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ABBREVIATIONS  

PARP ………………….. poly(ADP-ribose) polymerase 

C1 and N3 ........................ mammalian expression vector construct 

FCS .................................. fetal calf serum  

GFP .................................. green fluorescent protein  

Akt/PKB........................... protein kinase B 

GSK.................................. glycogen synthase kinase  

MTT ................................. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide  

ECL.................................. enhanced chemiluminescence  

PAR.................................. poly(ADP-ribose) 

PARP-DBD...................... N-terminal DNA binding domain of PARP  

PI3-kinase ........................ phosphatidylinositol 3-kinase  

siRNA .............................. small interfering RNA  

DD.................................... Death Domain 

MPT ................................. Mitochondrial Permeability Transition 

ROS.................................. Reactive Oxygen Species 

PTPC................................ Permeability Transition Pore Complex 

VDAC .............................. Voltage Dependent Anion Channel 

ANT ................................. Adenine Nucleotide Translocase 

Smac................................. Second Mitochondrial Activator of Caspases 

DIABLO .......................... Direct IAP-Binding Protein of Low isoelectric point [pI] 

IAP ................................... Inhibitor of Apoptosis 

IM..................................... Inner Membrane 

OM ................................... Outer Membrane 

CsA .................................. cyclosporine A 
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Introduction 

Poly-(ADP-ribose) polymerase (PARP-1) 

Structure of PARP-1 
 
Until recently, only one type of poly-(ADP-ribose) polymerase (PARP) was thought to 

exist: the PARP-1. However, the development of mice deficient for the PARP-1 gene has 

completely changed this view. To date, more than 16 new PARP family members can be 

found in the human genome (1).  

 

Fig.1. The structures of the PARP subclasses  

These new PARPs are structurally distinct from the classical 114 kDa PARP-1 enzyme, 

and can be classified into several subgroups (Fig. 1) according to their sequence and size. 

Only limited data are available regarding the physiological roles of these nonclassical 

PARP family members.  
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Mammalian PARP-1, a 114 kDa abundant nuclear chromatin associated protein, belongs to 

a large family of enzymes that catalyzes the transfer of ADP-ribose units from beta-

nicotinamide adenine dinucleotide (NAD
+
) onto glutamic acid residues of nuclear protein 

acceptors. The existence of a PARP enzyme was first reported nearly 40 years ago. PARP-

1 is one of the best-characterized examples of this family. The activity of PARP-1 is 

strongly stimulated by the presence of nicks and strand breaks in DNA (2). These 

observations have contributed to the idea that PARP mediates stress-induced signaling and 

functions in an NAD
+
-dependent manner in certain cellular processes (3,4). Since then, the 

biological significance of PARP has been reported in many cellular processes (5,6,7), 

however, several aspects of the physiological role of PARP-1 is still to be elucidated. 

Earlier studies using inhibitors of PARP enzymatic activity such as 3-AB and nicotinamide 

suggested that PARP-1 plays a crucial role in DNA replication, DNA base excision repair, 

recombination as well as regulation of telomere length (7). Other functions proposed for 

PARP-1 include gene expression, chromatin organization, proliferation and differentiation, 

cellular NAD
+ 

metabolism and necrosis. In addition to the PARP-related energetic 

depletion and suicidal cycle, PARP may have other important functions in modulating cell 

death. Although highly controversial, PARP (or its cleavage) may have a role in the 

process of apoptosis. Several reports demonstrated that peroxynitrite – as well as hydrogen 

peroxide and various other oxygen derived oxidants and free radicals – can cause apoptosis 

in a variety of cell types (8,9) It appears that sustained exposure or low levels of 

peroxynitrite cause apoptosis, whereas sudden exposure to high concentrations of 

peroxynitrite induces cell necrosis. However, the peroxynitrite-induced apoptosis, in all cell 

types studied so far, cannot be attenuated by pharmacological inhibitors of PARP or PARP-

/- phenotype (10,11,12,13). PARP-1 also serves as a marker for the onset of apoptosis, after 

which it is cleaved by caspases into DNA-binding and catalytic fragments (14).  
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PARP-1 is found in all multicellular lower and higher eukaryotes studied so far. The 

structure of the type 1 PARP has been extensively characterized. PARP-1 is a highly 

conserved multifunctional enzyme consisting of three domains: a DNA-binding domain 

(DBD) containing a bipartite nuclear localization signal (NLS) which is interrupted by a 

caspase cleavage site, an automodification domain and a catalytic domain (Fig. 2). The 

catalytic domain is the most highly conserved region of the PARP molecule (15). The N-

terminal DBD of human PARP-1 spans residues 1-373 and has a molecular mass of 

approximately 42 kDa. This domain contains two zinc fingers (FI and FII) and two helix-

turn-helix (HTH) motifs (16,17). 

 

 

FIG. 2 Schematic representation of the PARP-1 map 
Abbreviations: BRCT: BRCA-C-terminal domain; ZF: zinc finger; HTH: helix-turn-helix 

domain; LZ: leucine zipper; NLS: nuclear localization signal; PRD: PARP regulatory 

domain. 

 

Studies have shown that these two zinc fingers are the main structures responsible for 

binding to double-strand breaks (DSBs) or single-strand breaks (SSBs) and for activation 

of PARP-1 enzyme activity. The moderate non-specific association of PARP-1 with non-

damaged DNA has been proposed to depend most probably on the HTH motifs (18). 

Moreover, the zinc fingers can also act as an interface with various protein partners. 

The automodification domain of PARP-1 extends from residues 374 to 525 bearing a 

leucine zipper (LZ) motif in the N-terminal part and a BRCA1 carboxyl-terminal (BRCT) 

protein interaction domain in the C-terminal part (19). Both the LZs and the BRCT domain 

are well known to be involved in protein-protein interactions. Experimental data suggested 

that the LZs might be responsible for homodimerization of PARP-1 (20). In addition, the 
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automodification domain contains possible auto-poly(ADP-ribosyl)ation sites implicated in 

the negative regulation of interactions between PARP-1 and DNA (21).  

