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ABSTRACT 

Many pathological conditions, including renal disease, are associated with 

oxidative stress. 2,3,5-tris(Glutathion-S-yl)hydroquinone (TGHQ), a potent nephrotoxic 

and nephrocarcinogenic metabolite of benzene and hydroquinone, generates reactive 

oxygen species (ROS), can cause DNA strand breaks, and the subsequent activation of 

DNA repair proteins, including poly(ADP-ribose) polymerase (PARP)-1. Under robust 

oxidative damage, PARP-1 is hyper-activated, which causes elevations in intracellular 

calcium concentrations (iCa2+), NAD+ and ATP depletion, and ultimately necrotic cell 

death.  The role of Ca2+ in PARP-dependent necrotic cell death remains unclear.  We 

therefore sought to determine the relationship between Ca2+ and PARP-1 during TGHQ-

induced necrotic cell death in human renal proximal tubule epithelial cells (HK-2). 

Extracellular Ca2+ is responsible for coupling PARP-1 activation to increases in iCa2+ 

during TGHQ-induced cell death.  Moreover, organelles such as the endoplasmic 

reticulum and the mitochondria, which contain intracellular Ca2+ stores play no role in 

increases of iCa2+.  PARP-1 inhibition attenuates increases in iCa2+ induced by TGHQ, 

and treatment with 2-aminoethoxydiphenyl borate (2-APB), a store-operated Ca2+ 

channel (SOC) inhibitor, restored cell viability, levels of NAD+, and attenuated PAR 

protein-ribosylation (PARylation). Concurrent with SOC activation having a direct effect 

on PARP-1 activity, and PARP-1 inhibition attenuating increases in iCa2+, the results 

suggest that PARP-1 and SOCs are coupled during TGHQ-induced cell death. We also 

explored the relationship between SOC activation and PARP-1 downstream of PARP-1 

activity. Poly(ADP-ribose)glycohydrolase (PARG), which catalyzes the degradation of 

PARs to yield free ADP-ribose (ADPR), is known to activate SOCs.  Interestingly, 
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siRNA knockdown of PARG modestly increased PAR ribosylation, but did not restore 

cell viability in the presence of TGHQ, indicating that free ADPR is not responsible for 

SOC activation in HK-2 cells.  Overall, our results suggest that PARP-1 and Ca2+ are 

coupled through SOC entry, and that this relationship may involve alternative PAR-

mediated signaling that leads to necrotic cell death. To further elucidate the role of PAR 

polymers in response to TGHQ, we determined the cellular co-localization of PAR by 

immunofluorescent staining. PAR polymers originally co-localized in the nucleus, and in 

the cytosol at later time points.  Immunoprecipitation with a pADPr antibody and further 

analysis via mass spectrometry revealed PARylation of many stress-related proteins and 

Ca2+-related proteins upon TGHQ treatment. We therefore speculate that cytosolic PAR 

may cause downstream signaling, PARylating proteins that activate store-operated Ca2+ 

entry either directly through Ca2+-related proteins or PARylation of stress-related 

proteins. Thus, PARylation of proteins may contribute to increases in iCa2+ 

concentrations, leading to PARP-1-dependent necrotic cell death.  Our studies provide 

new insight into PARP-mediated necrotic cell death. Ca2+ is coupled to PARP-1 

hyperactivation through SOCs, where iCa2+ increases are independent of PARG activity, 

demonstrating a novel signaling pathway for PARP-dependent necrotic cell death.  
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CHAPTER 1: INTRODUCTION 

 

1.1 GENERAL COMMENTS 

	  
  Humans are exposed to many toxic chemicals on a daily basis through 

environmental, dietary, and occupational sources.  Understanding the mechanisms by 

which these toxicants can cause adverse health effects is essential in order to determine 

exposure limits and to prevent further injury to both the environment and human health.  

While the field of toxicology has vastly progressed over the last several decades, many 

molecular and cellular mechanisms of toxicity remain elusive.  Nevertheless, our 

advancements in technology have allowed for a better comprehension of the mechanisms 

underlying toxicity, and a more developed understanding of injury at the cellular level. 

 Many toxicants cause injury to the kidney due to its ability to concentrate such 

toxicants, or their toxic metabolites post-glomerular filtration, or via metabolic activation 

to bioreactive intermediates.  Some reactive intermediates can cause renal disease by 

generating high amounts of oxidative stress, which ultimately leads to DNA damage, and 

cell death.   Thus, uncovering the consequences of robust amounts of oxidative damage is 

crucial for the prevention of toxic chemical injury, and for the development of new 

therapeutics.   

 The downstream signaling pathways of oxidative stress in necrotic cell death are 

not yet fully understood.  Moreover, an increased understanding of these mechanisms 

could not only further prevent acute and chronic kidney injury, but also shed light on 

mechanisms surrounding other diseases such as cancer, neuropathology, and 

cardiovascular disease.  The main purpose of this thesis is to understand the molecular 
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mechanisms underlying nephrotoxic injury due to oxidative stress, with a particular focus 

on elucidating the signaling pathways and role of calcium underpinning PARP-mediated 

cell death.  

 

1.2. HYDROQUINONE 

Hydroquinone (HQ), or 1,4-benzenediol, as shown in Figure 1.1, is a white 

crystalline, odorless substance that is highly soluble in water.  This organic aromatic 

compound has a chemical formula of C6H6O2, consisting of two hydroxyl groups bonded 

to a benzene ring in a para configuration. HQ is a reducing agent that is reversibly 

oxidized to quinone and semiquinone, and is combustible when preheated (IPCS, 1996). 

 

1.2.1 Hydroquinone Exposure 

HQ is both naturally occurring in the environment and a synthetically produced 

compound.  HQ is known to occur naturally in plants as the glucose conjugate 4-

hydroxyphenyl-β-D-glucopyranoside, and has been identified in plants such as 

Chimaphila umbelata, as well as in the leaves and barks of several other types of plants 

such as cranberry, blueberry, and pear  (Deisinger et al., 1996). Moreover, HQ can 

naturally occur in animals such as insects.  Bombardier beetles can shoot a hot cloud of 

quinone towards oncoming enemies, formed by hydrogen peroxide, HQ, and catalase-

peroxidases in the explosion chamber of the insect (O'Brien, 1991). 

Synthesized HQ has various uses industrially as well as medically.  It is used in 

photography as a developer, a polymerization inhibitor for vinyl acetate and acrylic 

monomers, a stabilizer in paints, varnishes, and motor fuels, and as an intermediate for 
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rubber-processing chemicals  (Devillers et al., 1990).  Additionally, HQ is present in 

large quantities in cigarette smoke, with levels that range from 13 µmol/L to 33 µmol/L  

(Ouyang et al., 2000). 

HQ is also approved for use in skin-lightening creams with up to 2% HQ in over-

the-counter products, and at higher concentrations in prescription-only products (Dadzie 

and Petit, 2009). In 2006, the FDA’s Drug Listing System identified 206 products 

marketed by approximately 65 different manufacturers containing higher than 2% HQ 

(FDA, 2006). 

More than 40,000 tons of HQ was produced in 1979 and approximately 35,000 

tons in 1992 (IPCS, 1996).  While U.S. production is said to be limited to three 

manufacturing sites, the National Institute of Occupational Safety and Health (NIOSH) 

data indicate that HQ may be employed in manufacturing and end use at 16,000 to 66,000 

individual facilities (NIOSH, 1994). Additionally, the world HQ production capacity 

amounted to 46,500 tons in 2003 (Steen and Callanan, 2004). Thus, humans can be 

exposed to HQ either occupationally, through medication and cosmetics, or through food 

consumption and smoking. 

1.2.2 Metabolism and Bioactivation of Hydroquinone 

HQ metabolism varies by species, route of administration, and duration of 

exposure.  Previous studies show complete gastrointestinal absorption of [14C]HQ with 

oral administration to Sprague-Dawley rats, with 99% of the radioactivity recovered in 

urine  (Divincenzo et al., 1984). Moreover, oral doses of HQ (350mg/kg) were almost 

completely absorbed in both CD and Fisher 344 rats, with blood levels at their highest in 

less than 1 hour (DeCaprio, 1999a).  HQ is also rapidly absorbed via inhalation, as 
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demonstrated by intratracheal instillation of [14C]HQ to Sprague Dawley rats (Deisinger 

and English, 1999).  In contrast, dermal application of [14C]HQ to Fisher 344 rats resulted 

in near background levels of radioactivity in the blood, indicating dermal absorption of 

HQ is poor (English and Deisinger, 2005).   

HQ undergoes extensive metabolism in the liver following absorption, and very 

little unconjugated HQ is excreted.  The major metabolites of HQ are conjugates of 

glucuronic and sulfuric acids excreted in the urine, while the remaining urinary 

metabolites are mercapurates (Figure 1.1)  (Divincenzo et al., 1984). HQ can be 

metabolized via oxidation to 1,4-benzoquinone, and subsequently conjugated to 

glutathione (GSH)  (Lau et al., 1988a). Oxidation of HQ can occur via cytochrome P450, 

prostaglandin H synthase, and other enzymes such as myeloperoxidase  (Hill et al., 1993, 

Lau and Monks, 1987, Subrahmanyam et al., 1990). Moreover, 1,4-benzoquinone 

undergoes nucleophilic addition of GSH to form 2-(glutathion-S-yl)HQ, and sequential 

oxidation and addition of GSH leads to the formation of other conjugates, including 

2,3,5-tris-(glutathion-S-yl)HQ (TGHQ), a potent nephrotoxic metabolite  (Lau et al., 

1988a, Lau et al., 1988b). 

While GSH conjugation is characteristically known as a detoxication pathway, 

some polyphenic-GSH conjugates are nephrotoxic in animal  (Bolton et al., 2000, Lau et 

al., 1988b, Monks et al., 1988a, Monks et al., 1985a, Monks et al., 1988b). In these 

instances, the conjugation of GSH to HQ increases their ability to generate reactive 

oxygen species (ROS) and their electrophilicity, causing cellular damage, and targeting 

organs such as the kidney where the conjugated readily redox cycle (Monks and Lau, 

1994).   
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Figure 1.1. Formation of Quinone-thioethers.  

Multi-GSH HQ conjugates, including TGHQ, are formed, and are of toxicological 
significance, contributing to HQ-mediated nephrotoxicity. 
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The kidney is a target organ for these quinone-thioethers due to the relatively high 

activity of γ-glutamyl transpeptidase (γ-GT). Additionally, polyphenolic-GSH conjugates 

are particularly selective targets of cells in the brush border membrane of renal proximal 

tubule epithelial cells in the S3 segment (Monks and Lau, 1997).   

Following GSH conjugation, HQ-GSH conjugates are further metabolized via the 

mercapturic acid pathway, initiated via the activity of γ-GT, creating cysteinyl-glycine 

conjugates.  Dipeptidases, which are also concentrated in the brush border membrane of 

the proximal tubule, remove the glycine from the cysteinyl-glycine conjugates.  The 

resulting cystein-S-yl HQ conjugates are transported across the brush border membrane 

via the amino acid transport system, and converted into N-acetylcysteine conjugates 

(mercapturic acids), the last step of the mercapturic acid pathway (Figure 1.2) (Monks 

and Lau, 1997, Monks and Lau, 1998).  The conjugated HQ metabolites of the 

mercapturic acid pathway are highly reactive, can generate ROS, as well as covalently 

bind to cellular macromolecules, all of which ultimately predispose the proximal tubule 

epithelial cells to toxicity due to its robust activity of this metabolic pathway  (Whysner 

et al., 1995).   

 

1.2.3 General Hydroquinone and Quinone-thioether Toxicity 

Human toxicity has been reported following oral ingestion of HQ or of 

photographic developers containing HQ.  Immediate signs of toxicity include dark urine, 

vomiting, abdominal pain, tachycardia, tremors, convulsions, and coma (IPCS, 1996). 

Exposure levels of 2.25mg/m3 or higher to airborne concentrations of HQ and quinones  
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Figure 1.2. Bioactivation of TGHQ via Redox Cycling and the Mercapturic Acid         
       Pathway. 

TGHQ undergoes metabolism by γ-GT and dipeptidase, forming a cystein-S-yl conjugate 
that can generate ROS by redox cycling between quinone and semiquinone.  
Additionally, the cystein-S-yl conjugate can undergo further metabolism by N-
acetyltransferase, creating a metabolite that binds to proteins and causes macromolecular 
damage. 
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can cause eye irritation, sensitivity to light, visual disturbances, corneal ulcers, and in 

some cases loss of vision (IPCS, 1996).  Moreover, dermal applications of 2% HQ have 

been reported to produce leukoderma as well as ochronosis, while aqueous solutions and 

creams containing 1-5% HQ have caused erythema and allergic contact dermatitis (IPCS, 

1996).  Individual case reports include allergic contact cheilitis and somatitis from the use 

of an acrylic dental prosthesis, allergic contact hypersensitivity associated with 

exogenous ochronosis due to the use of a 2% HQ cream for melasma  and allergic contact 

dermatitis in areas treated with a 5% HQ, 10% glycolic acid cream following peeling 

with 70% glycolic acid (U.S. FDA, 2009). While there have been many reports of HQ 

toxicity, controlled studies on human volunteers of ingested HQ (300-500 mg) daily for 

3-5 months showed no observable pathological changes in blood and urine (IPCS, 1996).  

HQ toxicity is well studied in mammals.  Studies reveal that, in most species, HQ 

displays low acute toxicity by oral and dermal routes of exposure.  LD50 values for oral 

HQ range from 70 mg/kg to 550 mg/kg, with a steep dose-response curve for lethality 

observed (DeCaprio, 1999b).  Acute dermal toxicity in rats and mice is >3840 and >4800 

mg/kg, respectively, while parenteral administration values of LD50 were reported 

between 115-190 mg/kg (DeCaprio, 1999b). Signs of acute exposure in mammals are 

directed toward the central nervous system (CNS). These symptoms include tremor, 

salivation, hyper-excitability, incoordination, tonic-clonic seizures, respiratory failure, 

coma, and death, and generally occur within 2 hours of exposure (DeCaprio, 1999b). In 

addition, sub-chronic toxicological studies demonstrated nephrotoxicity and renal cell 

proliferation in Fischer-344 rats, Sprague-Dawley rats, and B6C3F1 mice  (IPCS, 

1996,Lau et al., 1988d). Fischer-344 rats and B6C3F1 mice also demonstrated dose-
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dependent renal tubule cell adenomas and hepatocellular adenomas following ingestion 

of HQ  (Kari et al., 1992). Developmental and reproductive toxicity of HQ have also 

been observed, along with structural changes to chromosomes, gene mutations, sister-

chromatid exchange and DNA damage (IPCS, 1996).  HQ and its metabolites can also 

lead to hematotoxicity due to HQ’s ability to be endogenously generated from benzene.  

The hematotoxicity of benzene leads to aplastic anemia, myelodysplastic syndrome, and 

acute myelogenous leukemia in humans  (Snyder et al., 1993).   

 

1.2.4 Nephrotoxicity of HQ and Quinone-thioethers 

 In addition to the toxicity of HQ and its metabolites described in the previous 

section, quinone-thioethers are nephrotoxic and nephrocarcinogenic  (Monks et al., 

1985a, Monks and Lau, 1997, Monks et al., 1988a, Monks et al., 1985b, Lau et al., 2001, 

Levitt, 2007). Histological analysis of kidneys in male Fisher 344 (F344) rats when 

exposed to HQ, revealed chronic progressive nephropathy, as characterized by 

degeneration and regeneration of tubular epithelium and renal papillary hyperplasia 

(DeCaprio, 1999b).  Additionally, F344 rats given HQ were found to have an increase in 

renal adenomas (Levitt, 2007).   

Quinone thiol conjugates are more toxic than their parent compound, and among 

the GSH conjugates of HQ, TGHQ is the most potent nephrotoxicant.  TGHQ-induced 

nephrotoxicity is characterized by loss of brush border membrane integrity, loss of 

cellular contents, margination of heterochromatin, DNA fragmentation, and renal necrotic 

cell death (Monks and Lau, 1998).  Previous studies demonstrate that a single IV dose of 
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7.5µmol/kg of TGHQ in F344 rats increases urinary excretion of renal enzymes such as 

γ-GT, alkaline phosphatase, glutathione-S-transferase (GST), concurrent with tubular 

necrosis in the S3 segment of the renal proximal tubule  (Peters et al., 1997).  As 

previously mentioned in section 1.2.2, the kidney is a target organ for these quinone-

thioethers due to the extensive activity of γ-GT in the brush border membrane of the 

proximal tubule.  Moreover, γ-GT inhibition with acivicin can completely protect rats 

from quinone-thioether nephrotoxicity  (Monks et al., 1988a). 

Quinone-thioethers, particularly TGHQ, are highly redox active molecules that 

redox cycle, leading to formation of superoxide, hydrogen peroxide, and ultimately the 

hydroxyl radical. Production of ROS causes severe oxidative stress within cells through 

the formation of oxidized cellular macromolecules, including lipids, proteins, and DNA  

(Bolton et al., 2000).  Early studies on quinone-thioether nephrotoxicity indicated that 

these compounds induce a rapid cell cycle arrest through rapid inhibition of DNA 

synthesis, a decrease in histone mRNA, a low mitotic index, and an increase in genes 

responsive to cell growth arrest and DNA damage  (Jeong et al., 1996a, Jeong et al., 

1997a, Jeong et al., 1997b). Additionally, chelation of intracellular calcium (Ca2+) with 

EGTA-AM prior to exposure to quinone metabolites decreased induction of gadd153, the 

gene responsive to cell growth arrest and DNA damage, suggesting that intracellular Ca2+ 

plays a role in quinone-thioether-mediated cell death response  (Jeong et al., 1996a). 

Studies to discern the mechanism of cytotoxicity of TGHQ have been primary 

conducted in LLC-PK1 cells, which are renal proximal tubule epithelial cells derived 

from the New Hampshire mini-pig, and express high levels of γ-GT.  TGHQ induces 

necrotic cell death in LLC-PK1 cells through its ability generate an oxidative stress, DNA 
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strand breaks, cell growth arrest, EGFR and MAPKs activation, histone H3 

phosphorylation, and chromatin condensation  (Dong et al., 2004a, Dong et al., 2004b, 

Ramachandiran et al., 2002, Tikoo et al., 2001, Jeong et al., 1996a). Additionally, 

inhibition of poly(ADP-ribose) polymerase (PARP) with 3-aminobenzamide results in an 

increase in cell survival, suggesting that activation of PARP may also exacerbate 

quinone-thioether-mediated cell death  (Tikoo et al., 2001). 

While LLC-PK1 cells have provided extensive knowledge on the mechanisms of 

HQ-induced nephrotoxicity, they originate from the New Hampshire mini-pig, and 

therefore do not present the same genetic background as humans.  Thus, further studies to 

determine the mechanisms of HQ-mediated cell death are best performed in a human-

derived renal epithelial cell line, such as the human kidney-2 (HK-2) cell line. HK-2 is a 

well-differentiated proximal tubule epithelial cell line derived from primary cells of a 

normal adult human kidney, transfected with human papilloma virus (HPV 16) E6/E7 

genes  (Ryan et al., 1994). Importantly, cells retain functional characteristics of proximal 

tubule cells, and the presence of alkaline phosphatase, γ-GT, leucine aminopeptidase, 

acid phosphatase, cytokeratin, and fibronectin  (Ryan et al., 1994). HK-2 cells have been 

used in several studies including cell growth arrest, hypoxia, ROS-mediated cell death, 

and ischemia reperfusion-induced renal injury  (Esposito et al., 2009, Lee et al., 2008, 

Sautin et al., 2005, Sun et al., 2009, Sung et al., 2008, Yan et al., 2009). More recently, 

HK-2 cells have been utilized to study ROS-mediated necrotic cell death induced by 

TGHQ  (Zhang et al., 2014). Recent data revealed similarities between LLC-PK1 cells 

and HK-2 cells and their response to TGHQ treatment, including involvement of ROS, 

Ca2+ and PARP in TGHQ-mediated stress, and their ultimate fate as necrotic cell death 
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(Xie, 2009).  Thus, due to the relevance of this in vitro model to humans and the previous 

work in ROS-induced cell death in HK-2 cells, we continued the use of these cells to 

further explore the relationship between ROS, PARP, and Ca2+ induced by quinone-

thioethers such as TGHQ.  The following section further elaborates on TGHQ-mediated 

cell death and the role of oxidative stress and its downstream effects. 

 

1.2.5 Oxidative Stress in TGHQ-mediated Cell Death. 

 ROS are highly reactive chemical forms of oxygen, which include O2
�−, H2O2, and 

�OH. These are endogenously produced during normal cellular metabolism, and can also 

originate from external sources, such as reactive chemicals or UVA/UVB exposure  

(Thannickal and Fanburg, 2000, Pryor et al., 2006). Physiological levels of ROS play a 

crucial role in signal transduction by acting as second messengers  (Forman et al., 2002, 

Martindale and Holbrook, 2002, Torres and Forman, 2003), particularly at moderate 

concentrations of ROS play. Within ROS-regulated signaling pathways, oxidative attack 

can cause either a loss of function, a gain of function, or a switch to an alternate function  

(Droge, 2002).  Many of the ROS-mediated responses actually protect cells against 

oxidative stress and re-establish “redox homeostasis.” Such signaling pathways are 

responsible for maintaining an appropriate oxidant-antioxidant balance, which is 

achieved by regulating the rates of ROS production and rates of ROS clearance via 

various chemical antioxidants (e.g. ascorbic acid) and enzymes (e.g. catalase, SOD)  

(Halliwell and Gutteridge, 1995).  Oxygen radicals and other ROS can also cause modify 

proteins. Such oxidative post-translational modifications may lead to changes in protein 
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function, chemical degradation, or increased susceptibility to proteolysis by the 

proteasome  (Grune et al., 1997).  

Enzymes such as NAD(P)H oxidase, cyclooxygenase, xanthine oxidase and 

lipoxygenase, are all capable of forming O2
�− from molecular oxygen. Cycoloxygenase 

also catalyzes an one-electron oxidation of NAD(P)H, resulting in the generation of a free 

radical intermediate form of NAD(P)H, which then reduces oxygen to form O2
�−  

(Kukreja et al., 1986). Moreover, intracellular ROS can be generated as the byproduct of 

cellular respiration, during which electrons leak from the electron transport chain and 

directly reduce oxygen to O2
�−  (Andreyev et al., 2005).  O2

�−subsequently undergoes 

enzymatic or spontaneous dismutation to generate H2O2, which gives rise to the highly 

reactive oxidant �OH via the Haber-Weiss reaction. Additionally, in phagocytic cells, 

such as neutrophils and macrophages, ROS can be generated by NADPH oxidase or 

myeloperoxidase as a bactericide  (Forman and Torres, 2002). However, increased 

oxidative metabolism, inflammation and other disease conditions can lead to increased 

superoxide production. Excessive ROS cause severe damage to intracellular 

macromolecules and have been implicated in atherosclerosis, diabetes, Parkinson's 

disease, myocardial infarction, Alzheimer's disease, renal ischemia/reperfusion injury, 

and many other pathological conditions  (Martindale and Holbrook, 2002). 

Cells have developed a number of physiological antioxidant defense systems to 

counteract the potential adverse effects of ROS in order to protect from oxidative damage  

(Ueda et al., 2002). However, once these antioxidant defenses are overwhelmed, cells 

become subject to oxidative damage  (Fridovich, 1978a, Mates and Sanchez-Jimenez, 

1999). The primary defense systems against oxidative stress protect cells by scavenging 
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ROS.  These include several antioxidant enzymes, such as superoxide dismutase (SOD), 

catalase, and glutathione peroxidase (GPx)  (Fridovich, 1999, Halliwell and Gutteridge, 

1995).  SOD, a prevalent antioxidant in nearly all cells exposed to oxygen, includes three 

major families, depending on the metal cofactor: Cu/Zn type, Fe and Mn types, and Ni 

type  (Michiels et al., 1994). All SOD isozymes catalyze the conversion of O2
�− to H2O2  

(Fridovich, 1978b). Catalase, located in peroxisomes, is one of the most efficient 

antioxidant enzymes, where it catalyzes the decomposition of H2O2 to H2O and O2  

(Lledias et al., 1998). GPx is also involved in the detoxification of H2O2 by catalyzing its 

reduction of H2O2 to H2O. This process is accompanied by the concomitant conversion of 

GSH to its oxidized form, glutathione disulfide (GSSG), which can be reduced back to 

GSH via glutathione reductase, and its cofactor NADPH.  

