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             The transcription factor nuclear factor κB 

(NF-κB) is involved in the regulation of 

many cellular processes, including immune 

cell responses, proliferation, apoptosis, and 

cellular transformation leading to carci-

nogenesis (1, 2). There are two pathways, 

dubbed the canonical and noncanonical 

pathway, by which NF-κB can be activat-

ed in response to ligand binding to either 

cell surface or cytosolic receptors. DNA 

damage, which occurs in the nucleus, also 

leads to NF-κB activation and has become 

a paradigm to study how nuclear signals can 

initiate NF-κB signaling. The kinase ataxia 

telangiectasia mutated (ATM), mutations in 

which cause severe defects including immu-

nodefi ciency and high incidence of lympho-

ma, was identifi ed as a key player of NF-κB 

activation in response to genotoxic stress 

(3–5). DNA double-stranded breaks (DSBs) 

are a form of genotoxic stress and can be 

caused by ionizing radiation (IR) or chemo-

therapeutic drugs, such as topoisomerase I 

inhibitor camptothecin (CT), topoisomerase 

II inhibitor VP16 (also termed etoposide), 

or the DNA-intercalating agent doxorubi-

cin (DOX). After DSBs, a small fraction 

of the NF-κB essential modulator (NEMO, 

also known as IKKγ) that is not bound to 

the catalytic inhibitor of κB (IκB) kinase 

(IKK) complex subunits IKKα and IKKβ 

translocates to the nucleus. Nuclear NEMO 

is consecutively sumoylated by the E3 li-

gase PIASy (protein inhibitor of activated 

STAT Y), phosphorylated by ATM, and 

mono-ubiquitylated by a yet unidentifi ed E3 

ligase (6, 7) (Fig. 1). In addition, auto-ADP 

(adenosine 5′-diphosphate)–ribosylation of 

the DNA damage sensor poly(ADP-ribose) 

polymerase-1 (PARP-1) facilitates these 

nuclear posttranslational reactions by tran-

siently recruiting activated ATM, NEMO, 

and PIASy into a complex (8). NEMO and 

activated ATM are then exported from the 

nucleus, where they mediate activation of 

the cytosolic IKK complex through an un-

known mechanism. 

Two studies provide new insights into the 

cytosolic role of ATM in response to geno-

toxic stress (9, 10). Both groups found that, 

as for the canonical IKK to NF-κB path-

way that is activated in response to various 

stimuli (11–13), after DNA damage trans-

forming growth factor β (TGFβ)–activated 

kinase1 (TAK1) phosphorylates the activa-

tion loop of IKKβ and thereby acts as an 

essential regulator downstream of ATM in 

the NF-κB pathway activated by genotoxic 

stress (Fig. 1). In response to DSBs, ATM 

did not directly phosphorylate TAK1, but 

rather acted indirectly by enhancing the 

formation of a TAK1-containing signaling 

module (9, 10). Both groups also found that 

the TAK1-binding proteins TAB2 and TAB3 

are also required for NF-κB activation in re-

sponse to DSBs (9, 10). In canonical NF-κB 

signaling, TAB2 associates selectively with 

Lys63-linked ubiquitin chains to mediate 

TAK1 activation in response to stimulation 

of cell surface receptors (14, 15). The in-

volvement of TAB2 in the response to DSBs 

suggested that ATM may also modulate cy-

toplasmic ubiquitylation events to trigger 

TAK1-mediated IKK activation. Consistent 

with this model, the ubiquitin-conjugating 

enzyme UBC13, which catalyzes the at-

tachment of Lys63-linked ubiquitin chains 

to target proteins, was also identifi ed as 

an essential component of ATM-mediated 

IKK activation in response to DSBs (9, 10). 

Thus, there appears to be a common evolu-

tionary origin of the cytoplasmic events that 

govern canonical and DSB-induced activa-

tion of the IKK to NF-κB pathway.

