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ABSTRACT 

 

2,3,5-Tris-(glutathion-S-yl)hydroquinone (TGHQ) is a nephrotoxic and 

nephrocarcinogenic metabolite of hydroquinone.  TGHQ can redox cycle, generating 

reactive oxygen species (ROS) which cause DNA strand breaks, hyperactivation of 

poly(ADP-ribose) polymerase-1 (PARP-1), increases in intracellular calcium 

concentration ([Ca2+]i), ultimately resulting in cell death. PARP-1 is a nuclear protein 

involved in multiple cellular processes such as DNA repair, transcriptional regulation, and 

cellular differentiation. PARP-1 catalyzes the attachment of a post-translational 

modification, consisting of multi branched ADP-ribose polymers (PAR) on target proteins. 

In human renal proximal tubule cells (HK-2) ROS stress promotes PARP-1 

hyperactivation and elevations in [Ca2+]i which are reciprocally coupled. The molecular 

mechanism of this interaction is unclear. The aim of the present study was to identify 

TGHQ-induced PAR-associated proteins and their potential role in cell death. HK-2 cell 

were treated with 400 μM TGHQ to induce ROS stress leading to PARP-1 

hyperactivation. PAR-associated proteins were immunoprecipitated, followed by 

separation by SDS PAGE and proteomic analysis. A relative protein abundance analysis 

by spectral counts allowed us to obtain fold-changes in protein abundance relative to 

control. 356 PAR-associated proteins were significantly identified as modified by TGHQ 

treatment. From this cohort, 281 proteins showed an increased PAR association while 90 

were decreased, and 169 appear to be novel interactors of PAR. Additionally, 13 targets 

had Gene Ontology annotations related to calcium. Of these, neuroblast differentiation-

associated protein (AHNAK), calcium homeostasis endoplasmic reticulum protein 

(CHERP) and general transcription factor II-I (TFII-I) are directly involved in modulation 
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of [Ca2+]i. TFII-I regulates [Ca2+]i by competing for phospholipase C (PLC) binding with 

the calcium channel TRPC3. Free PLC binds and promotes the translocation of TRPC3 

to the plasma membrane leading to increases in [Ca2+]i. TGHQ induced TFII-I 

translocation from the nucleus to the cytosol, decreased tyrosine TFII-I phosphorylation, 

reduced PLC-TFII-I interaction, and increased PLC and TRPC3 translocation. However, 

pharmacological inhibition or depletion of TRPC3 or PLC did not have a protective effect 

in TGHQ-mediated decrease in cell viability, indicating that these proteins are not major 

players in TGHQ toxicity. Gene expression analysis reveals that the transcription of TFII-

I-dependent genes is induced by TGHQ treatment, suggesting that PARylation of TFII-I 

regulates its transcriptional activity. Depletion of the TGHQ-induced differential PAR-

associated proteins, PKM2, C23, IQGAP1, and UBF1 which participate in important 

cellular processes such as cell cycle regulation, ribosomal synthesis, spindle assembly, 

growth, cell survival, and rRNA transcription, did not ameliorate TGHQ cytotoxicity. 

Through our studies, we recognized that TGHQ have a prominent impact in the PAR 

interactome by promoting the differential PAR association of multiple proteins. We 

speculate that TGHQ-induced PARP-1 hyperactivation promotes a deep alteration in the 

PAR network, leading to multiple cellular events which in combination result in cell death. 

The studies performed in this thesis not only reveal novel interactions and pathways that 

are regulated by PAR, but also show the specific proteins that might participate in 

mechanisms in which PARP-1 activation result in cell injury.        
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CHAPTER 1: INTRODUCTION  

 

1.1 GENERAL COMMENTS 
 

Cell activity is regulated by multiple enzymatic processes that occur in a dynamic 

manner and integrate a complex network of proteins responding to external stimuli. Post-

translational modifications (PTMs) act as cellular switches that regulate protein function, 

protein:protein interactions and the cellular localization of proteins, which together result 

in different cellular physiological changes. 

The molecular mechanism of toxicity attributed to various xenobiotics that are 

harmful to humans depends on the dysregulation of different PTMs, including 

phosphorylation, sumoylation, methylation, acetylation, ubiquitination, and poly(ADP-

ribosylation) (PARylation). The development of high-throughput technologies, particularly 

sophisticated mass spectrometry-based proteomics instrumentation, permits the large-

scale quantitative and qualitative examination of protein expression and PTMs in 

response to toxicant exposure. Recently, “Toxicoproteomics” has emerged as a fusion 

field of toxicology and proteomics to shed light on toxicant-induced molecular 

mechanisms, by elucidation of alterations in the cellular proteome leading to disease. 

The kidney is a major target organ for xenobiotic-mediated toxicity due to its 

primary role in the elimination of toxicants and their metabolites. Glutathione (GSH) is the 

major cellular nucleophile which conjugates with reactive electrophilic metabolites, 

increasing water solubility and facilitating urinary excretion. GSH conjugation is 

considered an important metabolic route that promotes xenobiotics elimination. However, 

certain compounds are bioactivated upon GSH conjugation, increasing their toxic effects. 
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For example, various quinone compounds give rise to the formation of polyphenolic-GSH 

conjugates which are subsequently processed via the mercapturic acid pathway 

generating metabolites that are more readily redox active, creating an oxidative stress, 

and ultimately renal cell death. 

The aim of this thesis is to determine alterations in the poly(ADP-ribosylated) 

proteome during oxidative stress, focusing on the elucidation of PARylation-mediated 

downstream signaling events that might contribute to renal cell death induced by the 

nephrotoxic and nephrocarcinogenic metabolite of hydroquinone, TGHQ. 

 

1.2 ADP-RIBOSYLATION 
 

PARylation is a reversible protein PTM discovered in 1963 by (Chambon et al., 

1963). A novel DNA-dependent enzyme was described that in the presence of 

nicotinamide mononucleotide (NAD+ precursor) formed the reaction product poly(A), later 

identified as poly(ADP-ribose) (Chambon et al., 1963). ADP-Ribosylation is catalyzed by 

a variety of ADP-ribosyltransferases (ARTDs). The reaction consists of the transfer and 

covalent attachment of ADP-ribose monomers from nicotinamide adenine dinucleotide 

(NAD+) onto specific amino acid residues in proteins and DNA (Hottiger et al., 2010).  

There are 17 known ARTDs enzymes that contain the poly(ADP-ribose) 

polymerase (PARP) signature and are traditionally classified in the PARP family of 

transferases. Different members of the PARP family are characterized by the extent of 

ADP-ribose (ADPR) units transferred onto target proteins. Mono(ADP-ribosylation) 

(MAR) involves the attachment of one single unit of ADPR in contrast to the elongation of 
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ADPR into multi branched polymers during poly(ADP-ribosylation) (Figure 1.1) (Hottiger 

2015).  

Poly(ADP-ribose) polymerase 1 (PARP-1) is the most abundant, ubiquitous, and 

the founding member of the PARP family. PARP-1 is a DNA repair enzyme the catalytic 

activity of which is stimulated by sensing DNA strand breaks, producing PAR that 

contributes to the recruitment of other DNA repair proteins to the site of damage. 

Research on PARP-1 has identified diverse biological functions beyond its role in DNA 

repair, including the regulation of chromatin structure and function, gene transcription, 

cellular stress, and RNA processing (Kraus 2015).  

The field of ADP-ribosylation has expanded in the last 50 years via the 

characterization of further sets of enzymes that remove PAR and MAR, along with 

proteins that can bind to these modifications, resulting in different cellular responses. 

Indeed, the field has usurped the nomenclature used by the histone modification field to 

describe the PARP code, which includes “writers” (PARPs), “erasers”, and “readers” 

(Gupte et al., 2017). This broader view has shed light on the participation of ADP-

ribosylation in diverse cellular functions, including protein degradation, mRNA splicing, 

chromosome segregation, circadian rhythms, stress responses, inflammation, cell 

metabolism, cell-cycle regulation, and cell death (Leung 2017).  
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Figure 1. 1 ADP-ribosylation.  

One monomer of ADP-ribose (ADPR) is constituted by one ribose sugar and one 
adenosine group. Protein targets that integrate one single unit of ADPR are 
mono(ADP-ribosylated). Poly(ADP-ribosylated) targets are bound to multiple 
monomers of ADPR in linear or multi branched chains. (Leung 2014) 
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1.2.1 PAR writers: ADP-ribosyltransferases 
 

 ADP-ribosyltransferases (ARTDs) are NAD+ binding and consuming enzymes that 

can cleave the NAD+ bond between nicotinamide and ADPR in order to promote ADPR 

transfer, promoting MAR or PAR formation. The ARTs superfamily is structurally very 

diverse, making their identification difficult by sequence analysis. Additionally the ADP-

ribosyltransferase activity of ARTs can only be determined experimentally. However, 

ARTs are characterized by a highly conserved NAD+ binding domain (ARTD or PARP 

domain) (Aravind et al., 2015). Three motifs forming the ARTDs NAD+ binding domain 

have been identified  (1) the R/H-G-T/S (histidine-glycine-threonine, or R/H) motif that 

coordinates binding to the nicotinamide moiety of NAD+; (2) The S-T-S (serine-threonine-

serine) motif, also related to NAD+ binding; (3) the ARTT loop (ADP-ribosylating turn-turn) 

which contains the catalytic glutamate and is probably involved in substrate recognition 

(Hottiger et al., 2010). Using sequence and structure homology, 22 human genes 

containing the ART domain have been identified, initially referred to as the PARP family 

(Figure 1.2), but since most of these only produce MAR, a more accurate and unified 

nomenclature has been suggested which refers to all members as ARTs (Liu and Yu 

2015).  

PARP-1 (ARTD-1) is a highly abundant nuclear protein and the founding member 

of the PARP family. The very diverse functions of PARP-1 are due to the well-

characterized functional domains, including (from amino to carboxyl terminal) (1) an 

amino-terminal DNA binding domain that contains a zinc binding domain, two zinc finger 

motifs, and a nuclear localization signal; (2) an automodification domain with a BRCA1 

C-termini motif (BRCT); (3) a WGR (tryptophan-glycine-arginine) motif; (4) a carboxyl-
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terminal catalytic domain or PARP domain (conserved NAD+ binding domain) (Figure 1.2) 

(Ryu et al., 2015). PARP-1 is a member of the DNA-dependent PARPs that becomes 

highly activated upon DNA damage. The N-terminal zinc finger motifs of PARP-1 mediate 

its interaction with DNA at the ribose-phosphate back-bone of DNA, with zinc fingers 1 

and 2 proposed as sensors of DNA single strand breaks (SSBs), while zinc fingers 1 and 

3 recognize DNA double strand breaks (DSBs). Additionally, zinc finger 3 and the WGR 

domain can interact with RNA. Binding of PARP-1 to nucleotides induces its activation by 

promotion of conformational changes in the catalytic domain and exposure of  the 

activation sites to substrates (Liu and Yu 2015). 

     In addition to DNA strand breaks, several PARPs (1, 2, and 3) are activated by 

different PTMs and different cellular signals, including mono-(ADP-ribosylation), 

acetylation, phosphorylation, increases in intracellular calcium concentrations, or binding 

to tyrosyl tRNA synthase (Bai 2015).  

 

1.2.2 PAR readers 
 

 Regulation of cellular activities by PTMs depends on the dynamic and transient 

interaction between the modifications and multiple accessory proteins (“readers”). These 

interactions are reversible, and can modulate important characteristics of the readers, 

including protein stability, catalytic activity, protein:protein interactions, and subcellular 

localization. Part of the highly diverse functions associated with ADP-ribosylation is 

explained by its non-covalent interaction with numerous reader proteins. Within these 

proteins, several PAR-binding modules that can read PAR signals have been discovered. 
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Figure 1. 2 PARP family.  

(A) Schematic representation of the structural domains in the ADP-
ribosyltransferases members of the PARP family. The highly conserved ART 
domain (PARP domain) is shown in red boxes and indicates the type of ADPR 
structures that they can catalyze (Bock and Chang 2016). (B) Structural and 
functional domains of human PARP-1 (ARTD-1) (Ryu et al., 2015).    
 

A 

 

B 
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The PAR-binding motif (PBM) is the first protein structure identified to interact with 

PAR, and consists of a 20 amino acid cluster of hydrophobic amino acids separated by 

basic residues having the consensus sequence [HKR]-X-X-[AIQVY]-[KR]-[KR]-[AILV]-

[FILPV] (Hottiger 2015). The exact mode of interaction between the PBM and PAR is not 

clear, but has been attributed to electrostatic interactions between the highly negative 

charge of multi branched PAR and the positively charged amino acids of the PBM. This 

interaction has a relatively high affinity, ranging from 10-7 to 10-9 KD (equilibrium 

dissociation constant) (Teloni and Altmeyer 2016). Computer sequence analysis and 

experimentally derived interaction data predicts that between 500-800 proteins contain 

the PBM. These proteins include DNA repair proteins, regulators of cell cycle, RNA 

binding proteins, and chromatin modifiers (Jungmichel et al., 2013). 

 The PAR-binding zinc finger (PBZ) domain is formed by a central zinc ion 

coordinated by two cysteine and two histidine residues surrounded by a series of loops. 

This motif contains less than 30 amino acids organized in the consensus sequence [K/R-

X-X-C-X[F-Y]-G-X-X-C-X[K/R]-[K-R]-X-X-X-X-H-X-X-X-[F/Y]-X-H that bind to two 

consecutive ADPR monomers within the PAR chain (Teloni and Altmeyer 2016). Only 

three human proteins containing a PBZ domain have been identified, suggesting that it is 

a very specialized reader of PAR signals. These proteins (APLF, CHFR, and 

DCLRE1A/SNM1A) function in DNA damage repair, regulation of cellular checkpoints, 

and PAR metabolism (Hottiger 2015). 

 The WWE domain contains 2 residues of tryptophan (W) and one glutamate (E) 

residue, and recognizes two consecutive ADPR modules in the PAR chain, known as iso-

ADP-ribose. This domain has been found in a total of 12 proteins members of two different 
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classes: E3 ubiquitin ligases, and PARP/ARTD, proteins that do not produce PAR. 

Studies on the RNF146 E3 ubiquitin ligase reveal that interaction and binding of its WWE 

domain to PAR are required for its polyubiquitination activity and subsequent 

proteosomal-mediated degradation (Wang et al., 2012). This represents a novel function 

of PAR as regulator of ubiquitination. 

 The macrodomain of PARP is a globular reader domain of between 130 and 190 

amino acids that binds to O-acetyl-ADPR, MAR, and PAR. This domain is evolutionary 

conserved as it is incorporated in more than 300 proteins, from vertebrates, archaea, 

plants, viruses, and bacteria. Nonetheless, the macrodomain has been found in only 

eleven human proteins which participate in control of NAD+ metabolism, B cell 

lymphomagenesis, chromatin remodeling, regulation of transcription, developmental 

processes, and DNA repair (Hottiger 2015).  

 The fork-head associated (FHA) and the BRCA1 C-terminal (BRCT) domains are 

known for binding to phosphorylated residues and modulate protein-protein interactions. 

These domains can also interact with PAR, likely mediated by electrostatic interactions 

with their phosphor-binding pocket (Teloni and Altmeyer 2016).   

 The long multi branched ADPR chains of PAR convey a highly negative charge, 

and it resembles nucleic acids. Indeed, PAR is recognized by, and interacts with, protein 

domains that usually bind to RNA or DNA. Evidence of PAR binding has been found for 

the following domains: (1) the RNA recognition motif (RRM) that interacts with multiple 

RNA sequences and structures, and is the most abundant RNA-binding domain; (2) 

serine/arginine repeats (SR repeats) are commonly found in proteins associated with 

splicing; (3) lysine and arginine rich (KR-rich) motifs found in nucleosome remodeler 
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proteins; (4) the oligonucleotide/oligosaccharide-binding fold (OB-fold), which recognizes 

single-strand nucleic acids or oligosaccharides; (5) PilT N-terminus (PIN) domains bind 

to single-strand nucleic acids and have nucleolytic activity; (6) glycine and arginine rich 

domains (RG/RGG motifs) interact with RNA and are found in more than a thousand 

proteins (Teloni and Altmeyer 2016). The above modules, the FHA, and the BRCT motifs 

are novel interactors of PAR and further characterization is needed to understand the 

structural and functional consequences of their interaction.     

 

1.2.3 PAR erasers  
 

 PAR is a very complex and dynamic PTM with a fast turnover and an estimated in 

vivo half-life of ≈40 seconds in the presence of DNA damage. In contrast, constitutively 

formed PAR exhibits a half-life of ≈7.7 hours (Alvarez-Gonzalez and Althaus 1989). 

Multiple PAR-mediated cellular functions depend on the assembly of various PAR 

accessory proteins (“readers”) in an organized and specific manner. Termination of PAR 

signaling is important to assure appropriate and timely regulation of its cellular effects and 

to avoid irreversible protein aggregates that might modify the activity, stability, and 

location of their targets. Several proteins with enzymatic activity that can reverse 

PARylation have been identified (“erasers”). These enzymes, the ADP-ribosyl 

hydrolases, can cleave the bonds between proteins and ADPR and/or different ADPR 

units within the PAR chains (Barkauskaite et al., 2015).  