Quinone-thioethers induce rapid ROS-dependent DNA stand breaks in LLC-PK1 

cells  (Jeong et al., 1996b).  Additionally, oxidative stress is essential in HQ-mediated 

cytotoxicity, since scavenging H2O2with catalase blocks MAPK activation, histone H3 

phosphorylation and subsequent necrotic cell death in LLC-PK1 cells  (Dong et al., 

2004c, Dong et al., 2004a).  Studies on the molecular response to DNA damage 

demonstrate a rapid activation of the DNA sensor protein PARP-1, the activation of 

which either facilitates DNA repair or induces programmed cell death, depending on the 

intensity of the activity of the protein and its subsequent formation of PAR. Inhibition of 

PARP-1 attenuates quinone-thioether-mediated histone H3 phosphorylation and 

subsequent cell death in LLC-PK1 cells  (Jeong et al., 1997a, Tikoo et al., 2001). 

Additionally, inhibition and siRNA knockdown of PARP-1 in HK-2 cells protects against 

TGHQ-mediated toxicity  (Zhang et al., 2014).  We therefore focused on PARP-1 
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hypteractivation and its role in the exacerbation of TGHQ-mediated toxicity.  

TGHQ induces nonapoptotic cell death in LLC-PK1 cells and HK-2 cells  (Dong 

et al., 2004c, Ramachandiran et al., 2002, Tikoo et al., 2001, Zhang et al., 2014). This 

form of cell death is associated with the ability of TGHQ to generate ROS and cause 

DNA single strand breaks  (Mertens et al., 1995, Jeong et al., 1997a). Early studies of 

quinone-thioethers demonstrated a rapid cell cycle arrest, as indicated by increases in 

gadd153 expression, a gene responsive to growth arrest and DNA damage, a rapid 

inhibition of DNA synthesis, a decrease in histone mRNA, and low mitotic index  (Jeong 

et al., 1996b, Jeong et al., 1997c, Jeong et al., 1997a). 

TGHQ also induces activation of epidermal growth factor receptor (EGFR), and 

its downstream effectors mitogen activated protein kinases (MAPKs), including 

extracellular signal-regulated protein kinase (ERK), c-Jun N-terminal kinases (JNK), and 

p38 MAPK  (Dong et al., 2004a, Dong et al., 2004b, Ramachandiran et al., 2002).   

Moreover, inhibition of ERK and p38 MAPK with their respective pharmacological 

inhibitors PD98059 and SB202190, attenuated TGHQ-induced necrotic cell death (Dong 

et al., 2004b, Ramachandiran et al., 2002). Additionally, a downstream effector of 

MAPKs, histone H3, is activated by a novel phosphorylation in response to TGHQ both, 

in vitro and in vivo (Dong et al., 2004a, Palmer, 2004, Tikoo et al., 2001). Histone H3 

phosphorylation is modulated by poly(ADP-ribosylation) and is accompanied by an 

increase in chromatin condensation (Tikoo et al., 2001). Addition of a PARP inhibitor 

results in a decrease in histone H3 phosphorylation and an increase in cell survival (Jeong 

et al., 1997a, Tikoo et al., 2001), suggesting that activation of PARP may exacerbate 

quinone-thioether-mediated cytotoxicity, and subsequently, necrotic cell death.  
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1.3 DNA REPAIR  

 Extensive structural damage to DNA can alter or even eliminate processes such as 

DNA replication and transcription.  Cells are constantly exposed to insults from both 

exogenous and endogenous sources, causing DNA lesions that include base and sugar 

modifications, single- and double-strand breaks, DNA-protein cross-linking, and abasic 

sites (Dexheimer, 2012).  To counteract DNA damage, cells have developed many DNA 

repair systems, which are activated based on the type of specific DNA damage that has 

occurred.  Such processes include base excision repair (BER), mismatch repair, 

nucleotide excision repair, and double-strand break repair (Dexheimer, 2012).   

HQ causes cellular stress via the production of ROS. ROS can generate more than 

100 different oxidative DNA modifications including base oxidations, deoxyribose 

oxidation, single- or double-strand breaks, and DNA-protein crosslinking, ultimately 

creating genomic instability (Marnett, 2000).  One of the many mechanisms by which 

cells repair DNA is BER, the predominant mechanism responsible for the repair of 

damaged DNA bases that do not significantly distort the overall structure of the DNA 

helix (Dexheimer, 2012). 8-Hydroxydeoxyguanosine (8-OHdG), an oxidized form of 

guanine, is the major oxidative DNA-damage product that can produce mutations, such as 

A:T to C:C or G:C to T:A transversion mutations, mainly because of its base pairing with 

adenine as well as cytosine  (Kohen and Nyska, 2002). Unlike bulky DNA lesions, 

oxidized base lesions, such as 8-OHdG and 5-hydroxyuracil are incorporated by DNA 

polymerases in the nascent DNA strand from the deoxynucleotide pool  (Barzilai and 

Yamamoto, 2004). The oxidized bases and AP sites, as well as DNA single-strand breaks 
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induced by ROS with 3’ phosphoglycolate blocked ends, are repaired predominantly by 

the DNA BER pathway  (Barzilai and Yamamoto, 2004). 

BER is a highly coordinated pathway consisting of a series of consecutive 

enzymatic reactions.   The process is initiated by a series of DNA glycosylases that 

remove the damaged base, leading to the production of an abasic site.  These abasic sites 

are repaired by apurinic/apyrmidinic endonuclease 1 (APE1), the second enzyme in the 

BER pathway.  Following the hydrolysis of the phosphodiester backbone at the abasic 

site by these endonucleases, DNA synthesis and subsequently ligation reactions bring the 

repair process to completion.  The synthesis and ligation steps are divided into two sub-

pathways, including short-patch and long-patch BER (Dexheimer, 2012).  Dependent on 

whether a single or several nucleotides need to be incorporated at the DNA strand break 

site  (Fortini and Dogliotti, 2007, Tomkinson et al., 2001). 

Short-patch BER involves single nucleotide gap filling by DNA polymerase β, 

and the ligation of the DNA ends by DNA ligase I or DNA ligase III, bound in a complex 

to X-ray repair cross-complementing protein 1 (XRCC1).  In contrast, long-patch BER, 

initiated when lesions cannot be repaired by DNA polymerase β lyase, requires proteins 

associated with DNA replication, including DNA polymerase δ or ε and proliferating cell 

nuclear antigen (PCNA) (Fortini and Dogliotti, 2007).  In addition to DNA repair 

proteins, long-patch BER requires other proteins to facilitate the repair process.  The 

primary proteins include the scaffolding protein XRCC1 and poly (ADP-ribose) 

polymerase 1 (PARP-1).  PARP-1, an abundant nuclear protein, acts as a molecular 

sensor of DNA strand breaks. PARP-1 subsequently catalyzes poly(ADP-ribosyl)ation 

(PARylation) of itself, as well as other protein substrates, which allows for the 
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recruitment of repair proteins, such as XRCC1 (Dexheimer, 2012). The dense negative 

charge of poly(ADP-ribose) (PAR) simultaneously results in the release of PARP-1 from 

DNA, allowing repair proteins access to the site of DNA damage (Malanga and Althaus, 

2005).  The process of BER is summarized in Figure 1.3.   
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Figure 1.3. Schematic of molecular mechanism of BER and the role of PARP.  

 
Glycosylases cleave the damaged base from the sugar-phosphate backbone.  The 
resulting abasic site can also occur spontaneously by hydrolysis. The core BER reaction 
is initiated by strand incision at the abasic site by the APE1 endonuclease. PARP, which 
binds to and is activated by DNA strand breaks, and polynucleotide kinase (PNK) are 
important when BER is initiated from a single strand break to protect and trim the ends 
for repair synthesis. The short-patch repair is the dominant mode for the remainder of the 
reaction. DNA pol β performs a one-nucleotide gap-filling reaction and removes the 5'-
terminal baseless sugar residue via its lyase activity; this is then followed by sealing of 
the remaining nick by the XRCC1-ligase3 complex. The XRCC1 scaffold protein 
interacts with most of the above BER core components and may therefore be 
instrumental in protein exchange. The long-patch repair mode involves DNA pol, polδ/ε 
and proliferating cell nuclear antigen (PCNA) for repair synthesis (2-10 bases) as well as 
the FEN1 endonuclease to remove the displaced DNA flap and DNA ligase 1 for sealing.  
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1.3.1 PARP-1 and DNA Repair Mechanisms 

 PARP-1 is the initial member of the human PARP superfamily, a group consisting 

of 17 proteins. The PARP superfamily is involved in many cellular processes, including 

DNA repair, programmed cell death, transcriptional regulation, telomere cohesion, 

mitotic spindle formation, intracellular trafficking, and energy metabolism  (Schreiber et 

al., 2006). PARP-1 is a DNA nick sensor enzyme that is rapidly activated in response to 

genotoxic stress.  Shortly after DNA damage, PARP-1 binds with high affinity to DNA 

strand interruptions via the 2 N-terminal zinc finger, consequently activating its catalytic 

C-terminal domain (Petrucco, 2003). 

Upon activation, PARP-1 uses NAD+ as a substrate to transfer the ADP-ribose 

moiety to an amino-acid acceptor, either on itself or on other proteins; a process referred 

to as poly(ADP-ribosyl)ation (PARylation)  (de Murcia and de Murcia, 1994, Malanga 

and Althaus, 2005).  The resulting polymer, PAR, consists of either a linear or multi-

branched post-translational modification of variable size that can interact in a selective 

manner with a number of protein targets involved in cellular responses to DNA damage 

and DNA metabolism  (Schreiber et al., 2006). Each of these targets contains a PAR-

binding motif (PBM) that consists of 20 amino acids, with two conserved regions: a 

cluster rich in basic amino acids, and a pattern of hydrophobic amino acids intermingled 

with basic residues  (Pleschke et al., 2000).  Additionally, the PBMs tend to overlap with 

a functional domain, such as protein- or DNA-binding domains, indicating that PAR 

binding can alter the functional properties of these targets  (Pleschke et al., 2000). 
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PARP-1 activation operates as both a damage sensor and a signal transducer to 

downstream effectors  (Althaus et al., 1999).  DNA strand breaks lead to PARP-1 binding 

and a 500-fold stimulation of its catalytic activity, increasing PARylation of both PARP-

1 itself and an array of protein-bound PAR polymers, which creates a cluster of negative 

charges (Malanga and Althaus, 2005). The auto-modified PARP-1 then activates effector 

pathways by recruiting selected proteins into multi-protein complexes, altering their 

functions with the post-translational modification resulting in DNA repair (BER).  Once 

DNA damage has been repaired, signal termination occurs from PAR polymer 

degradation by poly (ADP-ribose)glycohydrolase (PARG).  PARG breaks down the 

PARylation of PARP-1 and recruited proteins, by disengaging them and allowing them to 

be free for a new round of DNA lesions (Feng and Koh, 2013). The PARP-PARG 

metabolic cycle is summarized in Figure 1.4.   

The extent of DNA damage can determine the type of response and signaling 

outcome of PARP-1 activation.  For example, PARP-1 auto-modification can allow the 

rapid assembly of the BER complex as a primary response to DNA strand breaks, then, if 

the damage is excessive, recruit downstream effectors to direct cells toward cell cycle 

arrest, followed by cell death  (Pleschke et al., 2000). Additionally, PARP-1 activity can 

alter the architecture of chromatin in order to make DNA damage more accessible to 

repair complexes, or conversely, to transcriptional regulators of the cellular response to 

genotoxic stress (Malanga and Althaus, 2005). 
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Figure 1.4. PARP-PARG Metabolic Cycle.   

 
DNA strand breaks lead to PARP-1 binding and a 500-fold stimulation of its catalytic 
activity, increasing PARylation of both PARP-1 itself and an array of protein-bound PAR 
polymers. The auto-modified PARP-1 then activates effector pathways by recruiting 
selected proteins that leads to DNA repair.  Once DNA damage has been repaired, signal 
termination occurs from PAR polymer degradation by PARG.  PARG breaks down the 
PARylation of PARP-1 and recruited proteins, therefore disengaging them and allowing 
them to be free for a new round of DNA lesions. 
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1.4 CELL DEATH 

 Modes of cell death are often defined by morphological and enzymological 

criteria, and are classified into processes that include apoptosis, and necrosis.  While 

morphological classifications still dominate cell death research, it has become clear that 

the presence of specific morphological features are insufficient to establish a link 

between a given cellular process and the mode of demise of the cell  (Galluzzi et al., 

2012).  Biochemical methods for assessing cell death have many advantages over 

morphological classification, including their quantitative abilities, and ultimately provide 

more accurate representations of the cell death pathway.  More importantly, these 

methods provide more in-depth information regarding the mode of cell death, and which 

biochemical processes may play a role  (Galluzzi et al., 2009).   

Apoptosis describes a form of cell death morphologically associated with cell 

shrinkage, membrane blebbing, DNA fragmentation and chromatin condensation  

(Krysko et al., 2008). Moreover, it is a programmed suicide mechanism that requires 

energy and results in the controlled breakdown of the cell into apoptotic bodies, which 

are subsequently recognized and engulfed by surrounding phagocytes  (Taatjes et al., 

2008).   Two main protein families are involved in apoptosis, namely the Bcl-2 family of 

proteins, which control mitochondrial integrity, and caspases, the cysteinyl aspartate-

specific proteases that mediate the execution phase of apoptosis  (Fuentes-Prior and 

Salvesen, 2004, Youle and Strasser, 2008, Duprez et al., 2009). 

Necrosis was originally considered an accidental and uncontrolled form of cell 

death that lacked underlying signaling events.  Morphologically, it is characterized by 

cytoplasmic and organelle swelling, followed by the loss of cell membrane integrity and 
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release of cellular contents into the surrounding extracellular space  (Krysko et al., 2008, 

Majno and Joris, 1995). More recently, evidence has accumulated that supports the 

existence of caspase-independent cell death pathways that function in a regulated manner  

(Chautan et al., 1999). These non-apoptotic programmed cell death pathways do not fit 

the classic modes of cell death, and can be identified by their respective molecular 

mechanisms.  Three modes of non-apoptotic cell death identified, Type I cell death, or 

autophagic cell death, Type II cell death, or necroptosis, and Type III or PARP-1-

mediated necrotic cell death (Degterev and Yuan, 2008).   

Autophagic cell death is morphologically classified by sequestration of bulk 

cytoplasm and organelles in double or multimembrane autophagic vesicles, which often 

indicates increased autophagic flux, and their delivery to and subsequent degradation by 

the cell's own lysosomal system  (Galluzzi et al., 2012, Gozuacik and Kimchi, 2004).  

Autophagy mediates cell death during development and oogenesis in drosophila  (Berry 

and Baehrecke, 2007, Nezis et al., 2010a, Nezis et al., 2010b), and is known to contribute 

to the death of several cancer cells that lack essential apoptotic modulators, such as BAX 

and BAK, or caspases (Shimizu et al., 2004, Gozuacik and Kimchi, 2004). In most 

known cases however, autophagy is a cytoprotective response, activated by dying cells 

that attempt to cope with excessive stress, where the inhibition of stress exacerbates cell 

death instead of preventing it  (Boya et al., 2005). Regardless of the role of autophagy, all 

cases of this type of cell death exhibit specific markers such as the lipidation of 

microtubule-associated protein 1 light chain 3 (LC3/Atg8), or an increased degradation of 

autophagic substrates such as sequestrosome 1 (SQSTM1). Inhibition of autophagy 

blocks the appearance of these biochemical markers  (Galluzzi et al., 2012). 
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Necroptosis, or regulated necrosis, plays a prominent role in multiple 

physiological and pathological conditions, including ischemic injury, neurodegeneration, 

and viral infections  (Vandenabeele et al., 2010). The initiation of this form of 

programmed cell death requires classic apoptotic stimuli, such as death receptor like 

tumor necrosis factor receptor 1, but in contrast to apoptosis, requires the activity of 

receptor-interacting protein 1 (RIP1) and RIP3 kinase  (Degterev et al., 2008). 

Ultimately, execution of the necroptotic pathway involves organelle swelling, rapid 

mitochondrial dysfunction, the active disintegration of mitochondrial, lysosomal and 

plasma membranes, plasma membrane permeabilization and lack of nuclear 

fragmentation (Degterev and Yuan, 2008).  Finally, this form of programmed cell death 

can be identified by the administration of the necroptosis inhibitor, Nec-1, which 

provides significant tissue protection and functional improvements in several acute tissue 

injury in mouse models of brain and heart ischemia/reperfusion injury, by mechanisms 

distinct from the inhibition of apoptosis  (Degterev et al., 2008, Degterev et al., 2005). 

Lastly, Type III cell death, or parthanatos, involves the DNA damage-responsive 

enzyme, PARP-1, previously described in section 1.3. PARP-1 mediated necrotic cell 

death plays a role in multiple experimental and pathophysiological scenarios, including 

stroke, ischemia/reperfusion injury, inflammatory diseases, neurodegeneration, and 

diabetes, implying the crucial significance of this form of programmed cell death  (David 

et al., 2009).  Due to the importance of understanding PARP-1 mediated cell death and its 

relevance to the work discussed in this thesis, it further ellaborated in the following 

section.   
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1.4.1 PARP-1-mediated Cell Death 

 PARP-1 is involved in DNA repair, through the BER pathway, to recruit DNA 

repair proteins to the site of damage via the addition of post-translational modifications 

known as PAR.  When DNA strand breaks are repaired, the cell survives. In a caspase-

dependent cell death, PARP-1 is cleaved by caspases, which prevents excessive NAD 

consumption, and therefore facilitates apoptotic cell death.  However, PARP-1 

hyperactivation can also initiate various cell death pathways. 

In caspase-independent cell death, excessive DNA damage occurs and 

hyperactivation of PARP-1 is triggered, which results in a rapid depletion of NAD and 

ATP that leads to energy collapse. Consequent to PARP-1 hyperactivation, accumulation 

of PAR in the mitochondria also occurs, which subsequently leads to mitochondrial 

membrane collapse and apoptosis-inducing factor (AIF) release, and ultimately cell death  

(Pieper et al., 1999, Andrabi et al., 2006, Yu et al., 2006, Yu et al., 2002). Interestingly, 

DNA-damage-induced PARP1-mediated cell death also involves proteins such as TNF 

receptor-associated factor-2 (TRAF2), and activation of the MAPK pathway.  RIP1-

dependent activation of c-Jun N-terminal kinase-1 (JNK1, also known as MAPK8) 

appears, all of which contribute to mitochondrial collapse and necrotic cell death  (Xu et 

al., 2006). Consistent with previous literature, AIF possess a high-affinity PAR-binding 

site, and additionally, the physical interaction between PAR and AIF appears to be 

necessary for PARP-1-mediated cell death, both in vitro and in vivo  (Wang et al., 2011) 

Following AIF release from the mitochondria, it translocates to the nucleus, where it 

causes chromatin condensation, large-scale DNA fragmentation, and finally cell death  

(Yu et al., 2002, Yu et al., 2006).  However, recent studies in our laboratory demonstrate 
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a novel PARP-mediated AIF-independent nonapoptotic cell death pathway  (Zhang et al., 

2014). Therefore, the diversity in cellular signaling in PARP-1-dependent cell death, 

emphasizes the importance of defining the different pathways this mode of programmed 

cell death can undergo.  Modes of PARP-1 hyperactivation that lead to cell death are 

summarized in Figure 1.5. 

Recently, focus on PARP-1-mediated cell death has included its post-translational 

modification, PAR.  PARylation is a reversible protein modification performed by the 

concerted actions of PARP enzymes, and degradation by enzymes such as PARG and 

ADP-ribosyl hydrolase 3 (ARH3)  (Virag et al., 2013, Burkle and Virag, 2013). While 

the cellular demise of cells due to PARylation was described long ago, the underlying 

molecular mechanisms have only recently begun to emerge.  Delivering in vitro 

synthesized PAR to living cells, or inducing cellular PAR synthesis by PARP-1 

overactivation was found to be cytotoxic and initiate a cascade of events that leads to cell 

death  (Andrabi et al., 2006).  Additionally, PARG depletion, which leads to PAR 

accumulation, increased radiosensitivity of HeLa cells by causing defects in the repair of 

DNA strand breaks and disturbances in the progress of mitosis  (Ame et al., 2009). Thus, 

PARylation of proteins has been implicated in many forms of cell death including 

necroptosis, autophagic cell death, and necrotic cell death  (Virag et al., 2013). However, 

the exact mechanisms by which PARylation leads to cell death remain unknown, and 

further investigations on the relationship between PARylation and cell death can shed 

light on many pathological diseases associated with PARP-1 hyperactivation.    
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Figure 1.5. PARP-1 Hyperactivation Leads to Cell Death.  

 
(A) When excessive DNA damage occurs, hyperactivation of PARP-1 is triggered, which 
results in a rapid depletion of NAD and ATP that leads to energy collapse in the cells.  
 
(B) Consequent to PARP-1 hyperactivation, accumulation of PAR in the mitochondria 
can also occur, which subsequently leads to mitochondrial membrane collapse and AIF 
release.  Following AIF release from the mitochondria, it translocates to the nucleus, 
where is causes chromatic condensation, large-scale DNA fragmentation, and finally cell 
death. 
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PARP-1 catalyzes the covalent attachment of PAR polymers to DNA strand 

breaks, itself, and other proteins. Using NAD+ as a substrate for each ribose unit, PARP 

attaches polymers on itself as well as other proteins, including histones, DNA repair 

proteins, transcription factors, and chromatin modulators (Luo and Kraus, 2012).  

Covalently attached protein-PAR is hydrolyzed to free PAR and mono(ADP-ribose) 

(ADPR) units, mainly by PARG, and also by ARH3, which has PARG-like activity  

(Burkle and Virag, 2013, Feng and Koh, 2013).  The PAR polymers cleaved from 

proteins may function as signal transducers by binding to other proteins, noncovalently, 

through conserved PAR recognition modules, including PAR-binding motifs (PBMs), 

PAR-binding zinc finger (PBZF) domains, and macrodomains (Kraus, 2008).   

PAR-mediated cell death has been known since the early 1980’s. This PARylation 

also exhibits opposite effects to DNA repair, and can lead to cell death under conditions 

of massive DNA damage by overactivation of PARP-1 and consumption of NAD+, 

subsequently blocking glycolysis, and ensuring metabolic catastrophe, in which high 

ATP demand is contrasted by its insufficient production  (Berger et al., 1983).  

Alternatively, PAR translocation from the nucleus to the mitochondria triggers the 

translocation of AIF to the nucleus, thereby mediate cell death, consistent with the 

identification of AIF as a high affinity PAR-binding protein  (Yu et al., 2002, Yu et al., 

2006). 

Several studies have further identified stress-related proteins containing PAR 

recognition modules through large-scale mass spectrometry-based analysis.  Proteins 

containing all three PAR recognition motifs were identified in vitro, both under 

physiological conditions and pathological settings.  Additionally, proteins involved in cell 
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cycle progression, calcium ion transport, RNA transcription, and DNA replication were 

all PARylated under genotoxic conditions, confirming the role of PARylation in cellular 

stress (Pic et al., 2011, Gagne et al., 2012). Identification of these PAR-associated 

proteins in various networks not only reflects the widespread involvement of PARylation 

in several pathways, but also reveals protein targets that could shed new light on the 

regulatory functions of PAR under normal physiological conditions as well as after 

exposure to genotoxic stimuli. 

Specific pathways that should be considered in PARP-mediated cell death that 

include crosstalk between PARylated proteins and kinases/phosphatases, transcriptional 

regulation, cellular metabolism, and, importantly, other second messengers such as 

calcium signaling.  Calcium (Ca2+) signaling is a ubiquitous mechanism implicated in the 

regulation of many cellular functions, including cell death.  PARP-1 has been linked to 

Ca2+ signaling. PARP-1 inhibition and knockdown decreases oxidative stress-induced 

Ca2+ mobilization, indicating that ROS-induced PARP-1 activation is either required for 

the release of Ca2+ from intracellular stores, or PARP-1 plasma membrane 

permeabilization leads to intracellular Ca2+ increases from extracellular compartments  

(Virag et al., 1998b). Alternatively, a Ca2+ signal may also act upstream of PARP 

activation, as indicated by the cytoprotective effects of cell permeable Ca2+ chelators 

such as BAPTA-AM, EGTA-AM, and Quin-2-AM, all of which inhibit PARP activity in 

both ROS-induced cellular stress and in cytotoxicity models that are not restricted to 

oxidative stress  (Virag et al., 1999, Bentle et al., 2006).  Other data suggests that PARP-

1-mediated Ca2+ influx to the cytosol occurs through the opening of the melastatin-like 

transient receptor potential 2 (TRPM2) channels, where the PAR polymer, or its 
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breakdown to ADPR by ARH3, is required for the opening of the channel, since 

inhibition of PARP-1 silencing suppressed hydrogen peroxide-induced Ca2+ signaling 

and cytotoxicity  (Blenn et al., 2011). Figure 1.6 summarizes activation of TRPM2 

channels by ADPR, inducing Ca2+ influx. 
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Figure 1.6. Signaling Mechanisms of Activation of TRPM2 by ADPR.   

