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 A large body of literature describes elaborate NF-κB signaling networks induced by inflammatory and immune 
signals. Decades of research has revealed that transcriptionally functional NF-κB dimers are activated by two major 
pathways, canonical and non-canonical. Both pathways involve the release of NF-κB dimers from inactive cytoplas-
mic complexes to cause their nuclear translocation to modulate gene expression programs and biological responses. 
NF-κB is also responsive to genotoxic agents; however, signal communication networks that are initiated in the 
nucleus following DNA damage induction are less defined. Evidence in the literature supports the presence of such 
signaling pathways induced by multiple distinct genotoxic agents, resulting in the activation of cytoplasmic IKK com-
plex. An example is a pathway that involves the DNA damage-responsive kinase ataxia telangiectasia mutated (ATM) 
and a series of post-translational modifications of NF-κB essential modulator (NEMO) in the nucleus of a genotoxin-
exposed cell. Recent evidence also suggests that this nuclear-initiated NF-κB signaling pathway plays significant 
physiological and pathological roles, particularly in lymphocyte development and human cancer progression. This 
review will summarize these new developments, while identifying significant unanswered questions and providing 
new hypotheses that may be addressed in future studies.
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Introduction

The NF-κB transcription factor exists in the cytoplasm 
as a latent, inactive form in most cell types and its activa-
tion is induced by the engagement of cell surface recep-
tors by a wide variety of extracellular ligands (reviewed 
in [1-5]). NF-κB also responds to genotoxic agents that 
cause damage to nuclear DNA. Unlike membrane recep-
tor-initiated signaling pathways, the critical signal initia-
tion event induced by genotoxic agents that results in 
NF-κB activation is incompletely understood. This is be-
cause many genotoxic agents simultaneously cause both 
DNA alterations in the nucleus as well as additional cel-
lular stresses (e.g., oxidative stress) in different cellular 
compartments outside the nucleus. As such, significant 
research efforts have been devoted to dissect both the 
mechanisms of activation and the roles of NF-κB signal-

ing induced by genotoxic agents since the discovery of 
the NF-κB:IκB system in the late 1980s [6-8]. Some of 
the progress made from these studies over the years has 
been reviewed in the literature (e.g., [9-14]). More recent 
studies have revealed a potentially conserved signaling 
pathway induced by different DNA double strand break 
(DSB)- and replication stress-inducing agents [15, 16]. 
This review will focus on these newer developments by 
providing supporting experimental evidence and identi-
fying key unanswered questions that may be pursued in 
future investigations.

Genotoxic agent-induced NF-κB activation

The role of ataxia telangiectasia mutated (ATM) in DNA 
damage response

When a eukaryotic cell is exposed to a genotoxic 
agent, the cell mounts an orchestrated and conserved 
signaling response, collectively termed the DNA damage 
response (DDR; reviewed in [17-21]). As a whole, the 
DDR involves the detection of the specific DNA damage, 
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leading to subsequent activation of DNA damage repair 
mechanisms, cell cycle checkpoints, and transcriptional 
responses to facilitate the overall cellular responses to 
genomic insults. The outcome of the DDR may consist 
of satisfactory lesion repair and cell survival, while ex-
cessive damage may result in persistent DNA damage 
and activation of apoptotic cell death or induction of 
senescence. In mammals, the DDR is coordinated by the 
members of phosphoinositide-3-kinase-related protein 
kinase (PIKK) family composed of ATM, ATR (ATM 
and Rad3 related) and DNA-dependent protein kinase 
(DNA-PK). ATM and DNA-PK are principally activated 
in response to DSB, while ATR responds primarily to 
replication stress. On activation, these kinases phospho-
rylate a myriad of downstream effectors, such as histone 
H2AX, checkpoint kinase 1 or 2, 53BP1 (p53-binding 
protein 1), and p53 tumor suppressor, to coordinate the 
overall cellular response to DNA damage. Dysregulation 
of activities or genetic alterations in many of the DDR 
components contribute to human pathologies, such as 
premature ageing, immunodeficiency, neurodegeneration 
and cancer, highlighting the importance of these path-
ways in vivo (reviewed in [21]). Of the PIKKs, ATM has 
surfaced as a central player in mediating NF-κB activa-
tion by multiple genotoxic stimuli. 

The IKK-NF-κB signaling system
There are five members of the NF-κB family in mam-

mals, RelA (p65), c-Rel, RelB, p50 (NFΚB1), and p52 
(NFΚB2; reviewed in [1, 4]). The latter two family mem-
bers are produced as precursor proteins, p105 and p100, 
respectively, and their processing to the mature forms re-
quires proteasome activity. Maturation of p50 from p105 
is co-translationally regulated [22], while that of p52 is 
signal inducible [23, 24]. These five members can form 
various homo- and heterodimers with one another to con-
trol tissue- and signal-specific gene expression programs 
(reviewed in [25]). Dimers containing RelA are kept in-
active in the cytoplasm by association with a member of 
the IκB family of inhibitors, such as IκBα. IκB proteins 
contain six to seven ankyrin repeat motifs that create a 
structural element to associate with NF-κB dimers [26, 
27]. The precursors p105 and p100 also function as IκBs 
via ankyrin repeat motifs present in their C-termini [28, 
29]. 

The activation of NF-κB dimers is controlled by two 
major NF-κB signaling mechanisms referred to as the 
canonical (or classical) and non-canonical (or p100 pro-
cessing) pathways (reviewed in [1, 4]). In the canonical 
pathway, cell stimulation with different signals, such as 
the proinflammatory cytokine tumor necrosis factor α 
(TNFα), causes cascades of intracellular events that cul-

minate in activation of IKΚβ (IκB kinase β) in associa-
tion with the regulatory subunit IKKγ/NF-κB essential 
modulator (NEMO). The essential function of NEMO 
in this context is thought to be as the polyubiquitin 
binding subunit to recruit IKK to linear or K63-linked 
polyubiquitin scaffolds that form as a consequence of 
receptor-initiated signaling events [5]. Active IKΚβ then 
phosphorylates IκBα on two key serine residues, which 
creates a docking site for a β-transducing repeat contain-
ing protein (β-TrCP) ubiquitin ligase complex to cause 
polyubiquitination and subsequent degradation of IκBα 
via 26S proteasome. Degradation of IκBα releases free 
NF-κB, which then translocates into the nucleus and 
regulates transcription of target genes through binding 
to decameric κB consensus elements. Canonical NF-κB 
signaling is induced rapidly within minutes of stimula-
tion without the need for de novo protein synthesis. The 
non-canonical pathway occurs with much slower kinet-
ics, requires de novo protein synthesis and activation 
of IKKα without the need for IKΚβ and NEMO. IKKα 
phosphorylates key C-terminal serine residues of p100; 
and this causes β-TrCP-mediated polyubquitination and 
proteasome-dependent processing to generate p52. The 
newly produced p52 in association with a member of the 
NF-κB family, such as RelB, translocates to the nucleus 
to control expression of a subset of NF-κB target genes.

