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Abstract 

Poly(ADP)ribose (PAR) metabolism is essential to many cellular functions, 

including the maintenance of genomic integrity, the regulation of cell death 

mechanisms, as well as the regulation of gene expression. Recent work has 

uncovered many new players in the expanding effort to understand PAR 

metabolism and its cellular impact. PARP-1, the prototypical poly(ADP)ribose 

polymerase, was the first to be discovered, and has since been shown to be vital 

in the cellular response to DNA damage. Indeed, one report demonstrating that 

PARP-1 activation is required for apoptosis-inducing factor (AIF) release from 

mitochondria uncovered a novel link between DNA damage and signaling for cell 

death. The events following PARP activation, leading to signaling for AIF release, 

however, are still poorly understood. Based on our observations, we have 

developed a model to explain the nuclear/mitochondrial crosstalk that occurs 

following PARP activation. The work presented here answers several important 

questions regarding the relationship between ADP-ribose metabolism and 

mitochondria, including the role of PAR in signaling for the release of AIF, the 

presence of ADP-ribose metabolism protein members in mitochondria, and 

mitochondrial transcriptional effects following PARP activation. This work 

presents several novel findings, including the first report of a mitochondrial matrix 

isoform of poly(ADP-ribose) glycohydrolase (PARG) as well as direct evidence of 

mitochondria-associated PARP activity. Furthermore, it provides evidence for a 

novel effect of PARP-1 activation, in the specific transcriptional upregulation of 
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the mitochondrial gene, NADH dehydrogenase, subunit 1 (ND1). Our data is 

consistent with the hypothesis that uncontrolled PARP activity results in energy 

metabolism dysfunction and cell death. Furthermore, it supports a model in which 

PARP activity is required for normal transcriptional responses in mitochondria 

following DNA damage. In total, this report adds to the body of work outlining the 

roles of PARP following DNA damage recognition and activation, demonstrating 

that ADP-ribose metabolism plays an important role in cell death regulation by 

both direct and indirect means.  
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CHAPTER I 

INTRODUCTION 

Overview of Poly(ADP-ribose) metabolism 

 ADP-ribose metabolism is an important cellular mechanism for the post-

translational modification of proteins, encompassing a host of enzymes of 

differing biological functionalities, all utilizing a common substrate, nicotinamide 

adenine dinucleotide, or NAD. NAD’s functional role in energy metabolism as the 

redox substrate of the enzymes of glycolysis and the tricarboxylic acid cycle has 

been thoroughly studied. The roles of ADP-ribose metabolism and its substrate 

NAD have been studied thoroughly, though recent reports have greatly expanded 

our understanding of the variety of roles in which it plays. The first poly(ADP-

ribose) reactions were reported in 1963 by Chambon et al., following their 

observations of the incorporation of 14C-labeled ATP into an acid-insoluble 

preparation from a nuclear fraction. They observed that this incorporation was 

enhanced significantly by the addition of nicotinamide mononucleotide. They 

theorized that this was the result of an enzymatic reaction, that resulted in what 

they initially thought was polyadenylic acid (polyA) [1]. This report was quickly 

followed up, however, by work from Chambon et al., Fujimura et al., and 

Nishizuka et al. in which they realized that the enzymatic reaction did not result in 

polyA, but rather in poly(ADP-ribose). It was in these reports that the nature and 

a functional structure of poly(ADP-ribose) (or PAR) was worked out [2-5]. Initial 

work looking into the function of the poly(ADP-ribose) polymerase suggested that  
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Figure 1.1: PARP catalysis. PARP catalyzes the polymerization of the 
ADP-ribose moiety of NAD molecules to PAR. Inside the cell, PARP-1 is the 
most active enzyme calalyzing this post-translational modification of acidic 
residues of histone proteins or PARP itself. Nicotinamide is released in the 
process of catalysis. 
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it might play an important role in DNA structure and function. Indeed, PARP 

activity was shown to be important for the modulation of chromatin structure [6]. 

Work performed since has shown that PARP plays an important role in DNA 

excision repair, DNA recombination, DNA replication, and cell growth (reviewed 

in [5]). Following on the enzymological studies of PARP, we now know that 

poly(ADP-ribosyl)ation occurs within nucleated cells of most mammals, plants, 

and lower eukaryotes, excepting yeast, in response to DNA damage. DNA 

damage, whether induced by an alkylating agent, ionizing radiation, or oxidation, 

results in a dramatic increase in the activity of the poly(ADP-ribose) polymerases, 

or specifically PARP-1 or 2. Some have suggested that as many as eighteen 

PARPs may exist, though a recent report suggests that many of the eighteen 

PARPs function as mono(ADP-ribosyl) transferases [7]. They suggest that the 

number of PARPs may be closer to six [8]. In total, our current understanding of 

the PARPs is that they as a family of proteins are essential to the monitor and 

maintenance of genomic integrity, including the expression of select genes. 

Poly(ADP-ribose) glycohydrolase, on the other hand, hydrolyzes the PAR to 

ADP-ribose (ADPR) monomers following the activation of PARP and recognition 

of the DNA damage. PARG is the primary protein known to catalyze the 

degradation of PAR, though other PAR glycohydrolases with significantly less 

enzymatic activity are known to exist [9]. As an integral member of poly(ADP-

ribose) metabolism, PARG’s activity has also been shown to be essential to  
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Figure 1.2: PARG catalysis. PARG catalyzes the hydrolysis of PAR at its 
O-glycosidic linkages, liberating free ADP-ribose. PARG maintains both 
endo- and exoglycosidic enzyme activities. 
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proper cellular function and maintenance of genomic integrity, especially as 

genetic ablation has been shown to be lethal to developing embryos [10]. These 

and other functionalities of PARG and poly(ADP-ribose) metabolism will be 

discussed in further detail later.   

 

Poly (ADP-ribose) polymerases 

 Poly(ADP-ribose) polymerase-1 (PARP-1) (EC 2.4.2.30) was the first 

PARP to be described, and was, until 1998 with the discovery of Tankyrase-1, 

the only known PARP [11]. It was initially characterized as being a DNA-

dependent enzyme, and as showing activity with the addition of nicotinamide 

mononucleotide. Its activity was shown to be required for the incorporation of 

14C-labeled ATP into the acid-insoluble fraction of a nuclear preparation [5]. 

PARP-1 largely maintains a nuclear localization and a close association with 

genomic DNA. PARP-1 is the most thoroughly studied of the PARPs and its 

activity has been associated with multiple vital cellular functions. Here, I will 

briefly introduce some of the enzymatic properties of PARP-1, the biological 

implications of PARP activity, and some of the other known PARPs and their 

associated function. 

 

Poly(ADP-ribose) polymerase-1 enzymology 

 PARP-1 contains three functional domains: an N-terminal DNA binding 

domain, a breast cancer susceptibility protein C terminus (BRCT) motif-
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containing automodification domain, and its C-terminal catalytic domain. PARP-

1’s N-terminal DNA binding domain contains several zinc-finger protein motifs. 

The first zinc-finger was shown to allow PARP to recognize and bind double-

stranded DNA breaks, and a second zinc-finger has been shown to allow for 

binding and recognition of single-stranded DNA breaks [12, 13]. In addition, a 

third zinc-binding domain was recently identified and has been shown to be 

critical for the signal transmission of DNA binding to the catalytic domain for 

activation [14]. The automodification domain is host to multiple glutamate 

residues, consistent with reports demonstrating that poly(ADP-ribosyl)ation 

occurs primarily on glutamic and aspartic acid residues. Some have also 

suggested that this domain is important to many of the protein-protein 

interactions of PARP [15]. The carboxy-terminal catalytic domain of PARP 

contains the GXXXGKG sequence, which is homologous to many other proteins 

known to bind the phosphoanhydride bond of mono and dinucleotides such as 

NAD [15]. A crystal structure for the catalytic domain of PARP revealed that the 

catalytic domain shows a remarkable homology to the bacterial toxins known to 

act as mono(ADP-ribosyl) transferases, such as the diphtheria toxin [16]. PARP-

1 catalyzes the automodification of itself, as well as the heterologous modification 

of nuclear proteins, such as the histones. The main acceptor of PARP-1 activity, 

however, is itself. In addition to these two activities, PARP-1 has been shown to 

be important for the catalysis of three distinct enzymatic steps: (i) in the initial 

attachment of ADP-ribose to the carboxy side-chain of a glutamate (or aspartate) 
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residue of a target protein, (ii) in elongation of the poly(ADP-ribose) through the 

formation of the ribose-ribose glycosidic bond, (iii) and finally in a branching 

reaction requiring the formation of a ribose-ribose bond between ADP-ribose 

units (see figure 1.1). While PARP-1 maintains both distributive and processive 

enzymatic functions, poly(ADP-ribose) appears to be formed primarily by means 

of its highly processive mode of action [15, 17]. Further, it appears that PARP-1 

activity requires homodimerization, and that the reaction is intermolecular [15]. 

The crystal structure solved for the catalytic domain of PARP, as well as other 

mutagenesis work performed, has suggested that poly(ADP-ribosyl)ation 

requires a core motif comprised of histidine, tyrosine, and glutamate residues . 

Exchange of the glutamate residue in the catalytic core motif disables the 

polymerase activity, limiting the enzyme to mono(ADP-ribose) transferase activity 

[8, 18].  

 

Poly(ADP-ribose) polymerase-1 biology 

 As was discussed previously, PARP-1 functions within the cell as a DNA 

damage sensor as it is able to both recognize and bind DNA damage in the form 

of single and double-stranded DNA breaks. Following PARP-1 recognition of a 

DNA break, a conformational change occurs in PARP-1, allowing for a dramatic 

increase in its automodification and the modification of histone proteins (see 

figure 1.3). Owing to the highly negatively charged nature of the PAR molecule,  
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Figure 1.3: Nuclear poly(ADP-ribose) metabolism. PARP-1 and PARG 
activities have been most thoroughly studied within the nucleus. Both are 
critical in the proper maintenance of genomic integrity following DNA 
damage. 
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disruption of DNA:histone H1 binding occurs following modification of histone 

proteins. Further, automodification results in detachment of PARP-1 from DNA  

and temporary limitation of its activity [19]. In the context of genomic DNA, these 

enzymatic capabilities of PARP-1 have been shown to be important to the 

modulation of chromatin structure [20]. The highly negative charge of PAR allows 

for the repulsion of DNA from modified proteins. This has been suggested to be 

important for the recruitment of repair proteins to the site of the DNA damage 

recognized by PARP-1. Indeed, it has been shown that poly(ADP-ribosyl)ation 

results in an inhibition of the activity of the topoisomerases I and II, as well as the 

DNA polymerases α and β. Further, several poly(ADP-ribose) binding motifs 

have been identified in proteins known to be important in DNA repair, such as 

XRCC1, p53, as well as the zinc-binding, PBZ motif-containing proteins Ku, Chk2, 

RAD17, and uracil DNA glycosylase  [21-23]. Interestingly, DNA ligase activity 

has been shown to be increased in the presence of poly(ADP-ribosyl)ation, 

suggesting an integral role for PARP-1 in the maintenance of genomic integrity, 

and function which coincides with the following model: PARP-1 activity  

DNA:Histone H1 destabilization  chromatin decondensation  recruitment to 

DNA of repair proteins by PAR [24].  

 Recent reports have expanded this model of PARP-1, however, to include 

regulation of DNA transcription through its functional association with a host of 

transcriptional control factors, including the CTCF insulator complex, the 

condensin I/XRCC1 repair complex, the transducin-like enhancer of split (TLE) 
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corepressor complex, and topoisomerase IIβ [25, 26]. Through its ability to 

modulate chromatin structure and the binding of DNA to histones, as well as its 

association with a variety of transcriptional control elements, PARP-1 has been 

shown to have a direct effect on the transcriptional outcomes of many genes. 

Indeed, a recent report suggested that reciprocal binding of histone H1 or PARP-

1 directly modified the transcription of several genes, including ATXN10 and 

ITPR1 [27].  

 The roles of PARP-1, though varied at first observation, are consistent 

with its activity as a sensor of DNA breaks, wherever the breaks may be found in 

genomic DNA. PARP-1 is established as being essential in the DNA repair 

process as it is important for the recognition of the DNA breaks and subsequently 

the modulation of chromatin structure allowing for the efficient repair of the DNA. 

PARP-1 is an important regulator of transcription, as it is clear that DNA cleavage 

is required for proper relaxation and unwinding of DNA is required for access of 

transcription factors and enzymes. 

 PARP inhibition in disease model systems has been reported to have a 

number of beneficial effects. Protection by PARP inhibition has been most clearly 

demonstrated following ischemia/reperfusion injury [28]. PARP inhibition has also 

been shown to be protective following many inflammation-inducing stresses, 

including hemorrhagic shock, ischemic kidney disease, myocardial ischemic 

events, and septic shock. Additionally, it appears that PARP inhibition may be 

protective against UV-induced skin damage, and some symptoms of diabetes 
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[28]. PARP inhibition has recently gained particular notoriety as being effective in 

the treatment of certain cancers. Currently, more than five PARP inhibitors are 

under clinical trials for various indications, including BRCA1/2 mutant ovarian and 

breast tumors, malignant melanoma, and other solid tumors. Capitalizing on the 

specific DNA repair deficiencies of some cancer cells, PARP inhibitors appear to 

have inherited a large therapeutic window, making them well tolerated and 

suitable in monotherapy [29, 30]. 3-Aminobenzamide is widely regarded as a 

benchmark PARP inhibitor and is suitable for most laboratory biological studies, 

though its IC50 is somewhat low (IC50 5.4µM) [31]. Structural modifications to the 

pharmacophore have yielded more potent, cell permeable PARP inhibitors. PJ34, 

a potent, cell permeable PARP inhibitor (EC50 40nM), was used in many of the 

studies reported here [28]. 

 

Other Poly(ADP-ribosyl)ating enzymes 

 While PARP-1 plays an important role in the maintenance of genomic 

integrity through its recognition of DNA breaks, several other poly(ADP-ribose) 

polymerases have also been studied and have been shown to present essential 

cellular functions. PARP-3 and PARP-4 (or Vault PARP) have not been as 

thoroughly characterized as PARP-1, and their cellular functions remain 

somewhat elusive. It appears that PARP-3 functions as a component of the 

centrosome, and may be important for cell division. The Vault PARP (VPARP) 

functions as a component of the cytoplasmic vault particle, which function is as of 



25 
 

 

yet still not understood. I will discuss some of the characteristics of a few of the 

more thoroughly studied PARP-2 and Tankyrases (PARP-5a and PARP-5b).  

PARP-2 

 Unlike the Tankyrases or VPARP, PARP-2 is the only other enzyme 

known to be activated by DNA breaks. However, its activity following genotoxic 

stress accounts for only a fraction of the total PARP activity: about 10%. PARP-2 

is much shorter than PARP-1, comprising a protein of only 570 amino acids [19]. 

PARP-2 maintains two domains, an N-terminal DNA binding domain and a C-

terminal catalytic domain. While PARP-2 is missing any obvious DNA binding 

motif, like the zinc finger motifs that are contained in PARP-1’s DNA binding 

domain, its DNA binding domain contains basic amino acids which may be 

important for association with DNA. The PARP-2 catalytic domain is homologous 

to PARP-1, maintaining approximately 43% identity to PARP-1. And, it appears 

that PARP-2 is able to automodify itself, despite the absence of a BRCT motif 

[32]. PARP-2 appears to be capable of homo- or heterodimerizing, and is 

important for some DNA repair functions [11]. Distinct from PARP-1, however, 

PARP-2 is unable to poly(ADP-ribosyl)ate histones, an important acceptor of 

PARP-1 activity. PARP-2 localizes to sites of DNA breaks, but has also been 

observed as an integral part of centromeres, suggesting that it too, like PARP-3, 

may play an important role in dividing cells [33, 34]. While PARP-1 and PARP-2 

have distinct features, many of their functions overlap. Indeed, while PARP-1-/- 

mice are viable, yet highly sensitive to genotoxic stress, PARP-1-/- / PARP-2-/- 
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double mutant mice are not viable, suggesting that PARP-2 activity may partially 

compensate for PARP-1 activity deficiencies [34, 35].   

Tankyrases 

 Tankyrase-1 (PARP-5a, or TNKS) was the first poly(ADP-ribose) 

polymerase to be identified since the initial discovery of PARP-1. Identified in 

1998 by Smith et al., Tankyrase-1 was shown to be an interacting partner to the 

telomeric-repeat binding factor (TRF1) protein [36]. Tankyrase-1 contains several 

domains, including a HPS (a histidine, proline, and serine rich region) domain, an 

ankyrin repeat domain, a sterile alpha module (SAM) domain, and its C-terminal 

catalytic domain. The ankyrin repeat domain appears to mediate the protein-

protein interactions of Tankyrase-1. While the catalytic domain maintains 

homology to the PARP-1 catalytic domain, Tankyrase-1 is missing a DNA binding 

domain. While its activity is independent of DNA binding, its activity appears to 

be regulated by the phosphorylation state of the protein [11]. Measuring 1327 

amino acids in length, Tankyrase-1 is considerably larger in size that PARP-2 or 

even PARP-1. Tankyrase-1 was initially described in its localization to the 

telomeres of metaphase chromosomes, however subsequent reports have 

shown that it can localize to the centrosomes or to Golgi membranes [36, 37]. 

Tankyrase-1’s primary function appears, however, to release TRF1 from 

telomeres through the poly(ADP-ribosyl)ation of TRF1. As TRF1 is a negative 

regulator of telomere length, Tankyrase-1 functions as a positive regulator of 

telomere length, requiring the activity of telomerase for telomere elongation [38].  
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 Tankyrase-2 (PARP-5b) maintains 85% identity to the C-terminal portion 

of Tankyrase-1, excepting its HPS domain. Measuring 1166 amino acids in 

length, Tankyrase-2 function has been shown to maintain many of the same 

functions as Tankyrase-1. Both Tankyrase-1 and Tankyrase-2 maintain many of 

the same binding partners, including TRF1 and IRAP. Both Tankyrase-1 and 

Tankyrase-2 display poly(ADP-ribose) polymerase activity, however, it appears 

that Tankyrase-2 activity is directed more highly to automodification [11]. 

Tankyrase-2, but not Tankyrase-1, overexpression has been shown to result in 

cell death, dependent on Tankyrase-2’s PARP activity, suggesting that the 

regulation of the two proteins activity may be quite different [39].   

 

Poly(ADP-ribose) glycohydrolases 

 As an integral member of poly(ADP-ribose) metabolism, Poly(ADP-ribose) 

glycohydrolase too has been shown to be essential to many cellular functions 

regulated by poly(ADP-ribosyl)ation. As PARP automodification results in 

decreased enzymatic activity, PARG is crucial to proper PARP function. The 

PARG protein was first described in a series of two articles published in 1971 

and 1972 by Miwa et al., and Ueda et al., respectively [40, 41]. It was first 

identified as a component of a calf thymus extract, capable of hydrolyzing the 

ribose-ribose linkage of poly(ADP-ribose). This enzymatic activity was 

demonstrated to be concentrated to the nuclear fractions of their cellular 

preparations [40]. And, while PARG was first described more than 30 years ago, 
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its low protein abundance and high sensitivity to protease cleavage have made it 

difficult to fully characterize. I will discuss the enzymology, and some of the basic 

findings that have been made regarding its expression and cellular function. 

