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A B S T R A C T

PARP inhibitors combined with DNA-damage inducing cytostatic agents can lead to effective tumor

therapy. However, inhibition of poly(ADP-ribose) polymerase (PARP-1; EC 2.4.2.30) induces the

activation of PI-3-kinase-Akt pathway, which can counteract the effectiveness of this therapy. To

understand the role of Akt activation in the combined use of cytostatic agent and PARP inhibition, we

used taxol (paclitaxel) as an antineoplastic agent, which targets microtubules and up-regulates

mitochondrial ROS production, together with (i) pharmacological inhibition (PJ-34), (ii) siRNA knock-

down and (iii) transdominant expression of the DNA binding domain of PARP-1. In all cases, PARP-1

inhibition leads to suppressed poly-ADP-ribosylation of nuclear proteins, prevention of NAD+ depletion

and significant resistance against taxol induced caspase-3 activation and apoptotic cell death. Paclitaxel

induced a moderate increase in Akt activation, which was significantly augmented by PARP inhibition,

suggesting that PARP inhibition-induced Akt activation could be responsible for the cytostatic resistance.

When activation of the PI-3-kinase-Akt pathway was prevented by LY-294002 or Akt Inhibitor IV, the

cytoprotective effect of PARP inhibition was significantly diminished showing that the activation of PI-3-

kinase-Akt cascade had significantly contributed to the cytostatic resistance. Our study demonstrates

that drug-induced drug resistance can be responsible for the reduced efficacy of antitumor treatment.

Although inhibition of PARP-1 can promote cell death in tumor cells by the inhibition of DNA repair,

PARP-inhibition promoted activation of the PI-3-kinase-Akt pathway can counteract this facilitating

effect, and can cause cytostatic resistance. We suggest augmenting PARP inhibition by the inhibition of

the PI-3-kinase-Akt pathway for antitumor therapy.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

The nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1)
is activated in response to DNA damage [1]. Single- and/or double-
strand DNA breaks induce the production of branched chain ADP-
ribose polymers that are covalently attached to numerous nuclear
proteins like histones or the PARP itself and this process
represents an early event in DNA repair. Although it is well-
documented that inhibition of PARP-1 has cytoprotective effects
against oxidative stress [2], there is growing evidence suggesting
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that inhibition of PARP-1 sensitizes cells to DNA-damaging agents
[3]. This later effect of PARP-1 inhibition is attributed to the DNA-
damage sensing function of PARP-1, namely that it responds to
single- and/or double-strand DNA breaks, and facilitates DNA
repair and cell survival. Furthermore, it was shown that cells
deficient in breast cancer associated gene-1 and -2 (BRCA1/2) are
extremely sensitive to PARP inhibition because of defective
double-strand DNA break repair [4]. Based on these data, PARP
inhibition is considered as a useful therapeutic strategy not only
for the treatment of BRCA mutation-associated tumors, but also
for the treatment of a wider range of tumors bearing a variety of
deficiencies in the homologous recombination DNA repair path-
way [5]. However, it has also been shown that inhibition of PARP
leads to phosphorylation, and thus activation, of Akt in various
tissues [6–8]. It raises the possibility that application of PARP
inhibitors in tumor therapy may activate the phosphatidylino-
sitol-3 kinase (PI-3K)-Akt pathway, which initiates processes like
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the inactivation of glycogen synthase kinase-3, caspase-9, Bad or
forkhead homolog rhabdomyosarcoma (FKHR) transcription
factors [9] leading to cytostatic resistance.

Paclitaxel (taxol) interferes with the mitotic spindle during
mitosis of cells, stabilizing the microtubule by inhibiting tubulin
dimerisation and so inhibiting the separation of the sister
chromatids [10–12]. Paclitaxel can affect kinases [13] that play
important roles in cell death processes, and regulate the expression
of tumor suppressor genes and cytokines [14]. In addition,
paclitaxel can induce cytosolic calcium oscillations [15] and
mitochondrial permeability transition, as well as elevated gen-
eration of reactive oxygen species predominantly at cytochrome
oxidase in tumor cells [16]. In the paclitaxel-induced cell death
process, activation of c-Jun N-terminal kinase (JNK) plays a critical
role by suppressing Akt activation and promoting the nuclear
accumulation of forkhead-related transcription factor-3a (Foxo3a;
[17]). Nuclear translocation of Foxo3a can facilitate apoptosis by
inducing the expression of Bim, a BH3-only proapoptotic bcl-2
homolog protein [18]. It has also been demonstrated that Akt
overexpression prevented paclitaxel-induced cell death [19–23],
probably by a mechanism involving Akt dependent phosphoryla-
tion of FOXOs that stabilizes their binding to cytosolic 14-3-3
protein and so prevents their translocation to the nucleus,
resulting in inhibition of transcription of FOXO dependent genes
such as Bim [24].

In the present paper, we provide evidence that inhibition of
PARP-1 activity can indeed cause resistance to paclitaxel-induced
death in tumor cells, and activation of the PI-3K-Akt pathway is
significantly involved in this effect.