A wide array of structurally and functionally distinct 
signaling inputs, including many different inflamma-
tory cytokines, bacterial and viral products, and oxida-
tive stress conditions, result in NF-κB activation by the 
canonical pathway (reviewed in [1, 4], also see http://
people.bu.edu/gilmore/nf-kb/). This mechanism is partic-
ularly critical for innate and adaptive immune responses 
and stress responses, as well as embryonic development 
as evidenced by the embryonic lethality of knockout 
mice homozygous-null for Rela [30], IKKβ [31-33] or 
Nemo [34-36]. The non-canonical pathway is activated 
by a smaller number of inducers, such as lymphotoxin 
β and B cell activating factor, and plays an important 
role in B-cell maturation and the formation of secondary 
lymphoid tissues [37, 38]. Improper activation of NF-κB 
is associated with many types of human pathologies. For 
example, insufficient activity leads to uncontrolled infec-
tion by pathogens or the loss of cells otherwise needed 
for survival as found during neurodegeneration, whereas 
chronic activity can contribute to autoimmunity or onco-
genesis (see http://people.bu.edu/gilmore/nf-kb/).

A signal transduction paradox
Many different types of genotoxic agents can cause 

activation of NF-κB via the canonical pathway (reviewed 
in [9, 10, 14]). Whereas a majority of the known induc-
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ers of canonical NF-κB activity function exclusively by 
transducing cell surface and/or cytoplasmic signals to the 
cytoplasmic IKKβ:NEMO complexes, the site of action 
of genotoxic agents is located in the nucleus. How nucle-
ar DNA damage induced by genotoxic agents can cause 
activation of latent NF-κB in the cytoplasm presents an 
interesting signal transduction paradox. A concept of a 
nuclear-to-cytoplasmic signaling pathway was postulated 
to explain, such a signaling mechanism by Stein et al. 
in 1989 [39]. However, dissection of NF-κB activation 
pathways induced by genotoxic agents is complicated by 
the co-induction of different types of DNA damages as 
well as other cell stresses, including oxidative stress in 
different cellular compartments (e.g., [40-45], Figure 1). 
Thus, unlike NF-κB signaling induced by cell surface re-
ceptors where the signal initiation event can be precisely 
defined, the necessary and sufficient signal initiation 
event induced by various genotoxic agents is still being 
addressed in the literature. Highlighting the complex-
ity of this issue, although ultraviolet (UV) irradiation-
induced NF-κB activation led to the conceptualization 
of nuclear-to-cytoplasmic signaling [39], accumulated 

evidence over the last two decades demonstrates that 
nuclear DNA damage is probably not the signal initiation 
event for immediate activation of NF-κB in this case [46-
48]. 

Importantly, several lines of evidence support the 
requirement of nuclear DSB in initiating the canonical 
IKK-NF-κB signaling pathway in response to many dif-
ferent genotoxic agents (reviewed in [9, 10]). First, IKK 
and NF-κB activation by ionizing radiation (IR), topoi-
somerase (TOP) II-targeting drugs, VP16 (etoposide) 
and doxorubicin/adriamycin, and a TOP I-targeting drug 
camptothecin (CPT) in a variety of cell lines also re-
quires the nuclear DSB-responsive ATM kinase activity 
[49, 50-54]. Second, cyotoplasts resulting from enucle-
ation (physical removal of nucleus from a cell) fail to 
release NF-κB from IκBα on CPT treatment, but NF-κB 
can be released by TNFα, thus, demonstrating the essen-
tial requirement of intact nucleus for CPT signaling [55]. 
Third, the CEM-C2 human leukemic cell line expressing 
a CPT-resistant form of nuclear TOP I shows efficient 
activation of NF-κB by VP16 and IR, but not by CPT [55]. 
Since both cytoplasts and CEM-C2 cells maintain intact 

Figure 1 Complexity of signal initiation event(s) in NF-κB signaling induced by gentoxic agents. The ligand-receptor interac-
tion represents the signal initiation event for NF-κB activation induced by a traditional canonical NF-κB inducer, such as TNFα 
(left). Genotoxic agents, such as IR (ionizing radiation), may induce different types of nuclear DNA damage and stress condi-
tions, as well as induce other cellular stress conditions (right). Different DNA and cell stress conditions listed as examples 
are not meant to be comprehensive. The fundamental knowledge of the necessary and sufficient events that initiate NF-κB 
signaling pathways induced by genotoxic agents is currently incomplete. Because of the presence of concurrent molecular 
events induced by different genotoxic agents, more than one mechanism may be induced to control NF-κB activation with 
varying dominance and different kinetics.
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mitochondrial TOP I that is susceptible to CPT-induced 
DNA damage [56], NF-κB is not activated by mitochon-
drial DNA damage at least at the time points analyzed. 
Fourth, electroporation of different restriction enzymes, 
but not heat-inactivated versions, can activate NF-κB via 
an ATM-dependent pathway involving IKK activation 
and degradation of IκBα [57]. Fifth, exposure of mice to 
whole body radiation induces canonical IKK activation 
in wild-type but not in Atm−/− mice, demonstrating the 
physiological requirement of the DSB responsive ATM 
in IR-induced NF-κB activation in vivo [49]. Sixth, this 
IR-induced ATM-dependent NF-κB activation is linked 
to the major pro-survival response in vivo [58]. Although 
ATM is not always necessary for NF-κB activation in 
response to DSB-inducing agents in all cell systems (e.g., 
[59]), these lines of evidence nevertheless highlight the 
importance of nuclear DSB-induced ATM activation in 
contributing to the initiation of an IKK-NF-κB activation 
pathway. 

