.

Multiple additional mechanisms of negative regulation of NF-xB activation following DNA
damage may exist, but they remain uncharacterized. For example, the action of PARP-1 can
be antagonized by Poly(ADP-ribose) glycohydrolases (PARGS) that disassemble PAR
chains synthesized by PARP-1. A final step in apoptotic cell death includes the caspase-
mediated cleavage of PARP-1. In cells fated to undergo cell death following DNA damage,
PARP-1 cleavage may limit any further activation of NF-xB. Undoubtedly, future
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investigation will uncover additional modes of negative regulation that limit chronic NF-xB
activation following DNA damage.

Functional significance of DNA damage induced NEMO/ATM signaling and
NF-kB activation

Given that NF-«xB has well described roles in coordinating innate and adaptive immunity, a
question arises: what is the functional significance of DNA damage dependent activation of
NF-kB? As outlined above, much has been learned regarding the molecular players
mediating DNA damage-induced NF-xB activation; however, our understanding of the in
vivo functions of this pathway remains in its infancy. Many recent studies are continuing to
advance our understanding of the role and importance of this pathway for normal
homeostasis in response to a variety of cellular stresses including, but not merely limited to,
DNA damage.

Cell fate decisions following DNA damage

A major function of NF-xB activation following DNA damage is protecting damaged cells
from apoptotic cell death. Baldwin and colleagues (72) were the first to directly demonstrate
NF-«kB activation by DNA damage served to protect cells from apoptosis in vivo. Similarly,
expression of the non-phosphorylatable 1kBa-SS32/36AA “super repressor’ (IkBa-SR) in a
mouse fibrosarcoma xenograft model showed absent NF-«xB activation, increased apoptosis,
and reduced tumor growth following treatment with the clinical topoisomerase | poison
CPT-11 (73). In LoVo colonic adenocarcinoma xenograft models, treatment with either
CPT-11 or ionizing radiation robustly activated NF-«xB. Inhibition of NF-«xB via treatment
with the proteasome inhibitor bortezomib resulted in increased cellular apoptosis and
reduced tumor growth in vivo (74, 75). Additional genetic evidence for the requirement of
NF-kB in mediating protection from apoptosis in vivo was obtained from mice with
intestinal epithelial cell-specific knockout of IKKp (49). Following total body irradiation,
activation of NF-«B requires the presence of IKKp for protection of intestinal epithelial cells
from radiation-induced death. Additionally, prior activation of NF-«xB through treatment
with LPS before irradiation leads to protection of intestinal epithelium from radiation-
induced apoptotic death in control but not IKKp-deleted animals. An additional study
utilizing genome-wide analysis of ATM-dependent transcriptional responses to irradiation in
lymphoid tissues in mice suggests that the primary anti-apoptotic transcription factor
activated by DNA damage is NF-kB (64). Collectively, these studies argue for a general role
of DNA damage dependent NF-«B activation in mediating protection of normal and
malignant cells from DNA damage-induced apoptotic death.

Cell culture studies have revealed that the specific NEMO/ATM signaling pathway outlined
above is a primary mediator of NF-xB-mediated protection from apoptosis. Reconstitution
with wildtype NEMO promotes clonogenic survival of NEMO-deficient murine B cells
following ionizing radiation, while mutation of the ATM phosphorylation site in NEMO
abrogates this observation (38). This effect is dependent in part on NF-xB-dependent
induction of anti-apototic genes such as Bcl-X|_ and Bcl-2 family members (76). Similarly,
PIDD and PARP1 have been demonstrated to be required for expression of the anti-
apoptotic NF-xB target genes and protection of cells from apoptotic cell death following
DNA damage (23, 28). Additionally, a recent RNA interference screen revealed that
silencing of TAK1 can significantly enhance apoptosis in some breast and colon cancer cell
lines treated with CPT (77).