2. Material and methods

2.1. Materials

Taxol (paclitaxel) was from ICN Biomedicals Inc. (Aurora, OH),
Verapamil was from Richter Gedeon Rt. (Budapest, Hungary), PI3
kinase inhibitor LY-294002, PARP-1 inhibitor PJ-34, protease
inhibitor cocktail, and all the chemicals for cell culture were
purchased from Sigma–Aldrich Kft (Budapest, Hungary). InSolution
Akt Inhibitor IV was from Calbiochem (Darmstadt, Germany) The
following antibodies were used: anti-Akt, anti-phospho-Akt, anti-
glycogen synthase kinase-3b (GSK), anti-phospho-glycogen
synthase kinase-3b (GSK), anti-JNK, anti-phospho-c-Jun N terminal
kinase (JNK), anti-p38 MAPK, anti-phospho-p38 mitogen activated
protein kinase (p38 MAPK) and anti-p44/42 MAPK (Erk1/2), (Cell
Signalling Technology, Beverly, MA); anti-phospho-extracellular
signal regulated kinase (Erk1/2) anti-PAR and anti PARP (Alexis
Biotechnology, London, UK); anti-glyceraldehyde-3-phosphate
dehydrogenase (GAPD, Delta Biolabs, Gilroy, CA); anti-mouse IgG
and anti-rabbit IgG (Sigma–Aldrich Kft, Budapest, Hungary).

2.2. Cell culture

Hela human cervical cancer and T24 human bladder carcinoma
cells were from American Type Culture Collection (Wesel,
Germany). The cells were maintained as monolayer adherent
culture in Minimum Essential Eagle’s Medium containing 1%
antibiotic–antimycotic solution (Sigma–Aldrich Kft Budapest,
Hungary) and 10% fetal calf serum (MEM/FCS) in humid 5% CO2

atmosphere at 37 8C.

2.3. Transdominant expression of DNA-binding domain of PARP

The coding region of the N-terminal DNA-binding domain
(DBD) of PARP (PARP-N214, AA residues 1-214) [25] was amplified
by PCR and cloned in-frame into pEGFP-C1/N3 vectors (Clontech,
Palo Alto, CA) after cutting with HindIII and EcoRI restriction
enzymes (Fermentase, Vilnius, Lithuania). For enabling active
nuclear transport of the GFP tagged PARP-N214, the nuclear
localization signal (NLS) was added to the N-terminal of PARP-
N214 sequence using PCR primers coding the NLS sequence. The
recombinant pPARPGFP-C1/N3 vectors were purified by a plasmid
purification kit (Qiagen, Valencia, CA) and utilized for transient
transfection of T24 and HeLa cells by using Lipofectamine2000
(Invitrogen, Frederick, MD) according to the manufacturers’
protocol. For effective transdominant expression of PARP-DBD,
the transfection step was repeated 48 h after the first transfection,
and the experiments on the cells were performed 40 h after the
second transfection [8].

2.4. Suppression of PARP-1 expression by small interfering RNA

(siRNA) technique

The cells were transiently transfected with siRNA designed for
PARP-suppression by the manufacturer (Santa Cruz Biotechnology,
Santa Cruz, CA) in Opti-MEM1 I Reduced Serum Medium (Gibco,
Brooklyn, NY) using Lipofectamin2000 (Invitrogen, Frederick, MD).
For effective suppression of PARP, the transfection step was
repeated twice with 48 h interval between the transfections, and
the experiments on the cells were performed 40 h after the third
transfection [8].

2.5. Cell viability assay

The cells were seeded into 96-well plates at a starting density of
104 cells per well and cultured overnight before paclitaxel and PJ-
34 or different protein kinase inhibitors were added to the medium
at the concentration and composition indicated in the figure
legends. After 24 h of treatment, the medium was removed and
fresh MEM/FCS containing 0.5% of the water soluble yellow
mitochondrial dye, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl–
tetrazolium bromide (MTT+; Sigma–Aldrich Kft, Budapest, Hun-
gary) was added. Incubation was continued for an additional 3 h,
and the MTT+ reaction was terminated by adding HCl to the
medium to a final concentration of 10 mM. The amount of water-
insoluble blue formasan dye formed from MTT+ was proportional
to the number of live cells, and was determined with an Anthos
Labtech 2010 ELISA reader (Vienna, Austria) at 550 nm wavelength
after dissolving the blue formasan precipitate in 10% sodium
dodecyl sulfate. All experiments were run with at least four
replicate cultures and repeated three times [26,27].

2.6. Determination of paclitaxel uptake

One million/well T24 cells were seeded to 6-well plates and
incubated for 3 h in the presence of 10, 100 or 1000 nM paclitaxel
only, or together with 10 mM PJ-34 and/or 40 mM verapamil. After
the incubation, the cells were harvested, and homogenized by
sonication. Paclitaxel content of the samples was determined by
high-pressure liquid chromatography and mass spectrometry
(HPLC–MS) after deproteinization by perchloric acid. For the
separation, an isocratic method was applied using 5 mM sodium
acetate, pH 4.5 – acetonitrile 50:50 (v/v) mixture as solvent at a
flow rate of 1.2 ml/min. The same HPLC system that was used for
cytochrome c measurement was connected to a Bruker HCT
Esquire (Bruker Daltonics, Bremen, Germany) MS instrument
through a microsplitter valve (Upchurch Scientific, Oak Harbor,
WA), the flow rate was 1.2 ml/min with a splitting ratio of 7 over 3.
The electrospray ion source was operated in positive mode.
Nitrogen was used as drying gas at 250 8C, with a flow rate of 8 l/
min, the pressure of the nebulizer was set at 12 psi. We used the
Smart Parameter Setting (SPS) with target mass of 854 m/z (wide
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range). The scanning mass to charge range was 50–2000 m/z with a
scanning speed of 8100 m/z/s. Maximum accumulation time was
200 ms. For control of the instrument, the Esquire Control Version
5.3 Build 11, and for data evaluation the Data Analysis Version 3.3
Build 146 software was used (Bruker Daltonics, Bremen, Germany).
Quantization was carried out using peak areas method. Results are
expressed as pmole paclitaxel/mg protein, mean � S.E.M. of three
independent experiments.