 Poly(ADP-ribose) glycohydrolase (PARG) is the most widely studied enzyme that 

degrades the majority of cellular PAR. Genetic deletion of PARG promotes early 
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embryonic lethality in the mouse, presumably as a result of the failure to degrade PAR 

and its subsequent accumulation (Koh et al., 2004). PARG contains three domains: the 

PARG accessory domain (AD) and the macrodomain, which together constitute the 

catalytic region; and the less conserved PARG regulatory region. PARG’s catalytic center 

is homologous to the macrodomain found in PAR binding proteins, but is also able to 

hydrolyze PAR by incorporation of the PARG unique catalytic loop with the conserved 

sequence GGG-X6-8-QEE (Slade et al., 2011). The majority of PARG-mediated PAR 

degradation is exerted through its exo-glycohydrolase activity, in which PARG binds to 

the terminal ends on the polymer chain and sequentially removes and releases free 

ADPR monomers. However, due to steric hindrance, PARG is not able to remove ADPR 

directly bound to proteins or MAR.  In addition, PARG exhibits less efficient endo-

glycohydrolase activity, binding and cleaving middle chain polymers to release protein-

free PAR. It seems that in vivo this activity becomes more predominant when there are 

elevated amounts of PAR, for example during DNA damage (Barkauskaite et al., 2013). 

Interestingly, different isoforms of PARG relocalize in response to DNA damage, the 

nuclear 110 kDa isoform translocates to the cytosol whereas the cytoplasmic 102 kDa 

relocates to the nucleus, suggesting different PARG isoforms have specific functions in 

the repair of DNA damage. Indeed, PARG is implicated in multiple biological processes, 

including chromatin dynamics, cell death, transcriptional regulation, and tumorigenesis 

(Hottiger 2015).                 

 ADP-ribosyl hydrolase 3 (ARH3) is structurally different to PARG in that it can also 

degrade PAR, and is a member of the dinitrogenase reductase-activating glycohydrolase-

related (DraG) family. In bacteria, DraG homolog proteins are MAR hydrolases that 
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control nitrogen fixation. However, ARH3 binds to terminal ADPR of the PAR chains, 

suggesting that ARH3 only possesses exo-glycohydrolase activity. ARH3 is 

predominantly located in the cytosol, and its main physiological function seems to be 

degradation of protein-free PAR outside the nucleus (Barkauskaite et al., 2015, Hottiger 

2015).  

 Macro D1 and Macro D2 are macrodomain-containing hydrolases that bind to MAR 

and cleave the bond between ADPR and acceptor proteins. Although, the macrodomain 

motif in MacroD proteins shares homology with the macrodomain in PARG, a different 

catalytic mechanism has been proposed in which Macro D1/2 employ a substrate-

assisted cleavage, whereby MAR-associated glutamate or aspartate residues of the 

acceptor protein facilitate the hydrolysis of the ADPR bond. Thus, it was determined that 

these proteins are novel glutamate/aspartate-specific MAR hydrolases. The precise 

biological functions of MacroD1 and Macro D2 is not clear but they have been suggested 

to participate as cofactors for androgen and estrogen receptors, and in the reactivation of 

GSK3β kinase, respectively. Additionally, MacroD1 contains a mitochondrial localization 

sequence while MacroD2 localizes to the cytoplasm (Barkauskaite et al., 2015, Hottiger 

2015).  

 TARG1 (C6orf130) is another macrodomain-containing MAR hydrolase that has a 

distinct catalytic mechanism. A conserved lysine residue in TARG1 (Lys84) is responsible 

for promoting cleavage of the MAR bond, resulting in formation of a lysyl-ADPR 

intermediate, which with the assistance of an aspartic acid residue (Asp125) releases the 

ADPR product. TARG1 may be involved in the DNA damage response since depletion of 
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TARG1 in human cells promotes defects in DNA repair and proliferation (Sharifi et al., 

2013).  

 The NUDIX (nucleoside diphosphates-linked moiety X) family are the most recent 

enzymes identified that reverse PAR. However, rather than removing the entire ADPR 

moiety, they hydrolyze PAR at the phosphodiester bond of the ADPR unit attached to the 

acceptor protein. This reaction leaves a ribose-5’-phosphate (R5P) mark on the substrate 

protein, the biological relevance of which is unknown (Teloni and Altmeyer 2016).  

                   

1.2.4 Biochemical characteristics of PAR and PAR-associated proteins 
 

 PAR is an intricate multi-branched biopolymer which can be considered as an 

inducible nucleic acid-like scaffold capable of binding to a large number of proteins. As 

described in preceding sections, the cellular dynamics of PAR are accomplished by 

multiple proteins with different functions in PAR organization, formation, and regulation. 

These proteins constitute the “PAR code” (Figure 1.3). In addition to proteins that are 

covalently modified with PAR (directly PARylated), numerous aspects of PAR function 

are dependent on the non-covalent interaction of PAR with other proteins (indirectly 

PARylated). Both, directly and indirectly PARylated protein target are considered as PAR-

associated proteins and as part of the PAR interactome (Figure 1.3).  

The biochemical structure of PAR resembles that of nucleic acids, and is 

considered the fourth most important cellular biopolymer, after polynucleotides (DNA and 

RNA), polypeptides, and polysaccharides (Drenichev and Mikhailov 2016). Native PAR 

polymers incorporate more than 200-300 ADPR monomeric units, arranged in alternated  
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Figure 1. 3 The PAR code. 

Regulation of PARylation is achieved by the enzymatic activities of multiple 
proteins. Writers catalyze the attachment of PAR onto acceptor targets. 
Erasers hydrolyze bonds between ADPR monomers or between PAR and its 
targets. The PAR interactome (PAR-associated proteins) is composed of 
directly covalent modified PARylated proteins, proteins that form ionic 
interactions with PAR (readers), and proteins associated with both.  
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multi-branched linear segments of 20-50 units. PAR synthesis is achieved in three 

enzymatic reactions: a) initiation; the covalent attachment of one ADPR monomer onto 

acceptor amino acid; b) elongation; the formation of PAR chains by attachment of 

additional ADPR units; c) generation of branching points. Covalent modification of 

proteins with PAR occurs via addition onto multiple amino acids residues, including 

arginine, lysine, glutamate, aspartate, cysteine, serine, and threonine. Each ADPR 

monomer contains two negative charges corresponding to the two phosphate groups, 

making PAR the most electronegative natural polymer in the cell (Drenichev and 

Mikhailov 2016).   

Modification of proteins with PAR can induce changes in protein function by 

modifying enzymatic activity, altering binding partners, or targeting proteins for 

degradation. Additionally, PAR functions as a high density scaffold, assembling large 

subcellular structures that recruit and modify PAR-associated proteins by sequestering 

them for defined periods of time in specific cellular compartments, or mediating new 

protein-protein interactions (Bock and Chang 2016). Association of proteins with PAR is 

dependent on the size and branching of the PAR chains. For example, different DNA 

repair factors exhibit differential preference for PAR binding: XPA, DEK and Chk1 

associate with long PAR chains (>40 monomers), in contrast, p53 and WRN form 

complexes with short PAR chains (Leung 2014). However, the exact mechanism of this 

differential association is unclear.  

Identification of the specific PAR-associated substrates across the proteome is 

crucial for an understanding of PAR-mediated regulation on different signaling and 

cellular processes. Recently, a database including known PAR-associated proteins 
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(ADPriboDB) was created, and contains entries from the literature for the past 40 years. 

Currently, ADPriboDB includes 2183 unique proteins known to interact with PAR under 

different conditions, and which were identified by diverse techniques, including 

immunoprecipitation, affinity-based approaches, and mass spectrometry (Vivelo et al., 

2017). The vast number of PAR interactors help to explain the very diverse functions of 

PARylation, while simultaneously reveal the high complexity of this PTM.         

 

1.2.5 Poly(ADP-ribosylation)-mediated DNA repair 
 

 The first described and best characterized function of PARP-1 is on the DNA 

damage response (DDR). PARP-1 is a highly abundant nuclear protein (1-2 million 

molecules per nucleus) that senses DNA damage via the binding of its zinc finger domains 

(ZF) 2 and 1 to DNA single strand breaks (SSBs) and double strand breaks (DSBs), 

respectively. PARP-1 is one of the earliest factors recruited to sites of DNA damage (t1/2 

≈1.6s), inducing conformational changes that result in an increase in its catalytic activity 

of >500-fold (Malanga and Althaus 2005, Liu et al., 2017). PARP-1 activation creates the 

formation of long PAR chains that are covalently attached to PARP-1 itself, to DNA, and 

to other proteins associated with the DDR. PAR, produced by PARP-1, functions as a 

scaffold for the recruitment of additional DDR proteins which interact non-covalently via 

PAR-binding domains, and become catalytically active by binding to PAR. PARPs are 

crucial mediators in the preservation of genomic stability and are implicated in most of the 

known DNA repair mechanisms (Figure 1.4). Indeed, genetic ablation of PARP-1 and 

PARP-2 leads to early embryonic lethality in mice (Ray Chaudhuri and Nussenzweig 

2017).  
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Figure 1. 4 DNA repair factors recruited by PARylation 

PARP-1 is able to sense different types of DNA damage that activate its 
catalytic activity leading to high amounts of PAR chains. PAR acts as a 
scaffold for the recruitment of multiple DNA damage response (DDR) factors 
(shown in colors) that contribute to recover of the genomic stability. PARylation 
participates in multiple mechanisms of DNA repair. (Wei and Yu 2016) 
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Nucleotide damage and single base modifications (e.g. oxidation, alkylation) are 

the most frequent form of DNA damage induced either spontaneously or by genotoxic 

agents. Such modifications are removed by DNA glycosylases and further processed by 

AP endonucleases (APE1) resulting in SSBs which are repaired by various excision repair 

pathways, including base excision repair (BER), SSB repair (SSBR), and nucleotide 

excision repair (NER). PAR is able to recruit and gather key players in excision repair 

mechanisms, including APE1, OGG1, XRCC1, PCNA, aprataxin, and condensin I (Wei 

and Yu 2016). XRCC1 is a pivotal factor in SSBR, and is rapidly recruited to SSBs, 

operating as a scaffold that interacts with other important DDR factors (DNA ligase III, 

DNAP β, PNKP) thereby promoting the repair process. Mutations in the XRCC1 gene 

cause defective SSBR and unrepaired SSBs (Ray Chaudhuri and Nussenzweig 2017). 

PARP-1 also participates in NER, which repairs bulky DNA lesions, via the PAR-

dependent recruitment of the chromatin decondensation protein complex DDB2 and 

ALC1 (Pines et al., 2012).  

 The most harmful lesions that jeopardize genome stability are DNA DSBs, induced 

following exposure to genotoxicants or disruption of replication forks. DSBs can be 

repaired by three main pathways: a) classical non-homologous end joining (C-NHEJ); b) 

alternative non-homologous end joining (Alt-NHEJ); or c) homologous recombination 

(HR). C-NHEJ take place primarily in the G0/G1 and G2 cell cycle phases, starting with 

the recruitment of the Ku70/Ku80 (Ku) complex, followed by DNA-PKCs. Multiple 

accessory factors prepare the DNA ends for ligation, which is performed by DNA ligase 

IV and XRC44 (Lieber 2010). PAR is necessary for the recruitment and activation DNA-

PKcs and DNA ligase IV (Wei and Yu 2016). DNA damage induces PARylation of the Ku 
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complex, and although this interaction can promote its retention at DSBs in various 

organisms, their interaction in humans is unclear (Liu et al., 2017). Alt-NHEJ occurs when 

C-NHEJ is impaired, and promotes ligation by using sequence micro homologies among 

two DNA ends; however this repair mechanism is error-prone and mutagenic. The MNR 

complex (consisting of MRE11, RAD50 and NBS1), which recognizes and processes 

DNA ends prior to ligation, is recruited early by PAR to initiate alt-NHEJ. Subsequently, 

DNA ligase III and XRCC1 perform the DNA end-rejoining by PARP-1-dependent 

regulation and recruitment (Wei and Yu 2016, Liu et al., 2017). Additionally, DNA 

polymerase θ (DNAP θ) is also recruited by PARP-1 and mediates the terminal transfer 

of nucleotides to the 3' terminus of DNA (Kent et al., 2016). HR occurs primarily in the S 

and G2 phases, when DNA is replicating and a homologous sequence can be used as a 

template for repair. HR begins with the early recruitment of the double-strand break repair 

protein MRE11 to the site of damage in a PARP-1 dependent manner. Importantly, PAR 

mediates the assembling of BRCA1, which regulates DSBs resection and also promotes 

the loading of the DNA repair protein, RAD51, the latter being necessary for strand 

invasion in HR (Wei and Yu 2016, Ray Chaudhuri and Nussenzweig 2017).  

 Besides the participation of PARylation in the recruitment of DDR factors, it can 

also promote DNA repair by modulation of chromatin structure, promoting an appropriate 

environment for repair. The PARP-1-dependent chromatin remodeling mechanisms 

include: a) modification of nucleosomal structure by binding to PAR; and b) activation of 

chromatin remodeling proteins and modification of histones by PARylation (Gupte et al., 

2017). Long PAR chains produced at the site of DNA damage form a highly negatively 

charged structure that is able to repulse and disassemble nucleotides, thereby inducing 
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relaxation of the compacted chromatin around the site of damage and increasing the 

accessibility for DDR machinery (Liu and Yu 2015). Histones H1, H2A and H2B are 

targets for PARylation associated with decondensation of chromatin (Liu et al., 2017).  

Additionally, electrostatic interactions with PAR can promote liquid demixing, 

leading to reorganization of the intracellular soluble space and formation of confined 

regions that induce reversible assembly of different proteins at the sites of DNA damage 

(Altmeyer et al., 2015). It has also been shown that the pyrophosphatase NUDIX5 uses 

PAR as a substrate to generate ATP which is essential for multiple cellular processes 

including, chromatin remodeling and DDR (Wright et al., 2016). Automodified PARP-1 

activates the tumor suppressor protein p53, which subsequently induces the expression 

of genes that contribute to cell cycle arrest and ensures that DNA lesions are repaired 

before replication (Malanga and Althaus 2005).    

 

1.2.6 Multiple biological roles of PARylation  
 

 PARPs are primarily regarded as nuclear enzymes that participate in the repair of 

DNA damage. However, recent discoveries in PARP biology reveal a complex signaling 

network with diverse cellular functions regulated by PARPs and PARylation. PARP-1 

accounts for the majority of PAR production (85-90%) in the active or basal state, although 

multiple PARPs also cooperate in pathways associated with PARylation. Moreover, PAR 

and PARylated targets can translocate to the cytosol to amplify their signals in various 

cellular compartments. Besides DNA damage, multiple PTMs and signaling molecules 
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can trigger PARP-1 activity, including acetylation, MARylation, phosphorylation, 

increases in intracellular calcium concentration ([Ca2+]i), and miRNAs (Bai 2015). 

 As discussed above, PARylation can control chromatin remodeling, leading to 

modulation of gene transcription. In addition to this mechanism, PARPs are also 

considered transcriptional regulators capable of interacting with various transcriptional 

cofactors and of modulating gene expression. For example, PARP-1 is generally a 

positive cofactor and associates with 90% of the DNA polymerase II-dependent 

transcribed genes (Kraus 2008). PARP-1 is also a regulator of epigenetic marks via direct 

PARylation and modulation of different methylases and demethylases (e.g. DNMT-1 and 

KDM5B respectively) (Kraus and Hottiger 2013).  

 Recently, multiple proteomic analyses of PARylated targets has revealed an 

enrichment of RNA regulatory proteins, indicating that PARPs are mediators of RNA 

metabolism. Indeed, multiple players in the RNA splicing machinery are modified by PAR. 

Poly(A) polymerase (PAP) stabilizes and processes pre-mRNA by addition of a 3’ poly(A) 

tail, its activity being regulated by PARylation. Similarly, heterogenous nuclear ribonucleic 

proteins (hnRNPs) bind to pre-mRNA, regulating their translocation to the cytoplasm and 

splicing. Multiple hnRNPs bind to PAR which prevents their interaction with target RNAs. 

In addition, PAR mediates mRNA translation initiation and elongation, rRNA transcription, 

and ribosome translocation by interactions with Hrp38, TIP5, and EF2, respectively (Bock 

et al., 2015). 

 A common mechanism for the stability and degradation of PAR-associated 

proteins might be through PAR-dependent ubiquitylation. In this context, PAR functions 

as a protein mark for further ubiquitylation and successive proteasomal degradation. This 
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was first shown for the ubiquitin E3 ligase, RNF146, which uses a WWE domain to 

associate with PARylated proteins and promote their ubiquitylation and degradation. 

Likewise during mitotic stress the E3 ligase, CHFR, binds to automodified PARP-1 to 

decrease levels of PARP-1 and induce cell cycle arrest (Gupte et al., 2017).  

 PARPs also ameliorate cell stress via the activation of different stress response 

pathways critical for cell survival. Under cellular stress, PARP-16 induces the activation 

of the UPR endoplasmic reticulum (ER) response to ensure correct protein-folding via 

MARylation of the ER stress sensor proteins, IRE1α and PERK. PARP-1 contributes to 

the heat shock response by inducing the expression of the protein-folding chaperone 

HSP70 via PARylation of nucleosomes associated with the HSP70 gene. Oxidative stress 

induces PARP-dependent formation of cytoplasmic stress granules that contain RNA, 

translation initiation complexes, and other polypeptides. For example, the stress granule 

RAPTOR is able to sequester and prevent apoptosis induction by mTOR in response to 

oxidative stress (Bock and Chang 2016).  