Tissue distribution, expression levels and subcellular localization of PARP-1  
 
The tissue distribution of PARP-1 and its enzymatic activity have been examined in several 

rat and mouse organs. Northern blot analysis and in situ hybridization have revealed that 

PARP-1 gene is constitutively expressed in testis, spleen, brain, thymus, intestine, colon 

and nasal cavities. Very high levels of PARP-1 were found in lymphoid organs, especially 

the thymus, in the germinal centers of the spleen and in the Peyer’s patches in the ileum, 

while only very low levels of PARP-1 expression were found in organs such as liver, 

kidney and heart (22). In the central nervous system (CNS), PARP-1 is highly expressed in 

regions with a high neuronal cell density such as hypocampal neurons of the regions CA1 

and 3, granule cells of the dentate gyrus, Purkinje cells of the cerebellar cortex, as well as 

microglia and astrocytes in several regions (23). Interestingly, for non-neuronal cell types, 

a direct correlation could be observed between cell proliferation and high expression levels 

of PARP-1. Several studies have shown that an increase in PARP-1 mRNA levels is 

observed during thymocyte proliferation and upon activation of lymphocytes and 

peripheral blood mononuclear cells (24). Moreover, the PARP-1 mRNA level reaches its 

peak either in the G1 or the S phases (25). The tissue-, cell- and cycle-specific expression 

pattern of PARP-1 suggests strongly not only that PARP-1 is critical to major cellular 

functions but also that its expression is modulated through complex transcriptional 

regulation.  

Observation of several different tissues and cell lines using conventional fluorescence 

microscopy revealed that PARP-1 is exclusively localized to the nucleus. Subsequent 

studies using either confocal laser scanning microscopy, electron microscopy or cell 

fractionation experiments showed that PARP-1 is not homogeneously distributed in the 
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nucleus. PARP-1 was shown to be associated with nuclear matrix regions and localized to 

centromeres during metaphase (26), while other studies indicated that PARP-1 is found 

preferentially in nucleoli and defined nuclear bodies (27). Interestingly, PARP-1 was also 

shown to be associated with actively transcribing nucleolar regions and nuclear bodies. 

Treatment of cells with RNA synthesis inhibitors caused PARP-1 immunofluorescence to 

become evenly distributed throughout the nucleus. The association of PARP-1 with 

actively transcribed regions in the chromatin strongly implies a role for PARP-1 in 

transcription. Surprisingly, treatment with DNA synthesis inhibitors did not change the 

distribution of PARP-1 in the nucleus.  

Physical function of PARP 
 
Activation of PARP-1 was proposed to be one of the earliest responses of mammalian cells 

to genotoxic stress (28). The enzymatic activity of PARP-1 is strongly stimulated in vitro 

and increased by 10- to 500-fold in the presence of nicks and double strand breaks in DNA 

(5). These observations have led to the idea that PARP-1 might act as a „molecular nick 

sensor”, thereby mediating stress-induced signaling in the presence of DNA lesions in an 

NAD
+
-dependent manner to downstream effectors involved in coordinating the cellular 

response to DNA damage (4). The „molecular nick sensor” signaling model proposes that 

PARP-1 recognizes and rapidly binds to DNA strand breaks through its zinc fingers and in 

turn, the catalytic domain of PARP-1 is allosterically activated and starts to synthesize 

complex branched poly-(ADP-ribose) chains, resulting in automodification of PARP-1 

itself and probably to extensive modification of histones at sites of DNA strand breaks. 

Modification of chromatin proteins and PARP-1 itself might then subsequently act as a 

strong signal that may rapidly recruit other DNA damage-signaling molecules.  

More than 40 nuclear chromatin-associated proteins have been implicated the function as a 

substrate for PARP-1 and to be modified by poly-(ADP-ribose) chains in vivo. Target 
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proteins include topoisomerase I and II, histones, p53 and high-mobility group proteins 

(25). In intact organisms, PARP-1 itself is the predominant acceptor of poly-(ADP-ribose). 

Except for PARP-1 itself, data about modifications of proteins by PARP-1 in vivo should, 

however, be very cautiously interpreted. Despite intense studies in the last 30 years, neither 

specific glutamic acid residues functioning as poly-(ADP-ribose) acceptor sites nor any 

specific poly-(ADP-ribosyl)ation motifs could be identified in vitro. Moreover, only a few 

of the proposed substrates of PARP-1, such as p53, topoisomerase I and histone 1 have 

been shown to directly interact with PARP-1 (29). One has also to stress that the 

physiological consequences of poly-(ADP-ribosyl)ation of the substrates are in most cases 

unknown. Lindahl and colleagues (28) have even proposed that the minor degree of 

modification of poly-(ADP-ribose) acceptor proteins could be explained as an artificial side 

reaction in vitro.  

Akt activation and cytoprotection 

 

The phosphoinositide 3-kinases (PI3Ks) are a conserved family of signal transduction 

enzymes that are involved in regulating cellular proliferation and survival (30,31). More 

specifically, the PI3Ks and the downstream serine/threonine kinase Akt (also known as 

protein kinase B) regulate cellular activation, inflammatory responses, chemotaxis, and 

apoptosis (31). PI3K is an enzyme complex composed of 4 known isoforms (α, β, γ and ζ) 

and a catalytic p110 subunit. The latter also consists of α, β and ζ isoforms, and is 

associated with the p85 regulatory subunit to form the type 1A PI3K, whereas the p110 γ 

subunit binds to p101 adapter protein to comprise the Type 1B PI3K. Type 1A PI3K is 

activated by tyrosine phosphorylation, whereas p110 γ is activated by engagement of Gi 

protein coupled receptors (32). The p110 γ PI3K plays a central role in inflammation and 

chemotaxis (33). Phosphorylated lipids are induced in membranes during signaling events 
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(33). PI3K catalyzes the conversion of phosphatidylinositol 4,5 biphosphate PI(4,5)P3 to 

PI(3,4,5)P3. Signaling proteins with pleckstrin homology domains bind to PI(3,4)P2 or  

PI(3,4,5)P3(16). The interaction of pleckstrin homology domains on signaling proteins with 

PI(3,4)P2 or PI(3,4,5)P3 can modulate signaling and the intracellular localization of the 

signaling protein. Some examples of signaling proteins that interact with PI(3,4)P2 and/or 

PI(3,4,5)P3 include phosphoinositide-dependent kinase-1 (PDK1), PDK2, and Akt. PDK 

activates Akt by phosphorylation of Ser308 and Thr473 (31). The phosphorylated Akt 

modulates cell cycle entry, growth and survival (31). 

