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ABSTRACT
Methylation of N3-adenine represents a novel pharmacological
strategy for the treatment of resistant tumors. However, little is
known about the biochemical pathways involved in cell death
induced by N3-methyladenine. In the present study, we show
that MeOSO2(CH2)2-lexitropsin (Me-Lex), a compound gener-
ating almost exclusively N3-methyladenine (�99%), provoked
a burst of poly(ADP-ribosylation) and loss of mitochondrial
membrane potential in leukemia cells. These events were fol-
lowed by a marked decrease in nuclear poly(ADP-ribose) poly-
merase-1 (PARP-1) expression and nuclear factor-�B (NF-�B)
activity. Moreover, DNA damage generated by N3-methylad-
enine induced a marked decrease in telomerase in the cytosol
that was accompanied by a transient up-regulation of activity in
the nucleus, as a consequence of nuclear translocation of

telomerase in response to genotoxic damage. PARP-1 inhibi-
tion blocked ADP-ribose polymer formation, preserved mito-
chondrial membrane integrity, and counteracted the reduction
of NF-�B activity, thus preventing the appearance of necrosis.
On the other hand, because PARP-1 is a component of the
base excision repair (BER), the combination of Me-Lex �
PARP-1 inhibitor triggered apoptosis as a result of disruption of
BER process. In conclusion, the present study provides new
insight into the cellular response to N3-adenine-selective meth-
ylating agents that can be exploited for the treatment of tumors
unresponsive to classical wide-spectrum methylating agents.
Moreover, the results underline the central and paradoxical role
of PARP-1 in cell death induced by N3-methyladenine: effector
of necrosis and coordinator of methylpurine repair.

Monofunctional methylating agents include antitumor
drugs that interact with DNA, generating a wide spectrum of
base adducts endowed with cytotoxic and/or mutagenic activ-
ity. The three major modified bases are represented by N7-
methylguanine, N3-methyladenine (N3-MeA), and O6-meth-
ylguanine (O6-MeG), and the extent to which each type of

methyl adduct is generated depends on the nature of the
methylating compound.

Although N7-methylguanine is quantitatively the preva-
lent lesion (�65–80%), this adduct seems to have little or no
lethal effects, whereas unrepaired N3-MeA is a highly toxic
lesion (Fronza and Gold, 2004). Because the percentage of
N3-MeA generated by methylating agents of clinical interest
[i.e., temozolomide (TMZ) or dacabarzine], or by compounds
of exclusive experimental use [e.g., N-methyl-N�-nitro-N-
nitrosoguanidine (MNNG) or methyl nitrosourea (MNU)] is
low (�8–12%), this modified base is unlikely to contribute to
toxicity (Kyrtopoulos et al., 1997; Newlands et al., 1997). In
fact, together with N7-methylguanine, N3-MeA is promptly
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repaired by the short patch of base excision repair (BER)
(Srivastava et al., 1998).

Despite being produced in low amounts (�8%), O6-MeG is
generally considered the main cytotoxic and mutagenic lesion
produced by the aforementioned compounds (Kyrtopoulos et
al., 1997; Newlands et al., 1997). If not repaired by O6-
alkylguanine DNA alkyltransferase (AGT), O6-MeG inappro-
priately pairs either with thymine or cytosine and triggers
the intervention of the mismatch repair system (MR). How-
ever, MR fails to find a correct partner for the methylated
base, generates nicks in the DNA, and activates the apoptotic
machinery (D’Atri et al., 1998). In the presence of MR func-
tional defects, tumors become tolerant to the damage pro-
voked by O6-MeG, and inhibition of AGT activity does not
enhance cell killing induced by methylating agents (Liu et
al., 1996; Levati et al., 1998). Moreover, in this case the
increased level of unrepaired O6-MeG and O6-MeG:T mis-
matches deriving from AGT depletion can increase the mu-
tagenic activity of these compounds and the chances of ge-
netic damage with consequent secondary tumors.

Although the mechanisms involved in the cytotoxic and
mutagenic activity of O6-MeG have been extensively studied,
little is known about the biochemical pathways leading to cell
death induced by N3-MeA adduct. In fact, because of the wide
spectrum of modified bases induced by methylating agents, it
is difficult to correlate cell killing to any single methyl ad-
duct. The only agent capable of generating almost exclusively
N3-MeA (�99%) is MeOSO2(CH2)2-lexitropsin (Me-Lex), a
methyl sulfonate ester tethered to N-methylpyrrolecarbox-
amide dipeptide that targets A/T-rich sequences located in
the DNA minor groove (Zhang et al., 1993; Encell et al.,
1996). Unrepaired N3-MeA per se seems to behave as a
replication blocking lesion, presumably because it hampers
the contact between DNA polymerase and adenine in the
DNA template strand (Fronza and Gold, 2004). Me-Lex is
highly toxic both in prokaryotic and eukaryotic cells, espe-
cially in cells with defective or low N-methylpurine-DNA
glycosylase (MPG), which initiates the BER process cleaving
the glycosyl bond of methylpurine (Tentori et al., 2000, 2001;
Fronza and Gold, 2004). The resultant abasic site is further
processed by the apurinic/apyrimidinic endonuclease,
whereas removal of the deoxyribose phosphate and replace-
ment of the methylated nucleotide takes place by means of
the coordinate intervention of poly(ADP-ribose) polymer-
ase-1 (PARP-1), DNA polymerase �, X ray repair cross-com-
plementing 1, and ligase III (Srivastava et al., 1998).

Inhibitors of PARP-1 have been shown to enhance the
antitumor activity of either the wide-spectrum methylating
agent TMZ or the N3-MeA-selective Me-Lex, as a conse-
quence of the disruption of BER process after the initial
removal of the methylated base by MPG (Tentori et al., 2000,
2001, 2002, 2003). For Me-Lex, the enhancing effect of
PARP-1 inhibition is especially evident in tumor cells poorly
responsive to the agent because of high levels of MPG (Ten-
tori et al., 2001).

The interest in methylating agents that selectively target
N3-A is raised by the observation that they can be effective
against MR-deficient tumors, which are instead resistant to
TMZ and to other anticancer agents with different mecha-
nisms of action (Tentori et al., 2000, 2001).

In this study, we demonstrate that necrosis provoked by
Me-Lex in sensitive tumors is characterized by a burst of

poly(ADP-ribosylation) followed by a marked decrease of nu-
clear PARP-1 expression and nuclear factor-�B (NF-�B) ac-
tivity. It is interesting that DNA damage provoked by N3-
MeA induced up-regulation of nuclear telomerase activity.

Materials and Methods
Cell Lines and Culture Conditions. The human B lymphoblas-

toid MT-1 and TK-6 cell lines were a generous gift of W. G. Thilly
(Massachusetts Institute of Technology, Cambridge, MA). The MT-1
line was obtained from TK-6 by treatment with IRC-191 followed by
selection for MNNG resistance. TK-6 cells are MR-proficient,
whereas the MT-1 line is MR-deficient, harboring different missense
mutations in both alleles of the hMSH6 locus (D’Atri et al., 1998).

Human promyelocytic leukemia cell line HL-60 and its methotrex-
ate-resistant subline HL-60R were a generous gift of T. Shimada
(Nippon Medical School, Tokyo, Japan). The dihydrofolate reductase/
MSH3 locus of HL-60R is amplified and overproduces the hMSH3
protein. As a consequence, the cell line does not express the hMutSa
heterodimer and is deficient in MR (Drummond et al., 1997).

