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In multiple tumor types, activation of the transcription factor NF-�B increases the resistance of tumor cells
to anticancer therapies and contributes to tumor progression. Genotoxic stress induced by chemotherapy or
radiation therapy triggers the ATM-dependent translocation of NF-�B essential modifier (NEMO), also
designated I�B kinase � (IKK�), from the nucleus to the cytosol, resulting in I�B kinase activation by
mechanisms not yet fully understood. RIP1 has been implicated in this response and found to be modified in
cells with damaged DNA; however, the nature of the RIP1 modification and its precise role in the pathway
remain unclear. Here, we show that DNA damage stimulates the formation of a cytosolic complex containing
ATM, NEMO (IKK�), RIP1, and TAK1. We find that RIP1 is modified by SUMO-1 and ubiquitin in response
to DNA damage and demonstrate that modified RIP1 is required for NF-�B activation and tumor cell survival.
We show that ATM activates TAK1 in a manner dependent on RIP1 and NEMO. We also reveal TAK1 as a
central mediator of the alternative DNA damage response pathway mediated by the p38 mitogen-activated
protein kinase (MAPK)/MAPK-activated protein 2 (MAPKAP-2) kinases. These findings have translational
implications and reveal RIP1 and TAK1 as potential therapeutic targets in chemoresistance.

The DNA damage response activates cell cycle checkpoint
and survival pathways that function to prevent DNA replica-
tion until damaged DNA is repaired. These pathways include
the well-characterized ATM (ataxia telangiectasia mutated)/
CHK2 and ATR (ataxia telangiectasia and Rad-3 related)/
CHK1 pathways and the more recently identified ATM/
ATR/p38 mitogen-activated protein kinase (MAPK)/MAPK-
activated protein 2 (MAPKAP-2; hereinafter called MK2)
checkpoint that is active in p53-deficient tumor cells (15, 19).
The transcription factor NF-�B regulates apoptosis induced by
genotoxic stress and is an attractive therapeutic target in tumor
cells whose response to DNA-damaging agents is impaired due
to compromised p53 function. Moreover, constitutive NF-�B
activity is a hallmark of several cancers, and mutations in
NF-�B pathway components have been associated with the
activated B cell (ABC) subtype of diffuse large B cell lym-
phoma (DLBCL), breast cancer, and multiple myeloma (3, 6).
Thus, the inclusion of NF-�B inhibitors in cancer therapy
could have antioncogenic activities as well as augment the
tumor chemotherapeutic response.

NF-�B is normally held in the cytoplasm in an inactive form
bound to inhibitor proteins, such as I�B�. Diverse stimuli, such

as infection, proinflammatory cytokine production, or treatment
with agents that induce DNA damage elicit NF-�B-mediated
transcriptional activity by activating the cytosolic I�B kinase
(IKK) complex, consisting of IKK� and IKK� and a regulatory
subunit designated IKK� or NF-�B essential modifier (NEMO)
(hereinafter referred to as NEMO). IKK activation results in
I�B� phosphorylation, ubiquitination, and subsequent degrada-
tion. The NF-�B (p65/p50) heterodimer is then free to enter the
nucleus and stimulate gene expression (5).

DNA double-strand breaks are also sensed by the poly-
(ADP)-ribosylating enzyme poly(ADP-ribose) polymerase 1
(PARP-1). Upon recognition of DNA double-strand breaks,
PARP-1 catalyzes the attachment of PAR chains to glutamic
acid residues on PARP-1 itself, as well as other substrates.
PAR-modified PARP-1 recruits the ATM kinase and the in-
hibitor of activated STATy (PIASy), which sumoylates the IKK
regulatory subunit NEMO at lysines K277 and K309 (16, 22,
27). DNA damage also stimulates interactions in the nucleus
between NEMO, receptor-interacting protein 1 (RIP1), and
p53-induced protein with death domain (PIDD) (11). PIDD
has been shown to translocate to the nucleus in response to
genotoxic stress, and either PIDD or RIP1 depletion abolishes
DNA damage-induced NF-�B activation and NEMO sumoy-
lation (11). Once sumoylated, NEMO is phosphorylated by
ATM and monoubiquitinated potentially by the inhibitor of
apoptosis protein cIAP1 in the nucleus (9, 12, 27). These
events trigger the translocation of ATM and NEMO into the
cytosol (27); however, the mechanism by which NEMO
monoubiquitination leads to IKK activation is unknown.
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In the present study, we demonstrate that the NF-�B re-
sponse to DNA damage involves the ubiquitin modification of
RIP1 and the recruitment of the ubiquitin-activated kinase
TAK1. We reveal that RIP1, like NEMO, is SUMO-1 modified
by the SUMO E3 ligase PIASy and that modified RIP1 forms
a complex with NEMO, TAK1, and IKK�. RIP1 is also ubiq-
uitin modified in response to DNA damage, and modified
RIP1 signals TAK1 recruitment. We provide evidence that a
RIP1 or TAK1 deficiency abrogates NF-�B activity and sensi-
tizes mouse fibroblasts and multiple human tumor cell lines to
DNA-damaging agents. This study also reveals novel roles for
TAK1 as a critical mediator of the p38 MAPK/MK2 check-
point in p53-deficient human tumor cells. Thus, TAK1 silenc-
ing or inhibition in human tumor cells interferes with both the
NF-�B- and p38 MAPK/MK2-mediated survival pathways,
raising TAK1 as a potential therapeutic target in chemother-
apeutic resistance.

MATERIALS AND METHODS

Cell culture and biological reagents. The targeted disruption of the Rip1 loci
and the generation of Rip1�/� mouse embryonic fibroblasts (MEFs) have been
described previously (13). Nemo- and Tak1-deficient fibroblasts and fibroblasts
from wild-type littermate controls were generously provided by Manolis Paspara-
kis (Institute for Genetics, University of Cologne, Cologne, Germany) and San-
kar Ghosh (Columbia University, New York, NY), respectively. Human U2OS,
HeLa, MCF7, and H1299 cell lines were obtained from ATCC and grown in
Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum. For some experiments, U2OS and H1299 cells were infected with a
lentivirus expressing a control green fluorescent protein (GFP)- or TAK1-spe-
cific short hairpin RNA (shRNA) (Open Biosystems) and selected with 2.0 �g/ml
puromycin, and TAK1 protein levels were determined by immunoblotting. Doxo-
rubicin was obtained from Sigma, and etoposide purchased from Alexis. The
TAK1 kinase inhibitor 5Z-7-oxozeaenol (5Z7) was obtained from Bioaustralis.
Recombinant tumor necrosis factor alpha (TNF-�) and interleukin-1� (IL-1�)
were obtained from Sigma and eBioscience, respectively. The C-terminally Flag-
tagged RIP1 lysine mutant in which lysines at positions 105, 140, 305, and 565
were mutated to arginines (designated 4KR) was generated using PCR-mediated
mutagenesis, and the mutations were confirmed by sequencing. A SUMO-1
moiety devoid of the C-terminal diglycine residues to prevent processing was
then fused in frame to the N terminus of the RIP1 4KR-Flag mutant using PCR,
and the integrity of the fusion confirmed by sequencing.