2.7. Determination of NAD+

Cells were treated with paclitaxel and PJ-34 as for the cell
viability assay using three replicate cultures and each experiment
was repeated twice. The NAD+ level was measured exactly as
described previously [8]. Briefly, cells were cultured in a 96-well
plate and treated with paclitaxel in the presence or absence of PJ-
34 and PI-3K inhibitor LY-294002 as described. Cellular NAD+

levels were measured by the microplate version of the enzymatic
cycling method using alcohol dehydrogenase exactly as described
[28]. The reaction was monitored at 550 nm and was allowed to
run for 10 min. A standard curve was generated using known
concentrations of NAD+ for the calculation of the cellular NAD+

levels.

2.8. Western blot analysis

The cells were seeded and treated as for the cell viability assay.
After the time indicated, the cells were harvested in a chilled lysis
buffer containing 0.5 mM sodium-metavanadate, 1 mM EDTA and
protease inhibitor cocktail in PBS. The proteins were precipitated
with TCA, washed three times with �20 8C acetone and subjected
to sodium dodecylsulfate polyacrylamide gel electrophoresis.
Proteins (20 mg per lane) were separated on 12% gels then
transferred to nitrocellulose membranes. The membranes were
blocked in 5% low-fat milk for 1 h at room temperature then
exposed to the primary antibodies at 4 8C overnight at a dilution of
1:1000 in blocking solution. Appropriate horseradish peroxidase-
conjugated secondary antibodies were used for 3 h at room
temperature at a dilution of 1:5000. Peroxidase labeling was
visualized with enhanced chemiluminescence labeling using an
ECL Western blotting detection system (Amersham Biosciences,
Budapest, Hungary). The developed films were scanned and the
pixel volumes of the bands were determined by using NIH’s Image J
software. All experiments were repeated three times [29].

2.9. Caspase-3 activity assay

Caspase-3 activity following paclitaxel administration in the
presence or absence of the PARP inhibitor PJ-34 was carried out
exactly as described previously [30]. Briefly, the cells were treated
with paclitaxel in the presence or absence of PJ-34 for the time
indicated. The cells were harvested, washed twice in PBS and
resuspended in a cell lysis buffer. Forty micrograms of protein were
incubated with 50 mM of fluorescent caspase substrate Ac-DEVD-
AMC (Sigma–Aldrich Kft Budapest, Hungary) in four parallels for
3 h. Fluorescence was detected by a fluorescent ELISA plate reader
at the excitation and emission wavelength of 360 nm and 460 nm,
respectively.

2.10. Determination of cytochrome c level by HPLC method

The analysis of cyt-c from the cytosol fraction of T24 or HeLa
cells treated with paclitaxel in the presence or absence of PJ-34 for
18 h was performed on a non-porous 33 mm � 4.6 mm KOVASIL-
MS C18 column (Zeochem AG, Uetikon, Switzerland). Measure-
ments were performed on a Dionex HPLC system consisting of a
Dionex P 580 low pressure gradient pump, a Dionex UVD 340S
diode array detector (chromatograms were detected at 393 nm)
and a Rheodyne 8125 injector equipped with a 20 ml loop.
Instrument control and data acquisition were carried out using
Chromeleon data management software. The following gradient
was used at a 1 ml/min flow rate; eluent A consisted of 10:90
acetonitrile–water +0.1% (v/v) trifluoroacetic acid and eluent B
consisted of 90:10 acetonitrile–water +0.1% (v/v) trifluoroacetic
acid; 0! 7 min: from 0% B to 70% B, 7!min 12: from 70% B to
100% B, 12! 12.5 min: from 100% B to 0% B, 12.5! 14.5 min: 0%
B. Data acquisition was performed from at least three independent
experiments.

2.11. Statistical analysis

Data were presented as means � S.E.M. For multiple compar-
isons of groups, ANOVA was used. Statistical difference between
groups was established by paired or unpaired Student’s t-test, with
Bonferroni’s correction.

3. Results

3.1. PARP inhibition induces paclitaxel-resistance in tumor cell lines

Exposing wild type or T24 bladder carcinoma (Fig. 1) or HeLa
cervix tumor (data not shown) cells to 100 nM of paclitaxel
induced a massive increase in poly(ADP-ribosylation) of nuclear
proteins that reached its maximum in about 3 h and did not change
significantly further on (Fig. 1A). When the wild type T24 bladder
carcinoma cells were pre-treated with 10 mM of PJ-34 (31), an
effective inhibitor of PARP-1, 30 min prior to the administration of
paclitaxel, no ADP-ribosylation of the nuclear proteins was
detected (Fig. 1B). When the cells were mock transfected or
transfected with a construct expressing DNA binding domain of
PARP-1 (PARP-DBD; 8) or siRNA designed for the suppression of
PARP protein expression at the translational level (8), paclitaxel-
induced ADP-ribosylation was also abolished in the cells trans-
fected with construct expressing DNA binding domain of PARP-1 or
transfected with siRNA (Fig. 1C) exactly as observed in the case of
wild type cells treated with PJ-34 (Fig. 1B). Similar results were
obtained using HeLa cells (data not shown). These data show that
paclitaxel treatment resulted in a massive activation of PARP-1
activity that was effectively prevented by all the three methods
used for suppression of the catalytic activity of the enzyme.