Cell lines were cultured in RPMI-1640 medium (Invitrogen, Pais-
ley, Scotland) supplemented with 10% fetal calf serum (Invitrogen),
2 mM L-glutamine, 100 units/ml penicillin, and 100 �g/ml strepto-
mycin (Flow Laboratories, McLean, VA), at 37°C in a 5% CO2 hu-
midified atmosphere.

Drugs. Me-Lex was prepared as described previously (Zhang et
al., 1993). The PARP-1 inhibitor 3-aminobenzamide (AB) was pur-
chased from Sigma-Aldrich (St. Louis, MO), whereas the PARP-1
inhibitor 8-hydroxy-2-methylquinazolin-4[3H]one (NU1025) was ob-
tained from Calbiochem (Darmstadt, Germany). Drug stock solu-
tions were prepared by dissolving Me-Lex (10 mM) in 95% ethanol,
AB (16 mM) in RPMI-1640 medium, and NU1025 (25 mM) in di-
methyl sulfoxide. The final concentration of ethanol or dimethyl
sulfoxide in drug-treated cultures was always less than 0.5% (v/v)
and did not contribute to toxicity (data not shown).

For drug treatment, cells were cultured in flasks (Falcon; BD
Labware, Oxnard, CA) at the concentration of 3 � 105 cells/ml.
Inhibition of PARP-1 was obtained by treating cells with 4 mM AB or
50 �M NU1025, concentrations that have been described to inhibit
PARP-1 activity (Tentori et al., 2001). Me-Lex was added to cell
cultures, either alone or immediately after PARP-1 inhibitor, and
used at concentrations ranging from 12.5 to 50 �M. Cells were then
incubated at 37°C.

Analysis of Necrosis by Flow Cytometry. Cells were exposed
to Me-Lex alone or combined with AB. At different times after
treatment, unfixed cells were washed, suspended in PBS, and la-
beled with 2 �g/ml propidium iodide (PI). Necrotic cells that have lost
plasma membrane integrity are positive for PI staining.

5�,6,6�-Tetrachloro-1,1�,3,3�-tetraethylbenzimidazolylcar-
bocyanine Iodide (JC-1) Analysis of Mitochondrial Membrane
Potential and Determination of Reactive Oxygen Species
(ROS) by Flow Cytometry. Untreated or drug-treated cells were
washed twice, suspended in PBS containing 10 �g/ml 5 JC-1 mono-
mer (Molecular Probes, Leiden, The Netherlands) and incubated at
37°C for 10 min. For ROS detection, untreated or drug-treated cells
were incubated with 100 �M dihydroethidium (Molecular Probes) at
room temperature for 20 min.

Data collection was gated using forward light scatter and side
light scatter to exclude cell debris and aggregates. Cell fluorescence
was recorded using a FACScan flow cytometer (BD Biosciences, San
Jose, CA) equipped with a 488-nm argon laser.

Pulsed Field Gel Electrophoresis (PFGE). PFGE of high mo-
lecular weight DNA fragments and preparation of plugs were per-
formed as described previously (D’Atri et al., 1998). Electrophoresis
was carried out using a switch back power supply (Hoefer, San
Francisco, CA). The gel (1.5% agarose) was run at 200 V at 4°C in
0.5� Tris borate-EDTA containing ethidium bromide (0.5 �g/ml),
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with the ramping rate changing from T1 � 0.5 s and T2 � 10 s for
18 h, with a forward-to-backward ratio of 3. DNA was visualized
under UV light and photographed using a Kodak digital camera
setup.

Analysis of Poly(ADP-Ribose)-Modified Proteins. After
treatments, cells were washed three times with 5 ml of ice-cold PBS
� 1 mM 4-(2-aminoethyl) benzenesulfonyl fluoride and suspended at
the concentration of 107/ml in a denaturing buffer using a procedure
described previously (Shah et al., 1995). In brief, cells were disrupted
by sonication on ice (sonication buffer: 62.5 mM Tris-HCl, pH 6.8, 4
M urea, 10% glycerol, 2% SDS, 5% �-mercaptoethanol, and 0.003%
bromphenol blue) twice for 30 s (60 W) and heated for 15 min at 65°C.
Samples were electrophoresed in 7.5% SDS-PAGE and transferred
onto a nitrocellulose filter. The membrane was saturated overnight
and then incubated for 3 h with a rabbit polyclonal antibody against
poly(ADP-ribose) polymers (BIOMOL Research Laboratories, Ply-
mouth Meeting, PA). After several washings with PBS containing
0.2% Tween 20, the membrane was incubated for 1 h in the presence
of donkey anti-rabbit antibody conjugated to horseradish peroxidase.
Visualization of immunoreactive bands was performed by an en-
hanced chemiluminescence system (Amersham Biosciences Inc., Pis-
cataway, NJ).

Electrophoretic Mobility Shift Assay (EMSA). Cells were sus-
pended in buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl2,10 mM
KCl, 0.5 mM dithiothreitol, and 0.2 mM phenylmethylsulfonyl fluo-
ride), incubated on ice for 15 min, and then homogenized by 15
passages through a 25-gauge needle. Nuclei were collected by cen-
trifugation at 1000g for 5 min at 4°C and suspended in buffer B (20
mM HEPES, pH 7.9, 25% glycerol, 0.42 M NaCl2, 1.5 mM MgCl2, 0.2
mM EDTA, 0.5 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl
fluoride, 5 �g/ml leupeptin, 5 �g/ml pepstatin, 0.5 mM spermidine,
and 5 �g/ml aprotinin). After 15 min of incubation on ice, the nuclear
extracts were collected by centrifugation at 10,000g for 2 min. Nu-
clear extracts (5 �g of protein) were then incubated with 32P end-
labeled double-stranded NF-�B consensus or mutated oligonucleo-
tides (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Complexes
were analyzed by nondenaturing 4% PAGE, and specificity of pro-
tein-DNA complexes was verified by immunoreactivity with poly-
clonal antibodies specific for p65 (Rel A or NF-�B3) or p50 (Rel B or
NF-�B1), for NF-�B. Supershifting antibodies were obtained from
Santa Cruz Biotechnology, Inc. The gels were subsequently dried
and autoradiographed with intensifying screens.

Western Blot Analysis. Nuclear, cytosolic, and mitochondrial
fractions were prepared using fractionation kits from Medical and
Biological Laboratories (Watertown, MA). Equal amount of proteins
per sample were electrophoresed in 8% or 12% SDS-polyacrylamide
gels. Afterward, proteins were transferred to polyvinylidene difluo-
ride membrane (Amersham Biosciences Inc.), and protein loading
was visualized by Ponceau S staining. Filters were blocked with
blocking buffer (Amersham Biosciences Inc.) and incubated with
monoclonal antibodies directed against AIF, p65, p50, and p53
(Santa Cruz Biotechnology, Inc.), PARP-1, manganese superoxide
dismutase, and cytochrome c (BD Biosciences), and actin and lamin
(Sigma-Aldrich). Immune-complexes were visualized using a chemi-
luminescence kit (Amersham Biosciences Inc.), according to the man-
ufacturer’s instructions. Filters were exposed to Hyperfilm autora-
diographic films (Amersham Biosciences Inc.) for 1 to 15 s, depending
on the intensity of the signal.