Preparation and transfection of siRNA. Small interfering RNA (siRNA) oli-
gonucleotides against human RIP1 (CCGACATTTCCTGGCATTGAA and CA
GCTTGATTTACGTCAGCCA), PIASy (AACAAGACAGGTGGAGTTGAT
and AAAAGCTGCCGTTCTTTAATA), UBC13 (GATCCGCACAGTTCTGC
TATC), or TAK1 (UGGCUUAUCUUACACUGGA) were purchased from
Qiagen and Dharmacon, respectively. A scrambled siRNA was purchased from
Dharmacon. U2OS or HeLa cells were transfected using Lipofectamine 2000
(Invitrogen) according to the manufacturer’s instructions and as described pre-
viously (30). HEK293T cells were transfected by calcium phosphate precipitation
as described in reference 16.

Coimmunoprecipitation and Western blotting. RIP1 and NEMO antibodies
were obtained from BD Bioscience. ATM antibody was obtained from Calbi-
ochem. UBC13 and SUMO-1 antibodies were purchased from Zymed, and
�-actin antibody from Sigma. Tak1, PIASy, IKK�, PARP-1, ubiquitin, I�B�, p38
MAPK, and Jun N-terminal protein kinase (JNK) antibodies were all obtained
from Santa Cruz Biotechnology. The phospho-specific antibodies for TAK1,
MKK6, MK2, CDC2, I�B�, p38 MAPK, and JNK were obtained from Cell
Signaling Technology. Anti-total MK2, CDC2, caspase-3, and MKK6 antibodies
were obtained from Cell Signaling Technology. K63-ubiquitin antibody was ob-
tained from Millipore.

For coimmunoprecipitation, cells were lysed in an endogenous lysis buffer (20
mM Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 30 mM
NaF, and 2 mM sodium pyrophosphate) supplemented with Complete protease
inhibitor cocktail (Roche).

For ubiquitination and sumoylation assays, cells were boiled for 10 min in 1%
SDS before immunoprecipitation. Boiled lysates were diluted to 0.1% SDS with
a modified radioimmunoprecipitation (RIPA) buffer (50 mM Tris-HCl, pH 7.5,

150 mM NaCl, 1% NP-40, 0.25% deoxycholic acid, 1 mM EDTA, supplemented
with protease inhibitors and 5 �M N-ethylmaleimide [Sigma]). Cleared lysates
were incubated overnight with RIP1, NEMO, Flag, or anti-K63-ubiquitin anti-
bodies. Immunoprecipitates were washed 3 times with lysis buffer, separated by
SDS-PAGE, transferred to nitrocellulose, and analyzed by immunoblotting with
an antiubiquitin, anti-SUMO-1, or anti-RIP1 antibody.

For Western blot analysis to detect either total protein or phosphorylated
protein, cells were lysed in kinase lysis buffer (10 mM/1 mM KPO4-EDTA, pH
7.05, 5 mM EGTA, pH 7.2, 10 mM MgCl2, 50 mM �-glycerophosphate, pH 7.2,
0.5% NP-40, 0.1% Brij-35) supplemented with a protease inhibitor mixture
(Roche), 1 mM dithiothreitol (DTT), 1 mM Na3VaO4, 1 mM phenylmethylsul-
fonyl fluoride (PMSF).

In vitro kinase and sumoylation assays. For the TAK1 in vitro kinase assays,
cell lysates were immunoprecipitated with an anti-TAK1 antibody and then
incubated with protein A-conjugated beads. Immunoprecipitates were washed 3
times with lysis buffer, and kinase reactions were allowed to proceed for 60 min
at 30°C in 20 �l kinase buffer (20 mM HEPES, pH 7.2, 10 mM MgCl2, 0.1 mg/ml
bovine serum albumin, 3 mM 2-mercaptoethanol) containing 1 �g of His-tagged,
kinase-inactive MKK6(K82A). The reaction samples were separated by SDS-
PAGE, and MKK6 phosphorylation determined by immunoblotting with a phos-
pho-specific MKK6 antibody (Cell Signaling). In vitro sumoylation of RIP1 and
determination of the effects of PIASy on RIP1 sumoylation were performed by
in vitro sumoylation assays described previously (16).

Biochemical fractionation. Cytoplasmic and nuclear fractions were prepared
as described in reference 4. Briefly, treated or untreated U2OS cells were lysed
in a cytosolic lysis buffer containing 10 mM HEPES (pH 7.9), 1.5 mM MgCl2, 300
mM sucrose, 0.5% NP-40, 10 mM KCl, supplemented with DTT and protease
inhibitors. Nuclei were pelleted by a short centrifugation and lysed in a nuclear
buffer containing 20 mM HEPES (pH 7.9), 100 mM NaCl, 0.2 mM EDTA, 20%
glycerol, 100 mM KCl, supplemented with DTT and protease inhibitors. Nuclear
pellets were subjected to a freeze-thaw cycle, sonicated, and centrifuged to
obtain a solubilized nuclear fraction. In coimmunoprecipitation and gel filtration
chromatography experiments, both cytosolic and nuclear fractions were added or
diluted to 150 mM NaCl.

For gel filtration chromatography, U2OS cytosolic extracts were fractionated
using a fast protein liquid chromatography (FPLC) protein purification system
(Pharmacia) on a Superose 6 column (Amersham Biosciences), at 4°C, equili-
brated with buffer A (20 mM HEPES-KOH, 10 mM KCl, 1 mM MgCl2, 1 mM
EDTA, 1 mM EGTA, 1 mM DTT, pH 7.9, 150 mM NaCl, and 0.5% NP-40).
Cytosolic (5 mg) extract was loaded and eluted from the column in buffer A at
a flow rate of 0.4 ml/min, and 500-�l fractions were collected. The column was
calibrated with gel filtration standards (Bio-Rad Laboratories).

Flow cytometry. For cell cycle analysis, human U2OS or H1299 cells infected
with lentiviruses expressing a GFP- or TAK1-specific shRNA were left untreated
or treated with etoposide for 24 and 48 h. The cells were then fixed in 70%
ethanol, stained with propidium iodide (PI), and analyzed for DNA content.

Real-time quantitative PCR analysis. Total RNA was isolated from untreated
and etoposide-treated mouse wild-type, RIP1-deficient, or NEMO-deficient cells
or U2OS cells using Trizol reagent (Invitrogen), and cDNA was generated with
Moloney murine leukemia virus reverse transcriptase (M-MLV RT; Invitrogen).
The real-time PCR primers used in this study are available upon request. Prod-
uct accumulation was monitored by SYBR green fluorescence, with the relative
expression levels determined from a standard curve of serial dilutions of cDNA.
All samples were normalized to �-actin values, and results are displayed as the
fold induction compared to that in the untreated control.

RESULTS

A Rip1 or Nemo deficiency impairs the NF-�B response and
sensitizes MEFs to genotoxic stress. The RIP1 protein has
been implicated in the NF-�B response to DNA damage, and
its role in the initial DNA damage response has been shown to
be independent of its kinase activity and effects on the TNF
pathway (10, 11). Although implicated in DNA damage-in-
duced NF-�B activity, the exact function and relative posi-
tion(s) of RIP1 in this NF-�B pathway remain unclear. Previ-
ous studies suggested a nuclear role for RIP1, demonstrating
that RIP1 is required for the formation of the PIDDosome and
the SUMO modification of NEMO in cells with DNA damage
(11). Although not tested, these findings predict that cells
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deficient for RIP1 or NEMO would be equivalently sensitive to
DNA damage. To test this prediction, we compared the levels
of sensitivity of Rip1-deficient and Nemo-deficient murine em-
bryonic fibroblasts to doxorubicin treatment. We found that
Rip1-deficient and Nemo-deficient cells were equivalently hy-
persensitive to doxorubicin treatment (Fig. 1A), supporting the
idea that both RIP1 and NEMO contribute to the DNA dam-
age response. We also found that I�B� degradation was im-
paired in both Rip1- and Nemo-deficient MEFs treated with
doxorubicin (Fig. 1B), consistent with published studies (8, 10,
22). We also examined NF-�B activity by electrophoretic
mobility shift assay (EMSA) in HEK293 cells transfected
with control or RIP1-specific siRNAs and observed de-
creased NF-�B binding in RIP1-silenced cells treated with
TNF-� or etoposide (data not shown).