Mitochondria in apoptosis 

 
The intrinsic cell death pathways follow from proapoptotic signals resulting in a disruption 

of intracellular homeostasis that is the signals for cell suicide originate within the cell 

(34,35). The mitochondria are the primary intracellular initiation sites although the 

endoplasmatic reticulum has also been implicated. All cells harbor the latent ability to 

undergo programmed cell death. Under normal circumstances, apoptosis is suppressed, as a 

result of the rigorous compartmentalization of catabolic enzymes and their activators. 

Mitochondria play a major role in this subcellular partitioning of death-regulating 

biochemical signals (36). For example, cytochrome c is confined to the mitochondrial 

intermembrane space preventing it from interacting with apoptotic-protease-activating 

factor 1 (Apaf-1), a cytosolic protein. Upon permeabilization or rupture of the outer 

mitochondrial membrane, cytochrome c binds to Apaf-1, leading to allosteric activation of 

procaspase-9. Caspase-9 then proteolytically activates caspase-3, one of the principal 

proteases that participate in the execution of cell death. Similarly, Smac/DIABLO (second 

mitochondrial activator of caspases/direct IAP-binding protein of low isoelectric point and 

Omi/HtrA2, two intermembrane proteins, are normally physically separated from cytosolic 

inhibitors of apoptosis proteins (IAPs). Upon mitochondrial permeability transition (MPT), 
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Smac/DIABLO and Omi/HtrA2 neutralize IAPs, and thus relive the IAP-mediated 

inhibition caspase-3 and –9. Two DNA-destroying enzymes, apoptosis inducing factor 

(AIF) and endonuclease G, are also normally confined to the mitochondrial intermembrane 

space, but following MPT they can move to the nucleus where they mediate 

chromatinolysis. 

Mitochondrial Permeability Transition (MPT) 
 
MPT is a major event in physiological as well as pathological cell death, and not 

surprisingly, it is regulated at multiple levels (37). MPT can be induced by multiple pro-

apoptotic second messengers, including Ca2+, reactive oxygen species (ROS), lipid 

messengers (e.g. ceramide and ganglioside GD3) and stress kinases. In addition it is 

facilitated by pro-apoptotic proteins from the Bcl-2 family, and is inhibited by anti-

apoptotic Bcl-2-like proteins. MPT might involve the formation of protein-permeable pores 

by oligomers of Bax and Bak (two pro-apoptotic proteins of the Bcl-2 family), as well as 

the transient or permanent opening of a variety of different channels, including those 

contained in the permeability transition pore complex (PTPC), such as the voltage-

dependent anion channels (VDAC) in the outer membrane and the adenine-nucleotide 

translocase (ANT) in the inner membrane. In addition to PTPC-dependent mechanisms, 

recent findings suggest that apoptotic proteins such as cytochrome c can be released from 

the mitochondria by as yet undetermined mechanisms that do not involve formation of 

PTPC. Furthermore, different K+-selective channels in the inner membrane might control 

the volume of the mitochondrial matrix and ultimately the intactness of mitochondrial 

membranes. Moreover, inner-membrane uncoupling proteins (UCPs), which regulate the 

transmembrane proton gradient and the production of ROS and ATP, are increasingly being 

recognized for their roles in modulating cell death. Irrespective of the exact mechanism of 

MPT, it appears that this event can mark the ‘point of no return’ in the cell death process. 
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Mechanism of mitochondrial permeability transition (MPT) 
 
Mitochondria are organelles with two well-defined compartments: the matrix, surrounded 

by the inner membrane (IM), and the intermembrane space, surrounded by the outer 

membrane (OM). The IM is folded into numerous christae, which greatly increases its 

surface area. It contains the protein complexes from the electron transport chain, the ATP 

synthase and the adenine nucleotide translocator (ANT). To function properly, the IM is 

almost impermeable to the various metabolites in physiological conditions (except for those 

that have regulated transport mechanism), thereby allowing the respiratory chain to create 

an electrochemical gradient. The membranpotential results from the respiration-driven, 

electron-transport-chain-mediated pumping of protons out of the inner membrane and is 

indispensable for driving the ATP synthase which phosphorylates ADP to ATP. ATP is 

then exported in exchange for ADP by the ANT. The OM in normal conditions is 

permeable to solutes up to about 5,000 Da. Thus, whereas the matrix space contains a 

highly selected set of small molecules, the intermembrane space is chemically equivalent to 

the cytosol with respect to low-molecular-weight solutes. The OM permeabilization 

involves the release of proteins which are normally confined to the intermembrane space, 

including cytochrome c, Smac/DIABLO, Omi/HtrA2 and AIF. The IM permeabilization 

may occur in a ’step-wise’ manner (34; 38), with increasing permeability of solutes up to 

about 1,500 Da (Fig. 3.), and is manifested as the dissipation of the proton gradient 

responsible for the trans-membrane potential, an extrusion of small solutes (such as 

calcium or glutathione), or an influx of water and sucrose (which, in sucrose-containing 

media, leads to large-amplitude swelling of the matrix). 
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Fig. 3. The structure of the mPT Pore (www.mitoscience.com) 

Caspases 
 
Caspases (cystein apartate-specific proteases) are a family of intracellular proteins involved 

in the initiation and execution of apoptosis (39). Their activation is often referred to as the 

apoptotic commitment point. Caspases are synthesized as procaspases that are then 

proteolytically processed, at critical aspartate residues, to their active forms. All 

procaspases contain a highly homologues protease domain as well as an NH2 terminal 

prodomain. The induction of apoptosis through extrinsic or intrinsic death mechanisms 

results in the activation of initiator caspases. DRs, through adaptor molecules, recruit 

initiator caspases 2, 8, or 10, while intrinsic death signal results in the activation of caspase 

9. Activation of initiator caspases is the first step of a highly regulated, irreversible self 

amplifying proteolytic pathway. Initiator caspases are able to cleave procaspases, and thus 

are able to activate effector caspases (caspases 3, 6, and 7) or are able to amplify the 

caspase cascade by increased activation of initiator caspases. Effector caspases are 

common to both the extrinsic and intrinsic death pathways, and therefore, the ultimate 

morphological and biochemical hallmarks of apoptosis are relatively independent of the 

apoptotic inducer. 
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MPT and cancer 
 
The defects in the regulation of apoptosis contribute to the development of cancer. Cancer 

cells almost invariably acquire mutations that allow them to evade the normal signals and 

mechanisms that cause apoptotic cell death. Indeed, it has been argued that resistance to 

apoptosis is a necessary, although insufficient, step for malignant progression. Thus, for 

example, genetically modified mice that are compromised in their ability to engage one or 

more apoptotic pathway (and survive to adulthood) generally die prematurely of cancer. 