 It is clear that the functions of PARPs and PAR extend well beyond DNA repair, 

and their regulation is fundamental for multiple and varied physiological possesses. 

Understanding the biology of PARPs is not limited to their functions discussed above, as 

recent advances in the field have demonstrated that PARPs can also regulate cell 

differentiation, antiviral responses, metabolic functions, inflammation, protein synthesis, 

cell survival, immune responses, telomere maintenance, calcium signaling, cell division, 

mitochondrial homeostasis, circadian rhythms, aging, cellular organization, cell 

reprograming, and cell death (Burkle and Virag 2013, Aredia and Scovassi 2014, Leung 
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2014, Bai 2015, Bock et al., 2015, Ryu et al., 2015, Bock and Chang 2016, Gupte et al., 

2017).        

 

1.2.7 Poly-(ADP-ribosylation) regulates cell death 
 

 As noted above, PARPs and PAR play a pivotal role in cells exposed to stress via 

the engagement of pathways that promote cell survival and genomic stability. In this 

scenario a moderate production of PAR takes place. In contrast, when cell damage is 

extensive, PARP-1 is hyperactivated leading to the accumulation of PAR and ultimately 

cell death. PARylation has been implicated in various modes of cell death. Thus, PAR 

homeostasis is essential to maintain cellular functionality, particularly under conditions of 

cell stress.  

 One of the first studies demonstrating the dual nature of PARylation, the “suicide 

hypothesis”,  postulated that excess genotoxic stress promotes overactivation of PARP-

1 leading to cell death as a consequence of energetic failure, blocking of glycolysis, and 

metabolic catastrophe (Berger et al., 1983). In this scenario, highly activated PARP-1 

causes massive consumption of NAD+, a necessary cofactor for various metabolic 

processes (e.g. ATP generation by the tricarboxylic acid cycle [TCA] or glycolysis), 

leading to depletion of NAD+ and ATP pools. Co-treatment of cells with PARP inhibitors 

is able to block depletions in NAD+ and ATP and prevent cell death. However, a recent 

study suggests that the PARP-1-dependent energetic collapse occurs by defects in 

glycolysis that precede NAD+ depletion, due to PAR binding and inhibition of hexokinase, 

the first enzyme that triggers glycolysis (Andrabi et al., 2014). In addition, assays of 
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PARP-1-induced NAD+ depletion usually involve whole cell levels, whereas it is primarily 

mitochondrial NAD+ that are relevant to cell death, and these tend to remain at normal 

levels during genotoxic stress (David et al., 2009).  

 Recently, a PARP-mediated novel mode of cell death, “Parthanatos” has been 

recognized by the Nomenclature Committee on Cell Death (Galluzzi et al., 2012). 

Parthanatos is caspase-independent, and characterized by the PAR-dependent 

translocation of the apoptosis inducing factor (AIF) from the mitochondria to the nucleus, 

where it induces chromatin condensation and DNA degradation into large fragments (≈50 

Kb) (Aredia and Scovassi 2014). AIF is an NADH oxidase which modulates redox 

processes in the mitochondria, and is able to bind to PAR through interaction with PAR 

binding domains. Parthanatos is activated by DNA damaging agents that induce PAR 

accumulation, followed by PAR redistribution into the cytosol and mitochondria. Although 

the exact mechanism of mitochondrial AIF release from the mitochondria remains 

unknown, several have been proposed including, opening of the mitochondrial 

permeability transition pore (PTP), Bax-mediated outer membrane permeabilization 

(OMP), and calpain-dependent AIF cleavage from the inner mitochondrial membrane 

(David et al., 2009). This mode of PAR-induced cell death can be abolished by co-

treatment with PARP inhibitors, PARP-1 knockout models, or overexpression of PARG. 

The latter manipulation indicates that PAR represents an important determinant of 

Parthanatos. Indeed, the longer and more complex forms of PAR are more potent 

inducers of cell death. Parthanatos therefore appears to be a death pathway specific for 

certain cell types or specific inducers, given that in various cell models characterized by 
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DNA damage-induced PARP hyperactivation, the nuclear translocation of AIF is absent 

(Virag et al., 2013).  

 Autophagy is a homeostatic process that regulates the degradation of “old” cellular 

components in order to recycle energy and form new macromolecules, and is considered 

a survival mechanism activated during stress conditions. Regulation of autophagy is 

achieved by AMP-activated protein kinase (AMPK)-mediated monitoring of alterations in 

cell metabolism. AMPK is a positive regulator of cell metabolism and is activated during 

starvation, whereas mTOR inhibits autophagy and is induced under high nutrient 

conditions. PARylation has been suggested to modulate autophagy, as inhibition or 

ablation of PARP-1 leads to decreased autophagy via reduced activation of AMPK and 

by diminished mTOR inactivation. Furthermore, metabolic stress caused by a decline in 

nutrients, activates PARP-1. Although the exact mechanism of this interaction is not 

known, the mTOR companion Rictor contain a putative PAR binding domain, which might 

account for the PARP-1-mediated regulation of autophagy (Virag et al., 2013, Aredia and 

Scovassi 2014). 

 Necrotic cell death is activated during extreme cellular damage, and is 

characterized by the subsequent induction of inflammation as a consequence of the 

discharge of cellular contents into the extracellular environment. The nuclear protein 

HMGB1 is a necrosis-inducing factor which promotes inflammation by stimulating the 

release of inflammatory factors, including cytokines. PARylation of High mobility group 

box 1 protein (HMGB1) promotes its dissociation from chromatin and cytosolic 

translocation.  In addition PAR-bound HMGB1 can inhibit efferocytosis (cell removal by 

phagocytic cells) by interacting with phosphatidylserine on the surface of cells undergoing 
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apoptosis. Thus, PAR can shift apoptosis to necrosis and promote inflammation by 

interaction with HMGB1 (Virag et al., 2013).  

 PARP-1 activity is linked to calcium signaling, which is another regulator of cell 

death. Oxidative stress induced PARP-1 activation accompanied by calcium mobilization 

can be reduced by PARP inhibitors. Similarly, during oxidative stress, intracellular calcium 

chelators have a protective effect in conjunction with inhibition of PARP activity. It has 

been suggested that PARP-1 can regulate calcium influx through the PAR-dependent 

modulation of the TRPM2 calcium channels. PARG silencing as well as PARP inhibition 

represses the hydrogen peroxide-mediated calcium influx and cell death, indicating that 

PAR is necessary for the opening of TRPM2 channels (Virag et al., 2013). 

 The level of PAR accumulation is an essential factor that determines whether 

PARylation acts as a survival factor or as a mediator of cell death. However, the PARP-

mediated cell death pathway is likely engaged by multiple factors, including the extent of 

DNA damage, the nature of the inducer of cell death, cell context, and the availability of 

the various factors involved.                             

 

1.3 HYDROQUINONE 
 

 Hydroquinone (HQ; also known as p-benzenediol, 1,4-dihydroxybenzene, or 1,4-

benzenediol) is an aromatic compound consisting of a benzene ring with two hydroxyl 

groups (-OH) in para conformation. HQ is a major metabolite of benzene and is found 

ubiquitously in the environment due to its many industrial uses, and its presence in some 

plant foods and tobacco smoke (Enguita and Leitao 2013). 
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1.3.1 Human exposure to hydroquinone 
 

 The most common route of human exposure to HQ is by inhalation during 

occupational exposure, including its use as a photographic developer agent, an 

antioxidant in the rubber industry, as an intermediate in the synthesis of dyes, as a 

stabilizer in paints, varnishes, and in motor fuels and oils. Dermal exposure occurs 

through the application of HQ (2-10%) containing creams used as a medical intervention 

for skin hyperpigmentation consequent to melasma or acne. Other cosmetic formulations 

that incorporate HQ as an ingredient include nail polish and hair dyes. In addition, HQ is 

a constituent of high molecular weight aromatic compounds and is a product of aromatic 

compound biotransformation, in particular, the biotransformation of phenol. HQ is 

detected in blood and urine of people with no apparent exposure to synthetic HQ or skin 

lighteners, probably due to the ingestion of plant foods containing naturally occurring 

glucose conjugated HQ (glycosylated HQ; arbutin [4-hydroxyphenyl-β-D-

glucopyranoside]) which is hydrolyzed in the gastrointestinal tract to free HQ. Dietary 

products that contain arbutin include wheat, pears, coffee, onions, tea, bearberries and 

red wine (McGregor 2007, Enguita and Leitao 2013). Moreover, HQ is one of the major 

phenolic compounds found in cigarette tar and is present in high levels in cigarette smoke 

(13-33 μmol/L) (Ouyang et al., 2000).  

 

1.3.2 Metabolism and Bioactivation of HQ   

 

 In humans, the majority of metabolic and kinetic data on HQ has been acquired by 

administration of oral doses of arbutin. HQ is extensively metabolized, as 90% of a dose 
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is excreted through urine, and only 0.6% is found as free HQ. Approximately 70% of 

urinary HQ is found as a glucuronide or sulfate conjugate (Glockl et al., 2001, Schindler 

et al., 2002). Percutaneous absorption of a 2% HQ cream was evaluated by radiolabeling, 

revealing 45% bioavailability 24 h after application, with HQ excreted in urine, mainly as 

the glucuronide conjugate and as 1,4-benzoquinone (Wester et al., 1998).  

 Oral ingestion of HQ in the diet, or by gavage to Sprague-Dawley rats results in 

nearly complete gastrointestinal absorption, followed by 99% excretion in urine. However, 

dermal absorption of HQ in rats is poor, in contrast to very rapid pulmonary absorption. 

The average proportion of  HQ conjugated metabolites recovered from urine in multiple 

studies is 67% glucuronide, 33% sulfate, 0-5% mercapturates, 0-3% unconjugated HQ, 

and <1% 1,4-benzoquinone (McGregor 2007). 

In addition to glucoronidation or sulfonation, HQ is metabolized via enzymatic or 

non-enzymatic oxidation to the highly reactive 1,4-benzoquinone (Figure 1.5). At neutral 

pH, HQ can auto-oxidize into the 1,4-benzosemiquinone free radical that undergoes 

disproportionation to 1,4-benzoquinone. This reaction is catalyzed by peroxidases, 

prostaglandin H synthase, cytochromes P450, or myeloperoxidase (Eastmond et al., 

1987, Subrahmanyam et al., 1991, Hill et al., 1993). 1,4-Benzoquinone undergoes the 

sequential addition of glutathione (GSH) and reoxidation, leading to the formation of 

multiple HQ conjugates. The products of these sequential reactions are 2-(glutathion-S-

yl)HQ, 2,3-(diglutathion-S-yl)HQ, 2,5-(diglutathion-S-yl)HQ, 2,6-(diglutathion-S-yl)HQ, 

2,3,5-(triglutathion-S-yl)HQ (TGHQ), and 2,3,5,6-(tetraglutathion-S-yl)HQ (Lau et al., 

1988). 
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Figure 1. 5 Metabolism of Hydroquinone 

The major routes of HQ metabolism are glucuronidation and sulfonation, 

representing about 90% of the HQ metabolites. HQ can also oxidize in a cytochrome 

p450-dependant manner to form the highly reactive 1,4-Benzoquinone. Subsequent 

oxidation and glutathione (GSH) additions results in the generation of multiple HQ-

GSH conjugates with up to four GSH equivalents. (Only three HQ-GSH conjugates 

shown)      
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The HQ-GSH conjugates are further metabolized and subsequently processed 

through the mercapturic acid pathway (Figure 1.6). Initially, γ-glutamyl transpeptidase (γ-

GT)-dependent removal of the γ-glutamyl moiety creates the cysteinyl-glycine 

conjugates, which are subsequently processed by cysteinylglycine dipeptidase to cleave 

the glycine group, generating the equivalent cysteine conjugates. Finally, the activity of 

the cysteine conjugate N-acetyl transferase catalyze the transformation of cysteine-S-yl 

HQ conjugates into mercapturic acids (N-acetylcysteine conjugates) (Monks and Lau 

1997, Monks and Lau 1998).   
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Figure 1. 6 Oxidative stress promoted by redox-cycle of TGHQ 

γ-GT and dipeptidases catalyze the processing of TGHQ into the mercapturic acid 

pathway. Reduction of the quinone to semiquinone form results in the generation of 

the super oxide anion radical (O2-), leading to subsequent formation of the hydroxyl 

radical, DNA damage, and cell death.     
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1.3.3 Hydroquinone toxicity 
 

 Adverse health effects of HQ in humans occur primarily through occupational 

exposure, with industrial hygiene data from photographic developers during film 

processing, photographers, and manufacturing workers exposed to HQ. Acute HQ 

exposure results in eye irritation, damage to the corneal epithelium, and corneal 

ulceration, while chronic exposure is associated to corneal staining, leukoderma and 

allergic dermatitis. Additional reports link HQ exposure to cancer, including acute 

monocytic leukemia, promyelogenous leukemia, malignant melanoma, and non-

Hodgkins lymphoma; however, exposure of these workers is not specific to HQ alone 

(McGregor 2007).  

 Animal data obtained from experiments performed in rats treated by gavage with 

HQ for 103 weeks reveled a high incidence of nephropathy, characterized by 

degeneration of tubular epithelium, atrophy of certain tubules, glomerulosclerosis, chronic 

inflammation, and interstitial fibrosis. In addition, tumors developed in various regions of 

the kidney cortex and the outer stripe of the outer medulla (OSOM), including renal tubule-

cell adenomas and atypical tubule hyperplasia (NTP 1989, Hard et al., 1997). In another 

study rats were administered HQ in the diet for 104 weeks, resulting in increased 

incidence of renal adenomas, renal tubule hyperplasia, and hyperplasia of the renal 

papilla (Shibata et al., 1991). 
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1.4 TGHQ (2,3,5-(triglutathion-S-yl)hydroquinone) 
 

 TGHQ is a metabolite of HQ formed by sequential oxidation and multiple GSH 

addition to 1,4-benzoquinone (Figure 1.5). In 1999 the IARC (international agency for 

research in cancer) evaluated HQ for its carcinogenic risk to humans, designating it as a 

group 3 carcinogen or “not classifiable as to its carcinogenicity to humans” (McGregor 

2007) based on the fact that HQ is not reactive in bacterial mutagenicity assays (Ames 

test) (Sakai et al., 1985). However, it was later discovered that HQ-induced 

carcinogenicity (see previous section) is in part mediated by the formation of a minor 

metabolite TGHQ, which is a potent nephrotoxicant and nephrocarcinogenic (Lau et al., 

1988, Lau et al., 2001).  

 

1.4.1 TGHQ toxicity 
 

 Administration of HQ to rats revealed the presence of HQ-thioether conjugates in 

bile and urine, accounting for 4% of the dose of HQ, an amount sufficient to account for 

the nephrotoxic and nephrocarcinogenic effects of HQ (Hill et al., 1993). Indeed, TGHQ 

is the most potent nephrotoxicant of all the HQ-GSH conjugates. Intravenous treatment 

of rats with TGHQ induces necrosis and nephropathy in the P3 region of renal proximal 

tubules, loss of brush border membrane integrity, DNA strand breaks, loss of cellular 

contents, and renal cell death (Monks and Lau 1998). TGHQ-induced nephrotoxicity is 

dependent on the activity of γ-GT, as its inhibition has a protective effect (Lau et al., 1988). 

Proximal tubule cells at the renal brush border are the main target for TGHQ toxicity, due 

to their high content of γ-GT and dipeptidases (Figure 1.6). TGHQ maintains the ability to 
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redox-cycle during which the reduction of the quinone to the semiquinone enables its 

reaction with oxygen to generate the superoxide anion radical (O2
 -), with the subsequent 

production of hydrogen peroxide (H2O2) and the hydroxyl radical (˙OH), the latter of which 

can react with different macromolecules, including DNA (Monks and Lau 1997). TGHQ-

mediated nephrocarcinogenesis in rats, is characterized by regenerative hyperplasia 

within the tubules, loss of tumor suppressor gene function, formation of kidney adenomas, 

and carcinomas, primarily in the outer stripe of the outer medulla (OSOM) (Lau et al., 

2001).     

 

1.4.2 Molecular toxicology of TGHQ 
 

 TGHQ specifically targets renal proximal tubules due to the high expression γ-GT 

on the brush border membrane. Although the toxic effects of TGHQ are in part mediated 

by its ability to create reactive oxygen species (ROS) and an oxidative stress, the precise 

mechanism by which TGHQ mediates nephrotoxicity and nephrocarcinogenesis is not 

completely understood. In LLC-PK1 cells, a renal proximal tubule epithelial cell line 

derived from New Hampshire mini-pig, TGHQ induces cell death by promoting ROS, DNA 

single strand breaks and cell growth arrest. In this cell model, treatment with TGHQ 

causes the activation of extracellular signal-regulated kinases (ERK1/2), and the p38 

mitogen-activated protein kinase (p38 MAPK) (Ramachandiran et al., 2002). Interestingly, 

inhibition of either ERK1/2 or p38 MAPK protects against TGHQ cytotoxicity. Induction of 

ERK1/2 or p38 MAPK leads to the activation of downstream chromatin remodeling 

factors, heat shock protein 27 (HSP27) and histone H3, which contribute to chromatin 

condensation during TGHQ-mediated cell death (Dong et al., 2004). As emphasized 
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earlier PARP-1 is an important regulator of chromatin structure via PARylation of different 

protein chromatin remodelers. Importantly, inhibition of PARP-1 activity with 3-

aminobenzamide prevents TGHQ-dependent histone H3 phosphorylation, and 

subsequent LLC-PK1 cell death, indicating that PARP-1 is an important factor that 

enhances the toxic effects of TGHQ (Tikoo et al., 2001). In the human kidney-2 (HK-2) 

cell line, TGHQ caused non-apoptotic cell death characterized by the generation of ROS 

leading to DNA strand breaks, the hyperactivation of PARP-1, and NAD+ depletion. In a 

similar manner to LLC-PK1 cells, inhibition of PARP-1 prevented HK-2 cell death by 

reduction of PARylated targets and NAD+ consumption independent of ROS generation. 