To determine why a Rip1 deficiency results in sensitivity to
DNA-damaging agents, we used gene expression profiling to
compare the responses of wild-type and Rip1-deficient MEFs
to etoposide treatment. Ingenuity pathway analysis revealed a
failure to induce survival gene expression when cells lacking
Rip1 were exposed to DNA damage. Specifically, the induction
of Xiap, Bcl2l1, and Birc3 mRNAs was impaired in Rip1-defi-

cient and in Nemo-deficient cells (Fig. 1C). Thus, the absence
of Rip1 or Nemo sensitizes cells to DNA damage due to a
failure to activate NF-�B and correlates with an inability to
induce survival gene expression.

DNA damage stimulates the SUMO-1 and K63-ubiquitin
modification of RIP1. Previous studies detected a modified
form of RIP1 in etoposide-treated cells (11). However, the
precise nature and functional significance of the RIP1 modifi-
cation(s) remain unclear. We detect a modified form of RIP1
in etoposide-treated cells that migrates at approximately 95 to
100 kDa. The 20- to 25-kDa increase in the apparent molecular
mass suggested that RIP1, like NEMO, might be SUMO-1
(small ubiquitin-like modifier) modified in cells with DNA
damage. To determine whether DNA damage leads to RIP1
sumoylation, we treated U2OS cells with etoposide, immunopre-
cipitated RIP1, and examined the immunoprecipitates for the
presence of sumoylated forms. We detected sumoylated forms
of RIP1 40 min following etoposide treatment (Fig. 2A, upper
panel). SUMO-1-modified RIP1 could also be detected in
etoposide-treated cells immunoprecipitated with an anti-
SUMO-1 antibody, followed by immunoblotting with a RIP1
antibody (data not shown). The detection of sumoylated RIP1

FIG. 1. A Rip1 or Nemo deficiency impairs NF-�B response and sensitizes cells to genotoxic stress. (A) Wild-type, Rip1-deficient, or
Nemo-deficient MEFs were left untreated or treated with doxorubicin (Dox; 2 �g/ml), and cell viability was determined at 24 and 48 h. Samples
were done in triplicate; error bars represent the standard deviations. Statistical evaluation was performed using the unpaired Student’s t test. *,
P � 0.05. (B) DNA damage-induced NF-�B activation is impaired in the absence of Rip1 and Nemo. Wild-type (Wt), Rip1-deficient, or
Nemo-deficient MEFs were left untreated, treated with TNF-� for 10 min, or treated with doxorubicin (10 �g/ml) for the time periods indicated.
NF-�B activity was monitored by immunoblotting (IB) with an I�B� antibody. (C) NF-�B-dependent survival gene expression is impaired in Rip1-
and Nemo-deficient MEFs. Wild-type, Rip1-deficient, and Nemo-deficient MEFs were left untreated or treated with etoposide (40 �M) for 6 h,
and Birc3 (cIap2), Xiap, and Bcl2l1(Bcl-xL) mRNA levels were quantified using real-time PCR. Gene expression was normalized to the expression
of �-actin and then normalized to the expression in the untreated control to estimate fold induction. Samples were assayed in triplicate; error bars
represent the standard deviations. Statistical evaluation was performed using the unpaired Student t test. P values, from left to right, are as follows:
P � 0.0008, P � 0.029, P � 0.024, P � 0.0005, P � 0.024, and P � 0.013.
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appears coincident with phospho-I�B� reactivity detected at
30 min following etoposide exposure (Fig. 2A, lower panel).

The SUMO ligase PIASy mediates NEMO sumoylation in
response to genotoxic stress, and RIP1 and NEMO interact in
the nucleus of cells with DNA damage (11, 16). To determine
whether PIASy mediates RIP1 sumoylation, we introduced two
individual PIASy siRNA oligonucleotides into U2OS cells and
tested whether the etoposide-induced SUMO modification of
RIP1 was affected. We were unable to detect sumoylated RIP1
(or NEMO) in the etoposide-treated, PIASy-depleted cells,
indicating that in response to genotoxic stimuli, PIASy may
modify both NEMO and RIP1 (Fig. 2B). To examine whether
PIASy can function as a direct SUMO E3 ligase for RIP1, we
transfected HEK293 cells with Flag-tagged versions of the wild
type or a catalytically inactive form of PIASy C342/347A and
assayed each for their ability to SUMO-1 modify in vitro-trans-
lated RIP1 protein. SUMO-modified RIP1 was detected when
wild-type but not mutant PIASy was expressed (data not
shown).

In addition to the SUMO-1 modification, RIP1 was also
found to be stably ubiquitin modified 30 min following etopo-
side treatment and in steadily increasing amounts for 2 h (Fig.
2C), consistent with the induction and maintenance of NF-�B
activity in cells with DNA damage (Fig. 2A, lower panel).
However, the amount of polyubiquitinated RIP1 was signifi-
cantly less in cells with DNA damage than in those treated with
TNF-� for 10 min (Fig. 2C), suggesting that only a fraction of
the total RIP1 is modified in cells with DNA damage. As in
TNF-treated cells, RIP1 appeared to be stably K63-ubiquitin
modified in etoposide-treated cells (Fig. 2D). Consistent with
this finding, silencing of the E2-conjugating enzyme UBC13
that is responsible for K63-linked polyubiquitination dimin-
ishes the NF-�B response to doxorubicin and sensitizes human
tumor cells to DNA-damaging agents (data not shown). These
findings indicate that in addition to its nuclear role(s), RIP1
and, potentially, K63-ubiquitin-modified RIP1 may function in
the cytosol to assemble an IKK-activating complex in response
to genotoxic stress.