NEMO modifications in genotoxic stress signaling
ATM activation is a frequently necessary, but insuf-

ficient intermediate event leading to NF-κB activation 
(e.g, [52, 57]). An insight into the presence of a paral-
lel signaling event that collaborates with ATM in NF-
κB signaling in response to genotoxic agents came from 
the analysis of the NEMO-deficient 1.3E2 mouse pre-B 
cell line that fails to activate NF-κB by canonical induc-
ers. When wild-type NEMO is stably introduced into 
these cells, NF-κB activation by genotoxic agents is fully 
restored, thereby establishing a robust cell system to 
perform somatic genetic complementation studies with 
NEMO mutants [52]. Through this analysis, it was ob-
served that mutations in the C-terminal zinc finger (ZF) 
domain were uniquely capable of uncoupling the nuclear 
signaling role of NEMO in genotoxic stress-induced 
NF-κB activation from its requirement as the regulatory 
subunit of the canonical IKK complex in the cytoplasm. 
This led to further observation of a series of nuclear 
post-translational modifications (PTMs) of NEMO that 
are critical for NF-κB activation following genotoxic 
stress. These include ATM-independent SUMO (small 
ubiquitin-like modifier) 1 modification at lysine residues 
277 and 309, and ATM-dependent phosphorylation at 
serine 85 and monoubiquitination also requiring lysines 
277/309 [52, 54]. Although a small fraction of the total 
NEMO pool is modified, individual mutations in the ac-
ceptor sites for these PTMs completely block NF-κB 
activation by multiple genotoxic agents, including repli-
cation stress inducers [16]. In contrast, these mutations 
of NEMO do not significantly perturb activation by bac-
terial lipopolysaccharide (LPS), a membrane receptor-

triggering canonical stimulus. Thus, these NEMO PTMs 
are critically required for NF-κB activation by DSB-
inducing agents, suggesting the presence of an NF-κB 
activation pathway shared by multiple DNA-damaging 
agents. While it is evident that NEMO PTMs in concert 
with ATM mediate NF-κB activation by DNA-damaging 
agents in certain in vitro cell systems, the physiological 
role of these NEMO modifications needs to be evaluated 
through in vivo models in which specific NEMO modifi-
cation sites are disrupted. 

Modulators of NEMO SUMOylation
After the initial observation of the role of NEMO 

PTMs, subsequent work has identified additional regula-
tors of NEMO SUMOylation following DNA damage. 
Mabb et al. [60] determined that PIASy (protein inhibitor 
of activated STAT y) is the major SUMO E3 ligase for 
NEMO that is required for NF-κB activation by multiple 
genotoxic agents. Janssens et al. [61] found that p53-
induced death domain protein (PIDD) translocates from 
the cytoplasm to the nucleus in association with receptor 
interacting protein 1 (RIP1) [61]. RIP1 was previously 
implicated in both TNFα- and DNA damage-induced 
NF-κB activation and cell survival [62]. This nuclear 
PIDD-RIP1 complex promoted NEMO SUMOylation 
and NF-κB activation. While the mechanism of activa-
tion remains yet unclear, a recent  analysis of multiple 
cell types obtained from Pidd−/− mice indicates that PIDD 
does not affect cell death induced by a wide variety of 
apoptotic agents, including IR and VP16 [63]. It remains 
to be determined whether NF-κB activation by DNA 
damage is modulated in Pidd−/− mice. More recently, 
Stilmann et al. [64] revealed a critical role for poly-ADP-
ribose polymerase 1 (PARP1) in assembling a nuclear 
signaling complex composed of PARP1, PIASy, NEMO 
and ATM. On recruitment to DNA damage, PARP1 is 
activated and causes PAR modification of numerous 
substrates, as well as automodification of PARP1 itself 
[65]. NEMO is recruited to this complex by direct inter-
action with PARP-1. PIASy is recruited to PAR-modified 
PARP1 via two PAR-binding motifs present in PIASy, 
ultimately promoting SUMOylation of NEMO. The role 
of PARP1 in NF-κB signaling induced by DNA damage 
appears to be cell-type-dependent, since PARP1 inhibi-
tion does not block NF-κB activation induced by TOP 
inhibitors in T leukemic cell lines [66] and also does not 
block IκBα degradation or NF-κB nuclear translocation 
induced by IR in breast cancer cell lines [67]. Further 
understanding of the regulation of NEMO PTM by SU-
MOylation requires additional investigation, including a 
potential regulatory role for deSUMOylation by SUMO 
proteases. 
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Nuclear export of NEMO and ATM
While ATM-dependent phosphorylation of NEMO is 

an essential step in DSB-induced NF-κB activation [54], 
the requirement for ATM kinase activity in any addi-
tional step(s) in the pathway remains unclear. A NEMO-
S85A mutant that cannot be phosphorylated by ATM is 
efficiently SUMO1 modified, but fails to be monoubiq-
uitinated and exported to the cytoplasm following cell 
exposure to VP16. 1.3E2 cells expressing this mutant 
NEMO fail to activate IKK or NF-κB in response to 
multiple genotoxic agents and show hypersensitivity to 
IR-induced cell death. Surprisingly, if a ubiquitin moi-
ety is fused in frame to the N-terminus of NEMO-S85A 
mutant, downstream NEMO export, activation of IKK 
and NF-κB, and survival responses are all restored in a 
manner still dependent on ATM kinase activity. These 
observations suggest that NEMO monoubiquitination 
is critical for NEMO export and ATM has additional 
downstream role(s) independent of NEMO phospho-
rylation. Jin et al. [68] recently found that cIAP1 is the 
K277/K309-specific NEMO ubiquitin ligase involved in 
the genotoxic stress signaling. In consonance with the 
hypothesis that ATM mediates additional downstream 
function(s), a small fraction of activated ATM is exported 
to the cytoplasm of HEK293 cells in a NEMO-dependent 
manner, and associates with IKΚβ along with ELKS (a 
protein rich in glutamic acid, leucine, lysine and ser-
ine) [54]. ELKS is also thought to play a critical role in 
canonical NF-κB activation by TNFα stimulation [69]. 
Hinz et al. [70] recently provided evidence that ATM 
export to the cytoplasm (and to the plasma membrane) 
is a critical step in DSB-induced NF-κB activation, but 
is not dependent on NEMO in HepG2 and HeLa cells. 
Since leptomycin B, a potent inhibitor of the nuclear ex-
port receptor CRM1/exportin 1 [71], does not prevent the 
export of NEMO and IKK activation induced by geno-
toxic stimuli [52, 72], the nuclear export of NEMO and 
ATM is probably CRM1 independent. Genetic evidence 
showed that RCC1 (Ran guanine nucleotide exchange 
factor) is required for NF-κB activation by CPT [72], 
suggesting that Ran-GTP is likely involved in the NEMO 
and ATM export step. Consistent with this idea, a com-
plex between NEMO and Ran is transiently induced fol-
lowing VP16 treatment [72]. Identification of the nuclear 
export receptor(s) for ATM and NEMO will shed light 
on whether ATM export is NEMO-dependent in different 
cell systems and will also provide a crucial missing piece 
in the nuclear-to-cytoplasmic signaling puzzle.