The inhibition of MPT in cancer cells by drugs therefore can be a ground of chemotherapy-

resistance. 

Paclitaxel 

 
Paclitaxel, a widely used antineoplastic agent (40–42), stabilizes tubulin dimers, thus 

interfering with microtubular disassembly (43), resulting in the arrest of cells in G2-M 

phase of the cell cycle, followed by DNA fragmentation and morphological features of 

apoptosis. Paclitaxel has also been shown to activate Raf-1 (44) and cause phosphorylation 

of Bcl-2 (45,46). This has been claimed to inactivate Bcl-2 and deprive it of forming 

heterodimers with the proapoptotic Bax (47-49), hence leading to increased free 

intracellular Bax level, and ultimately resulting in the activation of the caspase proteins 

through the Bax-induced release of cytochrome c from the mitochondrion. Mitochondrial 

membrane stabilizing proteins (Bcl-2 and Bcl-XL) were reported to decrease apoptotic 

effect of paclitaxel (46), while proteins promoting the opening of permeability transition 

pore facilitate the paclitaxel- induced apoptosis in tumor cell lines (50). These effects of 

Taxol were exerted in the nM–mM concentration range usually after a 2–24 h exposure to 

the drug, with a tendency of longer exposure times for lower concentrations (43–53]. It was 

also suggested that the effect of paclitaxel on the mitochondrial permeability transition pore 

was mediated through interaction with the cytoskeleton (54). 
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PARP-1 inhibition promotes resistance to TAXOL inhibition 
 
The nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP-1) is activated in response to 

DNA damage (55). 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 (56), there is growing evidence suggesting that inhibition of PARP-

1 sensitizes cells to DNA-damaging agents (57). 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 (58). Based on these data, PARP inhibition is considered 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 pathway (59). However, it has also been shown 

that inhibition of PARP leads to phosphorylation, and thus activation, of Akt in various 

tissues (60,61,62). It raises the possibility that application of PARP inhibitors in tumor 

therapy may activate the phosphatidylinositol-3 kinase (PI-3K)-Akt pathway, which 

initiates processes like the inactivation of glycogen synthase kinase-3, caspase-9, Bad or 

forkhead homolog rhabdomyosarcoma (FKHR) transcription factors (63) 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 (64,65,66). Paclitaxel can affect kinases (67) that play important roles in cell 
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death processes, and regulate the expression of tumor suppressor genes and cytokines (68). 

In addition, paclitaxel can induce cytosolic calcium oscillations (69) and mitochondrial 

permeability transition, as well as elevated generation of reactive oxygen species 

predominantly at cytochrome oxidase in tumor cells (70). 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; 71). Nuclear translocation of Foxo3a can facilitate 

apoptosis by inducing the expression of Bim, a BH3-only proapoptotic bcl-2 homolog 

protein (72). It has also been demonstrated that Akt overexpression prevented paclitaxel-

induced cell death (73), probably by a mechanism involving Akt dependent 

phosphorylation 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 (74). 

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. We specially examined the T24 human 

urine bladder transitional cancer line. Taxane-based chemotherapy is currently the most 

used remedy for salvage chemotherapy in transitional cell carcinoma of the urothelium. 

(75,76). We provide evidence that Akt dependent Bad phosphorilation and presentation of 

the integrity of mitochondrial membrane systems is a mechanist significantly involved in 

paclitacel resistance of T24 human urine bladder transitional cancer line. 
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Objectives 

 
1. We wanted to examine the direct effect of Taxol on mitochondria. We studied the 

relationship between mitochondrial permeability transition, cytochrome-c release, 

caspase-3 activation, PARP activation and paclitaxel treatment. 

2.  We wanted to induce paxlitaxel therapy-resistance in different cell lines via direct 

attenuation of PARP-1 activation. 

3. We wanted to examine the possible mechanism of the citoprotecive effects of 

PAPR inhibition. We studied specially the NAD+ and ATP depletion, and the signal 

transduction pathways.  

4. We investigated how important role does the PI3K/Akt signaltrasduction pathway 

play in paclitaxel resistance in T24 human urine bladder transitional cell line. We 

looked at the effect of PI3K/Akt pathway activation with reduced PARP level on 

paclitaxel induced cell death and the effect of PI3K/Akt pathway inhibition with 

LY294002 on paclitaxel induced cell death. 

5. We examined the relationship between the PI3K/Akt signaltrasduction pathway and 

the mitochondrial apoptotic pathways. We determined the BAD phosphorylation, 

cytochrome-c release, caspase activation in paclitaxel treated T24 cells. 
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Experimental Procedures 

Materials 

 
Paclitaxel was from ICN Biomedical Inc. (Aurora, OH, USA); Taxol was from Bristol-

Myers Squibb S.p.A. (Sermonetta, Italy); CsA was from Biomol Research Labs, Inc. 

(Plymouth Meeting, PA, USA); 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-phospho-glycogen synthase kinase-3ß (GSK), anti-phospho-c-Jun N 

terminal kinase (JNK) and anti-phospho-p38 mitogen activated protein kinase (p38 MAPK, 

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-

cytochrome c monoclonal antibody was from Pharmingen (San Diego, CA, USA);anti-

mouse IgG and anti-rabbit IgG (Sigma-Aldrich Kft, Budapest, Hungary). 

Animals 

 
Wistar rats were purchased from Charles River Hungary Breeding Ltd. (Budapest, 

Hungary). The animals were kept under standardized conditions; tap water and rat chow 

were provided ad libitum. Animals were treated in compliance with approved institutional 

animal care guidelines. 