 

Poly(ADP-ribose) glycohydrolase enzymology 

 Human PARG (EC 3.2.1.143) (see figure 1.4) is encoded by 18 exons, 

giving rise to four separate putative domains as classified by the ProDom 

classification algorithm [42]. The regulatory domain “A” contains a nuclear 

localization signal, as well as a caspase cleavage site. The catalytic domain “C” 

contains the catalytic residues encoded by exons 13 and 14 [43]. Domains “B” 

and “D” are flanking domains composed largely of alpha-helical structures of 

function that have yet to be identified [19]. PARG is capable of forming dimers 

through the use of leucine zipper-like domains. PARG catalyses the degradation 

of PAR through the hydrolysis of the α(1ʺ2ʹ) or α(1ʺʹ2ʺ) O-glycosidic linkages, 

liberating free ADP-ribose (see figure 1.2) [44]. Recently, Patel et al. identified 

three residues critical to catalysis: Glu756, Glu757, and Asp738 [45]. Through the 

identification of these residues, critical to catalysis, Patel et al. described a PARG 

signature sequence with which to analyze other organisms: [vDFA-X3-GGg-X6-8-

vQEEIRF-X3-PE-X14-E-X12-YTGYa]. It appears that amino acid sequence among 

mammals is highly conserved, where more than 80% identity is shared among 

the rat, mouse, bovine and human PARG sequences [46]. PARG activity, in vivo, 

appears to be in high excess of the PAR normally produced within cells. It has  
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Figure 1.4: PARG gene structure. Work performed in our laboratory has 
demonstrated that PARG is expressed as multiple isoforms by means of an 
alternative splicing mechanism. Full-length PARG contains 18 exons, and 
has been proposed to contain four functional domains. Only one PARG 
gene is known to exist in mammals [43, 50]. 
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been suggested that the PAR contained within the cells is always one or two-fold 

greater than the KM of PARG, suggesting that PARG may always be 

enzymatically active [47]. Enzymatic catalysis occurs through both 

endoglycosidic and exoglycosidic actions. Since the KM of PARG for PAR 

increases dramatically with the size of the PAR, it has been suggested that 

PARG maintains a biphasic mode of action. PARG’s first mode of action would 

involve an endoglycosidic activity which would liberate modified proteins, and 

reduce overall polymer size. Once polymer size has been reduced sufficiently, 

then a distributive, or exoglycosidic, activity would predominate allowing further 

degradation of the PAR [46]. Initial studies supposed that PARG was not capable 

of removing the protein proximal ADP-ribose modification, a function deferred to 

the poorly studied ADP-ribosyl protein lyase [41, 48]. However, recent studies 

have indicated that PARG may also be capable of this removal activity [19].  

 

Poly(ADP-ribose) glycohydrolase isoforms 

 As was mentioned previously, while the poly(ADP-ribose) polymerases 

are encoded by multiple genes, the poly(ADP-ribose) glycohydrolase is only 

encoded by one gene. Since PARPs are found in multiple locations throughout 

the cell, it would seem that this would pose a problem for the proper degradation 

and removal of PAR modifications, especially following an acute PARP activation 

and assuming uniform cellular PARP protein distribution. In multiple reports 

characterizing PARG in different tissues and cell lines, apparently conflicting 
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observations have been described of the molecular weight of PARG. Protein 

molecular weights of PARG ranging from 43 to 111kDa were observed in calf 

thymus tissues, rat or pig testis, and bovine tissue extracts [49]. In 2003, Meyer 

et al. reported a full PARG gene characterization and indicated that multiple 

protein translation start sites in the PARG mRNA transcript may account for the 

differing sizes of PARG observed [43]. Further, in 2004, Meyer et al. indentified 

distinct transcripts for PARG isoforms of varying sizes, and demonstrated that 

this alternative splicing mechanism explained alternative cellular localizations of 

PARG [50]. In humans, the hPARG102 (102kDa MW) and an hPARG99 (99kDa 

MW) were identified. Since this initial pioneering work into PARG biology, a 

recent report by Meyer et al., has shown that additional PARG isoforms exist in 

humans, hPARG55 (55kDa MW) and hPARG60 (60kDa MW) [51]. The presence 

of these distinct isoforms, as well as the presence of the caspase cleavage site in 

exon 3, is thought to explain the multiple molecular weights seen in prior 

characterizations of the size and nature of PARG. The PARG isoforms vary 

largely only in their “A” domain. For example, hPARG102 and hPARG99 do not 

contain the putative nuclear localization sequence found in exon 1, yet retain the 

putative nuclear export signal, consistent with observations of their cytoplasmic 

localization in transfected PARG-overexpressing cells [50]. hPARG60 and 

hPARG55 do not contain exons 1-3 or 5, but do contain all or portions of exon 4. 

Exon 4 contains a putative mitochondrial targeting sequence, which has been 

studied in detail in the current report. While PARPs are encoded by multiple 
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genes, an alternative splicing mechanism is utilized with PARG, allowing for the 

proper distribution of PARG into the cellular compartments.  

 

Poly(ADP-ribose) glycohydrolase biology 

 PARG is an integral member of poly(ADP-ribose) metabolism. Unlike with 

PARP-1 gene ablation, which is compensated for in large part by PARP-2, PARG 

gene ablation results in embryonic lethality [10]. Koh et al. observed that 

following PARG gene knockout that embryos failed to form due to an 

accumulation of PAR. Further, they observed that cells lacking PARG had an 

enhanced sensitivity to genotoxic stress [52]. Additionally, Masutani et al. 

produced a parg-/- embryonic stem cell (ES) line by gene targeting and reported 

that these cells displayed an increased sensitivity to γ irradiation as well as 

methylmethanesulfonate (MMS) [53]. As an integral member of poly(ADP-ribose) 

metabolism, PARG’s observed functions overlap largely with that of PARP-1. 

While PARG activity is independent of DNA, its activity is also associated with 

the maintenance of genomic integrity. Initial studies utilizing gene knockout 

methods in Drosophila melanogaster demonstrated that the accumulation of PAR 

results in aberrant chromatin structure and altered transcription [10]. Also, as 

PARP-1 activity and automodification is self-limiting, PARG is important in 

restoring PARP-1 activity following this automodification. In this sense, PARG 

plays an important role in the repair of DNA. Additionally, PARG-dependent 

degradation of PAR is important for the recycling of PAR to ATP. Indeed, it 
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appears that the local activity of PARG at sites of DNA repair is a source of ATP 

required for the DNA ligation step of base excision repair [54]. Lastly, it appears 

that PARG may function in the protection of cells from death following PARP-1 

hyperactivation in which PAR has been shown to be a signal for a caspase-

independent form of cell death [55, 56]. Unfortunately, the two reported inhibitors 

of PARG activity, gallotannin and adenosine diphosphate-(hydroxymethyl)-

pyrrolidinediol (ADP-HPD), have significant drawbacks limiting their usefulness in 

biological experiments. Gallotannin’s effects on PARG, while initially promising, 

have been shown to be largely non-specific [57, 58]. ADP-HPD has been 

identified as a relatively potent, non-competitive PARG inhibitor, with an IC50 as 

low as 0.33µM [59]. However, it is cell impermeable, and is therefore not useful in 

most biological experiments. Other compounds, such as ethacridine, daunomycin, 

or proflavine, have been suggested for inhibition of PARG, however their 

usefulness has been questioned as they do not appear to inhibit PARG directly, 

but rather indirectly through inhibition of DNA or PAR interactions [60]. Clearly, 

the development of more potent, cell permeable inhibitors will reveal 

considerably more biological data regarding PARG’s role and function in the cell.  

 

Mitochondria 

 Until relatively recently, poly(ADP-ribose) metabolism had been thought to 

be isolated largely to the nucleus of the cell. PARP-1 had been shown to be a 

nuclear enzyme, important for many functions related to the maintenance of 
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genomic integrity. However, with the discovery of PARP-3 and VPARP came 

evidence for poly(ADP-ribose) metabolism outside the nucleus. Currently, there 

is significant evidence demonstrating both the localization of proteins involved in 

poly(ADP-ribose) metabolism in various locations throughout the cell, as well as 

direct evidence showing a functional requirement for extra-nuclear PARP activity. 

This extra-nuclear activity, interestingly, also includes intra-mitochondrial activity. 

Several reports have shown indirect evidence suggesting the presence of 

members of poly(ADP-ribose) metabolism localizing to the mitochondria [55, 56, 

61]. In order to better frame the data which I present in this dissertation, I will 

present here a brief introduction into the functional aspects of the mitochondrion 

and its overall role in cells. 

 

Overview  

Mitochondria have been observed and described experimentally for more 

than a century. They have become the focus of intense research over the past 

four decades in particular as advances in technology have improved our ability to 

measure and observe their biological functions. Spanning multiple disciplines, 

mitochondrial studies now require a thorough understanding of many points of 

biochemistry, physiology, cell biology, molecular biology, and medicine. The term 

‘mitochondria’ appears to have been first coined by Benda in 1898, however 

observations of the ubiquitous subcellular organelles had been described much 

earlier in the 1840s and early 1890s [62]. In the early 1900s, mitochondria were 
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first visualized under the microscope by the redox dye, Janus Green B. However, 

it wasn’t until the invention and development of the electron microscope that 

micrographs of sufficient resolution were published in 1952 [62]. Observations 

made from 1912-1946 laid much of the biochemical groundwork leading to our 

current understanding of the role of mitochondria in energy production. The 

discovery in 1963 of the presence of mitochondrial DNA and the discovery in 

1996 of the role of cytochrome c in caspase activation have both contributed 

greatly to our expanded understanding of the diverse roles of mitochondria as a 

essential and active player in cellular life and death decisions [62-64]. 

 Mitochondria are generated in nearly all eukaryotic cells, and are identified 

by their characteristic double-membrane. Being comprised of an outer and inner 

membrane, mitochondria maintain four distinct compartments: the mitochondrial 

outer membrane (OM), the mitochondrial inter-membrane space (IMS), the 

mitochondrial inner membrane (IM), and the mitochondrial matrix (MX). It is this 

unique structure that enables mitochondria to utilize a H+ gradient required for 

the production of ATP by the ATP synthase [65]. This gradient, however, is also 

used in the transport of ADP and Pi into the MX. Mitochondria are of course best 

described in their role in the production of ATP through their use of the highly 

efficient Kreb’s cycle and oxidative phosphorylation. The mitochondrial IM is 

home to the proteins involved in oxidative phosphorylation that initiate the flow of 

electrons following the oxidation of NADH to NAD+. Tight regulation of these 

proteins is required, however, in order to limit the reactive oxygen species (ROS) 
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that is produced naturally in the process of oxidative phosphorylation, as these 

ROS can be a cause of significant cellular oxidation and damage [66]. In the 

sections to follow, I will briefly describe some of the proteins and mechanisms of 

oxidative phosphorylation, the process of mitochondrial gene transcription, and 

the mechanism by which cells target proteins to the mitochondria. I will then 

discuss these aspects in the context of cell death, as it relates to poly(ADP-

ribose) metabolism. 

 

Mitochondria in energy production 

 Mitochondria are the site of most of the cellular production of ATP. ATP 

production within mitochondria occurs largely by oxidative phosphorylation, which 

requires more than 80 different proteins encoded by both nuclear and 

mitochondrial DNA. Oxidative phosphorylation occurs in the mitochondrial IM, 

through the activity of multiple protein complexes comprising the electron 

transport chain. Complex I of the electron transport chain is composed of 46 

protein subunits which in total maintain a molecular weight of approximately 1000 

kDa [67]. These subunits give rise to multiple functional units, including the 

dehydrogenase unit, a hydrogenase-like unit, and a transporter unit [67]. 

Complex I is sensitive to over 60 known compounds, which include Piericidin A, 

Rotenone, and Capsaicin, all of which are thought to bind the same hydrophobic 

region of the enzyme complex [68]. Complex I, also referred to as the NADH 

dehydrogenase, is the main entry point for the flow of electrons in the electron 
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transport chain through the oxidation of NADH to NAD+ (complex II, or succinate-

Q oxidoreductase, is an alternative entry point for electrons) [69]. From Complex 

I, electrons continue to flow through complex III (also known as the bc1 complex), 

cytochrome c, and complex IV (also referred to as the cytochrome oxidase), 

where oxygen is finally reduced to water. Complex I also contains multiple iron-

sulphur clusters which are important to the electron transfer within the enzyme. 

Complex III and IV each employ quite different chemistries in the formation of the 

proton gradient; however, the exact mechanism they employ to produce the 

proton gradient is still not fully understood [70]. ATP synthesis occurs through the 

action of the ATP synthase (or Complex V), a multisubunit protein complex 

composed of three main subunits: F0, F1, and the IF1 inhibitory subunit. The ATP 

synthase utilizes a unique proton gradient-dependent rotating mechanism to 

generate ATP from ADP, a system that also works in reverse, allowing for the 

hydrolysis of ATP and, for example, restoration of the proton gradient under 

NADH limiting conditions [70].  

 The energy produced by oxidative phosphorylation is dependent on the 

activity of the Kreb’s and fatty acid cycles, both of which are located within the 

mitochondrial matrix. Important for the reduction of NAD+ to NADH or FAD to 

FADH, these cycles are tightly integrated with proteins involved in the electron 

transport chain, including Complex II [65].  

 The regulation of the activity of the respiratory chain complexes has been 

studied thoroughly; however, the complexity of its regulation leaves no simple 
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answer to the question of what factors upregulate or downregulate activity [71]. 

Biochemical studies investigating the involvement of allosteric controls, feedback 

mechanisms, protein (phosphorylative) modification, inhibitory control, and rate-

limiting enzyme bottlenecks have all been performed. One theory has emerged, 

called metabolic control analysis, which attempts to synthesize a theory based on 

metabolite and enzyme fluxes [72, 73]. Indeed, ample evidence exists for a role 

for high concentrations of NADH in the inhibition of pyruvate dehydrogenase  and 

ATP in effecting cytochrome oxidase activity [73]. With the identification of 

multiple mitochondrial DNA mutations in the late 1980s, however, has come a 

greater understanding of their association with mitochondrial respiratory chain 

defects and the regulation of oxidative phosphorylation [73-75]. Two different 

types of mutations, including deletions and point mutations, are known to exist in 

patients suffering from mitochondrial diseases such as Leber’s hereditary optic 

neuropathy (LHON) or Mitochondrial myopathy, encephalopathy, lactic acidosis, 

and stroke (MELAS). Studies of those with MELAS indicate the presence of 

mutant mitochondrial tRNA or COX3 genes. Additionally, studies of those with 

LHON show significant changes in the mitochondrially encoded ND1, ND4, or 

ND6 subunits of complex I, and altered oxidative phosphorylation [76], 

suggesting that they may play an important role in either the regulation or 

function of complex I. In either of these disease models, these mutations result in 

only partial disruption of total mitochondrial activity; however, this is sufficient to 

produce the disease phenotype in energy-sensitive tissues [73]. Specific proteins 
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and distinct signaling mechanisms regulating mitochondrial respiration is still an 

area of active research.  

 

Mitochondrial transcription 

 Mitochondrial DNA (mtDNA) is double-stranded, circular in nature, and is 

approximately 16,600 base pairs in length. It is composed of a light and heavy 

strand (as determined by buoyant density in a cesium chloride gradient), and 

transcription on these two strands occurs through the use of three individual 

promoter systems. Transcription of mtDNA occurs through the light strand 

promoter (LSP), and the two promoters of the heavy strand, HSP1 and HSP2. 

The mitochondrial genome encodes 13 members of the respiratory chain, 22 

tRNAs and 2 rRNAs [77]. HSP1-initiated transcription results in the transcription 

of only the two rRNAs. HSP2-initiated transcription, however, results in a large, 

polycistronic message nearly equal in length to the entire heavy strand, that 

encompasses both rRNAs and 12 of the mitochondrially encoded genes [78]. 

Through a process known as the ‘tRNA punctuation model,’ the polycistronic 

message produced from HSP2 transcription is subsequently processed and 

cleaved, liberating the individual mRNAs and the tRNAs that flank each of the 

individual mRNAs [79].  

 Transcription occurs by the RNA polymerase of mitochondria (POLRMT, 

or h-mtRPOL), a single subunit RNA polymerase which, interestingly, shares 

sequence homology with the T3 and T7 bacteriophages [80, 81]. Unlike the T7 
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bacteriophage RNA polymerase, the h-mtRPOL requires the assistance of 

transcriptional factors in order to initiate transcription. h-mtRPOL requires both 

the mitochondrial transcription factor A (TFAM), and one of either TFB1M or 

TFB2M, the mitochondrial transcription factor B paralogues [77]. The requirement 

for both of these proteins has been clearly demonstrated; however, the role they 

play in the transcription initiation is still being worked out. It had been suggested 

that TFAM may induce DNA structures in the promoter that would be recognized 

by h-mtRPOL. However, the abundance of the protein speaks against this theory. 

One molecule of TFAM has been shown to be bound to mtDNA at intervals 

ranging at approximately 20 base pairs [77]. 

 Mitochondrial mRNA stability and turnover is not fully understood. A recent 

report measuring the half-lives of the 13 mitochondrially encoded gene mRNAs 

indicated that their half lives do vary significantly, while their steady-state levels 

vary only slightly, suggesting a role for gene specific, post-transcriptional control 

[82]. Polyadenylation has been shown to increase stability in mitochondrial 

mRNA transcripts [83]. However, additional work in this area is needed to more 

fully understand the mechanisms of gene specific regulation, especially as they 

relate to mitochondrial respiratory function. 

 

Mitochondrial protein targeting 

 As the mitochondrial genome encodes for only 13 of the more than 1000 

proteins estimated to localize to the mitochondria, efficient targeting of nuclear-
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encoded proteins to the mitochondria is required. While no consensus sequence 

for mitochondrial targeting exists, extensive study into proteins targeting to 

mitochondria has revealed a number of general characteristics now known to be 

required for successful targeting. 

 Contrary to what has been previously described, mitochondrial targeting 

signals can occur anywhere in a protein’s peptide sequence. While 

approximately half of known mitochondrial proteins maintain N-terminal, 

cleavable presequences, the requirement for an amphipathic (positively charged 

residues on one face, and hydrophobic residues on another) α-helix seems to be 

generally accepted. The other half of mitochondrial proteins have non-cleavable 

mitochondrial targeting signals, many of which are internal (though C-terminal 

signals are known) [84]. Mitochondrial targeting sequences can vary in length 

from as little as 10 to nearly 100 amino acids in length. Cleavable presequences 

are processed by the Mitochondrial Processing Peptidase (MPP) following 

protein import into the mitochondrial matrix. Proteins can then be sorted to 

various compartments within the mitochondria [84].  