Although both groups provide evidence 

that attachment of a Lys63-linked ubiquitin 

chain bridges ATM to TAK1 activation in 

response to DSBs (9, 10), the details of the 

mechanisms of IKK activation differ. The 

differences may refl ect variations in the ex-

perimental settings: The study by Hinz et al. 

relied on stimulation of IR-induced DNA 

damage (9), whereas Wu et al. predomi-

nantly studied DNA damage caused by che-

motherapeutic drugs (10). Although both 

of these DNA damage paradigms produce 

DSBs, they induce damage over different 

time courses. IR-induced DNA damage is 

initiated by a short pulse within a few sec-

onds, whereas genotoxic drugs are present 

for several hours. These differences in the 

experimental setup may result in the activa-

tion of distinct effector pathways.

In response to IR, Scheidereit and col-

leagues demonstrate ATM-dependent acti-

vation of the E3 ligase TRAF6 (9). TRAF6 

also functions in NF-κB signaling in re-

sponse to stimuli that activate the innate 

and adaptive immune systems (11, 16, 17). 

Upon nuclear export, ATM directly asso-

ciates with TRAF6 to stimulate its auto-

ubiquitylation. A short TRAF6-interacting 

fragment of ATM is suffi cient to stimulate 

the E3 ligase activity of TRAF6, suggest-

ing that the ATM adaptor function, rather 
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In response to genotoxic stress induced by DNA double-stranded breaks 
(DSBs), the inhibitor of �B kinase (IKK) to nuclear factor �B (NF-�B) pathway is 
activated, which can promote cancer progression and increase the resistance of 
cancer cells to ionizing radiation or chemotherapeutic drugs. The kinase atax-
ia telangiectasia mutated (ATM) has a critical role in the activation of NF-�B in 
response to genotoxic stress. Two reports reveal key cytoplasmic functions of 
ATM in triggering IKK activation upon DNA damage. After induction of DSBs, 
ATM is exported from the nucleus and stimulates the ubiquitin ligase activity of 
tumor necrosis factor receptor–associated factor 6 (TRAF6) or X-linked inhibitor 
of apoptosis protein, which catalyze the auto-polyubiquitylation of TRAF6 and 
the polyubiquitylation of the IKK adaptor ELKS, respectively. Ubiquitylation pro-
motes the assembly of signalosomes containing the kinase TAK1 (transforming 
growth factor �–activated kinase 1). These signalosomes are the site of activa-
tion of the cytosolic IKK complex, which stimulates NF-�B–dependent induction 
of a proliferative and antiapoptotic gene program. These studies show that ATM 
executes essential functions outside the nucleus in response to DSBs.
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than the kinase activity of ATM, is involved 

in this process (9). Thus, the cytoplasmic 

function of ATM in the DNA damage re-

sponse appears similar to that of signaling 

adaptors that promote TRAF6 auto-ubiq-

uitylation in the innate immune response, 

such as IRAK1 (interleukin-1 receptor-

associated kinase 1) in the response to li-

popolysaccharide and interleukin-1β or 

MAVS (mitochondrial antiviral signaling) 

in the response to intracellular viruses 

(18). Furthermore, similar to auto-ADP-

ribosylated PARP-1 that acts as a signaling 

scaffold in the nucleus, auto-ubiquitylated 

TRAF6 recruits a cytoplasmic complex that 

contains TAB2, TAK1, NEMO, and cellu-

lar inhibitor of apoptosis protein 1 (cIAP1) 

(9). By induced proximity, this ATM-

induced and TRAF6-dependent complex 

may facilitate TAK1 autophosphorylation 

and IKKβ trans-phosphorylation. Although 

cIAP1 is dispensable for TAK1 activation, 

cIAP1 can catalyze mono-ubiquitylation of 

NEMO at Lys285, which contributes to the 

activation of the IKK complex in response 

to DSBs (9, 19).