MPG Activity. MPG activity was assayed as described previously
(Tentori et al., 2001). Tumor cells (107) were sonicated at 4°C in 0.5
ml of buffer I (50 mM Tris-HCl, 3 mM dithiothreitol, and 2 mM
EDTA, pH 8.3), with freshly added 1 mM 4-(2-aminoethyl)-benzene-
sulfonyl fluoride hydrochloride. Various amounts of cell extracts
were incubated with 15 �g (15,000 cpm) of freshly dissolved calf
thymus DNA methylated by N-[3H]methyl-N-nitrosourea (19 Ci/
mmol; Amersham Biosciences Inc.), in a total volume of 100 �l of
buffer II (20 mM Tris-HCl, 1 mM dithiothreitol, 60 mM NaCl, and 1
mM EDTA, pH 8). After 1 h at 37°C, the reaction was stopped on ice

by the addition of 30 �l of 2 M NaCl containing 0.5 mg/ml calf thymus
DNA and 1 mg/ml bovine serum albumin. DNA was ethanol-precip-
itated and samples were centrifuged at 10,000g for 15 min. Three
hundred microliters of the supernatants were transferred to a scin-
tillation tube and counted. MPG activity was determined for protein
and time-limiting conditions and expressed as femtomoles of meth-
ylpurines released per milligram of proteins per hour.

Kinase Assay. Cell lysates were prepared using a high salt buffer
containing 50 mM Tris-HCl, pH 7.5, 400 mM NaCl, 1 mM EDTA, 1
mM EGTA, 1% Triton, 0.5% Nonidet P-40, 10% glycerol, 20 �M
dithiothreitol, and protease inhibitors. Lysates were incubated with
anti-I�B kinase (IKK)� antibodies (BD Biosciences PharMingen, San
Diego, CA) in the presence of 15 �l of protein A-Sepharose at 4°C for
12 h. After extensive washing, endogenous IKK activity was deter-
mined using GST-I�B� (1-54) as substrate (Amici et al., 2001). West-
ern blot analysis was performed as kinase loading control.

Telomerase Assay. The telomeric repeats amplification protocol
(TRAP) assay, based on PCR amplification of telomerase extension
products, was performed as described previously (Tentori et al.,
2001). Total cell extracts were prepared by lysing the cells in ice-cold
extraction buffer [0.5% Nonidet P-40, 10 mM Tris-HCl, pH 7.5, 1 mM
MgCl2, 1 mM EGTA, 0.25 mM sodium deoxycholate, 150 mM NaCl,
10% glycerol, 5 mM �-mercaptoethanol, and 0.1 mM 4-(2-aminoeth-
yl)benzenesulfonyl fluoride hydrochloride]. After centrifugation at
20,000g, supernatants were collected, protein concentration was de-
termined, and aliquots of supernatants were used for the TRAP
assay. In selected experiments, the pellet obtained after high-speed
centrifugation was further solubilized and assayed for telomerase
activity.

For the analysis of telomerase activity in the nuclear and cytosolic
compartments, cell extracts were prepared using a commercially
available fractionation kit from Medical and Biological Laboratories.

The telomerase reaction was carried out in 40 �l of the reaction
mixture consisting of 20 mM Tris-HCl, pH 8.3, 68 mM KCl, 1.5 mM
MgCl2, 1 mM EGTA, 0.05% Tween 20, 0.1 �g of TS primer (5�-
AATCCGTCGAGCAGAGTT-3�), 0.1 �M T4 gene 32 protein, and 50
�M of each deoxynucleotide triphosphate. Samples were incubated
at room temperature for 15 min to allow telomerase to extend TS
primer. The reaction was stopped in ice, and 2 units of TaqDNA
polymerase, 0.16 �l of [�-32P]dCTP (3000 Ci/mmol; PerkinElmer Life
and Analytical Sciences, Boston, MA), and 0.1 �g of CX oligonucle-
otide (5�-CCCTTACCCTTACCCTTACCCTAA-3�) were added to each
single PCR tube. Amplification of the telomeric products was per-
formed by PCR (94°C, 30 s; 50°C, 30 s; and 72°C, 1 min; 31 cycles).
After TRAP assay, 40 �l of the PCR reaction was separated on a 10%
nondenaturing polyacrylamide gel. Thereafter, gels were fixed and
exposed to X-ray films (Eastman Kodak, Rochester, NY) at 	80°C.
The signal of the telomeric ladder was quantified by bidimensional
densitometry using a Kodak apparatus (Imaging densitometer, Im-
age Analysis Software, Rochester, NY). Optical density/mm2 (OD)
was corrected for the background (i.e., lane relative to lysis buffer).

Assay of alkaline phosphatase activity as an internal control for
the quality of the cell extract was performed using a commercially
available kit (Sigma-Aldrich).

Results
N3-A Methylation Induces PARP-1 Activation, Early

DNA Fragmentation, and Loss of Mitochondrial Mem-
brane Potential. We previously demonstrated that Me-Lex
is capable of inducing cell killing in MR-deficient leukemia
cells (Tentori et al., 2000 and 2001). Because PARP-1 activa-
tion has been suggested to contribute to cell death induced by
a number of genotoxic agents through depletion of NAD� and
ATP (Ha and Snyder, 1999), it was investigated whether
treatment with Me-Lex activates PARP-1. To this end, MR-
deficient leukemia MT-1 cells were exposed to 25 �M Me-
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Lex, a concentration capable of killing 60 to 70% of the cells
at 24 h (Tentori et al., 2001), and analyzed for poly(ADP-
ribose) (PAR) formation at 15 and 30 min after drug exposure
by Western blot analysis with an antibody anti-PAR. The
results indicate that Me-Lex induced a robust burst of PAR
formation shortly after treatment, which was abrogated by
pretreatment with the potent and specific PARP-1 inhibitor
NU1025 (Fig. 1A). PARP-1 activation was transient because
PAR formation was no longer detectable 60 min after drug
exposure (data not shown). Treatment with 25 �M Me-Lex
induced PARP-1 activation also in MR-proficient TK-6 leu-
kemia cell line (Fig. 1A).

Analysis of high molecular weight DNA fragmentation at
3 h after treatment revealed the presence of a predominant
50-kb fragment in the sample treated with 25 �M Me-Lex.
Addition of the PARP-1 inhibitor AB inhibited the 50-kb
fragment formation at this early time point (Fig. 1B).

Analysis of cell growth by colony-forming ability assay
shows that Me-Lex markedly inhibited cell growth both in
MT-1 and TK-6. Sensitivity to Me-Lex was also assessed in
MR-proficient HL-60 leukemia cell line and its MR-deficient
subline HL-60R. The results indicate that Me-Lex induced
comparable growth inhibition in both lines, suggesting that a
functional MR is not required for N3-MeA antitumor activity
(Table 1).

We next investigated whether PARP-1 activation induced
by Me-Lex might cause mitochondrial membrane depolariza-
tion. Changes in mitochondrial membrane potential (��m)
were monitored using the fluorescent probe JC-1. This fluo-
rescent mitochondria-specific dye possesses a dual emission
wavelength: as ��m drops, green JC-1 monomer fluorescence
increases, whereas red J-aggregate fluorescence decreases.
The results indicate that Me-Lex (25 �M) induced a reduc-
tion of ��m in about 40% of MT-1 cell population, as early as
3 h after treatment. The percentage of cells with normal
mitochondrial potential (top left quadrant) dramatically de-
creased from 90 to 8% within a time frame of 6 h (Fig. 2).
Pretreatment with the PARP-1 inhibitor AB (4 mM) pro-
tected cells from mitochondrial potential depolarization
(Fig. 2).