Isolation of mitochondria 

 
Rats were sacrificed by decapitation and the mitochondria were isolated from the liver and 

the heart by differential centrifugation as described by a standard protocol (77). The only 

difference among the organs was in the primary homogenization protocol; the liver was 
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squeezed through a liver press, whereas pooled heart tissue from five rats was minced with 

a blender. All isolated mitochondria were purified by Percoll gradient centrifuging (78), 

and the mitochondrial protein concentrations were determined by the biuret method with 

bovine serum albumin as the standard. 

Mitochondrial permeability transition 

 
The mPT was monitored by following the accompanying large amplitude swelling via the 

decrease in absorbance at 540 nm (79) measured at room temperature by a Perkin–Elmer 

fluorimeter (London, UK) in reflectance mode. Briefly, mitochondria at the concentration 

of 1 mg protein/ml were preincubated in the assay buffer (70 mM sucrose, 214 mM 

mannitol, 20 mM N-2-hydroxyethyl piperazine-N′-2-ethanesulfonic acid, 5 mM glutamate, 

0.5 mM malate, 0.5 mM phosphate) containing the studied substances for 60 s. 

Mitochondrial permeability transition was induced by the addition of 150 µM Ca2+  or of 

paclitaxel at the indicated concentration plus 2.5 µM Ca2+. Fluorescence intensity changes 

were detected for 3 min. The results are demonstrated by representative original 

registration curves from five independent experiments, each repeated three times. 

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 and 10% fetal calf serum (MEM/FCS) in humid 5% CO2 atmosphere 

at 37 °C. 
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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) was amplified by PCR and cloned in-frame into pEGFP-C1/N3 vectors 

(Clontech, Palo Alto, CA) after cutting with Hind III 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 WRL-68 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 hours after 

the first transfection, and the experiments on the cells were performed 40 hours after the 

second transfection (62). 

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-MEM® 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 

hours interval between the transfections, and the experiments on the cells were performed 

40 hours after the third transfection (62). 
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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 hours 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+) was added. Incubation was continued for an 

additional 3 hours, and the MTT+ reaction was terminated by adding HCl to the medium to 

a final concentration of 10mM. 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 at 550nm wavelength after disolving the blue 

formasan precipitate in 10% sodium dodecyl sulfate. All experiments were run with at least 

4 replicate cultures and repeated 3 times (80,81). 

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 µM PJ-34 and/or 40 

µM Verapamil. After the incubation, the cells were harvested, and homogenized by 

sonication. Paclitaxel content of the samples were 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 5mM sodium-acetate, 

pH4.5 - 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 
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splitting ratio of 7 over 3. The electrospray ion source was operated in positive mode. 

Nitrogen was used as drying gas at 250 ºC, with a flow rate of 8 litres per minute, 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 range). The scanning mass to charge range was 50 to 2000 

m/z with a scanning speed of 8100 m/z per second. Maximum accumulation time was 200 

ms. For control of the instrument, the Esquire Controll 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.  

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 (62). 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 (82). 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. 

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 3 times with -20°C acetone and subjected to sodium dodecylsulfate 
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polyacrylamide gel electrophoresis. Proteins (20 µg per lane) were separated on 12% gels 

then transferred to nitrocellulose membranes. The membranes were blocked in 5% low-fat 

milk for 1 hour at room temperature then exposed to the primary antibodies at 4°C 

overnight at a dilution of 1:1000 in blocking solution. Appropriate horseradish peroxidase-

conjugated secondary antibodies were used for 3 hours at room temperature at a dilution of 

1:5000. Peroxidase labeling was visualized with enhanced chemiluminescence’s 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 3 times (83). 

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 (84). 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 

µg of protein were incubated with 50 µM of fluorescent caspase substrate (Ac-DEVD-

AMC) in four parallels for 3 hours. Fluorescence was detected by a fluorescent ELISA 

plate reader at the excitation and emission wavelength of 360 nm and 460 nm respectively. 

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 X 4.6 mm 

KOVASIL-MS C18 column (Zeochem AG, Uetikon, Switzerland). Measurements 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 µl loop. Instrument control and data 
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acquisition was 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. 

Statistical Analysis 

 
Data were presented as means ± S.E.M. For multiple comparisons of groups, ANOVA was 

used. Statistical difference between groups was established by paired or unpaired Student’s 

t test, with Bonferroni’s correction. 
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Results 

Effect of paclitaxel on permeability transition in isolated mitochondria 

 
In order to demonstrate direct effect of paclitaxel in inducing mitochondrial permeability 

transition, we monitored swelling, dissipation of DC, opening of permeability transition 

pore, and cytochrome c release from isolated Percoll-gradient purified rat liver 

mitochondria. High-amplitude swelling of the mitochondria due to permeability transition 

was demonstrated by the decrease of the reflectance of 540 nm light. In a concentration 

dependent manner, paclitaxel induced swelling in isolated liver mitochondrion in the 

presence of low concentration of Ca2+ (2.5 µM). This amount of Ca2+ did not induce 

permeability transition by itself (data not shown). (70) Paclitaxel at a concentration of 20 

mM caused maximal swelling of mitochondria (same as induced by 150 µM Ca2+) that was 

prevented completely by 2.5 µM CsA (Fig. 4).  

 

Fig. 4. Permeability transition induced by paclitaxel and 150 mM Ca
2+

 in isolated rat liver 

mitochondria. Mitochondria in the presence or absence of CsA were incubated at room 

temperature in permeability transition-buffer as described in Materials and Methods. 

Permeability transition-inducing agents were added at arrow. Results are demonstrated by 

representative original registration curves for at least five independent experiments. Line 

1: no agent added; line 2: 150 µM Ca
2+

; line 3: 10 µM paclitaxel; line 4: 20 µM 

paclitaxel; line 5: 20 µM paclitaxel 1 2.5 µM CsA. (79) 
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Release of cytochrome c from the mitochondrial intermembrane space following 

permeability transition induced by either 150 µM Ca2+ or by 20 µM paclitaxel was detected 

by Western blotting. Cytochrome c release was inhibited in both cases by 2.5 µM CsA 

(Fig. 5). 