Interestingly, PARP-1 overactivation is accompanied with increases in intracellular 

calcium concentrations ([Ca2+]i) that are critical in TGHQ-mediated cell death, since 

chelation of intracellular calcium reduced PAR accumulation, and abrogated cell death 

(Zhang et al., 2014). Although TGHQ-dependent PARP-1 overactivation is reciprocally 

coupled to increases in [Ca2+]i, exacerbating HK-2 cell death, the precise mechanism of 

this reciprocal interaction remains unclear.  

 

1.5 Hypothesis and Specific Aims 
 

 TGHQ is the most potent nephrotoxic metabolite of HQ. TGHQ generates ROS, 

causes DNA strand breaks, forms covalent protein adducts, induces cell growth arrest, 

and ultimately renal cell death. TGHQ induces the hyperactivation of the DNA repair 

enzyme PARP-1, leading to abnormal cellular accumulation of PAR. TGHQ-mediated 

activation of PARP-1 is accompanied by increases in [Ca2+]i, which are reciprocally 

coupled and required for TGHQ-induced cell death. Thus, the PARP-1 inhibitor PJ34, and 
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the intracellular calcium chelator BAPTA-AM, protect against TGHQ-mediated cell death. 

Interestingly, this mode of PAR-dependent cell death is not characterized by 

mitochondrial AIF translocation to the nucleus, which is a characteristic of parthanantos 

(Zhang et al., 2014). In several models of PARP-1-dependent cell death, ADPR, which is 

generated by PARG-mediated breakdown of PAR, can promote calcium influx by direct 

modulation of the TRPM2 channel (Virag et al., 2013). However, knockdown of PARG 

does not protect against TGHQ toxicity in HK-2 cells suggesting that free ADPR does not 

contribute to increases in [Ca2+]i in this cell model. Furthermore, the store operated 

calcium channel (SOCs) inhibitor, 2-APB, is able to abrogate TGHQ toxicity and 

elevations in [Ca2+]i, suggesting that SOCs are dysregulated during oxidative stress, 

thereby contributing to abnormal calcium influx (Munoz et al., 2017). PARylation is 

generally considered to be localized to the nucleus. However, immunofluorescence 

studies revealed that PAR translocates from the nucleus to the cytosol in a time-

dependent fashion in response to TGHQ treatment (Munoz et al., 2017). Whether 

downstream signaling from PAR-associated proteins contributes to TGHQ-mediated 

elevations in [Ca2+]i, and renal cell death remains unclear. Thus, we hypothesize that 

PAR-modified proteins function as downstream signaling molecules exacerbating PARP-

1 hyperactivation leading to ROS-induced cell death (Figure 1.7).     

 The first aim of this dissertation was therefore to identify alterations in the PAR-

associated interactome (covalently PARylated proteins, PAR-binding proteins, and their  
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Figure 1. 7 Proposed model of the role of PAR in TGHQ-induced calcium 
influx and cell death 

TGHQ generates ROS, and overactivation of PARP-1, leading to an abnormal 
accumulation of PAR. PAR polymers translocate from the nucleus to the 
cytosol as either free PAR or bound to proteins. PAR-associated proteins act 

as downstream signaling molecules that account for the increases in [Ca
2+

]i, 
and promotion of cell death.   
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associated targets) in response to TGHQ (Chapter 2). We employed a toxicoproteomic 

approach using mass spectrometric identification of differentially PARylated proteins, and 

relative abundance for comparative analysis of PAR-associated proteins by spectral 

counting. This analysis revealed differential PARylated targets that modify their degree of 

PAR association under oxidative stress. 

 The link between PARP and calcium signaling has been described in multiple 

studies wherein calcium-dependent PARP activation is a characteristic of several PARP-

1 inducers (Burkle and Virag 2013). Furthermore, TGHQ induces elevations in [Ca2+]i 

which are required for PARP-1 activation in HK-2 cells (Zhang et al., 2014). In the second 

aim we sought to determine the potential role of PAR-modified proteins that regulate 

intracellular calcium homeostasis in response to TGHQ (Chapter 3).  

 PAR is a complex protein PTM, homeostatic regulation of which is fundamental for 

management of stress responses leading to cell survival or to cell death. PAR signaling 

is linked to almost all known pathways of cell death. Moreover, in humans at least 2000 

proteins interact with PAR (Aredia and Scovassi 2014, Vivelo et al., 2017). Thus, we 

investigated the function of PAR-associated proteins, downstream signaling from which 

might lead to ROS-induced cell death (Chapter 4).  

In summary, the main focus of this dissertation is to determine alterations in the 

poly(ADP-ribosylated) proteome during oxidative stress, with a particular focus on 

elucidation of the PARylation-mediated downstream signaling events leading to renal cell 

death induced by the nephrotoxic and nephrocarcinogenic metabolite of hydroquinone, 

TGHQ.          
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CHAPTER 2: TOXICOPROTEOMIC ANALYSIS OF OXIDATIVE STRESS INDUCED 

CHANGES IN PAR-ASSOCIATED PROTEINS  

 

2.1 INTRODUCTION 
 

 Toxicoproteomics is a branch of toxicology that uses state of the art proteomics to 

understand the regulation of protein expression or protein modifications under toxicant 

exposure. Such knowledge enables insight into the mechanisms linking altered proteins 

to adverse responses. Protein PTMs can induce critical changes in protein structure and 

function, including enzymatic activity, subcellular localization, hydrophobicity, binding 

affinity, turnover, interaction partners, charge, and conformation. Hence, identification of 

PTMs during toxicant exposure can provide essential information for elucidating 

subsequent effects on signaling pathways that contribute to toxicity (Suman et al., 2016).  

 PAR is a reversible PTM that involves the transfer and subsequent covalent 

attachment of multi-branched ADP-ribose (ADPR) units onto acceptor proteins 

(PARylation). This reaction is catalyzed by ADP-ribosyltransferases (ARTDs), of which 

PARP-1 is the most notable member, and accounts for at least 85% of PAR generation 

(Luscher et al., 2018). Mild PARylation is essential during the stress response, however 

extensive stress leads to PARP hyperactivation, and ultimately cell death. Thus, 

regulation of PAR homeostasis is crucial for cell survival. Indeed, PARP and PAR have 

been linked to apoptosis, necroptosis, necrosis, parthanatos, and autophagy via 

molecular mechanisms that remain unclear (Virag et al., 2013, Aredia and Scovassi 

2014).  
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The role of the PARP family in DNA repair has been intensively studied. However 

the biological function of PARPs is diverse, and includes regulation of transcription, RNA 

metabolism, circadian rhythms, cellular differentiation, and the cellular stress response 

(Bai 2015).  Part of the functional heterogeneity of PARPs is explained by the manner in 

which they modify proteins with PAR and which completely changes the function of 

acceptor proteins. PAR is a negatively charged, long, and multi-branched polymer that 

alters the function of protein targets by (a) acting as a scaffold thereby sequestering them 

for a specific period of time into different cell compartments; (b) modifying binding 

partners by promoting altered protein-protein interactions; (c) targeting proteins for 

proteasomal degradation and (d) altering their enzymatic activity (Bock and Chang 2016).  

TGHQ is a metabolite of benzene and HQ and is highly nephrotoxic and 

nephrocarcinogenic, (Lau et al., 2001). TGHQ generates ROS that induces DNA damage, 

PARP-1 hyperactivation, accumulation of PAR, and non-apoptotic cell death in human 

renal proximal tubule cells (HK-2) (Zhang et al., 2014). Importantly, induction of PARP-1 

activity is a critical determinant in this mode of cell death as its inhibition with 

pharmacological compoundss or siRNA-mediated knockdown abolishes TGHQ-mediated 

toxicity (Zhang et al., 2014).   

Despite the vital role of PARP-1 in the DNA damage response and in multiple 

cellular functions, the downstream targets of PARylation remain poorly characterized. 

Mass spectrometry (MS)-based proteomics is the most efficient technique for the analysis 

of PTMs, however, the study of PARylated targets is difficult given the characteristics of 

this modification. These factors include: (a) are heterogeneous and complex, can be 

formed from 2 to 200 monomers, and be linear or multi branched; (b) are very unstable; 
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(c) can be attached to different amino acid residues; (d) do not have a specific mass; (e) 

are of low abundance during basal conditions; (f) PARylated peptides are difficult to 

ionize. Recently, enrichment and proteomic identification of PAR-associated proteins has 

emerged as a strategy to reveal the cellular pathways regulated by PARPs (Zhen and Yu 

2018).  

Thus, identification of PAR-associated proteins is important in order to understand 

the effects of TGHQ on PARP-mediated signaling pathways, and the functional 

consequences of PARylation leading to HK-2 cell death.  We hypothesize that increased 

PAR-associated proteins function as downstream signaling molecules that exacerbate 

ROS-induced cell death. The studies in this chapter (Chapter 2) therefore describe a 

toxicoproteomic analysis, by spectral counting, to determine the oxidative stress-induced 

ADP-ribosylated interactome, which is comprised of covalently PARylated substrates, 

PAR binding proteins, and their interacting proteins, and their relative abundance in 

comparison to control.   
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2.2 MATERIALS AND METHODS 
 

2.2.1 Chemicals and reagents  
 

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

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

clothing in a ventilated hood. Adenosine diphosphate (hydroxymethyl) pyrrolidinediol 

(ADP-HPD), a cell impermeable PARG inhibitor, was purchased from EMD Millipore 

(Billerica, MS). Antibodies for CHERP, PKM2, C23, IQGAP1 and UBF1, were purchased 

from Santa Cruz Biotechnology (Dallas, TX). Antibody against TFII-I was obtained from 

Cell Signaling Technology (Danvers, MS). The antibody for PAR (poly ADP-ribose) was 

acquired from Tulip Biolabs (Lansdale, PN). 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 obtained from the 

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

keratinocyte serum free medium (K-SFM) supplemented with 0.05 mg/ml bovine pituitary 

extract and 5 ng/ml epidermal growth factor (Life Technologies. Carlsbad, CA). Cells were 

incubated at 37˚C in a humidified atmosphere of 5% CO2, and allowed to reach 80% 

confluence prior to treatment. 
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2.2.3 Immunoprecipitation  
 

HK-2 cells were seeded in 10 cm dishes at a density of 1 x 106 cells/dish, 48 hours 

prior to treatment. Cells were treated with 400 µM TGHQ for a period of 15, 45 and 60 

minutes. Following treatment, cells were washed twice with cold phosphate buffered 

saline (PBS) and lysed in a buffer containing 0.3% CHAPS (3-((3-cholamidopropyl) 

dimethylammonio)-1-propanesulfonate), 1 µM ADP-HPD and proteases inhibitors. 

Protein G Dynabeads (1.5mg) (Invitrogen, Carlsbad, CA) were conjugated with 9 µg of 

PAR antibody clone 10H and incubated for 1 hour at room temperature (RT) under gentle 

rotation. Beads were then incubated with 2250 µg of cell lysates for 2 hours at 4˚C with 

gentle mixing. Beads were washed three times with PBS and resuspended in 1x XT-

buffer (Bio-Rad Labs, Hercules, California) containing 5% (v/v) 2-mercaptoethanol 

(BME).  

 

2.2.4 Protein Sequence Analysis by LC-MS/MS.  
 

Products from PAR immunoprecipitation were resolved by SDS-PAGE and stained 

with Coomassie Blue. Whole lanes for each sample were dissected into sections and 

excised. Gel bands were cut into approximately 1 mm3 pieces. Gel pieces were then 

subjected to a modified in-gel trypsin digestion procedure (Shevchenko et al., 1996). Gel 

pieces were washed and dehydrated with acetonitrile for 10 min, followed by removal of 

acetonitrile. Pieces were then completely dried in a speed-vac. Rehydration of the gel 

pieces was carried out with 50 mM ammonium bicarbonate solution containing 12.5 ng/µl 

modified sequencing-grade trypsin (Promega, Madison, WI) at 4˚C.  After 45 min., excess 
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trypsin solution was removed and replaced with 50 mM ammonium bicarbonate solution 

to just cover the gel pieces. Samples were then incubated at 37˚C overnight. Peptides 

were later extracted by removing the ammonium bicarbonate solution, followed by one 

wash with a solution containing 50% acetonitrile and 1% formic acid. The extracts were 

then dried in a speed-vac (~1 hr). The samples were then reconstituted in 5 - 10 µl of 

HPLC solvent A (2.5% acetonitrile, 0.1% formic acid). A nano-scale reverse-phase HPLC 

capillary column was created by packing 2.6 µm C18 spherical silica beads into a fused 

silica capillary (100 µm inner diameter x ~30 cm length) with a flame-drawn tip (Peng and 

Gygi 2001). After equilibrating the column, each sample was loaded via a Famos auto 

sampler (LC Packings, San Francisco, CA) onto the column. A gradient was formed and 

peptides were eluted with increasing concentrations of solvent B (97.5% acetonitrile, 

0.1% formic acid). As peptides eluted they were subjected to electrospray ionization and 

analyzed by an LTQ Orbitrap Velos Pro ion-trap mass spectrometer (Thermo Fisher 

Scientific, Waltham, MS). Peptides were detected, isolated, and fragmented to produce 

a tandem mass spectrum of specific fragment ions for each peptide.  

 

2.2.5 Interpretation of MS/MS spectra and protein identification 
 

 MS/MS spectra were analyzed and scored using Mascot (Matrix Science, UK), 

Sequest (Thermo Electron, USA) and X!Tandem (Global Proteome Machine, USA). 

Protein searches were performed against the UniProt human complete database (07-04-

2016), assuming peptide digestion with trypsin.  Validation of protein identification was 

conducted with Scaffold (Proteome Software Inc., OR, USA). Protein identification was 

considered positive if they (a) achieved >90% probability designated by the Peptide 
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Prophet algorithm and (b) contained at least 2 peptides of coverage. The false discovery 

rate (FDR) was set at ≤1%.  Relative abundance analysis by spectral counts was 

performed in Scaffold. For a specific protein, the number of spectra in sample replicates 

were compared to the spectra in control replicates.  We considered a differential protein 

altered by treatment if they (a) scored a p-value of <0.05 by the student’s t-test; (b) 

showed a ≥2 fold change difference in spectral counts and (c) possessed a median of 

numbers of spectra ≥4 between replicates. 

 

2.2.6 Protein-protein interaction and pathway analysis 
 

Biological protein-protein interaction network analysis and graphical 

representation of zero-order interactors was performed using Network Analyst online 

software (Xia et al., 2014). Interaction partners from the identified PAR-associated 

proteins were obtained from the Innate DB interactome data base (Breuer et al., 2013).  

Protein functional clustering and Gene Ontology annotations were obtained using 

PANTHER online tool (Mi et al., 2013). 

 

2.2.7 Western blot analysis  
 

PAR immunoprecipitation samples were resolved on either 6% (for TFII-I) or 8% 

SDS-polyacrylamide gels and transferred to polyvinylidene difluoride membranes (EMD 

Millipore, Billerica, MS) for 1.5 h at 50 volts in ice. Membranes were blocked with Odyssey 

TBS blocking buffer (Li-Cor, Lincoln, NB) for 1 hour at RT, then incubated with primary 

antibody overnight at 4˚C. Following washes, membranes were incubated with near-
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infrared fluorescent secondary antibodies (Li-Cor) for 1 h at 4˚C on an orbital shaker. 

Immunoblots were imaged using the Odyssey FC System (Li-Cor). 

 

2.2.8 Statistical analysis  
 

Statistical differences between the means in the treated and control groups were 

determined by Student’s unpaired t test. A p-value < 0.05 was considered to be 

statistically significant. 
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2.3 RESULTS 
 

2.3.1 TGHQ induces differential PAR-association of target proteins 
 

TGHQ promotes ROS-induced necrotic cell death coupled with hyperactivation of 

PARP-1 and an increase in the levels of intracellular calcium ([Ca2+]i), which are 

independent of free ADPR signaling (Zhang et al., 2014, Munoz et al., 2017). TGHQ-

dependent elevation of PAR downstream signaling, particularly an increase in PARylated 

proteins, might be involved in the molecular mechanisms of TGHQ-induced cell death. 