ATM-dependent IKK activation in the cytoplasm
In addition to its requirement in NEMO phosphoryla-

tion, significant progress has recently been made reveal-

ing the role of ATM in regulating TGFβ activated kinase 
(TAK1), an upstream kinase of IKKβ in the canonical 
signaling pathway. In addition to identifying cIAP1 as 
the ligase responsible for NEMO monoubiquitination, 
Jin et al. [68] further found that TAK1 is required for 
NF-κB activation by VP16 and CPT, and that cIAP1 is 
also required for TAK1 activation by these agents. Thus, 
the authors placed cIAP1-mediated NEMO monoubiq-
uitination upstream of TAK1 activation.  The authors 
also found that another E3 ubiquitin ligase X-linked in-
hibitor of apoptosis (XIAP) is required for downstream 
TAK1 and NF-κB activation by CPT and VP16 stimula-
tion. Consistent with this finding, Wu et al. [15] recently 
found that TAK1 activation by DNA-damaging agents 
requires XIAP-dependent K63-linked polyubiquitination 
of ELKS. Surprisingly, while NEMO was required for 
ELKS ubiquitination, the polyubiquitin binding activity 
of NEMO was unnecessary for TAK1 activation down-
stream of ELKS, suggesting NEMO has a unique role in 
TAK1 activation that is distinct from its well-character-
ized function as a polyubiquitin-binding protein in the 
canonical IKK complex [5]. In addition, ubiquitination 
of ELKS promotes subsequent clustering of activated 
TAK1 and the canonical IKK complex mediated by the 
ubiquitin-binding subunits, TAK1-binding proteins 2 or 
3 and NEMO, respectively. The authors also found that 
Elks+/– mice (Elks−/− mice are embryonic lethal) are more 
sensitive to IR-induced lethality, thus, supporting the role 
of ELKS in physiological response to genotoxic agents 
in vivo. These studies highlight the two independent roles 
of NEMO in mediating ATM-dependent TAK1 activation 
without the need for ubiquitin-binding and downstream 
TAK1-mediated IKK activation requiring NEMO’s ubiq-
uitin-binding activity.

Although the above studies together point to the role 
of ATM in promoting XIAP-dependent ELKS polyubiq-
uitination in the cytoplasm, Hinz et al. [70] found that 
ATM is also required for activation of TRAF6 E3 ubiq-
uitin ligase activity. TRAF6 K63-linked polyubiquitina-
tion, TRAF6- and cIAP1-dependent monoubiquitination 
of NEMO at lysine 285, and activation of TAK1 in the 
cytoplasm were all demonstrated to be necessary inter-
mediate steps in the activation of IKK following expo-
sure to DSB inducers. Interestingly, while knockdown of 
PIASy or PARP1 prevents NEMO monoubiquitination, 
ATM-dependent TAK1 activation remains intact. Thus, 
in the absence of monoubiquitinated NEMO, active 
TAK1 is somehow unable to activate IKK. From these 
analyses, the authors hypothesized that SUMO-modified 
nuclear NEMO induced by PARP1 and PIASy is export-
ed to the cytoplasm to become the substrate for ATM-
TRAF6-cIAP1-dependent monoubiquitination at K285 
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to promote IKK activation.
Although some controversies exist in the above stud-

ies [15, 68, 70], several consensus points may be drawn 
regarding the mechanism of NF-κB activation by CPT, 
VP16 and IR (Figure 2). First, NEMO has a unique up-
stream role entirely independent of its role as a regula-
tory component of the canonical IKK complex. Second, 
ATM activation and NEMO SUMOylation are required 
for NF-κB activation by these genotoxic agents. Third, 
ATM and “IKK-free” NEMO are key nuclear-generated 
signaling molecules that are exported to the cytoplasm to 
cause a sequential activation of TAK1, IKK and NF-κB. 
Fourth, ATM is an upstream regulator of TAK1 by as-
sisting K63-linked polyubiquitination in the cytoplasm. 
Fifth, NEMO ubiquitin-binding activity is dispensable 
for TAK1 activation, but is necessary for subsequent 
IKK and NF-κB activation. Finally, like TNFα signal-
ing where several signaling proteins are co-modified by 
polyubiquitination, multiple proteins may be modified by 
K63-linked polyubiquitination involving different E3s to 
coordinate efficient TAK1-dependent IKK activation in 
the cytoplasm.

ATM-NEMO signaling induced by physiological DSB

Does the nuclear ATM-NEMO signaling mechanism 
revealed above have physiological relevance? A recent 
study by Bredemeyer et al. [73] provided evidence that 
an endogenous DSB induced during V(D)J recombina-
tion of immunoglobulin loci in differentiating pre-B cells 
activates NF-κB via an ATM- and NEMO-dependent 
mechanism. V-abl transformed pre-B cell lines had 
previously been shown to activate Rag2 synthesis and 
subsequent recombination on inhibition of v-Abl kinase 
activity using the specific inhibitor STI571. Using pre-B 
cells generated from Artemis−/− mice that are deficient in 
non-homologous end joining, the authors showed that 
inhibition of v-Abl kinase activity by STI571 produces 
persistent DSBs at the Igκ gene locus and causes NF-
κB activation in an ATM- and NEMO-dependent man-
ner. This activation is DSB-dependent because it is not 
observed in v-Abl-transformed Rag2−/− pre-B cells that 
do not produce DSB at the Igκ locus when v-Abl is in-
hibited. Through a microarray analysis, the authors iden-
tified 75 genes whose expression is altered in a DSB-
ATM-NF-κB-dependent manner. Changes in some of 
these genes are also observed in primary pro-B, pre-B 
and pro-T cells in an ATM-dependent manner, suggesting 
that physiological V(D)J recombination-induced DSBs 
activate the ATM-NF-κB signaling pathway in normal 
developing lymphocytes. The genes activated by this 
pathway include both cell survival genes and those that 