ADPR is generated from PAR polymers during ROS-induced DNA damage through 
hyperactivation of PARP-1.  Free cytosolic ADPR will bind to TRPM2 channels, 
enabling Ca2+ influx across the plasma membrane. 
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1.4.2 Ca2+-mediated Cell Death 

 Ca2+ signaling plays a central role in cell function, and this second messenger is 

necessary for cell survival.  However, intracellular Ca2+ overload and perturbations of 

intracellular Ca2+ compartmentalization lead to cytotoxicity, and result in apoptotic, 

necrotic, or autophagic cell death  (Orrenius et al., 2011).  Early studies determined that 

excess Ca2+ entry into cardiomyocytes is the underlying mechanism that leads to cardiac 

pathology after ischemia  (Fleckenstein et al., 1974), and further studies confirmed that 

cytotoxic agents were found to cause Ca2+ influx into cells, leading to cell death (Trump 

and Berezesky, 1995).   

 Other studies demonstrated that oxidative stress disrupts intracellular Ca2+  (iCa2+)  

homeostasis, leading to cell death  (Bellomo et al., 1982, Richter and Kass, 1991).  

Oxidants can cause a rapid increase in iCa2+ concentrations in the cytoplasm in many 

different cell types (Ermak and Davies, 2002).  This increase can be due to both Ca2+ 

release from intracellular stores, such as the endoplasmic reticulum (ER) and 

mitochondria, and from Ca2+ import from the extracellular space.  While normal cytosolic 

Ca2+ concentrations range from 10-100nM, extracellular and ER Ca2+ concentrations can 

reach millimolar levels, indicating nearly a 10,000-fold Ca2+ gradient exists between 

plasma and ER membranes (Duchen, 2000).  Oxidative stress can mediate an increase in 

iCa2+ concentrations by triggering a Ca2+ influx from either the extracellular space or 

from ER stores, resulting in cellular injury  (Feissner et al., 2009). Transport of 

extracellular Ca2+ across the plasma membrane into the cytosol is mediated through 

specific Ca2+ channels, which include leak channels, ligand-gated channels, and voltage-

gated channels  (Berridge et al., 2003). Release of Ca2+ from ER stores requires the 
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binding of the second messenger 1,4,5 trisphosphate (IP3) to the inositol 1,4,5 

trisphosphate receptor (IP3R); under certain conditions, the release of Ca2+ through this 

receptor can signal to cause cell death  (Hanson et al., 2004).  

 Of particular interest in the relationship between PARP-1 and Ca2+ are store-

operated Ca2+ channels (SOCs).  Physiologically, store-operated Ca2+ entry (SOCE) into 

cells signifies that changes in Ca2+ ion concentration in the ER are reciprocally linked to 

the rate at which Ca2+ ions cross the plasma membrane and enter the cell (Putney, 2009).  

The most extensively studied SOCs include the transient receptor potential (TRP) 

channels, the calcium release-activated-calcium (CRAC) channels and their subsequent 

interaction with the stromal interacting molecules (STIM)-1 and the pore-forming Orai 

subunits (Putney, 2010). The TRP family includes many subfamilies, including the 

canonical-type (TRPC), and the melastatin-type (TRPM).  TRPM2 is a Ca2+-permeable 

nonselective cation channel embedded in the plasma membrane and lysosomal 

compartments, which is primarily activated by ADPR and Ca2+, and can also be activated 

by ROS (Faouzi and Penner, 2014).  Activation of the TRPM2 channel allows for iCa2+ 

entry, and potentially cell death under oxidative stress  (Fonfria et al., 2004, Buelow et 

al., 2008, Zou et al., 2013).  STIM1 functions by sensing Ca2+ ion levels in the ER 

(Dziadek and Johnstone, 2007).  Depletion of ER stores causes Ca2+ ions to dissociate 

from STIM1, resulting in a conformational change that promotes the self-association and 

migration of STIM to ER-plasma membrane junctions, where they bind to proteins in the 

Orai family  (Liou et al., 2007).  The interaction between STIM1 and Orai subsequently 

activate CRAC channels, which allow for Ca2+ entry into the ER for replenishment, and 

entry to the cytosol (Putney, 2010).   
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 Previous studies in TGHQ-induced cell death revealed a key role for iCa2+ 

downstream of ROS  (Zhang et al., 2014).  Additionally, abrogation of iCa2+ with a Ca2+ 

chelator, BAPTA-AM, produced cytoprotection in HK-2 cells in the presence of TGHQ.  

Therefore, Chapter 2 of this work further investigate the role and source of Ca2+ in 

TGHQ-induced cell death in HK-2 cells.  

 

1.5 HYPOTHESIS AND SPECIFIC AIMS 

 HQ is metabolized to GSH conjugates that are both nephrotoxic and 

nephrocarcinogenic.  Moreover, of all the metabolites of HQ, TGHQ is the most potent 

nephrotoxicant.  While there have been previous in vivo and in vitro studies designed to 

understand the mode of TGHQ-induced nephrotoxicity, the mechanisms by which 

cytotoxicity occurs remain elusive.  Previous research in our laboratory determined 

TGHQ induces ROS production in HK-2 cells, which leads to DNA damage, PARP-1 

hyperactivation, intracellular calcium influx, and ultimately, necrotic cell death.  The 

studies described in this thesis were designed to further determine the cellular 

mechanisms of TGHQ-induced necrotic cell death in human renal epithelial cells (HK-2), 

with a specific focus on the role of calcium, PARP-1, and their reciprocal relationship.  

Our main hypothesis throughout this dissertation work proposes that crosstalk between 

PARP-1 and Ca2+ exacerbates their adverse effects during ROS-induced necrotic cell 

death. 

Prior studies from our laboratory revealed that chelation of intracellular Ca2+ with 

EGTA-AM, prior to exposure with quinone metabolites, decreased induction of gadd153, 

the gene responsive to cell growth arrest and DNA damage, suggesting that intracellular 
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Ca2+ plays a role in quinone-thioether-mediated cell death response in LLC-PK1 cells  

(Jeong et al., 1996a).  Additionally, TGHQ induces intracellular Ca2+ increases. 

Furthermore, iCa2+ chelation with BAPTA-AM completely attenuates TGHQ-induced 

cytotoxicity in HK-2 cells, and restores cell viability, implicating a critical role for Ca2+ 

in the mechanisms of cell death (Figure 1.7) (Xie, 2009).  However, the sources and 

modes by which Ca2+ plays a role in TGHQ-mediated cell death intracellularly were not 

determined.  The first aim of this study was therefore to establish the source of Ca2+ 

contributing to increases iCa2+ that led to TGHQ-induced cell death (Chapter 2).  

Additionally, we sought to determine the role of specific Ca2+ channels that potentially 

contribute to these iCa2+ increases, and ultimately cell death.   

 Previous studies in our laboratory also revealed that inhibition of PARP-1 with 3-

aminobenzamide results in an increase in LLC-PK1 cell survival, suggesting that 

activation of PARP may also exacerbate quinone-thioether-mediated cell death  (Tikoo et 

al., 2001). Other studies have shown that PARP-1 inhibition and knockdown decreases 

oxidative stress-induced Ca2+ mobilization, indicating that ROS-induced PARP-1 

activation is either required for the release of Ca2+ from intracellular stores, or PARP-1 

plasma membrane permeabilization leads to intracellular Ca2+ increases from 

extracellular compartments  (Virag et al., 1998b).  Moreover, our laboratory has 

demonstrated that TGHQ-induced toxicity hyperactivates PARP-1 in HK-2 cells, and 

interestingly, Ca2+ chelation with BAPTA-AM attenuates hyperactivation of PARP-1 and  
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Figure 1.7 Ca2+ Chelation Completely Prevents TGHQ-mediated Cell Death.  

Cells were treated with different concentrations of TGHQ (200, 400 μM) in the presence 
or in the absence of BAPTA-AM (5 μM). After 4 h of exposure, medium containing 
TGHQ was replaced with normal culture medium. Cell viability was determined via MTS 
24 or 48 h post-treatment with TGHQ  (Xie, 2009,Zhang et al., 2014) 
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restores levels of NAD in the presence of TGHQ (Figure 1.8), suggesting a coupling 

between PARP-1 and Ca2+ that can potentially exacerbate the toxicity induced by TGHQ, 

contributing to cell death  (Zhang et al., 2014).  

The mechanisms by which PARP-1 and Ca2+ interact in TGHQ-mediated cell 

death remain unknown.  Our second aim (Chapter 3) sought to determine the mode of 

interaction between PARP-1 and Ca2+.  We hypothesized PARP-1 and Ca2+ potentially 

interact through SOCs, as other studies established TRPM2, a SOC channel embedded in 

the plasma membrane and lysosomal compartments, is primarily activated by the 

metabolite of PAR, ADPR, a post-translational modification created by PARP-1 (Faouzi 

and Penner, 2014).   

 Specific pathways should be considered in PARP-mediated cell death that involve 

crosstalk between PARylated proteins and other pathways such as calcium signaling.  

While the cellular demise of cells due to PARylation is well established, the underlying 

molecular mechanisms have only recently begun to emerge.  The PAR polymers cleaved 

from proteins may function as signal transducers by binding to other proteins, 

noncovalently, through conserved PAR recognition modules, including PAR-binding 

motifs (PBMs), PAR-binding zinc finger (PBZF) domains, and macrodomains (Kraus, 

2008).  Several recent studies have further identified stress-related proteins containing 

PAR recognition modules through large-scale mass spectrometry-based analysis.  

Proteins containing all three PAR recognition motifs were identified in vitro both under 

physiological conditions and pathological settings.  Proteins involved in cell cycle 

progression, calcium ion transport, RNA transcription, and, DNA replication are reported 

as PARylated under genotoxic conditions, further confirming the role of PARylation in  
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Figure 1.8. Ca2+ Depletion Delays TGHQ-mediated NAD Loss, which is PARP- 
        Dependent.  

Cells were treated with 400 μM TGHQ in the presence or in the absence of BAPTA- AM 
(5μM), or the PARP inhibitor, PJ34 (10μM). After 4 hr exposure, medium containing 
TGHQ was replaced by normal culture medium. NAD content was determined at 
different time points as indicated (1, 2, 3, 4, 5, 6, 12, 18, 24 hr)  (Xie, 2009,Zhang et al., 
2014). 
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cellular stress.  We therefore investigated the effects of PARP-1-mediated PARylation in 

TGHQ-induced cell death in HK-2 cells through a proteomics-based approach in Chapter 

4.   

 In summary, this dissertation focuses on further elucidating the mechanisms of 

TGHQ-mediated toxicity in human renal epithelial cells, specifically focusing on the 

mechanisms underpinning cross-talk between PARP-1 and calcium, and their respective 

roles in necrotic cell death.  Further understanding of these mechanisms could 

successfully provide therapeutic interactions for acute and chronic kidney injury, as well 

as other diseases such as cancer, neuropathology, and cardiovascular disease. 
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CHAPTER 2: EXTRACELLULAR CALCIUM MEDIATES ROS-INDUCED 

NECROTIC CELL DEATH 

 

2.1 INTRODUCTION  

 Intracellular Ca2+ (iCa2+) overload and perturbations of iCa2+ 

compartmentalization lead to cytotoxicity and result in apoptotic, necrotic, or autophagic 

cell death  (Orrenius et al., 2011).  Early studies determined that excess Ca2+ entry into 

cardiomyocytes is the underlying mechanism that leads to cardiac pathology after 

ischemia  (Fleckenstein et al., 1974), and further studies confirmed that cytotoxic agents 

were found to cause Ca2+ influx into cells, leading to cell death (Trump and Berezesky, 

1995).   

Previous studies in TGHQ-induced cell death reveal a key role for iCa2+ 

downstream of ROS  (Zhang et al., 2014).  Other studies demonstrated that oxidative 

stress disrupts iCa2+ homeostasis, leading to cell death  (Bellomo et al., 1982, Richter and 

Kass, 1991).   Oxidants can cause a rapid increase in iCa2+ concentrations in the 

cytoplasm in many different cell types (Ermak and Davies, 2002).  This increase can be 

due to both Ca2+ release from intracellular stores, such as the ER and mitochondria, and 

from Ca2+ import from extracellular spaces (Figure 2.1).  Oxidative stress can mediate an 

increase iCa2+ concentrations by triggering a Ca2+ influx from either the extracellular 

space or from ER stores, resulting in cellular injury  (Feissner et al., 2009).  Transport of 

extracellular Ca2+ across the plasma membrane into the cytosol is mediated through 

specific Ca2+ channels, which include leak channels, ligand-gated channels, and voltage-

gated channels  (Berridge et al., 2003). Release of Ca2+ from ER stores requires the 
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binding of the second messenger 1,4,5 trisphosphate (IP3) to the inositol 1,4,5 

trisphosphate receptor (IP3R), where under some conditions, the release of Ca2+ through 

this receptor can cause cell death  (Hanson et al., 2004).  Of particular interest in the 

relationship between PARP-1 and Ca2+ are store-operated Ca2+ channels (SOCs).  

Physiologically, store-operated Ca2+ entry (SOCE) into cells signifies that changes in 

Ca2+ ion concentration in the ER are reciprocally linked to the rate at which Ca2+ ions 

cross the plasma membrane and enter the cell (Putney, 2009).   

Prior studies from our laboratory revealed that chelation of iCa2+ with EGTA-AM 

prior to exposure of cells and quinone metabolites decreased induction of gadd153, the 

gene responsive to cell growth arrest and DNA damage, suggesting that iCa2+ plays a role 

in quinone-thioether-mediated cell death response in LLC-PK1 cells  (Jeong et al., 

1996a).  Additionally, TGHQ induces iCa2+ increases. Furthermore, iCa2+ chelation with 

BAPTA-AM completely attenuates TGHQ-induced cytotoxicity in HK-2 cells, and 

restores cell viability out to 48 hours, implicating a critical role for calcium in the 

mechanisms of cell death.   Nevertheless, the sources of Ca2+ that play a role in TGHQ-

mediated cell death intracellularly are not determined.   

The studies in Chapter 2 therefore to establish the source of Ca2+ contributing to 

iCa2+ that led to TGHQ-induced cell death.   Additionally, we sought to determine the 

role of specific Ca2+ channels that potentially contributed to these iCa2+ increases, and 

ultimately cell death.   
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Figure 2.1. Intracellular vs. Extracellular Calcium Sources. 

Intracellular Ca2+ increases can be due to both Ca2+ release from intracellular stores, such 
as the endoplasmic reticulum (ER) and mitochondria, and from Ca2+ import from 
extracellular spaces.  Circled receptors were of particular interest in TGHQ-mediated cell 
death, and targeted in this chapter.  
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2.2 METHODS 

 

2.2.1 TGHQ purification, Chemicals, and Reagents 

TGHQ was synthesized and purified as previously described  (Lau et al., 1988c)  

TGHQ is nephrotoxic and carcinogenic and must therefore be handled with protective 

clothing in a ventilated hood. Ru360 was purchased from EMD Millipore (Billerica, 

MA). Fluo-4-AM and JC-1 stain were purchased from Life Technologies (Carlsbad, CA).  

MTS reagent for viability assays was purchased from Promega (Madison, WI).  Calcium-

free DMEM media used for specific experiments was obtained for the Bio5 Media 

Facility at the University of Arizona (Tucson, AZ). All other reagents and chemicals 

were purchased from Sigma-Aldrich (St. Louis, MO).   

 

2.2.2 Cell Culture 

Human kidney proximal tubule epithelial cells (HK-2) were purchased from the 

American Type Culture Collection (Manassas, VA).  Cells were cultured in keratinocyte 

serum-free medium (K-SFM, Life Technologies, Carlsbad, CA) supplemented with 0.05 

mg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor provided by the 

media supplier.  Cell cultures were performed at 37°C in a humidified atmosphere of 5% 

CO2.   
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2.2.3 Cell Death Viability Assay-MTS 

To determine the viability of HK-2 cells in the presence and absence of various 

toxicants and inhibitors, cells were seeded at 8 x 103 cells/well and allowed to grow to 

~80% confluence.  Cells were washed once with Dulbecco’s Modified Eagle’s Medium 

(DMEM) without sodium pyruvate supplemented with 25mM HEPES (DMEM/HEPES), 

then treated with TGHQ with or without inhibitors.  Cell viability was determined by an 

assay measuring mitochondrial dehydrogenase activity (Promega, Madison, WI) 

according to the manufacturer’s instructions. MTS, a tetrazolium compound, is reduced 

to a formazan product.  After treatment with TGHQ, cells were washed twice with 

DMEM/HEPES without phenol red, then 20µl of MTS were added to 100µl of 

DMEM/HEPES and incubated for 2 hours at 37°C.  The absorbance of the formazan was 

measured directly from 96-well plates at 490nm using a microplate reader. 

 

2.2.4 Mitochondrial Membrane Potential Collapse Via Flow Cytometry Analysis 

HK-2 cells were seeded in 6-well plates at 2 x 105 cells/well and grown to ~80% 

confluence.  Cells were washed once with DMEM/HEPES then treated with TGHQ in the 

presence or absence of Ru360 (10µM).  Cells were then trypsinized, and incubated with 

5µg/ml of JC-1 at 37°C for 15 minutes.  After staining, cells were washed once with PBS 

and immediately analyzed via flow cytometry. 
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2.2.5 Live Cell Calcium Imaging 

HK-2 cells were seeded on 35mm ibiTreat tissue culture dishes (Ibidi, Verona, 

WI) at 2.0 x 105 cells/dish and cultured for 48 h to ~80% confluence.  Cells were rinsed 

once with DMEM without phenol red containing 25mM HEPES, then loaded with 5µM 

Fluo-4 AM for 30 min at room temperature.  Cells were washed 3 times with 1x Hank’s 

Balanced Salt Solution (HBSS). DMEM/HEPES without phenol red was subsequently 

added and incubated for an additional 30 min at room temperature in the presence and 

absence of inhibitiors.  Cells were treated with TGHQ for 2 hours at 37°C and 

immediately imaged at 40x magnification on a deconvolution microscope controlled by 

imaging program DeltaVision softWoRx and analyzed using the NIH provided software 

ImageJ. 

 

2.2.6 Statistical Analysis  

Statistical differences between the treated and control groups were determined by 

Student’s unpaired t-test. Differences between groups were assessed by one-way 

ANOVA using followed by a post-hoc Student Newman Kuel’s test in Graphpad Prism 6 

for Mac. p < 0.05 was considered to be statistically significant. 

 

 

 

 

 



	   67	  

2.3 RESULTS 

 

2.3.1 Inhibition of Intracellular Calcium Stores Does Not Protect Against TGHQ-

induced Cell Death. 

 TGHQ-induced cell death can be attenuated by calcium (Ca2+) chelation with 

BAPTA-AM. Moreover, increases in intracellular Ca2+ (iCa2+) concentrations caused by 

TGHQ are abolished by BAPTA-AM  (Zhang et al., 2014).  We therefore sought to 

determine the source of calcium causing increases in iCa2+ to further elucidate the 

relationship between Ca2+ and TGHQ-induced necrotic cell death.  TGHQ induced a 

time-dependent decrease in cell viability as determined by measuring mitochondrial 

dehydrogenase activity.  Additionally, inhibition of iCa2+ stores did not protect against 

TGHQ-induced cell death.  Major iCa2+ stores include the endoplasmic reticulum (ER) as 

well as the mitochondria  (Zhivotovsky and Orrenius, 2011, Feissner et al., 2009, 

Dziadek and Johnstone, 2007, Berridge et al., 2003). We examined the potential for 

release of Ca2+ from these organelles by employing selective inhibitors in the presence of 

TGHQ.   

 Inhibition of the ER Ca2+ stores was accomplished using a sarcoplasmic-

endoplasmic reticulum calcium ATPase (SERCA) pump inhibitor, thapsigargin.  

Thapsigargin binds to the SERCA pump, depleting ER stores within 5 minutes of 

treatment, and prevents entry of Ca2+ to replenish stores through the SERCA pump 

(Figure 2.2).  Pre-treatment and co-treatment with various concentrations of thapsigargin 

in the presence of TGHQ (Figure 2.3) did not restore mitochondrial dehydrogenase 

activity, implying ER Ca2+ stores do not play a role in TGHQ-induced cell death.   
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Mitochondria represent another major source of intracellular Ca2+ storage.  The 

mitochondrial calcium uniporter (MCU) is a very specific Ca2+ channel that resides in the 

inner mitochondrial membrane, and controls mitochondrial Ca2+ (Kirichok et al., 2004).  

Ru360, a potent MCU inhibitor, prevents the uptake of Ca2+ into the mitochondria  (de 

Jesús García‐Rivas et al., 2005). Pre-treatment and co-treatment with Ru360 did not 

protect against TGHQ-induced toxicity (Figure 2.4), suggesting mitochondrial Ca2+ 

release is not responsible for cell death.  Moreover, flow cytometry analysis using JC-1 

staining to measure the mitochondrial membrane potential reveals Ru360 does not alter 

the membrane potential collapse caused by TGHQ toxicity (Figure 2.5).   
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Figure 2.2. Thapsigargin induces intracellular calcium increases in HK-2 cells.  

 
Cells were incubated with Fura 2-AM (5µM) for 30 min at room temperature, then left 
another 20 minutes at room temperature. An area of the cells randomly selected through 
the microscope at 40x magnification with visible fluorescence in the cells, and was 
recorded every 7 seconds for 5 minutes during the addition of Thapsigargin (5µM) to 
determine levels of intracellular Ca2+.  Data represents relative intensity of time 0 sec. 
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Figure 2.3. SERCA pump inhibition does not protect against TGHQ-induced   
       toxicity.   

 
HK-2 cells were pre-treated for 30 min and then co-treated with Thapsigargin at various 
concentrations in the presence or absence of TGHQ (400µM) for 2 hours. Cell viability 
was determined using a MTS based assay, measuring mitochondrial dehydrogenase 
activity.  Data represent the mean ± standard error (n ≥ 3). p < 0.05 was considered to be 
statistically significant when compared to untreated control. 
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Figure 2.4. Ru360 does not protect against TGHQ-induced toxicity.   

HK-2 cells were pre-treated 30 min and co-treated with Ru360 10µM in the presence or 
absence of TGHQ 400µM at various time points (1-4h). Cell viability was determined 
using MTS based assay, measuring mitochondrial dehydrogenase activity.  Formazan 
formation relative to untreated cells (% control) represents cell viability after treatment.  
Data represent the mean ± standard error (n ≥ 3).  p < 0.05 was considered to be 
statistically significant when compared to untreated control.  There were no statistically 
significant differences between TGHQ-treated and Ru360+TGHQ-treated groups.   
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Figure 2.5. Mitochondrial calcium uniporter inhibition does not prevent  
        mitochondrial membrane potential collapse caused by TGHQ.   

(A) HK-2 cells were pre-treated 30 min and co-treated with Ru360 10µM in the presence 
of TGHQ 400µM at various time points (1-4h).  After treatment, cells were harvested for 
analyses of changes in mitochondrial membrane potential by flow cytometry with JC-1 
staining. Cells in the upper right-hand quadrant (Q2) exhibit high mitochondrial 
membrane potential, while cells in the lower right-hand quadrant (Q3) exhibit loss of 
mitochondrial membrane potential. (B) Bar graph of the mitochondrial membrane 
potential shown in Figure 1E. Data represent the mean ± standard error (n ≥ 3). p < 0.05 
was considered to be statistically significant when compared to untreated control. There 
was no statistical significance between TGHQ-treated and Ru360 + TGHQ-treated 
groups. 
 

(A) 

(B) 
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2.3.2 Extracellular Calcium Removal Protects Against TGHQ-induced Cell Death 

 We further examined the source of Ca2+ responsible for iCa2+ increases by 

targeting extracellular Ca2+ sources.  Partial chelation of extracellular Ca2+ with EGTA 

revealed a restoration of mitochondrial dehydrogenase activity in the presence of TGHQ 

(Figure 2.6), indicating Ca2+ connected to TGHQ toxicity was extracellular. Additionally, 

DMEM/HEPES without Ca2+ was used to further determine whether extracellular Ca2+ 

sources could attenuate TGHQ-induced cell death.  Experiments where Ca2+-free media 

replaced regular DMEM/HEPES fully protected against TGHQ-induced toxicity (Figure 

2.7), further confirming the source of Ca2+ responsible for TGHQ-induced cell death was 

extracellular in nature. 