We therefore used proteomics to determine the time-dependent changes in proteins 

associated with PAR (Figure 2.1). Enrichment of PAR-associated proteins in HK-2 cells 

treated with TGHQ was performed by immunoprecipitation (IP) using a specific antibody 

recognizing PAR. Treatment time points were selected in accordance with the cytosolic 

and nuclear PAR localization levels induced by TGHQ: 15 minutes after treatment high 

levels of PAR were predominately located in the nucleus, by 45 minutes PAR is evenly 

distributed through the cell, and by 60 minutes PAR is mostly located in the cytosol 

(Munoz et al., 2017).  TGHQ-treated cells showed a time-dependent increase in PAR 

accumulation by western blot analysis (Figure 2.2 A). Enrichment of PAR-associated 

proteins was observed in samples immunoprecipitated with PAR Ab when compared to 

total protein (TP, whole cell lysate). The PAR signal was very low in the flow-through (FT) 

lanes, confirming the enrichment of PARylated proteins.  Simultaneously, PAR IP 

samples were resolved on a gradient protein gel and stained with Coomassie to visualize 

all the proteins associated with PAR (PAR interactome) (Figure 2.2 B). As expected, 

TGHQ-treated samples exhibited differential protein bands at different time points 
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Figure 2. 1 Method for proteomic identification and relative abundance 
analysis of TGHQ-induced poly(ADP-ribose) interactome 

 Schematic representation of the experimental design for the enrichment, 
identification, and selection of PAR interactome including PARylated 
substrates, PAR binding proteins and their interacting proteins. PAR-
associated protein complexes were induced in HK-2 cells by TGHQ treatment 
at different time points. The PARG inhibitor ADP-HPD was added to the lysis 
buffer to avoid PAR degradation. Enrichment of PARylated proteins was 
achieved by immunoprecipitation with the PAR 10H antibody.  After protein 
separation by SDS-PAGE, different gel sections were selected, and tryptic 
peptides analyzed by LC-MS/MS. The spectral counts mapping for a particular 
protein in control samples were compared with counts found in treated 
samples, the ratio is a measurement of the relative fold change for that protein. 
We consider a protein that has a significant differential PAR-association if it is 
above the following threshold: p-value < 0.05 by the t-test, fold change in 
spectral counts ≥ 2, and spectral count median ≥ 4 between replicates. 
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Figure 2. 2 TGHQ promotes differential degree of PAR-associated 
proteins 

HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 minutes. (A) 
Immunoprecipitation (IP) was performed using magnetic beads coupled to an 
anti-PAR antibody. PAR IP samples were analyzed by SDS-PAGE and 
western blot against PAR. IP: immunoprecipitation, FT: flow through, TP: total 
protein. (B) PAR IP samples were resolved in a 4-12% gradient gel following 
by Coomassie staining. For each PAR IP sample multiple gel sections (A 
through J) were selected, excised, subjected to in-gel digestion and proteomic 
analysis.  
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compared to control. PAR-associated proteins ranged between 15 to 250 kDa. For each 

sample, the entire lane of the Coomassie protein gel was divided into sections of similar 

sizes and positions (labeled A through J). These were excised and submitted for in-gel 

digestion, followed by proteomic analysis. 

 

2.3.2 Proteomic analysis identified 356 proteins with modified PAR association in 

response to TGHQ  

 

We performed a relative abundance protein analysis via spectral counting which, 

for each protein identified, compared the unweighted number of spectra in samples 

treated with TGHQ to the untreated control. This analysis produced a semi-quantitative 

fold change measurement of protein abundance among the samples, reflecting the PAR-

association status of the identified proteins. The total number of proteins identified in each 

gel section varied from around 400 to 1200 (Figure 2.3 A). Section G (~47 to 32 kDa) 

showed the highest number of proteins while section H (~32 to 22 kDa) showed the least. 

Based on previous literature (Lundgren et al., 2010), we established a threshold 

according to which a protein was considered significantly altered by treatment if it scored 

a p-value of < 0.05 by the student’s t-test, ≥ 2-fold difference in protein abundance 

compared to control, and a median of spectral counts ≥ 4 between replicates (Figure 2.1) 

(Appendix I). Gel sections B and C (from 200 to 100 kDa) at 15 min TGHQ treatment 

group displayed the highest number of significant PAR-modified proteins, consistent with 

the increase of PARylated proteins detected via western blot (Figure 2.3 B). Similarly, at 

45 min of treatment the maximum percentage of differential proteins was identified in 

section C (~150-100 kDa) (Figure 2.3 B).  
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Figure 2. 3 Proteomic analysis of PAR-associated protein 

HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 minutes and 
analyzed by LC-MS/MS. (A) Total number of differential identified proteins per 
each gel section. (B) Percentage of significant proteins with modified PAR 
association in response to TGHQ in each gel section. A protein was identified 
as significantly different from the control if it scored a p-value < 0.05 by the 
student’s t-test, had a ≥ 2-fold difference in spectral counts, and a spectral 
count median ≥ 4 between replicates. (C) Overall, proteomic analysis reveals 
281 proteins with increased PAR association and 90 proteins with decreased 
PAR association.  

B 

C 
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Overall, the proteomic analysis identified 281 proteins which showed an increase in PAR 

association and 90 proteins which showed a decrease in PAR association under ROS 

stress (Figure 2.3 C).  

 

2.3.3 Western blot validation of selected proteins identified by proteomic analysis 

 

 Label-free LC-MS/MS methods, including spectral counting, are accurate and 

reliable in quantitative proteomics. However, characteristics of LC-MS/MS analysis, 

including high sensitivity, may introduce a certain degree of variability. Therefore, 

validation of specific targets using orthogonal methods may be required (Neilson et al., 

2011). Hence, we selected various targets identified by our proteomic analysis to assess 

their degree of PAR-association via western blot (Figure 2.4). These proteins include the 

general transcription factor (TFII-I), the calcium homeostasis endoplasmic reticulum 

protein (CHERP), pyruvate kinase M2 (PKM2), nucleolin (C23), Ras GTPase-activating-

like protein 1 (IQGAP1), and the nucleolar transcription factor 1 (UBF1). The presence of 

these proteins in PAR IPs is a direct indication of their association with PAR. For each 

target, western blot densitometry and statistical analysis in comparison with control is 

plotted (Figure 2.5). TFII-I has alternatively spliced isoforms that are detected by the anti-

TFII-I antibody. The top band corresponds to the α and β isoforms while the bottom band 

corresponds to the ∆ isoform. All the proteins examined were endogenously associated 

with PAR, since they were detected in the untreated PAR IP samples. TGHQ induced a 

significant increase of PAR association with TFII-I after 15 min treatment, with a fold 

change of 1.8 and 1.6 for isoforms α/β and ∆, respectively. CHERP showed a significant 
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increase of 2.7 fold at 15 min. C23, IQGAP1 and UBF1 showed an increased PAR-

association at 45 min. 
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Figure 2. 4 Analysis of PAR-associated proteins by western blot 

General transcription factor II-I (TFII-I), calcium homeostasis endoplasmic 
reticulum protein (CHERP), pyruvate kinase M2 (PKM2), nucleolin (C23), Ras 
GTPase-activating-like protein 1 (IQGAP1) and nucleolar transcription factor 
1 (UBF1) were selected to assess their PAR-association status by western 
blot. HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 minutes. 
Lysates were collected and subjected to immunoprecipitation against PAR. 
Western blot analysis was performed by probing with specific antibodies 
against each target. The illustrated blot is representative of at least three 
independent experiments.  
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Figure 2. 5 Western blot densitometric analysis of PAR-associated 
proteins 

General transcription factor II-I (TFII-I), calcium homeostasis endoplasmic 
reticulum protein (CHERP), pyruvate kinase M2 (PKM2), nucleolin (C23), Ras 
GTPase-activating-like protein 1 (IQGAP1) and nucleolar transcription factor 
1 (UBF1) were selected to assess their PAR-association status by western 
blot. Shown is a graphical representation of densitometry and statistical 
analysis of the western blot data. Data represent the mean ± standard error 
(n ≥ 3). *p-value < 0.05, **p-value < 0.005 compared to control.  
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2.3.4 Comparitive analysis of PAR-associated proteins reveals that 169 proteins 

are novel PAR interactors, and 30 targets are differentially PAR-associated in all 

time points 

 

Comparing the identified proteins at the different time points revealed that 30 

targets have modified PARylation throughout the time-course of the experiment (Figure 

2.6 A and Table 2.1). It is likely that these targets have an effect on TGHQ-mediated PAR 

signaling. As expected, the majority of unique proteins (107) were detected at 15 minutes 

treatment, due to the rapid induction of TGHQ on PARP activation (Figure 2.6 A). We 

compared all the TGHQ-induced PAR-associated identified proteins to the ADPribo 

database (ADPriboDB) which compiles the PAR interactome described in the literature 

from 1975 to 2015 (Vivelo et al., 2017). We found that 187 proteins have been previously 

described as associating with PAR, whereas 169 proteins appear to be novel PAR 

interactors (Figure 2.6 B, Table 2.2, and Table 2.3).  
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Figure 2. 6 Venn diagram analysis of the PAR-associated proteins 
identified 

 (A) Venn diagram illustration of the comparison of differential PAR-associated 
proteins identified at each time point. (B) Overlap between the TGHQ induced 
PAR-associated proteins identified and the known PAR interactome described 
in ADPriboDB (Vivelo et al., 2017).  
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Protein names UniProt KB-ID UniProt ID 

 

Centrosomal protein of 170 kDa CE170_HUMAN Q5SW79 

Cytoskeleton-associated protein 5 CKAP5_HUMAN Q14008 

Protein TANC1 TANC1_HUMAN Q9C0D5 

Myotubularin-related protein 5 MTMR5_HUMAN O95248 

E3 ubiquitin-protein ligase TRIP12 TRIPC_HUMAN Q14669 

Protein SOGA1 SOGA1_HUMAN O94964 

Tyrosine-protein phosphatase non-receptor type 23 PTN23_HUMAN Q9H3S7 

Pleckstrin homology domain-containing family A member 5 PKHA5_HUMAN Q9HAU0 

General transcription factor II-I GTF2I_HUMAN P78347 

Liprin-alpha-1 LIPA1_HUMAN Q13136 

Arf-GAP with SH3 domain, ANK repeat and PH domain-containing protein 1 ASAP1_HUMAN Q9ULH1 

Calmodulin-regulated spectrin-associated protein 3 CAMP3_HUMAN Q9P1Y5 

Ensconsin MAP7_HUMAN Q14244 

Golgin subfamily A member 1 GOGA1_HUMAN Q92805 

ATP-dependent RNA helicase A DHX9_HUMAN Q08211 

Nucleolar transcription factor 1 UBF1_HUMAN P17480 

Spermatogenesis-associated serine-rich protein 2 SPAS2_HUMAN Q86XZ4 

Methylcrotonoyl-CoA carboxylase subunit alpha, mitochondrial MCCA_HUMAN Q96RQ3 

Doublecortin domain-containing protein 2 DCDC2_HUMAN Q9UHG0 

La-related protein 7 LARP7_HUMAN Q4G0J3 

Methylcrotonoyl-CoA carboxylase beta chain, mitochondrial MCCB_HUMAN Q9HCC0 

Parafibromin CDC73_HUMAN Q6P1J9 

Nuclear fragile X mental retardation-interacting protein 2 NUFP2_HUMAN Q7Z417 

SNW domain-containing protein 1 SNW1_HUMAN Q13573 

U4/U6 small nuclear ribonucleoprotein Prp31 PRP31_HUMAN Q8WWY3 

Multifunctional protein ADE2 PUR6_HUMAN P22234 

Regulator of chromosome condensation RCC1_HUMAN P18754 

Prelamin-A/C LMNA_HUMAN P02545 

Helicase-like transcription factor HLTF_HUMAN Q14527 

Calcyclin-binding protein CYBP_HUMAN Q9HB71 

 

Table 2. 1 Proteins with modified PAR association during the full time course 

Comparison between the identified proteins at each treatment time point reveals 30 

proteins which significantly alter their PAR-association levels during the full course.   
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UniProt ID 

Q8NEY1 Q01804 Q9UEY8 Q8NBX0 P22314 

Q5SW79 Q7Z6B7 P52732 Q9HB71 O14578 

Q5T5Y3 Q86V48 Q9H9A5 P01834 O75976 

Q08AD1 P49756 O94915 P61586 Q52LW3 

Q9C0D5 Q92888 Q86TB9 P00352 P12035 

O95248 O43150 Q765P7 O00468 P08572 

Q53SF7 Q9BVJ6 P21399 P49815 P12931 

P27816 O60524 Q92609 Q5T5P2 O43776 

Q99700 Q9Y5S2 Q9Y5L0 Q5VYS8 Q8N5A5 

O75717 O75179 Q6P2H3 Q5JTZ9 Q13596 

P42694 Q9Y4C8 Q01433 P04259 Q9Y5Q8 

Q8IX12 Q8TB72 Q9UM54 P98175 Q9BTD8 

O75962 Q86XP3 Q9H9A6 Q9UQ88 P50281 

P29144 Q14244 Q86XZ4 Q14161 Q8ND56 

P35658 Q9H2K8 Q8N6H7 P27448 Q9UPT5 

O94964 Q8TE76 Q96RQ3 Q8WTT2 Q6P3W7 

Q9H3S7 Q12802 Q9UHG0 O43747 Q9NV70 

O14974 Q8IWC1 Q4G0J3 Q99543 Q9H270 

P55196 Q96PY5 Q14694 Q6PI48 Q86UK7 

Q13625 Q14CX7 Q9BTV5 Q86SF2 Q9Y2W2 

Q9UPN6 Q96N67 P61764 Q08426 Q16851 

O43432 Q7L7X3 P27797 Q15637 P49643 

Q69YQ0 Q9HC35 Q9NYY8 Q12849 Q15427 

Q86US8 Q02218 Q8WWY3 Q96P16 Q92947 

Q7Z460 Q92974 Q15582 Q969G5 Q9ULW3 

Q9P206 Q92805 P53367 Q9BRJ2 Q9BRP8 

Q9HAU0 Q9Y4K4 P0CG12 P30048 P07203 

Q07157 Q12929 P11182 Q5XKE5 Q15005 

Q9Y2H5 Q12965 Q9BX40 P61106 P67812 

Q9C0D6 Q9UHD8 P13861 Q9BQ61  

Q13136 Q9NYL2 P30419 P42677  

Q9ULH1 Q7Z2T5 P50552 Q93077  

O75044 P49589 P19525 P42224  

Q9P1Y5 Q99661 Q01085 Q92626  

O75175 Q6N069 Q00403 Q13459  
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Table 2. 2 Novel PAR interactors 

TGHQ-induced PAR-associated proteins were compared with the ADPriboDB database, 

which compiles the known PAR interactome proteins from the literature. UniProt 

identifiers for 169 proteins that appear to be novel PAR-associated proteins are displayed.    

 

UniProt ID 

P09874 Q07065 Q86YZ3 P47985 Q16513 

P02768 Q9NZB2 P07900 Q96KR1 P33981 

P13639 P51114 P19012 Q9BZZ5 Q8NE71 

P11387 P43304 P42704 Q99832 P15924 

P04406 P61978 Q9BYD6 P30260 Q7L0Y3 

P60709 P10809 Q9P015 Q6P1J9 Q9UGM6 

P11142 P46013 Q9NYK5 P23528 Q99873 

P13010 O00159 Q9BYD3 Q86WJ1 O14617 

P34897 Q16795 P82650 Q9BTC0 O76031 

P52272 P28331 P82673 P26358 O60716 

O95202 P49821 Q96H55 Q01844 Q9NUL7 

P43243 Q7Z417 O43795 P78347 O60231 

P06748 Q9UMS4 O75306 Q00341 P82933 

Q14498 P38159 O75489 Q2TB90 Q92665 

Q9Y2W1 P42766 O75251 P46940 P23526 

O75390 P84103 P22234 Q9Y2U8 Q8IY81 

Q14527 Q9NS69 P14618 P11586 Q9H0D6 

Q00839 Q14669 O75475 Q14764 Q9P2N5 

P19338 P08670 Q8WXF1 P49790 Q9NXV6 

P78527 O43707 P26599 Q15365 P78332 

Q14444 Q09666 Q96EY7 Q8IZL8 P52701 

Q9NR30 Q9HDC9 Q9UKM9 Q06830 Q9BYN8 

O43143 Q6P1N0 P35251 O43395 P35527 

Q08211 Q14008 P62841 O94906 Q9BUQ8 

P07910 P01040 Q14151 P49792 Q8IWX8 

P02545 Q96HY6 Q9Y512 P46060 Q29RF7 

P35579 Q9Y2R4 O75746 P18754 Q96CW1 

P39023 P10515 P08621 Q12874 Q14204 

P08708 Q9BQ95 P62318 P42285 Q92616 

Q9P2E9 Q15029 Q9NUQ6 P62314 O00139 

Q9UJS0 Q04637 Q01082 Q13573 Q86UU1 

O95793 O60841 P05455 Q15022 Q6NZI2 
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P42166 Q8TAE8 Q9NUL3 P37802 Q13206 

P48047 P40939 Q08188 P17987 Q5VYK3 

Q8WWM7 P16402 O60830 Q9Y490 Q9HCC0 

Q9Y520 P10412 O14925 Q13472  

Q9NYF8 Q96KK5 Q13263 Q9ULW0  

Q99459 Q9BUJ2 P17480 Q14157  

 

Table 2. 3 Identified proteins known to be PAR-associated 

TGHQ-induced PAR-associated proteins were compared with the ADPriboDB database, 

which compiles the known PAR interactome proteins from the literature. The UniProt 

identifiers for 187 proteins that are known to be PAR-associated proteins are displayed.    