Under our experimental conditions, 12 h or longer exposure to
100 nM paclitaxel significantly decreased the viability (p < 0.01) of
T24 (Fig. 2A) and HeLa cells (data not shown). However, when
10 mM PJ-34 was added to the medium 30 min before the
application of paclitaxel, the effect of the drug on cell viabilities
was significantly attenuated (p < 0.01) indicating that the PARP
inhibitor provided protection against paclitaxel in the cancer cell
lines studied (Fig. 2A). In order to reveal whether the observed
paclitaxel-resistance was due to any interference with ABC
transporters, we blocked P-glycoprotein pathway by 40 mM
verapamil. Co-treating the cells with verapamil and PJ-34
significantly reduced the viability of both tumor cell lines even
in the absence of paclitaxel, while verapamil by itself caused a
slight, statistically non-significant decrease in the viabilities of
both T24 cells (Fig. 2B) and Hela cells (Fig. 2C). Verapamil indeed
enhanced the effect of paclitaxel in both cell lines, so in the
presence of verapamil, maximal effect of paclitaxel was observed
at 10 rather than 1000 nM concentration. On the other hand, PJ-34
desensitized T24 and HeLa cells towards paclitaxel, and increased
cell viability at all paclitaxel concentrations (Fig. 2B and C). The fact
that at higher paclitaxel concentrations verapamil did not interfere
with the desensitizing effect of PJ-34 suggests that the PARP



Fig. 1. Effect of PARP inhibition on paclitaxel-induced ADP-ribosylation. In (A) wild

type (wt) T24 cells were exposed to 100 nM of paclitaxel for the indicated time. In

(B) wild type (wt) T24 cells were pretreated with 10 mM of PJ-34 prior to the

exposure to 100 nM of paclitaxel for the indicated time. In (C) wild type (wt:

control), mock transfected (empty), PARP-DBD expressing (pEGFP-N3) and PARP-

siRNA transfected (siRNA) T24 cells were exposed to 100 nM of paclitaxel for 3 h.

Equal amounts of proteins were separated by SDS-PAGE and the protein poly (ADP)-

ribosylation was detected by Western blotting utilizing an anti-ADP-ribose

antibody. Gliceraldehyde-3-phosphate dehydrogenase (GAPD) was used as a

loading control. Results are presented as representative blots of three independent

experiments.

Table 1
Effect of PJ-34 and verapamil on paclitaxel uptake of T24 cells. Paclitaxel

concentration in the cells were determined by HPLC–MS after incubating them

for 3 h in the presence of 10, 100 or 1000 nM paclitaxel only, or together with

10 mM PJ-34 and/or 40 mM verapamil.

Paclitaxel 10 nM 100 nM 1000 nM

Alone 14.0 � 5.2 47.2 � 6.8 185.8 � 32.2

With PJ-34 6.3 � 2.4 40.2 � 8.3 175.1 � 27.9

With verapamil 299.1 � 41.8 590.7 � 68.6 1610.6 � 121.5

With verapamil and PJ-34 166.3 � 39.7 526.4 � 75.1 1491.8 � 144.1

Results are expressed as pmole paclitaxel/mg protein, means � S.E.M. of three

independent experiments.
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inhibition evoked drug resistance in tumor cells was not likely to
be related to ABC transporter mechanisms.

We approached the question of the interference between the
PARP inhibitor and the ABC transporter more directly by deter-
mining the amount of paclitaxel taken up by T24 cells during 3 h
incubation in the presence of 10, 100 and 1000 nM of paclitaxel
alone or together with 10 mM PJ-34 and/or 40 mM verapamil. As
shown in Table 1 the PARP inhibitor slightly, although not
significantly, decreased paclitaxel uptake, while verapamil very
significantly increased it, regardless of the presence or absence of
PJ-34. This result confirmed that the PARP inhibition-induced
paclitaxel resistance by an alternative mechanism, and not by
interacting with ABC transporter systems.

3.2. Transdominant expression of DNA-binding domain of PARP

To demonstrate that the inhibition of nuclear PARP-1 and not a
side effect of the pharmacological PARP inhibitor was indeed
responsible for the paclitaxel-resistance, we assessed the effect of
non-pharmacological PARP inhibition on paclitaxel-induced cell
death. We transiently transfected T24 bladder carcinoma cells with
a construct (pEGFP-N3) expressing a fusion protein consisting of
the nuclear localization signal and the DNA-binding domain of
PARP attached to the N terminus of green fluorescent protein
(GFP). Control cells were transfected with the same construct
expressing only the GFP. While latter protein was localized in the
cytosol, the hybrid protein with the nuclear localization signal was
localized to the nucleus as detected by fluorescent microscopy
(data not shown). No significant difference between the viability of
cells either non-transfected or mock transfected (GFP-expressing
only) was detected in response to paclitaxel administration
(Fig. 3A). When the cells were transfected with the plasmid
expressing the hybrid protein, the paclitaxel-induced cytotoxicity
was significantly lower (p < 0.01) when compared to non-
transfected control cells (Fig. 3A). Similar results were detected
in the HeLa cell line (data not shown).

3.3. Suppression of PARP expression by RNA-interference

PARP inhibition was also achieved by suppressing its expression
with RNA interference. T24 bladder carcinoma cells were
transfected with PARP siRNA in accordance with the manufac-
turer’s recommendations. The knock-down of PARP was verified by
Western blotting (data not shown). Following 24 h of paclitaxel
treatment, no significant difference was detected between the
control and siRNA transfected cells up to the paclitaxel concentra-
tion of 10 nM. However above this concentration, the viability of
siRNA transfected cells was significantly higher (p < 0.01) when
compared to controls (Fig. 3B). We obtained similar results in the
HeLa cell line (data not shown).