play important roles in lymphocyte development, homing 
and function. The authors speculated, “DNA DSBs gen-
erated in other physiological settings, such as immuno-
globulin class-switch recombination, meiosis and DNA 
replication, may have similar effects.” Indeed, a recent 
study by Sherman et al. [74] has described a new role of 
DSB-ATM signaling induced by DSB generated during 
class-switch recombination. This DSB-ATM pathway 
inactivated CRTC2, a cAMP responsive element-binding 
protein (CREB) co-activator, thereby preventing CREB-
mediated gene regulation and promoting germinal center 
reaction and plasma cell differentiation. Inhibition of this 
pathway results in increased germinal center B-cell pro-
liferation, reduced secretion of antibodies and impaired 
plasma cell differentiation. It is possible that this DSB-
ATM pathway also regulates NF-κB as speculated by 
Bredemeyer et al. Additional studies, including animal 
models that specifically attenuate the ATM-NEMO sig-
naling pathway, may be informative to test these hypoth-
eses.

ATM-NEMO signaling in pathology

In addition to normal physiological DSBs that can 
lead to ATM-NEMO-dependent NF-κB activation, a 
recent study by Grosjean-Raillard et al. [75] provides 
compelling evidence that ATM-NEMO-NF-κB signal-
ing is constitutively activated in certain acute myeloid 
leukemia (AML) cell lines and more significantly a 
high percentage of primary myelodysplastic syndrome 
(MDS) and AML patient samples. Using the P39 AML 
cell line, the authors showed that ATM is constitutively 
active, NEMO and PIDD are constitutively nuclear, and 
an ATM-NEMO nuclear complex is also detectable. 
Inhibition of ATM by KU55933 or ATM knockdown 
results in the loss of nuclear NEMO and PIDD, loss of 
ATM-NEMO complex, inhibition of NF-κB activity and 
induction of cell death. Moreover, CD34+ bone mar-
row mononuclear cells obtained from all high-risk MDS 
or AML patient samples analyzed stain positive with 
pS1981-ATM antibody, indicative of constitutive ATM 
activation. NEMO and PIDD are constitutively found in 
the nucleus in these primary cells and inhibition of ATM 
by KU55933 causes their redistribution to the cytoplasm, 
inhibition of constitutive NF-κB activity, and induction 
of cell death. Although constitutive activation of NF-κB 
is frequently observed in many different types of cancer 
patient samples and in some cases the mechanisms have 
been revealed [76-80], in many cases those that main-
tain NF-κB activity are undefined. Activation of DDR 
is frequently observed in primary human preneoplastic 
lesions [81] and DDR can be activated by inappropriate 
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Figure 2 A model depicting distinct and common steps between NF-κB signaling induced by TNFα and DNA damaging 
agents. TNFα stimulation of TNFR1 engages receptor adaptor proteins (TRADD and RIP1) and results in the recruitment of 
ubiquitin conjugating enzymes (Ubc13/Uev1A and UbcH5) and E3 ligases (cIAP1/2, TRAF2/5 and HOIL/HOIP) to promote 
K63-linked, mixed and linear polyubiquitination of multiple target proteins. These polyubiquitin chains form the scaffold 
on which TAK1/TAB2/3 and IKK/NEMO complexes are formed and TAK1-dependent activation of IKKβ is induced. DNA 
damaging agents, such as etoposide, cause ATM activation via induction of DSB and SUMOylation of NEMO through a 
mechanism dependent on PARP1, PIASy and Ubc9. PIASy dependent SUMOylation of NEMO may also be induced by ad-
ditional stress conditions. ATM then phosphorylates NEMO, which results in cIAP1-dependent monoubiquitination of NEMO. 
ATM and NEMO are exported to the cytoplasm where K63-linked polyubiquitination of ELKS and TRAF6 via ATM-dependent 
mechanism, as well as monoubiquitination of NEMO on lysine 285 via cIAP1, are induced. The polyubiquitin scaffolds 
then activate IKK via TAK1, similar to the mechanism induced by TNFα. Active IKK then phosphorylates IκBα, which then 
causes K48-linked polyubiquitination and degradation of IκBα by the proteasome to liberate active NF-κB (p50/p65) dimer. 
Polyubiquitin is represented in repeated yellow units, phosphate is shown in orange oval with “P” and SUMOylation is shown 
in purple circle with “S”. LUBAC, linear ubiquitin assembling complex. 
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proliferation induced by different oncogenes [82]. Thus, 
it is plausible that the nuclear ATM-NEMO signaling 
pathway might play a significant role in maintaining con-
stitutive NF-κB activity in different human malignancies, 
in addition to high-risk MDS and AML.

ATM-NEMO signaling in oxidative stress

In addition to genotoxic agents, molecularly targeted 
drugs are also employed and being developed to control 
human malignancies. One class of emerging anticancer 
drugs is histone deacetylase inhibitors (HDACis). A re-
cent study by Rosato et al. [83] demonstrates that LBH-
589 (panobinostat) activates NF-κB via the nuclear ATM-
NEMO pathway in different leukemic cell lines. The 
authors found that LBH-589 causes nuclear localization 
of NEMO and promotes its interaction with ATM in an 
oxidative stress-dependent manner. Oxidative stress can 
activate ATM [84] and cause SUMOylation of NEMO 
[57]. NF-κB activation by LBH-589 is inhibited in cells 
expressing SUMOylation-defective NEMO-DK (K277A/
K309A) mutant [83]. Both NEMO nuclear localization 
and ATM association are prevented in NEMO-DK cells. 
Knockdown of NEMO or ATM prevents NF-κB activa-
tion and sensitizes cells to HDACi-induced cell death. 
Finally, the authors found that one of the critical NF-κB 
target genes is manganese superoxide dismutase (Mn-
SOD) that counters oxidative stress induced by HDACi 
and thereby promotes resistance to HDACi-induced 
cell death. The authors also indicate that other HDACi 
compounds, Vorinostat (SAHA), LAQ-824 and sodium 
butyrate, similarly activate NF-κB. Thus, these studies 
highlight the possibility that HDACi and other oxida-
tive stress-inducing compounds may similarly trigger the 
nuclear ATM-NEMO SUMOylation signaling pathway 
to cause NF-κB activation and cancer cell survival. 