 

2.3.5 Protein-protein interaction network analysis reveals that TGHQ-induced 

PAR-associated proteins associate with mRNA processes, protein folding, and 

cellular and aerobic respiration 
 

  Besides DNA repair, PARP-1 has been implicated in various functions, including 

gene regulation, regulation of mitochondrial function, and intracellular trafficking (Ryu et 

al., 2015). In order to further elucidate the effect of TGHQ on PAR signaling in HK-2 cells, 

target proteins with significantly altered PAR-association were subjected to a protein-

protein interaction (PPI) network analysis using Network Analyst (Figure 2.7). A zero-

order map was created where only interactions among the input proteins are considered. 

In this graphic representation, each circle corresponds to one protein or node, while the 

connecting lines or edges represent known interactions between those targets. A module 

detection algorithm was used to identify clustered subnetworks (modules) that are  
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Figure 2. 7 RNA metabolism, protein folding, cellular respiration and 
aerobic respiration are the main biological processes associated with 
the identified PARylated proteins 

Protein-protein interaction (PPI) network analysis was constructed using 
NetworkAnalyst software using the Innate DB Interactome database. Each 
circle represents one protein and the connecting lines are known interactions 
between two proteins. Module detection algorithm was used to identify 
significant tightly clustered subnetworks which are considered to be relatively 
independent components within the network and likely work together to 
perform a specific biological function. Modules 1, 2 and 3 are shown in green, 
red and purple, respectively.  
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considered relatively independent members, and are likely to work cooperatively to 

execute a single biological function. Three different modules (numbered 1, 2 and 3) were 

detected, comprising 33, 7 and 5 protein members with p-values of 0.02, 0.002 and 0.006, 

respectively (Figure 2.7, Table 2.4, and Table 2.5). Functional analysis for each group of 

proteins was assessed by gene ontology (GO) mapping using different databases 

(KEGG, Reactome and GO), which establish the probability that a group of proteins 

involved in a specific biological function within the network is enriched (Table 2.4). The 

top overrepresented biological processes (BP) of modules 1, 2 and 3 were identified as 

protein folding, cellular respiration and aerobic respiration, respectively. Functional 

analysis was also performed on the complete cohort of identified PAR-associated 

proteins, of which mRNA metabolic processes displayed the most overrepresented BP. 

The cellular component analysis (GO:CC) revealed that the PAR-associated proteins, 

and modules 1, 2 and 3, were localized in the ribonucleoprotein complex, membrane-

bound vesicles, mitochondrial respiratory chain, and mitochondrion, respectively. 

Similarly, molecular activities (GO:MF) associated with each group were identified as 

RNA binding, unfolded protein binding, oxidoreductase activity and structural constituents 

of the ribosome (Table 2.4). 
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Protein group 

  All Module 1 Module 2 Module 3  

 p-value NA 0.02 0.002 0.006 

 # members 230 33 7 5 

D
at

ab
as

e
 

KEGG RNA transport Glycolysis / 
Gluconeogenesis Purine metabolism Citrate cycle (TCA cycle) 

Reactome mRNA Splicing Chaperonin-mediated 
protein folding 

Respiratory electron 
transport 

Pyruvate metabolism and 
Citric Acid (TCA) cycle 

GO:BP mRNA metabolic process Protein folding Cellular respiration Aerobic respiration 

GO:MF RNA binding Unfolded protein binding Oxidoreductase activity, 
acting on NAD(P)H 

Structural constituent of 
ribosome 

GO:CC 
Ribonucleoprotein 

complex 
Membrane-bounded 

vesicle 
Mitochondrial respiratory 

chain complex I Mitochondrion 

 

Table 2. 4 Gene ontology and pathway analysis of identified PAR-associated 
proteins 

Analysis was performed on the identified modules (1, 2, and 3), and the whole cohort of 

PARylated proteins. The top biological processes associated with each cluster and from 

each database are shown. BP: biological process, MF: molecular function, CC: cellular 

component. The p-value evaluated the null hypothesis that there is no difference between 

the number of "internal" and "external" connections to a given node in the module within 

the PPI network. 

 

All nodes 

Q08211 P38159 Q16513 P35658 Q92609 

P52272 Q9UKM9 Q12802 P12035 Q9H0D6 

P61978 P49821 O75962 Q14527 P50281 

Q00839 Q9BUJ2 P04259 Q9Y2H5 O75179 

P07900 P02545 Q9NV70 Q9HB71 Q69YQ0 

Q99459 P10809 Q9HAU0 P35527 Q99700 

P11387 P62318 Q14161 O75717 Q92888 
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P12931 P98175 P82673 Q9Y2W2 P30260 

P78527 Q5VYK3 P47985 P55196 Q14157 

Q15029 Q9BYN8 P46013 Q00403 Q9ULW0 

P19338 P02768 P22314 P61106 Q9ULH1 

P13010 Q8IY81 P78347 O00159 Q16851 

Q9UMS4 P46940 Q15022 O75475 Q9P2E9 

P49792 Q8NE71 P27816 P05455 P13861 

Q96CW1 P43243 P49790 Q9HCC0 P17480 

P42224 O95793 Q9UHD8 P42166 O43150 

P60709 P82933 P11586 P10515 Q4G0J3 

Q9Y490 Q00341 P17987 Q9BYD6 Q9BQ95 

P11142 Q01082 Q9NYF8 P23528 P01040 

Q9BVJ6 Q9Y512 P42766 O43776 Q9BRP8 

Q15427 Q04637 Q9Y5S2 Q9UPT5 P08708 

Q13573 Q14204 Q969G5 P35251 O60716 

Q15365 O43707 Q9BUQ8 Q13596 Q9UJS0 

P07910 Q07157 P52701 P82650 Q9H2K8 

P62314 P42677 Q99832 Q14694 O14617 

Q01844 Q9UQ88 Q86XP3 O43432 Q7Z6B7 

P19525 O75489 Q8IX12 Q12929 Q6NZI2 

Q9Y2W1 P18754 Q14008 Q13625 P53367 

Q9NR30 Q8IWX8 P46060 Q14151 Q07065 

P08621 Q96KR1 Q16795 P22234 Q96RQ3 

O43395 P39023 Q9BTD8 Q8IZL8 O75976 

P06748 P08670 P13639 Q13459 Q86TB9 

Q14498 Q14764 Q9NYK5 P42704 Q9BTC0 

Q15637 P34897 P40939 P42285 Q9UGM6 

P84103 P26358 Q86UK7 P23526 Q92974 

O43143 Q86WJ1 O14974 Q9NS69 O14578 

P26599 Q06830 Q8WWM7 P37802 Q01085 

Q12874 Q92616 P15924 O75746 Q14244 

P04406 P14618 P19012 Q14444 Q9Y4C8 

P09874 Q6P1J9 P62841 P49815 Q7Z460 

O94906 Q8WWY3 O75044 Q29RF7 O43795 

P61586 P30419 P33981 P29144 Q5SW79 

Q13263 O75251 Q9BYD3 Q9BZZ5 Q8WTT2 

Q99873 O75306 Q02218 Q5T5P2 O94964 

P35579 P28331 O43747 O94915 Q9UPN6 

P49756 Q9P015 Q7L0Y3 P50552 Q8ND56 

     

Module 1 

P08670 Q9HB71 Q92609 Q14157 Q9H2K8 

P04406 Q14527 Q96CW1 Q06830 Q9UQ88 
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P11142 P37802 P46940 Q9Y490 P12035 

P14618 P49815 P26599 Q4G0J3 Q7Z460 

Q99832 Q13263 P50281 Q00403 Q9NYF8 

P07900 P18754 P10809 P17987  

P22314 P60709 P13639 Q96KR1  

     

Module 2 

P22234 Q16795 O75306 P49821 O75489 

O75251 P28331    

     

Module 3  

Q9BYD3 P10515 Q02218 Q9P015 Q9BYD6 

     

 

Table 2. 5 Protein members of different groups identified in the PPI analysis 

PPI network comprised 230 nodes corresponding to proteins with known interactions 

within the entry list. A module detection algorithm was used to identify clustered 

subnetworks (modules) that are considered relatively independent members and are 

likely to work cooperatively to execute a single biological function. Three different 

modules (numbered 1, 2 and 3) were detected, comprising of 33, 7 and 5 protein 

members with p-values of 0.02, 0.002 and 0.006, respectively. UniProt identification 

number is shown for every protein.  

 

 

 

 

 



85 
 

2.4 DISCUSSION 
 

 TGHQ generates ROS and induces cell death in HK-2 cells via a novel mechanism 

of action that is (a) dependent on PARP-1 hyperactivation and increases in [Ca2+]i and 

(b) independent of AIF translocation from mitochondria to the nucleus, and of PARG 

activity (Zhang et al., 2014, Munoz et al., 2017). Given the importance of PAR in cellular 

stress-mediated signaling and to shed light on the PAR-dependent regulation of PAR-

associated proteins, we used a mass spectrometry (MS)-based proteomic approach to 

identify TGHQ induced PAR-associated proteins in HK-2 cells (Figure 2.1). We identified 

356 distinct proteins that exhibit modified PAR-association in response to ROS-stress 

induced by TGHQ (Figure 2.3). The number of PAR-associated proteins detected by 

others using proteomic studies varies from 51 to 1000 (Vivelo et al., 2017). 

 Challenges associated with MS identification of the PAR interactome are a 

consequence of the biochemical characteristics of PAR; it is highly charged, 

heterogeneous (monomers and linear or multi branched polymers), labile and found on 

multiple acceptor motifs (Daniels et al., 2015). Thus, we performed MS identification 

coupled with a relative protein abundance analysis by spectral counting, which is a robust, 

reliable, versatile and cost-efficient means for the identification of differential protein 

expression under multiple experimental conditions (Zhang et al., 2006, Neilson et al., 

2011). Indeed, when we compared the total number of proteins identified per gel section 

(Figure 2.3 A) to the percentage of proteins which were selected as significant (as 

described in Methods) (Figure 2.3 B), the MW of the proteins in the gel sections with 

highest percentage, correlated with the MW of PAR-associated proteins detected by 

western blotting after TGHQ exposure (Figure 2.2 A). Thus, there is a good correlation 
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between identified, selected targets, and increases in PARylation. Although, PARylated 

proteins are detected via western blot in the MW range of 100 to >250 kDa (Figure 2.2 

A), we identified significant differential PAR protein expression across the MW range of 

15-250 KDa (Figure 2.3 C). These targets are likely to be low abundant proteins which 

are undetectable by western blot and/or proteins that are indirectly associated with PAR 

(e.g. proteins associated with PARylated proteins).  

 We found that 30 proteins sustained modified PAR association at each time point 

(Figure 2.6 A). These PARP targets are likely important for PAR signaling, for either cell 

survival or cell death.  Our analysis revealed 169 proteins that are novel interactors of 

PAR while 187 have been previously described in ADPriboDB (Figure 2.6 B). The PAR 

interactome in response to TGHQ induction in HK-2 cells is unique, and PARylation is 

likely context dependent. Indeed the pattern of PARylation occurs in a cell type specific 

manner (Zhen et al., 2017). This is the first proteomic report of PAR-associated proteins 

in HK-2 cells, which might partly explain the high amount of newly identified PAR-

interactors. 

Currently, high throughput proteomics is the most sensitive and robust tool to 

characterize the PAR interactome (Daniels et al., 2015). Protein-protein interaction (PPI) 

mapping allows the prediction of protein function and reinforces the elucidation of 

signaling pathways (Rao et al., 2014). Using PPI information from the InnateDB database 

(Breuer et al., 2013) and the identified PAR-associated proteins, we constructed a zero-

order (only display interactions within the entry list of proteins) PPI network comprising 

230 nodes (Figure 2.7). RNA metabolic processes were identified as the predominant 

biological function associated with the complete set of PARylated proteins under ROS 
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stress (Table 2.7). Bock et al. 2015, reviewed the PARP-dependent regulation of RNA, 

and described that PARP/PAR regulates specific RNA transcripts, RNA binding proteins, 

RNA-regulatory protein localization, translation, splicing, RNA decay and microRNA. 

Furthermore, several proteomic analyses of ADP-ribosylated proteins commonly found 

that RNA-associated processes are enriched under different experimental conditions 

(Gagne et al., 2008, Gagne et al., 2012, Jungmichel et al., 2013). This observation 

confirms the importance of PAR in the regulation of RNA metabolism under genotoxic 

stress. Our analysis reveals potential PAR-associated proteins that regulate RNA during 

oxidative stress in HK-2 cells (Table 2.5).  

 PARP/PAR-mediated metabolic regulation is less well understood, given the 

challenge in distinguishing between PARP enzymatic activity and NAD+ depletion effects 

on energy production (Bai and Canto 2012). However, PARP-1 and PAR are present in 

the mitochondria after oxidative stress (Du et al., 2003). Moreover, PARP-1 dependent 

PARylation of mitochondrial hexokinase causes defects in glycolysis preceding PARP-

dependent NAD+ depletion (Andrabi et al., 2014). Consistent with these findings, PAR-

associated proteins in our experimental model correlate with mitochondrial metabolism 

(see the PPI network modules 2 and 3 in Table 2.7) which might contribute to PARP-

dependent mitochondrial dysfunction during TGHQ cell death.  

 We identified 33 PAR-associated targets linked to the protein folding response 

(Table 2.7). Although this biological process is directly related to cellular stress, little is 

known about the precise role of PAR/PARP in this pathway. For example, PARP-16 is a 

critical factor in the activation of the unfolded protein response (UPR) and PARP-1 

regulates different aspects of the cellular heat shock response (Bock and Chang 2016). 
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Thus, these PAR-associated targets might contribute to the observed effects related to 

the protein folding response.   

Western blot analysis was used to assess the effect of TGHQ dependent PAR-

association on selected targets and validate our proteomic analysis (Figure 2.4). All the 

proteins investigated were confirmed as endogenously PAR-associated, while PAR-

association increased in a time-dependent manner after treatment for most of them. 

These proteins have been previously identified as PAR-associated in ADPriboseDB 

(Vivelo et al., 2017). This indicates that our proteomic analysis is a good identifier for 

differential PAR-associated proteins. Therefore, TGHQ induces a profound alteration in 

the PAR network. In Chapter 3 we investigated the potential role of the PAR-associated 

proteins in the TGHQ-mediated increases in [Ca2+]i. 
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CHAPTER 3: ROLE OF PAR-ASSOCIATED PROTEINS IN OXIDATIVE STRESS-

MEDIATED INCREASES IN INTRACELLULAR CALCIUM  

 

3.1 INTRODUCTION 
 

 Calcium (Ca2+) is an important cellular ion and one of the most abundant signaling 

factors in the body. Ca2+ regulates multiple cellular processes, including cellular 

proliferation and differentiation, cell cycle regulation, cell migration, embryogenesis, 

exocytosis, and cell death. Cytosolic Ca2+ concentrations ([Ca2+]i) can vary from less than 

100 nM in the basal state, to 1-10 µM when Ca2+ signaling is activated. The regulation of 

Ca2+ signaling cascades is dependent on the balance between Ca2+ import and export, 

and the subcellular compartmentalization. Ca2+-dependent effectors are triggered at 

particular Ca2+ concentrations, leading to the activation of downstream transcription 

factors, or other proteins that regulate different signaling pathways. Maintenance of 

cellular Ca2+ homeostasis is achieved through complex mechanisms that include 

chelation, compartmentalization, or expulsion of Ca2+ from the cell. The movement of Ca2+ 

between cellular compartments is mediated by specialized structures that act as 

channels, pumps, or exchangers for Ca2+ ions (Karlstad et al., 2012). The endoplasmic 

reticulum (ER) is an important organelle for Ca2+ sequestration, and is the main 

intracellular Ca2+ store. Increases in [Ca2+]i can occur when a Ca2+-dependent response 

is initiated through activation of the inositol trisphosphate receptor (IP3R). Ca2+ 

concentrations in the ER, and in the extracellular space, can reach the mM range, 

indicating a 10,000-fold Ca2+ gradient relative to the cytosol. Thus, a tight regulation of 

cellular Ca2+ currents is necessary (Duchen 2000).  
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 Ca2+ signaling and homeostasis also play a role in the regulation of cell death. 

Increases or perturbations in [Ca2+]i are involved in the induction and execution of various 

cell death pathways, including necroptosis, apoptosis, autophagy, and anoikis. For 

example, pro-caspase-12 resides in the ER membrane, and is activated upon ER stress 

as a result of disturbances in Ca2+ signaling and mobilization, leading to apoptosis. In 

addition, [Ca2+]i overload can produce accumulation of mitochondrial Ca2+, resulting in the 

release of mitochondrial factors such as cytochrome c ,which amplify the apoptotic signal 

and sustains increases in [Ca2+]i by binding and inhibiting the ER IP3R (Zhivotovsky and 

Orrenius 2011). Mitochondria play an active role in [Ca2+]i compartmentalization, and can 

accumulate high amounts of Ca2+ in response to abnormal increases in [Ca2+]i increases. 

Elevated Ca2+ promotes profound changes in mitochondrial function and morphology via 

the opening of a permeability transition pore (PTP) in the inner mitochondrial membrane. 

This process, termed the mitochondrial permeability transition (MPT), can be also 

facilitated by ATP depletion, inorganic phosphate, low pH, and oxidative stress. MPT 

results in mitochondrial dysfunction, osmotic swelling, and membrane rupture, leading to 

release of cell death-inducing proteins such as cytochrome c, apoptosis inducing factor 

(AIF), and other pro-apoptotic proteins (Orrenius et al., 2015). 