3.4. PARP inhibition decreases the paclitaxel-induced caspase-3

activation

According to previous studies, paclitaxel administration induces
mainly apoptotic cell death, so we tested caspase-3 activation and
cytochrome c release in our experimental setup. In T24 bladder
carcinoma cells, 12 h of paclitaxel treatment at the concentration of
100 and 1000 nM resulted in marked activation of caspase-3
(Fig. 4A), and this effect was significantly reduced (p < 0.01) when
the cells were pretreated with 10 mM of PJ-34 (Fig. 4A). The time-
course for the activation of caspase-3 by paclitaxel was also
investigated. The administration of paclitaxel at the concentration of
100 nM induced a significant increase in caspase-3 activity
(p < 0.05) in T24 bladder carcinoma cells after 3 h when compared
to untreated control (Fig. 4B). When the cells were pretreated with
10 mM of PJ-34, the level of caspase-3 activation was significantly
lower compared to the cells that were treated solely with paclitaxel.
Similar results were obtained with HeLa cells (data not shown).
Mitochondrial cytochrome c release was determined by a quanti-
tative HPLC method. In T24 cells, 12 h of 100 nM paclitaxel
treatment resulted in an increased release of cytochrome c. When
the cells were pretreated with 10 mM PJ-34, this effect was



Fig. 2. Effect of paclitaxel, PJ-34 and verapamil on the viability of cell lines. In (A) the effect of 100 nM of paclitaxel in the absence (solid line) or presence of 10 mM of PJ-34

(broken line) on the time-course of the viability of T24 cells, which was detected by the formation of water-insoluble formasan dye from the yellow mitochondrial dye MTT+

by the functionally active mitochondria of the cells. Data represent mean � S.E.M. of three independent experiments, each using four replicate cultures. Note that the

concentration axis is logarithmical. Significance shown below the solid line indicates difference from untreated cells, while the one above the broken line means difference from the

cells treated with equimolar paclitaxel only. In (B) the effect of verapamil on the viability of T24 cells was also detected by the MTT+ method. The cells were exposed for 24 h to

different concentrations of paclitaxel either alone (empty bars) or pretreated with 10 mM of PJ-34 (striped bars), pretreated with 40 mM of verapamil (filled bars) or pretreated with

10 mM of PJ-34 and 40 mM of verapamil (grey bars) 30 min prior to the paclitaxel administration. In (C) the effect of verapamil on the viability of HeLa cells was also detected by the

MTT+ method. The cells were exposed for 24 h to different concentrations of paclitaxel either alone (empty bars) or pretreated with 10 mM of PJ-34 (striped bars), pretreated with

40 mM of verapamil (filled bars) or pretreated with 10 mM of PJ-34 and 40 mM of verapamil (grey bars) 30 min prior to the paclitaxel administration. Data represent mean � S.E.M.

of three independent experiments, each using four replicate cultures. Note that the concentration axis is logarithmical. *, significant difference (p < 0.05); **, significant difference

(p < 0.01); ***, significant difference (p < 0.001).
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significantly reduced (p < 0.01). Furthermore, 5 mM of LY294002
significantly enhanced cytochrome c release induced by paclitaxel
(p < 0.01) and diminished the reducing effect of PJ-34. Similar
results were obtained in case of the HeLa cells (data not shown).

3.5. PARP inhibition leads to the activation of Akt/PKB

To elucidate the role of the nuclear enzyme PARP-1 in regu-
lating the proteomic signal transduction pathway, we analyzed
activation of Akt/protein kinase B, Erk, JNK and p38 MAP kinases in
response to paclitaxel treatment in the presence of PJ-34 in T24
bladder carcinoma cells. Previously, we observed Akt activation as
soon as 15 min after PJ-34 treatment, so we assessed the levels of
kinases up to 3 h following 100 nM of paclitaxel administration in
the presence or absence of 10 mM of PJ-34.

The level of total Akt was unaltered in response to either
paclitaxel or PJ-34 administration (Fig. 5). Paclitaxel administra-
tion resulted in a slightly increased Akt (Ser473) phosphorylation
after only 3 h. However, it increased within 15 min of PJ-34
administration, and the increased level was maintained through-
out the observation period (Fig. 5). The total level of glycogen
synthase kinase-3b (GSK-3b), the downstream target of Akt, was
not altered in response to either paclitaxel or PJ-34 administration
(Fig. 5). However the phosphorylation of GSK-3b presented a



Fig. 3. Effect of non-pharmacological PARP inhibition on cell viability. In (A) wild

type (filled bars), mock transfected (gray bars) and PARP-DBD expressing (empty

bars) T24 cells were exposed to different concentrations of paclitaxel for 24 h. The

viability was detected by the MTT+ method. Data represent mean � S.E.M. of three

independent experiments running in four parallels. Note that the concentration axis is

logarithmical. **, significant difference (p < 0.01) between transfected and mock

transfected cells exposed to equimolar concentration of paclitaxel. In (B) T24 cells were

either untransfected (empty bars) or transfected with PARP siRNA (filled bars) in

accordance with the recommendations of the manufacturer and were exposed to

different concentrations of paclitaxel for 24 h. Viability was monitored using the MTT+

method. Data represent mean � S.E.M. of three independent experiments, each using

four replicate cultures. Note that the concentration axis is logarithmical. **, significant

difference (p < 0.01) between PARP knock-down and wild type cells exposed to

equimolar concentrations of paclitaxel.

Fig. 4. Effect of paclitaxel and PJ-34 on the activity of caspase-3 in T24 cells.

Cytosolic fraction of cells untreated (filled bars) or pretreated with 10 mM of PJ-34

(empty bars) were exposed to different concentrations of paclitaxel for 12 h (A) or

were exposed to 100 nM of paclitaxel for different times (B). Caspase-3 activity was

detected by a fluorescent plate reader using the fluorescent substrate Ac-DEVD-

AMC. Data represent mean � S.E.M. of three independent experiments, each using

four replicate cultures. *, significant difference (p < 0.05); **, significant difference

(p < 0.01) between cells pretreated and not with PJ-34 and exposed to equimolar

concentrations of paclitaxel.

