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We have identified a novel pathway of ataxia telangiectasia mutated (ATM) and DNA-dependent protein
kinase (DNA-PK) signaling that results in nuclear factor B (NF-B) activation and chemoresistance in
response to DNA damage. We show that the anthracycline doxorubicin (DOX) and its congener N-benzyladriamycin (AD 288) selectively activate ATM and DNA-PK, respectively. Both ATM and DNA-PK promote
sequential activation of the mitogen-activated protein kinase (MAPK)/p90rsk signaling cascade in a p53independent fashion. In turn, p90rsk interacts with the IB kinase 2 (IKK-2) catalytic subunit of IKK, thereby
inducing NF-B activity and cell survival. Collectively, our findings suggest that distinct members of the
phosphatidylinositol kinase family activate a common prosurvival MAPK/IKK/NF-B pathway that opposes
the apoptotic response following DNA damage.
induced DNA DSBs remains poorly understood. Previously,
two independent studies have reported an essential role of the
ataxia telangiectasia (A-T) mutated (ATM) gene during
NF-B activation following IR or CPT-induced DSBs (24, 38).
Furthermore, activation of the IKK complex upon IR or neocarzinostatin treatment was found to be severely impaired in
A-T lymphoblasts, suggesting that IKKs are required for
ATM-mediated induction of NF-B in response to DNA DSBs
(26).
ATM is a nuclear serine-threonine kinase that belongs to the
family of phosphatidylinositol kinase (PIK)-related kinases,
which, following DNA DSBs, activate multiple pathways involved in stress response, cell cycle progression, and DNA
DSB repair (17, 47). For example, in response to DNA damage, ATM regulates p53 transcriptional activity through direct
phosphorylation on serine 15 and promotes p53 stabilization
through phosphorylation of Chk2 and Mdm2 (47). Importantly, in gamma-irradiated A-T cells, defective activation of
MAP kinases (MAPKs), including extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38␥,
has been documented (18, 23, 46, 48, 53). Because the MEK/
MAPK signaling pathway has been implicated in NF-B activation in response to DNA damage (41) and oncogenic Ras
transformation (1), here we tested whether ATM promoted
NF-B activation through MEK/ERK in response to druginduced DNA damage.
We show that, in response to doxorubicin (DOX)-induced
DNA DSBs, ATM activates a p53-independent MEK/ERK/
p90rsk/IKK signaling pathway that leads to NF-B activation
and cell survival. Importantly, we report that the catalytic subunit of DNA-dependent protein kinase (DNA-PKcs), but not
ATM, mediates NF-B activation via the same MEK-to-IKK

Resistance to cancer chemotherapy may be achieved in multiple ways. In addition to transmembrane-mediated export
mechanisms, the disruption of the apoptotic pathways initiated
by antineoplastic drugs may lead to chemoresistance (30, 40).
Recent evidence indicates that an additional pathway involved
in inducible chemoresistance is triggered by anticancer drugmediated activation of the NF-B transcription factor, which
potently inhibits the apoptotic response following DNA damage (31). Typically, activation of NF-B involves its release
from an IB molecule in the cytoplasm and translocation to
the nucleus. In response to DNA double-strand breaks (DSBs)
generated by topoisomerase (topo) I and II poisons, IB-␣ is
phosphorylated at Ser32 and Ser36 by the IB kinase (IKK)
complex (6, 10, 15, 37), which is formed by the IKK-1 and
IKK-2 catalytic subunits and by a scaffold subunit termed IKK␥/NEMO (32). As a consequence of phosphorylation, the
IB-␣ protein is rapidly ubiquitinated on lysine residues 21 and
22 and degraded through the proteasome pathway, thereby
allowing for migration of NF-B to the nucleus, where it regulates the expression of a variety of genes involved in cell
survival (6, 52). Consistent with this mechanism, inhibition of
NF-B activity through ectopic expression of a degradationresistant mutant IB-␣ sensitized chemoresistant tumors to the
topo I poison camptothecin (CPT) (51).
Although the prosurvival role of NF-B in response to anticancer drug treatment has been well documented, the mechanism of NF-B activation upon drug- or irradiation (IR)* Corresponding author. Mailing address: Department of Pharmacology, University of Tennessee College of Medicine, 874 Union Ave.,
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signaling pathway in response to treatment with the catalytic
inhibitor of topo II N-benzyladriamycin (AD 288).
Overall, our findings suggest that PIK-related kinases can
activate both proapoptotic (p53 and JNK) and antiapoptotic
(IKK) pathways through common upstream mediators and
that the balance between these opposing signals modulates the
cellular response to DNA damage.
MATERIALS AND METHODS

cytomegalovirus promoter (9). The efficiency of gene delivery was determined as
described previously (9).
Electrophoretic mobility shift assay (EMSA). Nuclear extracts were prepared
as described previously (1). Protein concentration was determined with the
Bio-Rad Laboratories (Hercules, Calif.) protein assay. The sequences of the
URE-B- and Octamer-1 (Oct-1)-containing oligonucleotides are 5⬘-AAGT
CCGGGTTTTCCCCAACC-3⬘ and 5⬘-TGTCGAATGCAAATCACTAGAA3⬘, respectively.
EMSA was performed as described previously (1) using approximately 2 ng of
labeled oligonucleotide (20,000 dpm) and 5 g of nuclear extract, and complexes
were resolved in 4.5% polyacrylamide gels.
Immunoblot analysis and IKK kinase assay. For isolation of whole-cell extracts (WCEs), cells were resuspended in cold PD buffer (40 mM Tris [pH 8], 500
mM NaCl, 6 mM EDTA, 6 mM EGTA, 10 mM glycerophosphate, 10 mM NaF,
10 mM p-nitrophenyl phosphate, 300 M Na3V04, 1 mM benzamidine, 2 M
phenylmethylsulfonyl fluoride, 1 mM dithiothreitol, 1 g of leupeptin/ml, 10 g
of aprotinin/ml, 1 g of pepstatin/ml, and 0.5% NP-40), sonicated briefly, and
incubated at room temperature for 30 min. Extracts were then cleared by centrifugation at 40,000 rpm (Beckman TLA-100.3 fixed-angle rotor) for 30 min at
4°C. The IKK and p90rsk kinase assay was performed using GST–IB-␣ or
GST–IKK-2 as described previously (1). Samples (20 to 40 g) were subjected to
electrophoresis on a sodium dodecyl sulfate–10% polyacrylamide gel, and immunoblotting was performed as previously described (3). The antibody preparations for IB-␣ (sc-371), IKK-1 and -2 (sc-7607), ERK (Sc-93-G), phosphoERK (E-4), actin (sc-1615), ribosomal S6 kinase (sc-231), and HA (sc-805) were
purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, Calif.). The antiFlag (F4042) and anti-phospho-MEK1 and -2 (M7683) antibodies were purchased from Sigma. The anti-rabbit immunoglobulin G (IgG; 12-370) was purchased from Upstate Biotechnology. The antibody preparations against ATM
(MS-ATM10-PX1) and phospho-ATM (pS1981) were purchased from GeneTex
(San Antonio, Tex.) and Rockland (Gilbertsville, Pa.), respectively. The antibody
preparation specific for phospho-IKK-1 and -IKK-2 was obtained from Cell
Signaling Technology Inc. (Beverly, Mass.).