 

2.3.3 Intracellular Calcium Increases are Attenuated by the Removal of 

Extracellular Calcium 

 We next examined the iCa2+ concentrations directly to determine changes caused 

by various sources of Ca2+ in the presence of TGHQ.  Live cell Ca2+ imaging of TGHQ 

(400µM)-treated cells produced a 4- to 5-fold increase in Fluo-4-AM fluorescence over 

the course of 2 hours (Figure 2.8).  Moreover, replacement of DMEM/HEPES with 

DMEM/HEPES without Ca2+ attenuated the increases in fluorescence.  In contrast, pre-

treatment and co-treatment with thapsigargin, the SERCA pump inhibitor of the ER, had 

no influence on iCa2+ increases produced by TGHQ.   
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Figure 2.6. Ca2+ Chelation with EGTA attenuates TGHQ-induced toxicity.   

 
HK-2 cells were co-treated with 1mM EGTA at various concentrations of TGHQ (100-
400µM) for 2 hours.  Cell viability was determined using a MTS based assay, measuring 
mitochondrial dehydrogenase activity.  Formazan formation relative to untreated cells (% 
control) represents cell viability after treatment.  Data represent the mean ± standard error 
(n ≥ 3). p < 0.05 was considered to be statistically significant different from TGHQ-
treated cells without EGTA. 
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Figure 2.7. Removal of extracellular calcium abrogates TGHQ-induced toxicity.  

 
HK-2 cells were co-treated with DMEM/HEPES with or without calcium chloride 
(1.8mM) in the presence of various concentrations of TGHQ (100-400µM) for 2 hours.  
Cell viability was determined using a MTS based assay, measuring mitochondrial 
dehydrogenase activity.  Formazan formation relative to untreated cells (% control) 
represents cell viability after treatment.  Data represent the mean ± standard error (n ≥ 3). 
p < 0.05 was considered to be statistically significant different from TGHQ-treated cells 
containing DMEM with Ca2+. 
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Figure 2.8. Intracellular Calcium Increases are Attenuated by Removal of  
       Extracellular Calcium.  

(A) HK-2 cells were incubated with Fura 2-AM (5µM) for 30 min at room temperature, 
then left another 20 minutes at room temperature.  Cells were then pre-treated with 
Thapsigargin (5µM) for 30 min or co-treated with DMEM/HEPES without calcium 
chloride, then treated with TGHQ 400µM for 2 hours.  Cells were immediately imaged 
using 40x magnification under a deconvolution microscrope.  Data was collected using 
DeltaVision softWoRx and analyzed using the NIH provided software ImageJ. (B) The 
densitometric and statistical analysis of the image data.  Data represent the mean ± 
standard error (n ≥ 3). p < 0.01 (****) was considered to be statistically significant when 
compared to untreated control. 
 

(A) 

(B) 
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2.3.4 Store-operated Calcium Channels Play a Role in Increases of Intracellular 

Calcium 

 To further determine extracellular calcium entry into the cytoplasm induced by 

TGHQ, store-operated Ca2+ channels (SOCs) were inhibited using a common yet 

nonspecific inhibitor, 2-aminoethoxydiphenyl borate (2-APB) (DeHaven et al., 2008).  

Pre-treatment and co-treatment of cells with 2-APB in the presence of TGHQ restored 

mitochondrial dehydrogenase activity in a time- (Figure 2.9a) and dose-dependent 

manner (Figure 2.9b), indicating SOCs play a role in TGHQ-induced cell death.  Live 

cell Ca2+ imaging of TGHQ 400µM pre-treated and co-treated with 2-APB showed a 

decrease in iCa2+ concentrations over a course of 2 hours (Figure 2.10), further 

confirming SOCs are responsible for increases in iCa2+ inititated by TGHQ. 
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Figure 2.9. Store-operated Calcium Channels Play a Role in Increases of   
       Intracellular Calcium. 

 
(A) SOC inhibition with 2-APB attenuates TGHQ-induced toxicity in a time-dependent 
manner.  HK-2 cells were pre-treated 30 min and co-treated with 2-APB (100µM) in the 
presence of TGHQ 400µM at various time points (1-4h).  (B) SOC inhibition with 2-APB 
attenuates TGHQ-induced toxicity in a dose-dependent manner.  HK-2 cells were pre-
treated 30 min and co-treated with 2-APB at various concentrations (25µM-100µM) in 
the presence or absence of TGHQ 400µM for 2 hours. Cell viability was determined 
using a MTS based assay, measuring mitochondrial dehydrogenase activity.  Formazan 
formation relative to untreated cells (% control) represents cell viability after treatment.  
Data represent the mean ± standard error (n ≥ 3). p < 0.05 (*) and p < 0.01 (**) was 
considered to be statistically significant when compared to untreated control. 
 

(A) 

(B) 
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Figure 2.10. Intracellular calcium increases are attenuated by SOC inhibition.  

 
(A) HK-2 cells were incubated with Fura 2-AM (5µM) for 30 min at room temperature, 
then left another 20 minutes at room temperature. Cells were then pre-treated and co-
treated with 2-APB (100µM) and treated with TGHQ 400µM for 2 hours. Cells were 
immediately imaged using 40x magnification under a deconvolution microscrope.  Data 
was collected using DeltaVision softWoRx and analyzed using the NIH provided 
software ImageJ. (B) The densitometric and statistical analysis of the image data.  Data 
represent the mean ± standard error (n ≥ 3).  
 
 
 
 
 
 

(A) 

(B) 
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2.4 DISCUSSION 

   

Exposure of HK-2 cells to TGHQ causes time- and dose-dependent decreases in 

cell viability, simultaneous with increases in iCa2+.  Additionally, iCa2+ chelation using 

BAPTA-AM abrogated TGHQ-induced toxicity, suggesting Ca2+ present in the cytosol 

plays a role in necrotic cell death  (Zhang et al., 2014). 

Oxidative stress can mediate increases in iCa2+ concentrations by triggering a 

Ca2+ influx from the extracellular space, resulting in cellular injury  (Feissner et al., 

2009).  Additionally, transport of extracellular Ca2+ across the plasma membrane into the 

cytosol is mediated through specific Ca2+ channels, which include leak channels, ligand-

gated channels, and voltage-gated channels  (Berridge et al., 2003).  However, the 

mechanisms of Ca2+ increases and their relationship to cell death remain elusive. 

Previously, we observed iCa2+ concentrations increased in the presence of TGHQ.  We 

therefore sought to determine the sources of Ca2+ contributing to cytosolic increases in 

Ca2+ during TGHQ-induced necrotic cell death.  We propose iCa2+ increases occur due to 

the opening of SOCs in the plasma membrane, allowing the entry of extracellular Ca2+ 

into the cytosol, and exacerbating cell death.   

To determine the cause of increases in iCa2+concentrations, several antagonists 

were employed to inhibit major sources of Ca2+, both intracellularly and extracellularly.  

Amongst organelles that sequester iCa2+, the ER and mitochondria represent the largest 

stores  (Zhivotovsky and Orrenius, 2011, Feissner et al., 2009, Dziadek and Johnstone, 

2007, Berridge et al., 2003). In the presence of TGHQ, preventing the sequestration of 

cytosolic Ca2+ into the ER via the SERCA pump did not protect against ROS-induced cell 
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death, with no changes in iCa2+ concentrations observed in the presence of TGHQ 

(Figure 2.3 and Figure 2.8).  Likewise, inhibition of the release of Ca2+ from 

mitochondria also failed to restore the mitochondrial membrane potential collapse 

generated by TGHQ and subsequent cell death (Figure 2.4 and Figure 2.5).  Together, the 

data suggest major iCa2+ stores do not participate in TGHQ-induced toxicity, or increases 

in iCa2+ concentrations that exacerbate necrotic cell death in HK-2 cells.  While data 

from other studies suggest that release of Ca2+ from ER stores through the binding of IP3 

to the IP3R can promote cell death  (Hanson et al., 2004), our data suggest that TGHQ-

induced cell death is independent of major intracellular Ca2+ stores that include both the 

ER and mitochondria.   

The removal of extracellular Ca2+ in the presence of TGHQ exhibited contrasting 

results to those of inhibition of intracellular stores.  Extracellular Ca2+ chelation with 

EGTA and the removal of Ca2+ from DMEM/HEPES completely restored cell viability in 

the presence of TGHQ (Figure 2.6 and Figure 2.7).  As expected, iCa2+ concentrations 

were not elevated in the presence of Ca2+-free media (Figure 2.8), suggesting 

extracellular Ca2+ sources contribute to TGHQ-mediated necrotic cell death.  Previous 

literature has elucidated to extracellular Ca2+ playing a role in cell death (Morotomi-Yano 

et al., 2014, Feissner et al., 2009).  Our current data support the contention that Ca2+ from 

extracellular sources induces cell injury, and moreover is necessary for TGHQ-induced 

cell death.  However, the specific Ca2+ channel(s) responsible for extracellular Ca2+ entry 

into the cytosol remain to be elucidated.  

To further examine the role of extracellular Ca2+, we sought to determine which 

Ca2+ channels contribute to Ca2+ entry during TGHQ-induced cell death.  Interestingly, 



	   82	  

inhibition of SOCs attenuated the decreases in cell viability caused by TGHQ (Figure 

2.9). Moreover, SOC inhibition prevented increases in iCa2+ concentrations induced by 

TGHQ (Figure 2.10).  Together, the data suggest SOC entry plays a role in extracellular 

Ca2+ entry into the cell, and ultimately contributes to increases in iCa2+ concentrations 

induced by TGHQ.   

The most extensively studied SOCs include the TRP channels, and the CRAC 

channels and their subsequent interaction with the STIM-1 and the pore-forming Orai 

subunits (Putney, 2010). These store-gated channels have been previously implicated in 

PARP-dependent cell death.  Intriguingly, TRPM2, a Ca2+-permeable nonselective cation 

channel embedded in the plasma membrane and lysosomal compartments, is activated by 

ADPR, a downstream metabolite of PAR produced by PARP ribosylation, and Ca2+, and 

can also be activated by ROS (Faouzi and Penner, 2014). Activation of the TRPM2 

channel allows for iCa2+ entry, and potentially cell death under oxidative stress  (Fonfria 

et al., 2004, Buelow et al., 2008, Zou et al., 2013) 

Determining the specific channels responsible for SOCE could further clarify the 

process of coupling between PARP-1 and Ca2+.  Specific SOCs include TRP channels, 

and the CRAC channels, with their subsequent interaction with STIM1 and Orai subunits 

(Putney, 2010).  Depletion of ER stores causes Ca2+ ions to dissociate from STIM1, 

resulting in a conformational change that promotes the self-association and migration of 

STIM to ER-plasma membrane junctions, where they bind to proteins in the Orai family, 

and subsequently activate CRAC channels, and allow for Ca2+ entry into cells  (Liou et 

al., 2007).  Although this is the established physiological role of the STIM1/CRAC 

complex, perhaps there are alternative modes of activation for these channels to allow for 
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Ca2+ entry.   The TRP family includes many subfamilies, TRPC, and the TRPM.  The 

literature has recognized that TRPM2 is primarily activated by ADPR for iCa2+ entry, and 

potentially cell death under oxidative stress  (Fonfria et al., 2004, Buelow et al., 2008, 

Zou et al., 2013, Faouzi and Penner, 2014).   

In vitro studies on PARylation suggest that Ca2+ is required for the activation of 

PARP-1 ribosylation (Kun et al., 2004). Moreover, Ca2+ can hyperactivate PARP-1 in 

vivo in the absence of DNA strand breaks (Homburg et al., 2000). PARP-1-mediated 

Ca2+ influx to the cytosol can occur through the opening of the TRPM2 channels, where 

the PAR polymer or its breakdown to ADPR is required for the opening of the channel, 

since inhibition of PARP-1 silencing suppressed hydrogen peroxide-induced Ca2+ 

signaling and cytotoxicity  (Blenn et al., 2011). We therefore speculate that ROS-induced 

PARP-1 hyperactivation is exacerbated by iCa2+ elevations, and that Ca2+ crosstalks with 

PARP-1 activity through SOCs in TGHQ-mediated cell death in HK-2 cells.  Further 

investigations on the role of SOCs in TGHQ-mediated cell death could provide new 

insight on mechanisms involved in PARP-mediated cell death, and eventually potential 

therapeutics for the evaluation and treatment of diseases involving a lack of Ca2+ 

homeostasis, such as mineral metabolism disorders and kidney disease (Moe, 2008). In 

the following chapter, the relationship of SOCs and PARP-1 is evaluated.  
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CHAPTER 3: PARP-1 AND CALCIUM ARE COUPLED THROUGH PAR-

MEDIATED CELL DEATH 

 

3.1 INTRODUCTION 

Poly(ADP-ribose) polymerase 1 (PARP-1) is an abundant nuclear protein that 

contributes to the regulation of chromatin structure, DNA metabolism, gene expression, 

and DNA repair (Krishnakumar and Kraus, 2010).  PARP-1 is activated up to 500 above 

than its basal activity when DNA strand breaks, caused by environmental factors such as 

reactive oxygen species (ROS) or reactive nitrogen species (RNS), occur  (Virag et al., 

2013). When activated by DNA strand breaks, PARP-1 catalyzes the covalent binding of 

poly(ADP-ribose) (PAR) polymers onto acceptor proteins, including DNA repair 

proteins, histones, transcription factors, and itself, using nicotinamide adenine 

dinucleotide (NAD+) as a substrate  (D'Amours et al., 1999, Luo and Kraus, 2012). 

Although PARP-1 has a primary function to regulate and repair DNA, excess DNA 

strand breaks lead to PARP-1 overactivation, in turn depleting both NAD+ and ATP, and 

ultimately ending in cell death  (Pieper et al., 1999).   

The mechanisms downstream of hyperactivation of PARP-1 in PARP-1-mediated 

cell death remain elusive.  PARP-1-mediated NAD+ depletion can produce negative 

downstream effects, such as loss of mitochondrial membrane potential and casapse-

independent cell death  (Kim et al., 2005). Moreover, traumas such as ischemia-

reperfusion, myocardial infarction, and ROS-induced injury are all known to 

hyperactivate PARP-1, and inhibition of PARP-1 prevented cell death, as well as long-

term damage  (Kim et al., 2005, Jagtap and Szabo, 2005). 
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Previous studies report Ca2+-dependent modulation of PARP-1 during cellular 

stress leads to changes in cellular metabolism, and attenuation of ROS-induced cell death  

(Bentle et al., 2006).  Chelation of intracellular Ca2+ with BAPTA-AM protects against 

cellular stress similarly to inhibition of PARP-1 activity  (Bentle et al., 2006, Zhang et 

al., 2014). In these particular studies, Ca2+ chelation also attenuated PARP-1 

hyperactivation, and ϒ-H2AX formation during ROS-induced cell death.  Interestingly, 

inhibition of PARP-1 reduced TGHQ-induced changes in iCa2+  (Zhang et al., 2014). 

Thus, Ca2+ appears to be coupled to PARP-1 hyperactivation in ROS-induced cell death.   

While the coupling of PARP-1 and Ca2+ has been previously established, the 

mechanisms by which they form a relationship to exacerbate cellular stress remain 

elusive. Data suggests that PARP-1-mediated Ca2+ influx to the cytosol occurs through 

the opening of the melastatin-like transient receptor potential 2 (TRPM2) channels, where 

the PAR polymer breakdown product, mono(ADP-ribose) (ADPR), is required for the 

opening of the channel, as PARP-1 silencing suppressed hydrogen peroxide-induced Ca2+ 

signaling and cytotoxicity  (Blenn et al., 2011). 

Moreover, PARylation, the binding of PAR polymers to proteins, regulates 

several different cellular processes, including DNA repair, chromatin architecture, cell 

cycle, transcription, mitochondrial function, and cell death  (Virag et al., 2013). PAR 

covalently attached to proteins can be hydrolyzed to free PAR, or ADPR, by PARG (Luo 

and Kraus, 2012).  Because of its rapid breakdown, PAR can behave as a signal 

transducer both as an ADPR monomer metabolized by PARG, and as a free polymer by 

binding to proteins containing PAR-binding motifs, PAR-binding zinc finger domains, 

and macrodomains  (Kraus, 2008, Gagne et al., 2001). PAR signaling has been 
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implicated in many different forms of cell death, including parthanatos  (Andrabi et al., 

2006), autophagy  (Munoz-Gamez et al., 2009, Rodriguez-Vargas et al., 2012), and 

regulated necrosis or necroptosis  (Virag et al., 1998a).  In this particular study, we 

sought to determine the mode of coupling between PARP-1 and Ca2+ during ROS-

dependent cell death. We were particularly interested in the relationship between PARP-1 

and SOCs, as our previous studies established that SOCs contribute to TGHQ-mediated 

cell death in HK-2 cells (Chapter 2).   Additionally, we sought to discover the role of 

PARG in the relationship between PARP-1 and SOCs, and whether its activity to break 

down polymers to ADPR contributed to necrotic cell death in HK-2 cells. 
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3.2 METHODS 

 

3.2.1 Chemicals, Reagents, and TGHQ Purification 

TGHQ was synthesized and purified as previously described  (Lau et al., 1988c).  

TGHQ is nephrotoxic and carcinogenic and must therefore be handled with protective 

clothing in a ventilated hood.  BAPTA-AM and ADP-HPD, a cell impermeable PARG 

inhibitor, were purchased from EMD Millipore (Billerica, MA).  H2DCFDA and Fluo-4-

AM were purchased from Life Technologies (Carlsbad, CA).  Antibody for poly(ADP-

ribose) was purchased from Enzo Life Sciences (Farmingdale, NY).  All other chemicals 

were purchased from Sigma-Aldrich (St. Louis, MO).   

 

3.2.2 Cell culture 

Human kidney proximal tubule epithelial cells (HK-2) were purchased from the 

American Type Culture Collection (Manassas, VA).  Cells were cultured in keratinocyte 

serum-free medium (K-SFM, Life Technologies, Carlsbad, CA) supplemented with 0.05 

mg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor provided by the 

media supplier.  Cell cultures were performed at 37°C in a humidified atmosphere of 5% 

CO2.   

 

3.2.3 Cell death viability assays-MTS 

To determine the viability of HK-2 cells in the presence and absence of various 

toxicants and inhibitors, cells were seeded at 8 x 103 cells/well and allowed to grow to 
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~80% confluence.  Cells were washed once with Dulbecco’s Modified Eagle’s Medium 

(DMEM) without sodium pyruvate supplemented with 25mM HEPES (DMEM/HEPES), 

then treated with TGHQ with or without inhibitors.  The cell viability was determined by 

an assay measuring mitochondrial dehydrogenase activity (Promega, Madison, WI) 

according to the manufacturer’s instructions. MTS, a tetrazolium compound, is reduced 

to a formazan product.  After treatment with TGHQ, cells were washed twice with 

DMEM/HEPES without phenol red, then 20µl of MTS were added to 100µl of 

DMEM/HEPES and incubated for 2 hours at 37°C.  The absorbance of the formazan was 

measured directly from 96-well plates at 490nm using a microplate reader. 

 

3.2.4 Measurement of ROS generation  

HK-2 cells were seeded in clear bottom black 96-well plates at 8 x 103 cells/well 

and grown to ~80% confluence.  Cells were washed once with DMEM/HEPES without 

phenol red, then incubated with 10µM H2DCFA for 30 minutes at 37°C.  Cells were 

washed twice with DMEM/HEPES without phenol red, and incubated at 37°C for another 

30 minutes in the presence and absence of various inhibitors.  Cells were then treated 

with TGHQ (400µM) and immediately placed in a fluorescent microplate reader.  A 

kinetic assay was performed at 495nm excitation and 525nm emission for 1 hour, where 

cells were imaged every 10 minutes.   

 

3.2.5 Western blot analysis  

HK-2 cells were seeded in 6-well plates at 2.0 x 105 cells/well and grown to ~80% 

confluence.  After treatment with TGHQ, cells were washed twice with cold PBS and 
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lysed with PAR lysis buffer containing 50mM Tris HCl, pH 7.5, 150mM NaCl, 0.5% 

deoxycholate, 0.1% SDS, 1mM EGTA, 1mM EDTA, 1% Nonidet P-40, 20% glycerol, a 

complete protease inhibitor tablet, and 1µM ADP-HPD.  Cells were rotated for 15 min at 

4°C then centrifuged to remove cell debris.  Protein concentrations were determined with 

detergent-compatible reagent (Bio-Rad Laboratories, Hercules, CA), then lysate was 

incubated with 4x sample buffer (Bio-Rad Laboratories, Hercules, CA) containing 5% 2-

mercaptoethanol and heated for 15 min at 65°C on a heating block.  Samples were 

resolved in 7.5% SDS-polyacrylamide gels and transferred to PVDF membranes (EMD 

Millipore, Billerica, MA).  Membranes were blocked with 5% nonfat milk in Tris-

buffered saline with 0.5% Tween 20 (TBS-T), then incubated with primary antibody 

overnight at 4°C.  Following washes, membranes were incubated with secondary 

antibody coupled with horseradish peroxidase for 1 hour at room temperature.  

Immunoblots were developed using enhanced chemoluminescence (ECL) reaction 

(Pierce, Thermo Scientific, Rockwell, IL) and imaged on a ChemiDoc XRS System 

(BioRad, Hercules, CA).  

 

3.2.6 Determination of total NAD content 

Cells were seeded on 6-well plates at 2.0 x 105 cells/well for 48 hours and grown 

to ~80% confluence.  Cells were pretreated with 2-APB, a non-selective store-operated 

calcium channel inhibitor, and then co-treated with TGHQ (400µM) at indicated 

treatment times.   Total NAD was extracted using 1.0M HClO4 and neutralized to pH 7.0 

by adding 2M KOH/0.66M KH2PO4.  NAD concentrations were determined by 

enzymatic cycling assays as previously described (Jacobson and Jacobson, 1997). 
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3.2.7 siRNA knockdown of PARG 

Cells were seeded in 24-well or 96-well plates and allowed to grow to ~25% 

confluence prior to transfection.  Knockdown of PARG was performed using the 

transfection reagent DharmaFECT, along with ON-TARGETplus siRNA SMART pool 

purchased from Dharmacon (Lafayette, CO).  Cells were transfected using 25nM non-

targeting siRNA or PARG siRNA and incubated for 72 h, changing culture media daily.  

Confirmation of knockdown was determined by western blot analysis. 

 

3.2.8 Statistical Analysis  

Statistical differences between the treated and control groups were determined by 

Student’s unpaired t-test. Differences between groups were assessed by one-way 

ANOVA followed by a post-hoc Student Newman Kuel’s test in Graphpad Prism 6 for 

Mac. p < 0.05 was considered to be statistically significant. 
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3.3 RESULTS 

 

3.3.1 Store-operated Calcium Entry is Coupled to PARP-1 in TGHQ-induced 

Necrotic Cell Death 

 In Chapter 2 we determined SOCs play a role in TGHQ-induced cell death.  In 

order to establish its relationship with PARP-1 and its role in cell death, we sought to 

examine the effects of SOC inhibition on PARP-1 activity.  PARP-1 activation has been 

coupled to cell death through the consumption of NAD+, a substrate necessary for its 

activation.  Levels of total NAD in the presence of TGHQ are depleted by more than 50% 

within 2 hours of treatment.  Moreover, pre-treatment and co-treatment with 2-APB 

restored NAD levels in the presence of TGHQ both in a time- (Figure 3.1a) and dose-

dependent manner (Figure 3.1b), indicating a relationship between SOCs and PARP-1.   

 Western blot analysis of PAR confirmed that pre-treatment and co-treatment with 

several concentrations of 2-APB attenuates ribosylation instigated by PARP-1 in the 

presence of TGHQ (Figure 3.2), confirming the coupling of SOCs and PARP. 
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Figure 3.1. Store-operated Calcium Entry is Coupled to PARP-1 in TGHQ-induced  
         Necrotic Cell Death.   

 
(A) SOC inhibition restores NAD in a dose-dependent manner.  HK-2 cells were pre-
treated for 30 min and co-treated with 2-APB at various concentrations (25µM-100µM) 
in the presence of TGHQ (400µM).  Total NAD was measured using the enzymatic 
cycling assays 2 hours after initial treatment. Data represent the mean ± standard error (n 
≥ 3). p < 0.05 (*) was considered to be statistically significant when compared to TGHQ-
treated cells. There were no statistically significant difference between 2-APB alone and 
TGHQ+2-APB-treated cells.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(A) 
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Figure 3.1. Store-operated Calcium Entry is Coupled to PARP-1 in TGHQ-induced  

       Necrotic Cell Death.   

