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NF-κB is activated in response to temozolomide
in an AKT-dependent manner and confers
protection against the growth suppressive effect
of the drug
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Abstract

Background: Most DNA-damaging chemotherapeutic agents activate the transcription factor nuclear factor κB
(NF-κB). However, NF-κB activation can either protect from or contribute to the growth suppressive effects of the
agent. We previously showed that the DNA-methylating drug temozolomide (TMZ) activates AKT, a positive
modulator of NF-κB, in a mismatch repair (MMR) system-dependent manner. Here we investigated whether NF-κB is
activated by TMZ and whether AKT is involved in this molecular event. We also evaluated the functional
consequence of inhibiting NF-κB on tumor cell response to TMZ.

Methods: AKT phosphorylation, NF-κB transcriptional activity, IκB-α degradation, NF-κB2/p52 generation, and RelA
and NF-κB2/p52 nuclear translocation were investigated in TMZ-treated MMR-deficient (HCT116, 293TLα-) and/or
MMR-proficient (HCT116/3-6, 293TLα+, M10) cells. AKT involvement in TMZ-induced activation of NF-κB was
addressed in HCT116/3-6 and M10 cells transiently transfected with AKT1-targeting siRNA or using the isogenic
MMR-proficient cell lines pUSE2 and KD12, expressing wild type or kinase-dead mutant AKT1. The effects of
inhibiting NF-κB on sensitivity to TMZ were investigated in HCT116/3-6 and M10 cells using the NF-κB inhibitor
NEMO-binding domain (NBD) peptide or an anti-RelA siRNA.

Results: TMZ enhanced NF-κB transcriptional activity, activated AKT, induced IκB-α degradation and RelA nuclear
translocation in HCT116/3-6 and M10 but not in HCT116 cells. In M10 cells, TMZ promoted NF-κB2/p52 generation
and nuclear translocation and enhanced the secretion of IL-8 and MCP-1. TMZ induced RelA nuclear translocation
also in 293TLα+ but not in 293TLα- cells. AKT1 silencing inhibited TMZ-induced IκB-α degradation and NF-κB2/p52
generation. Up-regulation of NF-κB transcriptional activity and nuclear translocation of RelA and NF-κB2/p52 in
response to TMZ were impaired in KD12 cells. RelA silencing in HCT116/3-6 and M10 cells increased TMZ-induced
growth suppression. In M10 cells NBD peptide reduced basal NF-κB activity, abrogated TMZ-induced up-regulation
of NF-κB activity and increased sensitivity to TMZ. In HCT116/3-6 cells, the combined treatment with NBD peptide
and TMZ produced additive growth inhibitory effects.

Conclusion: NF-κB is activated in response to TMZ in a MMR- and AKT-dependent manner and confers protection
against drug-induced cell growth inhibition. Our findings suggest that a clinical benefit could be obtained by
combining TMZ with NF-κB inhibitors.
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Background
The nuclear factor κB (NF-κB) family of transcription
factors regulates the expression of multiple target genes
involved in a variety of physiological and pathological
processes, including inflammation, innate and adaptive
immune response, angiogenesis, tumorigenesis, and me-
tastasis [1-3].
In mammals, the NF-κB family is composed of RelA

(p65), c-Rel, RelB, NF-κB1 (p50) and NF-κB2 (p52), which
can form homo- and heterodimers. The latter two family
members are produced as precursor proteins, p105 and
p100, respectively, which are subjected to cotranslational
(p105) or stimulus-dependent (p100) processing to the
mature forms [1-3].
In resting cells, NF-κB homo- and heterodimers are

maintained latent in the cytoplasm through the association
with inhibitory proteins (inhibitors of κB, IκBs). In re-
sponse to a variety of signals which act through membrane
and/or cytoplasmic receptors (e.g. pro-inflammatory cyto-
kines, ligands for Toll-like receptors, engagement of B and
T cell receptors), IκBs are degraded rendering NF-κB free
to translocate into the nucleus and regulate gene transcrip-
tion [1-3]. In this regard, two main pathways of NF-κB ac-
tivation can be recognized, namely the “canonical” and the
“non-canonical” pathway, both converging on the activa-
tion of the IκB kinase (IKK) complex. The IKK complex, in
turn, phosphorylates IκBs marking them for ubiquitin-
dependent degradation [1,2,4]. NF-κB activation through
the canonical pathway involves the IKK complex compris-
ing the catalytic subunits IKK-α and IKK-β as well as the
regulatory subunit NF-κB essential modulator (NEMO/
IKKγ) and, in most cells, leads to IκB-α degradation and
nuclear translocation of p50/RelA dimers [1-3]. The non-
canonical pathway, predominantly active in B cells, is typic-
ally triggered by some members of the TNF cytokine family
and it has been suggested to be dependent on the activa-
tion of IKK-α homodimers [1,2,4]. In this pathway, which
does not require the function of NEMO, activation of IKK
leads to phosphorylation and proteolytic cleavage of p100
to produce the mature NF-κB2/p52 subunit. Subsequently,
p52/RelB dimers translocate into the nucleus [1,2,4].
The canonical and non-canonical pathways of NF-κB

activation can also be engaged by a number of genotoxic
agents [5-8]. The signal transduction mechanisms link-
ing DNA damage in the nucleus with NF-κB activation
in the cytoplasm have not been fully elucidated yet, but
they appear to require the function of ATM (Ataxia-Tel-
angiectasia Mutated) and NEMO [5-8]. Notably, NF-κB
activation in response to DNA damage can result in ei-
ther protection from or sensitization to the genotoxic
agent, depending on the cell line and the nature and/or
amount of the agent [5-8].
Temozolomide (TMZ) is a methylating triazene com-

pound approved for the treatment of newly diagnosed
glioblastoma and refractory anaplastic astrocytoma [9,10].
Although not approved for this indication, TMZ is fre-
quently used off-label for the treatment of metastatic
melanoma. Currently, a number of clinical trials are
evaluating TMZ in combination therapies for other solid
tumors, including colorectal cancer (http://www.clinical-
trials.gov).
The antitumor activity of TMZ is primarily due to the

methylation of the O6 position of guanine (O6-G) in
DNA. If not repaired, O6-methylguanine (O6-MeG) fre-
quently mispairs with thymine during DNA duplication.
O6-MeG:T mismatches then trigger the intervention of
the mismatch repair (MMR) system [11,12], which, how-
ever, fails to find a correct partner for O6-MeG. As a
consequence, futile cycles of repair generates nicks in
the DNA and activates a signaling cascade resulting in
cell cycle arrest at the G2 phase of the second cell doub-
ling event, which is followed by either apoptosis, mitotic
catastrophe, or a senescence-like state [12-19]. Methyl
adducts at O6-G are specifically removed by the DNA
repair protein O6-methylguanine-DNA methyltransfer-
ase (MGMT) [20,21]. Therefore, MMR-proficient cells
endowed with elevated MGMT activity are resistant to
TMZ, but they can be sensitized to the drug by MGMT
inhibitors [e.g. O6-benzylguanine (BG)] [20,21]. MMR-
deficient cells are, instead, highly resistant to TMZ
regardless of their MGMT activity (Additional file 1:
Figure S1).
The serine/threonine kinase AKT is a critical regulator

of major cellular processes, including gene expression,
glycogen metabolism, migration, proliferation, and sur-
vival [22]. Once activated, AKT controls cellular functions
through phosphorylation of a large variety of substrates,
including several molecules involved in the NF-κB signal-
ing pathways [1,3,23,24]. Recently, we have demonstrated
that in colon and breast cancer cells, treatment with TMZ
provokes AKT activation that counteracts the growth sup-
pressive effects of the drug [25]. Therefore, in the present
study we investigated whether TMZ-induced activation of
AKT results in the triggering of the NF-κB signalling path-
way. Moreover, we evaluated whether NF-κB inhibition,
achieved through either RNA interference technology or
the use of a selective NF-κB inhibitor, is able to increase
tumor cell sensitivity to TMZ.

Methods
Cell lines
The MMR-proficient human metastatic melanoma cell
line M10 [26] was kindly provided by Dr. D. Del Bufalo
(Regina Elena Cancer Institute, Rome, Italy) and cul-
tured in GIBCO™ RPMI-1640 medium (Invitrogen Cor-
poration, Carlsbad, CA) supplemented with 10% fetal
calf serum (FCS) (GIBCOW), 2 mM GIBCO™ L-Glutam-
ine, and 50 μg/ml GIBCO™ Gentamicin.

http://www.clinicaltrials.gov
http://www.clinicaltrials.gov
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The MMR-deficient human colorectal cancer cell line
HCT116 and its MMR-proficient subline HCT116/3-6
were kindly provided by Dr. G. Marra (Institute of Mo-
lecular Cancer Research, University of Zurich, Zurich,
Switzerland). HCT116 cells have a hemizygous non-
sense mutation in the hMLH1 gene located on chromo-
some 3 [27]. The HCT116/3-6 subline was created by
microcell chromosome transfer of a single normal
human chromosome 3 into HCT116 cells [28]. The cell
lines were maintained in McCoy’s 5A medium (Sigma-
Aldrich, St. Louis, MO) supplemented with 10% FCS
(GIBCOW), 2 mM GIBCO™ L-Glutamine, 50 μg/ml
GIBCO™ Gentamicin and, in the case of HCT116/3-6
cells, 400 μg/ml G418 (Sigma-Aldrich).
The human embryonic kidney (HEK) 293T-MutLα-/Lα+

cell line (hereafter referred to as 293T±Lα) was a gift of
Prof. J. Jiricny (Institute of Molecular Cancer Research,
University of Zurich, Zurich, Switzerland). The cell line
was derived from the hMLH1-deficient cells HEK293T
[29] by stable transfection with a vector carrying the
hMLH1 cDNA under the control of the inducible Tet-Off
expression system [29]. In the absence of doxycycline the
cell line expresses the hMLH1 protein. Conversely, in the
presence of the drug the transcription of hMLH1 is turned
off [29]. The cell line was grown in DMEM with Eagle
salts (GIBCOW), supplemented with 10% Tet-System
approved FCS (BD Biosciences Pharmigen, San Diego,
CA), 2 mM GIBCO™ L-Glutamine, 50 μg/ml GIBCO™