Significant remaining questions

NEMO structural conundrum
Owing to its essential function as a member of the ca-

nonical IKK complex, significant biochemical and struc-
tural work has provided mechanistic insight into the role 
of NEMO in canonical NF-κB activation. Recent struc-
tural analyses of NEMO subdomains with or without dif-
ferent binding partners [85-90] suggest that recombinant 
NEMO forms an elongated parallel coiled-coil dimer 
that is predicted to elute in gel filtration with an appar-
ent value of about 270 kDa [90]. Experimental evidence 
provided by Agou et al. [91] showed that the elution pro-
file of recombinant NEMO protein in gel filtration chro-
matography corresponds to a 500-kDa globular protein 

with a 73 Å Stokes radius. However, in glycerol gradient 
centrifugation, it migrated as a globular monomer of ~50 
kDa [92]. Indeed, NEMO was reported to exist predomi-
nantly as a monomer in IKKα and IKKβ double knock-
out MEFs [92]. In contrast, a recent biochemical analysis 
indicates that an “apo” form of NEMO1-355 missing the 
C-terminal ZF domain forms a dimer and a weaker te-
tramer, arising from self-association of the N-terminal 
domain, with an apparent Kd of 25.6 µM (dimer-tetramer 
equilibrium) [93]. Moreover, addition of an IKK-derived 
NEMO-binding peptide eliminates the NEMO tetramer 
formation in vitro, thus suggesting that IKK prevents 
NEMO tetramerization. The presence of the ZF domain 
destabilizes the dimer configuration, causing NEMO to 
aggregate [93]. In cell extracts prepared from HeLa or 
HEK293 cells, an IKK-free NEMO fraction elutes at [100 
kDa in gel filtration chromatography [15]. In contrast, a 
similar IKK-free NEMO fraction in MEF cell extracts 
elutes at ~300 kDa in a gel filtration analysis [64]. Thus, 
depending on the cell type the elution profile of “IKK-
free” NEMO may be different in gel filtration, suggest-
ing the presence of different free NEMO forms. There-
fore, further molecular characterization of free NEMO 
is required to determine how such a pool of NEMO is 
differentially regulated in different cell types and how it 
affects the nuclear ATM-dependent signaling pathway. In 
this context, the use of the glycerol gradient centrifuga-
tion technique may be more informative as demonstrated 
by Agou and colleagues [92].

Currently available NEMO crystal structures (an ex-
tended dimer) also provide a further conundrum with 
respect to its PTMs induced by genotoxic agents, in 
particular SUMOylation and phosphorylation. The side 
chain of one of the SUMOylation sites, K277 present in 
the CC2 (coil-coil 2) region of NEMO, is pointing inte-
rior toward the center of the coil-coil and appears to be 
inaccessible to the solvent surface [85, 86, 89]. This sug-
gests that a regulatory step might be required to induce a 
conformational change in this CC2 region to increase its 
accessibility to the SUMOylation machinery (particularly 
the Ubc9 SUMO conjugating enzyme). Such a change 
might be induced during the recruitment of NEMO to 
the PARP1-PIASy complex [64]. Alternatively, given the 
possibility that the free NEMO in cells may be a mono-
mer [92], the SUMOylation lysine sites may be solvent 
accessible in cells at least some of the time without the 
need for an active mechanism to induce a conformational 
switch. Moreover, the covalent attachment of a ~20 kDa 
globular SUMO1 molecule to the SUMOylation sites, 
particularly K277, is expected to significantly distort 
the coil-coil dimeric structure of NEMO, since it would 
sterically prevent the movement of the K277 side chain 
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toward the interior of the coil-coil. Addition of a SUMO1 
moiety to the side chain of the other SUMOylation site, 
K309, would also significantly affect the polyubiquitin-
binding activity of the NEMO NOA/NUB/UBAN do-
main, since this residue is located in the middle of the 
ubiquitin binding patch, IYKADF [85, 86, 89]. Thus, 
SUMOylation of K277 and K309 is likely associated 
with significant perturbations in the NEMO structure 
both during and subsequent to the SUMOylation reac-
tion.

Similarly, although the OH group of the S85 residue 
of NEMO, the site of ATM-induced phosphorylation 
[54], is pointing somewhat away from the interior of the 
CC1 domain, the side chain of Q86 appears to be solvent 
inaccessible in the NEMO N-terminal domain-NBD 
(NEMO binding domain peptide) complex [88]. Since 
(i) ATM usually (although not absolutely) requires the S/
T-Q motif in its substrates for phosphorylation [94] and 
(ii) Q86N and Q86A point mutations of NEMO com-
pletely abrogate NF-κB activation by DNA-damaging 
agents without affecting activation by LPS [54], it can 
be concluded that the ATM accessibility of both S85 and 
Q86 residues is required to mediate S85 phosphorylation 
and NF-κB activation. Ivins et al. [93] demonstrated that 
binding of diubiquitin at the NOA/NUB/UBAN domain 
induced a modest but measurable structural alteration in 
the N-terminal CC1 domain that is located ~200 aa away. 
This suggests the possibility that a binding event in a 
region away from the S85-Q86 motif may cause a con-
formational shift to permit efficient ATM accessibility 
to the SQ motif. Interestingly, FAT domain of ATM can 
bind the N-terminal region of NEMO that is overlapping 
with or in the vicinity of S85 [16]. Such binding could 
plausibly induce a conformational change to increase the 
accessibility of the SQ motif for ATM-mediated phos-
phorylation. Alternatively, constitutive phosphorylation 
of S68 of NEMO by associated IKKβ in the absence of 
stimulation has been reported [95]. The authors found 
that this phosphorylation reduces NEMO dimerization 
and IKKβ association through the N-terminal NEMO do-
main. It is, therefore, also possible that free NEMO with 
S68 phosphorylation might be involved in a conforma-
tion change that exposes the S85-Q86 motif. Finally, if 
free NEMO is a monomer, the SQ motif may be solvent 
accessible. Detailed characterization of the structural 
and modification status of nuclear IKK-free NEMO is 
expected to provide significant insight into the role of 
NEMO PTMs in mediating NF-κB signaling upstream of 
TAK1 and IKK activation.