Fig. 5. Effect of paclitaxel and PJ-34 on the activation of various intracellular protein

kinases. T24 cells were treated with either 100 nM of paclitaxel alone or pretreated

with 10 mM of PJ-34 for the indicated times. Total cell extracts were separated by

SDS-PAGE and the activation of Akt (p-AKT), GSK-3b (p-GSK), p44/42 MAPK Erk1/2

(p-ERK1/2), p38 MAPK (p-P38) and JNK (p-JNK) was detected with phosphorylation

specific antibodies. The level of total Akt, GSK-3b, p44/42 MAPK Erk1/2, p-38 and

JNK in T24 cell treated with either 100 nM of paclitaxel alone or pretreated with

10 mM of PJ-34 30 min prior to paclitaxel administration for the indicated times

was also detected by specific antibodies. Even protein loading was confirmed by

anti-GA3PD antibody and Western blotting. Representative blots of three

independent experiments.
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similar pattern to Akt, showing increased phosphorylation 30 min
after paclitaxel and PJ-34 co-administration and slightly increased
phosphorylation after 3 h in the absence of PJ-34 (Fig. 5). Contrary
to phospho-Akt, neither paclitaxel nor PJ-34 administration
influenced the level of phosphorylated p38 or Erk1/2. Paclitaxel
treatment increased JNK activation, however, pretreatment with
10 mM of PJ-34 failed to modify this effect (Fig. 5). When we
determined the total MAP kinase levels (Erk1/2, p-38 and JNK,
respectively), no alteration was detected up to 3 h following
100 nM of paclitaxel administration in the presence or absence of
10 mM of PJ-34.

3.6. Inhibition of the PI-3K/Akt pathway diminishes paclitaxel

resistance induced by inhibition of PARP

Since PARP inhibition leads to the activation of the Akt/PKB-
GSK-3b pathway and also to paclitaxel resistance, it seemed
reasonable to investigate whether the paclitaxel resistance was
mediated by Akt activation. To this end, we inhibited Akt by two
different inhibitors, and determined the effect of PARP inhibition
on paclitaxel-induced cell death under these conditions. Five



Fig. 6. Effect of PI3-K/Akt pathway inhibition on the PARP inhibition-induced paclitaxel resistance. In (A) T24 cells were exposed for 24 h to different concentrations of

paclitaxel alone (filled bars) or pretreated with 5 mM of LY-294002 (empty bars), with of 10 mM of PJ-34 (gray bars) or with the combination of PJ-34 and LY-294002 (striped

bars). In (B) in an identical experimental setup, LY-294002 was replaced with 5 mM of Akt Inhibitor IV alone (empty bars) or in combination with PJ-34 (striped bars). Viability

of the cells was detected by the MTT+ method. Data represent mean � S.E.M. of three independent experiments, each using four replicate cultures. Note that the concentration

axis is logarithmical. *, significant difference (p < 0.05); **, significant difference (p < 0.01) between cells treated with exposure to equimolar concentration of paclitaxel in the

presence of PJ-34 alone and together with the Akt inhibitor.
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micromolars of the PI-3K inhibitor LY-294002 decreased viability
of T24 cells by about 20% when applied alone, and significantly
decreased paclitaxel resistance caused by PJ-34 (Fig. 6A). When
Akt/PKB was inhibited by a different inhibitor, Akt Inhibitor IV,
viability of T24 cells was reduced by about 30% when the drug was
applied alone, and decreased paclitaxel resistance caused by PARP
inhibition more effectively than LY-294002 did (Fig. 6B). Similar
results were obtained in the case of Hela cells (data not shown).
These results suggest that paclitaxel resistance induced by PARP
inhibition was indeed mediated by Akt activation in a significant
extent.

3.7. PARP inhibition but not the inhibition of Akt influences the

intracellular level of NAD+

Paclitaxel treatment leads to protein poly(ADP-ribosylation) as
detected by Western blotting (Fig. 1A). Since the ADP-ribose
polymers are synthesized by PARP using NAD+ as its substrate
and resynthesis of NAD+ is energetically costly, PARP inhibition
could cause paclitaxel resistance by relieving this metabolic burden.
To address this issue, we measured intracellular NAD+ levels
following paclitaxel administration either alone or in combination
with PJ-34 and LY-294002 or Akt inhibitor IV. T24 cells were treated
with paclitaxel at the concentration of either 100 nM or 1000 nM for
24 h. This leads to the activation of PARP and the decrease of
intracellular NAD+ level. When the cells were pretreated with 10 mM
of PJ-34 for 30 min prior to the administration of paclitaxel, the level
of NAD+ following paclitaxel treatment was significantly higher
(p < 0.01) than without it. However, neither 5 mM of LY-294002
(Fig. 7A) nor 5 mM of Akt inhibitor IV (Fig. 7B) affected the NAD+

levels when applied alone or in combination with PJ-34 and
paclitaxel. Similar effect was noted in HeLa cells (data not shown).
Since the inhibition of PI-3K/Akt pathway did not interfere with the
intracellular level of NAD+ (Fig. 7) but significantly counteracted the
effect of PARP inhibition on the cell viability compromised by
paclitaxel administration (Fig. 6), reduction of NAD+ depletion could
not account for the paclitaxel resistance caused by the PARP
inhibition, rather, PARP inhibition caused paclitaxel resistance was
achieved by activating the PI-3K-Akt pathway to a very significant
extent.