 Mitochondrial import of proteins generally requires two protein complexes, 

the Transporter of the outer membrane (TOM), and the Transporter of the inner 

mitochondrial membrane (TIM). The TOM complex consists of the general 

insertion pore (GIP), and various receptors associated with it, including the 

TOM20 and TOM70 receptors. TOM20 appears to be important for the 

recognition of proteins containing N-terminal presequences, while TOM70 
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appears to be important for the recognition and import of inner membrane 

proteins void of a cleavable presequence [84]. The TIM23 complex is required for 

transport across the inner mitochondrial membrane, and requires proper ATP 

levels and a functioning membrane potential for its proper function. The TIM23 

complex is composed of a number of different subunits. The TIM23 and TIM17 

subunits appear to function in the formation of the translocation channel. The 

TIM44 subunit appears to be important for the proper assembly and organization 

of the TIM23 complex.  Additional protein complexes, in addition to the two 

mentioned, are known to exist, including the transporter of the outer membrane 

for β-barrel proteins (TOB), the TIM22 complex, and the Oxa1 complex [84]. 

Each of these transporters has more defined roles in the import of mitochondrial 

proteins, which will not be discussed here.  

 

Mitochondria in cell death 

 The general phenomenon of cell death has been observed and described 

for over 100 years. It appears, however, that more detailed morphological 

descriptions and distinctions of cell death have come about more recently, 

especially since the publication of such seminal papers as the description of 

apoptosis, or programmed cell death, in 1972 by Kerr et al [85]. In recent years, 

researchers have noticed that the term ‘programmed cell death,’ being wholly 

distinct from necrosis, however, is not sufficiently descriptive of the many types 

observed. Many distinct pathways leading to cell death have been described, 
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distinct from the classical apoptosis and caspase activation. With the initial 

discovery in 1996 that cytochrome c and ATP are required for caspase activation, 

however, has come renewed interest in mitochondria, and their role in cell death 

[64]. From this and other research, we have come upon numerous mechanisms 

of cell death, including autophagic, PARP-1/apoptosis-inducing factor (AIF)-

dependent, or the paraptotic cell death described by Sperandio et al., to name a 

few [86, 87]. Clearly, however, among most of these, mitochondria play an 

important role in regulating multiple mechanisms of cell death. They are primary 

host to cytochrome c, release of which initiates caspase activation. Mitochondria 

are also home to a multitude of additional proteins suggested to play important 

roles in cell death, including AIF, Endonuclease G, Smac/DIABLO, and 

Omi/Htra2, and are the site of action of the Bcl-2 family of protein regulators of 

cell death [88]. Extensive efforts and resources have been devoted to a better 

understanding of the pathways of cell death and the role of mitochondria in each. 

For the purposes of the research I have conducted and present here, I will 

highlight a few of the characteristics of PARP-1-dependent cell death.  

 While the contribution of PARP-1 to cell death by means of its 

consumption of NAD stores has been known for some time, PARP-1 mediated 

cell death through AIF was first suggested by Yu et al. in 2002 [89]. This seminal 

paper highlighted both the importance of AIF as well as mitochondria in eliciting a 

cell death program following PARP activation.  
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Apoptosis-inducing factor 

 With the demonstration that PARP-1-dependent cell death was mediated 

by AIF by Yu et al., as well as with reports demonstrating that PAR can induce 

cell death and release of AIF from mitochondria, has come the understanding 

that PARP-1 plays a much more direct role in the regulation of cell death 

following DNA damage than previously thought [55, 56, 89]. Apoptosis-inducing 

factor is one component of the cell death mechanism induced by PARP-1. I will 

discuss here some of its basic characteristics as we currently understand them. 

 

Overview 

 Apoptosis-inducing factor was first identified and cloned by Susin et al. in 

1999 [90]. In their report, they demonstrated that this AIF was capable of 

inducing apoptosis in isolated nuclei, including chromatin condensation and 

large-scale DNA fragmentation. Sharing homology with bacterial oxidoreductases, 

AIF was identified as a flavoprotein with a molecular weight of approximately 

57kDa. Several reports have since demonstrated varying activity. One report 

suggested that its endogenous function is required for the inhibition of 

cytoplasmic stress granules, a cellular phenomenon associated with stalled 

protein translation and general environmental stress [91]. Additionally, one report 

demonstrated that AIF maintained NADH oxidase activity, and was capable of 

producing superoxide anion via its enzymatic activity [92]. While initially thought 

to be a soluble protein of mitochondrial localization, a recent report has  
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Figure 1.5: PARP activity and cell death. PARP activity has been shown 
to be both critical to DNA repair and cell recovery, as well as required for 
AIF release and cell death. Following low-level DNA damage, PARP is 
critical for the recruitment of repair proteins to DNA damage foci. However, 
following high levels of DNA damage, PARP activity is such that it induces 
the release of AIF from mitochondria, which ultimately results in cell death. 
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demonstrated that it is bound at the mitochondrial IM, facing the IMS. Its release 

from mitochondria requires cleavage by extramitochondrial calpain, suggesting 

that AIF release from mitochondria requires significant mitochondrial membrane 

dysfunction [93].  

Since its initial discovery, research has progressed rapidly in describing 

the mechanism of cell death in which AIF is involved. One critical observation 

made by Yu et al., in their description of a PARP-1-dependent cell death, was 

that it was independent of caspase activation. Cell death proceeded even in the 

presence of the pan-caspase inhibitor, Z-VAD.fmk [89]. AIF now appears to be a 

major contributor in the caspase-independent cell death mechanisms. It has 

been shown to interact with cyclophillin A, for example, in the large-scale 

chromatinolysis observed following its nuclear translocation [94]. Consistent with 

the notion that cell death mechanisms require stringent regulation, recent reports 

have shown that AIF release is regulated by mitochondrial heat-shock 70 protein 

(mtHSP70), which appears to antagonize its release and function in the nucleus 

[95, 96]. 

AIF is an important regulator of cell death, and mediates the PARP-1 cell 

death observed in cells, especially following genotoxic stress (see figure 1.5). 

While the role of AIF in PARP-1-dependent cell death has been demonstrated, 

clearly there is a role of NAD and ATP depletion in PARP-competent cells 

following genotoxic stress. Further studies are necessary to understand these 
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contributing roles in the cell death that follows PARP activation and genotoxic 

stress. 
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Gaps in our understanding 

1. How does PARP and PAR metabolism affect cell death following 

DNA damage? Efforts to identify and characterize mechanisms of cell 

death are important in the search for new targets that may be useful in 

the development of new chemotherapies. In our efforts to understand 

PARP-mediated cell death, we know that AIF release is dependent on 

PARP-1 activation, requires calpain cleavage, and may require c-jun 

NH2-terminal kinase activity; however, we have yet to determine if PAR 

itself is involved in PARP-dependent cell death. 

2. What role does the mitochondrion play in PARP-dependent AIF 

release? As we work to understand the mechanism by which AIF is 

released from mitochondria in this newly identified form of cell death, it 

will be important to understand if any proteins localizing to the 

mitochondria affect its release. While initial reports have indicated that 

nuclear PARP-1 mediates AIF release, we have yet to determine if any 

members of PAR metabolism also localize to the mitochondria and 

affect its release.   

3. What effects does PAR metabolism have on mitochondrial 

function? Nuclear PAR metabolism has been shown to be important 

to nuclear gene expression, DNA damage repair, and overall genomic 

stability. As we look to understand fully the cellular effects of PAR 

metabolism, an understanding of the effects within mitochondria will 
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have important implications in our understanding of the 

nuclear/mitochondrial crosstalk that occurs following DNA damage. 

The identification of additional effects in mitochondrial function, 

including energy metabolism, may yield new targets useful in the 

therapeutic application of PAR metabolism inhibitors. 
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Central hypothesis 

PAR metabolism, including PARP activation and the formation of PAR, is 

a biologically significant step in the nuclear/mitochondrial crosstalk leading to the 

induction of cell death. 

 

Specific aims 

 To characterize the nuclear/mitochondrial crosstalk that occurs following 

genotoxic stress to induce AIF release from mitochondria 

 To determine which components of PAR metabolism, if any, exist in 

mitochondria 

 To determine what effects cellular PAR metabolism has on mitochondrial 

function 



51 
 

 

CHAPTER II 

POLY(ADP-RIBOSE) INDUCES THE RELEASE OF AIF  

FROM MITOCHONDRIA 

Abstract 

 Poly(ADP-ribose) polymerase (PARP) activity has been established as 

being crucial to DNA repair mechanisms including modification of chromatin and 

the formation of DNA damage repair foci. PARP-1 activation was recently linked 

to the release of apoptosis-inducing factor (AIF) from mitochondria following 

genotoxic stress. AIF is a mitochondrial oxidoreductase that is an effector in a 

newly characterized caspase-independent mechanism of cell death; however, 

many questions remain as to the signaling process leading to its release from 

mitochondria. It is not known whether AIF release is induced indirectly by PARP 

activity-dependent depletion of NAD and ATP, or if it is by direct activity of the 

poly(ADP-ribose) (PAR) that PARP-1 produces (see figure 2.1). Further, both 

may contribute to the effects observed. We hypothesized that it is by the direct 

activity of PAR that AIF is released from mitochondria. Our results indicate that 

PAR is observed peripheral to the nucleus following genotoxic stress, and that 

PAR can induce AIF release from isolated mitochondria, in vitro. In total, our data 

demonstrates that PAR synthesis plays a direct role in the release of AIF. Further, 

as we have observed cytochrome c release from mitochondria in response to 

PAR treatment, in vitro, our data indicates that PAR causes significant disruption 

of the mitochondrial function. In addition, it suggests that PAR metabolism, 
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including the activity of the poly(ADP-ribose) glycohydrolase (PARG), plays an 

important role in regulating the signals for this caspase-independent cell death 

mechanism. 

 

Introduction 

 Maintenance of genomic integrity and repair of DNA lesions represents a 

significant genomic and energetic investment by cells in many multicellular 

organisms. Poly(ADP-ribosyl)ation has been established as one important 

component of the cellular strategy for DNA repair and the management of DNA 

breaks. Poly(ADP-ribose) polymerase-1 (PARP-1), the prototypical PARP 

enzyme, is particularly important for the management of both endogenously and 

exogenously induced double strand breaks. Oxidative or alkylating DNA damage-

inducing stress activates PARP-1 to rapidly convert NAD to Poly(ADP-ribose) 

(PAR). In 2002, Yu et al. reported on and provided evidence for the importance 

of this PARP-1 activation in a non-caspase-dependent apoptosis-inducing factor 

(AIF) mediated cell death response [89]. AIF is a mitochondrial oxidoreductase 

that was recently reported to be found anchored at the mitochondrial inner 

membrane [93]. AIF translocation from the mitochondrial intermembrane space 

to the nucleus has been correlated with cell death in many reports [97-101]. 

When in the nucleus, AIF has been shown to be capable of inducing large DNA 

strand cleavage and initiating cell death mechanisms. Several hypotheses have  
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Figure 2.1: Possible mechanisms for PARP-dependent AIF release. 
Multiple mechanisms for PARP-dependent AIF release from mitochondria 
have been proposed: PAR acts directly on mitochondria to induce release, 
the PAR breakdown product ADP-ribose (ADPR) acts on the calcium 
channel TRPM2 to induce mitochondrial dysfunction, or PARP 
consumption of NAD induces AIF release via a cellular energy depletion 
mechanism.   
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been proposed as necessary steps required for this AIF release from 

mitochondria following PARP activation. Some have shown that energetic  

breakdown, in the form of NAD depletion, is important to the PARP-mediated cell 

death response [102, 103]. The NAD consumption inherent in PARP activity 

might cripple cellular ATP production, but more importantly result in a collapse of 

the mitochondrial membrane potential (MMP). This collapse would potentially 

signal for the release of pro-death proteins from mitochondria, including 

cytochrome c. Alternatively, recent reports have implicated the c-jun NH2-terminal 

kinases (JNK) and tumor necrosis factor (TNF) signaling in the pathway leading 

to AIF release from mitochondria [104-106]. These reports underline the 

complexity that must exist in the regulation and redundancy of a pathway crucial 

to the management of the life and death decision. The JNKs are mitogen-

activated protein kinases important for the regulation of expression of many 

proteins, some which have been shown to be involved in necrosis [107, 108]. 

However, as PARP-1 is activated to produce large amounts of PAR following 

overwhelming DNA damage, we sought to consider PAR as a signal potentiating 

the AIF response from mitochondria. Thus, the hypothesis we aimed to test and 

data for which we present is that PAR is itself capable of eliciting AIF release 

from mitochondria in response to PARP-1 activation following DNA damage. 

Here, we present evidence that demonstrates that PAR can be detected 

peripheral to the nucleus following overwhelming DNA damage. Further, we 

present evidence that the PAR itself may act on mitochondria directly to effect a 
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release of AIF and other pro-death effectors. This report represents the first 

article to provide evidence showing that PAR may itself serve as a signal for 

release of AIF from mitochondria. It implies novel functions for both the PAR that 

is observed peripheral to the nucleus following DNA damage, as well 

emphasizes the importance of the cytosolic and mitochondrial localization of the 

poly(ADP-ribose) glycohydrolase (PARG) variants observed under non-damage 

conditions. 

 

Methods and materials 

Reagents, cells, and culture conditions 

Antibodies to Hsp-60, a known mitochondrial matrix protein, were 

purchased from Stressgen; Anti-PARP-1 antibodies were from Boehringer; Anti-

AIF antibodies were from Santa Cruz; anti-cytochrome c antibodies were 

purchased from Pharmingen. Antibodies created against poly(ADP-ribose) were 

obtained from Alexis Biochemicals. Secondary FITC-coupled anti-mouse 

antibodies were purchased form Jackson Immunoresearch. H2O2 and MNNG 

were purchased from Sigma Chemical. 

 NIH/3T3 Mouse embryonic fibroblasts were cultured in Dulbecco’s 

modified Eagle’s medium, supplemented with 10% fetal bovine serum. Cells 

were incubated under standard conditions at 37°C with 5% CO2.  
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Immunofluorescence microscopy 

HeLa cells were grown on glass coverslips. Following treatment, cells 

were fixed for 30 minutes at room temperature in 5% formaldehyde in PBS, 

washed with PBS, and then were deactivated with 100mM glycine. Cells were 

subsequently permeabilized for 4 minutes with a 0.4% Triton X-100 (in PBS) 

solution. PAR was detected in these cells with the anti-PAR 10H mouse 

monoclonal antibody (Alexis Biochemicals), incubated at 37°C for 2 hrs. 

Following secondary antibody incubation and DNA counter staining with DAPI 

(Sigma), cells were analyzed with an Olympus IX70 inverted microscope fitted 

with a UV lamp and an Olympus UPlanApo 40X oil immersion lens.  

 

Subcellular fractionation 

All chemicals used in the isolation of mitochondria were obtained from 

Sigma Chemical. NIH/3T3 Mouse embryonic fibroblasts were trypsinized, 

centrifuged at 180xg for 5 min, and resuspended in an extraction buffer (10mM 

HEPES, 0.2M mannitol, 70mM Sucrose, 1mM EGTA). Cells were then disrupted 

with 20-30 strokes in a Potter-Elvehjem tissue grinder mounted to an overhead 

stirrer set at 650 rpm. Cell disruption was monitored under a microscope, 

achieving approximately 25% cellular disruption in each sample. Disrupted cell 

samples were first centrifuged at 50xg for 5 min at 4°C to pellet unlysed cells. 

The supernatant was centrifuged further at 1000xg for 5 min at 4°C to pellet 

unlysed cells and nuclei. The supernatant from this fraction was taken and 
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centrifuged further at 3500xg for 10 min at 4°C to obtain the mitochondrial 

fraction. This pellet was resuspended in extraction buffer and then centrifuged 

again at 1000xg for 5 min at 4°C, to clean the mitochondrial fraction of 

contaminants. This supernatant was further centrifuged at 3500xg for 10 min at 

4°C to obtain the final purified mitochondrial fraction. The pellet from this step 

was resuspended in a storage buffer (10mM HEPES, pH 7.5, containing 250 mM 

sucrose, 1mM ATP, 80μM ADP, 5mM sodium succinate, 2mM K2HPO4, and 

1mM DTT) before being used in experiments. 

 

PAR quantification 

PAR polymer was quantified by means of a 3H-labeling method as has 

been previously described [109, 110]. Basically, 1.5x106 cells in 60mm dishes 

were labeled using 40µCi 3H-adenine for 16 hours, allowing for the complete 

labeling of adenine pools within the cells. Medium was replaced 2 hours prior to 

treatment with MNNG. Following the MNNG treatment (250µM), cells were 

harvested in 1.0ml ice-cold 20% trichloroaetic acid (TCA). PAR was quantified in 

the TCA pellets following DHB-Bio-Rex column chromatography, enzymatic 

conversion to ribosyladenosine, reverse-phase HPLC, and scintillation counting.  

 

Analysis of release of AIF and cytochrome c from mitochondria 

Mitochondria suspended in storage buffer were incubated with the 

appropriate treatments for 30 min in a 37°C water bath. Following treatment, 
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mitochondria were centrifuged at 11,000 g for 10 min at 4°C to pellet all 

mitochondria. Supernatants were removed and subjected to 10% SDS-PAGE 

and analyzed by western blotting using mouse anti-AIF or mouse anti-Cyt c 

antibodies.  

 

Results 

PAR can exhibit extranuclear localization following overwhelming DNA 

damage and PARP activation 

 Previous reports have established that PARP-1 may be activated following 

DNA damaging stress and result in nuclear AIF translocation from mitochondria 

[89, 111-113]. To investigate the possibility that this AIF translocation may be the 

direct result of PAR or PAR-modified proteins, we performed time-course 

experiments with cells treated with MNNG, and analyzed PAR formation in whole 

cells with immunofluorescence microscopy. Figure 2.2 shows the effects of 

MNNG on PAR formation in HeLa cells using immunofluorescence microscopy. 

At 5 minutes following treatment with 250µM MNNG, synthesis and accumulation 

of PAR is seen almost exclusively in the nuclei of treated cells. Thirty minutes 

following removal of the MNNG, the nuclear signal for PAR is largely absent; 

however an increased extranuclear PAR signal can be observed. This result 

demonstrates that following DNA damaging stress, PAR can be observed 

exterior to the nucleus.  
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Figure 2.2: PARP-1 activation by genotoxic stress results in PAR 
formation that can be detected peripheral to the nucleus. Mouse 
embryonic fibroblasts were exposed to 250μM MNNG for 5 or 30 minutes, 
and detected with anti-PAR antibodies. Exposures in row (A) are taken 
from a negative control sample, which was untreated. Exposures in row 
(B) are taken from a sample treated with 250μM MNNG for 5 minutes. 
Exposures in row (C) were were taken from a sample treated for 30 
minutes with 250μM MNNG. Column 2, or “PAR,” clearly shows the 
appearance of PAR signal following MNNG treatment, which localizes 
primarily in the nucleus. The nuclear PAR signal, however, is lost in the 30 
minute treated sample, and appears to localize outside the nucleus.  
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Figure 2.3: AIF translocation under PARP activating conditions. 
Mouse embryonic fibroblasts were exposed to 50µM H2O2 for 6 or 24 
hours, and detected with anti-AIF and anti-MnSOD antibodies. Exposures 
in row (A) are taken from an untreated sample. Exposures in row (B) are 
taken from a sample treated with 50μM H2O2 for 6 hours. Exposures in row 
(C) were were taken from a sample treated for 24 hours with 50μM H2O2. 
Exposures in row (D) were treated for 24 hours with 1.0µM staurosporine, 
as a positive control. Column 2, or “MnSOD” indicates mitochondrial 
location. Column 3, or “AIF,” shows the cellular AIF signal following 
treatment.  
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Figure 2.4: AIF translocation under PARP activating conditions. 
Mouse embryonic fibroblasts were exposed to 5mM H2O2 for 10 minutes, 
and detected with anti-AIF and anti-MnSOD antibodies. Exposures in row 
(A) are taken from an untreated sample. Exposures in row (B) are taken 
from a sample treated with 5mM H2O2 for 10 minutes, and fixed 
immediately following treatment. Exposures in row (C) were were taken 
from a sample treated for 10 minutes with 5mM H2O2 and allowed to 
incubate for 10 minutes following removal of the H2O2 treatment before 
fixation. Column 2, or “MnSOD” indicates mitochondrial location. Column 3, 
or “AIF,” shows the cellular AIF signal following treatment. 
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To determine if this effect could be observed in other cellular and DNA damaging 

stress conditions, we utilized a radioactive assay method developed  

previously [109]. Table 2.1 shows the quantification of PAR found in subcellular 

fractions following treatment with the genotoxicant, MNNG in 3T3 MEFs. Only 

one time point is shown, however under our conditions, we observed that while 

83% of the total PAR is nuclear, as much as 17% of the total cellular PAR 

exhibited extranuclear localization following treatment. In our experiment, 15.5% 

of the PAR localized to the cytosolic fraction, while 1.5% localized to the  

mitochondrial fraction. This result confirmed our previous results, indicating that 

PAR can exhibit extranuclear localization following DNA damaging stress. 