Gentamicin, 100 μg/ml Zeocin (Invitrogen Corporation),
and 300 μg/ml Hygromycin B (Roche Applied Science,
Mannheim, Germany). To turn off hMLH1 expression the
cells were cultured for 7 days in the presence of 50 ng/ml
doxycycline (Sigma-Aldrich).
The MCF-7/KD12 cell line (hereafter referred to as

KD12) was generated by stable transfection of an expres-
sion vector encoding a dominant-negative kinase-dead
form of AKT1 (mutation K179M) into the MCF-7/B1
clone, derived from the MMR-proficient breast cancer
cell line MCF-7 [25]. The MCF-7/pUSE2 cell line (here-
after referred to as pUSE2) was obtained by transfection
of the empty vector into the same cell clone. Both cell
lines were maintained in the culture medium described
for M10 cells, supplemented with 400 μg/ml G418.
M10, HCT116, HCT116/3-6, and MCF-7 cell lines

were previously shown to be MGMT-proficient [30-32].
The 293T±Lα cell line does not express MGMT [29].
HCT116 and MCF-7 cells have been previously

screened for mutation in HRAS, NRAS, KRAS, BRAF and
PIK3CA [33]. HCT116 cells were found to harbor a het-
erozygous oncogenic mutation in KRAS (p.G13D) and
PIK3CA (p.H1047R), whereas MCF-7 cells were found to
be mutated in PIK3CA (p.E545K) [33]. To assess whether
constitutive activation of the mitogen-activated protein
kinase (MAPK) and/or PI3K/AKT signalling pathways was
also present in M10 cells, we performed a mutational ana-
lysis of NRAS, BRAF and PIK3CA in these cells. Briefly,
the complete coding regions and intron-exon boundaries
of exons 2 and 3 in NRAS, exon 15 in BRAF, and exons 9
and 20 in PIK3CA were directly sequenced using an auto-
mated fluorescence-based cycle sequencer (ABI PRISMW

3100, Life Technologies, Carlsbad, CA) as previously
described [34]. The M10 cell line was found to be mutated
in BRAF (p.V600E) and wild-type in NRAS and PIK3CA.

Drugs and reagents
TMZ was kindly provided by Merck Sharp & Dohme-
Merck & Co., Inc. (Whitehouse Station, NJ) and was al-
ways prepared freshly in culture medium, because the
drug readily decomposes in aqueous solution. The NF-
κB-inhibitor NEMO-binding domain (NBD) peptide [35]
was purchased from Alexis Corporation (San Diego, CA)
as a solution of 10 mM in phosphate buffered saline
(PBS). The MGMT-inhibitor BG was purchased from
Sigma-Aldrich and dissolved in ethanol (2.4 mg/ml).
Both inhibitors were stored as stock solutions at −80°C,
and diluted in culture medium just before use. In all
assays, with the exception of those performed with 293T
±Lα cells, BG was used at the final concentration of 10
μM, added to the cells 2 h before TMZ and left into the
culture up to the end of TMZ treatment. At the concen-
tration used, BG did not affect cell proliferation (data
not shown). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide (MTT), and 4’-6-Diamidino-2-pheny-
lindole (DAPI) were purchased from Sigma-Aldrich. MTT
was prepared at a concentration of 5 mg/ml in PBS, and
stored at 4°C.
Reagents for SDS-polyacrylamide gel electrophoresis

were all purchased from Bio-Rad Laboratories (Hercules,
CA).

NF-κB luciferase reporter assay
HCT116/3-6, HCT116, M10, pUSE2 and KD12 cells were
seeded into 24-well plates (BD Falcon™, Becton, Dickin-
son and Company, Franklin Lakes, NJ) and allowed to
adhere at 37°C for 18 h. The cells were then transiently
co-transfected with 3 μg (M10) or 0.075 μg (HCT116/
3-6, HCT116) or 0.3 μg (pUSE2 and KD12) of the
NFκB-responsive firefly luciferase reporter pNF-κB-Luc
(Stratagene, La Jolla, CA) and 250 ng (M10) or 6.25 ng
(HCT116/3-6, HCT116) or 25 ng (pUSE2 and KD12) of
the Renilla luciferase expression vector pRL-null (Pro-
mega Corporation, Madison, WI) using Lipofectamine™

2000 Reagent (Invitrogen Corporation) according to the
manufacturer’s protocol. Twenty-four hours after trans-
fection, cells were exposed to 50 μM TMZ plus BG or
to BG alone as a control. After 48 and 72 h of culture,
the cells were lysed and luciferase assays were per-
formed using the Dual-LuciferaseW Reporter Assay
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(Promega) according to the manufacturer’s instructions.
For each sample, firefly luciferase activity was normal-
ized to Renilla luciferase activity and then to the total
protein amount used in the assay.
To evaluate the effect of NBD peptide on NF-κB activ-

ity, M10 cells were plated and co-transfected with the
pNF-kB-Luc and pRL-null vectors as described above.
Twenty-four hours after transfection, 50 μM NBD pep-
tide was added to the cultures. After additional 24 h of
incubation, untreated and NBD peptide-treated cells
were exposed to 50 μM TMZ plus BG or to BG alone.
Seventy-two hours after drug addition, the cells were
lysed and luciferase assays were performed as described
above.

Enzyme-Linked Immunosorbent Assay (ELISA)
M10 cells were seeded in 100-mm plates (BD Falcon™)
and allowed to adhere at 37°C for 18 h. The cells were
then exposed to 50 μM TMZ plus BG or BG alone for
48 or 72 h. The amounts of interleukin 8 (IL-8) and
monocyte chemoattractant protein-1 (MCP-1) released
into the culture medium were determined by ELISA
using the OptEIA Set for human IL-8 or MCP-1 (BD
Biosciences Pharmigen) according to the manufacturer's
instructions. Proteins were normalized to the number of
total cells counted in each culture at the time of super-
natant collection.

Western blot analysis
Rabbit polyclonal antibodies against AKT and phospho-
AKT (Ser473) were purchased from Cell Signaling Tech-
nology, Inc. (Beverly, MA). Rabbit polyclonal antibodies
against IκB-α (C-21), NF-κB2/p52 (K27) and RelA (C20),
as well as mouse monoclonal antibody (mAb) against
lamin A/C (346) were purchased from Santa Cruz Bio-
technology, Inc., (Santa Cruz, CA). mAb against actin
(Clone AC-40) was obtained from Sigma-Aldrich.
Whole cell extracts and nuclear extracts were prepared

as described previously [18,36]. Twenty-five μg (whole
cell extracts) or 10 μg (nuclear extracts) of proteins per
sample were run on a 10% SDS-polyacrilamide gels,
transferred to nitrocellulose membranes (Amersham
Biosciences, Buckinghamshire, UK) and blocked with 5%
non-fat milk in Tris-buffered saline supplemented with
0.1% Tween 20 for 1 h at room temperature. The mem-
branes were then incubated in the same solution over-
night at 4°C with primary antibodies at the following
dilutions: anti-AKT 1:1000; anti-phospho-AKT 1:500;
anti-IκB-α 1:200; anti-NF-κB2/p52 1:200; anti-RelA 1:500;
anti-lamin A/C 1:500, anti-actin 1:1000. The latter two
antibodies were used as internal standards for loading.
Immunodetection was carried out using appropriate
horseradish peroxidase-linked secondary antibodies and
enhanced chemiluminescence (ECL) detection reagents
(Amersham Biosciences). Where indicated, films were
scanned on a GS-710 Calibrated Imaging Densitometer
and analyzed by means of Quantity One Software Version
4.1.1 (Bio-Rad Laboratories).
Transient transfection with small interfering RNA (siRNA)
targeting RelA
Oligonucleotide siRNA targeting RelA (AGCACAGAUAC
CACCAAGA) (siNFp65) and the corresponding scramble
oligonucleotide (GAUCGCGAGCCAAACUAUA) (scrNFp65)
to be used as a control were purchased from Sigma-
Proligo (The Woodlands, TX).
For Western blot analysis, HCT116/3-6 and M10 cells

were suspended in culture medium without antibiotics,
seeded into 60-mm dishes (BD Falcon™) and allowed to
adhere at 37°C for 18 h. The cells were then transfected
with 100 nM siNFp65 or scrNFp65 using Oligofecta-
mine™ Reagent (Invitrogen Corporation) according to
the manufacturer’s protocol. As an additional control
group, the cells were treated with the transfection re-
agent alone (mock-transfected cells). After 72 h of cul-
ture at 37°C, the cells were recovered, plated and
subjected to a second transfection as described above.
Total cell extracts were prepared 7 days after the second
transfection.
For chemosensitivity assays, HCT116/3-6 and M10

cells recovered after the first transfection were seeded
into 96-well plates (BD Falcon™), allowed to adhere at
37°C for 18 h, and then subjected to the second transfec-
tion. After 24 h of incubation, the cells were exposed to
graded concentrations of TMZ plus BG or to BG alone.
The plates were incubated at 37°C for 6 days and cell
proliferation was then evaluated by the MTT assay, as
previously described [31]. Four replica wells were used for
each group. TMZ concentration producing 50% inhibition
of cell growth (i.e. IC50), was calculated on the regression
line in which absorbance values at 595 nm were plotted
against the logarithm of drug concentration.
Transient transfection with siRNA targeting AKT1
Oligonucleotide siRNA targeting AKT1 (CUCACAGCC
CUGAAGUACU) (siAKT1) and the corresponding scramble
oligonucleotide (GAUCCUAUAUUCGGUUAGU) (scrAKT1)
to be used as a control were purchased from Sigma-Proligo.
For Western blot analysis, M10 and HCT116/3-6 cells

were suspended in culture medium without antibiotics,
seeded into 6-well plates (BD Falcon™), allowed to ad-
here at 37°C for 18 h, and then transfected with 50 nM
siAKT1 or scrAKT1 using Lipofectamine™ RNAiMAX
Reagent. (Invitrogen Corporation). Twenty-four hours
after transfection, the cells were incubated with 50 μM
TMZ plus BG or with BG alone. Whole cell extracts
were prepared after 72 h of TMZ exposure.