 
(B) SOC inhibition restores NAD in a time-dependent manner. HK-2 cells were pre-
treated for 30 min and co-treated with 2-APB 100µM in the presence of TGHQ 400µM at 
various time points.  Total NAD was measured using the enzymatic cycling assays 2 
hours after initial treatment. Data represent the mean ± standard error (n ≥ 3). p < 0.05 (*) 
and p < 0.01 (**) was considered to be statistically significant when compared to TGHQ-
treated cells. 
 

 

 

 

 

 

 

(B) 
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Figure 3.2. Store-operated Calcium Entry is Coupled to PARP-1 in TGHQ-induced  
       Necrotic Cell Death.   

 
(A) Inhibition of SOC activity abolishes ROS-induced PARP ribosylation.  HK-2 cells 
were treated with TGHQ 400µM for 30 minutes in the presence and absence of 2-APB at 
various concentrations (50µM, 100µM).  Cells were collected using PAR lysis buffer and 
ran on an SDS-PAGE gel.  Western Blot analysis was performed using anti-PAR 
antibody.  (B) The densitometric analysis and statistical analysis from three independent 
biological experiments.. Data represent the mean ± standard error (n ≥ 3) compared to the 
control group. p < 0.05 (*) was considered to be statistically significant when compared 
to untreated control. 
 
 

(A) 

(B) 
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3.3.2 Store-operated Calcium Channel Inhibition Occurs Downstream of ROS 

Generation   

 2-APB is a non-specific SOC inhibitor. ROS was measured using H2DCFDA to 

verify 2-APB was not inhibiting TGHQ-induced cell death upstream of SOC inhibition.  

While TGHQ induced a 2-fold increase in ROS within a 1-hour period, N-acetyl-cysteine 

(NAC) was able to completely abrogate ROS in the presence of the toxicant (Figure 3.3).  

Additionally, pre-treatment with 2-APB demonstrated no abrogation of ROS, confirming 

that the inhibitory effects of 2-APB occur downstream of TGHQ induced ROS. 

 To further determine Ca2+ entry through SOCs was coupled to PARP-1-mediated 

cell death, we sought to determine whether inhibitors of SOCs and PARP could create 

synergistic or additive cytoprotection in the presence of TGHQ.  While each inhibitor 

successfully produced partial protection from TGHQ toxicity individually, pre-treatment 

and co-treatment with low concentrations of both 2-APB (75µM) and DPQ (20µM), a 

PARP-1 inhibitor, demonstrated no additive or synergistic cytoprotection (Figure 3.4).   
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Figure 3.3. Store-operated Calcium Channel Inhibition Does Not Impact ROS  

       Generation.   

 
HK-2 cells were incubated with H2DCFDA (10µM) for 30 min, then pre-treated 30 min 
and co-treated with 2-APB or co-treated with NAC (10mM) in the presence of TGHQ 
(400µM) for 1 hour, measuring fluorescence every 10 minutes.  Data represent the mean 
± standard error (n ≥ 3) relative to control fluorescence at time 0. p < 0.05 (*) was 
considered to be statistically significant when compared to untreated control.  Untreated 
control overlaps with NAC+ TGHQ-treated cells. 
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Figure 3.4. 2-APB inhibition of SOCs does not work independently of PARP-1 

       pathway in necrotic cell death.   

 
HK-2 cells were pre-treated for 30 min and co-treated with 2-APB (75µM) and/or DPQ 
(20µM) in the presence of 400µM TGHQ for 2 hours.  Cell viability was determined 
using a MTS based assay, measuring mitochondrial dehydrogenase activity.  Data 
represent the mean ± standard error (n ≥ 3). p < 0.05 (*) was considered to be statistically 
significant when compared to TGHQ-treated cells. 
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3.3.3 Coupling of PARP-1 and Calcium is Independent of PAR Breakdown by 

PARG 

 While PARP-1 ribosylates DNA repair proteins to recruit them to the site of 

injury, PARG typically breaks down these polymers, creating ADPR, which has further 

signaling capabilities, including activating SOCs such as the TRPM2 cation channel 

(Faouzi and Penner, 2014). Interestingly, full knockdown of PARG had no effect on 

TGHQ-induced cell death (Figure 3.5), suggesting that ADPR, the metabolites of PAR 

created by PARG, are not responsible for inducing elevations of iCa2+. Western blot 

analysis demonstrated that PARG knockdown caused increases in PAR ribosylation in 

the absence of TGHQ (Figure 3.6), indicating PARG is essential for breakdown of PAR.   

Additionally, treatment of TGHQ in the presence of PARG knockdown caused robust 

increases in PAR ribosylation, ultimately suggesting PAR-ribosylated proteins are 

responsible for iCa2+ increases. 
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Figure 3.5. Coupling of PARP-1 and Calcium is Independent of PAR Breakdown by  
        PARG. 

 
(A) PARG knockdown does not protect against TGHQ-induced toxicity.  Cells were 
transfected using 25nM non-targeting scramble siRNA or PARG siRNA and incubated 
for 72 h. HK-2 cells were treated with 400µM TGHQ at various time points (1-4h).  Cell 
viability was determined using a MTS based assay, measuring mitochondrial 
dehydrogenase activity.  Data represent the mean ± standard error (n ≥ 3) relative to their 
respective siRNA controls.  p < 0.05 (*) was considered to be statistically significant.  
There was no statistically significant difference between TGHQ-treated scramble siRNA 
cells and TGHQ-treated PARG siRNA cells  (B) PARG knockdown does not protect 
against TGHQ-induced toxicity.  Cells were transfected using 25nM non-targeting 
scramble siRNA or PARG siRNA and incubated for 72 h. HK-2 cells were treated with 
TGHQ at various concentrations (100-400µM) in the presence of Scrambled siRNA or 
PARG siRNA for 2 hours.  Cell viability was determined using a MTS based assay, 
measuring mitochondrial dehydrogenase activity.  Data represent the mean ± standard 
error (n ≥ 3) of their respective siRNA controls. p < 0.05 (*) was considered to be 
statistically significant (C) Western blot confirmation of knockdown of PARG using 
siRNA.  Western Blot analysis was performed using anti-PARG, and pan-cadherin as a 
loading control. Densitometric and statistical analysis of siRNA knockdown confirmation 
from three independent biological experiments. Data represent the mean ± standard error 
(n ≥ 3). p < 0.01 (**) was considered to be statistically significant when compared to 
Wild Type HK-2 cells. 
 

 

 

(C) 
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Figure 3.6. PARG Breakdown Does NOT Play a Role in TGHQ-induced Cell Death,  
       Indicating PAR is a Cell Death Signal.   

(A) PARG actively breaks down PAR ribosylation in HK-2 cells.  Cells were treated with 
400µM TGHQ for 30 minutes in the presence of Scrambled siRNA or PARG siRNA.  
Cells were collected using PAR lysis buffer and ran on an SDS-PAGE gel.  Western Blot 
analysis was performed using anti-PAR antibody, anti-PARG, and pan-cadherin as a 
loading control.  (B) Densitometric and statistical analysis of PAR accumulation from 
three independent biological experiments. Data represent the mean ± standard error (n ≥ 
3). (C) Densitometric and statistical analysis of siRNA knockdown confirmation from 
three independent biological experiments. Data represent the mean ± standard error (n ≥ 
3).  p<0.05(*), p<0.01(**), p<0.001 (***) was considered to be statistically significant 
when compared via one way ANOVA followed by a post-hoc Student Newman Kuel’s 
test. 
 

(A) 

(B) (C) 
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3.4 DISCUSSION 

  

Chelation of iCa2+ with BAPTA-AM protects against cellular stress similarly to 

inhibition of PARP-1 activity  (Bentle et al., 2006, Zhang et al., 2014). In these particular 

studies, Ca2+ chelation also attenuated PARP-1 hyperactivation, and ϒ-H2AX formation 

in ROS-induced cell death.  Interestingly, inhibition of PARP-1 reduced TGHQ-induced 

changes in iCa2+  (Zhang et al., 2014). Thus, Ca2+ appears to be coupled to PARP-1 

hyperactivation in ROS-induced cell death.  While the coupling of PARP-1 and Ca2+ has 

been previously reported, the mechanisms by which they form a relationship to 

exacerbate cellular stress remain elusive.  In the previous chapter, we hypothesized that 

ROS-induced PARP-1 hyperactivation is coupled with iCa2+ increases through SOCs in 

TGHQ-mediated cell death in HK-2 cells.   

Inhibition of Store-operated Calcium Entry (SOCE) prevents iCa2+ increases in 

the presence of TGHQ (Chapter 2). We now show that SOCE inhibition restored NAD 

concentrations and attenuated PARylation in the presence of TGHQ (Figure 3.1 and 

Figure 3.2), demonstrating the capability of Ca2+ to influence PARP-1 activity.  Our data 

suggest that SOCs are coupled to PARP-1 hyperactivation in TGHQ-induced necrotic 

cell death.  This data is supported by previous reports of a relationship between TRPM2, 

a Ca2+ channel, and its opening by the PARP-1 metabolite, ADPR. PARP-1-mediated 

Ca2+ influx to the cytosol occurs through the opening of TRPM2 channels, where ADPR 

is required for the opening of the channel, and PARP-1 silencing suppressed hydrogen 

peroxide-induced Ca2+ signaling and cytotoxicity  (Blenn et al., 2011).  In future 

experiments, more specific SOC inhibitors can be employed to identify particular 
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channels, in conjugation with performing NAD assays and Western Blot analysis of 

PARylation to determine which SOCs are coupled to PARP-1.  While specific SOC 

inhibitors remain under development for specific channels, other slightly less non-

specific SOC inhibitors could be used to determine the coupling of SOCs and PARP-1.  

AnCoA4 inhibits Orai1 to prevent binding to STIM1  (Sadaghiani et al., 2014), which 

can potentially shed light on the coupling of PARP-1 and a specific SOC channel.   

Knockdown with siRNA of the specific channels that are present in HK-2 cells would 

help establish SOCs coupling to PARP-1 during ROS-induced DNA damage. siRNA 

knockdown of CRAC channels, as well as TRPs expressed in HK-2 cells could also help 

define the role of specific SOCs coupling to PARP-1 during TGHQ-mediated cell death. 

 2-APB is a well-established SOC inhibitor  (DeHaven et al., 2008).  Nonetheless, 

2-APB has also been reported to target mitochondrial calcium influx, and the IP3R 

receptor in transfected HEK293 cells  (Maruyama et al., 1997).  To determine whether 2-

APB was specifically targeting SOCs, we examined its ability to modulate ROS levels.  

Figure 3.3 shows 2-APB does not affect ROS production induced by TGHQ. 

Additionally, we determined the cytoprotective properties of 2-APB were independent of 

the PARP-1 pathway.  Pre-treatment and co-treatment of cells with 2-APB in 

combination with DPQ and TGHQ did not provide a synergistic cytoprotection (Figure 

3.4), suggesting 2-APB inhibition affords cytoprotection through the same pathway as 

PARP-1 during TGHQ-induced toxicity.  Together, the data suggest 2-APB is not acting 

independently of SOC inhibition. This is supported by the specificity of 2-APB as a SOC 

inhibitor, as reported, and its ability to cytoprotect against other modes of cell death and 
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other toxicants  (Putney, 2010, DeHaven et al., 2008, Jin et al., 2006, Nicoud et al., 

2007). 

ADPR can activate TRPM2 channels to allow Ca2+ influx into the cytosol.  PAR 

breakdown to ADPR is catalyzed by PARG  (Davidovic et al., 2001). Moreover, 

preceding studies have found PARG silencing can protect against ROS-induced cell 

death  (Blenn et al., 2006), indicating the breakdown of PAR polymers are necessary for 

the downstream signaling coupled to PARP-mediated cell death.  We therefore 

hypothesized that the coupling of PARP-1 and SOCs occurred through the downstream 

metabolism of PAR by PARG in the presence of TGHQ, allowing iCa2+ influx to the 

cells and exacerbating cell death.   

 

Silencing of PARG in HK-2 cells demonstrated that while PARG is clearly active 

and can break down PAR polymers both in the presence and absence of TGHQ (Figure 

3.6), cell death is not attenuated nor restored in the absence of PARG (Figure 3.5).  We 

propose that, in contrast to previous reports, the relationship between PARP-1 and SOCs, 

at least in TGHQ-mediated cell death, is upstream of PARG activity, and likely unrelated 

to TRPM2 activation.  Furthermore, we speculate that PARP-1 hyperactivation, and 

subsequent excessive PARylation of proteins, activates a novel PARG-independent 

pathway that allows extracellular Ca2+ entry through SOCs, which ultimately leads to cell 

death in the presence of TGHQ. The data suggest PAR itself could be acting as a cell 

death signal, activating downstream pathways that contribute to increases in iCa2+, 

further exacerbating cell death.   
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Delivering in vitro synthesized PAR to living cells or inducing cellular PAR 

synthesis by PARP-1 overactivation is cytotoxic, and initiates a cascade of events that 

leads to cell death  (Andrabi et al., 2006).  Additionally, PARG depletion, which leads to 

PAR accumulation, increases radiosensitivity of HeLa cells by causing defects in the 

repair of DNA strand breaks and causing disturbances in the progress of mitosis  (Ame et 

al., 2009).  Thus, PARylation of proteins has been implicated in many forms of cell 

death.  To determine the role of PARylated proteins in TGHQ-mediated cell death and 

their connection to Ca2+, we investigated the effects of PARP-1-mediated PARylation in 

TGHQ-induced cell death in HK-2 cells through a proteomics-based approach in Chapter 

4. 
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CHAPTER 4: PROTEOMIC ANALYSIS REVEALS CALCIUM-RELATED 

PARYLATED PROTEINS DURING NECROTIC CELL DEATH 

 

4.1 INTRODUCTION 

 

PARP-1 catalyzes the covalent attachment of PAR polymers. Using NAD+ as a 

substrate for each ribose unit, PARP attaches PAR polymers to itself and to other 

proteins, including histones, DNA repair proteins, transcription factors, and chromatin 

modulators (Luo and Kraus, 2012).  Covalently attached PAR on proteins is hydrolyzed 

to free PAR and mono(ADP-ribose) (ADPR) units, mainly by PARG, and also by ADP-

ribosyl hydrolase 3 (ARH3), which has PARG-like activity  (Burkle and Virag, 2013, 

Feng and Koh, 2013). The PAR polymers cleaved from proteins may function as a signal 

transducer by binding to other proteins, noncovalently, through conserved PAR 

recognition modules, including PAR-binding motifs (PBMs), PAR-binding zinc finger 

(PBZF) domains, and macrodomains (Kraus, 2008).   

Recently, the role of PARP-1 in cell death has focused on its post-translational 

modification, PAR.  PARylation is a reversible protein modification catalyzed by the 

complementary actions of PARP and enzymes such as PARG and ARH3  (Virag et al., 

2013).  While the cellular demise of cells due to PARylation has long been described, the 

underlying molecular mechanisms have only recently begun to emerge.  PAR, as a death 

signal, is associated with cellular stress, and is considered to play an active complex role 

in cell death (Luo and Kraus, 2012).  For example, PAR polymers can be directly toxic to 

neurons in MNNG-induced cell death, and its breakdown by PARG can protect against 
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cell death  (Andrabi et al., 2006).  Additionally, inducing cellular PAR synthesis by 

PARP-1 overactivation is cytotoxic and initiates a cascade of events leading to cell death  

(Andrabi et al., 2006).  Moreover, PARG depletion, which leads to PAR accumulation, 

increased radiosensitivity of HeLa cells by causing defects in repair of DNA strand 

breaks, and by disrupting mitosis  (Ame et al., 2009).  Thus, PARylation of proteins is 

implicated in many forms of cell death, including necroptosis, and autophagic, and 

necrotic cell death  (Virag et al., 2013). However, the exact mechanisms by which 

PARylation leads to cell death remain unknown, and further investigation on the 

relationship between PARylation and cell death may shed light on many pathological 

diseases associated with PARP-1 hyperactivation.    

Recent studies using large-scale mass spectrometry-based analysis have further 

identified stress-related proteins containing PAR recognition modules.  Proteins 

containing all three PAR recognition models were identified, in vitro, under both 

physiological conditions and pathological settings.  Additionally, proteins involved in cell 

cycle progression, calcium ion transport, RNA transcription, and DNA replication were 

PARylated under genotoxic conditions, further confirming the role of PARylation in 

cellular stress, and revealing specific targets for such post-translational modifications  

(Gagne et al., 2012, Pic et al., 2011, Luo and Kraus, 2012). Identification of PAR-

associated proteins not only reflects the widespread involvement of PARylation in 

various signaling networks, but also identifies protein targets that could shed insight on 

the regulatory functions of PAR under normal physiological conditions, as well as after 

exposure to genotoxic stimuli.  In light of the current data indicating the importance of 

PARylation in cellular stress, we performed a proteomic analysis to identify potential 
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targets of PARylation in the presence of TGHQ in HK-2 cells.  Additionally, we sought 

to identify the signaling pathways these proteins participate in, and to determine whether 

Ca2+ signaling is associated with any of these pathways.   
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4.2 METHODS 

 

4.2.1 Chemicals, reagents, and TGHQ purification 

TGHQ was synthesized and purified as previously described  (Lau et al., 1988c).  

TGHQ is nephrotoxic and carcinogenic and must therefore be handled with protective 

clothing in a ventilated hood. ADP-HPD, a cell impermeable PARG inhibitor, was 

purchased from EMD Millipore (Billerica, MA).  Alexa Fluor 488 donkey anti-mouse 

secondary fluorescent antibody was purchased from Life Technologies (Carlsbad, CA).  

Antibody for poly(ADP-ribose), clone 10H was purchased from Tulip Biolabs (West 

Point, PA).  All other reagents and chemicals were purchased from Sigma-Aldrich (St. 

Louis, MO).   

 

4.2.2 Cell culture 

Human kidney proximal tubule epithelial cells (HK-2) were purchased from the 

American Type Culture Collection (Manassas, VA).  Cells were cultured in keratinocyte 

serum-free medium (K-SFM, Life Technologies, Carlsbad, CA) supplemented with 0.05 

mg/ml bovine pituitary extract and 5 ng/ml epidermal growth factor provided by the 

media supplier.  Cell cultures were performed at 37°C in a humidified atmosphere of 5% 

CO2.   
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4.2.3 Immunofluorescence analysis 

HK-2 cells were seeded in 35mm ibiTreat tissue culture dishes at 2.0 x 105 

cells/dish and grown to ~80% confluence.  Cells were treated with TGHQ for 30 min 

then rinsed twice with ice cold PBS.  Cells were permeabilized and fixed using a 1:1 

mixture of acetone and methanol for 20 minutes at -20°C.  Immediately following fixing, 

cells were rinsed twice with PBS and blocked using 10% goat serum and 1% bovine 

serum albumin (BSA) in PBS containing 0.1% Tween 20 (PBS-T) for 2 hours at room 

temperature.  Cells were incubated with anti-PAR antibody in 1% BSA and 1% goat 

serum overnight at 4°C, then washed 6 times with PBS-T the following day.  Cells were 

finally incubated with donkey anti-mouse IgG Alexa Fluor 488 (Life Technologies) 

antibody in 1% BSA for 2 hours at room temperature in the dark, then washed with PBS 

and incubated with DAPI at room temperature for 30 minutes.  Cells were imaged at 40x 

magnification on a deconvolution microscope controlled by imaging program 

DeltaVision softWoRx and analyzed using the NIH provided software ImageJ. 

 

4.2.4 Immunoprecipitation 

HK-2 cells were seeded in three 10cm2 dishes at 1.2 x 106 cells/dish for each 

sample and grown to ~80% confluence.  Cells were treated with 400µM TGHQ for 30 

min in DMEM/HEPES without sodium pyruvate and collected using PAR lysis buffer 

containing 50mM Tris HCl, pH 7.5, 150mM NaCl, 0.5% deoxycholate, 0.1% SDS, 1mM 

EGTA, 1mM EDTA, 1% Nonidet P-40, 20% glycerol, a complete protease inhibitor 

tablet, and 1µM ADP-HPD.  Cell lysates were placed on ice for 15 min and gently rotated 

for 20 min at 4°C, then centrifuged at 3000g for 5 min.  Immunoprecipitation 
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experiments were performed using DyanbeadsTM magnetic beads kit coupled with Protein 

G (Life Technologies, Carlsbad, CA). DynabeadsTM (1.5mg) were coated with 15µg of 

mouse monoclonal anti-pADPr antibody clone 10H (Tulip Biolabs, West Point, PA) for 1 

hour at room temperature using antibody binding buffer provided.  The beads were 

washed once with binding buffer and added to 1mg of sample lysate.  Samples were 

incubated for 2 hours with gentle mixing on a rotating device at 4°C.  Protein complexes 

were washed 3 times with washing buffer and eluted using 30µl of 4x sample buffer 

containing 5% β-mercaptoethanol and heated at 65°C for 10 min.  Proteins were resolved 

using a 4-12% Criterion XT Tris-HCl gradient gel (Biorad, Hercules, CA).  Western blots 

were performed using anti-pADPr antibody and PARP-1 antibody (Cell Signaling, 

Danvers, MA).   

 

4.2.5 1D-gel Electrophoresis, Coommassiee Staining, Gel excision, cleanup and 

digestion 

IP samples were resolved on a 4-12% SDS-PAGE gel (BioRad) and the gel 

stained with Coomassie Imperial Protein Stain (Thermo Scientific) and washed in ddH2O 

overnight. Coomassie stained gel- bands were excised and washed in ddH2O for 15 min. 

H2O was removed and bands were incubated in 50/50 acetonitrile (ACN):ddH2O for 15 

min. ACN:ddH2O was removed and bands were incubated with ACN for 5 min. ACN 

was removed and gels were incubated with 100mM ammonium bicarbonate (AMBIC). 

An equal volume of ACN was added to make a 1:1 solution and incubated for 15 min. 

The ACN/AMBIC solution was removed and remaining gel bands were dried by speed-

vacuum. Dithiothreitol (DTT) (10mM) was added to each band and incubated at 56°C for 
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45 min. DTT was removed and sample brought to room temperature (RT). Iodoacetamide 

(IAA) (55 mM) was added to each sample and incubated at RT for 30 min in dark. IAA 

was removed and 100mM AMBIC was added, and bands were incubated for 5 min. An 

equal volume of ACN was added to make a 1:1 solution and incubated for 15 min. The 

ACN/AMBIC solution was removed and bands were dried by speed-vacuum. Bands were 

digested with sequencing-grade trypsin (Promega; 400 ng/band) in 50mM AMBIC and 

incubated on ice for 45 min. Tryptic solution was removed and 50mM AMBIC was 

added to each band and incubated overnight at 37°C to complete digestion. Digests were 

acidified using 10% trifluoroacetic acid (TFA). Supernatant was saved. Bands were 

covered with TFA:ACN (0.1%:60%) and sonicated at 20°C in a water bath for 30 min. 

Supernatant was combined with previous fractions and samples were place in a speed 

vacuum to reduce to a final volume of 10 µL prior to LC-MS/MS analysis on an LTQ 

Orbitrap Velos mass spectrometer. 

 

4.2.6 Silver Staining of 1D Gels 

Gels were stained using a modified version of the method from  (Blum et al., 

1987) Gels were fixed overnight in a solution of 50% MeOH, 12% glacial acetic acid, 

and 0.0185% formaldehyde. Gels were washed for 2x20 min with 50% EtOH followed 

by 20 minutes with 30% EtOH. Gels were subject to a pretreatment solution of 0.2 mg/ml 

of sodium thiosulfate (Na2S2O3) for 1 min and were rinsed for 3x20 sec with MilliQ H2O. 

Gels were impregnated with the silver solution (2 mg/ml silver nitrate [AgNO3], 0.078% 

formaldehyde) for 20 minutes. Following two 20-second MilliQ H2O washes, the gels 

were immediately developed with a solution of 60 mg/ml Na2CO3, 4 µg/ml sodium 
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thiosulfate, and 0.0185% formaldehyde until protein bands were visible. Upon acceptable 

staining progression, gels were rinsed twice for 2 min with MilliQ H2O before the 

reaction was stopped with a solution of 50% MeOH and 12% glacial acetic acid. Gels 

were washed and stored in 50% MeOH. Gels were imaged with a ChemiDoc XRS 

System (BioRad). 