RESULTS
Activation of the prosurvival IKK/NF-B signaling pathway
by anthracyclines is independent of p53 and DNA DSBs. Because ectopic expression of p53 has been shown to promote
activation of NF-B (41), we sought to determine whether
NF-B activation by DNA-damaging agents would be impaired
in p53 null cells. Surprisingly, EMSA of p53 null 10(1) cells
treated with 5 M DOX showed an activation of NF-B DNA
binding activity at the 3-h time point that remained elevated up
to 12 h (Fig. 1A, left). Next, we assessed NF-B activation by
the anthracycline congener AD 288, which inhibits topo II
without causing DNA DSBs (28). (10)1 cells treated with 5 M
AD 288 displayed a more pronounced induction of NF-B
DNA binding activity at the 3-h time point than DOX-treated
cells, and induction started to decrease at the 12-h time point
(Fig. 1A, right). Similar results were obtained with DOX- or
AD 288-treated p53 null SAOS cells (data not shown). Thus,
p53 activity is not required for NF-B activation by topo II
inhibitors. In addition, NF-B can be activated in response to
catalytic inhibition of topo II independent of DNA DSBs.
Because the slow kinetics of activation of NF-B by DOX
suggested that activation might require prior protein synthesis,
we assessed the levels of NF-B activity in (10)1 cells treated in
the presence or absence of the protein synthesis inhibitor CHX
(2 g/ml) for 10 min, followed by treatment with 5 M DOX
for 3 h. CHX or DOX treatment alone led to an approximately
fivefold induction of NF-B DNA binding activity (Fig. 1B).
Importantly, treatment with CHX plus DOX resulted in an
eightfold induction of NF-B activity. Thus, these data rule out
the possibility that a cytokine secreted in response to DNA
damage mediates NF-B activation.
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Cell culture and treatment conditions. Murine embryo fibroblasts (10)1 (14)
and NIH 3T3 RelA and 3T3 RelA⫺/⫺ (5) were grown in high-glucose Dulbecco’s
modified Eagle medium (DMEM; BioWhittaker, Walkersville, Md.) with 10%
fetal bovine serum (FBS; Gibco/BRL, Rockville, Md.). (10)1 val cells express a
temperature-sensitive mutant p53 and were described previously (55). HEK 293
cells were grown in RPMI medium (Cellgro, Herndon, Va.) with 10% FBS.
Simian virus 40-transformed human fibroblast lines from a healthy A-T heterozygote (GM00637) and a patient with A-T (GM09607) were obtained from
Coriell Cell Repositories (Camden, N.J.) and grown at low passage in Eagle
minimal essential medium plus Earle salt (Sigma, St. Louis, Mo.) with 15% FBS.
V-3F18 (gift from D. J. Chen, Lawrence Berkeley National Laboratory, Berkeley, Calif.), AA8, and V-3 cells (8) were grown in high-glucose DMEM with 10%
FBS and 94 M ␤-mercaptoethanol.
Cells were incubated with either 5 M DOX (Sigma), 5 M AD 288 (29)
dissolved in dimethyl sulfoxide (DMSO), carrier DMSO as a control, or 20 ng of
tumor necrosis factor alpha (TNF-␣; Sigma)/ml. For treatment, cells were also
incubated for periods of time specified below with 50 to 100 M PD98059, 10 to
20 M UO126, 5 mM caffeine, 50 nM to 5 M wortmannin, and 20 M MG132,
all from Calbiochem (San Diego, Calif.), and 2 g of cycloheximide (CHX;
Sigma)/ml. Cells were irradiated with 80 Gy with a MARK I gamma irradiator.
Transfection conditions. For transient transfection, HEK 293 and GM09607
cells were plated at low confluence in 96-well plates and transfected in triplicate
with a solution of DNA and Lipofectamine reagent according to manufacturer’s
instructions (Gibco/BRL). Sixteen hours after transfection, cells were treated
with 5 M DOX or DMSO carrier solution for 5 h. Cells were harvested after
treatment according to the manufacturer’s protocol in the dual-luciferase reporter assay system (Promega, Madison, Wis.), and lysates were analyzed with a
Labsystems Luminoskan 96-well plate luminometer (Thermolab Systems, Needham Heights, Mass.). Firefly luciferase activity was normalized for Renilla luciferase activity, and results were expressed as levels of induction over vehicletreated cells. Means and standard deviations reflect the results of at least three
experiments, each carried out in triplicate.
Plasmids, small interfering RNAs (siRNAs), adenoviruses, and herpes simplex virus (HSV) amplicon vectors. The wild-type IB-␣–glutathione S-transferase (GST) was a generous gift from J. Hiscott (Institut Lady Davis de Recherches Medicales, Montreal, Quebec, Canada) (27). N-terminally Flag-tagged
ATM (pcDNA3-Flag-ATM) and its kinase-dead mutant version (pcDNA3-FlagKD-ATM) were kind gifts from M. Kastan (St. Jude Children’s Research
Hospital, Memphis, Tenn.). N-terminally hemagglutinin (HA)-tagged p90rsk
(pcDNA3-RSK1) and its kinase-dead mutant version (p90rsk-D205N) were generous gifts from A. Zantema (Leiden Univiversity, Leiden, The Netherlands)
(45). dnMEK1, the dominant negative mutant version of MEK, was a generous
gift from J. Xie (University of Texas, Galveston) (54). Vectors expressing constitutively active mutant IKK-2 (IKK SS/EE) and the dominant negative mutant
IKKAP1 (IKKAP⌬C) have been described previously (34).
The SMARTpool siRNAs specific for p90rsk and MAPK1 (ERK2) were purchased from Upstate Biotechnology (Lake Placid, N.Y.) and were lipofected into
cells according to the manufacturer’s specifications with Lipofectamine 2000
(Invitrogen, Carlsbad, Calif.). As a negative control, we employed four pooled
nonspecific siRNA duplexes that were purchased from Upstate.
The adenovirus vectors expressing wild-type IKK-1 and IKK-2 and dominant
negative forms of IKK-1 (IKK-1 K⬎M) and IKK-2 (IKK-2 K⬎M) have been
described previously (2). Virus stocks were amplified to high titer (Quantum
Biotechnologies, Montreal, Canada). The concentration of viral particles was
determined as described previously (2).
The basic amplicon vector HGCX, containing a reporter cassette consisting of
the enhanced green fluorescent protein (EGFP) gene under the control of the
HSV type 1 (HSV-1) immediate-early promoter, IE4/5, has been previously
described (42). The HSV-1 amplicon vector carrying the full-length cDNA encoding NH2-terminal Flag-tagged wild-type ATM (pHGC-ATM) was obtained
by subcloning the Flag-ATM into the HGCX amplicon under the control of the
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To assess the ability of IKK-1 and IKK-2 to phosphorylate
IB-␣ in response to DOX and AD 288 treatment, we carried
out a kinase assay using GST–wild-type IB-␣ fusion proteins.
Extracts were prepared from DOX-treated (10)1 cells, immu-