Because disruption of mitochondrial membrane potential
is usually accompanied by increased ROS production, un-
treated or Me-Lex-treated cells were analyzed for ROS gen-
eration using a previously described technique based on the
superoxide-induced conversion of the oxidant sensitive dye

dihydroethidium to ethidium, which intercalates within
DNA (Virag et al., 1998). Flow cytometry analysis revealed
that 25 �M Me-Lex induced an increase of ROS production in
63 
 8% of cells 3 h after drug exposure. This effect was
blocked by pretreatment with AB.

Toxicity Induced by N3-MeA Is Accompanied by
Down-Regulation of PARP-1 Expression and NF-�B
Activity. Analysis of nuclear proteins by Western blot anal-
ysis in MT-1 cells revealed a profound down-regulation of
PARP-1 expression as early as 3 h after treatment with 25
�M Me-Lex (Fig. 3). Similar results were obtained in TK-6
leukemia cells treated with the same Me-Lex concentration,
which induced necrosis in 46 
 5 of the cell population 10 h
after drug exposure (Fig. 3). At the same time points, no
down-regulation of PARP-1 expression in the mitochondrial
fraction was observed, whereas in the same samples AIF and
cytochrome c expression slightly decreased at 10 h. No nu-
clear translocation of AIF or cytosolic mobilization of cyto-
chrome c were detected (data not shown).

Because PARP-1 has been shown to regulate the function
of NF-�B (Chang and Alvarez-Gonzalez, 2001; Hassa et al.,
2001, 2003), a transcription factor modulated by a number of
anticancer agents (Das and White, 1997), we have investi-
gated whether the marked reduction of PARP-1 protein in-
duced by Me-Lex was accompanied by a parallel decline of
NF-�B activity. Analysis of the transcription factor binding
activity by EMSA in MT-1 and TK-6 leukemia cells showed a
constitutive activation of NF-�B in both cell lines (Fig. 4). In
MT-1 cells, Me-Lex induced a time- and dose-dependent de-
crease of NF-�B activity. NF-�B reduction was evident start-
ing from 6 h after treatment with 25 �M Me-Lex (Fig. 4A),
and with 12.5 �M Me-Lex 10 h after drug exposure (Fig. 4B).
Preincubation of nuclear extracts with antibody to either the
p50 or the p65 subunits of NF-�B revealed that both anti-
bodies shifted the band to a higher molecular mass and that
treatment with Me-Lex induced a decrease of both compo-
nents (Fig. 4A). A similar NF-�B down-regulation was ob-
served in TK-6 leukemia cells (Fig. 4B).

When the same cell lines were treated with the wide-
spectrum methylating agent TMZ (6.2–250 �M), a reduction
of NF-�B activity was observed only in TK-6 cells 48 h after
exposure to 12.5 or 25 �M TMZ (Fig. 4C). In fact, TK-6 cells
are sensitive to TMZ, being characterized by low AGT activ-
ity and functional MR. The late appearance of NF-�B down-
regulation reflects the timing of TMZ cytotoxicity, which

Fig. 1. Me-Lex induces PARP-1 activation and early
DNA fragmentation. A, PARP-1 inhibitor abrogates
PAR formation induced by Me-Lex. MT-1 or TK-6
cells were incubated for 15 min with the PARP-1
inhibitor NU1025 (50 �M) before treatment with 25
�M Me-Lex and then analyzed by immunoblot for
PAR formation and actin expression at the indicated
times. B, analysis of DNA fragmentation in drug-
treated MT-1 cells. Cells were cultured for 3 h in
medium only or in the presence of 25 �M Me-Lex 

4 mM AB. Then, high molecular weight DNA was
extracted and analyzed by PFGE. The size of 50-
kilobase DNA fragments, estimated using molecular
weight markers, is indicated. The figure is a photo-
graph of an agarose gel stained with ethidium bro-
mide. Representative of two independent experi-
ments.
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derives from the processing of O6-MeG and occurs during the
second cycle of DNA replication after adduct generation. In
MT-1 cells, no modulation of NF-�B was detected even at
10-fold higher concentration (Fig. 4C). These results are con-
sistent with the intrinsic resistance of MT-1 cells to O6-MeG
damage because of MR deficiency (D’Atri et al., 1998).

PARP-1 Inhibition Counteracts Down-Regulation of
NF-�B and Necrosis Induced by Me-Lex. Pretreatment of
MT-1 leukemia cells with two different PARP-1 inhibitors
(AB or NU1025) prevented the marked reduction of NF-�B
activity induced by Me-Lex 10 h after treatment (Fig. 4B).
PARP-1 inhibitor counteracted reduction of NF-�B activity
induced by Me-Lex also in TK-6 cells (Fig. 4B).

Under normal conditions, NF-�B is present in the cyto-
plasm most commonly as a p65/p50 heterodimer that is re-
tained in an inactive state by its association with the in-
hibitory I�B� protein (Karin et al., 2004). Upon NF-�B
activation, I�B� undergoes phosphorylation, ubiquitination,
and degradation, thus allowing nuclear translocation of p50/
p65 complex. The phosphorylation of I�B� is catalyzed by an
IKK complex. We next investigated whether Me-Lex induced
down-regulation of constitutive NF-�B activation was caused
by inhibition of IKK activity. The results demonstrate a
constitutive IKK activity in control MT-1 cells, whereas im-
munoprecipitated IKK from Me-Lex treated cells showed ab-
rogation of kinase activity that was reversed by pretreatment
with the PARP-1 inhibitor AB. Immunoblotting analysis of
cell extracts from untreated and drug treated cells showed
not significant changes in the protein levels of the IKK sub-
unit (Fig. 4D).

Me-Lex induced necrosis in MT-1 cells, which are endowed
with low levels of MPG activity. Pretreatment with PARP-1
inhibitor protected cells from this type of cell death (Tentori
et al., 2001). Similar results were obtained in TK-6 cells,
which are characterized by comparable levels of MPG activ-
ity (MT-1, 153 
 31 and TK-6, 217 
 23 fmol/mg). In fact, 25
�M Me-Lex induced necrosis in TK-6 cells as evidenced by PI
uptake 10 h after treatment. Necrosis did not seem to be
secondary to apoptosis, because at earlier times (1, 3, and 6 h)

TABLE 1
Chemosensitivity to Me-Lex of MR-proficient and MR-deficient
leukemia cell lines determined by colony forming ability
Cells were incubated with graded concentrations of Me-Lex for 4 h and then plated
at 1 cell/well using a 96-well plate for each drug concentration tested. After 10 days,
plates were analyzed for colony forming ability (Tentori et al., 2003). Cell line
chemosensitivity to Me-Lex was evaluated in terms of IC50, i.e., the concentration of
the drug expressed in micromolar, capable of inhibiting colony-forming ability by
50%. The IC50 was calculated on the regression line in which the number of colonies
was plotted versus the drug concentrations. Each value represents the mean of three
independent experiments 
 S.E.

Cell Line MR Status Me-Lex IC50

�M

TK-6 � 2 
 0.3
MT-1 	 2.5 
 0.2
HL-60 � 5.4 
 0.2
HL-60 R 	 5.0 
 0.4

Fig. 2. Determination of Me-Lex-induced mitochondrial depolarization
by flow cytometry. MT-1 cells were treated with 25 �M Me-Lex (left) or
pretreated with 4 mM AB before exposure to 25 �M Me-Lex (right). Cells
were then analyzed at the indicated time points for changes in JC-1 dye
fluorescence (FL-1, green fluorescence; FL-2, red fluorescence). Percent-
age numbers in the top left quadrant and right quadrants indicate pro-
portion of cells with normal and depolarized mitochondria, respectively.
Representative of three independent experiments.