FIG. 2. DNA damage stimulates the SUMO and ubiquitin modification of RIP1. (A) DNA damage stimulates the SUMO-1 modification of
RIP1. Human U2OS cells were left untreated or treated with etoposide (Etop; 40 �M) for the time periods indicated. Protein extracts were boiled
and then immunoprecipitated (IP) with a RIP1 antibody, and sumoylated proteins were detected by immunoblotting (IB) with a SUMO-1 antibody.
(B) A PIASy deficiency reduces SUMO-RIP1 levels in etoposide-treated cells. Human U2OS cells were transfected with control or PIASy-specific
siRNAs and then left untreated or treated with etoposide (40 �M) for 1 h. Protein extracts were boiled and then immunoprecipitated with a RIP1
antibody, followed by immunoblotting with a SUMO-1 antibody. (C) DNA damage stimulates RIP1 polyubiquitination. Human U2OS cells were
left untreated or treated with TNF-� (10 ng/ml) for 10 min or with etoposide for the time periods indicated. Protein extracts were boiled and then
immunoprecipitated with a RIP1 antibody, followed by immunoblotting with antiubiquitin (Anti UB). (D) The experiment as described for panel
C was done using a K63 polyubiquitin antibody for immunoprecipitation and a RIP1 antibody for immunoblotting.
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RIP1 is a novel SUMO-1 substrate, and the SUMO-1 mod-
ification of RIP1 is required for the NF-�B response to DNA
damage. To address a requirement for the posttranslational
modification of RIP1 in the NF-�B response to DNA damage,
we identified 4 putative sumoylation sites in the RIP1 protein
based on the SUMO-1 modification consensus motif (�-K-X-
D/E) and mutated each of these 4 lysines (K105, 140, 305, and
565) to arginines (Fig. 3A); we designated this mutant 4KR. To
determine whether the SUMO-1 modification of RIP1 was
essential for the NF-�B response to DNA damage, we recon-
stituted Rip1-deficient fibroblasts with wild-type RIP1, the
RIP1 lysine mutant (4KR), or a SUMO-1-conjugated version
of the RIP1 4KR mutant (SUMO-1-4KR). The Rip1-reconsti-
tuted cells were left untreated or exposed to etoposide and
NF-�B activity, and cell viability was measured. The expression
of wild-type RIP1 restored the NF-�B response and protected
cells from the effects of DNA damage. In contrast, DNA dam-
age-induced NF-�B activation remained impaired in cells ex-
pressing the RIP1 4KR lysine mutant, and the cells remained
sensitive to etoposide treatment (Fig. 3B and C). The expres-
sion of a SUMO-1-conjugated form of the RIP1 lysine mutant
partially rescued the NF-�B response, increased survival, and
stimulated the ubiquitin modification of RIP1 (Fig. 3B to D).

These studies provide genetic evidence that RIP1 sumoylation
is required for the activation of NF-�B and protection of cells
from genotoxic stimuli and suggest that sumoylation triggers
RIP1 ubiquitination.

DNA damage induces the formation of a large cytosolic
complex containing ATM, NEMO, RIP1, TAK1, and IKK�.
DNA damage stimulates the formation of complexes in the
nucleus consisting of ATM, PARP-1, PIASy, and NEMO, as
well as a PIDD, RIP1, and NEMO complex (11, 22). However,
cytosolic complexes induced by DNA damage have been less
well studied, and as a result, how a nuclear damage signal is
conveyed to the cytosolic IKK and MAK kinases remains
unresolved. We utilized size exclusion chromatography and
coimmunoprecipitation to uncover the cytosolic complexes
induced in cells with DNA damage. Size exclusion chroma-
tography of cytosolic lysates from untreated or etoposide-
treated cells revealed that DNA damage causes a shift in the
migration of both NEMO and RIP1 into overlapping fractions
corresponding to a molecular mass of 	500 to 700 kDa (Fig.
4A, fractions 17 to 21). In contrast to NEMO, only a fraction
of the total RIP1 protein appears to shift to the higher-molec-
ular-mass complex. We then examined the complexes for the
presence of TAK1. TAK1 migrates in three apparent com-

FIG. 3. The SUMO-1 modification of RIP1 mediates the NF-�B response, cell survival, and ubiquitin modification of RIP1 in the DNA damage
pathway. (A) Predicted sumoylation consensus sites on RIP1. RIP1 contains four putative SUMO sites based on a SUMO modification consensus
motif (�-K-X-D/E). Kinase domain is indicated by KD, intermediate domain by ID, and death domain by DD. (B) RIP1 sumoylation is required
for DNA damage-induced NF-�B activation. Rip1-deficient mouse embryonic fibroblasts reconstituted with wild-type RIP1 (Wt), a RIP1 lysine
mutant called 4KR, or a SUMO-conjugated RIP1 4KR mutant were left untreated or exposed to etoposide (Etop; 40 �M) for 2 h. The NF-�B
pathway response was measured by immunoblotting (IB) the cell lysates with a phospho-I�B� antibody. (C) An inability to SUMO-1 modify RIP1
sensitizes cells to DNA damage. Rip1-deficient cells reconstituted with wild-type RIP1 or mutant forms of RIP1 were left untreated or treated with
doxorubicin (Dox; 2 �g/ml) for 24 or 48 h. Viable cells were quantified by trypan blue exclusion. Samples were assayed in triplicate; error bars
represent the standard deviations. Statistical evaluation was performed using the unpaired Student t test. *, P � 0.05; ns, no statistical difference.
(D) Sumoylation is required for the ubiquitin modification of RIP1 in the genotoxic stress response. Rip1�/� cells reconstituted with Flag-tagged
RIP1, RIP1 4KR, and SUMO-1-RIP1 4KR plasmids. Cells were then left untreated or treated with etoposide (40 �M) for 2 h, and lysates were
immunoprecipitated (IP) with anti-Flag antibodies, followed by immunoblotting with SUMO-1, ubiquitin (Anti UB), or RIP1 antibodies.
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plexes in cells with DNA damage. One complex (fractions 17 to
21) migrates with an apparent molecular mass that overlaps
with the NEMO- and RIP1-containing complex. To determine
whether this complex contains NEMO, RIP1, and TAK1 in
one complex, we immunoprecipitated TAK1 from fractions 17
to 21 and then examined the immunoprecipitates for the pres-
ence of NEMO and RIP1. In the untreated cells, interactions
between RIP1, NEMO, and TAK1 were not observed (Fig.
4B). However, when these column fractions were immunopre-
cipitated from etoposide-treated cells, RIP1 and TAK1 and
TAK1 and NEMO associations were readily detected in the

cytosol (Fig. 4B). Interestingly, the DNA damage-induced cy-
tosolic complex that contains NEMO and TAK1 appears to
also contain a modified form of RIP1 (Fig. 4A, marked with an
asterisk). Further analysis revealed that the RIP1 associated
with this complex ran as a smear on a 3 to 8% SDS-PAGE gel,
suggesting that the complex contains modified RIP1 (data not
shown). The results of additional coimmunoprecipitation
experiments confirmed that NEMO interacts with modified
RIP1 in etoposide-treated cells (data not shown). We also
examined the column fractions for the presence of the cat-
alytic IKK subunit, IKK�. DNA damage induced a shift in