noprecipitated with antibodies against IKK-1 and -2, and subjected to kinase assays as described previously (1). We detected
maximal induction of IKK kinase activity after 2 to 3 h of DOX
treatment (Fig. 1C), which indicates conformity with the kinet-
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FIG. 1. The IKK complex mediates NF-B activation and cell survival in response to anthracycline treatment. (A) P53 null (10)1 murine
embryo fibroblasts were treated for the indicated times with 5 M DOX or 5 M AD 288. To measure the levels of NF-B binding activity, nuclear
extracts (5 g) were subjected to EMSA using the upstream NF-B element from the c-myc gene (URE-B) as a probe (11). Band 1, classical
NF-B (p65/p50); band 2, p50 homodimers. As control for equal loading, EMSA was also performed with an Octamer-1 (Oct-1) probe. (B) (10)1
cells were treated for 10 min with 2 g of CHX/ml, followed by incubation for 3 h in the presence or absence of DOX (5 M). Nuclear extracts
(5 g) were subjected to EMSA as described above. Bands were quantified by densitometric analysis and are expressed as the ratios of the optical
density (O.D.) of NF-B to that of Oct-1. (C) (10)1 cells were treated for the indicated times with 5 M DOX, and WCEs were isolated in kinase
buffer. WCEs were immunoprecipitated (IP) with antibodies against IKK-1 and -2, and an aliquot was subjected to a kinase assay using IB-␣–GST
as the substrate (top). An equal aliquot of each immunoprecipitant was subjected to immunoblotting (IB) as indicated (bottom). (D) (10)1 cells
were infected with 10 PFU of adenovirus constructs directing expression of wild-type (wt) IKK-2 or IKK-2 K⬎M for 24 h. Subsequently, cells were
treated for 5 h with 5 M DOX, 5 M AD 288, or DMSO carrier solution. Alternatively, cells were treated for 30 min with 20 ng of TNF-␣/ml
or bovine serum albumin carrier solution. Nuclear extracts (5 g) were subjected to EMSA using as a probe the URE-␤ or the Oct-1 oligonucleotide. (E) HEK 293 cells were plated in triplicate in 96-well plates and transfected by lipofection with 50 ng of NF-B–luciferase construct
in the presence of the indicated amount of wtIKKAP or IKKAP⌬C expression vectors and, as an internal control, a Renilla luciferase expression
plasmid. Total DNA concentration was adjusted to 150 ng with backbone vector (pcDNA). Following 24 h of treatment with 5 M DOX, luciferase
activity was measured and expressed as induction relative to that of DMSO-treated cells, which was set at 1. Means and standard deviations are
representative of three independent experiments carried out in triplicate. (F) Cultures of wild-type and RelA null NIH 3T3 cells were incubated
in medium containing 5 M DOX, 5 M AD 288, or DMSO carrier solution for 24 and 48 h. Cell proliferation was monitored by conversion of
MTS to its formazan product. Means and standard deviations are representative of three independent experiments carried out in triplicate.
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FIG. 2. The MEK/ERK signaling pathway mediates NF-B activation by DOX and AD 288. (A and B) Serum-starved (10)1 cells were treated
for the indicated times with 5 M DOX or 5 M AD 288. WCEs (40 g) were subjected to immunoblotting (IB) using a phospho-specific ERK
antibody (pERK1,2), an antibody against phospho-MEK (S218/S222; pMEK1,2), or antibodies that recognize total ERKs (totERK1,2) or total
MEKs (totMEK1,2). For equal loading, the same filters were hybridized with an antibody against actin. (C) (10)1 cells were treated for 5 h with
5 M DOX or 5 M AD 288 with or without PD98059 (50 M) or UO126 (20 M). Nuclear extracts (5 g) were subjected to EMSA using the
URE-B or Oct-1 probes. O.D., optical density. (D) (10)1 val cells were treated at the nonpermissive temperature of 39°C for the indicated times
with 5 M DOX in the presence or absence of PD98059 (100 M). Nuclear extracts (5 g) were subjected to EMSA as described above. (E) (10)1
val cells were treated at the nonpermissive temperature of 39°C for 1 h with 20 ng of TNF-␣/ml with or without PD98059 (PD; 50 to 100 M) or
UO126 (UO; 10 to 20 M). Nuclear extracts (5 g) were subjected to EMSA as described above. (F) (10)1 cells were treated for 2 h with 5 M

VOL. 24, 2004

1827

(data not shown), excluding the possibility that the autocrine
secretion of a cytokine in response to DNA damage promoted
MAPK activation.
Given the coordinated induction of ERK phosphorylation
and NF-B DNA binding activity in response to either DOX or
AD 288 treatment, we sought to determine the effects of inhibition of MEK on NF-B activation. Treatment of (10)1 cells
with the MEK inhibitors PD98059 and UO126 resulted in
downregulation of DOX-mediated activation of NF-B (Fig.
2C). Similar results were obtained for AD 288-treated cells
(data not shown). Likewise, PD98059 treatment of (10)1 val
cells at the nonpermissive temperature led to complete inhibition of NF-B induction by DOX (Fig. 2D). Importantly, treatment with 50 to 100 M PD98059 or 10 to 20 M UO126 did
not inhibit the activation of NF-B elicited by TNF-␣ treatment (Fig. 2E), indicating that these compounds selectively
target the MEK/ERK/NF-B pathway at these concentrations.
As predicted by our previous results, DOX- and AD 288mediated induction of endogenous IKK-1 and IKK-2 kinase
activity was inhibited by PD98059 treatment (Fig. 2F). Furthermore, ectopic expression of a dominant negative mutant
MEK (54) in HEK 293 cells reduced DOX-mediated induction
of an NF-B-driven luciferase construct in a dose-dependent
manner (Fig. 2G).
To further assess the role of ERKs during activation of
NF-B in response to DOX treatment, we used RNA interference to disrupt ERK2 gene expression and measured the
levels of activation of the IKK complex in response to DOX
treatment. For this purpose, we used an antibody specific for
the phosphorylated forms of IKK-1 and IKK-2 raised against
serines 180 and 181, respectively, within their activation loop.
We detected a significant enhancement of IKK phosphorylation levels following 2 h of DOX in untreated or siRNA control-treated cells. In contrast, silencing the expression of ERK2
attenuated the phosphorylation levels of the IKK complex following DOX treatment (Fig. 2H). Thus, ERK2 is required for
DOX-mediated activation of NF-B.
We next determined the levels of NF-B activity in gammairradiated cells treated in the presence or absence of PD98059.
Exposure of (10)1 cells to 80 Gy, a dose that has been previously shown to induce NF-B activity (16), resulted in upregulation of NF-B DNA binding levels, which was inhibited by
pretreatment with PD98059 (Fig. 2I). Thus, the MEK/ERK
pathway mediates NF-B activation in response to another
DNA DSB-inducing agent.
In conclusion, the results from the EMSA, kinase assay,
transient transfection, and RNA interference assay indicate an