Fig. 3.Time-course analysis of PARP-1 expression in MT-1 or TK-6 cells
after treatment with Me-Lex. Nuclear extracts (10 �g) from untreated
MT-1 cells or TK-6 cells exposed to 25 �M Me-Lex were resolved on 8%
SDS-PAGE gels, electrotransferred on polyvinylidene difluoride mem-
branes, and probed for PARP-1. The same blots were stripped and re-
probed with lamin as nuclear marker protein. Representative of two
independent experiments.
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a negligible percentage of cells (�7%) stained positively with
annexin V. The percentage of necrotic cells induced by Me-
Lex in TK-6 cells dramatically decreased when cells were
pretreated with AB (Fig. 5A). However, protection from cell
death afforded by the PARP-1 inhibitor was only transient,
because cells treated with the drug combination eventually
died by apoptosis because of interruption of methylpurine
repair caused by PARP-1 inhibition (Tentori et al., 2001).
Cleavage of PARP-1 was indeed observed in cells treated
with Me-Lex � PARP-1 inhibitor (Fig. 5B). Moreover, treat-
ment with Me-Lex � AB provoked a marked induction of p53
starting from 1 h after treatment (Fig. 5B).

Me-Lex Differently Modulates Telomerase Activity
in the Nuclear and Cytoplasmic Compartment. Because
previous studies have shown that telomerase, a ribonuclear
protein involved in telomere elongation and cell survival, can
be modulated by DNA damage, we have investigated
whether treatment with Me-Lex might affect telomerase
function. Kinetics analysis of telomerase activity, using total
cell extracts (corresponding to equal number of cells) pre-
pared from MT-1 cells untreated or exposed to Me-Lex (25
�M), revealed a consistent decrease of telomeric ladder (41%
reduction with respect to untreated control) as early as 3 h
after treatment. This reduction reached about 90% at 10 h

(Fig. 6A). At this time, in untreated MT-1 cells telomerase
activity was detectable in as low as 25 ng of total cell extract,
whereas in cells treated with 25 �M Me-Lex for 10 h telom-
erase was not observed even at a 10-fold higher protein
concentration. However, it should be noted that in drug-
treated cells, telomerase activity could be detected starting
from a protein concentration of 500 ng and higher (data not
shown). A dose-dependent down-regulation of telomerase ac-
tivity also was observed in total cell extracts from TK-6 cells
10 h after drug exposure (Fig. 6A). At 24 h after treatment
with Me-Lex, telomerase activity was no longer detected even
at high protein concentration (Tentori et al., 2001). High
concentrations of TMZ instead did not induce a substantial
reduction of telomerase in MT-1 cells 10 h after treatment
(data not shown).

All samples showed comparable levels of alkaline phospha-
tase activity (data not shown). This enzyme possesses stabil-
ity similar to that of telomerase, thus serving as an internal
control for the quality of the extracts.

We then analyzed whether DNA damage induced by Me-
Lex might differently affect subcellular localization of telom-
erase activity. The results of TRAP assay in MT-1 cells indi-
cate that the level of telomerase activity in cytoplasmic
extracts of untreated cells was 2-fold higher than that

Fig. 4. Treatment with Me-Lex in-
duces reduction of NF-�B and IKK
kinase activity. A, MT-1 cells were
treated with 25 �M Me-Lex. Nu-
clear extracts (5 �g) were incubated
with 32P end-labeled double-
stranded NF-�B consensus or mu-
tated oligonucleotides and subjected
to EMSA at the indicated times. An-
tibody mediated supershift analysis
was carried out by including anti-
bodies (1 �g) against p50 or p65
subunits of NF-�B in the binding
reaction of nuclear extracts from
untreated MT-1 cells or cells
treated with 25 �M Me-Lex for 10 h.
Arrows indicate supershifted bands.
B, MT-1 or TK-6 cells were treated
with graded concentration of Me-
Lex, as single agent or in combina-
tion with 4 mM AB or 25 �M
NU1025. Nuclear extracts were pre-
pared 10 h after treatment and an-
alyzed by EMSA. C, influence of
treatment with TMZ on DNA bind-
ing activity of NF-�B in susceptible
TK-6 or resistant MT-1 cells. Nu-
clear extracts (5 �g) from TK-6 or
MT-1 cells, untreated or treated
with the indicated concentrations of
TMZ, were incubated with 32P end-
labeled double-stranded NF-�B con-
sensus oligonucleotides and sub-
jected to EMSA 48 h after drug
exposure. D, total cell extracts were
prepared from MT-1 cells untreated
or treated with 4 mM AB or with 25
�M Me-Lex 
 4 mM AB for the in-
dicated times. The IKK protein was
immunoprecipitated and the kinase
assay (KA) was performed. Immu-
noprecipitated IKK protein was vi-
sualized by immunoblot (IB) in all
samples.
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present in nuclear extracts (Fig. 6A). Me-Lex induced a dose-
dependent reduction of telomeric ladder only in the cytosolic
compartment 10 h after drug exposure. It is surprising that
the drug induced a 2- to 4-fold increase of telomerase activity
in the nuclear fraction at 12.5 and 25 �M, respectively (Fig. 6A).

Kinetics analysis of telomerase activity revealed that the
increase of telomerase activity induced by Me-Lex in the
nuclear extracts was detected starting from 6 h after treat-
ment (Fig. 6B). A complete abrogation of telomerase was

observed at later times (i.e., 18 h; data not shown). PARP-1
inhibition counteracted the reduction of telomerase in total
cell extracts or in the cytosolic compartment, slightly affect-
ing the increase in the nuclear fraction induced by Me-Lex
(Fig. 6B).

Detection of a profound telomerase reduction in total cell
extracts seemed to be in contrast with the increase of activity
detected in the nuclei of Me-Lex-treated cells. Therefore, we
have investigated whether the decrease of telomerase activ-
ity observed in total cell extracts was caused by the loss of
nuclear components, which would have masked up-regula-
tion of nuclear telomerase. To this end, we assayed telomer-
ase activity in the pellet obtained after high-speed centrifu-
gation of total cell lysate. After removing supernatant, the
residual pellet was solubilized with the nuclear extraction
buffer present in the commercial fractionation kit (Medical
and Biological Laboratories). The results of TRAP assay
showed a 2-fold increase of the telomeric ladder in the pellet
of drug-treated cells with respect to that of untreated control,
both in MT-1 and TK-6 cells (data not shown). Therefore, the
pellet probably contained nuclear-associated proteins, in-
cluding telomerase. These results suggest that telomerase
reduction observed in total cell extracts substantially re-
flected decrease of telomerase in the cytosolic compartment.

Discussion
Herein, we demonstrate for the first time that Me-Lex, a

compound capable of generating �99% N3-MeA adducts, in-
duced a prompt activation of PARP-1, loss of mitochondrial
membrane potential, and a decrease in nuclear PARP-1 ex-
pression and NF-�B activity. Moreover, appearance of DNA
fragmentation was followed by up-regulation of telomerase in
the nuclear compartment with a concomitant decrease of
activity in the cytosol.