4. Discussion

It has been suggested that transient inhibition of DNA repair
using potent PARP inhibitors could improve the efficacy of cancer
treatments. Although more study is needed, recent reports
demonstrated that the inhibition of poly(ADP-ribose) synthesis
could selectively kill cancer cells when used for treating tumors
with defective BRCA proteins [4,5]. These reports shed some light
on the DNA-damage signaling and repair processes involving
PARPs. Recently it has been proposed that, in addition to the effects
on BRCA defective tumor cells, targeting specific DNA repair
enzymes can open a new type of chemotherapeutic approach to
malignant diseases. In particular, inhibitors of PARP-1 that
sensitize cells to DNA-damaging agents are under extensive
investigation [1,3]. It is well-documented that PARP-1 functions
as a DNA-damage sensor that responds to both single and/or
double strand DNA breaks (SSBs, DSBs), facilitating DNA repair and



Fig. 7. Effect of PI3-K/Akt pathway inhibition on the intracellular NAD+ content of paclitaxel treated cells. In (A) T24 cells were exposed for 24 h to different concentrations of

paclitaxel alone (filled bars) or pretreated with 5 mM of LY-294002 (empty bars), with of 10 mM of PJ-34 (gray bars) or with the combination of PJ-34 and LY-294002 (striped

bars). In (B) in an identical experimental setup, LY-294002 was replaced with 5 mM of Akt Inhibitor IV alone (empty bars) or in combination with PJ-34 (striped bars). Cellular

NAD+ levels were measured by the microplate version of the enzymatic cycling method using alcohol dehydrogenase. Data represent mean � S.E.M. of three independent

experiments running in four parallels. Note that the concentration axis is logarithmical. *, significant difference (p < 0.05); **, significant difference (p < 0.01) between cells treated

with exposure to equimolar concentration of paclitaxel in the presence of PJ-34 alone and together with the Akt inhibitor.
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cell survival. PARP-1, following binding to DNA, cleaves NAD+ to
ADP-ribose and nicotinamide and converts ADP-ribose into
polymers of branched or linear poly(ADP-ribose) units (PAR)
which can be attached to PARP-1 itself and to other nuclear
acceptor proteins, including XRCC1, histones and so on [31,32].
These processes are important in the survival of the cells after
extensive DNA damage but in normal cells the complete absence of
PARP-1 protein or the inhibition of PARP-1 catalytic activity
produces no significant growth defect [33]. This is supported by the
observation that PARP-1 defective mice survive and have no
obvious growth defect [34]. However, PARP-1 defective mice are
more sensitive to high levels of high energy irradiation and to
alkylating agents, showing that under some condition PARP-1
inactivation can facilitate cell death [35].

On the other hand, it is well-documented that, in response to
extensive DNA damage, PARP-1 can be hyperactivated, eliciting
activation of cell death by inducing signal transduction pathways
[6–8], by direct mitochondrial damaging effect and can suppress the
activity of the cytoprotective PI-3-kinase Akt pathway, and also can
induce rapid cellular NAD+ and ATP pool depletion resulting in
necrotic or apoptotic cell death. PARP-1 hyperactivation has been
documented in a number of pathological conditions including
ischemia-reperfusion, myocardial infarction, and reactive oxygen
species (ROS)-induced injury (2). In each case, inhibition of PARP-1
improved the survival of damaged cells or tissues [2,36,37]. In
several cases, there are data showing that PARP-1 inhibition
activated the PI-3-kinase–Akt pathway which can lead to cytostatic
resistance [8,19–23], therefore PARP-1 inhibition depending on the
precise conditions can facilitate, or inhibit, cell death.

In the present paper, we investigated the effect of PARP
inhibition on the paclitaxel-induced cell death process using two
different tumor cell lines. According to our data inhibition of PARP-
1 significantly compromises the cell death inducing effect of
paclitaxel, resulting in cytostatic resistance to a wide range of
paclitaxel concentration (Figs. 2 and 3). This paclitaxel resistance
was unlikely to be mediated by ABC transporter related mechan-
isms, since verapamil that blocks the P-glycoprotein pathway did
not interfere with the desensitizing effect of PJ-34. Furthermore,
we determined directly the interaction of PJ-34 and verapamil on
taxol uptake of T24 cells by measuring the cellular paclitaxel
concentrations after incubating the cells with paclitaxel in
combination with PJ-34 and/or verapamil (Table 1). This experi-
ment confirmed that ABC-transporter related mechanisms were
not significantly involved in the paclitaxel resistance induced by
PARP inhibition.

Although PJ-34 is a well-characterized PARP-1 inhibitor, the
specificity of a small molecular weight synthetic inhibitor is always
questionable because of the presence of several enzymes with
poly- and mono-ADP-ribosylating activity in cells (1). Knocking
down of PARP-1 in T24 cells by siRNA technique induced paclitaxel
resistance (Fig. 3B) similar to that caused by PJ-34, indicating that
PARP-1 protein played a significant role in this process, although
the question remains as to whether the suppression of PARP-1
catalytic activity or the absence of PARP-1 protein was responsible



Fig. 8. Proposed molecular mechanism of the effect of PARP inhibition on paclitaxel

resistance. Lines with pointed ends denote activation, whereas lines with flat ends

indicate inhibition of the process. PARP-1 activation leads to NAD+ consumption

and by a yet unidentified mechanism to the inhibition of the PI3-kinase pathway

leading to cells death. The inhibition of PARP-1 suppresses this process mainly via

PI-3K/Akt activation resulting in increased cell survival.
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for the observed phenomenon. The transdominant expression of
PARP-DBD inhibits ADP-ribosylation by PARP because binding to
single-strand DNA breaks is essential for the activation of PARP-1,
and the PARP-DBD competes with PARP-1 in binding to single-
strand DNA breaks, and the former does not have catalytic activity.
In a previous study, we demonstrated that PARP-DBD was localized
almost exclusively to the nucleus [8], so it was clearly in position to
compete with PARP-1. Transdominant expression of PARP-DBD
induced paclitaxel resistance in tumor cells (Fig. 3A), which was
similar to the effect caused by PJ-34. Since the design of the siRNA
and the PARP-DBD was based on the sequence of nuclear PARP-1, it
is unequivocal that the paclitaxel resistance was the consequence
of the inhibition of the single-strand DNA break-induced PARP-1
activation, and was not due to the absence of PARP-1 protein or to
another mechanism that might be regulated by the pharmacolo-
gical inhibitor. However, since pharmacological PARP inhibitors
are expected to be used in the clinical practice for supplementing
anticancer agents, in the following experiments of our study we
used a pharmacological agent in modeling the effect of PARP-1
inhibition.