DOX or 5 M AD 288 with or without PD98059 (100 M). The IB kinase assay was performed as described in the legend of Fig. 1. (G) HEK
293 cells were plated in triplicate in 96-well plates and transfected by lipofection with 50 ng of the NF-B–luciferase construct in the presence of
the indicated amount of dominant negative (dn) MEK expression vector and, as an internal control, a Renilla luciferase expression plasmid. The
final DNA concentration was adjusted to 150 ng with the parental control vector pCMV. Following 24 h of treatment with 5 M DOX, luciferase
activity was determined as described in the legend of Fig. 1. Means and standard deviations (bars) are representative of three independent
experiments carried out in triplicate. (H) HEK 293 cells were lipofected with 100 nM siRNA specific for ERK2 (si-ERK2) or 100 nM nonspecific
siRNA control (si-cont). After 48 h of transfection, cells were treated for 2 h with 5 M DOX or DMSO carrier solution and WCEs were subjected
to immunoblotting with an antibody specific for ERK-1 and -2 (top) or an antibody that recognizes IKK-1 and -2 phosphorylated at serines 180
and 181, respectively (middle). The same blot was also hybridized with an antibody against actin (bottom). (I) (10)1 val cells were treated for 1 h
in the presence or absence of PD98059 (50 M). Cells were then irradiated with 80 Gy and incubated at 39°C for 3 h. Nuclear extracts (5 g) were
subjected to EMSA as described above.
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ics of NF-B DNA binding activity observed previously (Fig.
1A). In contrast, we did not detect IKK kinase activity using
IB-␣ with mutations at serines 32 and 36 (data not shown).
Thus, the IKK complex mediates IB-␣ phosphorylation in
response to AD 288 and DOX treatment.
To further confirm these results, (10)1 cells were infected
with adenovirus constructs expressing wild-type IKK-2 or the
dominant negative IKK-2 K⬎M, a potent repressor of NF-B
activity (34). After 24 h of infection, nuclear extracts from cells
treated with DOX, AD 288, or TNF-␣ were isolated and subjected to EMSA as described above. Cells expressing green
fluorescent protein (GFP) or wild-type IKK-2 displayed increased levels of NF-B binding in response to DOX or AD
288 treatment (Fig. 1D). In contrast, NF-B activation by
DOX or AD 288 was inhibited in cells expressing IKK-2 K⬎M.
As expected, IKK-2 K⬎M, but not wild-type IKK-2, attenuated NF-B activation in response to TNF-␣ treatment. Similarly, ectopic expression of the dominant negative mutant
IKKAP⌬C, which had been shown previously to block IKK
complex activation by TNF-␣ and Ras (1, 33) but not that of
its wild-type counterpart, wt IKKAP, inhibited DOX- and
AD288-mediated induction of NF-B luciferase activity (Fig.
1D). Thus, activation of the IKK complex is required for induction of NF-B by anthracycline congeners.
To determine the role of NF-B during anthracycline-mediated cell killing, cultures of wild-type and p65 (RelA) null
NIH 3T3 cells were incubated in the presence of DOX, AD
288, or DMSO carrier alone for 24 and 48 h and cell viability
was monitored by MTS assay. DOX or AD288 treatment for
48 h resulted in approximately 40% cell death of wild-type NIH
3T3 cells. Interestingly, similarly treated RelA null cells displayed 75 and 95% cell death, respectively (Fig. 1F). Furthermore, ectopic expression of RelA in RelA null NIH 3T3 cells
rescued cell killing by DOX (data not shown). Thus, the results
from this genetic analysis support a model in which inhibition
of NF-B activity potentiates anthracycline-mediated cell killing.
A p53-independent MEK/ERK signaling pathway mediates
IKK complex and NF-B activation in response to anthracycline treatment. MAPKs have been implicated in NF-B activation in response to Ras activation (1, 13, 45, 50) or ectopic
expression of p53 (41). Thus, we sought to determine whether
anthracycline drug treatment also promoted activation of
NF-B through the MEK/ERK signaling pathway. Indeed, we
detected induction of ERK and MEK phosphorylation after
2 h of DOX or AD 288 treatment (Fig. 2A and B). Consistent
with our previous results in Fig. 1B, CHX treatment did not
prevent induction of ERK phosphorylation by DOX or AD 288
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essential role of the MEK/ERK signaling pathway during
NF-B activation by DNA-damaging agents.
Inducible association of p90rsk and IKK-2 mediates NF-B
activation in response to DOX treatment. Given the ability of
ribosomal S6 kinase (p90rsk), a downstream target of ERK, to
mediate NF-B activation in response to phorbol ester treatment (12, 50), we sought to determine its role during anthracycline-mediated activation of NF-B. To address this issue,
WCEs of untreated or DOX-treated (10)1 cells were isolated,
immunoprecipitated with antibodies against p90rsk, and subjected to kinase assays using GST–wild-type IB-␣ fusion proteins. As depicted in Fig. 3A, immunoprecipitated p90rsk from
DOX-treated cells displayed three- to fourfold induction of
IB-␣ kinase activity over control values. Consistent with our
previous data, IB-␣ phosphorylation by p90rsk activity was
inhibited by treatment with PD98059 (Fig. 3A). To assess the