Several recent reports have revealed that DNA damage-dependent signaling through ATM/
NEMO/RIP1 can serve as a critical point of regulation for modulating cell fate decisions in
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the face of overwhelming DNA damage following unusually high doses or prolonged
exposure to genotoxic chemotherapeutics. Biton and Ashkenazi uncovered a unique role for
RIP1 in mediating two waves of ATM-dependent NF-«B activation following prolonged or
high-dose exposure to the topoisomerase poison etoposide. Consistent with other reports, the
first wave of NF-«xB activation is independent of RIP1 kinase activity as treatment with a
RIP1 kinase inhibitor had no impact on early NF-«xB activation. In contrast, the secondary
activation can be blunted in response to RIP1 inhibition. The second wave of NF-xB
activation following prolonged etoposide treatment correlates with autophosphorylation and
ubiquitination of RIP1. RIP1 further mediates the assembly of a signaling complex
containing NEMO, RIP1, and the pro-apoptotic factors FADD and caspase-8 that ultimately
leads to activation of caspase-8 and apoptosis. Moreover, this secondary wave of NF-xB
activation correlates with the induction and secretion of the cytokines TNF and IL-8. Given
that TNF can itself both activate NF-xB and trigger apoptosis through the TNFR, the authors
suggested a model whereby autocrine TNF secretion following prolonged etoposide
exposure creates a feed-forward loop that triggers apoptosis in response to insurmountable
DNA damage. This occurs by engagement of TNFRs following extensive DNA damage and
assembly of a RIPL/NEMO complex that recruits FADD and caspase-8, ultimately
activating caspase-8 and triggering apoptosis through the extrinsic pathway. As this
mechanism is contingent on the NF-kB-dependent synthesis and secretion of cytokines such
as IL-8 and TNF, the authors suggest the exciting possibility that cells destined for death as
a consequence of DNA damage are able to signal surrounding cells of their impending fate.

Two groups (78, 79) also independently reveal the presence of a TNFR-independent RIP1
cell-death inducing platform termed the ‘Ripoptosome’ to differentiate it from the
previously characterized TNFR-associated ‘Complex-I1". In part confirming the previous
work on RIP1-mediated recruitment of FADD and caspase-8, etoposide treatment induces
formation of the ~2 MDa Ripoptosome complex. The presence of NEMO was not
specifically addressed, thus whether NEMO is incorporated into the Ripoptosome is
unknown. In contrast to Biton and Ashkenazi, multiple modes of inhibiting TNFR signaling
had no impact on Ripoptosome assembly or cell death, and no increase in TNF synthesis
was observed following high dose etoposide exposure. Instead, the authors implicated the
ubiquitin ligases clAP1, clAP2, and XIAP as critical suppressors of Ripoptosome assembly;
intriguingly, intracellular levels of IAPs can be depleted by etoposide treatment (80). Under
conditions where clAP1, clAP2, and XIAP are limiting, Ripoptosome formation is
enhanced, and caspase-8-mediated apoptosis is increased. Given that clAP1, clAP2 and
XIAP have been implicated as essential in DNA damage-induced NF-kB activation, it is
tempting to speculate that following DNA damage, the intracellular levels of these signaling
components may dictate whether cells can survive through NF-xB-dependent anti-apoptotic
gene induction or die through RIP1-mediated caspase-8 activation. DNA damage can clearly
activate additional signaling pathways (e.g. p38MAPK, JNK, ERK) in a NEMO- and RIP1-
dependent manner (30), and the integration of these complex signaling networks is likely to
be a critical mode of regulation for determining cell fate decisions following DNA damage.
Future experiments will be required to determine the generalizability of these observations,
as they are likely to have important ramifications for clinical responses to anti-cancer
therapies.