FIG. 4. DNA damage induces the formation of a large cytosolic complex containing ATM, NEMO, RIP1, TAK1, and IKK�. (A) A
RIP1/NEMO/TAK1/IKK� complex is detected in the cytosol of cells with DNA damage. U2OS cytosolic extracts were fractionated using an FPLC
protein purification system (Pharmacia) on a Superose 6 column (Amersham Biosciences). Fractions 10 to 37 were separated by SDS-PAGE and
immunoblotted (IB) with NEMO, Rip1, Tak1, and IKK� antibodies. The column was calibrated with gel filtration standards (Bio-Rad Labora-
tories) (B). Fractions 17 to 21 from untreated or etoposide (40 �M)-treated cells were immunoprecipitated (IP) with a Tak1 antibody, followed
by immunoblotting with a RIP1, NEMO, or Tak1 antibody. (C) RIP1 sumoylation is required for TAK1 recruitment. Rip1�/� cells reconstituted
with Flag-tagged versions of wild-type RIP1 (WT), the RIP1 lysine mutant (4KR), or RIP1 4KR conjugated with a SUMO-1 moiety (SUMO1-
4KR) were left untreated or treated with etoposide (40 �M) for 1 h. Cell lysates were immunoprecipitated with a Flag antibody, followed by
immunoblotting with a TAK1 antibody. (D) ATM levels in the nuclear and cytosolic extracts were examined by immunoblotting with an ATM
antibody. Lysates were also probed with anti-PARP1, anti-caspase-3, and �-actin antibodies to monitor the purity of the nuclear/cytosolic lysates
and the total protein levels. (E) DNA damage stimulates interactions between ATM and TAK1, RIP1 and TAK1, and RIP1 and NEMO. Human
U2OS cells were left untreated or treated with etoposide (40 �M) for the time periods indicated. Nuclear and cytosolic extracts were immuno-
precipitated with a TAK1 or NEMO antibody, followed by immunoblotting with either an ATM or RIP1 antibody.
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IKK� into a similar-size complex, suggesting that DNA dou-
ble-strand breaks stimulate the formation of a cytosolic
complex consisting of RIP1, NEMO, TAK1, and IKK� (Fig.
4A). These data are consistent with the hypothesis that
DNA damage stimulates the SUMO and ubiquitin modifi-
cation of RIP1, which in turn recruits and activates TAK1
and IKK� to achieve IKK activation.

To investigate whether RIP1 sumoylation stimulates TAK1
recruitment, we treated Rip1�/� reconstituted cells with eto-
poside and assayed for TAK1 recruitment. We found that the
RIP1 4KR mutant was unable to recruit TAK1 in response to
DNA damage, whereas the addition of a SUMO-1 moiety to
the RIP1 4KR mutant restored the ability of RIP1 to respond
to DNA damage and recruit TAK1 (Fig. 4C). Taken together,
RIP1 sumoylation triggers its ubiquitination and the subse-
quent recruitment of TAK1.

We also prepared nuclear and cytoplasmic fractions from
cells treated with etoposide for various times and examined
each for the presence of ATM, PARP1, and caspase-3. Al-
though ATM is predominantly a nuclear kinase, a small quan-
tity of ATM can be detected in the cytosol (Fig. 4D) (29).
When TAK1 was immunoprecipitated from the cytosolic frac-
tions, we found that etoposide treatment induced interactions
between TAK1 and cytosolic ATM (Fig. 4E). We then exam-
ined the nuclear and cytosolic extracts for the presence of
RIP1. A transient and weak RIP1/NEMO interaction was ob-
served in the nucleus of cells treated with etoposide for 30 min,
similar to previously published work (11). In contrast, a more
robust and sustained RIP1/NEMO interaction was readily de-
tected in the cytosol of etoposide- or doxorubicin-treated cells
(Fig. 4E and data not shown). Moreover, RIP1 also associated
with TAK1, by coimmunoprecipitation (Fig. 4E). Thus, TAK1
associates with ATM and RIP1, while RIP1 also interacts
with NEMO about 1 h following DNA damage (Fig. 4E).
The results of the cytosolic gel filtration experiment suggest
that these proteins associate in one complex. These interac-
tions are coincident with the induction of NF-�B activity as
measured by phospho-I�B� reactivity or I�B� degradation
(Fig. 2A, lower panel), suggesting that a cytosolic ATM, RIP1,
NEMO, and TAK1 complex recruits and activates IKK�.

DNA double-strand breaks stimulate TAK1 kinase activity,
and TAK1 inhibition impairs the NF-�B response and sensi-
tizes cells to genotoxic stress. Treatment with proinflammatory
cytokine TNF-� or IL-1� has been shown to stimulate TAK1
kinase activity, which can be detected using an in vitro kinase
assay or by probing cell lysates with an anti-phospho-TAK1
antibody to measure TAK1 autophosphorylation (21, 29). To
determine whether DNA damage stimulates TAK1 kinase ac-
tivity, we treated the human tumor cell line U2OS with TNF-�,
doxorubicin, etoposide, or gamma irradiation for the time pe-
riods indicated in Fig. 5 and measured anti-phospho-TAK1
levels. We detected a modest increase in phospho-TAK1 re-
activity in doxorubicin-treated cells (Fig. 5A). Treatment of
U2OS cells with etoposide or gamma irradiation, treatments
known to induce numerous DNA double-strand breaks, sig-
nificantly increased and sustained phospho-TAK1 reactivity,
indicating that, like TNF-� treatment, DNA double-strand
breaks are potent inducers of TAK1 kinase activity (Fig. 5A).

To further test the contribution of TAK1 to the genotoxic
stress response, we examined NF-�B activity and sensitivity

to doxorubicin in Tak1-deficient, simian virus 40 T antigen
(SV40T)-immortalized MEFs. A Tak1 deficiency results in an
inability to activate NF-�B in response to TNF-�, IL-1�, or
Toll-like receptor 3/4 (TLR3/4) ligands (20). We found that
TNF- and doxorubicin-induced I�B� degradation was im-
paired in the absence of Tak1 (Fig. 5B) and that Tak1-deficient
cells were hypersensitive to doxorubicin treatment compared
to the results for wild-type controls (Fig. 5C) (P � 0.01).

We then tested whether TAK1 kinase activity was required
for the NF-�B response to DNA damage. To examine a re-
quirement for the kinase activity of TAK1, we pretreated cells
with vehicle or with 5Z7, a potent and highly selective inhibitor
of TAK1 (Bioaustralis) (18, 23, 26). The cells were left un-
treated or exposed to the proinflammatory cytokine TNF-� for
10 min or to doxorubicin for the time periods indicated in Fig.
5. We examined the cell lysates for evidence of I�B� degrada-
tion and measured cell viability. As expected, TNF-� or doxo-
rubicin treatment induced I�B� degradation in the vehicle-
treated cells. Pretreatment with the TAK1 kinase-selective
inhibitor 5Z7 reduced the I�B� degradation observed in cells
treated with TNF-� or doxorubicin (Fig. 5D). Consistent with
the impaired NF-�B response, TAK1 kinase inhibition addi-
tionally sensitized the cells to doxorubicin-induced cell death
(Fig. 5E) (P � 0.05), indicating that the kinase activity of
TAK1 is required for NF-�B activation and survival in re-
sponse to DNA damage.

DNA damage fails to activate TAK1 or NF-�B in the ab-
sence of ATM, NEMO or RIP1. The results of our biochem-
ical studies suggest that ATM, NEMO, and RIP1 are sen-
sors and transducers of the DNA damage signal and lie
upstream of TAK1 and IKK-�. To genetically test this
model, we asked whether Atm, Nemo, and Rip1 are each
required for DNA damage-induced Tak1 activation. Wild-
type, Atm�/�, Nemo�/�, and Rip1�/� mouse embryonic fibro-
blasts were treated with proinflammatory cytokine IL-1� or
TNF-� for 10 to 15 min or exposed to etoposide for the time
periods indicated in Fig. 6. We measured Tak1 kinase activity
using an in vitro kinase assay with a His-tagged, kinase-inactive
MKK6 as a substrate. Additionally, the cell lysates were exam-
ined for phospho-Tak1 and phospho-I�B� levels.