Wu et al. identify X-linked inhibitor of 

apoptosis protein (XIAP) as the E3 ubiquitin 

ligase that mediates ATM-dependent TAK1-

IKK-NF-κB activation upon treatment of 

cells with the chemotherapeutic 

DNA-damaging agents VP16, 

CT, and DOX (10). XIAP is re-

quired for TAK1 and NF-κB ac-

tivation after DNA damage (19), 

and Wu et al. show that XIAP 

functions as an E3 ligase that 

ubiquitylates ELKS (protein rich 

in glutamate, leucine, lysine, and 

serine), which also functions in 

DNA damage–dependent NF-

κB activation (7, 10). As sug-

gested for auto-ubiquitylated 

TRAF6, covalent attachment of 

K63-linked ubiquitin chains to 

ELKS may promote clustering 

and thereby enhance proximity 

of the TAB2-TAK1 and NEMO-

IKKα/β complexes to allow ef-

fi cient NF-κB activation (10) 

(Fig. 1). However, it remains to 

be seen whether the ATM adap-

tor function or kinase activity 

is required for triggering ELKS 

ubiquitylation.

Future analyses should de-

termine whether TRAF6- and 

XIAP-mediated processes regu-

late two separate and indepen-

dent modes for activating the 

TAK1-IKK-NF-κB pathway in 

response to DSBs or whether 

TRAF6 and XIAP cooperate to 

catalyze substrate ubiquitylation. 

Even though TRAF6 or ELKS 

ubiquitylation correlates with 

TAK1-IKK activation, mapping 

and mutagenesis of ubiquitin ac-

ceptor sites, as has been done for 

Lys285 in NEMO (9), will estab-

lish the functional relevance of 

specifi c modifi cations.

In addition to having different 

E3 ligases, the two models also 

differ in the putative requirement of NEMO 

for cytosolic ATM function. Nuclear ATM is 

exported after VP16 treatment in a NEMO-

dependent manner to the cytoplasm, sug-

gesting that both are exported by a piggy-

back mechanism (7). Consistent with this 

model, NEMO defi ciency abrogates ATM-

dependent TAK1 activation in response to 

VP16 or CT (10). In contrast, ATM export 

initiated by IR relies on cellular calcium but 

is independent of NEMO (9). In this scenar-

io, exported NEMO is still sumoylated and 

sumoylation might serve as a signal for its 

mono-ubiquitylation at Lys285. It remains to 

be seen whether the different DSB-inducing C
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Fig. 1. Signals from the nucleus initiate cytoplasmic NF-κB activation in response to DNA damage. 
NF-κB activation can occur through two pathways: Pathway 1 shows the response to double-stranded 
breaks (DSBs) caused by ionizing radiation (IR), and Pathway 2 shows the response to DSBs caused by 
chemotherapeutic drugs. DNA lesion sensor poly(ADP-ribose) polymerase 1 (PARP-1) and the kinase 
ataxia telangiectasia mutated (ATM) are recruited to DNA DSBs.  IR-induced DNA damage triggers the 
calcium-mediated export of ATM and cytosolic assembly of the TRAF6-containing signalosome for IKK 
activation. DNA-damaging agents, such as camptothecin or VP16, trigger the coupled export of ATM and 
sumoylated NEMO and cytosolic activation of a XIAP- and ELKS-containing signalosome for IKK activa-
tion. The activated IKK complex phosphorylates the NF-κB inhibitor IκB to initiate its degradation by the 
26S proteasome and release of the NF-κB heterodimer (p65-p50), which translocate to the nucleus to 
activate transcription of proliferative and antiapoptotic target genes. 
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agents are responsible for the distinct ef-

fects or if further experiments can reconcile 

the differences in ATM export mechanisms.

Both studies also report that exported 

ATM is phosphorylated, refl ecting that the 

cytoplasmic ATM pool is catalytically ac-

tive  (9, 10). However, the causes and con-

sequences of cytosolic ATM kinase activity 

remain unresolved. Two separate pathways 

control the kinase activity of ATM in re-

sponse to oxidative stress or DNA damage 

(20), and it is possible that oxidative stress 

plays a role in the regulation of ATM kinase 

activity outside the nucleus. Mutants that 

are defective in oxidative stress–induced ac-

tivation of the kinase activity should reveal 

whether oxidative stress is involved in acti-

vation of cytosolic ATM kinase activity and 

if it has a role for the cytosolic functions of 

ATM in DNA damage response.