 

Fig.5. Cytochrome c release from isolated mitochondria. Cytochrome c (cyt c) released 

from the intermembrane space of isolated rat liver mitochondria was detected by Western 

blotting. Lane 1: control; lane 2: 2.5 µM CsA; lane 3: 150 µM Ca
2+

; lane 4: 20 µM 

paclitaxel; lane 5: 150 µM Ca
2+

 1 2.5 µM CsA; lane 6: 20 µM paclitaxel 1 2.5 µM 

CsA.(77) 

 

PARP inhibition induces paclitaxel-resistance in tumor cell lines 

Exposing wild type or mock-transfected T24 bladder carcinoma (Fig. 6) or HeLa cervix 

tumor (data not shown) cells to 100 nM of paclitaxel induced a massive increase in ADP-

ribosylation of nuclear proteins that reached its maximum in about 3 hours and did not 

change significantly further on (Fig. 6.A.). When the cells were pre-treated with 10 µM of 

PJ-34 (85), an effective inhibitor of PARP-1, 30 min prior to the administration of 

paclitaxel, no ADP-ribosylation of the nuclear proteins was detected (Fig. 6.B.). When the 

cells were 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 abolished (Fig. 6.C.) 

exactly as observed in the case of wild type cells treated with PJ-34 (Fig. 6.B.). 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 
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prevented by all the three methods used for suppression of the catalytic activity of the 

enzyme.  
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Fig. 6. Effect of PARP inhibition on paclitaxel induced ADP-ribosylation. Wild type (wt), 

mock-transfected (Empty), PARP-DBD expressing (N3) and PARP-siRNA transfected 

(siRNA) T24 cells were exposed to 100 nM of paclitaxel for the indicated time (A, B) or for 

3 hours (C) in the absence (A, C) or presence (B) of 10 µM of PJ-34. Equal amounts of 

nuclear proteins were separated by SDS-PAGE and the protein poly(ADP-ribosylation) 

was detected by Western blotting utilizing an anti-ADP-ribose antibody. Results are 

presented as representative blots of three independent experiments. 
 

Under our experimental conditions, 12 hours or longer exposure to 100 nM paclitaxel 

significantly decreased the viability (p < 0.01) of T24 (Fig. 7.A) and HeLa (data not 

shown) cells. However, when 10 µM 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 caused a resistance against 

paclitaxel in the cancer cell lines studied (Fig. 7.A.).  
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Fig. 7. Effect of paclitaxel, PJ-34 and verapamil on the viability of cell lines. The effect of 

100 nM of paclitaxel in the absence (solid line) or presence of 10 µM of PJ-34 (broken 

line) on the time-course of the viability of T24 cells, which was detected by the formation of 

water-insoluble formosan 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 indicated above the solid line means difference from untreated 

cells, while the one above the broken line means difference from the cells treated with 

equimolar paclitaxel only. 

 

In order to reveal whether the observed paclitaxel-resistance was due to any interference 

with ABC transporters, we blocked P-glycoprotein pathway by 40 µM 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 (Fig. 7.B., Fig. 7.C.). 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. 7.B., Fig. 7.C.). The fact that at higher 

paclitaxel concentrations Verapamil did not interfere with the desensitizing effect of PJ-34 

suggests that the PARP inhibition evoked drug resistance in tumor cells was not likely to be 

related to ABC transporter mechanisms.  
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Fig.7. B.C. The effect of verapamil on the viability of T24 (B) and HeLa cells (C) was also 

detected by the MTT+ method. The cells were exposed for 24 hours to different 

concentrations of paclitaxel either alone or pretreated with 10 µM of PJ-34 and/or 40 µM 

of verapamil 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). 

 

We approached the question of the interference between the PARP inhibitor and the ABC 

transporter more directly by determining the amount of paclitaxel taken up by T24 cells 

during 3h incubation in the presence of 10, 100 and 1000 nM of paclitaxel alone or together 

with 10 µM PJ-34 and/or 40 µM Verapamil. As shown in Table I, 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 
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confirmed that the PARP inhibition induced paclitaxel resistance by an alternative 

mechanism, and not by interacting with ABC transporter systems. 

Table I : 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 µM PJ-34 and/or 

40 µM 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. 

 

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 were indeed responsible for the paxlitaxel-resistance, we 

checked 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 hybrid 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. 8.A.). 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 
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non-transfected control cells (Fig. 8.A.). Similar results were detected in the HeLa cell line 

(data not shown).  
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Fig.8. Effect of non-pharmacological PARP inhibition on cell viability. (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 hours. 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. 

 

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 

manufacturer’s recommendations. The knock-down of PARP was verified by Western 

blotting (data not shown). Following 24 hours of paclitaxel treatment, no significant 

difference was detected between the control and siRNA transfected cells up to the 

paclitaxel concentration of 10 nM. However above this concentration, the viability of 

siRNA transfected cells was significantly higher (p < 0.01) when compared to controls 

(Fig. 8.B.). Similar results were detected in the HeLa cell line (data not shown). 
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Fig.8. Effect of non-pharmacological PARP inhibition on cell viability. (B.) T24 cells were 

either untrasfected (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 hours. 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. 

 

PARP inhibition leads to the activation of Akt/PKB 

 
To elucidate the role of the nuclear enzyme PARP-1 in regulating 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 hours following 300 nM of 

paclitaxel administration in the presence or absence of 10 µM of PJ-34. 

The level of total Akt was unaltered in response to either paclitaxel or PJ-34 administration 

(data not shown). Paclitaxel administration resulted in a slightly increased Akt (Ser473) 

phosphorylation after only 3 hours. However, it increased within 15 min of PJ-34 

administration, and the increased level was maintained throughout the observation period 
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(Fig.10.). Phosphorylation of the downstream target of Akt, GSK-3β presented a similar 

pattern, showing increased phosphorylation 30 minutes after paclitaxel and PJ-34 co-

administration and slightly increased phosphorylation after 3 hours in the absence of PJ-34 

(Fig.9.).  

Unlike Akt, neither paclitaxel nor PJ-34 administration influenced the level of 

phosphorylated p38 or ERK1/2. Paclitaxel treatment increased JNK activation. However, 

PJ-34 failed to modify this effect (Fig. 9). 