As expected, the IL-1� and TNF-�-induced Tak1 kinase
activities appeared unaffected by an Atm deficiency (Fig. 6A
and B) and, consistent with the role of Nemo downstream of
Tak1 in the IL-1� pathway, similar phospho-Tak1 levels were
detected in the IL-1�-treated Nemo-deficient cells (Fig. 6D).
However, Tak1 kinase and NF-�B activities were significantly
reduced in the etoposide-treated fibroblasts lacking Atm,
Nemo, or Rip1 (Fig. 6A to E). A Rip1 deficiency impaired the
NF-�B response to both TNF-� and etoposide, as reduced
I�B� and Tak1 phosphorylation levels were observed when
Rip1-deficient MEFs or RIP1-silenced human tumor cells
were treated with TNF-� or etoposide (Fig. 6E and data not
shown). Collectively, these data support a model whereby Atm/
Nemo and Rip1 are each required for Tak1 kinase activation
and for an optimal NF-�B response to DNA damage.

RIP1 or TAK1 silencing sensitizes tumor cells to DNA dam-
age due to an inability to induce NF-�B-dependent survival
gene expression. The results of our studies in mouse fibroblasts
implicate Tak1 in the NF-�B response to genotoxic stimuli and
raise the possibility that the TAK1 kinase may protect hu-
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man tumor cells from the effects of DNA-damaging agents
and contribute to chemotherapeutic resistance. To deter-
mine whether TAK1 or RIP1 silencing in human tumor cells
affects NF-�B-dependent survival gene expression, we quan-
tified XIAP and BCL2L1 mRNA levels in human tumor cells
transfected with control or TAK1- or RIP1-specific siRNA
oligonucleotides. Etoposide treatment of cells expressing the
control siRNA stimulated a 2.5-fold increase in XIAP and

BCL2L1 mRNA levels at 30 min, followed by a 5-fold increase
in mRNA levels at 1 and 2 h. However, we observed little to no
induction of XIAP or BCL2L1 expression in the etoposide-
treated RIP1- or TAK1-silenced cultures (Fig. 7A and B),
revealing that both RIP1 and TAK1 contribute to NF-�B-
mediated survival gene expression in tumor cells exposed to
DNA damage. TAK1 silencing also impaired the NF-�B re-
sponse to DNA damage (not shown), and TAK1-depleted hu-

FIG. 5. DNA double-strand breaks stimulate TAK1 kinase activity, and TAK1 inhibition impairs the NF-�B response and sensitizes cells to
genotoxic stimuli. (A) Multiple DNA-damaging agents stimulate TAK1 kinase activity. Human U2OS tumor cells were left untreated or treated
with TNF-� (10 ng/ml) for 10 min, doxorubicin (Dox; 10 �g/ml), or etoposide (Etop; 40 �M) or exposed to 10 Gy gamma irradiation (IR) for the
time periods indicated. TAK1 activity was measured by immunoblotting with a (IB) phospho-specific TAK1 antibody. Total TAK1 levels were
measured by immunoblotting with a TAK1 antibody. (B) The NF-�B response to genotoxic stress is impaired in Tak1-deficient MEFs. SV40T-
immortalized wild-type (Wt) or Tak1-deficient murine embryonic fibroblasts were left untreated, treated with TNF-�, or treated with doxorubicin
for the time periods indicated, and NF-�B activity was measured by monitoring I�B� degradation. Cell lysates were probed with anti-�-actin
antibody to ensure that equal amounts of total protein were loaded. I�B� degradation was quantified using densitometry, and values are shown
for each lane. (C) Tak1-deficient MEFs are hypersensitive to doxorubicin treatment. Wild-type or Tak1-deficient MEFs were treated with
doxorubicin for 24 and 48 h, and viable cells were quantified by trypan blue exclusion. Samples were assayed in triplicate; error bars represent the
standard deviations. The experiment whose results are shown is representative of at least three. Statistical evaluation was performed using the
unpaired Student t test. **, P � 0.01. (D) Treatment with a TAK1 kinase inhibitor impairs the NF-�B response to DNA damage. Human U2OS
cells were pretreated with the TAK1 kinase inhibitor 5Z7 (Bioaustralis) (1 �M) or dimethyl sulfoxide (DMSO) for 2 h. The cells were left untreated
or treated with TNF or doxorubicin for the time periods indicated. NF-�B activation was measured by immunoblotting the cell lysates with an I�B�
antibody. Total protein levels were determined by immunoblotting with an anti-�-actin antibody. (E) TAK1 kinase inhibition sensitizes human
tumor cells to doxorubicin treatment. Human MCF7 tumor cells were pretreated with the TAK1 kinase inhibitor 5Z7 (1 �M) or DMSO control
for 2 h. Cells were then left untreated or treated with doxorubicin for 48 h. Viable cells were quantified by trypan blue exclusion. Samples were
assayed in triplicate; error bars represent the standard deviations. The experiment whose results are shown is representative of at least three.
Statistical evaluation was performed using the unpaired Student t test. *, P � 0.05.
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man tumor cells exhibited significantly more cell death than
doxorubicin-treated control cells (Fig. 7C). Similarly, RIP1
depletion sensitized human tumor cells to doxorubicin or eto-
poside treatment (Fig. 7C and data not shown).

Although our biochemical studies support a model whereby
TAK1 lies downstream of the ATM/NEMO/RIP1 complex in
this NF-�B pathway, it remains plausible that RIP1 and TAK1
mediate independent survival pathways. To perform an epi-
static analysis, we silenced RIP1 and/or TAK1 expression in
HeLa cells and then measured sensitivity to DNA-damaging
agents. Silencing both TAK1 and RIP1 had no added effect on
tumor cell viability following doxorubicin treatment (Fig. 7C),
supporting a model where RIP1 and TAK1 function in the
same pathway to mediate tumor cell survival.

TAK1 mediates the p38 MAPK/MK2 checkpoint in p53-
deficient human tumor cells. The DNA damage response is
primarily mediated by the kinases ATR and ATM, which signal
to the checkpoint kinases CHK1 and CHK2. Yet in the ab-
sence of a functional ATM/CHK2 or an ATR/CHK1/TSP53

pathway, DNA damage activates a third pathway that involves
ATM/ATR signaling to p38 MAPK, which activates a newly
identified checkpoint mediated by MK2 (19). Tumor cells that
inactivate p53 depend on this alternative pathway to mediate
cell cycle arrest and survival following treatment with chemo-
therapeutic drugs that cause DNA damage. Pretreatment with
the p38 MAPK-selective inhibitor SB203580 prior to the ad-
ministration of DNA-damaging agents abolishes MK2 activa-
tion and fails to result in cell cycle arrest (19). Although this
alternative DNA damage pathway is active in most p53-defi-
cient human tumor cells, how DNA damage results in p38
MAPK activation was unknown. To investigate whether this
alternative survival and repair pathway may be mediated by
TAK1, we infected the p53-deficient human lung adenocarci-
noma cell line H1299 with a control GFP or a TAK1-specific
shRNA lentivirus. Alternatively, we pretreated H1299 tumor
cells with a TAK1-selective kinase inhibitor prior to etoposide
exposure. Both TAK1 depletion and TAK1 kinase inhibition
impaired the p38 MAPK and JNK responses to DNA damage