 To assess whether alternative DNA damaging conditions could also 

induce the release of AIF from mitochondria, we looked at cells treated with 

varying concentrations of H2O2 at different time points. In figures 2.3 and 2.4, 

treated cells show significant localization of AIF in mitochondria (as indicated by 

the colocalization with MnSOD) even following treatment. Staurosporine 

treatment shown in figure 2.3 seems to indicate significant translocation is 

occurring; however, the changing morphology of the cells limits the conclusions 

that can be drawn. This suggests that H2O2 may not be a suitable inducing agent 

in our cell model. 
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Figure 2.5: Purity of subcellular fractions of mouse embryonic 
fibroblasts (MEFs). MEFs were fractioned into nuclear, mitochondrial and 
cytosolic fractions and used in immunoblotting for determination of purity 
of mitochondrial preparations. 
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Table 2.1: The quantification of PAR in PARG+/+ MEF subcellular 
fractions. 

 
PAR was measured in MEF following genotoxic stress. A significant 
portion of PAR is found in the cytosolic fraction following DNA damaging 
stress. 
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Figure 2.6: Quantification of intracellular PAR levels in response to 
genotoxic stress. MEFs were exposed to MNNG and total PAR 
concentrations were determined. Values shown are calculated 
concentrations relative to an average spherical cell volume of 3x103 μm3.  
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Figure 2.7: Effect of PAR on AIF localization in isolated mitochondria. 
A representative western immunoblot is shown of isolated mitochondria 
exposed in vitro to 30μM PAR and incubated for 30 mins. 
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Figure 2.8: Effect of PAR on AIF localization in isolated mitochondria. 
Quantification of multiple experiments (including figure 2.7) of PAR 
exposure, normalized to percent of control, is shown. Values shown are 
mean ± S.E.M. for multiple experiments. ***P<0.0001 
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Isolated mitochondria are free from nuclear contamination  

To assure that two possible sources of PAR contamination, namely 

nuclear PAR and PARP-1, could be excluded as contributors to any effects we 

might see in our assay, we analyzed the purity of our subcellular fractions. Figure  

2.5 shows a representative immunoblot detecting for organellar protein markers. 

PARP-1, a nuclear marker, was found only in our nuclear fractions, and was 

absent in our mitochondrial fractions. Hsp-60, a mitochondrial marker, was found 

only in our mitochondrial fractions, and was not found in our nuclear or cytosolic 

fractions. We determined that mitochondria could be isolated free of interfering 

contamination, and thus are suitable for analysis of treatment with PAR. 

 

AIF release is increased in PAR exposed mitochondria 

 With reports showing that AIF release from mitochondria and translocation 

to the nucleus is PARP-1 dependent [89], we sought to determine if the direct 

exposure of mitochondria to PAR would result in the release of AIF, and thus 

begin to explain the mechanism by which AIF release could be PARP-1 

dependent. Using PAR concentrations approximately ten-fold greater than those 

seen in cells following MNNG treatment (Figure 2.6), Figure 2.7 shows one 

representative immunoblot in which isolated mitochondria have been exposed to 

30µM PAR in vitro. Figure 2.8 charts the increase of AIF release in treated 

samples relative to untreated controls. Also included are experiments with PAR + 

CaCl2, ADPR and PAR + CsA. It is clear from this data that there is at least a 
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two-fold increase of release of AIF into the extramitochondrial supernatant in 

treated mitochondria when compared to untreated samples. To understand the 

specificity of this effect, we also exposed  

mitochondria to ADPR, a monomeric form of PAR, and observed that there was 

no increase in release of AIF from mitochondria over controls. However, the 

addition of CaCl2 increased the release of AIF from these isolated mitochondria, 

indicating that mitochondrial membrane potential loss may be important in the 

release of AIF. Further, the MPTP inhibitor, CsA, was able to counter the PAR 

effect and reduce released AIF levels to that of the control. While it was clear that 

an increase in release of AIF was seen in treated samples, it is also interesting to 

note that a clear majority of the total AIF maintained a mitochondrial localization 

following treatment with PAR. These results indicated that PAR itself can mediate 

the release of AIF from mitochondria.   

 

Cyt C release is increased in PAR exposed mitochondria 

While previous reports had noted that release of AIF from mitochondria 

was PARP-1 dependent, we sought also to determine what other cell-death 

mediating proteins might be released from the mitochondria following exposure 

to PAR. Figure 2.9 shows a representative immunblot comparing the release of 

cytochrome c into the extramitochondrial supernatant following treatment with 

30µM PAR. Also shown are treatments with ADPR and PAR + CsA. Figure 2.10  
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Figure 2.9: Effect of PAR on Cyt C localization in isolated 
mitochondria. Western immunoblots are shown of mitochondria exposed 
in vitro to 30μM PAR for 30 mins. Lane (3) shows exposure of 
mitochondria to ADPR. Lane (4) shows exposure of mitochondria to 30μM 
PAR and CsA.  
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Figure 2.10: Effect of PAR on Cyt C localization in isolated 
mitochondria. Quantification of multiple experiments (including figure 2.9) 
is shown of PAR exposure. Values shown are mean ± S.E.M. for multiple 
experiments. *P<0.05 
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shows the quantification of release from mitochondria relative to controls, 

comparing data for several experiments. Here, we see that there is more than a 

three-fold increase in release into the supernatant following PAR treatment, when 

compared to controls. This effect was not observed with ADPR. Interestingly, 

CsA was not able to counter this effect as cytochrome c release similar to PAR 

alone treated samples was evident in the PAR + CsA samples. These results  

demonstrate that cytochrome c is released from mitochondria in response to 

PAR treatment, in vitro.  

 

Discussion 

 PAR metabolism is an important component in the regulation of the 

cellular signaling mechanisms for cell death in response to genotoxic stress. The 

present study offers three novel findings in support of this working model. 

Furthermore, to the best of our knowledge, this study presents the first report of 

the direct activity of PAR on mitochondria in release of pro-cell death factors. 

First, we demonstrate that, contrary to prior predictions, PAR is observed 

external to the nucleus following overwhelming DNA damage [46]. Second, our 

experiments demonstrated that PAR is sufficiently disruptive to mitochondria so 

as to allow for the release of AIF from mitochondria. Lastly, our data also shows 

that cytochrome c is released from isolated mitochondria in response to 

treatment with PAR. Taken together, our data indicates that PAR can act directly 

on mitochondria with sufficient activity so as to induce the release of pro-cell 
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death protein factors. Furthermore, it suggests that cytoplasmic PARG, 

hPARG102 or hPARG99, may play an important role in protecting mitochondria 

from exposure to PAR and the improper release of AIF or cytochrome c by PAR.  

 Our results showing that PAR can be observed peripheral to the nucleus 

is novel as it provides the first evidence demonstrating the mechanism by which 

PARP-1 may be inducing the release of AIF from mitochondria. It also raises 

questions as to the regulation of cell death by PAR metabolism. As it appears 

that AIF translocation is ATP-independent, and as caspase-dependent apoptotic 

mechanisms require ATP, PARP-1 recognition of DNA damage and depletion of 

NAD and ATP may be directing cells towards a mechanism of AIF-mediated cell 

death. This model is supported by the presence of PARG within the cytosol, 

which would serve as a regulatory and protective monitor of PARP activity, 

preventing inappropriate AIF release.  

 In our results demonstrating AIF release from isolated mitochondria by 

treatment with PAR, we observed that the effect was specific to treatment with 

PAR. This data further supports the model placing cytosolic PARG in a protective 

role within the cell. As the degradation products of PAR, namely ADPR, do not 

induce AIF release, it is clear that PARG may be serving to extinguish the threat 

of PAR. Initially, we had supposed that the negative charge of PAR played a role 

in the induction of AIF. While polyA does not maintain the same magnitude of 

formal negative charge as PAR, it is a highly negatively charged molecule, yet 

was unable to induce the release of AIF. Certainly, a more detailed study of the  
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Figure 2.11: Our proposed model for the action of PAR following 
PARP activation. Following high level activation of PARP, PAR is 
produced and is capable of escaping the nucleus. If it is not degraded by 
PARG 102/99, then PAR can act directly on mitochondria and induce 
release of AIF, ultimately resulting in cell death. 
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structure-activity relationship of PAR and AIF release is warranted. A study of 

this nature would prove valuable in determining chemical entities capable of 

inducing AIF release from mitochondria. And, molecules of this nature would 

certainly serve as potential chemotherapeutics.  

Initially, our data showing the release of cytochrome c from mitochondria 

upon treatment with PAR was perplexing. As published reports have established 

that PARP-1-dependent cell death is mediated by AIF [89], the release of 

cytochrome c from mitochondria proposes that a caspase-dependent mechanism 

is also initiated. In their initial report of PARP-1 and AIF release, Yu et al 

elegantly demonstrate the dependence of AIF release on PARP-1 through the 

use of a PARP-1 knockout model, as well as through the use of the pan-caspase 

inhibitor, Z-VAD.fmk. And, while the treatment with Z-vad.fmk provided evidence 

for the caspase-independence of this type of cell death, there is no evidence 

demonstrating that this pathway isn’t initiated. Several explanations are possible 

to describe the events following cytochrome c. It may be possible that the 

inhibitors of apoptosis (IAP or XIAP) may be inhibiting a response. Or possibly, 

as the caspase-dependent mechanisms require ATP, it is possible that this 

pathway is not mobilized due to the lack of an energy source in PARP-1 

activated cells where NAD and ATP have been depleted. This role of cytochrome 

c release from mitochondria in a caspase-independent cell death mechanism 

requires further investigation.  
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 It should be noted that a 2005 report by Otera et al. provided clear 

evidence for the requirement of an external proteolytic cleavage event for AIF 

release [93]. This report may explain the apparent discrepancy in total AIF 

translocation seen in my model relative to the results seen by Yu et al in their 

report [89]. My experimentation attempted to look at mitochondria in a cell-free 

system that would have limited the availability of an external protease for the 

cleavage of AIF. Thus, these results may under-representative of the actual 

effects of PAR in whole cells. 

 Taken in total, our data presents PAR metabolism as an important 

mechanism by which cells signal for death. It represents a pathway with proper 

regulatory proteins that protect against accidental activation. The present study 

adds several important findings to this model. While PARP-1 had previously been 

known to play an indirect role in cell death through NAD and ATP depletion, it is 

now known to play a direct role in initiating a cell death mechanism. This effect is 

specific, and plays in concert with other pathways following genotoxic stress. 

Certainly, further studies are warranted in understanding the structural biology of 

PAR as it may yield clues into how this pathway may be best utilized for future 

therapeutic outcomes. 
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CHAPTER III 

A SPECIFIC ISOFORM OF POLY(ADP-RIBOSE) GLYCOHYDROLASE IS 

TARGETED TO THE MITOCHONDRIAL MATRIX BY A N-TERMINAL 

MITOCHONDRIAL TARGETING SEQUENCE 

Abstract 

Poly(ADP-ribose) polymerases (PARPs) convert NAD to polymers of 

ADP-ribose that are converted to free ADP-ribose by poly(ADP-ribose) 

glycohydrolase (PARG).  The activation of the nuclear enzyme PARP-1 following 

genotoxic stress has been linked to release of apoptosis inducing factor from the 

mitochondria, but the mechanisms by which signals are transmitted between 

nuclear and mitochondrial compartments are not well understood.  The study 

reported here has examined the relationship between PARG and mitochondria in 

HeLa cells.  Endogenous PARG associated with the mitochondrial fraction 

migrated in the range of 60 kDa.  Transient transfection of cells with PARG 

expression constructs with amino acids encoded by exon 4 at the N-terminus 

were targeted to the mitochondria as demonstrated by subcellular fractionation 

and immunofluorescence microscopy of whole cells.  Deletion and missense 

mutants allowed identification of a canonical N-terminal mitochondrial targeting 

sequence consisting of the first 16 amino acids encoded by PARG exon 4.  Sub-

mitochondrial localization experiments indicate that this mitochondrial PARG 

isoform is targeted to the mitochondrial matrix.  The identification of a PARG 

isoform as a component of the mitochondrial matrix raises several interesting 
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possibilities concerning mechanisms of nuclear-mitochondrial cross talk involved 

in regulation of cell death pathways. 

 

Introduction 

Polymers of ADP-ribose (ADPR) are synthesized by a family of poly(ADP-

ribose) polymerases (PARPs) encoded by a number of different genes [7, 114].  

The best understood are the nuclear PARPs 1 and 2 that play a role in the 

maintenance of genomic integrity via promotion of DNA repair and cell recovery 

at low levels of genotoxic stress and promotion of cell death at higher levels of 

damage [115, 116].  The central role of ADPR polymer metabolism in modulating 

cell recovery or cell death has potentially important implications for the 

therapeutic targeting of this metabolism [117, 118].   

Activation of PARP-1 has been specifically linked to the release of 

apoptosis inducing factor (AIF) from mitochondria, resulting in cell death [89, 119].  

A number of possible mechanisms whereby PARP-1 is involved in nuclear-

mitochondrial cross talk leading to AIF release have been proposed that include 

nuclear/cytoplasmic NAD depletion resulting in glycolysis blocks that deplete 

substrates for mitochondrial metabolism [103, 120], direct effects of ADPR 

polymers on mitochondria [55, 56], involvement of receptor-interacting protein-1, 

tumor necrosis factor receptor-associated factor and c-Jun N-terminal kinase 

[104] and involvement of calpains and Bax [121].   
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Poly(ADP-ribose) glycohydrolase (PARG) catalyzes the opposing arm of 

ADPR polymer cycles initiated by PARPs [122].  In contrast to multiple genes 

that encode proteins with PARP activity, only a single gene that encodes PARG 

activity clearly involved in ADPR polymer metabolism has been described [43].  A 

second enzyme with PARG activity has been described [9], but its functional 

significance is not yet clear.  However, alternative splicing leads to multiple 

PARG gene transcripts, resulting in generation of a number of different PARG 

isoforms targeted to nuclear and extranuclear cell compartments [50].  A PARG 

isoform of approximately 111 kDa facilitates DNA repair via regulation of ADPR 

polymer levels following DNA damage [110, 123].  A number of studies suggest 

an association of PARG (and thus ADPR polymer metabolism) with mitochondria 

[43, 51, 61, 124, 125].  The PARG gene shares a promoter with a gene encoding 

TIM23, a protein involved in import of proteins into mitochondria [43].  A 

hypomorphic mouse mutant derived from disruption of the PARG gene (see 

figure 3.1) that contains only small PARG isoforms including an isoform with an 

N-terminus that begins with amino acids encoded by PARG exon 4 shows high 

levels of PARG associated with the mitochondria [124].  This same PARG 

isoform has been subsequently detected in wild type cells and shown to be 

associated with the mitochondrial fraction (see figure 3.2) [51].  Activities capable 

of degrading ADPR polymers in vivo have been detected in the mitochondrial 

matrix [61].  PARG shows a strong association with the mitochondrial fraction in 

brain and other tissues from rodents [125].  In the present work, we have  



80 
 

 

 

 
Figure 3.1: PARG gene structure of full length and a hypomorphic 
mutant mouse created for functional studies. PARG gene ablation is 
embryonically lethal. A hypomorphic mutant mouse created contains a 
mutant PARG isoform that is missing domain A, which contains a putative 
NLS. The mutant PARG contains the catalytic domain C.  
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Figure 3.2: Currently identified isoforms of PARG in the human and 
mouse. Work performed in our laboratory has identified additional PARG 
isoforms, including two small isoforms that may localize to mitochondria. 
One noted difference between mice and humans is exon 5, which is 
present in the small mouse isoforms of PARG, yet is absent in small 
human isoforms [51]. 



82 
 

 

examined the relation between PARG and mitochondria in more detail in HeLa 

cells and we present here evidence that a specific PARG isoform is a valid and 

legitimate component of the mitochondrial matrix.   

 

Methods and materials 

Cell culture and transfection methods  

 HeLa cells were cultured (37ºC, 5% CO2) in Dulbecco’s modified Eagle’s 

Medium (DMEM, Sigma) supplemented with 10% bovine calf serum (BCS, 

Hyclone).  For the overexpression of constructs encoding wild type and mutant 

PARG, cells were seeded in 150mm diameter cell culture dishes or six-well 

plates (Sarstedt), and transfected using Lipofectamine 2000 transfection reagent 

(Invitrogen) according to the manufacturer’s protocol.  Alternatively, cells were 

transfected using a calcium phosphate transfection method [126]. 

 

Development of antibodies for the detection of PARG  

Antibodies were developed against multiple polypeptide sequences of 

PARG (see table 3.2) using the Sigma-Genosys custom antisera service. 

Following the production of the antisera, antisera was purified using the Sulfolink 

Immobilization kit (Thermo Scientific) according to manufacturer’s protocol. 

Antibodies were subsequently used in western blotting and immunofluorescence 

protocols. 
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Western blotting methods   

Subcellular fractions and other protein samples were applied to 10% 

polyacrylamide gels, and separated by SDS-PAGE [127].  Samples were then 

transferred to PVDF membranes (Millipore) for analysis.  Membranes were 

analyzed with anti-V5 (Invitrogen), anti-SMAC/Diablo (Abcam), anti-Hsp60 

(Stressgen), anti-MnSOD (Stressgen), anti-Histones (Millipore), or anti-Lactate 

Dehydrogenase (Abcam) antibodies.  Antibodies for the detection of endogenous 

PARG in total lysates and mitochondrial fractions were described previously [51].  

Primary antibody binding was subsequently detected using horseradish 

peroxidase-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies 

(Jackson ImmunoResearch Laboratories) and visualized with an enhanced 

chemiluminescent (ECL) reaction.  Densitometric analysis of western blots was 

performed using Scion Image for Windows (Scion Corporation). 