Uncovering the exact mechanism of 

DNA damage–induced NF-κB signaling 

is of clinical relevance, because the anti-

apoptotic effects of NF-κB are thought to 

be a major obstacle to effective antitumor 

chemotherapy or radiotherapy. Combin-

ing agents that effectively antagonize the 

activity of IAPs (21, 22) with genotoxic 

agents may overcome drug resistance of 

cancer cells. A more detailed understand-

ing of the cytosolic ATM adaptor function 

for NF-κB activation may suggest novel 

therapeutic strategies.

References

 1. M. S. Hayden, S. Ghosh, Shared principles in NF-

kappaB signaling. Cell 132, 344–362 (2008).  

 2. S. Vallabhapurapu, M. Karin, Regulation and 

function of NF-kappaB transcription factors in the 

immune system. Annu. Rev. Immunol. 27, 693–

733 (2009).  

 3. B. Piret, S. Schoonbroodt, J. Piette, The ATM 

protein is required for sustained activation of NF-

kappaB following DNA damage. Oncogene 18, 

2261–2271 (1999).  

 4. T. T. Huang, S. M. Wuerzberger-Davis, B. J. Seufz-

er, S. D. Shumway, T. Kurama, D. A. Boothman, 

S. Miyamoto, NF-kappaB activation by campto-

thecin. A linkage between nuclear DNA damage 

and cytoplasmic signaling events. J. Biol. Chem. 

275, 9501–9509 (2000).  

 5. N. Li, S. Banin, H. Ouyang, G. C. Li, G. Courtois, 

Y. Shiloh, M. Karin, G. Rotman, ATM is required 

for IkappaB kinase (IKKk) activation in response 

to DNA double strand breaks. J. Biol. Chem. 276, 

8898–8903 (2001).  

 6. T. T. Huang, S. M. Wuerzberger-Davis, Z. H. Wu, 

S. Miyamoto, Sequential modifi cation of NEMO/

IKKgamma by SUMO-1 and ubiquitin mediates 

NF-kappaB activation by genotoxic stress. Cell 

115, 565–576 (2003).  

 7. Z. H. Wu, Y. Shi, R. S. Tibbetts, S. Miyamoto, 

Molecular linkage between the kinase ATM and 

NF-kappaB signaling in response to genotoxic 

stimuli. Science 311, 1141–1146 (2006).  

 8. M. Stilmann, M. Hinz, S. C. Arslan, A. Zimmer, V. 

Schreiber, C. Scheidereit, A nuclear poly(ADP-

ribose)-dependent signalosome confers DNA 

damage-induced IkappaB kinase activation. Mol. 

Cell 36, 365–378 (2009).  

 9. M. Hinz, M. Stilmann, S. C. Arslan, K. K. Khanna, 

G. Dittmar, C. Scheidereit, A cytoplasmic ATM-

TRAF6-cIAP1 module links nuclear DNA damage 

signaling to ubiquitin-mediated NF-κB activation. 

Mol. Cell 40, 63–74 (2010).  

 10. Z. H. Wu, E. T. Wong, Y. Shi, J. Niu, Z. Chen, S. 

Miyamoto, V. Tergaonkar, ATM- and NEMO-

dependent ELKS ubiquitination coordinates 

TAK1-mediated IKK activation in response to 

genotoxic stress. Mol. Cell 40, 75–86 (2010).  

 11. C. Wang, L. Deng, M. Hong, G. R. Akkaraju, J. 

Inoue, Z. J. Chen, TAK1 is a ubiquitin-dependent 

kinase of MKK and IKK. Nature 412, 346–351 

(2001).  