Caporali et al. Journal of Translational Medicine 2012, 10:252 Page 5 of 14
http://www.translational-medicine.com/content/10/1/252
Treatment with NBD peptide for proliferation assays
To evaluate the effect of NBD peptide on cell prolifera-
tion, M10 and HCT116/3-6 cells were seeded into 96-well
plates (BD Falcon™), allowed to adhere at 37°C for 18 h,
and then incubated with concentrations of NBD peptide
ranging between 12.5 and 100 μM. After 6 days of culture,
cell proliferation was evaluated by the MTT assay, and the
IC50 values of NBD peptide were determined. The mean
IC50 value of NBD peptide was 63.93 μM (four independ-
ent experiments, standard error of the mean: 3.16 μM)
and 72.97 μM (three independent experiments, standard
error of the mean: 4.03 μM) for M10 and HCT116/3-6
cells, respectively. On this basis, the NBD concentration
of 50 μM, producing about 30-35% of growth inhibition in
both cell lines, was selected for the subsequent studies.
To investigate the effects of NBD peptide on cell sensi-

tivity to TMZ, M10 and HCT116/3-6 cells were plated
and allowed to adhere as described above, and then left
untreated or exposed to 50 μM NBD peptide for 24 h.
Thereafter, the cells were incubated with graded concen-
trations of TMZ plus BG or with BG alone. Cell prolif-
eration was evaluated by the MTT assay after 5 days of
TMZ exposure.

Senescence-associated β-galactosidase (SA-β-Gal) staining
M10 and HCT116/3-6 cells were plated into 24-well
plates (BD Falcon™), allowed to adhere at 37°C for 18 h
and then left untreated or exposed to 50 μM NBD pep-
tide for 24 h. The cells were then incubated with 50 μM
TMZ plus BG or with BG alone for 4 days. At the end
of the incubation period, the cells were fixed and stained
using the Senescence β-Galactosidase Staining Kit from
Cell Signaling Technology Inc., according to the manu-
facturer’s protocol. The percentage of SA-β-Gal positive
cells was determined by counting five different randomly
selected fields (each comprising 50–150 cells) per sam-
ples under a bright-field microscope (10x magnification).

Analysis of senescence-associated heterochromatin foci
(SAHF)
M10 and HCT116/3-6 cells were grown on 8-well
Lab-TekW II chamber slides (ThermoFisher Scientific,
Rochester, NY) for 18 h and then left untreated or
exposed to 50 μM NBD peptide for 24 h. Afterward, the
cells were incubated with 50 μM TMZ plus BG or with
BG alone for 7 days, and then fixed with 4% paraformal-
dehyde. After washing with PBS, the cells were permea-
bilized with 0.2% Triton-X-100/PBS at room temperature
for 10 min. The cells were then washed twice with PBS,
incubated with 1 μg/ml DAPI at room temperature for 1
min, and washed again in PBS. Slides were mounted in a
90% glycerol/PBS solution and examined using a fluores-
cence microscope (Axioskop 2 microscope and AxioCam
camera, Zeiss, Thornwood, NY).
Statistical analysis
Statistical significance among different TMZ IC50 values,
different levels of IL-8 and MCP-1 secretion, and differ-
ent percentage of senescent cells was assessed using
Student’s t test analysis. Statistical significance among
different values of firefly luciferase activity/μg protein
was assessed using paired Student’s t test analysis.

Results
TMZ treatment increases NF-κB transcriptional activity in
an MMR-dependent manner
To investigate whether NF-κB transcriptional activity
increases in response to TMZ and whether a functional
MMR is required for this molecular event, M10,
HCT116/3-6 and HCT116 cells were transfected with an
NFκB-responsive luciferase reporter (pNF-κB-Luc) and
then cultured in the presence of the drug. Luciferase
assays performed after 48 and 72 h of exposure to TMZ
evidenced a significant increase of pNF-κB-Luc reporter
activity in the MMR-proficient cell lines M10 and
HCT116/3-6 (Figure 1A). In contrast, no TMZ-induced
change in pNF-κB-Luc reporter activity was detected in
MMR-deficient HCT116 cells (Figure 1A).
IL8 and CCL2 genes, encoding IL-8 and MCP-1, re-

spectively, are transcriptional targets of NF-κB [37,38].
Therefore, to further confirm the increase of NF-κB
transcriptional activity in cells exposed to TMZ, we eval-
uated the effect of the drug on the secretion of these
cytokines by M10 cells. With respect to the supernatants
derived from control cultures, an increase of about 3-
fold of both IL-8 and MCP-1 levels was detected in the
supernatants obtained from the cultures exposed to
TMZ for 72 h (Figure 1B).

TMZ treatment induces AKT phosphorylation, IκB-α
degradation and nuclear translocation of RelA in an
MMR-dependent manner
We have previously demonstrated that in response to
TMZ, AKT is phosphorylated on Ser473 and function-
ally activated in the MMR-proficient cell line HCT116/
3-6, but not in its MMR-deficient counterpart HCT116
[25]. On the other hand, it has been shown that activa-
tion of AKT in response to several stimuli indirectly pro-
motes IκB-α degradation and nuclear translocation of
p50/RelA dimers [39-44]. On these bases, M10, HCT116/
3-6 and HCT116 cells were treated with TMZ and the
levels of AKT, phospho-AKT (Ser473) and IκB-α were
determined after 48 and 72 h of drug exposure. In agree-
ment with our previous data [25], TMZ-induced phos-
phorylation of AKT was observed in HCT116/3-6 but not
in the MMR-deficient HCT116 cells (Figure 2A). An in-
crease of phosphorylated AKT was also detected in TMZ-
treated M10 cells (Figure 2B). In both HCT116/3-6
(Figure 2A) and M10 (Figure 2B) cells, but not in



Figure 1 TMZ increases NF-κB transcriptional activity in MMR-
proficient but not in MMR-deficient cells. (A) The cells were
transiently co-transfected with the pNF-κB-Luc and pRL-null vectors,
and 24 h later exposed to 50 μM TMZ+10 μM BG or to BG alone.
Firefly luciferase activity was determined 48 and 72 h after drug
treatment and normalized to that of Renilla luciferase and then to
the total amount of protein used in the assays. Data are expressed
in terms of fold change (i.e. the ratio between firefly luciferase
activity/μg protein detected in TMZ-treated cells and that detected
in the corresponding control cells). Values represent the mean of at
least four independent experiments performed with duplicate
samples. Bars, standard error of the mean (SEM). *p<0.05, according
to paired Student’s t test analysis performed comparing firefly
luciferase activity/μg protein of TMZ-treated samples with that of
the corresponding controls. (B) M10 cells were cultured in the
presence of 50 μM TMZ+10 μM BG or BG alone and culture
supernatants were collected after 48 and 72 h of incubation. IL-8
and MCP-1 amount in the culture supernatants was then
determined by ELISA and expressed in terms of pg protein/106 cells.
Values represent the mean of three independent experiments
performed with duplicate samples. Bars, SEM. ** p<0.01 and *p<0.05,
according to Student’s t test analysis performed comparing the
chemokine amount detected in the culture supernatants of TMZ-
treated cells with that detected in the culture supernatants of the
corresponding controls.
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HCT116 cells (Figure 2A), TMZ treatment caused a re-
duction in the levels of IκB-α at the time points analyzed.
To examine whether nuclear translocation of NF-κB

occurred in response to TMZ, RelA levels were evalu-
ated in nuclear extracts of M10, HCT116/3-6 and
HCT116 cells exposed to the drug for 72 h. In both the
MMR-proficient cell lines, but not in HCT116 cells,
TMZ treatment induced an increase of about two-fold
of RelA nuclear content (Figure 2C).
To further confirm that TMZ-induced NF-κB activa-

tion requires a functional MMR system, nuclear trans-
location of RelA upon drug treatment was evaluated in
an additional pair of isogenic MMR-proficient and
MMR-deficient cell lines. As illustrated in Additional file
2: Figure S2, TMZ treatment increased the levels of nu-
clear RelA in the 293T±Lα cells cultured in the absence
of doxycycline (i.e. 293TLα+ cells), but not in the same
cells cultured in the presence of doxycycline able to turn
off the expression of hMLH1 (i.e. 293TLα- cells).