 

Deletion and site-directed mutagenesis   

pΔE-C1hPARG59, a pEGFP-C1 (Clontech) plasmid containing the 

hPARG59 isoform [51] was created by deleting EGFP using the Nhe1 and Kpn1 

restriction sites and primers shown in Table 3.1.  Site-directed mutagenesis 

(Figure 3.9) was performed using the Quickchange II-E mutagenesis kit 

(Stratagene), according to the manufacturer’s protocol, using primers shown in 

Table 3.1.  For generation of deletion mutants (Figure 3.8), the entire plasmid 

was amplified by polymerase chain reaction using the Phusion high-fidelity DNA 
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polymerase (Finnzymes) and deletion primers shown in Table 1, and then self-

circularized with T4 DNA ligase (Fermentas).   

 

Fusion of putative MTS to EGFP  

 The pΔE-C1hPARG59 plasmid and the PARG mutant vectors were used 

as templates for the construction of vectors expressing PARG MTS-EGFP fusion 

proteins.  Using the primers shown in Table 1, the MTS of hPARG59 and PARG 

mutants was amplified by polymerase chain reaction (PCR).  The primers were 

designed to introduce NheI restriction sites into the PCR product.  PCR products 

were subsequently subcloned into the pEGFP-C1 vector, giving rise to a vector 

expressing a fusion protein in which the first 94 amino acids of PARG were fused 

N-terminally to the EGFP. Cells were subsequently transfected for visualization 

by immunofluorescence microscopy.  

 

Immunofluorescence microscopy   

At 24 hours following transfection, cells seeded on coverslips were 

washed with phosphate buffered physiological saline (PBS) and 5% 

formaldehyde (Sigma).  Cells were then fixed with 5% formaldehyde in PBS for 

30 min at room temperature, protected from light with a foil covering.  Fixed cells 

were washed three times in PBS, deactivated in 100mM glycine for 1 min, 

washed three more times in PBS, and permeabilized for 4 min with 0.4% Triton 

X-100 in PBS.  Following three more washes, coverslips were blocked in 3% 
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bovine serum albumin (BSA, Sigma) in PBS for 30 min at room temperature.  

Coverslips were subsequently washed three more times with PBS, and incubated 

with anti-PARG and anti-MnSOD (Stressgen) antibodies for 2 hrs at 37ºC in a 

humid environment.  Cells were then washed and incubated with FITC or TRITC-

labeled secondary antibodies (Jackson ImmunoResearch).  Alternatively, cells 

transfected with PARG-MTS-EGFP constructs were pretreated with Mitotracker 

(Invitrogen) prior to fixation, according to the manufacturer’s protocol.  

Subsequently, cells were processed as described above.   Following final 

washing, coverslips were mounted and DNA counterstained with Vectashield 

(Vector Laboratories) supplemented with 1μg/mL DAPI (Sigma).  Images were 

captured by confocal laser microscopy (Zeiss LSM 510 META NLO system) and 

extracted with Zeiss LSM Image Browser software (Zeiss).  

 

Subcellular and Submitochondrial fractionation   

Mitochondria were isolated from cells 24 hours post-transfection using a 

mitochondrial isolation kit (Sigma) and a Potter-Elvehjem homogenizer (Fisher 

Scientific) for cell disruption.  Briefly, following trypsinization, cells were washed 

in PBS and then in extraction buffer (50mM HEPES, pH 7.5, containing 1 M 

mannitol, 350mM sucrose, and 5mM EGTA).  Cells were incubated for 30 min on 

ice in extraction buffer supplemented with 2mg/mL BSA and a complete protease 

inhibitor cocktail (Roche).  Cells were homogenized with 100 strokes in a Potter-

Elvehjem homogenizer fitted to an overhead stirrer (IKA) set at 650 rpm.   
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Forward and reverse primers are given for constructs giving rise to 
deletion or site-directed mutations. 
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Lysates were subjected to differential centrifugation at 27g, 1,000g and 11,000g 

to obtain purified cellular fractions.  For submitochondrial analysis, mitochondrial 

fractions were resuspended in a storage buffer (50mM HEPES, pH 7.5, 

containing 1.25M sucrose, 5mM ATP, 0.4mM ADP, 25mM sodium succinate, 

10mM K2HPO4, and 5mM DTT) and treated with 5µg/mL Proteinase K (Roche), 

and 0.1 - 0.4mg/mL digitonin (Sigma) for 30 min at 37ºC.  Following heat-

inactivation of Proteinase K (95ºC for 10 min), samples were subsequently 

analyzed by SDS-PAGE and western blotting techniques. 

 

Results 

Mitochondrial fractions are enriched in smaller size PARG isoforms  

The routine detection of PARG in HeLa cell extracts is limited by the low 

abundance of the protein.  Multiple antibodies were developed for the 

endogenous detection of PARG; however, many were insufficiently specific for 

the routine detection of physiological levels of PARG (see figures 3.3 and 3.4). It 

was possible to detect PARG isoforms in total cell extracts and mitochondrial 

fractions using a polyclonal anti-peptide antibody directed against a C-terminal 

PARG peptide sequence (see table 3.2) [51].  This antibody has been used 

previously to detect endogenous isoforms of PARG in the range of approximately 

100 to 110 kDa and 55 to 60 kDa [50], but their subcellular localization was not 

determined.  Consistent with the previous study, detection of PARG in total HeLa 

cell extracts yielded bands in the same molecular weight ranges reported  
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Figure 3.3: Development of antibodies for the detection of ectopic 
PARG in vivo. Cells were transfected with EGFP-coupled hPARG111 
(B) or hPARG102 (C), and detected with an anti-PARG antibody (column 
3, “TRITC/PARG”) developed in our laboratory (GN13193). We found this 
antibody suitable for detection in cells overexpressing PARG. 
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Table 3.2: Anti-PARG antibodies created and tested. 

 
Various antibodies were created against PARG, yielding varying 
specificities and versatilities.  
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previously as well as immunoreactive material in the range of 30 kDa (Figure 

3.5A).  Mitochondrial fractions showed PARG signals primarily in the range of 

approximately 55 to 60 kDa, indicating that endogenous mitochondrial PARG is 

comprised of the smaller PARG isoforms.  This result is in agreement with 

studies involving transient transfection of cells with cDNAs expressing different 

PARG isoforms (see figure 3.7) [51].   

 

PARG expressed from a plasmid containing a putative N-terminal mitochondrial 

targeting sequence is targeted to the mitochondria   

To study the mechanisms by which PARG is targeted to mitochondria, a 

vector expressing hPARG59 [51] under the control of a CMV promoter was 

constructed.  This vector expresses a PARG containing a putative N-terminal 

mitochondrial targeting sequence (MTS) that is encoded by exon 4 of the PARG 

gene.  A V5 tag flanking the C-terminus  has been added to the construct to 

facilitate PARG detection.  HeLa cells were transfected with the hPARG59 vector 

and equal amounts of protein from the nuclear, cytosolic and mitochondrial 

fractions were analyzed, utilizing the V5 tag on PARG to assess the relative 

protein concentration of PARG in the different fractions.  The results show that 

the expressed hPARG59 was targeted to the mitochondrial fraction (Figure 3.5B).  

The purity of the mitochondrial fraction was confirmed by the absence of histones 

as an indicator of possible contamination with nuclei.  Mitochondrial localization 

of hPARG59 was further confirmed microscopically in transfected cells by co- 
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Figure 3.5: Association of endogenous PARG and overexpressed 
PARG with mitochondria.  (A) Detection of endogenous PARG in total 
HeLa cell lysates and isolated mitochondria using an antibody recognizing 
the PARG C-terminus.  (B) Detection of PARG via the V5 tag following 
transfection of cells with the hPARG59 expression construct.  
Immunodetection of histones and MnSOD as indicators of purity of the 
mitochondrial fraction are also shown.   



93 
 

 

 

 
Figure 3.6: Association of ectopic PARG with mitochondria.  
Detection of PARG via the V5 tag (green) in whole cells following 
transfection with hPARG59 and using confocal microscopy.  Mitochondrial 
colocalization was determined using the Mitotracker stain (red) and DNA 
was visualized with DAPI (blue). 
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Figure 3.7: Overexpressed human PARG59 but not hPARG102 or 
hPARG111 is associated with the mitochondria. Immunoblot analyses 
of subcellular fractions obtained from HeLa cells transiently transfected 
with N-terminal EGFP fusions of hPARG59, hPARG102 or hPARG111 
using V5-tag or EGFP-specific antibodies show that the PARG MTS can 
act as an internal protein signal in the presence of an N-terminal peptide 
sequence that is upstream of the actual MTS. Anti-MnSOD, anti-PARP-1, 
and anti-Histones antibodies are used fraction purity controls and are 
shown at right. Gene structure of our constructs is shown at bottom [51].  
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localization of the punctate cellular distribution the V5 tag with the Mitotracker 

dye (Figure 3.6).  

 

Deletion mutagenesis indicates that PARG exon 4 encodes a mitochondrial 

targeting sequence  

Deletion mutagenesis was used to examine the amino acid residues 

encoded by exon 4, to better understand their effect on mitochondrial targeting 

(Figure 3.8).  The amino acid sequence encoded by exon 4, the putative MTS, 

and the predicted site of cleavage are shown at the top of the left panel.  Also 

shown are the deletion mutants constructed, the relative PARG concentration in 

cytosolic and mitochondrial fractions and the quantification of the relative content 

in cytosolic and mitochondrial fractions by densitometry.  Results shown are a 

representative of multiple experiments performed.  Immunoblotting of cytosolic 

and mitochondrial fractions for marker proteins revealed no detectable histones, 

indicating very low cross contamination with nuclei. Blots of the cytosolic marker 

lactate dehydrogenase and the mitochondrial marker MnSOD indicated very low 

levels of cross contamination of the cytosolic and mitochondrial fractions. 

Deletion of Arg2 and Arg3 (mutant 2) had little effect on mitochondrial targeting.  

However, deletion of the remaining portion of the predicted MTS up to the 

predicted cleavage point of the MTS (mutant 3) and further to the end of the 

region coded for by exon 4 (mutant 4) resulted in substantial loss of 

mitochondrial targeting.  However, deletion of the predicted  
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cleavage site up to the end of residues encoded by exon 4 (mutant 5) did not 

result in a substantial loss of mitochondrial targeting.  The results indicate that 

the N-terminal 16 amino acids encoded by exon 4 play an important role in the 

mitochondrial PARG targeting.   

 

Site directed mutagenesis indicates that both positively charged and hydrophobic 

amino acid residues are involved in the PARG mitochondrial targeting   

A common feature of many MTS is an amphipathic alpha helix containing 

positively charged resides on one face of the helix and hydrophobic residues on 

the other face [51, 128].  In order to further evaluate the involvement of the 

PARG residues identified by deletion mutagenesis as pivotal in mitochondrial 

targeting, and to assess the contribution of the positively charged and 

hydrophobic residues to the mitochondrial localization of PARG, site-directed 

mutagenesis of Arg2, Arg3, Arg6, Arg10, as well as Leu11, Leu13, and Leu14 

was completed.  Figure 3 shows the mutants constructed, their relative 

concentration in cytosolic and mitochondrial fractions and quantification of the 

targeting.  To examine the role of the positively charged residues, arginine to 

alanine mutants were made.  In agreement with the deletion mutagenesis 

experiments, the R2A and R3A mutations alone (mutants 6 and 7) had little effect 

on the mitochondrial localization of the PARG protein.  However, the R6A 

(mutant 8) and R10A (mutant 9) mutations each resulted in a larger decrease in 

mitochondrial targeting.  The double R2A, R3A mutant (mutant 10) showed less  
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mitochondrial targeting, suggesting additive contributions by Arg2 and Arg3 to 

mitochondrial targeting.  Mutagenesis of Arg2, Arg3, Arg6, and Arg10 (mutant 11) 

showed a substantial loss of mitochondrial localization, similar that seen with the 

deletion of the sequence containing these amino acids (mutant 3, Figure 3.8).  In 

order to examine the hydrophobic contribution to targeting, a number of Leu to 

Asp mutations were generated to retain similar side-chain size but to convert the 

hydrophobic residue to a hydrophilic residue.  Mutation of Leu 11 alone (mutant 

12) substantially decreased mitochondrial localization and further mutagenesis of 

Leu 11 and Leu13 (mutant 13) and Leu 11, Leu 13, and Leu14 (mutant 14) 

almost completely abolished the mitochondrial targeting of the PARG protein.  In 

some, but not all cases, the expressed PARG present in the cytosolic fractions 

appeared as a doublet, which may represent some proteolysis in that 

compartment.   

 

Immunofluorescence microscopy of whole cells supports a role of exon 4 

encoded amino acids in mitochondrial targeting   

In order to further examine the role of the putative MTS in mitochondrial 

targeting, confocal microscopy was used.  For these experiments, amino acids 1 

to 94 of wild type hPARG59 and this segment containing the site directed 

mutants described in Figure 3.9 were fused to an enhanced green fluorescent 

protein (EGFP).  Confirming what we have reported previously [51], the 

hPARG59 N-terminal sequence localized to the mitochondria as evidenced by  
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Figure 3.10: MTS identification is confirmed in whole cells. The first 
94 amino acids of wild type hPARG59 and six mutant PARG isoforms 
were tagged to EGFP for analysis in whole cells. The mutant names 
(e.g.“Mutant 6-E”) correspond to the mutant numbers shown in Fig. 3.8 
and 3.9. Mitochondrial staining is indicated in red via Mitotracker and 
DNA was counterstained in blue with DAPI. 
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the punctate staining pattern and its co-localization with the mitotracker dye 

(Figure 3.10, top panel).  In support of the analyses with isolated mitochondria, 

substantial mitochondrial EGFP localization was observed in the R2A (mutant 6E) 

and R2A/R3A (mutant 10E) mutants.  However, the R2A/R3A/R6A/R10A mutant 

(mutant 11E) showed diffuse cytoplasmic staining, similar to an EGFP control 

that did not contain the PARG sequence (result not shown).  As was also seen in 

the Western blot analyses of isolated mitochondria, the single and multiple L to D 

mutations (mutants 12E, 13E, 14E) abrogated mitochondrial localization.  The 

results of these experiments support the conclusion that amino acid residues 

encoded by exon 4 of the PARG gene are responsible for PARG mitochondrial 

targeting.   

 

PARG is targeted to the mitochondrial matrix  

In order to understand the potential role of PARG in mitochondria, 

experiments were completed to assess the location of PARG within the 

mitochondria.  Using varying concentrations of digitonin in combination with 

protease treatment, the localization of PARG was compared with proteins of 

known mitochondrial location (Figure 3.11).  Smac/Diablo was used as an inter 

membrane space (IMS) marker protein and Hsp 60 was used as a matrix protein 

marker.  Treatment with 0.1 mg/ml digitonin achieved removal of the outer 

mitochondrial membrane allowing protease access to Smac/Diablo but not Hsp 

60.  Treatment with 0.3 to 0.4 mg/ml digitonin achieved removal of the inner  
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Figure 3.11: PARG is localized to the mitochondrial matrix. 
Mitochondria isolated from HeLa cells transfected with either hPARG55 
or hPARG59 were subjected to proteinase K and digitonin treatment at 
the concentrations shown.  Equal volumes of isolated mitochondria were 
exposed and then loaded onto an SDS-PAGE for analysis and detection 
using anti-V5 (PARG), anti-Smac/DIABLO, and anti-Hsp60 antibodies. 
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membane for protease access to Hsp 60.  For these experiments, both 

hPARG59 that contains amino acids encoded by exon 5 and hPARG55 that does 

not contain the residues encoded by exon 5 [51] were examined.  In both cases, 

the results show that the PARG signal mirrored that of the matrix protein marker, 

although slight differences between the experiments shown in digitonin 

concentrations needed for complete protease sensitivity were observed.  These 

results indicate that mitochondrial PARG localizes to the mitochondrial matrix. 

 

Discussion 

The ability of cells exposed to genotoxic stress to recover or engage in 

programmed cell death depending upon the degree of damage is fundamentally 

important to the maintenance of genomic integrity of multi-cellular organisms.  

Mitochondrial metabolism is central to cellular responses to genotoxic stress as 

the release of mitochondrial proteins play important roles as effectors of 

programmed cell death [129].  The existence of cross talk between PARP-1 and 

mitochondrial metabolism in this regard was first shown by the studies of Yu et al. 

that established that activation of PARP-1 following high levels of damage is 

required for mitochondrial AIF release [56].  The involvement of ADPR polymer 

metabolism in modulation of cell recovery or cell death has potentially important 

therapeutic consequences as PARP inhibitors show promise for conditions such 

as cancer that evade programmed cell death [117, 118] and for conditions such 
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as ischemia-reperfusion injury where excessive cell death leads to severe 

impairment or death [119].   

Previous studies have provided evidence that PARG activity is an integral 

component of PARP-1 dependent cell death that can either enhance or protect 

against cell death.  Partial silencing of PARG does not affect PARP-1 dependent 

cell death induced by MNNG [130] but protects against H2O2 induced cell death 

[131].  PARG inhibitors have been shown to provide partial protection against 

MNNG induced cell death [132].  PARG gene disruption that results in the loss of 

the normal nuclear isoform of PARG confers protection against renal 

ischemia/reperfusion injury [133] but increases sensitivity to alkylating agents, 

ionizing radiation, and endotoxic stress [124].   

The nuclear-mitochondrial cross talk involving ADPR metabolism has 

raised the possibility that ADPR polymer metabolism in the mitochondrial 

compartment may be a component of PARP-1 dependent cell death.  There have 

been numerous reports of association of PARP activity, and thus presumably 

ADPR polymer metabolism, with mitochondria (reviewed in [134]), but this 

question is still unresolved as it has been difficult to rule out cross contamination 

of mitochondrial fractions with nuclei.  Previous studies have reported the 

association of PARG activity with mitochondrial fractions [124, 125].  A PARG 

isoform of approximately 60 kDa was first identified in PARG gene disrupted 

animals [124], but this led to the discovery that this isoform also is also present in 

wild type cells [51].  The deletion and site-directed studies presented here 



105 
 

 

(Figures 3.8-3.10) provide compelling evidence that this small PARG isoform, 

containing amino acids encoded by exon 4 at the N-terminus of the protein, is a 

legitimate mitochondrial protein targeted to the mitochondria by the presence of a 

N-terminal MTS with properties similar to MTS sequences of other mitochondrial 

proteins [128].   

The studies reported here demonstrate that PARG is primarily a 

component of the mitochondrial matrix (Figure 3.11), although our studies could 

not rule out the possibility that a minor fraction of PARG is associated with the 

outer mitochondrial membrane or the mitochondrial intermembrane space.  A 

previous study has described PARG activity in the mitochondrial matrix [61] and 

our studies provide a mechanism by which PARG is targeted to this compartment.  

The predominant mitochondrial matrix location of PARG differs from AIF and 

other cell death proteins that are located in or facing the mitochondrial 

intermembrane space [129].   