In addition to being involved in DNA repair as a compo-
nent of BER, PARP-1 also acts as mediator of necrotic cell
death (Ha and Snyder, 1999). In fact, extensive activation of
PARP-1 and consequent consumption of NAD� during the
synthesis of poly(ADP-ribose) lead to ATP depletion in the
effort to resynthesize the nicotinamide derived dinucleotide.
In the leukemia cell line TK-6, and in its subline MT-1,
Me-Lex provoked a strong activation of PARP-1. These cell
lines are both characterized by low MPG activity and similar
susceptibility to necrosis induced by Me-Lex. Sensitivity to
Me-Lex is not influenced by the functional status of MR
because the methylating agent induced comparable growth
inhibition in MR-deficient MT-1 or MR-proficient TK-6 and
in other leukemia cell lines (i.e., HL60 and its HL-60 R
subline) that differ in MR status.

Cell death provoked by Me-Lex was preceded by loss of
mitochondrial membrane potential and ROS generation. Pre-
treatment with PARP-1 inhibitors blocked ADP-ribose poly-
mer formation, preserved mitochondrial membrane integrity,
and prevented necrosis. These results strongly suggest that
necrosis was the result of PARP-1 overactivation. Our find-
ings are consistent with those reported with high concentra-
tions of the wide-spectrum methylating agents MNNG or
MNU in different model systems (Mizumoto and Farber,
1995; Ha and Snyder, 1999; Yu et al., 2002). Thus, it is
conceivable to hypothesize that N3-MeA is the DNA lesion

Fig. 5. Treatment with PARP-1 inhibitor � Me-Lex protects leukemia
cells from necrosis, induces PARP-1 cleavage and p53 stabilization. A,
TK-6 cells were exposed to 25 �M Me-Lex 
 4 mM AB and analyzed by
flow cytometry 10 h after treatment. Unfixed cells were washed, sus-
pended in PBS and labeled with 2 �g/ml PI. Percentages of PI-positive
necrotic cells are indicated. Representative of three independent experi-
ments. B, MT-1 cells were treated with 25 �M Me-Lex 
 4 mM AB and
analyzed for PARP-1 cleavage 10 h after treatment or for p53 induction at
the indicated times by Western blot analysis. Representative of two
independent experiments. Similar results were obtained in TK-6 cells
(data not shown).
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responsible of PARP-1 activation and cytotoxicity also in the
case of high doses of MNNG and MNU.

It has been recently demonstrated that mitochondrial
membrane depolarization associated with cell death signal-
ing induced by PARP-1 activation leads to AIF nuclear trans-
location, which in turn triggers chromatin condensation in-
dependently of caspases (Yu et al., 2002; Alano et al., 2004).
In cell death induced by Me-Lex, high molecular weight DNA
fragmentation was evident 3 h after treatment in the absence
of AIF nuclear translocation. These data indicate that cyto-
toxicity mediated by Me-Lex is unlikely to be the result of
AIF-dependent apoptosis, whereas it resembles necrosis. In
fact, high molecular weight fragmentation has been associ-
ated with either apoptotic or necrotic cell death (Kataoka et
al., 1995; Slagsvold et al., 2003).

Activation of PARP-1 by Me-Lex occurring 15 to 30 min
after drug exposure, was followed a few hours later by a
marked decrease in nuclear PARP-1 expression and NF-�B
activity. PARP-1 has been shown to act as NF-�B coactivator
through a direct protein–protein interaction with both p50
and p65 subunits (Hassa et al., 2001, 2003). Indeed, PARP-

1-deficient cells are defective in NF-�B-dependent transcrip-
tion activation in response to inflammatory stimuli (Oliver et
al., 1999). Because of the functional link existing between
PARP-1 and NF-�B it is conceivable that the decrease of
PARP-1 protein in the nucleus, which occurs in Me-Lex-
treated cells undergoing necrosis, might induce an impair-
ment of the DNA binding activity of NF-�B complexes. How-
ever, it cannot be excluded that Me-Lex might directly affect
NF-�B ability to interact with DNA.

Modulation of NF-�B has been implicated in the cellular
response to genotoxic damage. Inhibition of this transcription
factor would promote cell death, whereas NF-�B activation
after treatment with anticancer drugs is generally regarded
as a hallmark of tumor resistance (for review, see Karin et
al., 2004). In fact, the leukemia lines used in this study
express high basal levels of NF-�B activity in accordance
with the observation that this transcription factor is consti-
tutively activated in leukemic progenitors (Zaninoni et al.,
2003; Birkenkamp et al., 2004). In both TK-6 and MT-1 cells,
Me-Lex induced an early and dose-dependent decrease of
NF-�B DNA binding activity that paralleled the cytotoxic

Fig. 6. Differential modulation of telomer-
ase activity induced by Me-Lex in nuclear
and cytoplasmic compartments. A, analysis
of telomerase activity in total cell extracts
prepared from MT-1 (left) or TK-6 cells
(middle), untreated or exposed to Me-Lex
(MT-1, 1–10 h; TK-6, 10 h). Telomerase ac-
tivity was tested by TRAP assay using total
cell extracts corresponding to equal number
of cells (2 � 103). As negative control (nc),
cell extract was replaced by an equal volume
of lysis buffer. ODs were MT-1 untreated
control, 4250; 1 h Me-Lex, 4200; 3 h Me-Lex,
2898; 6 h Me-Lex, 1232; 10 h Me-Lex, 383;
TK-6 untreated control, 5854; 6.2 �M Me-
Lex, 3498; 12.5 �M Me-Lex, 1358; and 25
�M Me-Lex, 1071. Cytosolic and nuclear ex-
tracts (right) corresponding to equal num-
ber of MT-1 cells (2 � 103) were analyzed for
telomerase activity by TRAP assay 10 h af-
ter treatment with the indicated concentra-
tions of Me-Lex. Arrow points to an internal
telomerase assay standard (ITAS). Repre-
sentative of two independent experiments.
ODs for cytoplasmic extracts were un-
treated control, 7693; 6.2 �M Me-Lex, 7578;
12.5 �M Me-Lex, 2990; and 25 �M Me-Lex,
2048. ODs for nuclear extracts were un-
treated control, 3620; 6.2 �M Me-Lex, 5437;
12.5 �M Me-Lex, 6132; and 25 �M Me-Lex,
7701. B, analysis of telomerase activity in
total cell extracts (left) or in cytosolic and
nuclear fractions (right) of MT-1 cells, un-
treated or exposed to 25 �M Me-Lex 
 AB
6 h after treatment. ODs for total extracts
were untreated, 5082; Me-Lex, 1973; AB,
5308; and AB � Me-Lex, 5290. ODs for cy-
toplasmic extracts were untreated, 5683;
Me-Lex, 2682; AB, 5670; and AB � Me-Lex,
4699. ODs for nuclear extracts were un-
treated, 2200; Me-Lex, 4617; AB, 1671; and
AB � Me-Lex, 3881.
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effect. Me-Lex also inhibited the activity of IKK complex, the
kinase that phosphorylates IkB� thereby allowing the re-
lease and consequent nuclear translocation of NF-�B (Karin
et al., 2004). This might hamper further recruitment of
NF-�B protein to the nucleus and contribute, together with
NF-�B down-regulation, to silence gene transcription in cells
undergoing necrosis (Fig. 7). In contrast, the wide-spectrum
methylating agent TMZ, which requires an intact MR func-
tion for O6-MeG mediated toxicity, provoked a delayed down-
regulation of NF-�B activity only in TK-6 cells in concomi-
tance with the appearance of cytotoxicity.