 

4.2.7 Western blot analysis  

HK-2 cells were seeded in 6-well plates at 2.0 x 105 cells/well and grown to ~80% 

confluence.  After treatment with TGHQ, cells were washed twice with cold PBS and 

lysed with PAR lysis buffer containing 50mM Tris HCl, pH 7.5, 150mM NaCl, 0.5% 

deoxycholate, 0.1% SDS, 1mM EGTA, 1mM EDTA, 1% Nonidet P-40, 20% glycerol, a 

complete protease inhibitor tablet, and 1µM ADP-HPD.  Cells were placed on a rotator 

for 15 min at 4°C then centrifuged to remove cell debris.  Protein concentrations were 

determined with detergent-compatible reagent (Bio-Rad Laboratories, Hercules, CA), 

then lysate was incubated with 4x sample buffer (Bio-Rad Laboratories, Hercules, CA) 

containing 5% 2-mercaptoethanol, and heated for 15 min at 65°C on a heating block.  

Samples were resolved in 7.5% SDS-polyacrylamide gels and transferred to PVDF 

membranes (EMD Millipore, Billerica, MA).  Membranes were blocked with 5% nonfat 

milk in Tris-buffered saline with 0.5% Tween 20 (TBS-T), then incubated with primary 

antibody overnight at 4°C.  Following washes, membranes were incubated with 

secondary antibody coupled with horseradish peroxidase for 1 hour at room temperature.  

Immunoblots were developed using enhanced chemoluminescence (ECL) reaction 
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(Pierce, Thermo Scientific, Rockwell, IL) and imaged on a ChemiDoc XRS System 

(BioRad, Hercules, CA). 

 

4.2.8 Mass Spectrometry Orbitrap LC-MS/MS Analysis 

LC-MS/MS analysis of in-gel trypsin digested-proteins  (Shevchenko et al., 1996) 

was carried out using a LTQ Orbitrap Velos mass spectrometer (Thermo Fisher 

Scientific, San Jose, CA) equipped with an Advion nanomate ESI source (Advion, Ithaca, 

NY), following ZipTip (Millipore, Billerica, MA) C18 sample clean-up according to the 

manufacturer’s instructions. Peptides were eluted from a C18 precolumn (100-µm id × 2 

cm, Thermo Fisher Scientific) onto an analytical column (75-µm ID × 10 cm, C18, 

Thermo Fisher Scientific) using a 5-20% gradient of solvent B (acetonitrile, 0.1% formic 

acid) over 65 minutes, followed by a 20-35% gradient of solvent B over 25 minutes, all at 

a flow rate of 400 nl/min. Solvent A consisted of water and 0.1% formic acid. Data 

dependent scanning was performed by the Xcalibur v 2.1.0 software  (Andon et al., 

2002), using a survey mass scan at 60,000 resolution in the Orbitrap analyzer scanning 

m/z 350-1600, followed by collision-induced dissociation (CID) tandem mass 

spectrometry (MS/MS) of the fourteen most intense ions in the linear ion trap analyzer.  

Precursor ions were selected by the monoisotopic precursor selection (MIPS) setting with 

selection or rejection of ions held to a +/- 10 ppm window. Dynamic exclusion was set to 

place any selected m/z on an exclusion list for 45 seconds after a single MS/MS. All 

MS/MS samples were analyzed using Sequest (Thermo Fisher Scientific, San Jose, CA, 

USA; version 1.3.0.339). Sequest was set up to search human proteins downloaded from 

UniProtKB on 06/06/2014.  At the time of the search, the Human UniProt database 
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contained 88,323 entries. Proteins were identified at 99% confidence with XCorr scores  

(Qian et al., 2005) as determined by a reversed database search using the Percolator 

algorithm (http://per-colator.com)  (Spivak et al., 2009). 

 

4.2.9. Criteria for protein identification  

Scaffold (version Scaffold-4.3.4, Proteome Software Inc., Portland, OR) was used 

to validate MS/MS based peptide and protein identifications. Peptide identifications were 

accepted if they could be established at greater than 90.0% probability as specified by the 

Peptide Prophet algorithm  (Keller et al., 2002).  Protein identifications were accepted if 

they could be established at greater than 90.0% probability and contained at least 1 

identified peptide. Protein probabilities were assigned by the Protein Prophet algorithm  

(Nesvizhskii et al., 2003).  Proteins that contained similar peptides and which 55 could 

not be differentiated based on MS/MS analysis alone were grouped to satisfy the 

principles of parsimony.  

 

4.2.10. Database Searching for Identified Proteins Containing PBM Motif 

RefSeq Database was searched for all proteins containing the 21 possible 

combinations of the 8 amino acid PAR-binding motif (PBM), [HKR]1-X2-X3-[AIQVY]4-

[KR]5-[KR]6-[AILV]7-[FILPV]8  (Gagne et al., 2008).  A database was then created using 

the UniGene ID of the proteins found.  Calcium-related proteins were then searched 

within the database based on the gene ontology (GO) annotation for calcium.   
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4.2.11. Database Searching for Pathways Related to Proteins PARylated in TGHQ-

treated cells. 

A LC-MS/MS experiment identified a set of proteins that were present in a treated 

samples but not in the control. The data was qualitative in nature and did not measure any 

relative changes between the two conditions. The pathways that contained the highest 

number of proteins in the TGHQ-treated samples were identified. 

A list of Uniprot identifiers was provided for the proteins detected in the LC-

MS/MS experiment. We used the KEGGREST package (Tenenbaum, 2013), which is a 

bioconductor library  (Gentleman et al., 2004), to map the Uniprot identifiers to the 

KEGG identifiers. These KEGG identifers were then mapped to the KEGG pathways. An 

indicator table was created with the proteins along the rows and pathways along the 

columns with each cell indicating 0/1 for absence/presence of that protein as component 

in the pathway. Sorting by column sum revealed pathways with highest counts of proteins 

among those detected in the LC-MS/MS experiment. 

Maps were obtained from the KEGG web page for the pathways with highest 

counts of components in the given list of proteins. The components from the list of 

proteins detected by LC-MS/MS experiment are highlighted with red text in these maps. 
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4.3 RESULTS 

 

4.3.1 PAR is Present in the Cytosol post-TGHQ Treatment  

 A crucial question on the interaction of SOCs and PAR polymers is the presence 

of PAR polymers in the cytosol in order to induce downstream signaling to open these 

ligand-gated channels, and allow Ca2+ entry. Immunofluorescence was employed using a 

PAR antibody along with DAPI staining to determine the location of these polymers 

(Figure 4.1).  Shortly after TGHQ treatment, PAR polymers were heavily accumulated in 

the nucleus. At later time points, the presence of PAR to the cytosol was evident. At 45 

minutes, the ribosylation was seen evenly spread throughout the cell. Moreover, by 60 

and 75 minutes PARylation was located mainly in the cytosol.   
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Figure 4.1. PAR is Present in the Cytosol Post-TGHQ Treatment.   

 
HK-2 cells were treated with 400µM TGHQ for various periods of time.  Cells were fixed 
in MeOH:Acetone solution and probed with anti-PAR antibody, then incubated with 
Alexa Fluor 488 Secondary Antibody and DAPI stain.  Cells were imaged using 40x 
magnification on a deconvolution microscope and images were collected using 
DeltaVision softWoRx.  Images were analyzed using the NIH provided software ImageJ. 
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4.3.2 Immunoprecipitation with pADPR reveals an Increase in PARylated Proteins 

in TGHQ-treated Cells. 

 The presence of PAR polymers in the cytosol further confirmed a possibility for 

PARylation to participate in cell death.  To further determine the role of PARylation in 

TGHQ-mediated cell death, HK-2 cells were treated with 400µM TGHQ for 30 minutes, 

and samples subjected to immunoprecipitation (IP) using a pADPR antibody.  Western 

blot analysis of samples after IP demonstrated that while an equal amount of lysate was 

loaded, TGHQ-treated HK-2 cells had an increase in PARylated proteins when compared 

to untreated cells (Figure 4.2).  In addition, Coomassie-staining of IP samples exhibited 

more prominent bands in TGHQ-treated samples (Figure 4.3).   

 To further determine the difference in the number of proteins between control and 

TGHQ-treated IP samples, we employed silver staining, as a more sensitive detection 

method for bands than Coomassie staining.  Silver staining of IP samples exposed 

thicker, darker protein bands in TGHQ-treated samples when compared to control (Figure 

4.4).  Moreover, there were a markedly higher number of protein bands in both untreated 

and TGHQ-treated samples that were not visible with Coomassie staining.  The TGHQ-

treated IP sample, however, showed more protein bands than the control sample. 
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Figure 4.2.  Successful Immunoprecipitation with pADPR Antibody Reveals More  
        PARylated Proteins in TGHQ-treated Cells.  

 
HK-2 cells were treated with 400µM TGHQ for 30 min.  Immunoprecipitation 
experiments were performed using DyanbeadsTM magnetic beads kit coupled with Protein 
G bound to anti-pADPr antibody clone 10H.  Proteins were resolved using a 4-12% 
Criterion XT Tris-HCl gradient gel.  Western blots were performed using the same anti-
pADPr antibody.  IP represents immunoprecipitated samples for both control (C) and 
TGHQ- treated (T) cells.  Flow through represents remaining protein in washing 
solutions after immunoprecipitation.  Total protein represents protein is equal in both 
control and TGHQ-treated cells prior to immunoprecipitation.   
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Figure 4.3. Coomassiee-stained Gel of pADPR Immunoprecipitation and Excised  
       Bands for LC-MS/MS Anaylsis. 

 
Following immunoprecipitation, proteins were resolved using a 4-12% Criterion XT Tris-
HCl gradient gel then stained with Coomassie Imperial Protein Stain.  Coomassie stained 
gel-bands were excised and washed, then trypsin digested for analysis using an Orbitrap 
Velos mass spectrometer.  Numbers represent each excised band, both in control cells (C) 
(1-5) and TGHQ-treated (TGHQ) cells (17-21).  Arrows indicate darker and more 
prominent bands in TGHQ-treated cells when compared to control under a lighted 
background. Blot was imaged using a ChemiDoc XRS+ (Life Sciences Research). 
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Figure 4.4. Silver-stained Gel of pADPR Immunoprecipitation. 

 
Following immunoprecipitation, proteins were resolved using a 4-12% Criterion XT Tris-
HCl gradient gel then fixed overnight.  The gel was pretreated with sodium thiosulfate 
and impregnated with silver staining solution for 20 min, then developed.  control HK-2 
cells are represented by (C), while (TGHQ) represents TGHQ (400µM)-treated cells.  
Arrows indicate darker and more prominent bands in TGHQ-treated cells when compared 
to control under a lighted background. The blot was imaged using a ChemiDoc XRS+ 
(Life Sciences Research).  
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4.3.3. Identification of PARylated Proteins in Control and TGHQ-treated HK-2 

Cells using LC-MS/MS Analysis. 

 To establish the proteins PARylated when PARP-1 is hyperactivated during 

TGHQ-induced cell death, bands from the IP samples run on the SDS-PAGE gel and 

Coomassie stained (Figure 4.3) were cut and submitted for further analysis via LC-

MS/MS.  Using an Orbitrap mass spectrometer for proteomic analysis, a total of 88 

proteins were confidently identified in both control and TGHQ-treated cells (Table 4.1).  

For some proteins, peptides were found in more than one submitted band, suggesting 

different lengths of PAR polymers in these proteins were found.  Interestingly, two 

proteins were identified only in untreated HK-2 cells (Table 4.2), implying a loss of 

PARylation for both titin and plakophilin-1 when cells are under excessive stress due to 

extensive DNA damage.   

 A total of 46 proteins were identified at 99% confidence using XCorr scores only 

in TGHQ-treated cells (Table 4.3).  Moreover, these proteins fell into several categories 

specific to their function.  Based on their UniProtKB number, the description of the 

proteins found in TGHQ-treated samples only were identified, and categorized based on 

the main function designated to the protein (Table 4.4).  While each protein has been 

noted as exhibiting multiple functions, the overall main function of the protein was 

selected.  Five main functions were associated with the PARylated proteins: 

transcriptional regulation, DNA replication and repair, cell adhesion and structural 

regulation, proteins related to Ca2+, and response to cellular stress (See Table 4.4). 
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Proteins identified by LC-MS/MS Analysis UniGene ID UniProt # MW 

Total Spectrum Count 

Control 
TGHQ-
treated 

Actin Cytoplasmic 1 ACTB P60709 42 kD 6,3 7,4 

Annexin A1 ANXA1 P04083 39 kD  13 

Ataxin-2-like protein  ATXN2L Q8WWM7 113 kD 13 16 

ATP-dependent RNA Helicase A DHX9 Q08211 141 kD 11 27 

ATP-dependent RNA Helicase DDX1 DDX1 Q92499 82 kD 5 12 

Bcl-2-associated transcription factor 1 BCLAF1 Q9NYF8 106 kD 6 21 
 

Calnexin CANX P27824 72 kD  7 

Caprin 1 CAPRIN1 Q14444 77 kD 7 9 

Collagen Alpha-1(XVIII) chain COL18A1 P39060 154 kD  6 

Constitutive coactivator of PPAR gamma-like protein 
1 

FAM120A Q9NZB2 125 kD  5 

DBIRD Complex subunit KIAA1967 KIAA1967 Q8N163 103 kD  5 

Delta-1-pyrroline-5-carboxylate synthase ALDH18A1 P54886 87 kD  15 

Dermicidin DCD P81605 11 kD 7,7,10,5 9,9,6,5 

Desmoglein-1 DSG1 Q02413 114 kD 5,5,7,5 11,5,7 

Desmoplakin DSP P15924 332 kD 3,7 11 

DNA ligase 3 LIG3 P49916 113 kD 9,60 64 

DNA Mismatch Repair Protein msh2 MSH2 P43246 105 kD 7 14 

DNA Mismatch Repair Protein msh3 MSH3 P02585 127 kD 7 20 

DNA Repair Protein XRCC1 XRCC1 P18887 69 kD 15 28 

DNA Topoisomerase 2-alpha TOP2A P11388 178 kD  13 

DNA Topoisomerase 3-alpha TOP3A Q13472 109 kD  4 

DNA-dep. protein kinase catalytic subunit PRKDC P78527 469 kD 102 250, 10 

E3 Ubiquitin-protein Ligase DTX3L DTX3L Q8TDB6 84 kD 3 7 

Extended Synaptotagmin-1 ESYT1 Q9BSJ8 124 kD  6 

FACT Complex Subunit SPT16 SUPT16H Q9Y5B9 120 kD 9 24 

Fibronectin FN1 P02751 272 kD 66,6 118,28,4,7 

Filaggrin-2 FLG2 Q5D862 
 

248 kD 3 8 

Filamin-A  FLNA P21333 277 kD  9 

Fragile X Mental Retardation Syndrome-related 
Protein 2 

FXR2 P51116 74 kD  7 

Golgi apparatus protein 1 GLG1 Q92896 137 kD  7 

HEAT repeat containing protein 1 HEATR1 Q5T3Q7 242 kD  4 

Heat shock protein HSP90-alpha HSP90AA1 P07900 98 kD  18 

Helicase-like transcription factor HLTF Q14527 114 kD 10,9 18,17 

Heterogeneous nuclear ribonucleoprotein U HNRNPU Q00839 89 kD 8 11,15 

Heterogeneous nuclear ribonucleoprotein U-like 
protein 1 

HNRNPUL1 Q9BUJ2 81 kD  3 

Hexokinase-1 HK1 E7ENR4 106 kD  11 
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Proteins identified by LC-MS/MS Analysis UniGene ID UniProt # MW Control 
TGHQ-
treated 

 
Homeobox protein cut-like 1 

CUX1 P39880 162 kD  7 

Hornerin HRNR Q86YZ3 282 kD 14,6,7 25,4,5 

Importin KPNB1 Q14974 97 kD  4 

Interleukin enhancer-binding factor 3 ILF3 Q12906 96 kD  6,7 

Junction plakoglobin  JUP P14923 82 kD 9 14 

Kinectin KTN1 Q86UP2 150 kD 3 19 

Lamina-associated polypeptide 2, isoform alpha TMPO P42166 75 kD 5 6,39 

Laminin subunit beta-3 LAMB3 Q13751 130 kD  5 

Laminin subunit gamma-2 LAMC2 Q13753 122 kD  4 

Leucine-rich PPR motif-containing protein, 
mitochondrial  

LRPPRC P42704 158 kD 8 56 

Major vault protein MVP Q14764 99 kD  8 

Matrin-3 MATR3 P43243 100 kD 3 11 

Mitochondrial inner membrane protein IMMT Q16891 79 kD 3 43 

Myosin-9 MYH9 P35579 227 kD 10 32 

Nodal modulator 1 NOMO1 Q15155 134 kD  5 

Nuclear fragile X mental retardation-interacting 
protein 2 

NUFIP2 Q7Z417 76 kD  13 

Nuclear pore membrane glycoprotein 210 NUP210 Q8TEM1 205kD  7 

PERQ AA-rich with GYF domain containing protein GIGYF2 Q6Y7W6 149 kD 10 23 

Plakophilin-1 PKP1 Q13835 80 kD 5  

Poly (ADP-ribose) polymerase 14 PARP14 Q460N5 194 kD 9 32 

Poly(ADP-ribose) polymerase 9 PARP9 Q8IXQ6 92 kD 3 11 

Poly(ADP-ribose)Polymerase-1 PARP1 P09874 113 kD 133,152, 
128,39 

110,160, 
163,30 

Probable ATP-dependent RNA Helicase DDX46 DDX46 Q7L014 117 kD  9 

Protein-glutamine gamma-glutamyltransferase 2 TGM2 P21980 69 kD 5 21 

Putative ATP-dependent RNA Helicase DHX30 DHX30 Q7L2E3 131 kD  8 

Putative hexokinase HKDC1 HKDC1 Q2TB90 103 kD  15 

Putative pre-mRNA-splicing factor ATP-dependent 
RNA Helicase DHX15 

DHX15 O43143 91 kD 5 24 

Regulator of nonsense transcripts 1 UP Q92900 123 kD  5 

Replication protein A 70 kDa binding subunit  RPA1 O95602 68 kD  4,18 

Ribosome-binding protein 1 RRBP1 Q9P2E9 152 kD  8 

RNA-binding protein EWS EWSR1 Q01844 65 kD  6 

Sal-like protien 1 SALL1 Q9NSC2 130 kD  6 

Sarcoplasmic/endoplasmic reticulum calcium ATPase 
2 

ATP2A2 P16615 110 kD  8,13 

Serum Albumin ALB P02768 69 kD 9,10,6,9,5 11,7,8,10 

Splicing factor 3A subunit 1 SF3A1 Q15459 89 kD  6 

Splicing factor 3B subunit 1 SF3B1 O75533 146 kD 6 12 

Splicing factor 3B subunit 2 SF3B2 Q13435 100 kD 3 8 
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Proteins identified by LC-MS/MS Analysis UniGene ID UniProt # MW Control 
TGHQ-
treated 

Splicing factor 3B subunit 3 SF3B3 Q15393 136 kD  10 

Splicing factor, proline- and glutamine-rich  SFPQ P23246 76 kD 18,55 6,74,16 

Structural maintenance of chromosomes protein 3 SMC3 Q9UQe& 142 kD 4 18 

Structural maintenance of chromosomes protein A1 SMC1A Q14683 143 kD  12 

SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A member 5 

SMARCA5 O60264 122 kD  13 

SWI/SNF-related matrix-associated actin-dependent 
regulator of chromatin subfamily A-like protein 1 

SMARCAL1 Q9NZC9 106 kD 8 7,7 

Tenascin TNC P24821 241 kD 4 23,7 

Thyroid Hormone receptor-associated protein 3 THRAP3 Q9Y2WI 109 kD 4,18 8,42 

Titin Isoform 12 TTN Q8WZ42 3994 kD 118,50  
Transitional endoplasmic reticulum ATPase VCP P55072 89 kD  7 

U5 small nuclear ribonucleoprotein 200 kDa helicase  SNRNP200 O75643 245 kD  10 

Vigilin HDLBP Q00341 141 kD  4 

Werner syndrome ATP-dependent Helicase  WRN Q14191 162 kD  5 

X-ray repair cross-complementing protein 5 XRCC5 P13010 83 kD 3,20,25,112 7,6,20,166 

X-ray repair cross-complementing protein 6 XRCC6 P12956 70 kD 7,10,16 10,33 

 

Table 4.1. PARylated Proteins Identified by LC-MS/MS Analysis. 
 
Coomassiee stained gel-bands were excised and washed, then trypsin digested for 
analysis using an Orbitrap Velos mass spectrometer.  All MS/MS samples were analyzed 
using Sequest (Thermo Fisher Scientific).  Sequest was set up to search human proteins 
downloaded from UniProtKB.  Scaffold (version Scaffold-4.3.4, Proteome Software Inc.) 
was used to validate MS/MS based peptide and protein identifications.  Total spectrum 
count represents the number of spectra identified for a specific protein.  A total spectral 
count was given for each submitted band excised from the gel in Figure 4.3.  Blank areas 
in tables indicate there were no spectra found in the sample for the particular protein.   A 
total of 88 proteins were identified from all submitted samples.  	  
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Proteins IDd in Control Cells 

UniGene 
ID 

UniProt 
# 

MW 
Band 

# 
Spec 

Count 
Titin (Isoform 12) TTN Q8WZ42 3994 kDa 1,2 118,50 
      
Plakophilin-1 PKP1 Q13835 80 kDa 5 5 
	  
	  
 
Table 4.2. PARylated Proteins Identified in Untreated HK-2 Cells by LC-MS/MS  

      Analysis. 
 
Coomassiee stained gel-bands were excised and washed, then trypsin digested for 
analysis using an Orbitrap Velos mass spectrometer.  All MS/MS samples were analyzed 
using Sequest (Thermo Fisher Scientific).  Sequest was set up to search human proteins 
downloaded from UniProtKB.  Scaffold (version Scaffold-4.3.4, Proteome Software Inc.) 
was used to validate MS/MS based peptide and protein identifications.  Band # refers to 
the band excised from the coomassiee-stained gel and submitted for analysis.  Total 
spectrum count represents the number of spectra identified for a specific protein in each 
band, respectively. 	  
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Proteins in TGHQ-treated Cells UniGene ID UniProt # MW Band # 
Spec 

Count 

Annexin A1 ANXA1 P04083 39 kDa 19 13 
Calnexin CANX P27824 72 kDa 21 7 
Collagen Alpha-1 (XVIII) chain (Zinc Binding) COL18A1 P39060 154 kDa 17 6 
Constitutive coactivator of PPAR-gamma-like 
protein 1 

FAM120A Q9NZB2 125 kDa 18 5 

Delta-1-pyrroline-5-carboxylate synthase  ALDH18A1 P54886 87 kDa 21 15 
DNA Topoisomerase 2 α TOP2A P11388 174 kDa 17 13 
Filamin-A FLNA Q5HY54 277 kDa 17 10 
Fragile X mental retardation-related protein 2 FXR2 P51116 74 kDa 21 7 
HEAT repeat containing protein 1 HEATR1 Q5T3Q7 233 kDa 17 4 
Heat shock protein HSP-90 alpha HSP90AA1 P07900 98 kDa 21 20 
Heat shock protein HSP-90 beta HSP90AB1 P08238 83 kDa 21 13 
Heterogeneous nuclear ribonucleoprotein U-like 
protein 1 HNRNPUL1 Q9BUJ2 86 kDa 21 3 

Hexokinase-1  HK1 P19367 106 kDa 20 11 
Homeobox protein cut-like 1 CUX1 P39880 162 kDa 17 7 
Importin subunit beta 1  KPNB1 Q14974 97 kDa 21 4 
Isoform 2 of DBIRD complex subunit KIAA1967 KIAA1967 Q8N163 103 kDa 18 5 
Isoform 2 of Extended synaptotagmin-1 ESYT1 Q9BSJ8 124 kDa 18 6 
Isoform 2 of Golgi apparatus protein 1 GLG1 Q92896 137 kDa 18 7 
Isoform 2 of regulator of nonsense transcripts 1 UPF1 Q92900 123 kDa 18 5 
Isoform 7 of interleukin enhancer-binding factor 3  ILF3 Q12906 96 kDa 20,21 6,7 
Isoform short of DNA topoisomerase 3 alpha TOP3A Q13472 109 kDa 20 4 
Isoform short of laminin subunit gamma-2 LAMC2 Q13753 122 kDa 18 4 
Laminin subunit beta 3 LAMB3 Q13751 130 kDa 18 5 
Major vault protein MVP Q14764 99 kDa 20 8 
Microtubule-associated protein MAP4 E7EVA0 245 kDa 17 7 
Nodal modulator 1 NOMO1 Q15155 134 kDa 18 5 
Nuclear fragile X mental retardation-interacting 
protein 2 

NUFIP2 Q7Z417 76 kDa 21 13 

Nuclear pore membrane glycoprotein 210 (KIAA 
0906) 

NUP210 Q8TEM1 205 kDa 17 6 

Pre-mRNA-processing splicing factor 8 PRPF8 PRP8 274 kDa 17 4 
Probable ATP-dependent RNA Helicase DDX46 DDX46 Q7L014 117 kDa 18 9 
Putative ATP-dependent RNA Helicase DHX30  DHX30 Q7L2E3 131 kDa 18 8 
Putative hexokinase HKDC1 HKDC1 Q2TB90 103 kDa 20 15 
Replication protein A 70kDa DNA-binding 
subunit 

RPA1 O95602 68 kDa 20,21 4,18 

Ribosome binding protein 1 RRBP1 Q9P2E9 152 kDa 17 8 
RNA-binding protein EWS EWSR1 Q01844 65 kDa 21 6 
Sal-like protein 1 (zinc binding) SALL1 Q9NSC2 130 kDa 17 18 
Sarcoplasmic/Endoplasmic Reticulum Calcium 
ATPase ATP2A2 P16615 110 kDa 19,20 8,13 

Splicing factor 3A subunit 1 SF3A1 Q15459 89 kDa 19 6 
Splicing factor 3B subunit 3 SF3B3 Q15393 136 kDa 18 10 
Structural maintenance of chromosomes protein 
1A 

SMC1A Q14683 143 kDa 18 12 

SWI/SNF-related matrix-assoc. actin-dep. reg. of 
chromatin 

SMARCA5 O60264 122 kDa 18 13 

TATA-binding protein-associated factor 172 BTAF1 O14981 207 kDa 17 3 
Transitional endoplasmic reticulum ATPase VCP P55072 89 kDa 21 7 
U5 small nuclear ribonucleoprotein 200kDa SNRNP200 O75643 245 kDa 17 10 
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Helicase 
Vigilin HDLBP Q00341 141 kDa 18 4 
Werner Syndrome ATP-dependent Helicase WRN Q14191 162 kDa 17 5 

	  
	  
Table 4.3. PARylated Proteins Identified in TGHQ-treated HK-2 Cells by LC- 

      MS/MS Analysis. 
 