 Importantly, PARP-1 hyperactivation can also lead to mitochondrial dysfunction 

and metabolic collapse, characterized by loss of the mitochondrial membrane potential, 

decreased mitochondrial complex I activity, oxidation and ATP production, generation of 

oxidative stress, alteration of mitochondrial structure, and induction of MPT resulting in 

the release of mitochondrial contents. PAR accounts for part of the disturbances observed 

during mitochondrial dysfunction. For example, PAR can trigger MPT by binding to the 
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mitochondrial membrane. PAR also binds to hexokinase, causing dysfunctions in 

glycolysis and ATP generation, and degradation of PAR yields AMP, which blocks 

adenine nucleotide translocase (ANT) reducing energy production (Vida et al., 2017). 

Although PARP-1 overactivation can lead to increases in [Ca2+]i which can explain some 

of the defects in mitochondrial function, the relationship between PARP-1 activation and 

elevated [Ca2+]i is not readily understood. Indeed, in some models of oxidative stress-

dependent cell death, increases in Ca2+are essential for PARP-1 activation. In addition, 

chelation of intracellular Ca2+ prevents PARP-1 activation and decreases PARP-1-

dependent cell death (Burkle and Virag 2013). Free ADPR, produced by PARG-mediated 

breakdown of PAR, is a signaling molecule linking PARP-1 activity and increases in [Ca2+]i  

due to its ability to modulate the transient receptor potential cation channel, subfamily M, 

member 2 (TRPM2) at the plasma membrane, causing Ca2+ influx and increased cell 

death (Blenn et al., 2011). 

 Previous studies in our laboratory revealed that in addition to inducing PARP-1-

dependent cell death, TGHQ also promotes increases in [Ca2+]i  which are coupled 

reciprocally to PARP-1 activation in HK-2 cells (Zhang et al., 2014). Furthermore, 

chelation of [Ca2+]i  with 1,2-bis(o-aminophenoxy)ethane-N,N,N′,N′-tetraacetic acid 

(BAPTA), or inhibition of store-operated Ca2+ channels (SOCs) with 2-

aminoethoxydiphenyl borate (2-APB) attenuates TGHQ-induced cytotoxicity. 

Interestingly, TGHQ-mediated toxicity, and elevations in [Ca2+]i are coupled to PARP-1 

activation independent of PARG activity (Munoz et al., 2017).  
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The mechanism of TGHQ-dependent Ca2+ influx is unknown. The studies in 

Chapter 3 therefore aim to determine whether TGHQ-induced PAR-associated proteins 

contribute to the observed elevation in [Ca2+]i.     
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3.2 MATERIALS AND METHODS 

 

3.2.1 Chemicals and reagents  
 

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

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

clothing in a ventilated hood. Adenosine diphosphate (hydroxymethyl) pyrrolidinediol 

(ADP-HPD) was purchased from EMD Millipore (Billerica, Massachusetts). Pyr3, 

ionomycin, U73122, and U73343 were obtained from Cayman Chemical (Ann Arbor, 

Michigan). Fluo-8 AM was obtained from AAT Bioquest (Sunnyvale, California). 

Antibodies for CHERP, PLC, TRPC3, fluorescent-conjugated antibodies against mouse 

(FITC) and rabbit (CFL594), and siRNA for PLC and TRPC3 were purchased from Santa 

Cruz Biotechnology (Dallas, Texas). Antibodies against TFII-I were obtained from Cell 

Signaling Technology (Danvers, Massachusetts). All other reagents and chemicals were 

purchased from Sigma-Aldrich (St. Louis, Missouri). 

 

3.2.2 Cell culture 
 

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

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

keratinocyte serum free medium (K-SFM) supplemented with 0.05 mg/ml bovine pituitary 

extract and 5 ng/ml epidermal growth factor (Life Technologies. Carlsbad, CA). Cells were 

incubated at 37˚C in a humidified atmosphere of 5% CO2, and grown to 80% confluence 

prior to treatments. 



94 
 

3.2.3 Retrieval of Gene Ontology annotations 
 

 Calcium-related Gene Ontology annotations were obtained using PANTHER 

online tool (Mi et al., 2013) from the lists of PAR-associated proteins identified in Chapter 

2. 

 

3.2.4 Immunoprecipitation  

 

HK-2 cells were seeded in 10 cm dishes at a density of 1 x 106 cells/dish, 48 hours 

prior to treatment. Cells were treated with 400 µM TGHQ for a period of 15, 45 and 60 

minutes. Following treatment, cells were washed twice with cold phosphate buffered 

saline (PBS) and lysed in a buffer containing 0.3% CHAPS (3-((3-cholamidopropyl) 

dimethylammonio)-1-propanesulfonate), 1 µM of the PARG inhibitor, ADP-HPD, and 

proteases inhibitors. Protein G Dynabeads (1.5mg) (Invitrogen, Carlsbad, CA) were 

conjugated with 9 µg of TFII-I, CHERP or PLC antibodies and incubated for 1 hour at 

room temperature (RT) under gentle rotation. Beads were then incubated with 2250 µg 

of cell lysates for 2 hours at 4˚C with gentle mixing. Beads were washed three times with 

PBS and resuspended in 1x XT-buffer (Bio-Rad Labs, Hercules, California) containing 

5% (v/v) 2-mercaptoethanol (BME). 
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3.2.5 Cellular fractionation 
 

HK-2 cells were seeded in 10 cm dishes at a density of 1.2 x 106 cells/dish, 48 

hours prior to treatment. Cells were treated with 400 µM TGHQ for a period of 15, 45 and 

60 minutes. Following the treatments, cells were harvested via trypsinization and cell 

pellets were washed twice with cold PBS. Cell lysis and cellular fractionation was 

performed using Nuclear and Cytoplasmic Extraction Reagents (NE-PER; Thermo Fisher 

Scientific, Waltham, MS) following manufacturer’s protocol.  

 

3.2.6 Western blot analysis  
 

PAR IP samples were resolved on either 6% (for TFII-I) or 8% SDS-polyacrylamide 

gels and transferred to polyvinylidene difluoride membranes (EMD Millipore, Billerica, 

MS) for 1.5 hours at 50 volts in ice. Membranes were blocked with Odyssey TBS blocking 

buffer (Li-Cor, Lincoln, NB) for 1 hour at RT, then incubated with primary antibody 

overnight at 4˚C. Following washes, membranes were incubated with near-infrared 

fluorescent secondary antibodies (Li-Cor) for 1 h at 4˚C on an orbital shaker. Immunoblots 

were imaged using the Odyssey FC System (Li-Cor). 

 

3.2.7 Immunofluorescence analysis 

 

 HK-2 cells were seeded on glass cover slips placed inside 24-well plates at 1.85 x 

105 cells/well and grown for 24 h. Cells were treated with 400 µM TGHQ for, 15, 45, or 60 

min then rinsed twice with cold PBS. Cells were fixed by incubation with 4% 
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paraformaldehyde for 15 min at RT. Following washes with PBS, cells were permeabilized 

with 0.15% Triton X-100 for 10 min at RT. After subsequent PBS washes, cells were 

blocked in 1% BSA, 10% goat serum, 0.1% Tween-20 in PBS (PBS-T). Primary 

antibodies against TRPC3 and PLC were diluted 1:150 in 1% BSA, 1% goat serum in 

PBS-T added to the cells, and incubated overnight at 4˚C. After 3 PBS-T washes, cells 

were incubated with anti-mouse-FITC and anti-rabbit-CFL594 conjugated antibodies 

diluted at 1:75 and 1:125, respectively. Cover slips were mounted on microscope slides 

using Fluoroshield with DAPI (Sigma; St. Louis, Missouri). Images were obtained in a 

Zeiss LSM 780 confocal microscope using a 63x magnification lens controlled by the Zen 

lite blue edition software (Zeiss; Oberkochen, Germany).  

 

3.2.8 Cell viability assay  
 

HK-2 cells were seeded at 10 x 103 cells/well and allowed to grow to 80% confluency for 

48 hours in 96 well plates. Cells were washed once with Dulbecco’s Modified Eagle’s 

Medium (DMEM), lacking sodium pyruvate, supplemented with 25 mM HEPES, then 

treated with TGHQ in the presence or absence of inhibitors. Cell viability was determined 

by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-

tetrazolium (MTS) assay which measures the mitochondrial dehydrogenase activity 

(Promega, Madison, WI) according to the manufacturer’s instructions. MTS, a tetrazolium 

compound, is reduced to a formazan product by dehydrogenase enzymes found in 

metabolically active cells. Following treatment with TGHQ, cells were washed twice with 

DMEM/HEPES without phenol red, MTS (20 µL) was subsequently added to 100 µL of 

DMEM/HEPES without phenol red and incubated for 2 h at 37˚C and 5% CO2. The 
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absorbance of the formazan was measured at 490 nm using a Synergy H1 microplate 

reader (Biotek, Winooski, VT). 

 

3.2.9 siRNA-mediated knockdown 
 

 HK-2 cells were seeded in 48-well plates at 1.1 x 104 cells per well and incubated 

for 48 h at 37˚C and 5% CO2. Knockdown for each target was performed by transfection 

of liposomes formed with 0.8 µl of Lipofectamine 2000 (Thermo Fisher Scientific; 

Carlsbad, CA) and 0.44 µl of siRNA incubated for 20 min at RT. Cells were transfected 

by incubating the cells with the liposomes for 6 hr at 37˚C in serum-free Opti-MEM 

(Thermo Fisher Scientific; Carlsbad, CA). Subsequently, an equal portion of KSFM 

complete media was added to each well. After 24 hours media was replaced with fresh 

complete KSFM. Experiments on knockdown cells were performed 48 hr after first 

incubation with the liposomes. Confirmation of knockdown was determined by Western 

blot analysis. 

 

3.2.10 Live cell calcium imaging  
 

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

at 2.0 x 105 cells/dish and cultured for 48 h reaching 80% confluence. Cells were rinsed 

twice with Hank’s balanced salt solution containing 20 mM HEPES (H-HBSS) at a pH of 

7.2. Cells were then loaded with 5 µM Fluo-8 AM for 30 min at 37˚C, washed 3 times with 

H-HBSS, and subsequently incubated with DMEM/25 mM HEPES lacking phenol red for 

an additional 20 min at RT. Pretreatment with inhibitors was performed in the final 20 
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minutes of this incubation. Cells were then treated with 400 µM TGHQ in the presence or 

absence of inhibitors and immediately imaged using a 40x magnification dipping lens on 

a Zeiss LSM 780 confocal microscope (Zeiss; Oberkochen, Germany) at 37˚C and 5% 

CO2 atmosphere. Images were collected every 90 seconds for 1 hour using an excitation 

and emission wavelengths of 495 nm and 519 nm, respectively (FITC). Zen lite blue 

edition software (Zeiss; Oberkochen, Germany) was used for image acquisition.  Relative 

fluorescence was analyzed using the NIH provided software, ImageJ. 

 

3.2.11 Statistical analysis  
 

Statistical differences between the means in treated and control groups were 

determined by Student’s unpaired t-test. A p-value < 0.05 was considered to be 

statistically significant.   
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3.3 RESULTS 

 

3.3.1 Altered TFII-I, CHERP, and AHNAK PAR association in response to TGHQ 

are related to direct modulation of [Ca2+]i.  
 

Increases in [Ca2+]i and PARP-1 hyperactivation are both necessary for TGHQ-

mediated HK-2 cell death (Zhang et al., 2014). We hypothesized that PAR-modified 

proteins account for downstream signaling events leading to TGHQ toxicity, particularly, 

those involving Ca2+ modulation. Therefore, among the PAR-associated proteins 

identified from the proteomic analysis in Chapter 2 (2.3.2), we selected proteins that have 

known calcium-related gene ontology annotations. The gene list analysis software, 

Panther, was used to retrieve the gene ontology (GO) annotations for each identified 

protein. We identified 19 targets (5.2% of the total PAR-associated proteins) that contain 

calcium-related GO annotations (Figure 3.1). From this group the most observed GO 

biological processes and functions include: Ca2+ binding, cellular Ca2+ homeostasis, Ca2+-

dependent protein binding, cellular response to Ca2+ and Ca2+-dependent phospholipid 

binding. Notably, the general transcription factor II-I (TFII-I), the calcium homeostasis 

endoplasmic reticulum protein (CHERP), and the neuroblast differentiation-associated 

protein (AHNAK) directly correlate with regulation of [Ca2+]i while the relative abundance 

proteomic analysis revealed that they differentially associate with PAR in response to 

TGHQ (Figure 3.2). The associated GO annotations for TFII-I and AHNAK are negative 

regulators of cytosolic Ca2+ concentrations (GO:0051481) and regulation of voltage-gated 

Ca2+ channel activity  
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Figure 3. 1 PAR-associated proteins related to calcium homeostasis 

Panther classification software was used to retrieve the Gene Ontology (GO) 
annotations of proteins identified as PAR-modified by TGHQ. From both, 
increased and decreased PAR-associated proteins, nineteen targets 
contained calcium-related GO terms. The fold change in protein abundance 
was obtained by comparing the number of spectra of TGHQ-treated samples 
to that of control. Data represent the mean ± standard error (n = 3). General 
transcription factor II-I (TFII-I), neuroblast differentiation-associated protein 
(AHNAK), and calcium homeostasis endoplasmic reticulum protein (CHERP) 

have roles directly involved in modulation of [Ca
2+

]i.  
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Figure 3. 2 Relative abundance proteomic analysis of PAR-associated 
proteins which directly modulate [Ca2+]i 

HK-2 cells were treated with TGHQ 400 μM for 15, 45, or 60 min. The General 
transcription factor II-I (TFII-I), neuroblast differentiation-associated protein 
(AHNAK), and calcium homeostasis endoplasmic reticulum protein (CHERP) 
were identified via proteomics and contain GO annotations directly involved 

in modulation of [Ca
2+

]i. The spectral counts mapping for each protein in 

control samples were compared with counts found in treated samples; the 
ratio is a relative measurement of the fold change for each protein. 
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(GO:1901385) respectively. Ion channel binding (GO:0044325) and release of 

sequestered Ca2+ ions into cytosol (GO:0051209) correspond to CHERP. 

 

3.3.2 TGHQ induced time-dependent translocation of TFII-I from the nucleus to 

the cytosol 
 

TFII-I is a multifunctional transcription factor which, in addition to its transcriptional 

role in the nucleus, can also act in the cytosol by regulating Ca2+ influx. Under basal 

conditions, phospholipase C (PLC) is bound to cytosolic TFII-I, while the transient 

receptor potential channel 3 (TRPC3) resides inside an intracellular vesicle. Upon certain 

signaling, including ROS stress, PLC is activated, promoting increases in [Ca2+]i by 

binding and inducing the translocation of TRPC3 to the plasma membrane, resulting in 

Ca2+ influx. TFII-I and TRPC3 compete with binding to PLC, therefore TFII-I prevents the 

TRPC3-mediated Ca2+ influx (Caraveo et al., 2006). Since all isoforms of TFII-I increase 

PAR-association in response to TGHQ treatment (Figures 2.4 and 2.5), PAR-modified 

TFII-I might thus lead to an increase in Ca2+ influx via dissociation with PLC, and 

increased PLC-TRPC3 binding. Considering the fact that TFII-I mediates Ca2+ influx 

through PLC interaction in the cytosol (Caraveo et al., 2006), we determined the sub-

cellular location of the TFII-I isoforms in response to TGHQ. Cellular fractionation and 

western blot analysis revealed a time-dependent decrease of TFII-I isoforms in the 

nuclear fraction, corresponding to a simultaneous increase in the cytosolic fraction in cells 

treated with TGHQ (Figure 3.3). TGHQ-dependent translocation was observed for all of 

the 3 TFII-I isoforms with a 0.6 to 0.4 fold decline in the nucleus compared to 1.3 to 2.1 

fold increase in the cytosol.  
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Figure 3. 3 TGHQ promotes translocation of TFII-I from the nucleus to 
the cytoplasm 

(A) HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 min. 
Cellular fractionation was performed to obtain the cytosolic and nuclear 
fractions. TFII-I levels were analyzed by western blot. Histone deacetylase 
(HDAC) and α-tubulin were used as nuclear and cytosolic fraction markers, 
respectively. (B) Densitometric and statistical analysis of the western blot 
data. Data represent the mean ± standard error (n ≥ 3). *p-value < 0.05, **p-
value < 0.005 compared with control group. 

B 

A 
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3.3.3 TGHQ induces a time-dependent dissociation between PLC and TFII-I 
 

 TFII-I regulates [Ca2+]i by binding and sequestering PLC in the cytosol. Free PLC 

associates from TRPC3, leading to increases in [Ca2+]i (Caraveo et al., 2006). Given the 

observed increase in cytosolic TFII-I during ROS stress (Figure 3.3), we analyzed the 

association between PLC and TFII-I in HK-2 cells treated with TGHQ via 

immunoprecipitation (IP) followed by western blot (WB) analysis. WB of different PLC-IP 

samples showed a band corresponding to PLC, while in the IgG control sample no PLC 

band was detected (Figure 3.4), indicating that PLC was successfully purified using an 

anti-PLC specific antibody coupled to protein-G magnetic beads. All TFII-I isoforms were 

detected in PLC immunoprecipitates without treatment, suggesting that in HK-2 cells TFII-

I and PLC constitutively associate. PLC-IP samples of cells treated with TGHQ 400 µM 

revealed a time-dependent decrease of TFII-I isoforms in PLC-IP samples. Taken 

together, these results indicate that as TFII-I translocates to the cytosol under ROS 

stress, there is a simultaneous dissociation between PLC and TFII-I.  