TMZ treatment promotes NF-κB2/p52 generation and
nuclear translocation in M10 but not in HCT116/3-6 cells
Previous studies have demonstrated that AKT can bind
and activate IKK-α leading to the processing of NF-κB2/
p100 and generation of the mature NF-κB/p52 subunit
[24]. We therefore investigated whether TMZ treatment
was also able to stimulate NF-κB2/p52 generation and
nuclear translocation in HCT116/3-6 and M10 cells. As
expected, NF-κB2/p52 expression was barely detectable
in total (Figure 3A) and nuclear (Figure 3B) extracts of
untreated M10 and HCT116/3-6 cells. Exposure to
TMZ caused an increase of total and nuclear content of
NF-κB2/p52 in M10 cells, whereas it did not affect the
expression or localization of the protein in HCT116/3-6
cells (Figure 3A and B).

AKT is necessary for NF-κB activation in response to TMZ
The analysis of AKT and NF-κB activation in MMR-
proficient and MMR-deficient cell lines exposed to TMZ
strongly indicated that AKT could be involved in drug-
induced activation of NF-κB. Additional experiments
were, therefore, performed to investigate whether inhib-
ition of AKT expression by RNA interference technology
was associated with an impairment of TMZ-induced
degradation of IκB-α and/or drug-induced NF-κB2/p52
generation.
As illustrated in Figure 4A, the amount of AKT pro-

tein was markedly reduced in siAKT1-transfected M10
and HCT116/3-6 cells as compared with their corre-
sponding scrAKT1-transfected controls. In both M10
and HCT116/3-6 cells, AKT1 silencing suppressed IκB-
α degradation in response to TMZ. Moreover, in M10
cells it also impaired drug-induced generation of NF-
κB2/p52. Notably, the basal levels of IκB-α appeared



Figure 2 TMZ induces AKT phosphorylation, IκB-α degradation, and RelA nuclear translocation in MMR-proficient but not in MMR-
deficient cells. HCT116/3-6, HCT116 and M10 cells were cultured in the presence of 50 μM TMZ+10 μM BG, or BG alone as a control, for 48 and
72 h (A, B) or 72 h (C). Total cell extracts (A, B) or nuclear extracts (C) were resolved on 10% SDS polyacrylamide gels, transferred to nitrocellulose
membranes and probed with antibodies against the indicated proteins. Anti-actin mAb or anti-lamin A/C mAb were used for equal loading
control. The immune complexes were visualized using ECL. For the indicated samples, the densitometric levels of phospho-AKT, IκB-α and RelA
were normalized to the respective levels of actin or lamin. Fold changes of protein expression in TMZ-treated samples were then calculated with
respect to the protein levels in the corresponding controls, to which the arbitrary value of 1.0 was assigned. The results are representative of
three (A, B) or two (C) independent experiments.
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strongly reduced in siAKT1-transfected cells. Since tran-
scription of the NFKBIA gene, encoding IκB-α, is regu-
lated by NF-κB [45], it is possible to hypothesize that
AKT1 silencing results in a decrease of basal NF-κB
activity leading to reduced transcription of the NFKBIA
gene.
To confirm the involvement of AKT in NF-κB activa-

tion promoted by TMZ, drug-induced changes in pNF-
κB-Luc reporter activity and nuclear levels of RelA and
NF-kB2/p52 were evaluated in pUSE2 and KD12 cells.
The former cell line expresses wild type AKT and the
latter expresses a dominant-negative kinase-dead form
of AKT1. Luciferase assays performed after 72 h of ex-
posure to TMZ showed a significant increase of pNF-
κB-Luc reporter activity only in pUSE2 cells (Figure 4B).
Moreover, upon TMZ treatment, RelA and NF-κB2/p52
nuclear translocation was observed in pUSE2 but not in
KD12 cells (Figure 4C).

Inhibition of NF-κB increases tumor cell sensitivity to TMZ
Having demonstrated that NF-κB is activated in an
AKT-dependent manner in response to TMZ, experi-
ments were conducted to explore whether inhibition of
NF-κB activity could increase TMZ sensitivity of M10
and HCT116/3-6 cells. Indeed, we have previously
shown that KD12 cells, which do not activate NF-kB in
response to TMZ, are approximately six-fold more sen-
sitive to the drug than pUSE2 cells [25]. M10 and
HCT116/3-6 cells were mock-transfected or transfected
with a siRNA targeting RelA (siNFp65) or a scrambled
siRNA (scrNFp65) and their sensitivity to TMZ was
evaluated by the MTT assay.
With respect to mock-transfected cells, a clear reduc-

tion of RelA levels was observed in siNFp65-transfected
cells, whereas the protein amount was unchanged in
scrNFp65-transfected cells (Figure 5A). Moreover, in-
hibition of RelA expression was accompanied by a sig-
nificant enhancement of HCT116/3-6 and M10 cell
sensitivity to TMZ (Figures 5B and C).
The NBD peptide is a cell permeable peptide spanning

the NBD of IKK-β and able to disrupt the NEMO-IKK
complex interaction [35]. In a first set of experiments,
we therefore investigated whether the NBD peptide was
able to impair TMZ-induced activation of NF-κB in
M10 cells and to increase their sensitivity to the drug.
Luciferase assays showed that the pNF-kB-Luc re-

porter activity detected in M10 cells exposed to NBD
peptide for 96 h was significantly lower than that
observed in control cells (Figure 6A). Moreover, NBD
peptide was able to suppress TMZ-induced activation of
NF-κB (Figure 6A). As illustrated in Figure 6B, a signifi-
cant increase in the growth suppressive effects of TMZ



Figure 3 TMZ promotes NF-κB2/p52 generation and nuclear
translocation in M10 cells. (A) The cells were cultured in the
presence of 50 μM TMZ+10 μM BG, or BG alone for the indicated
time. Total cell extracts were then prepared and analyzed for
NF-κB2/p52 expression by immunoblotting (see legend of Figure 2). The
results are representative of two independent experiments. (B) The cells
were cultured as described in (A) for 72 h. Nuclear extracts were
then prepared and analyzed for NF-κB2/p52 content as described in
(A) using anti-lamin A/C mAb for equal loading control. The results
are representative of two independent experiments.
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was observed when the drug was used in association
with the NBD peptide. Indeed, the IC50 values of TMZ
displayed by the cells exposed to NBD peptide were sig-
nificantly lower than those displayed by the cells not
treated with the peptide. This was true not only when
the IC50 values were determined with respect to control
cells treated with BG alone (CTRL-1), but also when
they were evaluated with respect to control cells exposed
to NBD peptide+BG (CTRL-2).
Previous studies have demonstrated that TMZ induces

senescence but not apoptosis in human melanoma cells
[46]. We therefore investigated whether the combined
treatment with NBD peptide and TMZ was more effective
than TMZ alone in inducing senescence in M10 cells.
The results illustrated in Figure 7A show that treat-

ment with NBD peptide caused a moderate, although
significant, increase in the percentage of SA-β-Gal posi-
tive cells whereas about 60% of the cells appeared
senescent in TMZ-treated cultures. Consistent with the
results of proliferation assays, the proportion of SA-β-
Gal positive cells detected in the cultures subjected to
the combined treatment with NBD peptide and TMZ
was significantly higher than that displayed by the cul-
tures exposed to each drug separately. Induction of sen-
escence in M10 cells treated with TMZ or NBD peptide
or the combination of both agents, was also confirmed
by the appearance of SAHF in these cells. As shown in
Figure 7B, control cells displayed an uniform pattern of
DAPI staining, whereas drug-treated cells exhibited
punctuated DAPI foci, indicative of SAHF formation.
The growth suppressive effects of the association of

NBD peptide and TMZ were also evaluated in the
HCT116/3-6 cell line. Even in this case the association
of NBD peptide and TMZ was more effective than TMZ
alone in suppressing cell growth (Additional file 3:
Figure S3A) and inducing senescence (Additional file 3:
Figure S3B and S3C). However, in HCT116/3-6 cells,
the effects of the two drugs appear to be additive.

Discussion
Constitutive activation of NF-κB is frequently observed
in different types of cancer and has been correlated with
tumor development, progression and radio- and che-
moresistance. Actually, NF-κB regulates the expression
of a wide array of genes that actively participate in con-
trolling cell proliferation and survival, as well as angio-
genesis and metastasis [1-3]. Targeting either activation
or function of NF-κB is therefore considered a promis-
ing strategy to inhibit tumor growth and metastasis and
to increase the efficiency of therapy [1-3].
A growing body of experimental evidence indicates

that, in addition to the large number of signals that act
through membrane and/or cytoplasmic receptors, vari-
ous DNA-damaging chemotherapeutic agents can lead
to NF-κB activation through initiating signals generated
in the nucleus [5-7]. However, the final outcome of
drug-induced up-regulation of NF-κB pathway, i.e. cell
protection from or sensitization to the growth suppres-
sive and/or death promoting effects of the drug, appears
to be dependent on the cell type and/or the nature and
the amount of the agent [5-7,47-50]. The dual role of
NF-κB activation in the modulation of tumor cell re-
sponse to chemotherapeutic agents appears to result
from the ability of this transcription factor to either acti-
vate or repress transcription of genes involved in cell
proliferation and survival, depending on which specific
post-translational modifications and interaction with
transcription co-activator or repressors occur in the ma-
lignant cells [1,3,23,51]. Therefore, the final outcome of
strategies targeting NF-κB to increase cancer cell re-
sponse to chemotherapy should be careful validated for
each tumor type and anticancer agent.
In this study, we demonstrate that exposure of MMR-

proficient malignant cells to a clinical relevant concen-
tration of TMZ caused activation of the NF-κB signalling
pathway. Indeed, using a NF-κB-responsive luciferase re-
porter, a 2-3-fold increase of NF-κB transactivation func-
tion was detected in HCT116/3-6, pUSE2 and M10 cells
treated with the drug. Consistent with this finding, ex-
posure to TMZ was able to enhance the secretion of IL-