FIG. 6. DNA damage fails to activate TAK1 or NF-�B in the absence of ATM, NEMO, or RIP1. Murine embryonic fibroblasts from Atm-,
Nemo-, or Rip1-deficient mice and control littermates (wild type [Wt]) were left untreated, treated with TNF-� (10 ng/ml) or IL-1� (10 ng/ml),
or treated with etoposide (Etop; 40 �M) for the time periods indicated. TAK1 was immunoprecipitated (IP) from the cell lysates, and TAK1 kinase
activity measured using an in vitro kinase assay with a His-tagged, kinase-inactive MKK6 as a substrate. MKK6 phosphorylation was then measured
using a phospho-specific MKK6 antibody as described in reference 29. Total MKK6 input levels were measured by immunoblotting (IB) with an
anti-MKK6 antibody (A and C). Alternatively, TAK1 activity was measured by immunoblotting cell lysates with a phospho-specific TAK1 antibody
(B, D, and E). Total TAK1 levels were measured by immunoblotting with a TAK1 antibody.
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(Fig. 8A and B and data not shown). We then directly exam-
ined the cell lysates for evidence of MK2 activation. DNA
damage-induced MK2 phosphorylation was significantly im-
paired in the TAK1-silenced cells but not in the control cul-
tures (Fig. 8C), suggesting that TAK1 contributes to the p38
MAPK/MK2-mediated DNA damage response pathway.

To determine whether a TAK1 deficiency interferes with
p38 MAPK/MK2 checkpoint signaling, we compared the cell
cycle profiles of control or TAK1-silenced cells left untreated
or treated with etoposide for 24 or 48 h. Treatment of the
control infected cells with etoposide for 24 h led to the accu-
mulation of cells with 4N DNA content, indicative of an intact
checkpoint. In contrast, when TAK1 expression is limiting,
etoposide-induced cell cycle arrest is impaired, with half as
many cells detected with 4N DNA content (Fig. 8D) (70.3% 

3.7% [mean 
 standard deviation] for control cells versus
42.3% 
 5.4% for TAK1 knockdown cells in three indepen-
dent experiments; P � 0.05). Consistently, an impaired p38
MAPK/MK2 response to DNA damage reduced phospho-
CDC2 levels detected in the TAK1-depleted tumor cells com-
pared to the levels in cells expressing the control GFP shRNA.
These data demonstrate that TAK1 mediates the NF-�B geno-
toxic stress response and the p38 MAPK/MK2 checkpoint.

These findings have translational implications and raise the
TAK1 kinase as a potential therapeutic target for tumors re-
fractory to conventional chemo-/radiation therapy.

DISCUSSION

In the present study, we reveal how nuclear DNA damage
signals are conveyed to the cytosolic IKK and p38 MAPK/MK2
kinases to mediate cell survival. We demonstrate crucial cyto-
solic roles for RIP1 and TAK1 in the NF-�B response, dem-
onstrating that SUMO-1- and ubiquitin-modified RIP1 triggers
recruitment of the ubiquitin-activated kinase TAK1. These
findings indicate that in addition to its nuclear role(s), RIP1
has cytosolic functions and contributes downstream of the nu-
clear ATM/NEMO/RIP1 complex. Our studies also reveal a
requirement for TAK1 in the NF-�B and the alternative p38
MAPK/MK2 survival pathway that is active in p53-deficient
malignancies. We demonstrate that DNA damage stimulates
TAK1 kinase activity and, importantly, that TAK1 kinase inhibi-
tion impairs both NF-�B and p38 MAP/MK2 kinase activation
and thereby sensitizes p53-deficient human tumor cells to DNA-
damaging agents. These findings have implications for transla-
tional cancer research and lead to the prediction that inhi-

FIG. 7. RIP1 or TAK1 silencing sensitizes tumor cells to DNA damage due to an inability to induce NF-�B-dependent survival gene expression.
(A and B) DNA damage fails to induce the expression of NF-�B-dependent survival genes in TAK1- or RIP1-silenced human tumor cell lines.
Human U2OS cells were transfected with a control siRNA, a TAK1 siRNA, or a RIP1 siRNA for 48 h. Cells were then left untreated or treated
with etoposide (Etop; 40 �M) for 0.5, 1, or 2 h. XIAP and BCL2L1(BCL-xL) mRNA levels were quantified using real-time PCR. Gene expression
is reported as copy number per 1,000 copies of �-actin. Samples were assayed in triplicate; error bars represent the standard deviations. Lower
panels show RIP1 and/or TAK1 knockdown efficiency as monitored by immunoblotting the cell lysates with RIP1 or TAK1 antibodies. (C) A RIP1
or TAK1 deficiency does not result in increased doxorubicin (Dox) sensitivity. Human HeLa cells were left untransfected or transfected with
control siRNA, TAK1 siRNA, RIP1 siRNA, or TAK1 plus RIP1 siRNA oligonucleotides for 48 h. Cells were then left untreated or treated with
doxorubicin (2 �g/ml) for 12 and 24 h. Viable cells were quantified by trypan blue exclusion. Samples were assayed in triplicate; error bars represent
the standard deviations. Statistical evaluation was performed using the unpaired Student t test. *, P � 0.05; ns, not significant. (D) RIP1 and/or
TAK1 knockdown efficiency was monitored by immunoblotting the cell lysates with RIP1 or TAK1 antibodies.
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bition of TAK1 and/or RIP1 modification may sensitize p53-
deficient, chemoresistant tumors to DNA-damaging agents.

Our coimmunoprecipitation studies reveal that DNA dam-
age stimulates interactions between ATM, NEMO, RIP1, and

TAK1 in the cytosol of etoposide-treated cells. These findings
led us to interrogate the nature of the cytosolic complexes
formed in response to DNA damage. Size exclusion chroma-
tography revealed that DNA damage causes shifts in RIP1,

FIG. 8. TAK1 mediates the p38 MAPK/MK2 checkpoint in p53-deficient human tumor cells. (A and C) A TAK1 deficiency impairs p38 MAPK,
MK2, and JNK activation in response to DNA damage. Human U2OS cells were infected with a control GFP or TAK1 shRNA lentivirus. The
cells were left untreated, treated with TNF-�, or treated with etoposide (40 �M) for the time periods indicated. Cell lysates were probed with a
phospho-specific p38 MAPK, MK2, or JNK1/2 antibody. Total p38 MAPK, MK2, and JNK1/2 levels were measured by immunoblotting (IB) the
cell lysates with total p38 MAPK, MK2, or JNK1/2 antibody. (B) Inhibiting TAK1 kinase activity impairs the p38 MAPK and JNK1/2 response to
DNA damage. U2OS cells were pretreated with vehicle (dimethyl sulfoxide [DMSO]) or the TAK1-selective kinase inhibitor 5Z7 (Bioaustralis)
(1 �M), and cells were left untreated, treated with TNF-�, or treated with etoposide for various time periods. Levels of JNK and p38 MAPK
activation were measured by immunoblotting the cell lysates with phospho-JNK1/2 or phospho-p38 MAPK antibodies. Total p38 MAPK and
JNK1/2 levels were measured by immunoblotting the cell lysates with p38 MAPK or JNK1/2 antibodies. (D) Impaired cell cycle arrest upon DNA
damage in TAK1-deficient, p53-deficient human tumor cells. H1299 cells were infected with a control GFP shRNA or TAK1 shRNA lentivirus,
and selected cells were left untreated or treated with etoposide (40 �M) for 24 or 48 h. Cell cycle analysis was performed by staining the cells with
PI, followed by flow cytometry. DNA contents are shown as percentages. Phospho-CDC2 levels were compared by immunoblotting the cell lysates
with phospho-specific CDC2 antibodies. Total protein levels were determined by immunoblotting with an anti-�-actin antibody.
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NEMO, TAK1, and IKK� proteins into overlapping fractions
corresponding to a molecular-mass range of 500 to 700 kDa.
Coimmunoprecipitation of column fractions confirmed that
DNA damage induces the formation of a NEMO, RIP1, and
TAK1 complex. Interestingly, these studies also reveal that the
NEMO/TAK1 complex contains modified RIP1. Surprisingly,
only a fraction of the total RIP1 protein appears to be modified
and shifts into the 500- to 700-kDa complex in cells with DNA
damage (Fig. 4A and data not shown). This is in contrast to the
amount of polyubiquitinated RIP1 detected when the same
cells are treated with TNF-� for 10 min (Fig. 2C). The reasons
for these differences are unclear but may reflect the nature of
the NF-�B responses. Although the TNF-induced NF-�B re-
sponse is rapid and robust, occurring within minutes of recep-
tor activation, DNA-damaging agents induce a weaker, more
sustained NF-�B response, detected at 30 min and lasting
several hours. The delay observed in the damage response may
reflect the time required to relay the nuclear damage signal to
the cytosol, whereas the duration of the DNA damage-induced
NF-�B response may reflect how the pathway is negatively
regulated. Cytokine-induced NF-�B responses are terminated
in part by the rapid deubiquitination of cytosolic components,
such as RIP1, TRAF6, and NEMO (1, 2, 14, 24, 25). In con-
trast, the DNA damage-induced NF-�B pathway may be reg-
ulated in the nucleus potentially at the level of the SUMO
proteases that control NEMO and/or RIP1 sumoylation.