 12. T. Ishitani, G. Takaesu, J. Ninomiya-Tsuji, H. 

Shibuya, R. B. Gaynor, K. Matsumoto, Role of 

the TAB2-related protein TAB3 in IL-1 and TNF 

signaling. EMBO J. 22, 6277–6288 (2003).  

 13. S. Sato, H. Sanjo, K. Takeda, J. Ninomiya-Tsuji, 

M. Yamamoto, T. Kawai, K. Matsumoto, O. Takeu-

chi, S. Akira, Essential function for the kinase 

TAK1 in innate and adaptive immune responses. 

Nat. Immunol. 6, 1087–1095 (2005).  

 14. A. Kanayama, R. B. Seth, L. Sun, C. K. Ea, M. 

Hong, A. Shaito, Y. H. Chiu, L. Deng, Z. J. Chen, 

TAB2 and TAB3 activate the NF-kappaB pathway 

through binding to polyubiquitin chains. Mol. Cell 

15, 535–548 (2004).  

 15. Y. Kulathu, M. Akutsu, A. Bremm, K. Hofmann, D. 

Komander, Two-sided ubiquitin binding explains 

specifi city of the TAB2 NZF domain. Nat. Struct. 

Mol. Biol. 16, 1328–1330 (2009).  

 16. L. Sun, L. Deng, C. K. Ea, Z. P. Xia, Z. J. Chen, 

The TRAF6 ubiquitin ligase and TAK1 kinase me-

diate IKK activation by BCL10 and MALT1 in T 

lymphocytes. Mol. Cell 14, 289–301 (2004).  

 17. A. Oeckinghaus, E. Wegener, V. Welteke, U. 

Ferch, S. C. Arslan, J. Ruland, C. Scheidereit, 

D. Krappmann, Malt1 ubiquitination triggers NF-

kappaB signaling upon T-cell activation. EMBO J. 

26, 4634–4645 (2007).  

 18. V. G. Bhoj, Z. J. Chen, Ubiquitylation in innate and 

adaptive immunity. Nature 458, 430–437 (2009).  

 19. H. S. Jin, D. H. Lee, D. H. Kim, J. H. Chung, S. J. 

Lee, T. H. Lee, cIAP1, cIAP2, and XIAP act coop-

eratively via nonredundant pathways to regulate 

genotoxic stress-induced nuclear factor-kappaB 

activation. Cancer Res. 69, 1782–1791 (2009).  

 20. Z. Guo, S. Kozlov, M. F. Lavin, M. D. Person, T. T. 

Paull, ATM activation by oxidative stress. Science 

330, 517–521 (2010).  

 21. J. E. Vince, W. W. Wong, N. Khan, R. Feltham, D. 

Chau, A. U. Ahmed, C. A. Benetatos, S. K. Chun-

duru, S. M. Condon, M. McKinlay, R. Brink, M. 

Leverkus, V. Tergaonkar, P. Schneider, B. A. Cal-

lus, F. Koentgen, D. L. Vaux, J. Silke, IAP antago-

nists target cIAP1 to induce TNFalpha-dependent 

apoptosis. Cell 131, 682–693 (2007).  

 22. E. Varfolomeev, J. W. Blankenship, S. M. Wayson, 

A. V. Fedorova, N. Kayagaki, P. Garg, K. Zobel, J. 

N. Dynek, L. O. Elliott, H. J. Wallweber, J. A. Fly-

gare, W. J. Fairbrother, K. Deshayes, V. M. Dixit, 

D. Vucic, IAP antagonists induce autoubiquitina-

tion of c-IAPs, NF-kappaB activation, and TN-

Falpha-dependent apoptosis. Cell 131, 669–681 

(2007).   

10.1126/scisignal.2001712

Citation: K. Hadian, D. Krappmann, Signals from 

the nucleus: Activation of NF-κB by cytosolic ATM 

in the DNA damage response. Sci. Signal. 4, pe2 

(2011).

 on July 12, 2011 
stke.sciencem

ag.org
D

ow
nloaded from

 

http://stke.sciencemag.org