DNA damage-dependent NF-xB activation may also play additional roles in promoting
cellular functions and cell fate specification following DNA damage, including DNA repair,
cell cycle arrest to promote recovery from damage, and induction of senescence. In breast
cancer cells, pre-treatment with IKK inhibitors prior to irradiation leads to a dose-dependent
reduction in the resolution of DNA repair foci, suggesting that IKK function is required for
efficient repair of DNA damage (81). Similar defects can be observed in MEFs deficient for
specific IKK subunits. Surprisingly, this effect appears to be predominantly dependent on
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IKKB and not IKKa,; the mechanism(s) of IKKp-facilitated DNA repair remain to be
investigated. Defective DNA repair following irradiation can also be observed in tissues and
MEFs derived from mice deficient for the p65 subunit of NF-«xB, suggesting a general role
for IKK/NF-kB signaling in DNA repair (82). Concomitant with DNA repair, elaborate
mechanisms—initiated and coordinated by ATM— trigger cell cycle arrest to allow cells
ample opportunity for genome repair prior to replication. Cell cycle arrest is clearly
dependent on the function of p53, Chk1, Chk2, and many additional members of the DNA
damage response (83). However, in leukemic T cells, induction of prolonged cell cycle
arrest at the G2/M border following DNA damage can be blocked by expression of
dominant negative 1kBa-SR (84). Moreover, individual cells that fail to activate NF-kB
following CPT treatment fail to undergo sustained cell cycle arrest and subsequently
undergo cell death. This correlates with the induction of the cyclin dependent kinase
inhibitor p21Wafl/ciPl Expression of p21Wafl/cipl i this context specifically requires DNA
damage-dependent NF-xB activation as activation of the canonical NF-xB pathway through
TNF does not result in p21Wafl/cipl induction. This further hints at the complexity of
transcriptional programs capable of being initiated by NF-«xB following different stimuli (85,
86).

Senescence is an important cell fate that serves to limit the transmission of mutated DNA in
response to cellular aging, oncogenic stress, or DNA damage (87). Though NF-«xB has not
been widely linked to this process, DNA damage-dependent NF-kxB activation may play a
previously underappreciated role in induction of cellular senescence, specifically following
DNA damage. Following irradiation, human cells undergo senescence and develop an
autonomous senescence-associated secretory phenotype (SASP) that triggers release of
inflammatory cytokines. Intriguingly, SASP is dependent on ATM and is associated with
numerous NF-kB target genes including IL-6 (88). This immediately suggests the hypothesis
that ATM/NEMO-dependent NF-kB activation following DNA damage could participate in
SASP induction following irradiation. Consistent with this idea, NF-xB appears necessary
for maintaining cellular senescence in some contexts (82). Moreover, senescent melanoma
cells harbor a pro-invasive secretome that is dependent on PARP-1 and NF-xB (89).
Recently, p38MAPK has been implicated in SASP induction in response to genotoxic stress
(90). Here, the authors specifically interrogated the potential role of NF-xB and conclude
that NF-«kB is directly implicated in SASP induction. Chromatin immunoprecipitation
revealed that p65 is bound to the promoter region of at least 3 SASP genes and that p65
occupancy was dependent on p38MAPK and ATM activity. Whether p65 recruitment and
SASP induction is specifically dependent on NEMO/ATM-mediated NF-«xB activation
following DNA damage awaits further investigation.

DNA damage-dependent NF-kB activation and B-cell differentiation

Endogenous DSBs are an obligate cosequence of B-lymphocyte development due to somatic
rearrangement of immunoglobulin loci that is necessary for generation of antibody diversity
and isotype class switching. These DSBs engage the DDR machinery in a manner
reminiscent of the cellular response to exogenous DNA damage (91). As a consequence,
mice defective for DDR components, specifically in genes involved in sensing and repair of
DSBs (e.g. ATM) show defects in normal B-lymphocyte function and responses to
pathogens (92). Similarly in humans, many primary immunodeficiencies are attributable to
monogenic defects in DDR signaling (93), and the study of rare diseases like ataxia
telangectasia have provided insight into the mammalian DDR (94). Interestingly, NF-xB has
been shown to be activated by endogenous DSBs that are formed during lymphocyte
differentiation in mice (95). As is the case for exogenous DSBs, NF-«B activation by
endogenous DSBs requires the function of NEMO and ATM signaling. In this case, NF-xB
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activation correlates with upregulation of a cohort of genes whose expression is involved in
protection from apoptosis and B-cell development, including Pim2 and CDA40, respectively.