Figure 4 AKT is involved in TMZ-induced activation of NF-κB. (A) The cells were transiently transfected with 50 nM siAKT1 or scrAKT (Scr)
and 24 h later exposed to 50 μM TMZ+10 μM BG, or to BG alone. After 72 h of culture, total cell extracts were analyzed for AKT, IκB-α and NF-
κB2/p52 expression by immunoblotting (see legend of Figure 2). The results are representative of two independent experiments. (B) The cells
were transiently co-transfected with the pNF-κB-Luc and pRL-null vectors and 24 h later incubated with 50 μM TMZ+10 μM BG or with BG alone.
Luciferase assays were performed after 72 h of drug exposure. Data are expressed in terms of fold change (see legend of Figure 1). Values
represent the mean of four independent experiments performed with duplicate samples. Bars, SEM. *p<0.05 according to paired Student’s t test
analysis performed comparing firefly luciferase activity/μg protein detected in TMZ-treated pUSE2 cells with that detected in the corresponding
control cells. The difference between firefly luciferase activity/μg protein of TMZ-treated KD12 cells and that detected in the corresponding
control cells was not statistically significant. (C) The cells were treated with 50 μM TMZ+10 μM BG or with BG alone for 72 h. Nuclear extracts
were then examined for the expression of RelA and NF-κB2/p52 by immunoblotting (see legend of Figure 2). The results are representative of
two independent experiments.
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8 and MCP-1, two NF-κB regulated cytokines, in M10
cells. Notably, the expression of both IL-8 and MCP-1
has been associated with melanoma progression by
affecting the growth of tumor cells, angiogenesis and
metastasis [52].
In both HCT116/3-6, and M10 cells, degradation of

IκB-α and nuclear translocation of RelA were detected
after exposure to TMZ. An increase in the nuclear content
of RelA was also observed in drug-treated 293TLα+ cells.
Moreover, drug treatment stimulated the generation and
nuclear accumulation of the NF-κB2/p52 subunit in M10
cells. These findings indicate that TMZ-induced activation
of NF-κB can occur via the non-canonical and/or the ca-
nonical pathway, depending on the cell line. At present,
the cellular characteristics that allow NF-κB activation via
the non-canonical pathway upon cell exposure to TMZ
remain to be established. Previous studies have shown that
the expression of IKK-α and IKK-β as well as the propor-
tion of their homo- and heterodimers vary among differ-
ent cell types [53]. It is possible to speculate that the
engagement of the non-canonical pathway of NF-κB acti-
vation by TMZ depends, at least in part, on the levels of
IKK-α homodimer present in the cells.
TMZ-induced activation of NF-κB appears to be

strictly dependent on a functional MMR system. More-
over, AKT activation downstream the MMR system
appears to be involved in TMZ-induced triggering of
both the canonical and non-canonical pathway of NF-κB
activation. Indeed, the MMR-deficient cell line HCT116
failed to activate AKT and to degrade IκB-α in response
to the drug. Accordingly, HCT116 cells did not show
any increase of pNF-κB-Luc reporter activity and RelA



Figure 5 Inhibition of NF-κB expression by RNA interference
increases HCT116/3-6 and M10 cell sensitivity to TMZ. (A) The cells
were mock transfected (M) or subjected to two sequential
transfections with 100 nM scrNFp65 (Scr) or siNFp65 (siNF). Seven
days after the second transfection, whole cell extracts were prepared
and analyzed for RelA content by immunoblotting (see legend of
Figure 2). The results are representative of two independent
experiments. (B), (C) The cells were mock transfected or subjected to
two sequential transfections with 100 nM scrNFp65 or siNFp65.
Twenty-four hours after the second transfection, the cells were
incubated with the indicated concentrations of TMZ+10 μM BG or
with BG alone as a control. Proliferation was evaluated after 6 days
of drug exposure by the MTT assay. Data are expressed in terms of
percentage of growth of TMZ-treated cells with respect to control
cells. Each value represents the mean of four independent
experiments performed with quadruplicate samples. Bars, SEM.
**p<0.01, and *p<0.05, according to Student’s t test, comparing TMZ
IC50 values of siNFp65-transfected cells with those of mock-
transfected or scrNFp65-transfected cells. The difference between
TMZ IC50 values of scrNFp65 and those of mock-transfected cells
was not statistically significant.

Figure 6 NBD peptide inhibits NF-κB transcriptional activity
and increases the antiproliferative effect of TMZ in M10 cells.
(A) Melanoma cells were transiently co-transfected with the NF-κB-
Luc and pRL-null vectors and treated with NBD peptide, TMZ and
BG as described under “Methods”. Luciferase assays were performed
after 72 of drug exposure. Data are expressed in terms of fold
changes (i.e. the ratio between firefly luciferase activity/μg protein
detected in cells exposed to NBD+BG, or TMZ+BG or NBD+TMZ+BG
and that detected in cells treated with BG alone). Values represent
the mean of six independent experiments performed with duplicate
samples. Bars, SEM. Statistical analysis was performed on firefly
luciferase activity/μg protein values according to paired Student’s t
test. p values were as follows: **p<0.01, NBD+BG versus BG; #p<0.05,
TMZ+BG versus BG; §p<0.05 TMZ+BG versus NBD+TMZ+BG;
^^p<0.01, NBD+TMZ+BG versus NBD+BG. The differences between
firefly luciferase activity/μg protein of cells treated with NBD+TMZ
+BG and that of cells exposed to BG alone was not statistically
significant. (B) M10 cells were treated with NBD peptide, TMZ and
BG as described under “Methods” and assayed for proliferation by
the MTT assay. Percentage of growth of TMZ+BG-treated cells was
determined with respect to BG-treated cells (CTRL-1), and that of
NBD+TMZ+BG-treated cells with respect to either BG-treated cells
(CTRL-1) or NBD+BG-treated cells (CTRL-2). Values represent the
mean of four independent experiments. Bars, SEM. **p<0.01, and
*p<0.05, according to Student’s t test analysis, comparing TMZ IC50
values of NBD+TMZ+BG-treated cells with those of TMZ+BG-treated
cells.
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Figure 7 Combined treatment with NBD peptide and TMZ is
more effective than TMZ alone in inducing senescence in M10
cells. (A) M10 cells were left untreated or exposed to 50 μM NBD
peptide. After 24 h of culture, the cells were incubated with 50 μM
TMZ+10 μM BG or with BG alone, and monitored 96 h later for the
percentage of SA-β-Gal positive cells. Each value represents the
arithmetic mean of three independent experiments. Bar, SEM. p
values were calculated according to Student’s t test analysis.
**p<0.01, TMZ+BG-treated cells versus BG-treated cells; *p<0.05, NBD
peptide+BG-treated cells versus BG-treated cells; ††p<0.01, NBD
peptide+TMZ+BG-treated cells versus BG-treated cells; §§p<0.01 NBD
peptide+TMZ+BG-treated cells versus TMZ+BG-treated cells and
versus NBD+BG-treated cells; ^^p<0.01, TMZ+BG-treated cells versus
NBD peptide+BG cells. (B) M10 cells were treated with NBD peptide
and TMZ+BG as described in (A). After 7 days of culture, the cells
were stained with DAPI to visualize SAHF formation.
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nuclear levels upon TMZ treatment. Furthermore, in the
MMR-proficient cell lines HCT116/3-6 and M10, which
activate AKT in response to TMZ, impairment of AKT1
expression by RNA interference markedly inhibited
drug-induced degradation of IκB-α and, in the case of
M10 cells, also drug-induced enhancement of NF-κB2/
p52 levels. Finally, TMZ was able to increase NF-κB-
dependent luciferase activity and to induce nuclear
translocation of RelA and NF-κB2/p52 in the MMR-
proficient cell line pUSE2 but not in the isogenic KD12
cells, which express a dominant-negative kinase-dead
form of AKT1.
Previous investigations have demonstrated that AKT, via

different down-stream effector molecules, can promote
IκB-α degradation and p50/RelA or p50/RelB nuclear
translocation and can enhance the transactivation poten-
tial of RelA [43,44,54,55]. Moreover, it has been shown
that AKT can directly phosphorylate IKK-α leading to the
processing of p100 and nuclear accumulation of p52/RelB
dimers [24]. Our data are consistent with these findings,
even though further studies are required to detail further
the molecular mechanisms underlying AKT-dependent
NF-κB activation in TMZ-treated cells.
Regardless of the mechanisms involved in AKT-