functional relevance of p90rsk IB-␣ kinase activity, we next
determined the effects of ectopic expression of a dominant
negative mutant p90rsk (p90rsk-D205N) on DOX-mediated
NF-B activation in HEK 293 cells. In p90rsk-D205N, the aspartic acid at position 205 in the ATP-binding site of the
amino-terminal kinase domain is replaced by asparagine (45).
Expression of p90rsk-D205N, but not of its wild-type counterpart, abolished DOX-mediated transcriptional activation of
NF-B (Fig. 3B). Thus, both IKK and p90rsk kinase activities
are required for efficient NF-B activation in response to anthracycline treatment.
To examine whether IKKs and p90rsk form a complex in
vivo, we transfected an expression vector for N-terminally HAtagged p90rsk into HEK 293 cells, together with an expression
vector for Flag-tagged IKK-2. After 24 h of transfection, cells
were incubated for 2 h with DMSO alone or DOX. Subse-
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FIG. 3. p90rsk mediates IKK complex and NF-B activation by anthracyclines through association with the IKK-2 subunit. (A) (10)1 cells were
treated at the indicated time points with 5 M DOX or 5 M AD 288 in the absence or presence of PD98059 (100 M). Following
immunoprecipitation (IP) with an antibody against p90rsk, a kinase assay using IB-␣–GST as the substrate was performed (top). An equal aliquot
of each immunoprecipitant was subjected to immunoblotting (IB) as indicated (bottom) with an anti-p90rsk antibody. ns, nonspecific. (B) HEK 293
cells were plated in triplicate in 96-well plates and transfected by lipofection with 50 ng of NF-B–luciferase construct in the presence of the
indicated amount of empty vector (pcDNA) or vectors directing expression of either the wild-type (wt) or dominant negative (D205N) p90rsk gene.
Following 24 h of treatment with 5 M DOX, luciferase activity was determined as described in the legend of Fig. 1. Means and standard deviations
are representative of three independent experiments carried out in triplicate. Bars represent standard deviations. (C) HEK 293 cells were
transfected by lipofection with vectors directing expression of N-terminally HA-tagged p90rsk (HA-p90rsk) or Flag-tagged IKK-2 (Flag–IKK-2).
Transfected cells were treated for 2 h with 5 M DOX or DMSO carrier solution. Following immunoprecipitation with an antibody (Ab) against
Flag (i) or against HA (ii), immunoblotting with equal immunoprecipitated aliquots of either IKK-2 or p90rsk protein, as indicated, was performed.
Samples were also immunoprecipitated with an anti-IgG antibody and immunoblotted with HA or Flag as a negative control. (D) HEK 293 cells
were treated for 2 h with 5 M DOX or DMSO vehicle. WCEs (2 mg) were immunoprecipitated with an anti-p90rsk antibody (i), an anti-IKK1
and -2 antibody (ii), or an anti-IgG antibody as a negative control. Following immunoprecipitation, immunoblotting of equal immunoprecipitated
aliquots was performed with an anti-p90rsk or an anti-IKK-2 antibody. Aliquots of nonimmunoprecipitated (no IP) WCEs (80 g) were also
subjected to immunoblotting with an anti-IKK-2 or anti p90rsk antibody (bottom). (E) HEK 293 cells were transfected as described above with
vectors directing expression of HA-p90rsk or dominant negative mutant (HA-D205N) p90rsk and Flag-tagged IKK-2 (Flag–IKK-2). Immunoprecipitation and immunoblotting were performed as described above. In addition, nonimmunoprecipitated WCEs (25 g) were subjected to
immunoblotting with antibodies against IKK-2 or actin (bottom).
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quently, WCEs were immunoprecipitated with an anti-Flag
antibody and immunoblotted with an anti-HA antibody. Immunoprecipitation of Flag–IKK-2 with the anti-Flag but not
the anti-IgG antibody resulted in coprecipitation of HA-p90rsk
(Fig. 3C, i). Interestingly, the interaction between HA-p90rsk
and Flag–IKK-2 increased approximately threefold in response
to DOX treatment. Similar results were obtained when WCEs
were immunoprecipitated with an anti-HA antibody (Fig. 3C,
ii). Thus, p90rsk can associate with the IKK complex and this
interaction is induced following DOX treatment.
To assess whether endogenous p90rsk and IKK-2 proteins
form a complex in vivo following DOX stimulation, we immunoprecipitated WCEs of (10)1 cells treated for 2 h with 5 M
DOX or DMSO vehicle using an anti-p90rsk antibody (Fig. 3D,
i) or an antibody specific for IKK-1 and -2 (Fig. 3D, ii). We
detected association of IKK-2 with p90rsk in DMSO-treated
cells, better seen on prolonged exposure (Fig. 3D and data not
shown). However, as predicted by our previous results, DOX
treatment led to a significant enhancement of the interaction
between p90rsk and IKK-2 (Fig. 3D). Furthermore, p90rsk and
IKK-2 protein expression levels remained unchanged following
DOX treatment (Fig. 3D), indicating that their inducible association is not simply due to augmented expression of p90rsk
or the IKK-2 protein. Similar results were obtained with AD