 

Fig.9. 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 

µM of PJ-34 for the indicated times. Total cell extracts were separated by SDS-PAGE and 

the activation of Akt (p-AKT), ERK1/2 (ERK), p38 MAPK (p-P38), JNK (p-JNK) and GSK-

3β (p-GSK) was detected with phosphorylation specific antibodies. Even protein loading 

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

independent experiments. 
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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, twelve hours of paclitaxel treatment at the 

concentration of 100 and 1000 nM resulted in marked activation of caspase-3 (Fig. 10.A.), 

and this effect was significantly reduced (p < 0.01) when the cells were pretreated with 10 

µM of PJ-34 (Fig. 10.A.). 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 

hours when compared to untreated control (Fig. 10.B.). When the cells were pretreated with 

10 µM 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). Paclitaxel-induced cytochrome-c release from the mitochondria was 

attenuated by the pretreatment with 10 µM of PJ-34 in both T24 and HeLa cell lines (data 

not shown). 
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Fig. 10. 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 µM of PJ-34 (empty bars) 

were exposed to different concentrations of paclitaxel for 12 hours (A) or were exposed to 

100 nM of paclitaxel for different times (B). Caspase-3 activity was detected by a 

fluorescent plate reader using a 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. 

 

Inhibition of the PI-3K/Akt pathway diminishes paclitaxel resistance induced 
by inhibition of PARP 

 
Since PARP inhibition leads to the activation of Akt/PKB 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 µM 

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 11.A). 

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. 11.B). 

Similar results were obtained in the case of Hela cells (data not shown). These results 
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suggest that paclitaxel resistance induced by PARP inhibition was indeed mediated by Akt 

activation in a significant extent.  

** **

0

20

40

60

80

100

120

0 30 100 300 1000

Paclitacel (in nM)

C
el

l 
vi

ab
ili

ty
 (

in
 %

 o
f 

co
n

tr
o
l)

(A)
*

*

**

*

*

** **

0

20

40

60

80

100

120

0 30 100 300 1000

Paclitacel (in nM)

C
el

l 
vi

ab
ili

ty
 (

in
 %

 o
f 

co
n

tr
o
l)

(A)
*

*

**

*

*

0

20

40

60

80

100

120

0 30 100 300 1000

Paclitacel (in nM)

C
el

l v
ia

b
ili

ty
 (

in
 %

 o
f 

co
n

tr
o

l)

(B)

*

* *
*

** **
**

0

20

40

60

80

100

120

0 30 100 300 1000

Paclitacel (in nM)

C
el

l v
ia

b
ili

ty
 (

in
 %

 o
f 

co
n

tr
o

l)

(B)

*

* *
*

** **
**

 

Fig. 11. Effect of PI3-K/Akt pathway inhibition on the PARP inhibition induced paclitaxel 

resistance. (A) T24 cells were exposed for 24 h to different concentrations of paxlitaxel in 

the absence (filled bars) and presence of 10 µM of PJ-34 (gray bars), 5 µM of LY-294002 

(empty bars) or the combination of PJ-34 and LY-294002 (striped bars). (B) In an identical 

experimental setup, LY-294002 was replaced with 5 µM 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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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. 6.A.). 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 30 minutes. This leads to 

the activation of PARP and the decrease of intracellular NAD+ level. When the cells were 

pretreated with 10 µM of PJ-34, the level of NAD+ following paclitaxel treatment was 

significantly higher (p < 0.01) than without it. However, neither 5 µM of LY-294002 (Fig. 

12.A) nor 5 µM of Akt inhibitor IV (Fig. 12.B) 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). 
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Fig. 12. Effect of PI3-K/Akt pathway inhibition on the intracellular NAD+ content of 

paclitaxel treated cells. (A) T24 cells were exposed for 24 h to different concentrations of 

paclitaxel in the absence (filled bars) and presence of 10 µM of PJ-34 (gray bars), 5 µM of 

LY-294002 (empty bars) or the combination of PJ-34 and LY-294002 (striped bars). (B) In 

an identical experimental setup, LY-294002 was replaced with 5 µM 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 exactly as described (23). 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. 

 

Since the inhibition of PI-3K/Akt pathway did not interfere with the intracellular level of 

NAD+ (Fig. 12.) but significantly counteracted the effect of PARP inhibition on the 

paclitaxel induced cell death (Fig. 11.), 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.  
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Effect of Akt activation on Bad phosphorylation in paclitaxel treated T24 cells  

 
Glycogen synthase kinase 3β (GSK) and Bad are downstream targets for Akt, and Bad 

phosphorylation is an important mechanism in preservation of the integrity of 

mitochondrial membrane systems (86,87). For these reasons, we studied the effect of 

paclitaxel, PJ-34 and LY-294002 on expression level and phosphorylation of Akt, GSK and 

Bad. Not any of the treatments affected either Akt or Bad expression up to 6 h, so total Akt 

and Bad immunoblot-patterns were identical to that of the loading control actin (Fig. 13). 

In paclitaxel treated T24 cells there was an early Akt(Ser473) phosphorylation that peaked at 

3 h treatment, so we studied the modulating effect of the other two drugs for this period of 

time. In a complete agreement with their respective modulating effect on PI-3K, 5 µM LY-

294002 markedly decreased while 10 µM PJ-34 significantly increased Akt 

phosphorylation. Phosphorylation, which is activation pattern of Akt was faithfully 

reflected in phosphorylation of its down-stream targets GSK(Ser9) and Bad(Ser136) as it is 

demonstrated by representative immunoblots on Fig. 13. Since phosphorylation of 

Bad(Ser136) prevent its interaction with the mitochondrial membrane stabilizer Bcl-2 and 

Bcl-xL (86), these results suggest that Akt-mediated Bad phosphorylation represent an 

important mechanism in paclitaxel resistance in T24 bladder carcinoma cells. 
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Fig.13. Effect of PI-3K modulators on Akt- and Bad phosphorylation in paclitaxel treated 

T24 cells  T24 cells were treated with 100 nM of paclitaxel alone or together with 5 µM 

LY294002 (LY) or 10 µM of PJ-34 (PJ) for the indicated times. Total cell extracts were 

analyzed by immunoblotting utilizing anti-Akt (t-AKT), anti-phospho-Akt (p-AKT), anti-

phospho-GSK (p-GSK), anti-Bad (BAD) and anti-phospho-Bad (p-BAD) primary 

antibodies. Even protein loading was confirmed by using anti-actin primary antibody and 

immunoblotting. Representative blots of three independent experiments are presented. 
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DISCUSSION 

We observed that Taxol induced large amplitude swelling of mitochondria (Fig.4), and on 

cytochrome c release (Fig.5.), all of which are regarded as characteristic features of 

mitochondrial permeability transition. Our results indicate that Taxol, in a concentration-

dependent manner, induced a CsA-sensitive permeability transition in isolated rat liver 

mitochondria at a concentration of up to 20 µM. This concentration range is similar to those 

used by other groups (45) for studying the prompt effects of Taxol. 