It has been previously reported that the enzymatic activity
of PARP-1 is dispensable for its function as NF-�B coactiva-
tor (Hassa et al., 2001). Inhibition of PARP-1 did not affect
basal NF-�B activity of leukemia cells but prevented the
reduction of NF-�B activity induced by Me-Lex. This was
probably the consequence of protection from necrosis af-
forded by PARP-1 inhibitor. It should be noted that combined
treatment with Me-Lex � AB was accompanied by p53 in-
duction and PARP-1 cleavage. Despite the fact that leukemia
cells treated with Me-Lex � PARP-1 inhibitor were commit-
ted to die via apoptosis, this cell death modality was not
accompanied by down-regulation of NF-�B, at least within
the time frame investigated in this study. Apoptosis induced
by the drug combination is probably the result of strand
breaks deriving from the interruption of BER process pro-
voked by PARP-1 inhibition (Tentori et al., 2001).

In the present study, we show that N3-MeA is capable of
signaling a prompt increase, even though transient, of telom-
erase activity in the nucleus. This is probably the conse-
quence of nuclear translocation of the enzyme from the cyto-
plasm because the reduction of activity detected in this
compartment paralleled up-regulation of telomerase in the
nucleus. Telomerase is a ribonuclear protein devoted to the
maintenance of telomeres, the specialized structures located
at the ends of chromosomes. Although elongation of telo-
meres requires nuclear localization of telomerase, functional
telomerase has been found both in the nucleus and cytoplasm
of cancer cells (Akiyama et al., 2003; Kyo et al., 2003). It is
interesting that in untreated MT-1 and TK-6 cell lines, ex-
pression of telomerase was higher in the cytosol with respect
to the nuclear compartment.

Beside being involved in cellular immortalization, telom-
erase seems to play a role also in cellular response to DNA
damage and repair (Shin et al., 2004). In fact, up-regulation
of total cellular telomerase followed by a decline of activity at
late stages of cell death was previously reported in tumor
cells treated with the topoisomerase II inhibitor etoposide
(Sato et al., 2000; Moriarty et al., 2002; Klapper et al., 2003).
Telomerase up-regulation also was detected in cells exposed
to radiation, indicating an involvement in chromosome heal-
ing (Neuhof et al., 2001). The molecular mechanisms induc-
ing telomerase nuclear translocation in Me-Lex-treated cells
have yet to be identified. However, because Me-Lex is capa-
ble of inducing chromosome damage in MT-1 cells (Tentori et
al., 2000), it can be hypothesized that broken chromosomes
might mimic dysfunctional telomeres and recruit telomerase
activity in the nucleus in an attempt to repair the damage.

Inhibition of PARP-1 prevented reduction of telomerase in
total cellular extract and cytosolic compartment, as a conse-
quence of protection from necrosis. However, treatment with
AB slightly affected nuclear up-regulation of telomerase in-
duced by Me-Lex. These results suggest that the DNA mod-
ifications, which follow treatment with Me-Lex, might trigger
the increase of telomerase in the nucleus independently on
PARP-1 activity.

It has been recently demonstrated that NF-�B, beside act-
ing as transcription regulator of human telomerase reverse
transcriptase (Yin et al., 2000), is also capable of directly
interacting with human telomerase reverse transcriptase
through its p65 subunit, allowing nuclear translocation of
telomerase upon a proliferative stimulus (Akiyama et al.,
2003). The results presented here indicate that up-regulation
of nuclear telomerase induced by Me-Lex takes place concom-
itantly with the drug-induced decrease of NF-�B, excluding
an involvement of NF-�B in nuclear translocation of telom-
erase. Therefore, other still unknown mechanisms, indepen-
dent on the transcription factor and triggered by DNA dam-
age, are probably responsible for telomerase shuttling to the
nucleus.

In conclusion, the present study provides new insight in
tumor cell response to N3-MeA, which might represent a
novel target for anticancer drugs to be exploited for the
treatment of tumors unresponsive to classical wide-spectrum
methylating agents. Moreover, these results underline the
central and paradoxical role of PARP-1 in cell death induced
by N3-MeA. In fact, although inhibition of PARP-1 protects
from necrosis, it also triggers apoptosis as a result of inhibi-
tion of methylpurine repair mediated by BER (Fig. 7).

Acknowledgments

We thank Dr. Marco Ranalli (Department of Experimental Medi-
cine, University of Rome “Tor Vergata”) for discussions and sugges-
tions.

References
Akiyama M, Hideshima T, Hayashi T, Tai YT, Mitsiades CS, Mitsiades N, Chauhan

D, Richardson P, Munshi NC, and Anderson KC (2003) Nuclear factor-kappaB p65
mediates tumor necrosis factor alpha-induced nuclear translocation of telomerase
reverse transcriptase protein. Cancer Res 63:18–21.

Alano CC, Ying W, and Swanson RA (2004) Poly(ADP-ribose) Polymerase-1-
mediated cell death in astrocytes requires NAD� depletion and mitochondrial
permeability transition. J Biol Chem 279:18895–18902.

Amici C, Belardo G, Rossi A, and Santoro MG (2001) Activation of I�B kinase by
Herpes Simplex virus type 1. A novel target for anti-herpetic therapy. J Biol Chem
276:28759–28766.

Birkenkamp KU, Geugien M, Schepers H, Westra J, Lemmink HH, and Vellenga E
Fig. 7. Schematic drawing of PARP-1 involvement in cell death pathways
induced by Me-Lex as single agent or combined with PARP-1 inhibitor.

580 Tentori et al.

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


(2004) Constitutive NF-kappaB DNA-binding activity in AML is frequently medi-
ated by a Ras/PI3-K/PKB-dependent pathway. Leukemia 18:103–112.

Chang WJ and Alvarez-Gonzalez R (2001) The sequence-specific DNA binding of
NF-�B is reversibly regulated by the automodification reaction of poly (ADP-
ribose) polymerase 1. J Biol Chem 276:47664–47670.

Das KC and White CW (1997) Activation of NF-�B by antineoplastic agents. Role of
protein kinase C. J Biol Chem 272:14914–14920.

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

Drummond JT, Genschel J, Wolf E, and Modrich P (1997) DHFR/MSH3 amplifica-
tion in methotrexate-resistant cells alters the hMutSalpha/hMutSbeta ratio and
reduces the efficiency of base-base mismatch repair. Proc Natl Acad Sci USA
94:10144–10149.

Encell L, Shuker DE, Foiles PG, and Gold B (1996) The in vitro methylation of DNA
by a minor groove binding methyl sulfonate ester. Chem Res Toxicol 9:563–567.

Fronza G and Gold B (2004) The biological effects of N3-methyladenine. J Cell
Biochem 91:250–257.

Ha HC and Snyder SH (1999) Poly(ADP-ribose) polymerase is a mediator of necrotic
cell death by ATP depletion. Proc Natl Acad Sci USA 96:13978–13982.

Hassa PO, Buerki C, Lombardi C, Imhof R, and Hottiger MO (2003) Transcriptional
coactivation of nuclear factor-�B-dependent gene expression by p300 is regulated
by poly(ADP)-ribose polymerase-1. J Biol Chem 278:45145–45153.

Hassa PO, Covic M, Hasan S, Imhof R, and Hottiger MO (2001) The enzymatic and
DNA binding activity of PARP-1 are not required for NF-�B coactivator function.
J Biol Chem 276:45588–45597.