Roles of NEMO ZF domain and SUMO1
On the basis of 1.3E2 genetic complementation 

analysis, the C-terminal ZF domain is essential for NF-
κB activation by multiple DSB- and replication stress-
inducing agents [52]. Signal-inducible SUMOylation 
of NEMO-ZF mutants is undetectable in cell extracts. 
When SUMO1 is fused at the N-terminus of such NEMO 
mutants, NF-κB activation by DNA-damaging agents is 
fully restored. Thus, in the 1.3E2 cell background, the 
ZF is required for SUMO1 modification and SUMO1 fu-
sion can fully complement this deficiency. However, the 
ZF domain is not required for NEMO association with 
the E3 ligase PIASy, nor is it required for PIASy-medi-
ated SUMOylation in vitro [60]. The ZF is suggested to 
destabilize the dimeric coil-coil structure of full-length 
NEMO [93]. Cordier et al. [96] demonstrated that the 
NEMO ZF is a ubiquitin-binding module. Moreover, the 
ZF helps to establish the specificity of the NOA/NUB/
UBAN domain toward K63-linked polyubiquitin chains 
[97]. Whether the role of the ZF in promoting NEMO 
SUMOylation is mechanistically related to the regula-
tion of monomer-dimer states of free NEMO and/or its 
ubiquitin-binding activity needs to be investigated.

SUMOylation of NEMO induced by genotoxic 
agents specifically involves SUMO1, and not the re-
lated SUMO2 or 3 paralogs [52]. Moreover, while the 
SUMO1 fusion of NEMO-ZF mutants fully comple-
ments NF-κB activation by genotoxic agents, SUMO2 
and SUMO3 fusions fail to do so (unpublished observa-
tions). Since SUMO1 attachment at the N-terminus or at 
the natural lysine residues permits activation, it appears 
that SUMO1 functions as a modular domain targeting 
SUMOylated NEMO to a binding partner or a specific 
subnuclear location. SUMOylation of several DDR pro-
teins can occur at the DSB site through the recruitment 
of SUMO paralogs, Ubc9 (SUMO E2), and PIAS1 and 
PIAS4/y [98, 99]. A recent report indicates that NEMO 
does not localize to the DSB site after VP16 exposure 
[64]. Currently, information regarding detailed NEMO 
sub-nuclear localization before and after DNA damage is 
not available. A high-resolution analysis is thus required 
to determine where in the nucleus the IKK-free unmodi-
fied and SUMOylated NEMO species are localized dur-
ing the activation process.

Additional NF-κB signaling by genotoxic agents
In contrast to the canonical IKK-NF-κB activation, 

there is very limited information regarding non-canon-
ical NF-κB activation by genotoxic agents. In primary 
prostate cancer patients, nuclear localization of RelB 
positively correlates to a patient’s Gleason score [100], 
suggesting that non-canonical activation of RelB may 
play a significant pathological role in this cancer type. 
Interestingly, Xu et al. [101] found that nuclear localiza-



www.cell-research.com | Cell Research

Shigeki Miyamoto
125

npg

tion of RelB is detected within 10 min of IR exposure, 
and this localization is maintained for a prolonged du-
ration (up to 12 h) in PC3 prostate cancer cells. The 
authors also found that p52 protein is found on the Mn-
SOD gene after 10 min of IR treatment by chromatin im-
munoprecipitation analysis. A SN52 peptide that harbors 
the nuclear localization sequence of p52 blocks nuclear 
p52:RelB complex appearance and the induction of Mn-
SOD gene, and sensitizes cells to apoptosis induced by 
IR. Although the mechanism underlying the induction of 
p100 processing to p52 is not clear [102], these studies 
demonstrate that rapid p52:RelB activation is possible in 
prostate cancer cells following IR exposure. Similarly, 
Barre and Perkins [103] found that p100 processing to 
p52 was induced by treatment of U2OS osteosarcoma 
cells with cisplatin or UV with slower kinetics (4-12 h). 
The authors indicate that this p100 processing is ATM 
and IKKα dependent. Since the presence of nuclear 
IKKα has been frequently reported in the literature (e.g., 
[104, 105]), and Liao and Sun [106] previously demon-
strated that nuclear localization of p100 promotes its pro-
cessing to p52, it is plausible that ATM activates IKKα 
in the nucleus to promote the p100-processing pathway. 
Given that p100 processing requires its prior SUMOyla-
tion [107], it is possible that genotoxic agent-induced 
SUMOylation may also play a role in non-canonical NF-
κB activation. Furthermore, Renner et al. [108] showed 
that DSB-inducing agents cause SUMOylation of nuclear 
IKKε to promote RelA phosphorylation and its transcrip-
tional activity. Thus, SUMOylation may play a broader 
role in regulating genotoxic stress-induced NF-κB sig-
naling at multiple levels. 

Cell type dependence
NF-κB activation by genotoxic agents varies consider-

ably in different cell systems. For example, activation 
of NF-κB as measured by electrophoretic mobility shift 
assay by DSB inducers is readily detectable in various 
cell lines, such as HEK293 embryonic kidney fibro-
blasts, HeLa cervical cancer, U2OS osteosarcoma, CEM 
T leukemic and 70Z/3 pre-B leukemic cells, among 
others [52, 55, 57, 60, 64, 66, 68]. In contrast, NF-κB 
activation by VP16 or IR in primary MEFs and MEF 
lines, or many human normal cell types, is frequently 
undetectable or only weakly detected even at relatively 
high doses, despite efficient ATM activation [11, 55, 59, 
64, 68]. Most normal tissues in mice, except for the bone 
marrow, spleen, lymph nodes and intestine, also do not 
activate NF-κB in response to 8.5 Gy of whole body ra-
diation [109, 110]. Activation of IKK and NF-κB may be 
achieved in kidney and lung tissues after a relatively high 
dose (20 Gy) of radiation [49]. The reason for different 

efficiencies of NF-κB activation by genotoxic agents in 
different cancer and normal cell types is unclear but is 
not likely related to ATM, since ATM activation is read-
ily observed in all cases.