In addition to RIP1 and NEMO, the p53-induced protein
with death domain (PIDD) was also shown to interact with
RIP1 to facilitate NEMO sumoylation (11). Yet in contrast to
a Rip1, Nemo, or Tak1 deficiency, Pidd-deficient fibroblasts
appear to respond normally to DNA damage (17). These find-
ings indicate that either PIDD is not absolutely required for
this NF-�B response or that redundant pathways exist in cer-
tain cell types. Consistent with this idea, the requirement for
PARylation in DNA damage-induced NF-�B activation ap-
pears to be cell type dependent (22). In contrast to the study of
Janssens et al., which identified PIDD, RIP1, and NEMO in
the nucleus of HEK293 cells with damaged DNA (11), Stil-
mann et al. failed to detect PIDD or RIP1 as components of
the nuclear PARP-1 complex that is induced in mouse embry-
onic fibroblasts following gamma irradiation (22). These seem-
ingly disparate findings could indicate that the composition of
the DNA damage-induced nuclear complexes vary among cell
types or that the PIDD/RIP1/NEMO nuclear complex func-
tions downstream of the PARP-1 signalsome.

Consistent with this model, the PARP-1 signalsome is de-
tected 10 min after DNA damage, prior to the formation of the
cytosolic RIP1, NEMO, and TAK1 complex which becomes
detectable between 30 min and 1 h following etoposide treat-
ment (Fig. 4) (22). Hence, a delay exists between PARP-1
signalsome (10 min) formation and RIP1 and NEMO sumoy-
lation (�30 min), suggesting that sumoylation is downstream
of the PARP-1 signalsome. This study detected modified RIP1
in the cytosolic complex coincident with the detection of
phospho-I�B� reactivity, thereby temporally linking the
posttranslational modification(s) of RIP1 to IKK activation
(Fig. 2A and 4).

In the present study, we reveal the nature of the RIP1
modifications observed in cells with DNA damage. We find
that RIP1 is SUMO and ubiquitin modified and demonstrate

that PIASy silencing impairs our ability to detect both sumoy-
lated RIP1 and NEMO in etoposide-treated cells (Fig. 2A and
B). Moreover, we detect sumoylated RIP1 and NEMO at
similar time points following DNA damage (Fig. 2A and data
not shown), suggesting that PIASy modifies both NEMO and
RIP1. We provide genetic evidence that modified RIP1 is
required for NF-�B activation and the survival of cells exposed
to genotoxic stimuli (Fig. 3).

DNA damage also stimulates the ubiquitin modification of
RIP1, and sumoylated RIP1 appears to be required for RIP1
ubiquitination and TAK1 recruitment in cells with DNA dam-
age (Fig. 2C, 3D, and 4C). Our preliminary analysis suggests
that more than one RIP1 lysine may be modified in cells with
DNA damage and that sumoylation may precede the ubiquitin
modification of RIP1 (Fig. 3D). Moreover, silencing of the
E2-conjugating enzyme UBC13 that is responsible for K63-
linked polyubiquitination diminishes the NF-�B response and
sensitizes multiple human cancer cell lines to DNA damage
(data not shown). Two recent papers also implicate TAK1,
UBC13, and K63-linked ubiquitination in the NF-�B response
to DNA damage and identify critical roles for an ELKS-XIAP
or a TRAF6-cIAP1 module in the genotoxic stress response (7,
28). These complexes could reflect signaling intermediates in a
common pathway, since we detect ELKS in our etoposide-
induced NEMO/RIP1/TAK1 complex (Y. Yang and M. A.
Kelliher, unpublished data), or these findings could indicate
that different cell types engage distinct modules. Collectively,
these data reinforce crucial roles for K63-ubiquitin in the sta-
bilization and assembly of the cytosolic DNA damage response
complex and reveal that this NF-�B response utilizes ubiquitin-
dependent signaling mechanisms to mediate cell cycle arrest
and survival.

The sensitivity to DNA damage observed in mouse embry-
onic fibroblasts deficient for Nemo, Rip1, or Tak1 prompted us
to test whether RIP1 and TAK1 contribute to the DNA dam-
age response in human tumor cells. We demonstrate that RIP1
and/or TAK1 silencing in multiple human tumor cell lines
results in an impaired NF-�B-dependent antiapoptotic re-
sponse and sensitivity to DNA damage (Fig. 7 and data not
shown). In addition to the DNA damage-induced NF-�B re-
sponse, our studies reveal novel functions for TAK1 in the
alternative p38 MAPK/MK2 checkpoint found to be active in
human tumor cells that lack functional p53 (19). We demon-
strate that TAK1 silencing or TAK1 kinase inhibition impairs
both the p38 MAPK/MK2 and JNK responses to DNA dam-
age, interferes with cell cycle arrest, and sensitizes human
tumor cells to etoposide treatment (Fig. 8).

The present study reveals RIP1 and TAK1 as critical medi-
ators of the genotoxic stress response. Although we provide
evidence that the kinase activity of TAK1 is required for
NF-�B and p38 MAPK/MK2 activation, the kinase activity of
RIP1 has been shown to be dispensable for the initial NF-�B
response to DNA damage (10). Our data establish a require-
ment for modified RIP1 in the NF-�B response to DNA dam-
age, raising the possibility that the SUMO-1 or ubiquitin mod-
ifying enzymes that regulate the genotoxic stress response
could serve as new therapeutic targets in chemoresistance.
Based on the results of our studies, these targets would be
predicted to inhibit the NF-�B response and sensitize resis-
tant tumor cells to DNA-damaging agents without the im-
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mune-associated side effects associated with complete IKK
inhibition.
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