  While most human and mouse PARG isoforms share sequence homology, 

there is a species difference in the short mitochondrial PARG isoforms as the 

amino acids encoded by exon 5 of the PARG gene are present in mouse cells 

but absent in human cells [50].  Indeed, many of the experiments shown in 

Figures 3.8 and 3.9 were completed before the discovery that mitochondrial 

isoform of PARG does not contain amino acids encoded by exon 5.  However, 

multiple pieces of evidence indicate that the presence or absence of amino acids 

encoded by exon 5 does not affect the function of the MTS that results in 
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targeting this PARG isoform to the mitochondrial matrix compartment.  In a 

previous study [51], we have shown that both hPARG59 constructs containing 

exon 5 encoded amino acids and hPARG55 constructs that do not contain these 

amino acids are both targeted to the mitochondria.  The results with mutant 5 in 

Fig. 3.8 show that a sizable sequence of amino acids on the carboxy terminal 

side of the MTS can be deleted without affecting MTS function.  Finally, our 

results in Figure 3.11 show that the presence or absence of exon 5 encoded 

amino acids do not affect mitochondrial targeting or location within the 

mitochondrion.  While this species difference in mitochondrial PARG does not 

affect mitochondrial targeting, further study will be needed to determine if this 

difference has other functional significance.   

The transcript for the mitochondrial PARG isoform previously detected [51] 

contains two alternative sites of protein translation initiation, one that would 

contain a number of amino acids N-terminal to the MTS and a second that would 

place the MTS at the N-terminus of the protein.  The constructs used for the 

studies shown in Figures 3.8 to 3.11 have used a translation initiation site that 

places the MTS at the N-terminus of the protein.  The MTS is present at the N-

terminus of almost all proteins targeted to mitochondria [128].  In a previous 

study, both constructs were expressed and the construct with both potential 

initiation sites yielded two protein bands while the construct with the initiation site 

placing the MTS at the N-terminus was also efficiently expressed as a single 

protein band [51].  These data indicate that the initiation site resulting in the MTS 
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of PARG at the N-terminus can be used in cells.  Whether the expression of the 

isoform that places the MTS internally is targeted to the mitochondria will require 

further study.   

A prior study that has reported association of PARG with the mitochondrial 

fraction in rodent tissues [125] shows several differences from those reported 

here.  First, PARG associated with the mitochondrial fraction in brain tissue was 

in the range of 100 kDa, which contrasts with the smaller isoform described here.  

Typically MTS sequences are N-terminal [128].  A PARG isoform in the 

molecular weight range of 100 kDa would not likely contain the MTS encoded by 

exon 4 at the N-terminus.  Second, most of the PARG associated with the 

mitochondrial fraction was extracted with salt under conditions where 

mitochondrial marker proteins were resistant to extraction, although some PARG 

was resistant to extraction.  These differences suggest the possibility of multiple 

associations of PARG with mitochondria as large isoforms may be associated 

with the outer mitochondrial membrane in some tissues while smaller isoforms 

containing an N-terminal MTS are targeted to the mitochondrial matrix.   

The presence of PARG in the mitochondrial matrix raises interesting 

questions concerning its function(s) in mitochondrial metabolism that will require 

further study to answer.  Polymers of ADPR are the physiological substrate for 

PARG and it is possible that the function of mitochondrial PARG is hydrolysis of 

ADPR polymers generated by mitochondrial PARPs.  Nuclear PARPs 1 and 2 

function in DNA repair [114] and it has been previously reported that PARP 
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inhibitors also inhibit repair of mitochondrial DNA [135], which supports the 

possibility that mitochondria contain functional cycles of ADPR polymer synthesis 

catalyzed by mitochondrial PARPs and PARG.  There have been previous 

reports of PARP activity associated with mitochondrial fractions [134] and 

modification of mitochondrial proteins by ADPR polymers has been described 

[136].  The presence of a mitochondrial PARG isoform dictates additional 

searches for mitochondrial PARPs and studies that can rule out the possibility of 

nuclear contamination accounting for the PARP activity.   

A second possibility for the function of a mitochondrial matrix PARG is that 

it catalyzes hydrolysis of ADPR polymers generated by nuclear PARPs that are 

exported from the nucleus to the mitochondria following high levels of genotoxic 

stress.  Evidence has been presented indicating that ADPR polymers can exit the 

nucleus and cause AIF release [55].  In this setting, it is possible that 

mitochondrial PARG may play a protective role in preventing inappropriate 

release of AIF or could promote AIF release by generating free ADPR that has 

been shown to activate membrane calcium channels [137, 138] and thus alter 

mitochondrial calcium homeostasis.  Finally, it cannot be ruled out at present that 

mitochondrial matrix PARG may play a role in mitochondrial metabolism that 

does not involve ADPR polymer hydrolysis.  Nevertheless, the definitive 

identification of PARG as a legitimate component of mitochondria presented here 

dictates a closer examination of the possibility that ADPR polymer cycles plays a 

role in mitochondrial metabolism. 
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CHAPTER IV 

PARP-1 ATTENUATES MITOCHONDRIAL TRANSCRIPTIONAL  

RESPONSES TO ALKYLATING DNA DAMAGE 

Abstract 

ADP-ribose metabolism has emerged as an important mechanism for the 

maintenance of genomic integrity, the regulation of gene expression, and most 

importantly in the regulation of cell death. While recent studies have 

demonstrated the dependence of apoptosis-inducing factor (AIF) release from 

mitochondria on nuclear PARP-1 activation, the biological role of ADP-ribose 

metabolism in the context of mitochondria is still unknown. Our recent 

observations (chapter III) of PARG in mitochondria firmly establish the presence 

of ADP-ribose metabolism within mitochondria. In an effort to further elucidate 

the cellular effects of PARP-1 activation in the nuclear/mitochondrial crosstalk 

following DNA damage, we sought determine what transcriptional and enzymatic 

changes occur in mitochondria following DNA damage. In this report we 

characterize a significant transcriptional change in mitochondria of the NADH 

dehydrogenase subunit 1 (mtND1) gene, an effect that is both dependent on 

PARP activity and the presence of PARP-1 protein. Further, we demonstrate that 

this effect negatively correlates with changes in mitochondrial complex 1 activity, 

a result which is consistent with a negative-regulatory role of mtND1 transcription 

on mitochondrial complex 1 activity. Furthermore, our results demonstrate that 

increased ND1 expression correlates with decreased ROS and complex 1 activity 
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(in PARP-inhibited samples), and decreased AIF translocation. This study 

highlights the expanding role of mitochondria in the response to DNA damage, 

and firmly establishes a role of PARP-1 in attenuating mitochondrial responses to 

DNA damage. This report adds to our building understanding of the crosstalk 

between the nucleus and mitochondria following DNA damage. 

 

Introduction 

ADP-ribose metabolism is essential to the cellular response to DNA 

damage. The members of ADP-ribose metabolism include the poly(ADP-ribose) 

polymerases (PARPs) and the poly(ADP-ribose) glycohydrolases (PARGs). The 

PARPs catalyze a post-translational modification of proteins through the 

polymerization of molecules of NAD onto acidic protein residues. PARP-1, the 

prototypical PARP, is activated upon its recognition of DNA strand breaks 

through the use of its DNA binding domain and zinc-finger motifs. Acceptor 

proteins for this post-translational modification can include the histone proteins; 

however, the main acceptor protein for this modification is PARP-1 itself [139, 

140]. As BRCA 1/2 mutated breast and ovarian tumors are acutely sensitive to 

Poly(ADP-ribose) polymerase-1 (PARP-1) inhibition, PARP-1 has been 

recognized as being critical to both the recognition and repair of DNA lesions [29, 

141]. However, the role of ADP-ribose metabolism in the maintenance of 

genomic integrity extends beyond that of mere recognition of DNA strand breaks, 

or even to the recruitment of repair proteins. It has been known for some time 
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that PARP-1 consumption of NAD following DNA damage can lead to depletion 

of cellular ATP pools and subsequently cell death [142, 143]. As mitochondria 

are essential to the maintenance of cellular ATP pools, we sought to identify 

additional mitochondrial responses to DNA damage in the context of PARP 

activation and energy depletion. 

In the present study, we tested the hypothesis that PARP-1 modulates the 

mitochondrial response to DNA damage, and is critical in the 

nuclear/mitochondrial crosstalk following DNA damage. We report that treatment 

of cells with the potent DNA alkylating agent, N-Methyl-N'-Nitro-N-

Nitrosoguanidine (MNNG), an agent known to cause DNA strand breaks and 

result in PARP activation, results in a specific upregulation of the mitochondrial 

gene, mtND1 [130, 144]. Further, we show that this effect is both PARP activity-

dependent, and dependent on the PARP-1 protein. Most significantly, we provide 

evidence suggesting a model in which mitochondria respond to DNA damage 

and the resulting changes in cellular energy stores through the import of adenine 

nucleotides into mitochondria and upregulation of proteins critical to oxidative 

phosphorylation. Further, we demonstrate that it is PARP-1 activity that limits this 

response through modulation of cellular energy stores. This report adds to the 

building body of research cataloguing the crosstalk between the nucleus and 

mitochondria following DNA damage. Additionally, it provides evidence for the 

presence of additional functionalities of poly(ADP-ribose) (PAR) metabolism in 

maintaining proper mitochondrial function.  
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Methods and materials 

Cell culture and western blotting methods 

HeLa cells were cultured in Dulbecco’s modified Eagle’s Medium (DMEM, 

Sigma) supplemented with 10% bovine calf serum (BCS, Hyclone), under 

standard culture conditions (37ºC, 5% CO2). HaCat cells were cultured in custom 

modified DMEM that did not contain phenol red, and was supplemented with 

10% fetal bovine serum (FBS, Hyclone), under standard culture conditions (37ºC, 

5% CO2). Mouse embryonic fibroblasts (MEFs) were cultured in DMEM 

supplemented with 10% FBS (Hyclone) and 100µM 2-mercaptoethanol (Sigma) 

under standard culture conditions (37°C, 5% CO2). All chemicals used, unless 

otherwise stated, were purchased from Sigma. For all quantitative real-time PCR 

experiments, cells were seeded in 100mm dishes at a density of 1x106 cells/dish. 

Samples intended for the creation of cell lysates to be used for western blotting 

analysis were also seeded in 100mm dishes at a density of 1x106 cells/dish, and 

were harvested using a RadioImmunoPrecipitation Assay (RIPA) lysis buffer, as 

described previously [145]. Lysate protein concentrations were measured using 

the Bio-Rad protein assay (Biorad) in which bovine serum albumin was used as a 

standard. Lysates were applied to 10% polyacrylamide gels, and separated by 

SDS-PAGE [127].  Samples were then transferred to PVDF membranes 

(Millipore) for analysis.  Membranes were incubated with anti-ND1 (Santa Cruz) 

or anti-β-actin (Sigma) antibodies and subsequently detected using horseradish 

peroxidase-conjugated goat anti-mouse secondary antibodies (Jackson 
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ImmunoResearch Laboratories) and visualized with an enhanced 

chemiluminescent reaction.  Densitometric analysis of western blots was 

performed using Scion Image for Windows (Scion Corporation). 

 

Cell viability measurements 

 Cell viability following PJ34 or MNNG treatments was assessed using 

Annexin V-FITC and propidium idodide (PI) staining via the Annexin V-FITC 

Apoptosis Detection Kit (Sigma), according to the manufacturer’s protocol. Briefly, 

using the same treatment conditions as given in quantitative real-time PCR 

experiments, cells treated for PJ34 were first pretreated with PJ34 in DMEM for 1 

hour. MNNG treated and MNNG + PJ34 treated samples were treated for 30 

minutes in DMEM. Following treatment, cells were washed in PBS and medium 

was replaced. Cells were incubated for 24 hours following treatment before 

measurements of cell viability were taken. For cell viability measurements, 

medium was first aspirated, and cells were washed in PBS before trypsinization. 

Following trypsinization, the trypsin was deactivated in DMEM, and all aspirates 

were pooled, and centrifuged at 180xg for 5 min at 4°C. Cells were subsequently 

resuspended in 1x binding buffer, giving a final concentration of approximately 

1x106 cells/mL. Annexin V-FITC and Propidium Iodide were added in the 

recommended amounts and cells were incubated at room temperature for 10 

minutes before analysis by a FACScan  flow cytometer (Becton-Dickinson).  
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Subcellular fractionation   

Mitochondria were isolated from cells 24 hours post-treatment using a 

mitochondrial isolation kit (Sigma) and a Potter-Elvehjem homogenizer (Fisher 

Scientific) for cell disruption, according to manufacturer’s protocol.  Briefly, 

following trypsinization, cells were washed in PBS and then in an extraction 

buffer (50mM HEPES, pH 7.5, containing 1M mannitol, 350mM sucrose, and 

5mM EGTA).  Cells were subsequently suspended in extraction buffer 

supplemented with 2mg/mL BSA and a complete protease inhibitor cocktail 

(Roche).  Cells were homogenized with 35, four-second-long strokes in a Potter-

Elvehjem homogenizer fitted to an overhead stirrer (IKA) set at 650 rpm.  Lysates 

were subjected to differential centrifugation at 27xg, 1,000xg and 11,000xg to 

obtain purified fractions.  The 1,000xg sample results in a purified nuclear 

fraction. The 11,000xg centrifugation results in a crude mitochondrial sample. 

The 11,000xg mitochondrial sample was subsequently washed in extraction 

buffer and centrifuged at 1,000xg and 11,000xg for a purified mitochondrial 

sample. Samples were subsequently analyzed by SDS-PAGE and western 

blotting techniques. 

 

Quantitative real-time PCR 

Following seeding, cells were allowed to grow to less than seventy percent 

confluence. One hour prior to induction of DNA damage, all samples were 

pretreated with either DMEM, DMEM + PJ34, or DMEM + cyclosporine A. DNA 
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damage was induced by means of a thirty minute treatment with N-Methyl-N'-

Nitro-N-Nitrosoguanidine (MNNG) at a concentration of 250μM in DMEM. 

Samples were subsequently washed in PBS and then placed in DMEM, DMEM 

containing PJ34, or DMEM containing cyclosporine A. Alternatively, for studies of 

mRNA stability, DMEM or DMEM containing either PJ34 or cyclosporine A was 

supplemented with 5µg/mL actinomycin D. Twenty-four hours following the 

MNNG treatment, cells were harvested and total RNA was isolated from samples 

using the RNeasy Mini kit (Qiagen) according to manufacturer’s protocols. RNA 

sample concentrations were measured and one microgram of total RNA from 

each sample was reverse transcribed to cDNA using random hexamers and the 

Multiscribe reverse transcriptase / TaqMan Reverse Transcription kit (Applied 

Biosystems) in a total volume of 20 μL, following manufacturer’s protocols. 

Quantitative real-time PCR amplification was performed on an ABI Prism 7000 or 

7500 instrument, using 2μL of the transcribed cDNA and FAM-based probes 

specific to each of GAPDH, mtND1, mtND2, mtND6, Cox3, RNAse P, or 12S 

rRNA (Applied Biosystems). All reactions were performed in triplicate, utilizing 

GAPDH as the nuclear gene of reference (except where RNAse P was used). 

Raw Ct (threshold cycle) values were determined using the ABI 7000 Sequence 

Detection System software. Fold changes in expression were calculated as 2-

Δ(ΔCt) where ΔCt = Ct (gene of interest) – Ct (GAPDH, or RNAse P), and Δ(ΔCt) = 

ΔCt (treated) – ΔCt (untreated). Probe specificity was confirmed by gel 

electrophoresis of PCR products for molecular weight comparison.  
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PARP-1 depletion by siRNA 

PARP-1 depletion was achieved by siRNA specific for PARP-1 (Santa 

Cruz Biotechnology). 6-well plates were seeded with 1x105 cells/well, and were 

allowed to grow to thirty percent confluence. siRNA was introduced to cells using 

Lipofectamine 2000, according to the manufacturer’s protocols (Invitrogen). The 

siRNA-containing media was changed six hours following initial exposure, and 

samples were incubated an additional eighteen hours before treatment with 

MNNG. Following a thirty minute exposure to MNNG, samples were washed in 

PBS, placed in DMEM, and incubated for twenty-four hours. Total RNA and 

protein lysates were collected following the twenty-four incubation. Quantitative 

real-time PCR and Western blot analysis was performed on the total RNA and 

protein lysate samples obtained. 

 

PARP activity detection by HPLC 

For all measurements of PARP activity in isolated mitochondria by HPLC, 

HeLa cells were first grown to confluence in fifteen 150-cm2 dishes, per condition. 

At harvest, media was aspirated and cells were washed in Hanks Balanced Salt 

solution (HBSS). Cells were removed from the dishes by scraping and dishes 

were subsequently washed again in HBSS to remove any remaining cells. 

Harvested cells were centrifuged at 600xg for 5 min at 4ºC, supernatant was 

removed, and cells were washed in 10 volumes of PBS, followed by 

centrifugation again at 600xg. Cells were then resuspended in three volumes of 
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extraction buffer (10mM HEPES, pH 7.5, with 0.2M mannitol, 70mM sucrose, and 

1mM EGTA) and allowed to incubate for 20 min at 4ºC. Cells were centrifuged at 

600xg, and then were resuspended in two volumes of extraction buffer. Cells 

were homogenized with ten strokes in a Potter-Elvehjem teflon and glass 

homogenizer (Wheaton) affixed to an overhead stirrer (IKA) set at 650 rpm. Cell 

homogenate was centrifuged at 1000xg for 10 min at 4ºC to pellet unbroken cells 

and nuclei. The supernatant was centrifuged at 12,000xg for 15 min at 4ºC, and 

then pellets were resuspended in 10 volumes of extraction buffer. Supernatants 

were then subjected to centrifugation at 600xg to further purify and remove any 

remaining unbroken cells and nuclei. Supernatants were then centrifuged at 

11,000xg for 10 min at 4ºC, and mitochondrial pellets were resuspended in a 

storage buffer (10mM HEPES, pH 7.4, containing 250mM sucrose, 1mM ATP, 

80μM ADP, 5mM sodium succinate, 2mM K2HPO4, and 1mM DTT). 

Mitochondrial pellets were again centrifuged at 12,000xg for 15 min at 4ºC in. 

Mitochondria were calibrated to a concentration of 0.100 mg mitochondrial mass 

per μL storage buffer. To make mitoplasts, isolated, calibrated mitochondria were 

exposed to a final concentration of 1 mg digitonin / 10 mg mitochondrial mass. 

Mitochondria were incubated on ice for 15 min, on a lateral shaker set at 100 rpm. 

Following incubation, mitochondria were pipetted up and down three times, and 

centrifuged at 12,000xg for 15 min at 4ºC, and then resuspended in an equal 

volume. For HPLC analysis, 100 μL of isolated mitoplasts were supplemented 

with 10μCi 32P-NAD (to which unlabeled NAD was added, giving a final 
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concentration of 1μM total NAD). Unincubated samples were immediately 

stopped in 27µL 100% TCA. Incubated samples were warmed to 37ºC for 30 min, 

and subsequently stopped in 27μL 100% TCA. Alternatively, the PARG inhibitor, 

ADP-HPD (Alexis Biochemicals), was added to incubated samples before the 

addition of TCA. Precipitates were pelleted by centrifugation at 14,000rpm for 15 

min at 4ºC. The TCA pellets were resuspended in 50 μL 88% formic acid and 

vigorously shaken to break up the pellet. 450 μL H2O was added, followed by 

125 μL 100% TCA. After incubation on ice for 15 min, samples were centrifuged 

for 15 at 14,000rpm at 4ºC. Pellets were then solubilized in 100μL 0.5M 

KOH/1mM EDTA, incubated at 37ºC until pellets could be solubilized completely. 