288-treated cells (data not shown). To assess whether p90rsk
kinase activity was required for enhanced p90rsk association
with the IKK complex, we transfected HA-p90rsk and HA–
p90rsk-D205N with Flag-tagged IKK-2 in HEK 293 cells. Immunoprecipitation of HA-p90rsk or HA–p90rsk-D205N with the
anti-HA antibody resulted in coprecipitation of Flag–IKK-2
(Fig. 3E). As we observed previously (Fig. 3D), the association
between HA-p90rsk and Flag–IKK-2 was increased by DOX
treatment. In contrast, DOX treatment did not increase further the interaction of HA–p90rsk-D205N with Flag–IKK-2.
Importantly, expression of HA–p90rsk-D205N did not inhibit
the expression of the cotransfected wild-type IKK-2 (Fig. 3D).
Thus, the inducible association between p90rsk and IKK-2 is
dependent on an intact ATP-binding site in the amino-terminal kinase domain of p90rsk.
To determine the effect of the inducible association of p90rsk
with IKK-2 on IB-␣ degradation, we transfected 293 cells with
the HA-p90rsk or the HA–p90rsk-D205N construct and assessed
IB-␣ protein expression levels following DOX treatment. We
observed a significant delay in IB-␣ degradation in cells expressing HA–p90rsk-D205N compared to cells transfected with
the HA-p90rsk vector (Fig. 4A). Consistent with the inducible
association between p90rsk and IKK-2 being required for IKK
complex activation by DOX, cotransfection of the D205N
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FIG. 4. p90rsk is required for NF-B activation. (A) HEK 293 cells were lipofected as described in the legend of Fig. 3 with vectors directing
expression of HA-p90rsk or dominant negative mutant (HA-D205N) p90rsk. Transfected cells were then treated for the indicated times with 5 M
DOX. WCEs (50 g) were subjected to immunoblotting (IB) with an anti-IB-␣ or actin antibody. (B) HEK 293 cells were transfected as described
above and treated for 2 h with 5 M DOX. WCEs were subjected to immunoblotting with an antibody that recognizes IKK-1 and -2 phosphorylated
at serines 180 and 181, respectively (top). The same blot was also hybridized with an antibody against actin (bottom). (C) HEK 293 cells were
transfected by lipofection with vectors directing expression of HA-tagged wild-type p90rsk (HA-p90rsk) or the dominant negative mutant (HAD205N) p90rsk. After 24 h, transfected cells were treated for 2 h with 5 M DOX or DMSO carrier solution. Following immunoprecipitation (IP)
with an antibody against p90rsk, a kinase assay using GST–IKK-2 as the substrate was performed (top). The immunoprecipitants were also subjected
to immunoblotting with the anti-HA antibody (bottom). (D) WCEs of HEK 293 cells that had been incubated for 2 h with 5 mM DOX, AD 288,
or DMSO carrier solution were immunoprecipitated with an antibody specific for p90rsk. Subsequently, immunoprecipitants were subjected to
kinase assay as described above. Equal aliquots of the immunoprecipitants were subjected to immunoblotting with an anti-p90rsk antibody.
(E) HEK 293 cells were lipofected with 100 nM siRNA specific for p90rsk (si-p90rsk) or 100 nM siRNA nonspecific siRNA control (si-cont). After
48 h of transfection, cells were treated for 2 h with 5 M DOX or DMSO carrier solution and WCEs were subjected to immunoblotting with a
p90rsk-specific antibody (top), a phospho-specific IKK-1 and -2 antibody (middle), or an antibody against actin (bottom).
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dominant negative mutant, but not the wild-type p90rsk, abolished the induction of IKK complex phosphorylation in response to DOX treatment of HEK 293 cells (Fig. 4B). To
determine whether p90rsk phosphorylated IKK-2 directly, aliquots of the same extract described in the legend for Fig. 4B
were immunoprecipitated with an anti-HA antibody and subjected to kinase assays using GST–IKK-2 as the substrate.
DOX treatment resulted in a significant induction of p90rsk
phosphorylation levels (Fig. 4C), presumably due to autophosphorylation. Importantly, we did not observe a significant increase of p90rsk-mediated phosphorylation of GST–IKK-2 in
response to DOX treatment (Fig. 4C). Consistent with this
finding, we did not measure a significant phosphorylation of
GST–IKK-2 by the endogenous p90rsk in DOX-treated (10)1
cells (Fig. 4D). Thus, p90rsk does not phosphorylate directly
the IKK-2 subunit.
To provide genetic evidence of the requirement of p90rsk for
DOX-mediated activation of NF-B, we used RNA interference to disrupt p90rsk gene expression and measured the levels
of activation of the IKK complex in response to DOX treatment. We observed a significant enhancement of IKK phosphorylation levels following 2 h of DOX in siRNA controltreated cells. In contrast, silencing the expression of p90rsk
attenuated the phosphorylation levels of the IKK complex following DOX treatment (Fig. 4E). Thus, p90rsk is essential for
DOX-mediated activation of NF-B.
Collectively, our results indicate that inducible association