In a previous report, we showed that PARP inhibition protected
the mitochondrial membrane system, and this mechanism was
significantly involved in its cytoprotective effect during oxidative
stress [8]. We addressed the question of whether such a
mechanism was involved in the PJ-34 induced paclitaxel resistance
by comparing release of cytochrome c from the mitochondria to
the cytosol and caspase-3 activation (Fig. 4) in response to
paclitaxel treatment alone vs. in combination with PJ-34. We found
that PJ-34 significantly decreased both hallmarks of apoptosis
suggesting that the preservation of the mitochondrial membrane
system indeed might be involved in the effects of the PARP
inhibitor. We checked what kinase signaling pathways were
activated by the paclitaxel treatment when applied alone or in
combination with PJ-34. In agreement with the literature [17],
paclitaxel treatment induced the activation of JNK, but it was not
significantly affected by PJ-34 (Fig. 5). Several previous studies
demonstrated that activation of the PI-3K-Akt system was strongly
involved in mediating drug resistance under various conditions
[19–23]. In accord with our previous data [8], PARP inhibition
induced the phosphorylation and thus the activation of Akt which
could phosphorylate and inactivate FOXO transcription factors
[38] and so compromised the activation of the cell death process. In
addition, Akt activation could protect mitochondrial membrane
systems and could inactivate caspase-3 [39,8] therefore it is likely
that PARP-1 inhibition-induced Akt activation plays a pivotal role
in the resistance against taxol induced cell death.

The significance of Akt activation in PARP inhibition-induced
paclitaxel resistance can be assessed by inhibiting Akt activation.
When we blocked Akt activation either by inhibiting its upstream
activator, the PI-3-kinase using LY-294002 or another upstream
activator using Akt inhibitor IV, we observed significantly decreased
PJ-34-induced paclitaxel resistance (Fig. 6). That is, Akt activation
played a pivotal role in PARP inhibitor induced paclitaxel resistance.
Although specificity and possible side-effects of a pharmacological
agent is always an issue, LY 294002 has been reported to inhibit all
isoforms of PI-3 kinase while not affecting other kinases such as PKC,
PKA, MAP kinase, S6 kinase, EGF tyrosine kinase, c-src kinase, PI-4
kinase and diacylglycerol kinase [40]. Akt inhibitor IV has been less
thoroughly characterized, but it was reported not to affect PI-3K, and
to block Akt-mediated FOXO1a nuclear export and cell proliferation
in 786-O cells [41]. Since two inhibitors of different chemical
structure and targeting different upstream activators of Akt gave the
same results, the effect of the aforementioned kinase inhibitors on
the PARP inhibition-induced paclitaxel resistance was most likely
due to their main pharmacological effect on their respective kinases
rather than the result of a side-effect.
It is well-documented that FOXO1 and FOXO3 have a pro-
apoptotic function in cell death processes and that FOXOs induce
the overexpression of their downstream targets such as Fas ligand
and Bim [14]. These processes and FOXO-dependent overexpres-
sion of the cell cycle inhibitor p27 (kip1) may be responsible for
taxol-induced cell death [42,14]. NAD+ depletion and induction of
mitochondrial permeability transition were implicated as inter-
mediate steps linking PARP-1 activation to mitochondrial cyto-
chrome c release and consequent activation of the caspase
pathway. We observed significant NAD+ depletion in response to
paclitaxel treatment that was significantly attenuated by PJ-34
(Fig. 7). It is worth mentioning that even when 1000 nM of
paclitaxel was administered, a substantial amount of NAD+

remained allowing the operation of ATP dependent cell functions,
such as apoptotic processes and operation of kinase signaling
pathways. However, and in contrast to the viability experiments,
the PI-3K and Akt inhibitors did not counteract, in fact did not
affect at all (Fig. 7), the protection of NAD+ pool by PARP inhibition.
This suggests that PI-3K and Akt activities are not involved in the
regulation of intracellular NAD+ level, and prevention of NAD+

depletion by the PARP inhibitor did not play significant role in
the PARP inhibition-induced paclitaxel resistance. Rather, activa-
tion of the PI-3K-Akt pathway was the significant factor in the drug
resistance inducing effect of PARP inhibition, as described
schematically in Fig. 8.

This study demonstrates that drug-induced drug resistance can
be responsible for the reduced efficacy of antitumor treatment. The
data show that although PARP-1 inhibition can facilitate cell death
in cancer cells induced by DNA damaging agent, the effect of PARP-
1 inhibition on the PI-3K-Akt signal transduction pathway could
counteract this effect. Therefore, application of PARP inhibitors
may represent a double-edged sword, which on the one hand,
promotes cell death by inhibiting DNA repair while on the other
hand, via activation of PI-3K/Akt pathway, promotes cell survival.
This dual effect of PARP inhibition could be responsible for the
contradictory data in this field [43–46]. It also suggests that to
utilize the cell death promoting effect of PARP-1 inhibition in
cancer therapy, the activation of PI-3k-Akt pathway should be
suppressed by specific inhibitors.
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