Solubilized pellets were then neutralized with 0.5M HCl/50mM Tris. To prepare 

for enzymatic digestion, 3.5μL 0.5M MgCl2 was added to each condition. Pellets 

were then subjected to snake venom phosphodiesterase (SVPD) (Worthington 

Biochemical) digestion (10μL, at 0.1 unit/μL) at 37ºC for 1 hour. The reactions 

were then stopped by filtration with 0.45μm nylon syringe filters.  

HPLC was set up and samples were run as previously described [109]. 

Essentially, from each sample was taken a 10% fraction to be used in total count 

calculations. Then, a standard mixture containing 25nmoles each unlabeled AMP 

and ADP, and 10nmoles unlabeled ADPR was added to each sample for 

retention time comparison. 1mL fractions were collected, and fractions were 

measured on a scintillation counter (Beckman).   
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Mitochondrial complex 1 activity 

Mitchondrial complex 1 activity assays were performed as described 

previously [146], with some modification for a microplate reader setup. 

Essentially, for each treatment condition, five 150mm dishes were each seeded 

at 2x106 cells/dish and allowed to grow to sixty percent confluence. Cells were 

then pretreated for one hour with DMEM or DMEM containing PJ34, and then 

exposed to DMEM containing MNNG in the presence or absence of PJ34, for 

thirty minutes. Cells were washed in PBS, and then placed in DMEM or DMEM 

containing PJ34 until mitochondria were harvested. Harvested mitochondria, 

suspended in Medium D (25mM potassium phosphate; 5mM MgCl2, pH 7.2), 

were exposed to three rounds of freeze/thaw by liquid nitrogen, and then protein 

concentration was measured with the BioRad protein assay. The complex 1 

activity assay was performed in a total volume of 250μL, and was performed in 

triplicate, in a 96-well microplate. Basically, assay buffer (25mM potassium 

phosphate; 5mM MgCl2, pH 7.2; 2.5mg/mL BSA; 2mM KCN; 0.13mM NADH; 

2µg/mL antimycin A; 65µM ubiquinone1; ± 2µg/mL rotenone)  in the microplate 

was allowed to equilibrate at 30ºC for 7 minutes, in a Synergy 2 multi-mode 

microplate reader (BioTek), before the addition of mitochondria. Samples were 

measured at 340nm, using 425 nm as a reference wavelength. 6.81mM-1cm-1 

was used as the extinction coefficient, which accounts for the ubiquinone1 

contribution to absorbance. Using the Gen5 software on the Synergy 2 

microplate reader, a kinetic read was set up to allow for five minutes of 
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continuous measurements following the addition of the mitochondria. Following 

this read at 340nm/425nm, rotenone was added and samples were read for an 

additional three minutes. Complex 1 activity was measured as the rotenone-

sensitive activity in the loss of NADH absorbance at 340nm.  

 

Detection of reactive oxygen species (ROS) by flow cytometry 

Intracellular ROS in samples was assessed using flow cytometry by 

means of the ROS sensitive dye, dichlorofluorescein diacetate (DCF-DA). DMEM 

in samples treated with PJ34 or MNNG was changed one hour prior to harvest 

with DMEM containing 5µg/mL DCF-DA, and allowed to incubate at 37°C for one 

hour. Samples were subsequently trypsinized, and washed three times in PBS. 

Samples were analyzed using a FACScan flow cytometer (Becton-Dickinson) 

and the Cell Quest software (Becton-Dickinson), measuring 10,000 cellular 

events per sample condition. 

 

Statistical analysis 

Real-time PCR and mitochondrial complex 1 data were analyzed using the 

GraphPad Prism software, version 4, for Windows (GraphPad Software). 

Significant differences (P < 0.05) between groups were determined using a 

standard t test among replicates as indicated. 
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Results 

MNNG induces PARP-dependent changes in mitochondrial gene expression 

As prior reports have demonstrated that MNNG induced PARP activation 

and cell death in their systems, and that PJ34 was effective at reducing PARP 

related effects on cell death, we sought first to confirm these findings by 

measuring the extent of the effect of MNNG and PJ34 on cell viability in our 

system [110, 147, 148]. We first measured cell viability by performing Annexin V-

FITC/PI staining measurements. In figure 4.1, we show dot plots of data collected 

from flow cytometry analysis of cells treated with PJ34, MNNG, and MNNG+PJ34, 

which have been subsequently stained with Annexin V-FITC/PI. Consistent with 

previous reports, our data indicate that PJ34 does not induce a significant 

change in cell viability while MNNG does induce a dramatic change in cell 

viability. In untreated samples, the viable cells (Annexin V-negative, PI-negative), 

comprised 92.0% of the cell population analyzed. In the PJ34 treated samples, 

the viable cells comprised 92.3% of the total cell population. In the MNNG treated 

cells, a significant loss in cell viability was observed. The live, viable cells 

comprised 36.1% of the total population. Consistent with previous reports of 

protection by PARP inhibitors, we saw that MNNG + PJ34 treated samples 

demonstrated that 52.4% of the total population was viable. A graphical display 

of the same data is shown at right, which presents summary percent cell counts 

of the upper left, upper right, and lower right quadrants (all cells in various stages 

of cell death). Significantly more cells undergo cell death with MNNG treatment  
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Figure 4.2: Nuclear and mitochondrial effects of MNNG treatment in 
HeLa cells. Shown is a western blot analysis of mitochondrial, “M,” and 
nuclear, “N,” fractions from treated cells, probing for AIF, 24 hours 
following MNNG and PJ34 treatment. AIF translocation is indicated as the 
intensity of the AIF signal in the nuclear fractions, such as is seen in the 
MNNG treated sample. 
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Figure 4.3: Mitochondrial transcriptional effects of MNNG treatment in 
HeLa cells. Quantitative real-time PCR analysis of mitochondrially 
encoded genes expressed in untreated and MNNG treated cells. Values 
shown are mean ± S.E.M. for experiments performed in triplicate. 
**P<0.01. 
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relative to untreated controls (60.2 ± 1.6% compared to 7.4 ± 0.9%, P<0.0001). 

PJ34 treatment alone does not induce cell death (7.3 ± 0.4%), but is able to 

significantly reduce cell death in MNNG treated samples (38.5 ± 1.0%, P<0.0001).      

In order to verify that our conditions were consistent with previous reports 

of PARP activation and AIF translocation, we performed subcellular fractionation 

of our treated cells, isolating both nuclear and mitochondrial fractions. In figure 

4.2, we present both nuclear and mitochondrial fractions isolated from cells 24 

hours post-treatment with PJ34, MNNG, or MNNG+PJ34. In either the untreated 

or PJ34-only treated fractionation, no significant AIF signal is seen in the nuclear 

fractions. In the MNNG treated sample, however, a significant signal is observed, 

colocalizing with the nuclear fraction, indicating translocation and induction of an 

AIF-mediated cell death program. In the MNNG+PJ34 treated sample, no 

significant AIF translocation was observed, indicating that the 0.5µM PJ34 we 

used was sufficient to inhibit AIF-mediated cell death in our samples.  

In order to determine the effect that mitochondrial ADP-ribosylation might 

have on mitochondrial transcription, in the context of our alkylating DNA damage 

model system, we sought to determine if any mitochondrial transcription changes 

could be observed following MNNG treatment. Figure 4.3 presents quantitative 

real-time PCR data which probes for fold change in mRNA transcript levels of 

three mitochondrially encoded genes (one from each of the three distinct 

transcriptional units), mtND6, mtND1, and the 12S rRNA. A significant increase  
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Figure 4.4: Mitochondrial transcriptional effects of MNNG treatment in 
HeLa cells. Mitochondrial expression of ND1 in cells treated with MNNG, or 
with MNNG in combination with the PARP inhibitors, 3AB or PJ34, was 
measured by quantitative real-time PCR. Values shown are mean ± S.E.M. 
for experiments performed in triplicate. **P<0.01. 
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Figure 4.5: Mitochondrial expression of ND1 protein following MNNG 
treatment. Lysates from cells treated with MNNG or MNNG+PJ34 were 
analyzed by SDS-PAGE and western blotting. β-actin was used as a 
loading control. Densitometric analysis of the western blot show is 
displayed at right. 
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(19-fold, P<0.01) was observed in the level of mtND1 transcript, relative to 

untreated control cells. No significant change was observed for mtND6 or 12S 

rRNA, which exhibited a mean fold change over control cells of 1.5 and 1.9, 

respectively (both samples n.s. relative to control samples). This is in agreement 

with other published work showing that DNA damaging agents such as oxidant 

stress and ionizing radiation can induce an increased expression of some 

mitochondrially encoded genes [149, 150].  

To determine the role that ADP-ribosylation may play in the transcription 

of mitochondrial genes, we next sought to determine the effect of PARP inhibitors 

on the expression of mtND1. Figure 4.4 presents quantitative real-time PCR data 

for samples treated with MNNG and MNNG in combination with the PARP 

inhibitors 3-aminobenzamide (3AB) or PJ34. MNNG only treated samples 

showed a mean increase of 19-fold (P<0.01) over controls, in the expression of 

mtND1 transcript. However, samples treated with MNNG in combination with 

either 3AB or PJ34 showed a more dramatic increase in transcription of ND1. 

Mean increases for the 3AB and PJ34 treated samples were 71-fold (P<0.01) 

and 104-fold (P<0.01), respectively. Of note, in other data not shown, 3AB and 

PJ34-only treated samples did not display significantly altered mtND1 transcript 

levels in the absence of an MNNG treatment. In western blot analysis of samples 

treated with MNNG and MNNG + PJ34 (not shown), it appears that the significant 

increase in mtND1 transcript level does not directly translate to a directly 

proportionate increase in protein levels. Densitometric analysis revealed a three 
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percent increase in signal intensity of ND1 in the MNNG treated sample, and a 

twenty-five percent increase in signal intensity in the MNNG + PJ34 treated 

sample. Time-course experiments (data also not shown) of ND1 transcript level 

changes revealed that ND1 transcription peaked at approximately 12 hours 

following MNNG treatment, with the high levels of mRNA reported here 

presenting at 24 hours post-treatment. 

As the effect seen on mtND1 appeared to be specific, we looked at the 

transcriptional levels of additional mitochondrially encoded genes following 

MNNG and PARP inhibitor treatment. Figure 4.6 presents quantitative real-time 

PCR data probing cells treated with MNNG and MNNG with PJ34, probing for the 

genes mtND2 and Cox3. mtND2 and Cox3 are each encoded in the same 

transcriptional unit as mtND1, though further downstream of the mtND1 gene. 

Consistent with previous results, there was no significant change in transcript 

levels of mtND6 and 12S rRNA, with MNNG treatment. Treatment with PJ34 also 

did not significantly alter the mRNA levels of mtND6 or 12S rRNA. Further, there 

also was no significant change in the transcript levels of Cox3 or mtND2. 

Following MNNG treatment alone, there appeared to be a loss in mtND2 

transcript (0.5-fold change, n.s.), however our analysis revealed that this change 

was not significant relative to untreated controls. Following MNNG + PJ34 

treatment, there was an observed increase in mtND2 transcript levels (1.8-fold, 

n.s.), however statistical analyses revealed that this increase also was not 

significant.  
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Figure 4.6: Effects of MNNG and PJ34 on mitochondrial transcription. 
Mitochondrial expression of the genes ND6, 12S rRNA, ND2, and Co3 
were analyzed by quantitative real-time PCR, and are shown as fold 
change relative to untreated controls. Values shown are mean ± S.E.M. 
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Figure 4.7: Effects of MNNG and PJ34 on mitochondrial 
transcription. MtDNA count comparison in MNNG and MNNG+PJ34 
treated cells was performed using quantitative real-time PCR probing for 
mitochondrial 12S rRNA, normalized against the single-copy nuclear 
gene RNAse P. Values shown are mean ± S.E.M. for experiments 
performed in triplicate.  
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In order to determine if the changes in mtND1 or mtND2 transcript levels 

were due to a change in the availability of mtDNA, we sought to examine relative 

changes in total mtDNA copy number following MNNG or MNNG+PJ34 treatment. 

Figure 4.7 plots quantitative real-time PCR data probing for the mitochondrial 

12S rRNA, normalized to the single-copy nuclear gene RNAse P, as has been 

described previously [151]. Following MNNG treatment, total mtDNA count 

appeared to be decreased (0.6-fold, n.s.), however this decrease was not 

significantly different from the untreated control. Additionally, there was no 

significant loss or gain of mtDNA with the administration of PJ34. This 

demonstrated that any changes in ND1 expression could not be attributed to 

significant mitochondrial DNA amplification.  

In order to distinguish whether the observed changes in mtND1 transcript 

levels were due to de novo transcription or increased mRNA stability, we 

supplemented MNNG and MNNG+PJ34 treated samples with the transcription 

inhibitor, actinomycin D. Figure 4.8 presents quantitative real-time PCR data from 

samples treated with MNNG and MNNG+PJ34, followed by an incubation in 

DMEM with or without actinomycin D. MNNG treated samples showed a 20-fold 

increase in mtND1 expression (P<0.01), and MNNG+PJ34 treated samples 

showed a 169-fold increase in mtND1 expression (P<0.01). However, 

actinomycin D supplemented samples treated with MNNG demonstrated a 4.4-

fold increase (P<0.05) and actinomycin D supplemented samples treated with  
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Figure 4.8: Effects of MNNG and PJ34 on mitochondrial transcription. 
Analysis of ND1 transcript produced de novo in response to MNNG and 
MNNG+PJ34 treatment, in the presence of the transcription inhibitor, 
Actinomycin D was performed using quantitative real-time PCR. Values 
shown are mean ± S.E.M. for experiments performed in triplicate. *P<0.05, 
**P<0.01. 
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Figure 4.9: Effects of MNNG and PJ34 on mitochondrial transcription. 
ND1 transcription in HaCat cells following MNNG and PJ34 treatments 
was assessed using quantitative real-time PCR. Values shown are mean ± 
S.E.M. for experiments performed in triplicate. **P<0.01. 
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MNNG+PJ34 demonstrated a 4.2-fold increase (P<0.05) in ND1 transcript levels. 

These results indicated that the increase in ND1 transcription required de novo 

synthesis, and was not due solely to significantly altered mRNA stability. Further 

time-course experiments, however, will be necessary to exclude this possibility.  

In order to determine if the effects seen with changing ND1 expression 

were limited to the HeLa cell line, we looked at the ND1 expression changes in 

the Human keratinocyte HaCat cell line, which has been thoroughly 

characterized in our hands. Figure 4.9 shows the changes in ND1 transcript 

levels in the HaCat cell line following MNNG or MNNG+PJ34 treatment. MNNG 

induces a dramatic increase in the expression of ND1 (17-fold change, P<0.01). 

Further, MNNG+PJ34 treatment induced a significant increase in expression of 

ND1, over MNNG-alone treated samples (43-fold change, P<0.01).   

 

PARP-1 depletion increases MNNG-induced ND1 expression 

Our observed changes in mtND1 transcript levels with the administration 

of non-specific PARP inhibitors and MNNG treatment raised the question of 

whether this effect could be attributed to a specific PARP protein in whole, or in 

part. We first sought to address this question with the depletion of the PARP 

protein using small-interfering RNA (siRNA) specific to PARP-1. Figure 4.10 

presents quantitative real-time PCR analysis of RNA extracted from cells treated 

with siRNA to PARP-1. No significant change is seen in the PARP-1 siRNA-only  



136 
 

 

 

 
Figure 4.10: PARP-1 depletion by siRNA.  (A) The effect of PARP-1 
silencing on ND1 expression in untreated and MNNG treated cells as 
measured by quantitative real-time PCR. Both lanes 1 and 2 are 
untreated. Lanes 3 and 4 are treated with MNNG. (B) Analysis of PARP-1 
protein expression in PARP-1 depleted samples as measured by western 
blotting and detection with anti-PARP-1 antibodies. As in A, lanes A and B 
are untreated and lanes C and D are treated with MNNG. Lanes B and D 
have been depleted of PARP-1 by siRNA. Values given are mean ± 
S.E.M. **P<0.01. 
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Figure 4.11: Mitochondrial PARP activity in PARP-1+/+ MEF cells. 
Mitochondria isolated from PARP-1+/+ cells were processed, giving rise to 
purified mitoplasts. (■) Mitoplasts in which all enzymatic reactions were 
stopped immediately following the addition of 32P-NAD. (▲) Mitoplasts 
which were incubated for 30 min at 37ºC in the presence of 32P-NAD. (▼) 
Mitoplasts which were incubated for 30 min at 37ºC in the presence of 32P-
NAD and the PARG inhibitor, ADP-HPD. The expected retention times of 
the AMP and PR-AMP standards are indicated by arrows. 
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Figure 4.12: Mitochondrial PARP activity in PARP-1-/- MEF cells. 
Mitochondria isolated from PARP-1-/- MEF cells were processed, giving 
rise to purified mitoplasts. (■) Mitoplasts in which all enzymatic reactions 
were stopped immediately following the addition of 32P-NAD. (▲) 
Mitoplasts which were incubated for 30 min at 37ºC in the presence of 32P-
NAD. (▼) Mitoplasts which were incubated for 30 min at 37ºC in the 
presence of 32P-NAD and the PARG inhibitor, ADP-HPD. The expected 
retention times of the AMP and PR-AMP standards are indicated by 
arrows. 
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treated sample (1.1-fold change, n.s.). There is also no significant change in ND1 

expression observed with the treatment with a scramble siRNA treatment (0.8-

fold change, n.s.). And, consistent with previous data, MNNG-treated samples 

showed a significant increase (20-fold, P<0.01) over control cells in mtND1 

transcript. However, samples depleted of PARP-1 for 24 hours prior to MNNG 

treatment showed a 48-fold increase (P<0.01) in mtND1 transcript. Western blot 

analysis of the resulting protein levels is also shown, and confirms the 

subsequent loss in PARP-1 protein. A loss in PARP-1 protein was also observed 

in the MNNG treated samples; however, PARP-1 depletion in MNNG treated 

samples resulted in a near complete loss of detectable PARP-1 signal. 

As the effect seen in mtND1 expression can be attributed, at least in part, 

to PARP-1 directly, we sought to determine if PARP activity could be detected in 

mitochondria. Figure 4.11 and 4.12 presents plots of the counts found in each 

fraction of the supernatants separated by HPLC from isolated mitoplasts treated 

and incubated with 32P-NAD. In figure 4.11, the fractions collected from PARP-

1+/+ wild-type MEF cell mitoplasts, show distinct AMP and PR-AMP peaks, at 18 

and 24 minutes, respectively. The appearance of the PR-AMP peak at 24 

minutes demonstrates that PARP activity is associated with purified mitoplasts, 

even in the presence of a PARG inhibitor (ADP-HPD). Figure 4.12 shows the 

plots obtained from PARP-1-/- MEF cell mitoplasts. While there is a strong AMP 

peak, the PR-AMP peak is noticeably absent. The absence of a PR-AMP peak in 
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these PARP-1-/- mitoplasts indicates that PARP-1 is the primary polymerase 

associated with mitochondrial PARP activity. 