between the endogenous p90rsk and IKK-2 molecules is essential for anthracycline-mediated activation of NF-B.
ATM is required for NF-B activation in response to DOX,
but not AD 288, treatment. Because Rotman and coworkers
reported an essential role of the ATM gene during NF-B
activation in response to CPT and ionizing radiation (26), we
sought to determine the levels of NF-B activity in response to
DOX treatment of wild-type (GM00637) and A-T (GM09607)
fibroblasts (35). Treatment of GM00637 cells with 5 M DOX
for the indicated times (Fig. 5A) resulted in activation of
NF-B DNA binding activity with kinetics similar to those seen
in (10)1 cells (Fig. 1A). In contrast, GM09607 fibroblasts failed
to display NF-B activation in response to DOX treatment
(Fig. 5A, right). Importantly, TNF-␣ treatment of both cell
lines resulted in efficient activation of NF-B, indicating the
specificity of the signaling impairment. Thus, ATM is required
for DNA DSB-mediated induction of NF-B activity in response to topo II (DOX) as well as topo I (CPT) poisons (26).
To further confirm the involvement of the IKK complex
during anthracycline-mediated NF-B activation, we infected
wild-type fibroblasts with adenovirus constructs directing expression of IKK-2 K⬎M or GFP and measured NF-B DNA
binding activity following DOX or AD 288 treatment. As
shown in Fig. 5B, both uninfected cells and cells expressing
GFP treated for 5 h with 5 M DOX or 5 M AD 288
displayed increased levels of NF-B DNA binding activity. In
contrast, NF-B activation by DOX or AD 288 in cells express-
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FIG. 5. ATM is required for activation of NF-B and ERK by DOX. (A) Wild-type (GM00637) and A-T (GM09607) fibroblasts were treated
for the indicated times with 5 M DOX. Alternatively, cells were treated for 30 min with 20 ng of TNF-␣/ml or bovine serum albumin carrier
solution. NF-B DNA binding activity was determined by EMSA using as probe the URE-␤ or the Oct-1 oligonucleotide, as described in the
legend of Fig. 1. (B) GM00637 cells were infected for 24 h with 10 PFU of adenovirus (ad) constructs directing expression of wild-type (wt) IKK-2
or dominant negative IKK-2 K⬎M. Subsequently, cells were treated for 5 h with 5 M DOX, 5 M AD 288, or DMSO carrier solution. Nuclear
extracts (5 g) were subjected to EMSA. (C) GM00637 or GM09607 cells were treated for 5 h with 5 M DOX, 5 M AD 288, or DMSO carrier
solution. Nuclear extracts were subjected to EMSA. (D) GM00637 (wt) or GM09607 (A-T) cells were treated for the indicated times with 5 M
DOX or 5 M AD 288. WCEs (40 g) were subjected to immunoblotting (IB) with an antibody that recognizes phospho-ERK species (pERK1,2)
or total ERK (totERK1,2). As a control for equal loading, the same filters were hybridized with an antibody against actin.
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(Fig. 6D). Thus, ectopic Flag-ATM is activated in response to
DOX treatment. We next assessed the levels of NF-B and
ERK activity in HGCX- and HGC-ATM-infected GM09607
(A-T) cells following DOX treatment. As shown in Fig. 6E, we
did not observe induction of NF-B DNA binding activity or
enhancement of ERK phosphorylation in either uninfected
cells or cells expressing GFP treated for 5 h with 5 M DOX.
In contrast, DOX-treated HGC-ATM-infected cells displayed
a three- to fourfold induction of NF-B DNA binding activity
and ERK phosphorylation levels. Thus, ectopic expression of
ATM is sufficient to restore both NF-B and ERK activation
by DOX in A-T cells.
To demonstrate the requirement of ATM and MEK/ERK
for the induction of NF-B transcriptional activity following
DOX treatment, we transfected A-T fibroblasts with pcDNA3
mammalian vectors directing expression of N-terminally Flagtagged ATM (pcDNA3-Flag-ATM) or its kinase-dead mutant
version (pcDNA3-Flag-KD-ATM) and measured its effect on
NF-B–luciferase activity in the presence or absence of the
MEK inhibitor PD98059. As expected, in A-T fibroblasts we
detected only marginal activation of NF-B–luciferase activity
in response to DOX treatment (Fig. 6F). In contrast, ectopic
expression of Flag-ATM resulted in an approximately sevenfold induction of NF-B–luciferase activity following stimulation with DOX whereas ectopic expression of Flag–KD-ATM
led to a more modest threefold increase of NF-B–luciferase
activity. Importantly, treatment with 50 M PD98059 resulted
in complete inhibition of DOX-mediated induction of NF-B
luciferase activity in Flag-ATM-transfected cells. Thus, ATM
regulates NF-B activation through the MEK/ERK signaling
pathway.
DNA-PKcs is required for activation of the MEK/ERK signaling pathway by AD 288. Because treatment with 5 mM
caffeine did not inhibit NF-B activation by AD 288 (Fig. 6A),
we asked whether another PIK-related family member was
required for AD 288 activation of NF-B. To explore this
issue, we treated A-T fibroblasts with wortmannin, a broad PIK
inhibitor, and assessed NF-B DNA binding activity following
incubation with AD 288 (44). Wortmannin treatment reversed
NF-B activation by AD 288 (Fig. 7A). Likewise, treatment
with PD98059 or with the proteasome inhibitor MG132 inhibited the induction of NF-B in response to AD 288 treatment
(Fig. 7B), indicating that the MEK-to-IKK pathway regulates
AD 288-mediated NF-B activation also in GM09607 (A-T)
cells.
Previously, it has been shown that DNA-PKcs, a member of
the PIK-related family involved in DSB repair or V(D)J recombination, could be inhibited by wortmannin but was not
sensitive to 5 mM caffeine treatment (44). Thus, we sought to
determine whether DNA-PKcs mediates activation of NF-B
by AD 288. For this purpose, we assessed the levels of NF-B
DNA binding activity following AD 288 treatment of DNAPKcs⫺/⫺ cells. As shown in Fig. 7C, left, treatment of wild-type
Chinese hamster ovary (CHO) AA8 cells with 5 M AD 288
resulted in induction of NF-B DNA binding activity with
kinetics similar to those seen in GM00637 fibroblasts (Fig. 5C).
In contrast, induction of NF-B activity in AD 288-treated
DNA PKcs⫺/⫺ CHO V-3 cells was impaired (22, 36) (Fig. 7B,
right). Importantly, stable expression of DNA-PKcs in the
DNA-PKcs⫺/⫺ CHO V-3F18 cells restored induction of
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ing IKK-2 K⬎M was dramatically reduced. Thus, the IKK
complex is required for ATM-mediated activation of NF-B in
response to anthracycline treatment of GM00637 fibroblasts.
Next, we assessed the role of ATM during NF-B activation
in response to AD 288 treatment that does not cause DNA
DSBs. Once again, DOX treatment of A-T GM09607 fibroblasts failed to activate NF-B (Fig. 5C). In contrast, AD 288
treatment of A-T fibroblasts led to induction of NF-B DNA
binding levels to an extent comparable to that seen in their
wild-type counterpart (Fig. 5C, right), indicating that ATM is
dispensable for AD 288-mediated induction of NF-B.
Because the MEK/ERK pathway is required for NF-B activation in response to DOX treatment and ATM is essential
for NF-B activation by DOX, we sought to determine
whether ERK activation by DOX in A-T fibroblasts is impaired. As shown in Fig. 5D, either DOX or AD 288 treatment
of wild-type GM00637 fibroblasts led to induction of ERK
phosphorylation at the 3-h time point, which indicated conformity with the kinetics of NF-B activation seen previously (Fig.
5C). In contrast, DOX treatment of A-T fibroblasts failed to
induce ERK phosphorylation (Fig. 5D), as well as NF-B activation (Fig. 5A and C). Interestingly, AD 288 treatment of
A-T fibroblasts led to efficient induction of both ERK phosphorylation (Fig. 5D) and NF-B DNA binding activity (Fig.
5C), again indicating that AD 288 stimulates ERK and NF-B
activities through different pathways.
ATM promotes NF-B activation through activation of the
MEK/ERK signaling pathway. To further establish the role of
ATM during activation of the MEK/ERK signaling pathway in
response to DOX treatment, we sought to determine the effect
of inhibitors of ATM kinase activity on NF-B activation and
ERK phosphorylation. For this purpose, we treated (10)1 cells
with DOX or AD 288 in the presence or absence of caffeine (5
mM), which, at this concentration, has been shown to inhibit
ATM and ATR kinases but not DNA-PKcs (43). As shown in
Fig. 6A, caffeine reversed NF-B activation only by DOX, not
by AD 288, again suggesting that ATM and ATR do not
mediate NF-B activation in response to AD 288 treatment.
Likewise, treatment of GM00637 cells with wortmannin, another well-established ATM inhibitor (4), inhibited NF-B activation by DOX in a dose-dependent fashion (Fig. 6B), suggesting that ATM mediates NF-B activation following DOX
treatment also in GM00637 fibroblasts. As predicted by our
previous data, treatment of (10)1 cells with 20 M U0126, 5
mM caffeine, or 5 M wortmannin reduced phosphorylation of
ERK as well as activation of NF-B following DOX treatment
(Fig. 6A and C).
To demonstrate directly that ATM regulates NF-B activation in response to DOX treatment, we infected A-T fibroblasts with the amplicon vector HGCX (expressing EGFP) or
HGC-ATM (expressing EGFP and Flag-ATM), as described
previously (9), and measured NF-B DNA binding activity and
ERK phosphorylation levels following DOX treatment. To
assess the kinase activity of ectopic Flag-ATM, we immunoprecipitated WCEs of DOX-treated HGC-ATM-infected cells
with an anti-Flag antibody. Equal aliquots of the immunoprecipitants were then subjected to immunoblot analysis using an
antibody that recognizes the autophosphorylated form of ATM
(4). We detected a significant induction of phosphorylated
ATM at serine 1981 in response to 1 or 3 h of DOX treatment
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NF-B DNA binding activity following AD 288 treatment (Fig.
7D). Consistent with ectopic DNA-PKcs being the mediator
of NF-B activation, treatment of CHO V-3F18 cells with
PD98059 or wortmannin, but not caffeine, inhibited NF-B
activation in response to AD 288 (Fig. 7E).
Collectively, the results both from the genetic and the pharmacological analyses are consistent with a model in which
DNA-PKcs is required for NF-B activation in response to AD
288-mediated catalytic inactivation of topo II in the absence of
DNA DSBs.
DISCUSSION
Here, we have identified a novel pathway of ATM signaling
in response to DNA damage by anthracyclines involving sequential activation of MEK/ERK and p90rsk kinase activities