dependent activation of NF-κB in TMZ-treated cells,
our results show that this molecular event has a pro-
survival function in tumor cells presenting constitutive
activation of the MAPK and/or PI3K/AKT signaling
pathways. Indeed, KD12 cells, which do not activate
NF-κB in response to TMZ are significantly more sensi-
tive to the drug than pUSE2 cells [25]. Moreover,
impairment of RelA expression by RNA interference
enhanced HCT116/3-6 and M10 cell sensitivity to
TMZ. Similarly, an increase of TMZ growth suppressive
effect was observed in M10 cells when the drug was
associated with a concentration of NBD peptide able to
attenuate basal NF-κB activity and to abrogate TMZ-
induced up-regulation of NF-κB activity. In these cells,
combined treatment with NBD peptide and TMZ induced
higher levels of senescence as compared with those caused
by each drug alone. Notably, in agreement with previous
studies [56] and with the role of NF-κB signaling pathway
in melanoma growth and survival [57,58], we found that
NBD peptide, as a single agent, was able to impair mel-
anoma cell proliferation in a concentration-dependent
manner. However, it must be pointed out that the NBD
peptide concentration exploited in combination with
TMZ only moderately affected M10 cell proliferation
when used alone. Moreover, TMZ IC50 values deter-
mined in presence of the NBD peptide were signifi-
cantly lower than those determined in the absence of
the NF-κB inhibitor, not only when they were evaluated
using BG-treated cells as control group, but also when
they were calculated using BG+NBD-treated cells as
control group. These findings show that TMZ is more
efficient in M10 cells when associated with the NF-κB
inhibitor. Notably, the same drug combination was also
found to be more active than TMZ alone in HCT116/
3-6 cells, although NBD peptide + TMZ showed only
additive effects on cell growth.
So far, a small number of studies have addressed the

effects of TMZ on NF-κB pathway with some discordant
results. Amiri et al. [59] demonstrated that exposure to
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TMZ increased RelA nuclear localization in melanoma
cells and that bortezomib, an inhibitor of proteasome
able to impair NF-κB activation [60], potentiated TMZ-
induced suppression of melanoma cell growth both
in vitro and in a murine xenograft model. Using an NF-
κB-responsive luciferase reporter, Ohanna et al. [61] also
observed NF-κB activation in melanoma cells exposed to
TMZ. On the other hand, Yamini et al. [62] and Schmitt
et al. [63] demonstrated that TMZ treatment impaired
NF-κB transcriptional activity in glioblastoma cells. In
these cells, TMZ-induced activation of Chk1 led to pho-
phorylation of the NF-κB1/p50 subunit on Ser329, dis-
rupting the DNA binding ability of NF-κB dimers
containing this subunit [63].
The results of our study are consistent with the

findings of Amiri et al. [59] and Ohanna et al. [61].
However, we also show for the first time that, depend-
ing on the cell line, both the canonical and non-
canonical pathway of NF-κB activation can be elicited
by TMZ and that AKT plays a crucial role in the
drug-induced activation of both pathways. On the
other hand, the discrepancy between our results and
those of Yamini et al. [62] and Schmitt et al. [63]
might depend on the different cellular models utilized
to assess the effect of TMZ on NF-κB activity. Inter-
estingly, Hirose et al. [64] have shown that in glio-
blastoma cells TMZ treatment causes a decrease in
the endogenous levels of AKT phosphorylated on Ser473.
Previous investigations have also shown that activated
AKT is able to phosphorylate Chk1 on Ser280, leading to
inactivation and cytoplasmic localization of this check-
point kinase [65-67]. It is possible to speculate that TMZ
treatment could result in NF-κB activation or inhibition,
depending on whether in the cell line under investigation
the drug activates or not AKT in addition to Chk1. How-
ever, further studies are required to address this issue.

Conclusions
The present investigation demonstrates that in MMR-
proficient tumor cell lines of various histological deriv-
ation, NF-κB is activated in response to clinical rele-
vant concentrations of TMZ. Our study also provides,
for the first time, experimental evidence that AKT is
involved in TMZ-induced activation of NF-κB and that
this molecular event can occur through both the ca-
nonical and non-canonical pathway. Finally, our results
support a pro-survival role of TMZ-induced activation
of NF-κB. Several specific inhibitors of the NF-κB
pathway are currently being developed and will likely
enter clinical trials in the near future, either as single
agents or in combination with conventional chemo-
therapy [1-3,58]. Our findings strongly suggest that a
clinical benefit could be obtained by combining TMZ
with this type of biochemical modulators.
Additional files

Additional file 1: Figure S1. Mechanisms of O6-MeG-dependent
growth suppression.

Additional file 2: Figure S2. TMZ induces nuclear translocation of RelA
in an MMR-dependent manner in 293T±Lα cells. 293T±Lα cells were
cultured in the absence (293TLα+ cells) or in the presence (293TLα- cells)
of 50 ng/ml doxycyclin for 7 days and then exposed to 2 μM TMZ for 72
h. The TMZ concentration used was selected on the basis of the high
susceptibility of these cells to TMZ (IC50: 1.27±0.14 μM, as obtained in
MTT assays). Nuclear extracts were prepared, resolved on 10% SDS
polyacrylamide gels, transferred to nitrocellulose membranes and probed
with antibodies against RelA. Anti-lamin A/C mAb was used for equal
loading control. The immune complexes were visualized using ECL. Fold
changes of RelA expression in TMZ-treated samples were calculated as
described in the legend of Figure 2. The results are representative of two
independent experiments.

Additional file 3: Figure S3. Effect of the NBD peptide on TMZ
sensitivity of HCT116/3-6 cells. (A) The cells were left untreated or
incubated with 50 μM NBD peptide for 24 h and then exposed to
increasing concentrations of TMZ plus 10 μM BG or to BG alone. After
additional 5 days of culture, cell proliferation was evaluated by the MTT
assay. Data are expressed in terms of percentage of growth, calculated
for TMZ+BG-treated cells with respect to BG-treated cells (CTRL-1), and
for NBD+TMZ+BG-treated cells with respect to either BG-treated cells
(CTRL-1) or NBD+BG-treated cells (CTRL-2). Each value represents the
mean of three independent experiments performed with quadruplicate
samples. Bars, SEM. **p<0.01, according to Student’s t test analysis,
comparing TMZ IC50 values of NBD+TMZ+BG-treated cells with those of
TMZ+BG-treated cells. (B) The cells were left untreated or exposed to 50
μM NBD peptide. After 24 h of culture, the cells were incubated with 50
μM TMZ+10 μM BG or with BG alone and monitored 96 h later for the
percentage of SA-β-Gal positive cells. Each value represents the
arithmetic mean of three independent experiments. Bar, SEM. p values
were calculated according to Student’s t test analysis. **p<0.01, TMZ+BG-
treated cells and NBD peptide+BG-treated cells versus BG-treated cells;
††p<0.01, NBD peptide+TMZ+BG-treated cells versus BG-treated cells;
§§p<0.01 NBD peptide+TMZ+BG-treated cells versus TMZ+BG-treated cells
and versus NBD+BG-treated cells; ^^p<0.01, TMZ+BG-treated cells versus
NBD peptide+BG cells. (C) HCT116/3-6 cells were treated with NBD
peptide and TMZ+BG as described in (B). After 7 days of culture, the cells
were stained with DAPI to visualize SAHF formation.

Abbreviations
ATM: Ataxia-Telangiectasia Mutated; BG: O6-benzylguanine; Chk1: Checkpoint
Kinase 1; CTRL: Control; DAPI: 4’-6-Diamidino-2-phenylindol; ECL: Enhanced
chemiluminescence; ELISA: Enzyme-linked immunosorbent assay; FCS: Fetal
calf serum; IC50: Concentration producing 50% inhibition; IκBs: Inhibitors of
κB; IKK: IκB kinase; IL-8: Interleukin 8; mAb: Monoclonal antibody;
MAPK: Mitogen activated protein kinase; MCP-1: Monocyte chemoattractant
protein-1; MGMT: O6-methylguanine-DNA methyltransferase; MMR: Mismatch
repair; MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide;
NBD: NEMO-binding domain; NEMO: NF-κB essential modulator; NF-
κB: Nuclear factor κB; O6-MeG: O6-methylguanine; PBS: Phosphate buffered
saline; PI3K: Phosphatidylinositol-3-kinase; SA-β-Gal: Senescence associated β-
galactosidase; SAHF: Senescence-associated heterochromatin foci;
SDS: Sodium dodecyl sulfate; SEM: Standard error of the mean; siRNA: Small
interfering RNA; TMZ: Temozolomide;
TNF: Tumor necrosis factor.

Competing interests
Dr Paolo A. Ascierto stood on the Advisory Board of Bristol Myers Squibb, Merck
Sharp & Dohme, Roche-Genentech, GSK and Amgen, and received honoraria
from Bristol Myers Squibb, Merck Sharp & Dohme, and Roche-Genentech. All
remaining authors declare that they have no competing interests.

Authors’ contributions
SC was involved in the study conception, design of the experiments,
acquisition, analysis and interpretation of the data concerning TMZ-induced

http://www.biomedcentral.com/content/supplementary/1479-5876-10-252-S1.tiff
http://www.biomedcentral.com/content/supplementary/1479-5876-10-252-S2.tiff
http://www.biomedcentral.com/content/supplementary/1479-5876-10-252-S3.tiff


Caporali et al. Journal of Translational Medicine 2012, 10:252 Page 13 of 14
http://www.translational-medicine.com/content/10/1/252
modulation of NF-κB transcriptional activity, and the effects of inhibiting NF-
κB activity on cell sensitivity to the drug. She drafted the manuscript. LL and
MGA carried out the transient transfections with siRNAs and the Western
blot analyses. GG and AM were involved in the acquisition, analysis and
interpretation of the data concerning the effect of TMZ on IL-8 and MCP-1
secretion. GG, EB, GP, and PAA contributed to the study discussion and to
the revision of the manuscript. SD was involved in the study conception,
design and coordination, supervised data interpretation and revised the
manuscript. All authors read and approved the final manuscript.
Acknowledgements
This study was supported by the Italian Ministry of Health. The authors thank
Daniele Bartoloni for the artwork.