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 (58,59). 

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 (57). 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 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 (57, 88). 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 

(89). This is supported by the observation that PARP-1 defective mice survive and have no 
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obvious growth defect (90). 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 (91).  

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 (60,61,62), by direct mitochondrial damaging effect and can 

suppress the activity of the cytoprotective PI-3-kinase Akt pathway, as well as inducing 

rapid cellular NAD+ and ATP pool depletion resulting 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 (56). In each case, inhibition of PARP-1 improved the survival of damaged 

cells or tissues (56,92,93). In several cases, there are data showing that PARP-1 inhibition 

activated the PI-3-kinase – Akt pathway which can lead to cytostatic resistance, 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. Our data show, in two different tumor cell lines, that inhibition 

of PARP-1 significantly compromises the cell death inducing effect of paclitaxel, resulting 

in cytostatic resistance to a wide range of paclitaxel concentration (Fig. 7.8.). This 

paclitaxel resistance was unlikely to be mediated by ABC transporter related mechanisms, 

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 I). This experiment confirmed that ABC-transporter related mechanisms 

were not significantly involved in the paclitaxel resistance induced by PARP inhibition. 
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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 (55). Knocking 

down of PARP-1 in T24 cells by siRNA technique induced paclitaxel resistance (Fig. 8.B) 

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 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 (66), so it 

was clearly in position to compete with PARP-1. Transdominant expression of PARP-DBD 

induced paclitaxel resistance in tumor cells (Fig. 13.A), which was similar to the effect 

caused by PJ-34. Since the design of the siRNA and the PARP-DBD were 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 not of protein-protein interaction between PARP-1 and other regulatory proteins or by 

another mechanism that was regulated by the pharmacological inhibitor. 

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 (66). 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. 9.) in 

response to paclitaxel treatment alone vs. in combination with PJ-34. We found that PJ-34 
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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, paclitaxel treatment induced the activation of JNK, but it was not significantly 

affected by PJ-34 (Fig. 10.). Several previous studies demonstrated that activation of the 

PI-3K-Akt system was strongly involved in mediating drug resistance under various 

conditions (79-82) In accord to our previous data (66), PARP inhibition induced the 

phosphorylation and so the activation of Akt, which could phosphorylate and inactivate 

FOXO transcription factors (93), and so compromised the activation of the cell death 

process. In addition, Akt activation could protect mitochondrial membrane systems and 

could inactivate caspase-3 (94,95,66) 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. 11.). 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 (96). 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 (97). Since two 

inhibitors of different chemical structure and targeting different upstream activators of Akt 
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gave the same results, the effect of the forementioned 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 proapoptotic function in cell death 

processes and that FOXOs induce the overexpression of their downstream targets such as 

Fas ligand and Bim (74). These processes and FOXO dependent overexpression of the cell 

cycle inhibitor p27(kip1) may be responsible for taxol induced cell death (98, 74). NAD+ 

depletion and induction of mitochondrial permeability transition were implicated as 

intermediate steps linking PARP-1 activation to mitochondrial cytochrome 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.12.). 

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.12.), 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, activation 

of the PI-3K-Akt pathway was the significant factor in the drug resistance inducing effect 

of PARP inhibition, as described schematically in Fig. 14.  
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Fig.14. 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. 

 

These 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 (99,100,101,102). 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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Akt is a central regulator of cell survival. It induces phosphorylation of Bad at Ser136 that 

forms a complex with 14-3-3 protein in the cytosol thereby preventing Bad binding to Bcl-

2/Bcl-xL so promoting stabilization of mitochondrial membrane system and cell survival 

(103,104). We found that paclitaxel induced an early activation of Akt demonstrated by its 

phosphorylation, and by phosphorylation of its downstream targets GSK-3β and Bad. 

According to their respective theoretical role, PJ-34 activated and LY-294002 inhibited all 

these phosphorylations indicating that Akt mediated Bad phosphorylation and preservation 

of mitochondrial membrane integrity played significant role in paclitaxel resistance of T24 

cells. 

Taking together all these data, Bad phosphorylation resulting from activation of PI-3K-Akt 

pathway plays a pivotal role in paclitaxel resistance of T24 cells, therefore, inhibition of 

this pathway could facilitate paclitaxel therapy in transitional cell carcinomas of the 

urothelium. 
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Conclusions 

 
1. We observed that Paclitaxel induces mitochondrial permeability transition with high 

level of cytochrome-c release. We also detected intensive caspase-3 activation and 

PARP-1 activation. All these factors together can result in apoptotic cell death. 

2. We provided evidence that suppression of PARP-1 activation protected cells from 

paclitaxel. In all of the examined concentrations of paclitaxel, the control cells were 

more sensitive to paclitaxel than the ones with decreased PARP-1 activation. 

3. We found evidence for undermining the classical view that cytoprotection by PARP 

inhibitors relies exclusively on the preservation of NAD+ and consequently the ATP 

stores in paclitaxel therapy. The PARP inhibition-induced Akt activation was very 

significantly responsible for the cytoprotective property of PARP inhibitors. We 

established that the benefit of PARP inhibition is mediated through two different 

processes: the preservation of energetic of cells and activation of PI3K/Akt as a 

well-known survival signaltrasduction pathway. 

4. Inhibition of Akt activation by specific phosphatidyinositol-3-kinase (PI3K)-Akt 

inhibitors in a significant extent counteracted the cytoprotective effect of PARP 

inhibitor, indicating that the PARP-inhibition-induced Akt activation was very 

significantly responsible for the cytoprotective property of PARP inhibitors.  

5. We provide evidence that Akt dependent Bad phosphorylation and preservation of 

the integrity of mitochondrial membrane systems is a mechanism considerably 

involved in paclitaxel resistance of T24 human urine bladder transitional cancer cell 

line. 
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