Because NF-κB activation through the nuclear ATM-
NEMO pathway depends on the export of these mol-
ecules to the cytoplasm, differences in nuclear-cytoplas-
mic volume ratios could have a significant impact on the 
efficiency of NF-κB activation by genotoxic agents. A 
normal hepatocyte, e.g., has an estimated volume ratio 
between the cytoplasm and nucleus of 20:1. When a sig-
naling molecule moves from the cytoplasm to the nucle-
us – a classic signaling situation – it may gain a concen-
tration advantage by 20-fold, and may promote a switch-
like response (reviewed in [111]). In contrast, when ATM 
and NEMO move to the cytoplasm, their concentrations 
will be greatly reduced by the much larger cytoplasmic 
volume thereby potentially reducing the efficiency of 
signaling. Moreover, the amount of free NEMO in the 
nucleus may be greater with larger nuclear volume. 
Thus, by altering nuclear-cytoplasmic volume ratios, it 
might be possible to significantly alter the efficacy of the 
nuclear-to-cytoplasmic NF-κB signaling capacity of a 
cell. Interestingly, a large body of literature demonstrates 
that mean nuclear volume (MNV) of tumor cells strongly 
correlates to the progression stage and/or prognosis in 
many human cancer types (e.g., [112-118]). The differ-
ence of MNV can be quite significant; e.g., MNV is 77 
and 292 µm3 for normal bladder epithelial cells and blad-
der carcinoma in situ, respectively [112]. The mechanism 
by which more malignant cells with larger MNV are 
selected during tumor evolution is currently unknown; 
however, Ozer et al. [119] found a correlation between 
larger MNV in breast carcinoma and the presence of 
mutant p53. One possible mechanism is that cancer cells 
with progressively higher efficiency of nuclear-initiated 
survival pathways, such as the NF-κB pathway, because 
of the increased MNV may be selected. Consistent with 
this hypothesis, NF-κB activation by DSB inducers is 
readily detectable in highly progressed, hormone-inde-
pendent MDA-MB-231 breast cancer and DU145 and 
PC3 prostate cancer cells, but much less so in hormone-
dependent MCF7 breast and LNCaP prostate cancer cells 
and undetectable in normal diploid counterparts (unpub-
lished observation). In all of these cases, both TNFα-
induced NF-κB activation and genotoxic agent-induced 
ATM activation are readily detected. Thus, differences 
in MNV might be a critical contributor for cell type dif-
ferences in NF-κB activation by nuclear DNA damage 
and possibly may drive the evolution of more aggressive 
tumor cells. 
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Concluding remarks

The advancement in our understanding of the 
complexity of the NF-κB signaling network induced 
by inflammatory and immune signals over the last two-
and-half decades, since its discovery is remarkable. We 
now know that different NF-κB dimers can be activated 
by two genetically distinct canonical and non-canonical 
signaling pathways to control diverse physiological and 
pathological processes. Similarly, our understanding of 
the signaling pathways induced by genotoxic agents is 
also significantly expanding; however, because of the 
complexity of molecular and stress events imparted by 
these agents in a cell, the fundamental knowledge of 
the necessary and sufficient events that initiate NF-κB 
signaling pathways induced by virtually all genotoxic 
agents is currently incomplete. Moreover, because of 
the presence of concurrent molecular events induced 
by different genotoxic agents, more than one pathway 
may be simultaneously operating to control NF-κB 
signaling in the damaged cell with varying dominance 
and different kinetics. Current strategies to dissect 
signaling mechanisms employ genetic approaches (e.g., 
RNA interference, stable reconstitution of deficient 
cells), chemical inhibitors and molecular strategies that 
can take considerable effort. More efficient identification 
of NF-κB signaling pathways in different cell systems 
under various genotoxic stress conditions mandates the 
development of unique tools, such as additional chemical 
inhibitors and cell-permeable peptide competitors that 
specifically attenuate individual pathways in a high 
throughput format. 

There is considerable experimental support for the 
presence of a conserved nuclear NEMO- and ATM-
dependent NF-κB signaling pathway. This pathway 
is induced by many different exogenous DSB- and 
replication stress-inducing agents, and appears to be also 
induced during normal physiological process (e.g., V(D)
J recombination in developing lymphocytes), in certain 
human malignancies (e.g., AML), and in response to 
chemotherapeutics that induce oxidative stress (e.g., 
HDAC inhibitors). SUMOylation of NEMO plays a 
crucial nuclear role in this signaling pathway; however, 
there are many unanswered questions regarding this 
ATM-NEMO-induced NF-κB signaling pathway. 
Foremost, why is activation of ATM (and PARP1) 
insufficient to activate NF-κB in many different normal 
and cancer cell types? The reason for this observation 
remains unclear but could be at least in part related to 
amount and/or status of free nuclear NEMO. Although 
nuclear IKK-free NEMO is targeted for a series of post-
translational modifications to mediate this signaling 

pathway, recent crystal structure analyses indicate 
that some of these modification sites of NEMO may 
not be readily solvent accessible. Thus, we do not yet 
know whether a conformational switch is required for 
NEMO modifications or whether the structure of free 
NEMO in the nuclear environment is distinct from that 
predicted from the analysis of recombinant NEMO 
protein segments. We also do not know whether free 
NEMO is a monomer or multimer (e.g., dimer), or in 
the “apo” form or associated with some partner protein 
(e.g., a chaperone). Characterization of the free NEMO 
structure, modification status and associated factors, 
as well as determination of sub-nuclear localization 
of free NEMO, could hold answers as to why ATM is 
insufficient to activate nuclear NEMO-mediated NF-κB 
signaling pathway. 

Finally, because of the involvement of a unique 
signal transfer step from the nucleus to the cytoplasm 
to mediate ATM-dependent NF-κB activation, nuclear-
cytoplasmic volume ratios may have a considerable 
impact on the efficiency of NF-κB activation induced 
by different genotoxic stimuli. A potential increase 
in the efficiency of a nuclear-to-cytoplasmic NF-κB 
survival pathway may in part play a role in the evolution 
of aggressive cancers with progressively larger mean 
nuclear volume. With the remarkable progress in our 
understanding of the NF-κB signaling network, answers 
to these and additional questions are likely forthcoming 
in the near future. Increased understanding of the NF-
κB signaling network and the development of new tools 
to attenuate or enhance specific signaling mechanisms 
could aid rational development of drugs for treatment 
and prevention of specific human diseases, including 
metastatic cancers.
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