Author details
1Laboratory of Molecular Oncology, Istituto Dermopatico
dell’Immacolata-IRCCS, Via dei Monti di Creta 104, Rome 00167, Italy.
2Department of System Medicine, University of Rome “Tor Vergata”, Via
Montpellier 1, Rome 00133, Italy. 3Institute of Translational Pharmacology,
National Research Council, Via Fosso del Cavaliere 100 Rome 00133, Italy.
4Unit of Cancer Genetics, Institute of Biomolecular Chemistry, National
Research Council, Traversa La Crucca 3, Baldinca Li Punti, Sassari 07100, Italy.
5Department of Melanoma, Unit of Melanoma, Cancer Immunotherapy and
Innovative Therapies, Istituto Nazionale Tumori Fondazione “G. Pascale”, Via
Mariano Semmola, Naples 80131, Italy.

Received: 1 August 2012 Accepted: 14 December 2012
Published: 21 December 2012
References
1. Chaturvedi MM, Sung B, Yadav VR, Kannappan R, Aggarwal BB: NF-kB

addiction and its role in cancer: 'one size does not fit all'. Oncogene 2011,
30:1615–1630.

2. DiDonato JA, Mercurio F, Karin M: NF-kB and the link between
inflammation and cancer. Immunol Rev 2012, 246:379–400.

3. Perkins ND: The diverse and complex roles of NF-kB subunits in cancer.
Nat Rev Cancer 2012, 12:121–132.

4. Sun SC: The noncanonical NF-kB pathway. Immunol Rev 2012, 246:125–140.
5. Wu ZH, Miyamoto S: Many faces of NF-kB signaling induced by genotoxic

stress. J Mol Med (Berl) 2007, 85:1187–1202.
6. Sabatel H, Pirlot C, Piette J, Habraken Y: Importance of PIKKs in NF-kB

activation by genotoxic stress. Biochem Pharmacol 2010, 82:1371–1383.
7. Miyamoto S: Nuclear initiated NF-kB signaling: NEMO and ATM take

center stage. Cell Res 2011, 21:116–130.
8. Barrè B, Coqueret O, Perkins ND: Regulation of activity and function of the

p52 NF-kB subunit following DNA damage. Cell Cycle 2010, 9:4795–4804.
9. Payne MJ, Pratap SE, Middleton MR: Temozolomide in the treatment of

solid tumours: current results and rationale for dosing/scheduling. Crit
Rev Oncol Hematol 2005, 53:241–252.

10. Bei R, Marzocchella L, Turriziani M: The use of temozolomide for the
treatment of malignant tumors: clinical evidence and molecular
mechanisms of action. Recent Pat Anticancer Drug Discov 2010, 5:172–187.

11. Jiricny J: The multifaceted mismatch-repair system. Nat Rev Mol Cell Biol
2006, 7:335–346.

12. Li GM: Mechanisms and functions of DNA mismatch repair. Cell Res 2008,
18:85–98.

13. Kaina B, Ziouta A, Ochs K, Coquerelle T: Chromosomal instability,
reproductive cell death and apoptosis induced by O6-methylguanine in
Mex-, Mex+ and methylation-tolerant mismatch repair compromised
cells: facts and models. Mutat Res 1997, 381:227–241.

14. D'Atri S, Tentori L, Lacal PM, Graziani G, Pagani E, Benincasa E, Zambruno G,
Bonmassar E, Jiricny J: Involvement of the mismatch repair system in
temozolomide-induced apoptosis. Mol Pharmacol 1998, 54:334–341.

15. Hirose Y, Berger MS, Pieper RO: p53 effects both the duration of G2/M
arrest and the fate of temozolomide-treated human glioblastoma cells.
Cancer Res 2001, 61:1957–1963.

16. Hirose Y, Katayama M, Stokoe D, Haas-Kogan DA, Berger MS, Pieper RO: The
p38 mitogen-activated protein kinase pathway links the DNA mismatch
repair system to the G2 checkpoint and to resistance to chemotherapeutic
DNA-methylating agents. Mol Cell Biol 2003, 23:8306–8315.
17. Stojic L, Mojas N, Cejka P, Di Pietro M, Ferrari S, Marra G, Jiricny J: Mismatch
repair-dependent G2 checkpoint induced by low doses of SN1 type
methylating agents requires the ATR kinase. Genes Dev 2004, 18:1331–1344.

18. Caporali S, Falcinelli S, Starace G, Russo MT, Bonmassar E, Jiricny J, D'Atri S:
DNA damage induced by temozolomide signals to both ATM and ATR:
role of the mismatch repair system. Mol Pharmacol 2004, 66:478–491.

19. Kim WJ, Rajasekaran B, Brown KD: MLH1- and ATM-dependent MAPK
signaling is activated through c-Abl in response to the alkylator N-
methyl-N'-nitro-N'-nitrosoguanidine. J Biol Chem 2007, 282:32021–32031.

20. Kaina B, Margison GP, Christmann M: Targeting O6-methylguanine-DNA
methyltransferase with specific inhibitors as a strategy in cancer therapy.
Cell Mol Life Sci 2010, 67:3663–3681.

21. Pegg AE: Multifaceted roles of alkyltransferase and related proteins in
DNA repair, DNA damage, resistance to chemotherapy, and research
tools. Chem Res Toxicol 2011, 24:618–639.

22. Engelman JA: Targeting PI3K signalling in cancer: opportunities,
challenges and limitations. Nat Rev Cancer 2009, 9:550–562.

23. Perkins ND: Post-translational modifications regulating the activity and
function of the nuclear factor kappa B pathway. Oncogene 2006, 25:6717–6730.

24. Gustin JA, Korgaonkar CK, Pincheira R, Li Q, Donner DB: Akt regulates basal
and induced processing of NF-kB2 (p100) to p52. J Biol Chem 2006,
281:16473–16481.

25. Caporali S, Levati L, Starace G, Ragone G, Bonmassar E, Alvino E, D'Atri S:
AKT is activated in an ataxia-telangiectasia and Rad3-related-dependent
manner in response to temozolomide and confers protection against
drug-induced cell growth inhibition. Mol Pharmacol 2008, 74:173–183.

26. Golub SH, Hanson DC, Sulit HL, Morton DL, Pellegrino MA, Ferrone S:
Comparison of histocompatibility antigens on cultured human
tumor cells and fibroblasts by quantitative antibody absorption and
sensitivity to cell-mediated cytotoxicity. J Natl Cancer Inst 1976,
56:167–170.

27. Papadopoulos N, Nicolaides NC, Wei YF, Ruben SM, Carter KC, Rosen CA,
Haseltine WA, Fleischmann RD, Fraser CM, Adams MD, et al: Mutation of a
mutL homolog in hereditary colon cancer. Science 1994, 263:1625–1629.

28. Koi M, Umar A, Chauhan DP, Cherian SP, Carethers JM, Kunkel TA, Boland
CR: Human chromosome 3 corrects mismatch repair deficiency and
microsatellite instability and reduces N-methyl-N'-nitro-N'-
nitrosoguanidine tolerance in colon tumor cells with homozygous
hMLH1 mutation. Cancer Res 1994, 54:4308–4312.

29. Cejka P, Stojic L, Mojas N, Russell AM, Heinimann K, Cannavò E, di Pietro M,
Marra G, Jiricny J: Methylation-induced G2/M arrest requires a full
complement of the mismatch repair protein hMLH1. EMBO J 2003,
22:2245–2254.

30. Pepponi R, Marra G, Fuggetta MP, Falcinelli S, Pagani E, Bonmassar E, Jiricny
J, D'Atri S: The effect of O6-alkylguanine-DNA alkyltransferase and
mismatch repair activities on the sensitivity of human melanoma cells to
temozolomide, 1,3-bis(2-chloroethyl)1-nitrosourea, and cisplatin.
J Pharmacol Exp Ther 2003, 304:661–668.

31. Vernole P, Pepponi R, D'Atri S: Role of mismatch repair in the induction of
chromosomal aberrations and sister chromatid exchanges in cells
treated with different chemotherapeutic agents. Cancer Chemother
Pharmacol 2003, 52:185–192.

32. Clemons M, Kelly J, Watson AJ, Howell A, McElhinney RS, McMurry TB,
Margison GP: O6-(4-bromothenyl)guanine reverses temozolomide
resistance in human breast tumour MCF-7 cells and xenografts. Br J
Cancer 2005, 93:1152–1156.

33. Ikediobi ON, Davies H, Bignell G, Edkins S, Stevens C, O'Meara S, Santarius T,
Avis T, Barthorpe S, Brackenbury L, et al: Mutation analysis of 24 known
cancer genes in the NCI-60 cell line set. Mol Cancer Ther 2006, 5:2606–2612.

34. Colombino M, Sperlongano P, Izzo F, Tatangelo F, Botti G, Lombardi A,
Accardo M, Tarantino L, Sordelli I, Agresti M, et al: BRAF and PIK3CA genes
are somatically mutated in hepatocellular carcinoma among patients
from South Italy. Cell Death Dis 2012, 3:e259.

35. May MJ, D'Acquisto F, Madge LA, Glockner J, Pober JS, Ghosh S: Selective
inhibition of NF-kB activation by a peptide that blocks the interaction of
NEMO with the IkappaB kinase complex. Science 2000, 289:1550–1554.

36. Madonna S, Scarponi C, Sestito R, Pallotta S, Cavani A, Albanesi C: The
IFN-g-dependent suppressor of cytokine signaling 1 promoter activity is
positively regulated by IFN regulatory factor-1 and Sp1 but repressed by
growth factor independence-1b and Kruppel-like factor-4, and it is
dysregulated in psoriatic keratinocytes. J Immunol 2010, 185:2467–2481.