Coomassiee stained gel-bands were excised and washed, then trypsin digested for 
analysis using an Orbitrap Velos mass spectrometer.  All MS/MS samples were analyzed 
using Sequest (Thermo Fisher Scientific).  Sequest was set up to search human proteins 
downloaded from UniProtKB.  Scaffold (version Scaffold-4.3.4, Proteome Software Inc.) 
was used to validate MS/MS based peptide and protein identifications.  Band # refers to 
the band excised from the coomassiee-stained gel and submitted for analysis.  Total 
spectrum count represents the number of spectra identified for a specific protein in each 
band, respectively. A total of 46 proteins were identified exclusively in TGHQ-treated 
cells.	  
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Transcriptional 
Regulation 

DNA Regulation 
 and Repair 

Cell Adhesion  
and Structural 
Regulation 

Proteins Related 
 to Calcium 

Response to 
 Cellular Stress 

U5 small nuclear 
ribonucleoprotein 
200kDa Helicase 

DNA Topoisomerase 2 α Filamin-A Annexin A1 Microtubule-associated 
protein 

Ribosome binding 
protein 1 

Werner Syndrome ATP-
dependent Helicase 

Nuclear pore 
membrane 
glycoprotein 210 
(KIAA 0906) 

Sarcoplasmic/Endoplas
mic Reticulum 
Calcium ATPase 

Constitutive 
coactivator of PPAR-
gamma-like protein 1 

Sal-like protein 1 
(zinc binding) 

Homeobox protein cut-
like 1 

Collagen Alpha-1 
(XVIII) chain (Zinc 
Binding) 

Calnexin Heat shock protein 
HSP-90 alpha 

Pre-mRNA-
processing splicing 
factor 8 

Structural maintenance of 
chromosomes protein 1A 

Isoform 2 of Golgi 
apparatus protein 1 

Isoform 2 of Extended 
synaptotagmin-1 

Heat shock protein 
HSP-90 beta 

HEAT repeat 
containing protein 1 

SWI/SNF-related matrix-
assoc. actin-dep. reg. of 
chromatin 

Laminin subunit 
beta 3  

SWI/SNF-related 
matrix-associated 
actin-dependent 
regulator of chromatin 
subfamily A member 5  

TATA-binding 
protein-associated 
factor 172 

Putative ATP-dependent 
RNA Helicase DHX30  

Isoform short of 
laminin subunit 
gamma-2 

  
 

Splicing factor 3B 
subunit 3 

Replication protein A 
70kDa DNA-binding 
subunit 

   

Probable ATP-
dependent RNA 
Helicase DDX46 

Isoform short of DNA 
topoisomerase 3 alpha 

   

Isoform 2 of regulator 
of nonsense 
transcripts 1 

Transitional endoplasmic 
reticulum ATPase 

   

Splicing factor 3A 
subunit 1 

Importin subunit beta 1  
 
Isoform 2 of DBIRD 
complex subunit 
KIAA1967 

   

Isoform 7 of 
interleukin enhancer-
binding factor 3  

    

RNA-binding protein  
 
EWS 

    

Heterogeneous 
nuclear 
ribonucleoprotein U-
like protein 1 

    

 

Table 4.4. Main function of PARylated Proteins Identified in TGHQ-treated HK-2  
      Cells. 

 
Coomassiee stained gel-bands were excised and washed, then trypsin digested for 
analysis using an Orbitrap Velos mass spectrometer.  All MS/MS samples were analyzed 
using Sequest (Thermo Fisher Scientific).  Sequest was set up to search human proteins 
downloaded from UniProtKB.  Scaffold (version Scaffold-4.3.4, Proteome Software Inc.) 
was used to validate MS/MS based peptide and protein identifications.  Function was 
searched by UniprotKB description of proteins. Many functions were listed for each 
protein.  	  
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4.3.4.  PARylation of Proteins Associated with Calcium are Present in TGHQ-

treated HK-2 Cells. 

 While establishing the main function of each identified protein in TGHQ-treated 

cells is important, it is essential to determine the relationship of the identified proteins to 

both PARP-1 and Ca2+.  PAR polymers can bind to three different binding motifs, 

including the PBM (Kraus, 2008).  We therefore sought to determine whether any of our 

identified proteins from TGHQ-treated samples contained the PBM, and moreover, 

whether they were associated with Ca2+.   A RefSeq database was searched for proteins 

containing all 21 possibilities of the 8 amino acid PBM. Using the UniGene ID of these 

proteins, there were subsequently explored in the Gene Ontology (GO) Annotation that 

correspond to Ca2+  (Table 4.5).  Two proteins were identified in our data that contained 

the PBM and that are related to Ca2+ according to the GO Annotation.  Moreover, heat 

shock protein 90 kD (HSP90) beta was identified only in TGHQ-treated HK-2 cells. 

 Because PAR polymers can bind to two other motifs other than the PBM, we 

chose to determine whether any of the PARylated proteins identified in HK-2 cells were 

associated with the Ca2+ GO Annotation.  Table 4.6 displays identified proteins with a 

specific GO Annotation related to Ca2+.  Three proteins were exclusively found in 

TGHQ-treated HK-2 cells, which include Annexin A1, calnexin, and the SERCA pump.   

 

4.3.5.  PARylation of Proteins Associated with Cellular Stress are Present in TGHQ-

treated HK-2 Cells. 

 PARP-1 hyperactivation initiates signaling to induce a cellular stress response, 

and PARylation is known as a cell death signal.  We therefore hypothesized that 
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PARylation of proteins related to cellular stress could be the connection between PARP-1 

and Ca2+.  Initially, we chose to assess whether any of the PARylated proteins identified 

in HK-2 cells were associated with the GO Annotation for cellular stress response.  Table 

4.7 displays all identified proteins in our data that have a corresponding GO Annotation 

for cellular stress response.  Not surprisingly, eight proteins were identified in TGHQ-

treated HK-2 cells alone, suggesting stress response pathways are activated in the 

presence of TGHQ.   
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Proteins containing PBM with GO Accession Related to Calcium UniGene 

ADAM metallopeptidase with thrombospondin type 1 motif, 13 ADAMTS13 
ATPase, Ca++ transporting, type 2C, member 1 ATP2C1 
ATPase, Ca++ transporting, type 2C, member 2 ATP2C2 
Chromosome 1 open reading frame 87 C1orf87 
Complement component 5 C5 
Serum/glucocorticoid regulated kinase family, member 3 C8orf44-SGK3 
Calcium channel, voltage-dependent, P/Q type, alpha 1A subunit CACNA1A 
Calcium channel, voltage-dependent, N type, alpha 1B subunit CACNA1B 
Calcium channel, voltage-dependent, R type, alpha 1E subunit CACNA1E 
Calpain 14 CAPN14 
Calcium dependent activator proteins for secretion; calcyphosine 2 CAPS2 
Cation channel, sperm associated 3 CATSPER3 
Chemokine (C-C motif) ligand 21 CCL21 
EF-hand calcium binding domain 6 EFCAB6 
Epidermal growth factor EGF 
EGF-like-domain, multiple 6 EGFL6 
Growth arrest-specific 6 GAS6 
Heat shock protein 90kDa beta (Grp94), member 1 HSP90B1 
IQ motif containing GTPase activating protein 1 IQGAP1 
Integrin, alpha V ITGAV 
Potassium intermediate/small conductance calcium-activated channel KCNN4 
Basic helix-loop-helix domain-containing protein KIAA2018 KIAA2018 
Lipoxygenase homology domains 1 LOXHD1 
Matrix metallopeptidase 16 (membrane-inserted) MMP16 
Myosin, light chain 5, regulatory MYL5 
Myosin 1D MYO1D 
Myosin VA (heavy chain 12, myoxin) MYO5A 
Neuromedin U receptor 1 NMUR1 
Phospholipase C, beta 3 (phosphatidylinositol-specific) PLCB3 
Phospholipase C, gamma 2 (phosphatidylinositol-specific) PLCG2 
Parathyroid hormone 1 receptor PTH1R 
Sphingosine-1-phosphate receptor 4 S1PR4 
Serum/glucocorticoid regulated kinase 1 SGK1 
Sparc/osteonectin, cwcv and kazal-like domains proteoglycan (testican) 3 SPOCK3 
Synaptic vesicle glycoprotein 2A SV2A 
Transient receptor potential cation channel, subfamily M, member 1 TRPM1 
Titin TTN 
Uromodulin-like 1 UMODL1 
	  
	  
Table 4.5. Proteins Containing PAR-binding Motif (PBM) with a GO Annotation  

      Related to Calcium.   
 
RefSeq Database was searched for all proteins containing the 21 possible combinations of 
the 8 AA PBM.  A database was created using the UniGene ID.  Calcium-related proteins 
were then searched within the database based on GO Annotation for calcium.  Proteins 
highlighted in bold were also identified in the LC-MS/MS analysis of our data. 
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Proteins IDs Calcium Related UniGene MW GO Annotation 
Hornerin HRNR 282 kDa Calcium Ion Binding 

Desmoglein-1  DSG1 114 kDa Calcium Ion Binding- Calcium 
dependent cell-cell adhesion 

Filaggrin-2 FLG2 248 kDa Calcium Ion Binding 

Annexin A1 ANXA1 39 kDa 
Calcium Ion Binding- calcium 
dependent phospholipid 
binding 

Sarcoplasmic/Endoplasmic Reticulum 
Calcium ATPase ATP2A2 110 kDa Calcium Ion Binding- Calcium-

transporting ATPase Activity 
Calnexin CANX 72 kDa Calcium Ion Binding 
	  
 
Table 4.6. PARylated Proteins Identified in all samples with a GO Annotation  

      Related to Calcium.   
 
Sequest searched for human proteins downloaded from UniProtKB.  Scaffold (version 
Scaffold-4.3.4, Proteome Software Inc.) was used to validate MS/MS based peptide and 
protein identifications.  Function was searched by UniprotKB description of proteins. 
Data from Scaffold was used to create a database using the UniGene ID of each protein.  
Calcium-related proteins were then searched within the database based on GO 
Annotation for calcium.  Proteins highlighted in bold were identified only in the TGHQ-
treated cells of LC-MS/MS analysis of our data. 
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Proteins IDs Response to Cell Stress Related UniGene MW 
 
Replication protein A 70 kDa DNA-binding subunit  RPA1 68 kDa 

Annexin A1  ANXA1 39 kDa 
ATP-dependent RNA helicase A  DHX9 141 kDa 
ATP-dependent RNA helicase DDX1  DDX1 82 kDa 
Cluster of Actin, cytoplasmic 1  ACTB 42 kDa 
DNA ligase 3  LIG3 113 kDa 
DNA mismatch repair protein Msh2  MSH2 105 kDa 
DNA mismatch repair protein Msh3  MSH3 127 kDa 
DNA-dependent protein kinase catalytic subunit PRKDC 469 kDa 
E3 ubiquitin-protein ligase DTX3L OS=Homo sapiens  DTX3L 84 kDa 
FACT complex subunit SPT16  SUPT16H 120 kDa 
Heat shock protein HSP 90-beta  HSP90AB1 83 kDa 
Isoform 2 of Heat shock protein HSP 90-alpha  HSP90AA1 98 kDa 
Poly [ADP-ribose] polymerase 1  PARP1 113 kDa 
Serum albumin  ALB 69 kDa 
Splicing factor, proline- and glutamine-rich  SFPQ 76 kDa 
Splicing factor, proline- and glutamine-rich  SFPQ 76 kDa 
Structural maintenance of chromosomes protein 1A  SMC1A 143 kDa 
Structural maintenance of chromosomes protein 3  SMC3 142 kDa 

SWI/SNF-related matrix-associated actin-dependent regulator 
of chromatin subfamily A member 5  SMARCA5 122 kDa 

SWI/SNF-related matrix-associated actin-dependent regulator of 
chromatin subfamily A-like protein 1  SMARCAL1 106 kDa 

Tenascin  TNC  241 kDa 
Transitional endoplasmic reticulum ATPase  VCP 89 kDa 
Werner syndrome ATP-dependent helicase  WRN 162 kDa 
X-ray repair cross-complementing protein 5  XRCC5 83 kDa 
X-ray repair cross-complementing protein 5  XRCC5 83 kDa 
X-ray repair cross-complementing protein 6  XRCC6 70 kDa 
	  
 
Table 4.7. PARylated Proteins Identified in all samples with a GO Annotation  

      Related to Cellular Stress Response.   
 
Sequest searched for human proteins downloaded from UniProtKB.  Scaffold (version 
Scaffold-4.3.4, Proteome Software Inc.) was used to validate MS/MS based peptide and 
protein identifications.  Function was searched by UniprotKB description of proteins. 
Data from Scaffold was used to create a database using the UniGene ID of each protein. 
Proteins were then searched within the database based on GO Annotation for cellular 
stress response.  The 8 proteins highlighted in bold were identified only in the TGHQ-
treated cells of LC-MS/MS analysis of our data. 
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4.3.6. Potential PARylated Proteins and Pathways Involved in TGHQ-mediated Cell 

Death in HK-2 Cells. 

In addition to identifying the proteins PARylated in TGHQ-treated HK-2 cells, 

determining the pathways these proteins participate in is also essential.  We therefore 

used the UniGene ID and UniProtKB # of identified proteins in TGHQ-treated HK-2 

cells to map the proteins to the KEGG identifiers using the KEGGREST package, which 

contains KEGG identifiers for specific pathways involved in cellular signaling. These 

KEGG identifiers were then mapped to the KEGG pathways. An indicator table was 

created with the proteins along the rows and pathways along the columns, with each cell 

indicating 0/1 for absence/presence of that protein as a component in the pathway. 

Sorting by column sum revealed pathways with highest counts of proteins among those 

detected (Table 4.8).  The pathways that contained the most proteins included RNA 

transport and splicesosome pathways, and protein processing in the ER, and PI3K/AKT 

signaling pathways.  Cancer signaling pathways also contained four proteins, which 

could indicate cellular stress. 

 Using the same indicator table of proteins along the rows and pathways along the 

columns, we sorted by row sum instead of column sum, which revealed the identified 

PARylated proteins involved in the most KEGG pathways: hexokinase-1, HKDC1, the 

SERCA pump, HSP90 alpha and beta, and laminin.  	  
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KEGG 
Pathway 
identifier Pathway Name 

# of Proteins 
Involved 

hsa03013 RNA transport 4 
hsa03040 Spliceosome 4 
hsa04141 Protein processing in endoplasmic reticulum 4 
hsa04151 PI3K-Akt signaling pathway 4 
hsa05200 Pathways in cancer 4 
hsa01100 Metabolic pathways 3 
hsa00010 Glycolysis / Gluconeogenesis 2 
hsa00051 Fructose and mannose metabolism 2 
hsa00052 Galactose metabolism 2 
hsa00500 Starch and sucrose metabolism 2 
hsa00520 Amino sugar and nucleotide sugar metabolism 2 
hsa00524 Butirosin and neomycin biosynthesis 2 
hsa01200 Carbon metabolism 2 
hsa04066 HIF-1 signaling pathway 2 
hsa04510 Focal adhesion 2 
hsa04512 ECM-receptor interaction 2 
hsa04612 Antigen processing and presentation 2 
hsa04621 NOD-like receptor signaling pathway 2 
hsa04910 Insulin signaling pathway 2 
hsa04914 Progesterone-mediated oocyte maturation 2 
hsa04915 Estrogen signaling pathway 2 
hsa04930 Type II diabetes mellitus 2 
hsa04973 Carbohydrate digestion and absorption 2 
hsa05145 Toxoplasmosis 2 
hsa05146 Amoebiasis 2 
hsa05215 Prostate cancer 2 
hsa05222 Small cell lung cancer 2 
hsa05230 Central carbon metabolism in cancer 2 
 
Table 4.8. Pathways Related to Proteins PARylated in TGHQ-treated HK-2 Cells. 
 
A list of UniGene identifiers was used for the proteins detected in the LC-MS/MS 
experiment. The KEGGREST package, a bioconductor library, was used to map the 
UniGene identifiers to the KEGG identifiers. These KEGG identifiers were then mapped 
to the KEGG pathways. Sorting by column sum revealed pathways with highest counts of 
proteins among those detected in the LC-MS/MS experiment.	  
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Protein Unigene ID 

# of 
Pathways 

Protein 
Involved  

Hexokinase-1  HK1 13 
Putative hexokinase HKDC1 HKDC1 13 
Sarcoplasmic/endoplasmic reticulum calcium ATPase ATP2A2 11 
Heat shock protein HSP90-alpha HSP90AA1 8 
Heat shock protein HSP-90 beta HSP90AB1 8 
Laminin subunit beta 3 LAMB3 7 
Isoform short of laminin subunit gamma-2 LAMC2 7 
Delta-1-pyrroline-5-carboxylate synthase  ALDH18A1 3 
Transitional endoplasmic reticulum ATPase VCP 2 

Structural maintenance of chromosomes protein 1A SMC1A 2 
Isoform 2 of regulator of nonsense transcripts 1 UPF1 2 
 
 
 
 
Table 4.9. Proteins PARylated in TGHQ-treated HK-2 Cells Play Roles in Many  

      Different Pathways. 
 
A list of UniGene identifiers was used for the proteins detected in the LC-MS/MS 
experiment. The KEGGREST package, a bioconductor library, was used to map the 
UniGene ID to the KEGG identifiers. These KEGG identifiers were then mapped to the 
KEGG pathways. Sorting by row sum revealed proteins with highest counts of 
involvement in different pathways among those detected in the LC-MS/MS experiment.	  
	  
	  
	  
	  
	  
 

 

 

 

 

 



	   139	  

4.4 DISCUSSION 

 

 PAR is considered to play an active role in cell death in complex and challenging 

ways (Luo and Kraus, 2012). PARP hyperactivation and subsequent PARylation of 

proteins can cause downstream signaling that leads to either activation or inhibition of 

pathways by affecting the function of targeted proteins  (Hegedus and Virag, 2014). 

However, elucidating the mechanisms by which a nuclear post-translational modification 

interacts with cytosolic proteins and leads to downstream signaling and subsequent cell 

death has proved challenging.  Our immunofluorescence data (Figure 4.1) suggest that 

PARylation of cytosolic proteins is possible through appearance of PAR polymers to the 

cytosol in a time-dependent manner, either through leakage from the nucleus or 

translocation, potentially binding to calcium-related proteins, further exacerbating 

increases in iCa2+ concentrations and contributing to necrotic cell death.   

 Recently, several studies have identified stress-related proteins containing PAR 

recognition modules through large-scale mass spectrometry-based analysis  (Gagne et al., 

2008, Gagne et al., 2012, Martello et al., 2013). To further comprehend the role of 

PARylation in TGHQ-mediated cell death, we employed LC-MS/MS analysis of TGHQ-

treated HK-2 cells immunoprecipitated with pADPR antibody.  These studies were 

preliminary, as the data was only analyzed through mass spectrometry once, and requires 

further confirmation through both LC-MS/MS approaches and basic molecular biology 

and mechanistic approaches.   

A successful IP of both control and TGHQ-treated HK-2 cells was established 

(Figure 4.2).  In addition, although total protein loaded in the blot was equal for both, 
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conditions in TGHQ-treated cells show a higher amount of PARylated proteins in the 

Western Blot.  The data suggest PARP-1 hyperactivation leads to a more abundant 

PARylation of proteins during TGHQ-induced cell death.  Coomassie staining of IP 

samples (Figure 4.3) and silver staining (Figure 4.4) also confirmed an increase in 

PARylated proteins in TGHQ-treated HK-2 cells, as more bands were present in both 

TGHQ-treated samples of the gels. 

 To determine the composition of the PARylated proteins in the presence of 

TGHQ, LC-MS/MS via Obritrap was used to analyze excised bands from the coomassie 

stained gel (Figure 4.3).  All of the PARylated proteins in both control and TGHQ-treated 

cells are included in (Table 4.1).  In total, 88 proteins were identified at 99% confidence 

using XCorr scores in the submitted samples.  Of note, while 46 of these proteins were 

found only in TGHQ-treated HK-2 cells (Table 4.3), many proteins identified in both 

control and TGHQ-treated cells had a higher total spectrum count in the samples 

submitted for TGHQ-treated cells.  Although a spectrum count is not a quantitative 

measurement for a difference in the amount of proteins between each sample, it is 

perhaps indicative of higher PARylation of these proteins under cellular stress.  

Additionally, two proteins, titin and plakophilin-1, were identified only in untreated HK-

2 cells (Table 4.2).  A loss of PARylation of these proteins during cellular stress is 

possibly occurring. Although current literature lacks evidence for PARylation of these 

specific proteins, a conformational change and charge of the proteins can be speculated, 

potentially altering function of the proteins.  

 Most of the 46 PARylated proteins identified in TGHQ-treated HK-2 cells can be 

categorized into 5 main cellular processes according to their respective functions (Table 
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4.4); Transcriptional regulation, DNA repair and regulation, cellular adhesion and 

structural regulation, proteins related to calcium and response to cellular stress.  

PARylated proteins that participate in DNA repair and regulation could be anticipated 

based upon the role of PARP-1 in the BER pathway for DNA repair.  The identification 

of proteins PARylated in response to cellular stress supports our hypothesis that PAR 

polymers play a role in cell stress signaling.  In contrast, PARylated proteins whose main 

function is structural in nature, or function in cell adhesion or transcriptional regulation, 

may be considered atypical PARylated proteins based upon the role PARP-1 plays under 

both physiological and pathological conditions.  However, recent literature implicates 

additional roles for proteins aside from their originally identified function. Therefore the 

PARylated proteins identified in our studies may potentially contribute to TGHQ-induced 

cell stress.  Alternatively, PAR polymers could be functioning as inhibitory factors for 

these proteins.  For example, transcriptional regulation can be terminated during cellular 

stress or cell growth arrest, suggesting that perhaps PARylation of proteins that partake in 

transcriptional regulation could prevent them from performing their regular physiological 

function.  Additionally, recent literature demonstrates that PARP-1 mediated inhibition of 

glycolysis in not due to NAD depletion, as originally conceived, but results from PAR 

binding to hexokinase, leading to hexokinase inhibition, and the slowing of glycolysis  

(Andrabi et al., 2014). 