Human patients with mutations in the gene encoding NEMO also display defects in B-
lymphocyte differentiation. The X-linked NEMO locus (OMIM 1D:300248) displays
considerable allelic heterogeneity with at least 23 allelic variants. Depending on the specific
allele, affected patients display disorders ranging from severe incontinentia pigmenti in
females and embryonic lethality in hemizygous males, to the relatively milder hypohydrotic
ectodermal dysplasia with immunodeficiency. Many mutations in NEMO map to the C-
terminal ZF domain that is essential for DNA damage induced NF-xB activation. All tested
NEMO ZF alleles are specifically defective for the DNA damage NF-xB pathway, whereas
canonical NF-xB activation by LPS stimulation remains largely intact. A prominent feature
of B lymphocytes from patients with NEMO ZF mutations is failure to undergo class switch
recombination and an almost complete absence of memory B cells (96, 97). Notably,
microarray analysis suggests a general failure to upregulate expression of genes involved in
class switch recombination and proliferation in patient B cells stimulated to undergo class
switching in vitro (97). This defect may be due, in part, to the modest defects in CD40
signaling that are also observed in these samples. However, corroborating the observations
of a DNA damage-specific role for the NEMO ZF, coupled with the observation of a
NEMO/ATM dependent NF-kB transcriptional program induced during murine B-cell
differentiation, we speculate that the defect in B-cell functions observed in patients with
NEMO ZF mutations also specifically requires DNA damage dependent NF-xB activation.
Additional analyses will be required to provide further support for this hypothesis.

Additional roles for NEMO/ATM-mediated NF-kB activation

NEMO/ATM signaling has been demonstrated to play additional roles in some cellular
contexts that heighten the potential clinical importance of this signaling pathway.
Myelodysplastic syndrome (MDS) is a disease of hematopoietic stem cells that results in
bone marrow failure due to ineffective hematopoiesis. MDS cases are grouped into
prognostic groups that predict the likelihood of progression to acute myeloid leukemia
(AML). A larger proportion of myeloblasts from high-risk MDS as well as AML patients
harbor constitutive NF-«xB activity that serves as a mitogen and protects cells from
apoptosis. Moreover, inhibition of NF-kB is sufficient to promote apoptosis in these cells
(98, 99). Constitutive NF-xB in these cells appears to be dependent on the NEMO/ATM
pathway of NF-«kB activation (100). Additionally, AML cells display constitutive nuclear
NEMO and PIDD localization, with NEMO exhibiting constitutive association with ATM.
ATM kinase inhibition leads to loss of NF-kB activation, re-localization of NEMO and
PIDD out of the nucleus, and ultimately induces apoptosis. Treatment of high-risk MDS and
AML cells with peptide inhibitors of NEMO function has also shown some promise as a
therapeutic modality for treating this disease (101).

Histone deacetylase inhibitors (HDACI) such as panobinostat are being evaluated in
multiple phase 11 clinical trials for efficacy against both hematologic and epithelial cancer
types. Recently, panobinostat was shown to activate NF-«xB as a consequence of HDACIi-
mediated reactive oxygen species and DNA damage (102). Panobinostat induces ATM
phosphorylation and NEMO nuclear localization, leading to NEMO:ATM association in the
nucleus. Importantly, NF-«xB activation also appears to depend on NEMO SUMOylation, as
cells expressing NEMO double lysine 277 and 309 mutant display reduced NF-«xB activation
and undergo cell death more readily than cells expressing wildtype NEMO. The anti-
apoptotic function of NF-«B activity appears to be a major culprit in treatment failures with
HDACI (103,104). These results highlight an additional clinically relevant context for
NEMO/ATM-dependent NF-«xB activation and suggest a new target that could be exploited
for therapeutic synergy.
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Perspectives: conclusions and outstanding questions

Reflecting on 20 years following the initial observation that NF-xB activation can be
induced by ionizing radiation (105), much has been learned and yet more remains to be
discovered. Key biochemical questions linger, whose answers will clarify mechanistic
details; experiments utilizing mouse genetics will expand the functional significance in vivo
of this still-emerging pathway.