Caporali et al. Journal of Translational Medicine 2012, 10:252 Page 14 of 14
http://www.translational-medicine.com/content/10/1/252
37. Kunsch C, Rosen CA: NF-kB subunit-specific regulation of the interleukin-
8 promoter. Mol Cell Biol 1993, 13:6137–6146.

38. Ueda A, Okuda K, Ohno S, Shirai A, Igarashi T, Matsunaga K, Fukushima J,
Kawamoto S, Ishigatsubo Y, Okubo T: NF-kB and Sp1 regulate
transcription of the human monocyte chemoattractant protein-1 gene.
J Immunol 1994, 153:2052–2063.

39. Romashkova JA, Makarov SS: NF-kB is a target of AKT in anti-apoptotic
PDGF signalling. Nature 1999, 401:86–90.

40. Yang CH, Murti A, Pfeffer SR, Kim JG, Donner DB, Pfeffer LM: Interferon a/b
promotes cell survival by activating nuclear factor kB through
phosphatidylinositol 3-kinase and Akt. J Biol Chem 2001, 276:13756–13761.

41. Ozes ON, Mayo LD, Gustin JA, Pfeffer SR, Pfeffer LM, Donner DB: NF-kB
activation by tumour necrosis factor requires the Akt serine-threonine
kinase. Nature 1999, 401:82–85.

42. Sethi G, Ahn KS, Sung B, Kunnumakkara AB, Chaturvedi MM, Aggarwal BB:
SH-5, an AKT inhibitor potentiates apoptosis and inhibits invasion
through the suppression of anti-apoptotic, proliferative and metastatic
gene products regulated by IkBa kinase activation. Biochem Pharmacol
2008, 76:1404–1416.

43. Kane LP, Mollenauer MN, Xu Z, Turck CW, Weiss A: Akt-dependent
phosphorylation specifically regulates Cot induction of NF-kB-dependent
transcription. Mol Cell Biol 2002, 22:5962–5974.

44. Dan HC, Cooper MJ, Cogswell PC, Duncan JA, Ting JP, Baldwin AS: Akt-
dependent regulation of NF-kB is controlled by mTOR and Raptor in
association with IKK. Genes Dev 2008, 22:1490–1500.

45. Sun SC, Ganchi PA, Ballard DW, Greene WC: NF-kappaB controls
expression of inhibitor I kappa B alpha: evidence for an inducible
autoregulatory pathway. Science 1993, 259:1912–1915.

46. Mhaidat NM, Zhang XD, Allen J, Avery-Kiejda KA, Scott RJ, Hersey P:
Temozolomide induces senescence but not apoptosis in human
melanoma cells. Br J Cancer 2007, 97:1225–1233.

47. Boland MP, Foster SJ, O'Neill LA: Daunorubicin activates NFkB and induces
kB-dependent gene expression in HL-60 promyelocytic and Jurkat T
lymphoma cells. J Biol Chem 1997, 272:12952–12960.

48. Bottero V, Busuttil V, Loubat A, Magne N, Fischel JL, Milano G, Peyron JF:
Activation of nuclear factor kB through the IKK complex by the
topoisomerase poisons SN38 and doxorubicin: a brake to apoptosis in
HeLa human carcinoma cells. Cancer Res 2001, 61:7785–7791.

49. Wang S, Kotamraju S, Konorev E, Kalivendi S, Joseph J, Kalyanaraman B:
Activation of nuclear factor-kB during doxorubicin-induced apoptosis in
endothelial cells and myocytes is pro-apoptotic: the role of hydrogen
peroxide. Biochem J 2002, 367:729–740.

50. Wu ZH, Miyamoto S: Induction of a pro-apoptotic ATM-NF-kB pathway
and its repression by ATR in response to replication stress. EMBO J 2008,
27:1963–1973.

51. Smale ST: Dimer-specific regulatory mechanisms within the NF-kB family
of transcription factors. Immunol Rev 2012, 246:193–204.

52. Richmond A, Yang J, Su Y: The good and the bad of chemokines/
chemokine receptors in melanoma. Pigment Cell Melanoma Res 2009,
22:175–186.

53. Gustin JA, Ozes ON, Akca H, Pincheira R, Mayo LD, Li Q, Guzman JR,
Korgaonkar CK, Donner DB: Cell type-specific expression of the IkB
kinases determines the significance of phosphatidylinositol 3-kinase/Akt
signaling to NF-kB activation. J Biol Chem 2004, 279:1615–1620.

54. Madrid LV, Mayo MW, Reuther JY, Baldwin AS Jr: Akt stimulates the
transactivation potential of the RelA/p65 Subunit of NF-kB through
utilization of the IkB kinase and activation of the mitogen-activated
protein kinase p38. J Biol Chem 2001, 276:18934–18940.

55. Bai D, Ueno L, Vogt PK: Akt-mediated regulation of NFkB and the
essentialness of NFkB for the oncogenicity of PI3K and Akt. Int J Cancer
2009, 125:2863–2870.

56. Ianaro A, Tersigni M, Belardo G, Di Martino S, Napolitano M, Palmieri G, Sini
M, De Maio A, Ombra M, Gentilcore G, et al: NEMO-binding domain
peptide inhibits proliferation of human melanoma cells. Cancer Lett 2009,
274:331–336.

57. Ueda Y, Richmond A: NF-kB activation in melanoma. Pigment Cell Res 2006,
19:112–124.

58. Madonna G, Ullman CD, Gentilcore G, Palmieri G, Ascierto PA: NF-kB as
potential target in the treatment of melanoma. J Transl Med 2012, 10:53.

59. Amiri KI, Horton LW, LaFleur BJ, Sosman JA, Richmond A: Augmenting
chemosensitivity of malignant melanoma tumors via proteasome
inhibition: implication for bortezomib (VELCADE, PS-341) as a therapeutic
agent for malignant melanoma. Cancer Res 2004, 64:4912–4918.

60. Chen D, Frezza M, Schmitt S, Kanwar J, Dou QP: Bortezomib as the first
proteasome inhibitor anticancer drug: current status and future
perspectives. Curr Cancer Drug Targets 2011, 11:239–253.

61. Ohanna M, Giuliano S, Bonet C, Imbert V, Hofman V, Zangari J, Bille K,
Robert C, Bressac-de Paillerets B, Bressac-de Paillerets P, et al: Senescent
cells develop a PARP-1 and nuclear factor-kB-associated secretome
(PNAS). Genes Dev 2011, 25:1245–1261.

62. Yamini B, Yu X, Dolan ME, Wu MH, Darga TE, Kufe DW, Weichselbaum RR:
Inhibition of nuclear factor-kappaB activity by temozolomide involves
O6-methylguanine induced inhibition of p65 DNA binding. Cancer Res
2007, 67:6889–6898.

63. Schmitt AM, Crawley CD, Kang S, Raleigh DR, Yu X, Wahlstrom JS, Voce DJ,
Darga TE, Weichselbaum RR, Yamini B: p50 (NF-kB1) is an effector protein
in the cytotoxic response to DNA methylation damage. Mol Cell 2011,
44:785–796.

64. Hirose Y, Katayama M, Mirzoeva OK, Berger MS, Pieper RO: Akt activation
suppresses Chk2-mediated, methylating agent-induced G2 arrest and
protects from temozolomide-induced mitotic catastrophe and cellular
senescence. Cancer Res 2005, 65:4861–4869.

65. Shtivelman E, Sussman J, Stokoe D: A role for PI 3-kinase and PKB activity
in the G2/M phase of the cell cycle. Curr Biol 2002, 12:919–924.

66. Puc J, Keniry M, Li HS, Pandita TK, Choudhury AD, Memeo L, Mansukhani M,
Murty VV, Gaciong Z, Meek SE, et al: Lack of PTEN sequesters CHK1 and
initiates genetic instability. Cancer Cell 2005, 7:193–204.

67. Barrè B, Perkins ND: A cell cycle regulatory network controlling NF-kB
subunit activity and function. EMBO J 2007, 26:4841–4855.

doi:10.1186/1479-5876-10-252
Cite this article as: Caporali et al.: NF-κB is activated in response to
temozolomide in an AKT-dependent manner and confers protection
against the growth suppressive effect of the drug. Journal of
Translational Medicine 2012 10:252.
Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit


	Abstract
	Background
	Methods
	Results
	Conclusion

	Background
	Methods
	Cell lines
	Drugs and reagents
	NF-κB luciferase reporter assay
	Enzyme-Linked Immunosorbent Assay (ELISA)
	Western blot analysis
	Transient transfection with small interfering RNA (siRNA) targeting RelA
	Transient transfection with siRNA targeting AKT1
	Treatment with NBD peptide for proliferation assays
	Senescence-associated β-galactosidase (SA-β-Gal) staining
	Analysis of senescence-associated heterochromatin foci (SAHF)
	Statistical analysis

	Results
	TMZ treatment increases NF-κB transcriptional activity in an MMR-dependent manner
	TMZ treatment induces AKT phosphorylation, IκB-α degradation and nuclear translocation of RelA in an MMR-dependent manner
	TMZ treatment promotes NF-κB2/p52 generation and nuclear translocation in M10 but not in HCT116/3-6 cells
	AKT is necessary for NF-κB activation in response to TMZ
	Inhibition of NF-κB increases tumor cell sensitivity to TMZ

	Discussion
	Conclusions
	Abbreviations
	Additional files
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.440 793.440]
>> setpagedevice