that results in induction of IKK/NF-B activity and cell survival. Our findings can be summarized in the following scenario. Upon DOX treatment, MEK is phosphorylated at
Ser218 and Ser222 in an ATM-dependent fashion. This event
results in sequential phosphorylation of ERK and of its downstream target p90rsk, which in turn associates with the IKK
complex, thereby inducing IB-␣ kinase activity and NF-B
activation. Remarkably, we report that DNA-PKcs, but not
ATM, can activate the same MEK-to-IKK pathway in response
to catalytic inhibition of topo II by AD 288 in the absence of
DNA DSBs.
Previously, the ERK/MEK pathway has been implicated in
NF-B induction upon ectopic expression of p53 in SAOS cells
(41). Since DOX treatment results in ATM-mediated phosphorylation of p53 and since ATM is required for NF-B
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FIG. 6. ATM promotes NF-B activation in response to DOX treatment through activation of the MEK/ERK pathway. (A) (10)1 cells were
treated for 5 h with 5 M DOX, 5 M AD 288, or DMSO carrier solution in the absence or presence of caffeine (5 mM), and nuclear extracts
were subjected to EMSA. (B) GM00637 (wild-type [wt]) cells were treated for 5 h with 5 M DOX or DMSO carrier solution in the absence or
presence of wortmannin (wort.; 50 nM or 50 M). Nuclear extracts were subjected to EMSA. (C) (10)1 cells were treated for 5 h with 5 M DOX
or DMSO carrier solution in the absence or presence of caffeine (5 mM), wortmannin (5 M), or UO126 (20 M). Immunoblotting (IB) was
performed with an antibody that recognizes phospho-ERK species (pERK1,2) or total ERK (totERK1,2). (D) A-T (GM09607) fibroblasts were
infected at a multiplicity of infection (MOI) of 1 for 48 h with the HGC-ATM vector. Subsequently, cells were treated for the indicated times with
5 M DOX. WCEs (800 g) were immunoprecipitated (IP) with an anti-Flag antibody (Ab) and immunoblotted with an anti-ATM antibody or
an antibody that recognizes autophosphorylated ATM at serine 1981. (E) A-T (GM09607) fibroblasts were infected at MOI of 1 for 48 h with the
HGCX or the HGC-ATM vector. Subsequently, cells were treated for 5 h with 5 M DOX or DMSO carrier solution. Nuclear extracts (5 g) were
subjected to EMSA. Alternatively WCEs (40 g) from the same experiment were subjected to immunoblotting with an antibody that recognizes
phospho-ERK species (pERK1,2) or total ERK (totERK1,2). (F) GM09607 (A-T) fibroblasts were plated in triplicate in 96-well plates and
transfected by lipofection with 50 ng of the NF-B–luciferase construct in the presence of 25 ng of pcDNA3-Flag-ATM (wt-ATM) or pcDNA3Flag-KD-ATM (KD-ATM) expression vectors and, as an internal control, a Renilla luciferase expression plasmid. Total DNA concentration was
adjusted to 150 ng with backbone vector (pcDNA). Following 24 h of treatment with 5 M DOX in the absence or presence of PD98059 (50 M),
luciferase activity was measured and expressed as induction relative to that of DMSO-treated cells, which was set at 1. Means and standard
deviations (bars) are representative of three independent experiments carried out in triplicate.
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activation by DNA DSBs (17), we sought to determine whether
p53 activation by ATM would induce NF-B activity through
the MEK/ERK pathway. Surprisingly, we report that p53 null
(10)1 cells, as well as SAOS osteoblasts (data not shown),
display efficient NF-B activation in response to DOX treatment, indicating that NF-B activation by DOX does not rely
on p53 activity. This conclusion is further supported by our
data indicating that DOX treatment can induce NF-B activity
in simian virus 40-transformed GM00637 fibroblasts in which
p53 is inactivated by the presence of the large T antigen (35).
Although we cannot rule out the possibility that other p53related proteins might compensate for p53 deficiency, the observation that the kinetics of NF-B activation by DOX were
not affected by the inducible expression of a temperaturesensitive p53 protein in the derivative (10)1 val cell line at the
nonpermissive temperature (data not shown) strongly argues
against a role for p53 during activation of NF-B in response
to DNA DSBs caused by anthracycline treatment.
Furthermore, our data together with a recent report by Tergaonkar et al., showing that IKK-1 and -2 null fibroblasts display increased cell death and p53 induction in response to
DOX treatment due to downregulation of Mdm2 expression
levels (49), imply that, under physiological conditions, p53
does not regulate IKK/NF-B activity but rather lies downstream of the IKK complex.

In addition, here we have characterized the functional mechanism underlying NF-B activation by the MEK/ERK/p90rsk
signaling pathway in response to anthracycline treatment. We
show that disruption of this signaling pathway at multiple steps
abolishes NF-B activation by DOX or AD 288. Furthermore,
we report for the first time that the ERK target p90rsk associates efficiently with the IKK complex, promoting IB-␣ phosphorylation and NF-B activation. From previous data, it remained unclear how p90rsk-mediated phosphorylation of IB-␣
at the Ser32 residue in response to phorbol ester treatment
(13, 45, 50) or Ras transformation (1, 25) would promote
NF-B activation, when efficient IB-␣ degradation requires
dual Ser32 and Ser36 phosphorylation (7). Here, we show that
the inducible association of IKK and p90rsk kinases is required
for NF-B activation by DOX. Thus, we propose that ERKmediated phosphorylation of p90rsk, which promotes enhanced
interaction of p90rsk with the IKK complex, is essential for
NF-B-induced chemoresistance. In this context, it will be crucial to determine whether IR-mediated activation of the ERK/
p90rsk pathway (19), which in this report we have shown to
promote NF-B activation, likewise induces the association
between the IKK complex and the p90rsk kinase.
Very recently, Hur et al. has reported that the death domain
kinase RIP forms a complex with IKKs and that this interaction is essential for DOX-mediated activation of NF-B (16).

Downloaded from http://mcb.asm.org/ on September 25, 2020 by guest

FIG. 7. DNA-PKcs mediates NF-B activation by AD 288. (A and B) GM09607 (A-T) fibroblasts were treated for 5 h with 5 M AD 288 or
DMSO in the presence or absence of wortmannin (wort.; 50 nM or 50 M), MG132 (30 M), or PD98059 (50 M), and nuclear extracts were
subjected to EMSA. (C) Wild-type CHO AA8 and DNA-PKcs⫺/⫺ CHO V-3 cells were treated with 5 M AD 288 for the indicated times, and
nuclear extracts were subjected to EMSA. PD, PD98059. (D) AA8, V-3, and V-3F18 cells that express ectopic DNA-PKcs were treated with 5 M
AD 288 for the indicated times, and nuclear extracts were subjected to EMSA. (E) V-3F18 cells were treated for 5 h with 5 M AD 288 or DMSO
in the presence or absence of wortmannin (50 nM), PD98059 (50 M), or caffeine (5 mM), and nuclear extracts were subjected to EMSA.
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