A central—and not fully resolved—question regarding the activation of NF-xB by DNA-
damaging agents is the molecular nature of the signal initiation event. As early as 1989, it
was postulated that nuclear DNA damage could directly result in activation of the
cytoplasmic NF-«xB system following UV irradiation (1). Subsequent reports that ionizing
radiation or treatment with topoisomerase inhibitors were also capable of activating NF-xB
suggested that specific signal transduction events were required between DNA damage
occurring in the nucleus and the NF-xB components present in the cytoplasm (37, 105). A
robust body of evidence collectively suggests that DNA DSBs, not other forms of DNA
damage, represent a necessary molecular event leading to NF-«xB activation through the
conserved signal transduction pathway outlined in the preceding sections: (i) activation by
Top | poison CPT requires nuclear Top | and correlates with S phase-dependent DSB
formation caused by Top | inhibition (5, 106); (ii) enucleated cytoplasts fail to activate NF-
kB following treatment with CPT (5); (iii) the DSB-responsive ATM kinase is essential for
NF-«xB activation following DNA damage (8,16-18); (iv) DNA breaks generated by
electroporation of restriction enzymes robustly activate IKK kinase activity and NF-«B,
whereas electroporation of heat-inactivated enzymes does not (6).

However, our combined observations have led us to a postulate a ‘two signal” model that
requires coincident NEMO SUMOylation (that is independent of DNA breaks per se), and
ATM activation by DSBs to permit robust NF-kB activation following DNA damage. First,
SUMOylation of NEMO can be observed in the absence of DSBs but does not lead to NF-
kB activation. Second, neither DSBs nor activated ATM alone are sufficient for NF-xB
activation (6). This model draws conceptual parallel from two signal models in immunology
as in the case of lymphocyte activation during the adaptive immune response. In this
context, lymphocyte activation is restricted to its proper cellular context only in the presence
of specific antigen and costimulatory signals. NF-«xB signaling following DNA damage may
similarly respond to the combined presence of DNA DSBs and additional “stress’ or ‘danger
signals’ to ensure that activation is limited only to a specific cellular context. It has been
hypothesized that PARP-1 activation serves as the second signal, though these authors
invoke DNA damage-induced PARP-1 activation as the necessary initiating event (23). This
is inconsistent with the observation that NEMO SUMOylation can occur in the absence of
DNA damage (6). Thus, further investigation into the necessary and sufficient signaling
events that can trigger DNA damage dependent NF-xB may uncover additional molecular
players that coordinate PIASy-mediated SUMOylation and ATM-mediated phosphorylation
of NEMO.

The concept of IKK-free NEMO was initially met with some derision, though NEMO
present in the nucleus has materialized as a central regulator of this pathway. Nevertheless,
little is understood about the mechanism(s) governing the emergence of ‘free” NEMO. At
least two additional independent signaling pathways have emerged that require NEMO
without notable involvement of IKKa or IKK, including MAPK activation downstream of
the CDA40 receptor (107) and activation of the transcription factor IRF-3 during viral
infection (108). Can NEMO be actively dissociated in a signal-inducible manner from the
IKK complex following stimulation, or do latent pools of free NEMO exist that can serve
these functions? Though SUMOQylation of NEMO is essential for competent signaling, still
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unclear is the precise molecular consequence or function of this post-translational
modification. One possibility is that SUMOylation of NEMO promotes interaction with
additional signaling component(s) through so-called SUMO interacting motifs (SIMs) that
may serve some essential function. One of the SUMO acceptor residues in NEMO overlaps
the UBAN domain that is involved in linking IKK to polyubiquitin chains during canonical
IKK activation. One possible function of SUMOQylation is to disrupt NEMO’s ability to bind
polyubiquitin as it participates in nuclear signal transduction events. NEMO has been shown
to interact with multiple proteins through an overlapping region in the NEMO N-terminus,
including PIASy, PARP-1, SENP2, ATM, clAP1, and TRAF6; many of these interactions
have been shown to be mutually exclusive with IKKB. How NEMO can integrate
association with all these partner proteins to promote additional signaling events remains to
be determined.