Karin M, Yamamoto Y, and Wang QM (2004) The IKK NF-kappa B system: a
treasure trove for drug development. Nat Rev Drug Discov 3:17–26.

Kataoka A, Kubota M, Wakazono Y, Okuda A, Bessho R, Lin YW, Usami I, Akiyama
Y, and Furusho K (1995) Association of high molecular weight DNA fragmentation
with apoptotic or non-apoptotic cell death induced by calcium ionophore. FEBS
Lett 364:264–267.

Klapper W, Qian W, Schulte C, and Parwaresch R (2003) DNA damage transiently
increases TRF2 mRNA expression and telomerase activity. Leukemia 17:2007–
2015.

Kyo S, Masutomi K, Maida Y, Kanaya T, Yatabe N, Nakamura M, Tanaka M,
Takarada M, Sugawara I, Murakami S, et al. (2003) Significance of immunological
detection of human telomerase reverse transcriptase: re-evaluation of expression
and localization of human telomerase reverse transcriptase. Am J Pathol 163:
859–867.

Kyrtopoulos SA, Anderson LM, Chhabra SK, Souliotis VL, Pletsa V, Valavanis C,
and Georgiadis P (1997) DNA adducts and the mechanism of carcinogenesis and
cytotoxicity of methylating agents of environmental and clinical significance. Can-
cer Detect Prev 21:391–405.

Levati L, Marra G, Lettieri T, D’Atri S, Vernole P, Tentori L, Lacal PM, Pagani E,
Bonmassar E, Jiricny J, et al. (1998) Mutation of the mismatch repair gene
hMSH2 and hMSH6 in a human T-cell leukemic line tolerant to methylating
agents. Gene Chromosome Cancer 3:159–166.

Liu L, Markowitz S, and Gerson SL (1996) Mismatch repair mutations override
alkyltransferase in conferring resistance to temozolomide but not to 1,3-bis(2-
chloroethyl)nitrosourea. Cancer Res 56:5375–5379.

Mizumoto K and Farber JL (1995) Growth inhibition and cell killing by N-methyl-
N-nitrosourea: metabolic alterations that accompany poly(ADP-ribosyl)ation. Arch
Biochem Biophys 319:512–518.

Moriarty TJ, Dupuis S, and Autexier C (2002) Rapid upregulation of telomerase
activity in human leukemia HL-60 cells treated with clinical doses of the DNA-
damaging drug etoposide. Leukemia 16:1112–1120.

Neuhof D, Ruess A, Wenz F, and Weber KJ (2001) Induction of telomerase activity
by irradiation in human lymphoblasts. Radiat Res 155:693–697.

Newlands ES, Stevens MF, Wedge SR, Wheelhouse RT, and Brock C (1997) Temo-

zolomide: a review of its discovery, chemical properties, pre-clinical development
and clinical trials. Cancer Treat Rev 23:35–61.

Oliver FJ, Menissier-de Murcia J, Nacci C, Decker P, Andriantsitohaina R, Muller S,
de la Rubia G, Stoclet JC, and de Murcia G (1999) Resistance to endotoxic shock as
a consequence of defective NF-kappaB activation in poly (ADP-ribose) polymer-
ase-1 deficient mice. EMBO (Eur Mol Biol Organ) J 18:4446–4454.

Sato N, Mizumoto K, Kusumoto M, Nishio S, Maehara N, Urashima T, Ogawa T, and
Tanaka M (2000) Up-regulation of telomerase activity in human pancreatic cancer
cells after exposure to etoposide. Br J Cancer 82:1819–1826.

Shah GM, Kaufmann SH, and Poirier GG (1995) Detection of poly(ADP-ribose)
polymerase and its apoptosis-specific fragment by a nonisotopic activity-Western
blot technique. Anal Biochem 232:251–254.

Shin KH, Kang MK, Dicterow E, Kameta A, Baluda MA, and Park NH (2004)
Introduction of human telomerase reverse transcriptase to normal human fibro-
blasts enhances DNA repair capacity. Clin Cancer Res 10:2551–2560.

Slagsvold HH, Rosseland CM, Jacobs C, Khuong E, Kristoffersen N, Gaarder M,
Fallgren AB, Huitfeldt HS, and Paulsen RE (2003) High molecular weight DNA
fragments are processed by caspase sensitive or caspase independent pathways in
cultures of cerebellar granule neurons. Brain Res 984:111–121.

Srivastava D, Berg BJ, Prasad R, Molina JT, Beard WA, Tomkinson AE, and Wilson
SH (1998) Mammalian abasic site base excision repair Identification of the reac-
tion sequence and rate-determining steps. J Biol Chem 273:21203–21209.

Tentori L, Vernole P, Lacal PM, Madaio R, Portarena I, Levati L, Balduzzi A,
Turriziani M, Dande P, Gold B, et al. (2000) Cytotoxic and clastogenic effects of a
DNA minor groove binding methyl sulfonate ester in mismatch repair deficient
leukemic cells. Leukemia 14:1451–1459.

Tentori L, Balduzzi A, Portarena I, Levati L, Vernole P, Gold B, Bonmassar E, and
Graziani G (2001) Poly (ADP-ribose) polymerase inhibitor increases apoptosis and
reduces necrosis induced by a DNA minor groove binding methyl sulfonate ester.
Cell Death Differ 8:817–828.

Tentori L, Leonetti C, Scarsella M, d’Amati G, Portarena I, Zupi G, Bonmassar E,
and Graziani G (2002) Combined treatment with temozolomide and poly(ADP-
ribose) polymerase inhibitor enhances survival of mice bearing hematologic ma-
lignancy at the central nervous system site. Blood 99:2241–2244.

Tentori L, Leonetti C, Scarsella M, D’Amati G, Vergati M, Portarena I, Xu W, Kalish
V, Zupi G, Zhang J, et al. (2003) Systemic administration of GPI 15427, a novel
poly(ADP-ribose) polymerase-1 inhibitor, increases the antitumor activity of te-
mozolomide against intracranial melanoma, glioma, lymphoma. Clin Cancer Res
9:5370–5379.

Yin L, Hubbard AK, and Giardina C (2000) NF-�B regulates transcription of the
mouse telomerase catalytic subunit. J Biol Chem 275:36671–36675.

Yu SW, Wang H, Poitras MF, Coombs C, Bowers WJ, Federoff HJ, Poirier GG,
Dawson TM, and Dawson VL (2002) Mediation of poly(ADP-ribose) polymerase-1-
dependent cell death by apoptosis-inducing factor. Science (Wash DC) 297:259–
263.

Virag L, Salzman AL, and Szabo C (1998) Poly(ADP-ribose) synthetase activation
mediates mitochondrial injury during oxidant-induced cell death. J Immunol
161:3753–3759.

Zaninoni A, Imperiali FG, Pasquini C, Zanella A, and Barcellini W (2003) Cytokine
modulation of nuclear factor-kappaB activity in B-chronic lymphocytic leukemia.
Exp Hematol 31:185–190.

Zhang Y, Chen F-X, Mehta P, and Gold B (1993) The design of groove and sequence
selective alkylation of DNA by sulfonate esters tethered to lexitropsin. Biochem-
istry 32:7954–7965.

Address correspondence to: Dr. Grazia Graziani, Department of Neuro-
science, University of Rome “Tor Vergata”, Via Montpellier 1, 00133 Rome,
Italy. E-mail: graziani@uniroma2.it

N3-MeA Modulates PARP-1, NF-�B, and Nuclear Telomerase 581

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/