 

MNNG alters mitochondrial complex 1 activity 

As the treatment with MNNG results in a dramatic change in mtND1 

transcript levels, we sought to determine if the increased expression of mtND1 

resulted in an altered mitochondrial complex 1 activity. Figure 4.13 shows the 

results of our mitochondrial complex 1 assay, presenting the combined data of 

three independent experiments, cataloguing only the rotenone-sensitive NADH-

oxidase activity (complex 1 activity), initially measured as nmol NADH oxidized  

min-1  mg mitochondrial protein-1. Data for each experiment was normalized as a 

percent of control for comparison. The mean activity for untreated mitochondria 

was 2.7 nmol NADH  min-1  mg protein-1. With the treatment of MNNG, we saw 

a significant increase (413%, P<0.05) in complex 1 activity, which was largely 

ameliorated with the addition of PJ34 (121%, n.s.).  

As mitochondrial complex 1 can be a significant source of cellular ROS , 

we sought to determine the status of ROS in our MNNG and MNNG+PJ34 

treated samples. Figure 4.14 presents both cell count and mean data plots 

collected from flow cytometry experiments utilizing the ROS-sensitive dye, DCF-

DA. Untreated and PJ34-only treated samples showed similar levels of ROS 

(mean, 31.4 a.u. and 30.5 a.u., respectively). However, MNNG treated samples 

demonstrated a significant increase in the observed ROS (mean, 116 a.u.,  
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Figure 4.13: Mitochondrial complex 1 activity measurements in 
MNNG and MNNG+PJ34 treated cells. Mitochondria were isolated from 
cells exposed to MNNG and MNNG+PJ34. Mitochondrial complex 1 
activity is assessed as the rotenone sensitive, NADH:ubiquinone 
oxidoreductase activity. Rotenone sensitive activity is shown, and is 
normalized to percent of control for the comparison of three separate 
experiments performed in triplicate. Values shown are mean ± S.E.M. 
*P<0.05, **P<0.01. 
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Figure 4.14: Total cellular ROS measurements in MNNG and 
MNNG+PJ34 treated cells. Total ROS was assessed by DCF-DA and flow 
cytometry in cells treated with PJ34 or MNNG alone, or in combination. 
Untreated cells are plotted in black, PJ34 treated cells are plotted in pink, 
MNNG treated cells are plotted in green, and MNNG+PJ34 treated cells 
are plotted in blue. Measurements presented are arbitrary fluorescence 
units, where values shown are mean ± S.E.M. for multiple experiments. 
***P<0.0001. 
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P<0.0001). In contrast, MNNG+PJ34 treated samples showed a significant 

decrease, relative to MNNG-only treated samples, in ROS (mean, 83 a.u., 

P<0.0001).  

 

Mitochondrial adenine nucleotide transport and ND1 expression changes 

In previous research, we and others have shown that NAD depletion 

occurs rapidly following MNNG treatment, and that this depletion can be 

repressed with the addition of PARP inhibitors [110, 120]. In order to determine if 

the mtND1 effect seen required the flux of PARP substrate or other energy 

molecule, we treated cells with the adenine nucleotide transporter (ANT) inhibitor, 

cyclosporine A (CsA). Figure 4.15 reconfirms previous data demonstrating the 

MNNG-induced increase in expression of mtND1 that is dramatically augmented 

with the addition of the PARP inhibitor, PJ34 (40-fold, P<0.01 and 145-fold, 

P<0.01, respectively). However, the addition of cyclosporine A to samples treated 

with MNNG and PJ34, results in a significant decrease in mtND1 transcription 

(88-fold, P<0.01) relative to the MNNG and PJ34 treated sample.  
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Figure 4.15: Mitochondrial gene expression changes in Cyclosporine 
A treated cells. Cells were treated with MNNG, MNNG + PJ34, or MNNG 
+ PJ34 + CsA. Gene expression effects are presented as fold-change in 
ND1 transcript levels as measured by quantitative real-time PCR. Values 
shown are mean ± S.E.M. for samples analyzed in triplicate. **P<0.01. 
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Discussion 

The results of the present study outline a novel role for PARP-1 as well as 

for the nuclear/mitochondrial crosstalk that occurs following DNA damage. While 

it is clear that the DNA strand break responsive PARPs (including PARP-1 and 

PARP-2) recognize DNA damage and are activated following recognition of the 

DNA breaks, the discovery that PARP activation leads to AIF release has placed 

ADP-ribose metabolism in the limelight as being a critical player in the 

maintenance of genomic integrity, a function which intertwines multiple pathways 

of both direct and indirect signaling mechanisms. While the published literature 

proposes the presence of a mitochondrial PARP [136, 152], there is still some 

doubt as to the presence and function of PARP in mitochondria as there are yet 

many questions that remain in the detection and activation of a mitochondrial 

PARP. However, supporting the notion that ADP-ribose metabolism plays an 

important role in proper mitochondrial function, recent published work from our 

laboratory (chapter III) has identified the presence of a small mitochondrial 

isoform of PARG that may be functioning alongside the [9, 51] mitochondrial 

ADP-ribose hydrolase proteins. Evidence for PAR found outside the nucleus 

following overwhelming genotoxic stress has also been reported and is 

consistent with reports that it may be acting as signal for cell death and AIF 

release [10, 55, 56].  

While many questions regarding the role of ADP-ribose metabolism in 

mitochondria remain, it is clear that NAD and ATP depletion – a result of PARP 
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overactivation – within cells is detrimental, and leads to cell death [103, 153]. 

How these levels function in the context of mitochondrial PARP activity has yet to 

be worked out. Evidence in the scientific literature exists for changing 

mitochondrial transcription following genotoxic stress [149, 150]. Further, the 

correlation between changes in mitochondrial gene expression and activity levels 

of oxidative phosphorylation has also been documented [154, 155]. This is no 

more apparent than with experiments showing that mitochondria lacking DNA (ρ0) 

do not respire [156]. The deficiencies in our knowledge of the role of PAR 

metabolism and mitochondria include: (i) the mitochondrial transcriptional 

response specific to alkylating DNA damage, (ii) the role of ADP-ribose 

metabolism in mitochondrial gene expression following a DNA damaging event, 

(iii) and the presence of a PARP, if any, mitochondria. To address these 

deficiencies in our understanding, the present study utilizes quantitative real-time 

PCR, siRNA protocols, flow cytometry measurements of ROS, in vitro PARP 

activity assays, and assays of mitochondrial complex 1, to probe and 

characterize the mitochondrial response to DNA damage events in the context of 

PARP activity.  

 While others have reported on the changing expression of ND1 and other 

mitochondrially encoded genes following genotoxic stress [149, 150], it is clear 

that MNNG induced a dramatic increase in our system. The dramatic increase in 

ND1 expression that followed 3AB or PJ34 treatment, however, is consistent with 

a limiting role by PARP under stress conditions. ND1 is an important subunit of 
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the mitochondrial NADH:ubiquinone oxidoreductase (complex 1). Indeed, 

mutations in ND1 alone can significantly alter complex 1 function and increase 

cellular ROS levels [157]. As mitochondrial complex 1 function is crucial to the 

maintenance of energetic and genomic stability via the production of ATP, the 

significance of large changes in ND1 transcript or protein is not trivial. That the 

increased transcript levels do not translate directly into proportionate increases in 

protein level may be indicative of additional regulatory function by ND1 or on 

ND1. The effect observed in this report was specific to ND1. While this work is 

consistent with others showing gene specific upregulation in response to 

genotoxic stress [149, 150], it was clear that the increase in ND1 transcript seen 

was due to increased transcription, as demonstrated by our actinomycin D 

treatment results. Though our results cannot exclude some contribution to 

increased ND1 transcript levels due to altered mRNA stability, it establishes 

transcriptional involvement in the observed response.  

As the PARP-inhibitor effects seen previously could have been attributed 

to any of the known PARPs, we felt it necessary to look first at PARP-1, to 

determine if it could be playing a role in the mitochondrial gene transcription 

changes seen. That PARP-1 depletion by siRNA caused an effect similar to PJ34 

treatment in MNNG treated cells indicated that this was an effect specific to 

PARP-1. This gave us our first clues as to the dynamics that result in the 

changes in gene transcription we observed. While western blots (not shown) of 

whole mitochondrial fractions were insufficient in providing convincing evidence 
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for a mitochondrial PARP, the incubation of purified PARP-1+/+ and PARP-1-/- 

mouse cell mitoplasts with 32P-NAD, in the absence of a DNA damaging agent, 

revealed that PARP activity is associated with mitochondria, is PARP-1-

dependent, and is independent of DNA damaging agents. This finding is 

consistent with a report by Druzhyna et al. demonstrating that PARP silencing or 

PARP knockout results in reduced repair of alkylating mitochondrial DNA 

damage [135].  

In order to determine the biological outcome of such dramatic changes in 

ND1 expression, we looked at the mitochondrial complex 1 activity of cells 

treated with MNNG. The increase observed with MNNG treatment is consistent 

with a mitochondrial response in which the cells compensate for energy loss by 

increased complex 1 activity. Our report here of an increase in complex 1 activity 

following PARP-1 activation is inconsistent with observations made in cardiac 

myocytes as reported by Zhou et al [158]. However we feel that this difference 

may be attributed to a difference in cell type. The restored mitochondrial complex 

1 activity levels seen in the PJ34 treated samples are consistent with an energy 

depletion-dependent upregulation model for complex 1 activity, and are 

consistent with findings by Du et al. suggesting a protection of cellular respiration 

in PARP-inhibited samples [152]. Further, while transcript levels appear to 

correlate negatively with the activity of complex 1 in PJ34 treated samples, it may 

simply be that function or assembly of complex 1 operates inversely proportional 

to the cellular concentrations of ATP. Alternatively, our data is also consistent 
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with a model in which ND1 inhibits the function of complex 1, possibly as a 

response to increased ROS produced by increased complex 1 activity. This is 

consistent with reports suggesting ND1 dysfunction results in decreased 

antioxidant defenses [159] and as well an antiapoptotic role as suggested by 

Ghosh et al. [149]. It is clear, however, that PJ34 is able to restore the complex 1 

to activity similar to that of normal, untreated mitochondria. Together, this leads 

us to conclude that PARP-1 activity is normally limiting of mitochondrial 

transcription, which when limited results in a greater increase in energy 

production and an increase in ROS generation.  

In total, our data is consistent with a model (see figure 4.16) in which 

when MNNG induces overwhelming DNA damage, and PARP-1 activation 

results in a depletion of energy stores, depletion of energy stores results in an 

increased activity in complex 1, which subsequently leads to increased ROS. 

Mitochondria respond with the specific upregulation of ND1, which has been 

shown to be important for the proper assembly of the mitochondrially encoded 

subunits of complex 1[160, 161]. Under PARP-competent conditions, PARP 

activity limits this upregulation of ND1 transcript. However, it is this upregulation 

of complex 1 activity that is associated with increased ROS. In treatment with 

PJ34, the depletion initiated by PARP-1 is prevented, allowing for the dramatic 

increase in ND1 transcription that is limiting in PARP-1 competent cells. The 

increase in ND1 expression would allow for restored ROS generation levels,  
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Figure 4.16: PARP-1-dependent effects on mitochondria following 
MNNG treatment. Following MNNG-mediated PARP-1 activation, altered 
energy stores results in upregulation of complex 1 activity, ROS, ND1 
transcription, and ultimately AIF translocation. Higher levels of ND1 
transcription is associated with decreased complex 1 activity, and 
decreased ROS levels. Treatment with PJ34 or siRNA against PARP-1 
removes the PARP-1-dependent limitation of ND1 transcription in 
mitochondria. 
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through a downregulation in complex 1 activity. Consistent with this model, PJ34 

has been shown to restore mitochondrial activity following ischemia-reperfusion 

injury, establishing that PARP activity alters mitochondrial complex 1 activity. Our 

model is consistent with reports of the necessity of ATP for mitochondrial 

transcription, and the inhibitory effect of ADP on mitochondrial transcription [162, 

163]. It is also consistent with a report suggesting that nuclear PARP-1 acts as 

the nuclear sensor for ATP generated by oxidative phosphorylation [164]. In this 

report, the authors demonstrate that cells exhibiting inhibited oxidative 

phosphorylation have reduced overall cellular mRNA expression, establishing a 

role for PARP-1 and oxidative phosphorylation, related through gene expression.  

Following on the notion that PJ34 prevents the depletion of energy, 

allowing for the continued transcription of ND1 in response to DNA damage by 

MNNG by means of energy import into mitochondria, we supposed that the 

mitochondrial ANT inhibitor, CsA, should result in a decreased expression of 

ND1 relative to the PJ34 treated samples. As this was observed in our 

measurements, we conclude that mitochondria respond to DNA damage and 

energy depletion by the importation of energy molecules, which is in turn used to 

supply transcription of proteins necessary to drive and increase oxidative 

phosphorylation needed to increase energy production.  

 The present study provides the first description of PARP-dependent 

transcriptional effects in mitochondria. It also outlines dramatic changes in 

transcription following alkylating genotoxic stress. It provides further evidence of 
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PARP-1 translocation, and other mechanisms of nuclear-mitochondrial crosstalk 

in which the biological outcome is increased energy production. This highlights 

the important role of PARP-1 in maintaining not only genomic integrity, but in 

regulating energy flux and mitochondrial function following genotoxic stress.  
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CHAPTER V 

CONCLUSIONS 

 PARP-1 activity is critical in the cellular response to DNA strand breaks, 

as a result of genotoxic stress. While the mechanism and structural 

characteristics of PARPs post-translational modification have been studied and 

described at length, the role of PARP activity in signaling for cell death has only 

begun to be worked out. It has been supposed for some time that the PARP-

mediated depletion of energy stores following genotoxic stress induced cell death 

in the models used [165]. The discovery of AIF and its role in mediating PARP-1-

dependent cell death greatly enhanced our understanding of the extent to which 

PARP is involved in cell death [89, 90]. However, several important gaps in our 

understanding of this mechanism have remained. First, as a nuclear protein, how 

does PARP-1 elicit release of AIF from mitochondria? Secondly, as AIF is a 

mitochondrial protein, is there any evidence for PARP activity or members of 

poly(ADP-ribosyl)ation cycles present in mitochondria? And third, what other 

effects does poly(ADP-ribosyl)ation have on the mitochondria, in addition to 

release of AIF?  

 The data I have collected makes important inroads in answering these 

essential questions. I developed a model (see figure 4.16) in which to explain a 

few of the multitude of effects that are observed with PARP activation. My data is 

consistent with reports from other laboratories demonstrating that PAR can 

induce the release of AIF from mitochondria directly. Additionally, as it is now 
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known that AIF release from mitochondria requires cleavage by calpain, my data 

demonstrating significant cytochrome c yet somewhat limited AIF release from 

mitochondria suggests that PAR can induce significant disruption of 

mitochondrial membranes and mitochondrial function. As the combination of high 

levels of calcium and PAR increase the AIF release observed, our results also 

suggest that the mitochondrial membrane potential is important in limiting or 

countering the effects of PARP activation on mitochondria.  

Though previous reports have pointed at the possibility of PARP activity in 

mitochondria, mostly through indirect measurements, my data presents the first 

direct evidence of a PARG isoform in mitochondria. My data characterizes its 

mitochondrial targeting sequence, mutations in which result in decreasing 

localization to the mitochondrion. It firmly establishes ADP-ribose metabolism in 

mitochondrial function. Additionally, I provide evidence demonstrating that 

mitochondria-associated PARP activity is mediated via PARP-1.  

 As ND1 is an important component of mitochondrial oxidative 

phosphorylation, it is quite interesting that ND1 expression changes dramatically 

with the treatment of MNNG. It is even more interesting that ND1 expression 

appears to be limited by PARP activity, in the context of energy depletion. 

Certainly, further research into this phenomenon is necessary. As increased 

ROS (relative to untreated controls) is seen even in PARP-inhibited / MNNG 

treated samples, and as mitochondrial complex 1 activity is normalized relative to 

MNNG treated cells in these same PARP-inhibited samples, PARP inhibition is 
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likely to prove valuable in the treatment of many different cancer types. 

Furthermore, research into the role of ND1 in response to PARP-1 activation is 

likely to yield many additional key targets for the combination therapy of different 

types of cancer.  

My data demonstrates that PARP activity, and PAR, cause significant 

changes to mitochondria, whether in the release of AIF from the IMS, or through 

significant changes in the expression of ND1. From others data, it is clear that 

PARP activity also acts on mitochondria indirectly, by means of its NAD depletion 

activity. However, my data suggests that this depletion of energy stores has 

additional effects on mitochondria. Still, significant testing of this model is needed; 

however, it provides the first proposition of a mechanism by which mitochondria 

respond to changing energetic status, following PARP activation. It is the first 

direct demonstration of a member of the poly(ADP-ribosyl)ation cycle localizing in 

mitochondria, and suggests that these cycles play an important role in the 

regulation of cell death following overwhelming DNA damage. 

Within the context of drug development, this body of work contributes to 

our understanding of the therapeutic potential of PAR metabolism most greatly in 

the identification of new steps in the signaling for AIF release, as well as 

important downstream events that may yield new targets useful in combination 

therapy. As we consider the effects of PAR metabolism in cell death or recovery 

(see Figure 1.5), it is clear that PAR metabolism may have alternative therapeutic 

outcomes depending on the extent of the genotoxicity of the environment in 
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which cells are placed. Cells undergoing low levels of endogenous DNA damage 

may experience higher rates of death following treatment with PARP inhibitors. 

However, cells experiencing high levels of DNA damage would appear to achieve 

higher levels of cell survival if treated with PARP inhibitors, as they are spared 

from the subsequent AIF-mediated cell death. PARP inhibitors currently under 

investigation for FDA approval now appear to be capitalizing on the distinct DNA 

repair deficiencies of many cancer cells. Cancer cells experiencing low levels of 

DNA damage, particularly as a result of the BRCA1/2 mutation in some ovarian 

and breast tumors, appear to be quite sensitive to PARP inhibition even in the 

absence of a DNA damage-inducing agent. PARP has been established as a 

viable therapeutic target in many cancer cell types. As PARG plays an important 

role in restoring PARP activity following its automodification, it too has been 

viewed as a suitable target in inhibiting PAR metabolism. As we have found that 

PAR can induce AIF release from mitochondria directly, however, inhibition of 

PARG activity following a DNA damage inducing exposure will also likely prove 

potently cytotoxic in vivo and useful in cancer therapy. Furthermore, PARG 

inhibition will have the unique advantage over PARP inhibition in that it will still 

allow for the energy depletion induced by initial PARP activity. PARP-1 

modulation of ND1 transcription and the resulting complex 1 activity changes and 

ROS dysregulation highlight the potential use of complex 1 inhibitors as suitable 

combination therapeutics. PARG inhibitors administered in combination with 

complex 1 inhibitors would yield greater potency in the therapeutic application of 
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PARG inhibition, which with correct dosage may allow for cancer cell specificity 

mediated via cancer cell-specific DNA repair deficiencies and their prolonged 

PARP activity. Many complex 1 inhibitors have already been identified and could 

be investigated for their potential as a suitable therapeutics. The findings 

presented here have broadened our understanding of the relationship between 

PAR metabolism, cell death, and mitochondrial function. While further studies 

into the role and response of ND1 are still necessary, these studies presented 

here warrant further investigation of PARG inhibition as a cancer therapeutic, as 

well as complex 1 as a target for combination therapy.  
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