Available data are consistent with a model whereby nuclear NEMO is engaged in proximal
events (e.g. SUMOylation, phosphorylation) that occur in the nucleus and then exits the
nucleus to participate in additional signal transduction events in the cytoplasm. Some hints
into the mechanism underlying nuclear export of NEMO are available (109), but additional
work is required to identify nuclear export receptors responsible for mediating this
intermediate step. Clearly NEMO is required for additional functions once present in the
cytoplasm, including in promoting IKK activation. Does the once-nuclear NEMO re-
assemble into the IKK complex in the cytoplasm, or does NEMO transduce the nuclear
signal via intermediates (e.g. ELKS, TAKZ1) to an independent pool of IKK-bound NEMO?

One important consideration for establishing the functional significance of this pathway lies
in the varying doses of agents that have been utilized to induce DNA damage. For example,
many studies rely on doses of etoposide as high as 100 micromolar or ionizing radiation up
to 80 Gray (Gy). We estimate from available pharmacokinetic data that the peak
concentration of etoposide in the blood of patients exposed to routinely administered doses
of etoposide to be in the range of 10 to 20 micromolar (110). Moreover, exposure of cells to
radiation as high as 80 Gy likely triggers additional biochemically and biologically relevant
events, such as excessive heat, oxidative damage to all biological macromolecules, and
perturbations to mitochondrial function, among others. How these other events impact the
DSB-initiated NF-«kB signaling is unclear at present. Thus, the universality of specific signal
transduction events established through studies utilizing such supraphysiological doses of
DNA-damaging agents should be considered with some caution. Moreover, little is currently
known about the consequences of prolonged exposure to DNA-damaging agents and their
effects on NF-«B activation. Given the multitude of cell fates that can result from DNA
damage—both NF-xB-dependent and NF-kB-independent damage—cells may employ many
distinct mechanisms that together modulate overall cell behaviors. We hypothesize that
many of the functions for NF-xB may be contextual based on the degree of DNA damage
and cellular injury (Fig. 1). Moreover, there may be differences among cell and tissue types
in their mechanisms employed to respond to these varying degrees of DNA damage.
Undoubtedly, additional signal transduction pathways can be activated following DNA
damage, and it is likely that significant cross-talk among these many different pathways is
key to establish the contextual importance of NF-kB activation following DNA damage. A
potentially exciting future area of investigation may be in understanding the mechanisms of
integration among these pathways.

Furnished with the identities of many of the key molecular players involved in DNA
damage-dependent NF-kB activation, future work to establish the in vivo regulation and
significance of this pathway will require manipulating genetic models in the mouse. Given
the clear and growing evidence of the links between cancer and NF-kB (Reviewed in
Didonato et al. and Lim et al., this volume), it seems plausible that a more thorough
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understanding of the consequences of NF-«kB activation, specifically mediated by

en

dogenous and exogenous DNA damage, will provide new insight and expand our

appreciation for the clinical importance of NF-«B.
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Fig. 1. Proposed schematic model for DNA damage dependent NF-kB activation

Following DNA damage, nuclear events trigger activation of ATM and post-translational
modification of NEMO and RIP1. These nuclear events are transduced to cytoplasmic
signaling complexes that mediate the activation of TAK1 and ultimately IKK. Depending on
the severity of genotoxic stress (and cell type), multiple signal transduction mechanisms
may be engaged to promote NF-kB activation. Several cellular fates can result to encourage
cell survival. In the event of overwhelming damage, additional mechanisms— both
dependent and independent of NF-kB—may be employed to promote programmed cell
death (e.g. Ripoptosome assembly).
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