PAR polymers cleaved from proteins may function as signal transducers by 

binding noncovalently to other proteins through conserved PAR recognition modules, the 

PBMs, PBZF domains, and macrodomains (Kraus, 2008).  To establish whether the 

PARylated proteins in our TGHQ-treated HK-2 cells contained both a PBM and a 
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relationship with Ca2+, we searched a database of proteins containing PBMs for GO 

Annotations associated with Ca2+, and determined which proteins in our data contained 

both (Table 4.5).  Intriguingly, two proteins were identified as containing the PBM and a 

GO Annotation for Ca2+, and each was found only in either untreated or TGHQ-treated 

cells.  PARylated HSP90 beta was only found in TGHQ-treated HK-2 cells, proposing a 

potential link between PARP-1 and Ca2+, as the GO Annotations for HSP90 beta include 

both Ca2+-related annotations and cellular stress response.  Additionally, titin was also 

found to contain a PBM and a Ca2+ GO Annotation, but experienced a loss of PARylation 

in the presence of TGHQ.   

Since PAR can bind to two other recognition modules, our identified PARylated 

proteins may have a relation to Ca2+ but become PARylated through another motif.  We 

further searched the identified PARylated proteins for the GO Annotation related to Ca2+ 

(Table 4.6).  Three proteins containing a GO annotation for Ca2+, only in TGHQ-treated 

HK-2 cells, were identified: Annexin A1, the SERCA pump, and calnexin, further 

confirming a relationship between PARP-1 and Ca2+ through PARylation of Ca2+-related 

proteins.  Interestingly, the SERCA pump and calnexin reside in the ER of the cell, 

perhaps suggesting PARylation of Ca2+-related proteins in the ER can lead to iCa2+ 

increases.   

A link between PARP-1 and Ca2+ may occur indirectly through the PARylation of 

stress-related proteins that then activate downstream signaling pathways that cause 

increases in iCa2+. All PARylated identified proteins in our data that have a 

corresponding GO Annotation for cellular stress response are illustrated in (Table 4.7).  

Eight proteins, including HSP90 beta, were identified only in TGHQ-treated HK-2 cells.  
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Cellular stress proteins can cause downstream signaling that leads to increases in iCa2+, 

therefore PARylated stress response proteins should be considered as potential players in 

the link between PARP-1 and Ca2+.  

Along with identifying the proteins PARylated in TGHQ-treated HK-2 cells, 

determining the potential cellular pathways these proteins participate in is essential. 

Pathways searched through KEGGREST that contain the highest number of identified 

PARylated proteins in TGHQ-treated HK-2 cells are included in (Table 4.8).  The 

pathways that contained the most PARylated proteins included RNA transport, 

splicesosome pathways, and protein processing in the ER, and PI3K/AKT signaling 

pathways. Interestingly, PARylated proteins participate in cancer signaling pathways: 

HSP90 alpha, HSP90 beta, laminin subunit beta 3, and laminin subunit gamma-2.  This 

suggests cellular stress pathways that play a role in cancer are also PARylated in TGHQ-

mediated cell death. 

 Of the PARylated proteins identified in TGHQ-treated cells, we also determined 

which proteins were interacting within a high diversity of pathways (Table 4.9).  The 

proteins that participate in the most “pathways” included hexokinase-1, HKDC1, the 

SERCA pump, HSP90 alpha and beta, and laminin.  PARylation of hexokinase-1 leads to 

inhibition of glycolysis  (Andrabi et al., 2014), suggesting that PARylation of specific 

proteins could inhibit the corresponding signaling pathways.  Alternatively, as proteins 

have multiple functions in different pathways, PARylation of such proteins could be 

central to activation of signaling pathways that lead to TGHQ-induced cellular stress.  

Interestingly, HSP90 beta and the SERCA pump are both associated with Ca2+ signaling 

pathways and reside in the ER. The PARylation of ER proteins related to Ca2+ and 
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cellular stress is supportive of a link between PARylation and Ca2+ and in iCa2+ increases 

that contribute to cell death.   	  

 In summary, PARylated proteins were found in the cytosol in the presence of 

TGHQ.  Moreover, some PARylated proteins occurred only in TGHQ-treated cells that 

were associated with both cellular stress and Ca2+, suggesting a relationship between 

PARP-1 and Ca2+ can occur through the PARylation of Ca2+- and stress-related proteins.  

Further confirmation of these studies is necessary to determine the validity of the 

identification of these proteins.  In addition, molecular and mechanistic studies, such as 

inhibition of cellular stress proteins related to Ca2+ should be conducted to corroborate 

the data found through this LC-MS/MS analysis, as well as the relevance of the 

PARylation of these proteins.  Western blot analysis of immunoprecipitated PARylated 

proteins, such as annexin A1, HSP90 beta, calnexin, and the SERCA pump can confirm 

these data.  Moreover, pharmacological inhibition or genetic knockdown of these specific 

proteins can determine the relevance of specific PARylated proteins in TGHQ-mediated 

cell death.   
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CHAPTER 5: CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

5.1. OVERVIEW 

 

TGHQ is both nephrotoxic and nephrocarcinogenic. While there have been 

previous in vivo and in vitro studies aiming to understand the mode of TGHQ-induced 

nephrotoxicity, the mechanisms by which cytotoxicity occurs remain elusive.  Previous 

research in our laboratory determined TGHQ induces ROS production in HK-2 cells, 

which leads to DNA damage, PARP-1 hyperactivation, intracellular calcium influx, and 

ultimately, necrotic cell death.  The studies described in this thesis were designed to 

further determine the role of Ca2+, PARP-1, and the cellular mechanisms of their 

reciprocal relationship in TGHQ-induced necrotic cell death.   

PARP-1 has been previously linked to Ca2+ signaling. ROS-induced PARP-1 

activation is either required for the release of Ca2+ from intracellular stores, or from 

PARP-1 plasma membrane permeabilization, which leads to intracellular Ca2+ increases 

from extracellular compartments  (Virag et al., 1998b).  Alternatively, a Ca2+ signal may 

also act upstream PARP activation, as indicated by the cytoprotective effects of cell 

permeable Ca2+ chelators which inhibited PARP activity in both ROS-induced cellular 

stress and in cytotoxicity models that are not restricted to oxidative stress  (Virag et al., 

1999, Bentle et al., 2006).  While the coupling of PARP-1 and Ca2+ is established in cell 

death, little is known regarding the mechanisms underlying their reciprocal relationship.  

The only well-established connection between PARP-1-mediated Ca2+ influx to the 

cytosol occurs through the opening of the TRPM2 channels, where ADPR is required for 
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the opening of the channel, and cytotoxicity  (Blenn et al., 2011). To further confirm this 

mechanism occurs in TGHQ-mediated necrotic cell death, or elucidate alternative cellular 

mechanism(s) of Ca2+, PARP-1, and their reciprocal relationship we employed the studies 

described in this thesis.  

Our main hypothesis throughout this dissertation work proposes that crosstalk 

between PARP-1 and Ca2+ exacerbates their adverse effects during ROS-induced necrotic 

cell death.  Previous studies in our laboratory have demonstrated that TGHQ-induced 

toxicity hyperactivates PARP-1 in HK-2 cells, and interestingly, Ca2+ chelation with 

BAPTA-AM attenuates hyperactivation of PARP-1 and restores levels of NAD in the 

presence of TGHQ, suggesting a coupling between PARP-1 and Ca2+ that can potentially 

exacerbate the toxicity induced by TGHQ, leading to cell death  (Zhang et al., 2014).  

The first aim of this study was therefore to establish the source of Ca2+ contributing to 

intracellular Ca2+ increases (iCa2+) that led to TGHQ-induced cell death (Chapter 2).  

Additionally, we sought to determine the role of specific Ca2+ channels that potentially 

contributed to these iCa2+ increases, and ultimately cell death.   

Our second aim (Chapter 3) sought to determine the mode of interaction between 

PARP-1 and Ca2+.  We hypothesized PARP-1 and Ca2+ potentially interact through 

SOCs, as other studies established TRPM2, a SOC channel embedded in the plasma 

membrane and lysosomal compartments, is primarily activated by the metabolite of PAR, 

ADPR, a post-translational modification created by PARP-1 (Faouzi and Penner, 2014).   

 Specific pathways should be considered in PARP-mediated cell death that involve 

crosstalk between PARylated proteins and other pathways such as calcium signaling. 

Proteins involved in cell cycle progression, calcium ion transport, RNA transcription, and 
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expectedly, DNA replication are reported as PARylated under genotoxic conditions, 

further confirming the role of PARylation in cellular stress.  We therefore investigated 

the effects of PARP-1-mediated PARylation in TGHQ-induced cell death in HK-2 cells 

through a proteomics-based approach in Chapter 4.  Moreover, we focused on the 

PARylated of proteins related to Ca2+ and cellular stress, to further elude to the 

relationship between PARP-1 and Ca2+. 

 In summary, this dissertation focused on further elucidating the mechanisms of 

TGHQ-mediated toxicity in HK-2 cells, specifically focusing on the mechanisms 

underpinning cross-talk between PARP-1 and Ca2+, and their respective roles in necrotic 

cell death.   

 

5.2. CONCLUSIONS AND FUTURE STUDIES 

 

5.2.1. Extracellular Ca2+ Mediates TGHQ-induced Necrotic Cell Death Through 

SOCs. 

 Introduction of TGHQ to HK-2 cells causes time- and dose-dependent decreases 

in cell viability simultaneously with iCa2+ increases.  Additionally, intracellular Ca2+ 

chelation using BAPTA-AM abrogated TGHQ-induced toxicity, suggesting Ca2+ present 

in the cytosol plays a role in necrotic cell death in HK-2 cells  (Zhang et al., 2014). 

Chapter 2 focused on elucidating the source of Ca2+ contributing to cell death.  

Extracellular Ca2+ chelation with EGTA and the removal of Ca2+ from DMEM/HEPES 

completely restored cell viability in the presence of TGHQ, and iCa2+ concentrations 

were not elevated in the presence of Ca2+-free media.  The data in this study support that 
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Ca2+ from extracellular sources can indeed induce cell injury, and moreover that it is 

necessary for TGHQ-induced cell death.  Inhibition of SOCs attenuated decreases in cell 

viability caused by TGHQ both in a time- and dose-dependent manner, and prevented 

increases in iCa2+ concentrations induced by TGHQ.  Together, the data suggest SOC 

entry plays a role in extracellular Ca2+ entry into the cell, and ultimately contributes to 

increases in iCa2+ concentrations induced by TGHQ.   

 While we have established the source of Ca2+ that contributes to TGHQ-mediated 

cell death, the studies in Chapter 2 have failed to determine the specific SOCs responsible 

for Ca2+ entry in TGHQ-induced necrotic cell death.  Determining the specific channels 

responsible for SOCE can further clarify the coupling of PARP-1 and Ca2+.  Specific 

SOCs include TRP channels, and the CRAC channels with their subsequent interaction 

with STIM1 and Orai subunits (Putney, 2010).  Depletion of ER stores causes Ca2+ ions 

to dissociate from STIM1, resulting in a conformational change that promotes the self-

association and migration of STIM to ER-plasma membrane junctions, where they bind 

to proteins in the Orai family, and subsequently activate CRAC channels, and allow for 

Ca2+ entry into the cells  (Liou et al., 2007).  Although this is the established 

physiological role of the STIM1/CRAC complex, perhaps there are alternative modes of 

activation for these channels to allow for Ca2+ entry.    

The TRP family includes many subfamilies, TRPC, and the TRPM.  We have 

established that TRPM2 is primarily activated by ADPR for iCa2+ entry, and potentially 

cell death under oxidative stress  (Fonfria et al., 2004, Buelow et al., 2008, Zou et al., 

2013,  Faouzi and Penner, 2014).  While inhibition of ADPR did not protect from TGHQ-

mediated cell death (Chapter 3), indicating TRPM2 channels do not play a significant 
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role, possibly other members of the TRP subfamilies are responsible for iCa2+ increases.  

As TRPM2 is activated by ADPR under cellular stress in other studies, downstream 

PARylated proteins could activate other TRP channels in TGHQ-mediated cell death 

(Chapter 4). 

To determine which SOCs are responsible for Ca2+ entry in TGHQ-mediated cell 

death, several methods should be approached in the future studies of this section.  First, 

more specific SOC inhibitors can be employed to identify particular channels.  However, 

specific SOC inhibitors are still currently under development for specific channels  

(Sweeney et al., 2009), and present the challenge of entry into HK-2 cells.  Determining 

the expression of specific SOC channels in HK-2 cells will rule out those that are not 

present, and therefore not contributing to Ca2+ entry.  Additionally, knockdown with 

siRNA of the specific channels that are present in HK-2 cells will help establish SOCs 

allowing Ca2+ entry in the presence of TGHQ.  Because of potential compensatory 

mechanisms knockdown of both STIM1 and Orai should be employed, either completely 

preventing the activation of CRAC channels, or establishing that CRAC channels are 

activated through an alternate mechanism.  siRNA knockdown of CRAC channels as well 

as TRPs found to be expressed in HK-2 cells can also help define the role of specific 

SOCs responsible in TGHQ-mediated cell death.   

 

5.2.2. PARP-1 and Ca2+ are Coupled Through SOCs, and Independent of PARG 

Activity. 

 PARP-1 inhibition reduced TGHQ-induced changes in iCa2+  (Zhang et al., 2014). 

Thus, Ca2+ appears to be coupled with PARP-1 hyperactivation in HK-2 cells in ROS-
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induced cell death.  Chapter 3 focused on the coupling of PARP-1 and SOCs in TGHQ-

mediated cell death to further elucidate the relationship between PARP-1 and Ca2+.  In 

our studies, we show SOCE inhibition restored depletion of NAD and increases in 

PARylation caused by PARP-1 hyperactivation, demonstrating the capability of Ca2+ to 

manipulate PARP-1 activity.  Our data proposes that Ca2+ is coupled to PARP-1 

hyperactivation in TGHQ-induced necrotic cell death through SOCs.   

 Although we have established the coupling of PARP-1 and Ca2+ through SOCs, 

we encounter similar limitations in these studies as in Chapter 2.  It is imperative to 

determine the specific SOCs coupled to PARP-1 hyperactivation to determine the 

mechanism that contributes to cell death.   Similar future studies can be employed to 

determine the role of specific channels involved in PARP-1 mediated cell death.   More 

specific SOC inhibitors can be employed to identify particular channels, then performing 

NAD assays and Western Blot analysis of PARylation can determine which SOCs are 

coupled with PARP-1.  While specific SOC inhibitors are still currently under 

development for specific channels, and present the challenge of entry into HK-2 cells, 

other slightly less non-specific SOC inhibitors can also be used to determine the coupling 

of SOCs and PARP-1.  AnCoA4 inhibits Orai1 to prevent binding to STIM1  (Sadaghiani 

et al., 2014), which can potentially shed light on the coupling of PARP-1 and a specific 

SOC channel.   Knockdown with siRNA of the specific channels that are present in HK-2 

cells will help establish SOCs coupling to PARP-1 in the presence of TGHQ. siRNA 

knockdown of CRAC channels as well as TRPs found to be expressed in HK-2 cells can 

also help define the role of specific SOCs coupling to PARP-1 in TGHQ-mediated cell 

death. 
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To further elucidate the coupling of PARP-1 and SOCs, we sought to discover the 

role of PARG within the relationship, and whether its activity to break down polymers to 

ADPR contributed to necrotic cell death in HK-2 cells. Silencing of PARG through 

knockdown in HK-2 cells demonstrated that while PARG is clearly active and can break 

down PAR polymers both in the presence and absence of TGHQ, cell death is not 

attenuated nor restored in the absence of PARG.  We propose that, unlike previous 

reports, the relationship between PARP-1 and SOCs in TGHQ-mediated cell death is 

upstream of PARG activity, and unrelated to TRPM2 activation.  Moreover, we speculate 

that PARP-1 hyperactivation and subsequent excessive PARylation of proteins activate a 

novel PARG-independent pathway that allows extracellular Ca2+ entry through SOCs, 

which ultimately leads to cell death in the presence of TGHQ.   

Although these studies have established a novel PARG-independent pathway, and 

has begun to rule out ADPR as a downstream signal that activates SOCE, further 

confirmation that ADPR is not a player is necessary.  Recent literature has uncovered an 

alternative pathway for the degradation of PARylation.   PARG and ARH3, acting in 

tandem, regulate nuclear and cytoplasmic PAR degradation following H2O2 exposure  

(Mashimo et al., 2013). Although ARH3 is responsible mainly for degradation of 

mitochondrial matrix-associated PAR, there is potential of a compensatory mechanism 

through ARH3 to degrade PAR to ADPR and further activate SOCs  (Niere et al., 2012).   

Thus, siRNA knockdown of ARH3 is necessary to confirm ADPR is not a downstream 

signal to SOCE in TGHQ-mediated cell death.  
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5.2.3. Proteomic Analysis of PARylated Proteins Reveals Calcium-related Proteins 

in Necrotic Cell Death. 

PARylation of proteins has been implicated in many forms of cell death.  To 

determine the role of PARylated proteins in TGHQ-mediated cell death and their 

connection to Ca2+, we investigated the effects of PARP-1-mediated PARylation in 

TGHQ-induced cell death through a proteomics-based approach in Chapter 4.   

Our immunofluorescence data suggest that PARylation of cytosolic proteins is 

possible in the cytosol, potentially binding to Ca2+-related proteins, further exacerbating 

increases in iCa2+ concentrations and contributing to necrotic cell death.  To further 

comprehend the role of PARylation present in the immunofluorescent studies, we 

employed LC-MS/MS analysis of TGHQ-treated HK-2 cells immunoprecipitated with 

pADPR antibody.   

Most of the 46 PARylated proteins identified in TGHQ-treated HK-2 cells can be 

categorized into 5 main processes according to their respective functions.  PARylated 

proteins that participated in DNA repair and regulation could be anticipated based upon 

the role of PARP-1 in the BER pathway for DNA repair.  Proteins PARylated in response 

to cellular stress confirms our hypothesis that PAR polymers can signal to cell stress.  In 

contrast, PARylated proteins whose main function is structural processes and cell 

adhesion or transcriptional regulation were atypical PARylated proteins when 

considering the role PARP-1 plays in both physiological and pathological conditions. 

Other proteome-wide studies have identified PARylation of proteins with transcriptional 

regulation and cell adhesion functions, insinuating these signaling pathways may be 

important under cellular stress conditions  (Gagne et al., 2008).  Recent literature has also 
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implicated many different roles for proteins aside from what is characterized as their 

main function, and therefore these PARylated proteins can potentially contribute to 

TGHQ-induced cellular stress. Alternatively, PAR polymers, as they are negatively 

charged, could be functioning as an inhibitory mechanism for these proteins.   

To establish if the PARylated proteins in our TGHQ-treated HK-2 cells contained 

both a PBM and a relationship with Ca2+, we searched a database of proteins containing 

PBMs for GO Annotations associated with Ca2+.  Intriguingly, two proteins in our data 

were identified as containing the PBM and a GO Annotation for Ca2+, and each was 

found only in either untreated or TGHQ-treated cells.  PARylated HSP90 beta was only 

found in TGHQ-treated HK-2 cells, proposing a potential link between PARP-1 and Ca2+.  

We further searched our identified PARylated proteins in HK-2 cells for the GO 

Annotation related to Ca2+.  Three proteins were identified containing a GO annotation 

for Ca2+ only in TGHQ-treated HK-2 cells, further confirming a relationship between 

PARP-1 and Ca2+ through PARylation of Ca2+-related proteins.   

A link between PARP-1 and Ca2+ may also be indirectly through the PARylation 

of stress-related proteins that then activate downstream signaling pathways that cause 

increases in iCa2+.  We identified all PARylated proteins in our data that have a 

corresponding GO Annotation for cellular stress response.  Interestingly HSP90 beta, 

amongst others, was identified only in TGHQ-treated HK-2 cells.  Cellular stress proteins 

can cause downstream signaling that leads to increases in iCa2+, therefore PARylated 

stress response proteins should be considered as potential players in the link between 

PARP-1 and Ca2+.  
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The studies in Chapter 4 were preliminary, as the data was only analyzed through 

mass spectrometry once, and needs further confirmation both through LC-MS/MS 

approaches and basic molecular biology and mechanistic approaches. Western blotting of 

specific immunoprecipitated proteins, and pharmacological and genetic knockdown of 

PARylated proteins can corroborate the relevance of the PARylation of these proteins in 

TGHQ-mediated cell death as well as the role they play in the mechanism and 

relationship between PARP-1 and Ca2+.  However, these preliminary studies represent a 

valuable investigation into the interactions of PAR with proteins, and the potential for 

these PARylated proteins to impact a wide range of critical biological functions that can 

lead to iCa2+ increases.   

Along with further confirmation of these studies, several other approaches should 

be considered to solidify the validity of this preliminary data.  First, only the 30 minute 

time point was used for the treatment of TGHQ.  In the immunofluorescent studies, we 

found more PARylation in later time points such as 45 minutes and 60 minutes.  

Therefore, treatment of TGHQ should be extended to these time points prior to IP and 

further analysis through mass spectrometry.  Additionally, siRNA knockdown of PARG 

prior to TGHQ treatment of HK-2 cells can shed light on more PARylated proteins.  As 

demonstrated in Chapter 3, PARG is active in HK-2 cells in the presence and absence of 

TGHQ.  Therefore, preventing the breakdown of PAR on the proteins PARG targets can 

provide identification of transitionally PARylated proteins that may play a role in TGHQ-

mediated cell death.   

HSP90 beta contains GO Annotations for both Ca2+ and stress response.  

Moreover, a recent study revealed that during hypertension, or rather, stressful 
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conditions, PARP signals to HSP90. Thus, inhibition of PARP prevents hypertension via 

modulation of HSPs  (Deres et al., 2014).  Further investigation of the role of HSP90 beta 

in TGHQ-mediated cell death, and its relationship to PARP-1 and Ca2+, should be 

considered.   

 Many PARylated proteins found only in TGHQ-treated cells were found to reside 

in the ER.  These include HSP90 beta and the SERCA pump and calnexin.  Moreover, 

SOCs reside in the ER, and data presented in Chapters 2 and 3 both implicate a role for 

SOCs in TGHQ-mediated cell death.  ER and plasma-interacting proteins should be 

further investigated to determine the possible connection between SOC activation and 

subsequent SOCE.  Moreover, 2-ABP can completely abrogate iCa2+ increases during 

TGHQ-mediated cell death, but only partially protects against TGHQ-induced 

cytotoxicity.  This finding suggests that while SOCs may contribute to Ca2+ entry, they 

are essential for Ca2+-overload and subsequent cytotoxicity.  Since many PARylated 

proteins related to both Ca2+ and cellular stress reside in the ER, the possibility exists that 

ER stress contributes to TGHQ-mediated cell death.   

 

5.2.4. Overall Conclusions  

 TGHQ-induced cellular stress leads to ROS-mediated necrotic cell death.  The 

exact mechanisms by which cell death occurs remains elusive.  Throughout our studies, 

we recognized PARP-1 and Ca2+ are coupled through SOCs in the plasma membrane, 

allowing extracellular Ca2+ entry to exacerbate cell death.  Moreover, the coupling of 

PARP-1 and Ca2+ is atypical of those previously established in PARP-1-mediated cell 

death.  Previously, it was only established that PARP-1 and Ca2+ were coupled by the 
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breakdown of PAR by PARG to activate TRPM2 channels.  We propose a novel PARG-

independent pathway, consistent with previous findings that TGHQ-mediated cell death 

is AIF independent  (Zhang et al., 2014), which is atypical of parthanatos. 

PARylated proteins as a death signal is a new and emerging field, and we have 

contributed by the preliminary identification of PARylated proteins involved in cellular 

stress and Ca2+ related proteins in TGHQ-mediated cell death.  These further confirm a 

novel signaling pathway by which PARP-1 and Ca2+ are coupled.   

Figure 5.1 proposes a model by which TGHQ-mediated cell death occurs.  The 

downstream signaling pathways of oxidative stress in necrotic cell death are not yet fully 

understood. The purpose of this thesis to elucidate the signaling pathways and role of 

Ca2+ underpinning PARP-mediated cell death successfully provided novel interactions 

and pathways that can not only prevent renal disease, but also reveal alternate 

mechanisms surrounding other diseases such as cancer, neuropathology, and 

cardiovascular disease, where PARP-1 has been implicated as a pathological player.   
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Figure 5.1. Proposed Model of TGHQ-mediated Necrotic Cell Death in HK-2 Cells. 

TGHQ induces ROS production in HK-2 cells, which leads to DNA damage, and PARP-
1 hyperactivation.  Hyperactivation of PARP-1 allows for PARylation of cytosolic 
proteins related to Ca2+ and cellular stress. Either directly or indirectly, PARylated 
proteins activate SOCs, allowing iCa2+ influx, and ultimately, necrotic cell death. 
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