 

3.3.4 TGHQ promotes co-localization of TRPC3 and PLC 
 

 TGHQ treatment of HK-2 cells leads to increased PARylation of TFII-I, TFII-I 

translocation from the nucleus to the cytosol, and dissociation between PLC and TFII-I. 

In light of the importance of [Ca2+]i increases during TGHQ cytotoxicity (Zhang et al., 

2014), and the relationship between TFII-I, PLC, and TRPC3 (Caraveo et al., 2006), we 

investigated the interaction between PLC and  



105 
 

 

 

Figure 3. 4 TGHQ induces a time-dependent dissociation between PLC 
and TFII-I 

(A) HK-2 cells were treated with TGHQ 400 μM for 15, 45 and 60 min. PLC 
was immunoprecipitated using an anti-PLC Ab coupled to protein G magnetic 
beads. An IP sample conjugated to a nonspecific IgG antibody were used as 
negative control for the purification. IP samples were analyzed by western blot 
using TFII-I and PLC antibodies. IP: immunoprecipitation; TP: total proteins; 
FP: flow through (B) Densitometric and statistical analysis of western blot 
data. T-test; *(p-value<0.05), **(p-value<0.01) . 

B 

A 



106 
 

 

TRPC3 using immunofluorescence staining (Figure 3.5). TRPC3 and PLC were labeled 

with fluorescent antibodies conjugated to FITC (green) or CFL594 (red), respectively. 

Images of HK-2 cells obtained in a fluorescent confocal microscope revealed an increase 

in co-localization between PLC and TRPC3 in cells treated for 15 and 45 minutes with 

TGHQ. Peak co-localization of PLC and TRPC3 was observed at 45 minutes, and by 60 

minutes post-treatment the association between these proteins returned to basal levels. 

These findings might be a consequence of the disruption of membrane integrity by TGHQ 

at later time points.   
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Figure 3. 5 TGHQ promotes colocalization of PLC and TRPC3 in HK-2 
cells. 

Cells were treated with TGHQ 400 μM for 15, 45 and 60 min, followed by 4% 
paraformaldehyde fixation for 15 min, 0.2% triton X-100 permeabilization for 
5 min, and blocking in 1% BSA and 10% goat serum for 1 hour. Cells were 
then incubated with antibodies against PLC and TRPC3 overnight. 
Fluorescent labeled antibodies conjugated to FITC (Green) and CLF594 
(Red) were used to visualize TRPC3 and PLC, respectively. Images were 
acquired using a Zeiss LSM 780 confocal microscope at 126x magnification.  
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3.3.5 Inhibition of PLC or TRPC3 does not prevent TGHQ-dependent decrease in 

cell viability 
 

TFII-I regulates [Ca2+]i by sequestering PLC in the cytosol. Free PLC binds to and 

promotes the translocation of TRPC3 to the plasma membrane leading to increases in 

[Ca2+]i (Caraveo et al., 2006). Furthermore, 2-APB, a store-operated calcium channel 

blocker, attenuates TGHQ-mediated increase in [Ca2+]i and cell death (Munoz et al., 

2017). In addition, members of the transient receptor potential (TRP) family of cation 

channels are inhibited by 2-APB, including TRPC3 (Lievremont et al., 2005). Thus, we 

speculate that the TGHQ-mediated increases in [Ca2+]i may be mediated through the 

activation of TRPC3 as a consequence of TFII-I PARylation and subsequent dissociation 

from PLC (Figure 3.6). We determined the effect of TRPC3 inhibition in TGHQ-induced 

cell viability. TRPC3 inhibition using Pyr3 (a known TRPC3 inhibitor) did not mitigate the 

toxic effects of TGHQ in HK-2 cells (Figure 3.7 A). TGHQ (400 µM) induced a ~55% 

decrease in cell viability 2 hours after treatment. As expected, co-treatment of TGHQ with 

2-APB restored cell viability to ~80%. Increasing concentrations of Pyr3 did not, however, 

reinstate cell viability. Rather, co-treatments with Pyr3 and TGHQ, showed a 

concentration-dependent decline in viability when compared to TGHQ alone. Since 

interaction between PLC and TRPC3 are needed for TRPC3-mediated Ca2+ influx, we 

examined cell viability in the presence of the PLC inhibitor U73122 (Figure 3.7 B). We 

used U73343 as a negative control, since it binds to PLC without modifying its catalytic 

activity. Neither U73122 nor U73343 had any effect on TGHQ-induced decreases in 

viability. 
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Figure 3. 6 Potential role of PARylated TFII-I in the regulation of [Ca2+]i 

TFII-I is a multifunctional transcription factor which, in addition to its role in 
transcription, also regulates Ca2+ influx into the cell. Under basal conditions 
PLC is bound to TFII-I, while TRPC3 resides in an intracellular vesicle. Upon 
certain signaling (e.g. ROS stress) PLC becomes activated and promotes 
increases in intracellular Ca2+ by binding and promoting the plasma 
membrane translocation of TRPC3. In HK-2 cells during TGHQ treatment, 
TFII-I increases PAR-association, decreases interaction between PLC and 
TFII-I, and promotes the colocalization of PLC and TRPC3. Thus, we 
speculate that PARylated TFII-I becomes unable to bind PLC, thereby 
liberating PLC to freely interact with TRPC3 leading to abnormal increases in 
[Ca2+]i, PARP-1 hyperactivation, and ultimately cell death. 
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Figure 3. 7 TRPC3 and PLC inhibition has no effect on TGHQ-induced 
decrease in cell viability 

Cell viability was determined via the MTS assay. (A) Cells were treated with 
TGHQ (400 µM) for 2 hours in the presence or absence of inhibitors. Cells 
were pretreated with 2-APB (100 µM) and Pyr3 (0.3, 3 and 10 µM) 20 min 
before, or simulateneosuly with TGHQ. Data represents the mean ± standard 
error (n = 3). *p-value < 0.05 when compared with TGHQ treatment. (B) Cells 
were treated with TGHQ (400 µM) for 2 hours and pretreated with or without 
different concentrations of the PLC inhibitor U731223 (0.1, 3, 6 µM) or the 
negative control U73346 (6 µM).  
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3.3.6 TRPC3 or PLC knockdown has no effect on TGHQ-mediated decrease in cell 

viability 
 

 The transient receptor potential (TRP) family of proteins is composed of 30 

members which are widely expressed in eukaryotes, and function as cation-permeant ion 

channels commonly leading to increases in [Ca2+]i. Of particular interest, the TRP 

subfamily termed “canonical” (TRPC) is characterized by being activated via the PLC 

signaling cascade. TRPC channels have been implicated in various biological functions, 

and have been proposed as store-operated channels (SOCs) (Birnbaumer 2009). The 

TRPC3 inhibitor, Pyr3, emerged by the need to distinguish the physiological roles of the 

various TRPC channels (Kiyonaka et al., 2009), and although it is considered a selective 

inhibitor of TRPC3, recent evidence suggests that it is also able to inhibit the Orai1 Ca2+ 

channel (Schleifer et al., 2012). Similarly, U73122 is the most commonly used PLC 

inhibitor, but multiple off-target effects have also been reported (Huang et al., 2013). To 

better understand the potential role of TRPC3 and PLC in the mechanism of TGHQ 

cytotoxicity, we knocked down the expression of these proteins using siRNA (Figure 3.8). 

We were able to decrease the levels of TRPC3 and PLC in HK-2 cells by ~80% and 

~60%, respectively. We subsequently analyzed the TGHQ-dependent decrease in cell 

viability in the TRPC3 or PLC knockdown cells. However, no significant change in cell 

viability was detected in comparison to non-specific scramble (Src) siRNA (Figure 3.9).    
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Figure 3. 8 siRNA-mediated knockdown of TRPC3 and PLC 

 HK-2 cells were transfected using Lipofectamine, 2000 and 22nM of non-
targeting scramble siRNA (Scr), TRPC3 siRNA or PLC siRNA, and incubated 
for 48 hours. (A) TRPC3 or PLC protein levels where analyzed by western 
blot, with vinculin (VCN) used as a loading control. (B) Densitometric and 
statistical analysis of siRNA samples from 3 independent experiments (n=3). 
Data represents the mean ± standard error. *** p-value < 0.001 when 
compared with Scr siRNA.   

B 

A 
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PLC 

TRPC3 

Figure 3. 9 TRPC3 or PLC knockdown has no effect on TGHQ-mediated 
decreases in cell viability 

 Cell viability was determined via the MTS assay. Cells were transfected 48 
prior to the viability determination. Following siRNA-mediated knockdown, 
cells were treated with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents 
the mean ± standard error of 3 independent experiments (n = 3) . (A) Viability 
comparison between cells transfected with the control scramble (Scr) siRNA 
and TRPC3 siRNA. (B) Viability comparison between cells transfected with 
the control scramble (Scr) siRNA and PLC siRNA.  

B 

A 
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3.3.7   Effect of TRPC3 inhibition on TGHQ-dependent increases in [Ca2+]i 
 

To further analyze the potential role of TRPC3 in the cellular Ca2+ influx observed 

during TGHQ treatment (Zhang et al., 2014), we measured [Ca2+]i in the presence of the 

TRPC3 inhibitor, Pyr3, during co-treatment with TGHQ. The Ca2+-sensitive dye, Fluo-8 

AM, was used to visualize [Ca2+]i in HK-2 cells. TGHQ, or the positive control, Ionomycin, 

were added to the dish and live cell images were recorded every 90 seconds using a 

confocal microscope. Fluorescence intensity is a relative measure of [Ca2+].  

Fluorescence intensity was quantified from the microscope images and plotted relative to 

basal Ca2+ resting concentration (Figure 3.10). As expected, cells exposed to TGHQ 400 

μM exhibited a 2.5 fold increase in [Ca2+]i, with maximal increases occurring at ~35 min, 

followed by a gradual decrease of [Ca2+]i. Co-treatment of cells with TGHQ and Pyr3 

promoted an early [Ca2+]i increase of 2 fold at ~18 min; however,  [Ca2+]i levels continued 

to rise after this early peak was reached. A similar trend was also observed when 

comparing inomicyn to its co-treatment with Pyr3.   
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Figure 3. 10 Effect of TRPC3 inhibition on TGHQ-dependent increases in 
[Ca2+]i 

(A) Measurement of [Ca
2+

]i was performed by live cell calcium imaging in the 

presence of TGHQ and co-treatment with the TRPC3 inhibitor, Pyr3. HK2 cells 
were loaded with the cell permeable calcium fluorescent dye Fluo-8 AM (5 
µM) for 30 min at 37˚C, followed by 20 min incubation at room temperature. 
Cells were treated with TGHQ (400 µM) or ionomycin (0.05 µM), in the 
presence or absence of Pyr3 (3 µM). Images were collected every 90 
seconds, at 40x magnification in a confocal microscope. (B) Relative 
fluorescence was quantified using ImageJ software. Each line represents, the 
change in Fluo-8 intensity relative to control.  
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3.3.8 CHERP knockdown has no effect on TGHQ-mediated decreases in cell 

viability 
 

 The Ca2+ homeostasis endoplasmic reticulum protein (CHERP) was first described 

as an integral ER protein that co-localized with the IP3 receptor, depletion of which 

resulted in a decrease in [Ca2+]i in response to several stimuli (O'Rourke et al., 2003). 

Further studies found that CHERP participates in the release of Ca2+ from intracellular 

stores via association with the RyR1 receptor on the ER membrane (Ryan et al., 2011). 

However, more recent and contrasting findings suggest that the role of CHERP as a 

modulator of Ca2+ occurs via its activity as a nuclear spliceosomal complex regulator, 

rather than as an integral ER protein (Lin-Moshier et al., 2013). Given that we identified 

CHERP as a Ca2+ related protein that increases PAR association in response to TGHQ 

(Figures 3.1 and 3.2), we investigated its potential role as a modulator of [Ca2+]i and the 

effect of its suppression on TGHQ-mediated decreases in cell viability. Since 

pharmacological inhibitors that modulate CHERP activity are not available, we employed 

siRNA-mediated silencing. We were able to reduce ~80% of CHERP protein expression 

in HK-2 cells compared to non-targeting scramble (Scr) siRNA (Figure 3.11 A). Cell 

viability estimation was conducted in transfected cells treated with TGHQ 400 µM for 1, 2 

or 3 hours. No significant difference in cell viability was observed between control and 

CHERP depleted cells (Figure 3.11 B).  
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Figure 3. 11 CHERP knockdown has no effect on TGHQ-mediated 
decreases in cell viability 

(A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or CHERP siRNA. CHERP protein levels were analyzed by 
western blot. Vinculin (VCN) was used as a loading control. (B) Cell viability 
was determined via the MTS assay in transfected cells treated with TGHQ 
(400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard error of 3 
independent experiments (n = 3).  

A 

B 
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3.4 DISCUSSION  
 

 The mode of TGHQ-induced HK-2 cell death is characterized by production of 

ROS, hyperactivation of PARP-1 coupled to augmentation of [Ca2+]i, and lack of AIF 

translocation to the nucleus (Zhang et al., 2014). Importantly, we have previously shown 

that in HK-2 cells, the toxicity of TGHQ is independent on PARG activity, which in other 

systems results in cytotoxicity due to increases in [Ca2+]i via the activation of TRPM2 Ca2+ 

channels via the activity of free ADPR (Munoz et al., 2017). Although several mechanism 

coupling PARylation to modulation of [Ca2+]i have been proposed, such as PARP-1-

mediated plasma membrane permeabilization, the ADPR-dependent modulation of 

TRPM2 channels is the most well characterized (Virag et al., 2013). Thus, the 

mechanisms leading to increases in [Ca2+]i in TGHQ-mediated HK-2 cell death remain 

elusive.  

One of the initial observations on the relationship between PARP-1 and Ca2+ was 

the demonstration that the induction of Ca2+ mobilization by different oxidants was 

blocked by inhibition or depletion of PARP-1 (Virag et al., 1998). Furthermore, ROS-

dependent cytotoxicity in thymocytes is reduced by chelation of [Ca2+]i, and accompanied 

by PARP-1 inactivation  (Virag et al., 1999), which resembles the effects detected in HK-

2 cells by TGHQ (Zhang et al., 2014). Hence, we propose that the PAR-associated 

proteins induced by TGHQ contribute to the modulation of plasma membrane Ca2+ 

channels, leading to increases in cytosolic Ca2+, and exacerbation of cell death.  

We therefore used Panther (Mi et al., 2013) to retrieve the calcium-related GO 

annotations of the PAR-associated proteins identified in Chapter 2, and identified 19 Ca2+ 

related targets (Figure 3.1). Among these proteins, we identified 3 proteins whose PAR-
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association is altered in response to TGHQ treatment and are also known to directly 

modulate [Ca2+]i; the general transcription factor II-I (TFII-I), the Ca2+ homeostasis 

endoplasmic reticulum protein (CHERP), and the neuroblast differentiation-associated 

protein (AHNAK) (Figure 3.2).  TFII-I regulates [Ca2+]i by binding to and sequestering 

PLC, which in the free state promotes the translocation of TRPC3 to the plasma 

membrane, leading to increases in [Ca2+]i (Caraveo et al., 2006). The exact mechanism 

by which CHERP modulates [Ca2+]i is not clear, but it has been proposed as an integral 

ER protein associated with IP3 and ryanodine receptor 1 (RyR1) receptors, as well as 

indirectly modulating other Ca2+ proteins through regulation of spliceosome complexes 

(O'Rourke et al., 2003, Ryan et al., 2011, Lin-Moshier et al., 2013). AHNAK modulates L-

type Ca2+ channels through direct interaction with the β2 subunit of these channels to 

control their activity (Haase 2007). The depletion or overexpression of these proteins has 

commonly been found to interfere with Ca2+ influx currents in different systems, therefore, 

it might be conceivable that their function could be modulated by modification with PAR. 

Furthermore, TFII-I (P78347), CHERP (Q8IWX8), and AHANK (Q09666) have been 

reported to associate with PAR (Table 2.6) in ADPriboDB (Vivelo et al., 2017), suggesting 

that they could potentially participate in TGHQ-dependent augmentation of [Ca2+]i.    

We initially focused our analysis on TFII-I downstream signaling, given that: a) 

TFII-I increases in PAR-association were higher than other proteins, and was detected at 

all the time points analyzed (Figure 3.2); and b) the Ca2+ channel blocker 2-APB, which 

is protective against TGHQ toxicity (Figure 3.7) can also inhibit TRPC3 (Lievremont et al., 

2005). Moreover, TFII-I-mediated Ca2+ signaling occurs through TRPC3. 
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TFII-I is a multifunctional transcription factor, the transcriptional activity of which 

regulates growth factor signaling, cell cycle, proliferation, and the ER stress response 

(Roy 2012). TGHQ caused a time-dependent increase in the association between TFII-I 

and PAR (Figure 2.4). PARylation of TFII-I has been observed in several proteomic 

studies of PARylated proteins. The PAR-TFII-I association is induced by alkylating or 

oxidative DNA damaging agents, such as MNNG and H2O2 (Gagne et al., 2012, Zhang 

et al., 2013). However, TFII-I was found PARylated in response to H2O2 but not to methyl 

methane sulfonate, UV radiation, or ionizing radiation (Jungmichel et al., 2013). These 

findings indicate that the association between TFII-I and PAR appears to be specific to 

each model of cell stress, rather than exclusively dependent on the activation of PARPs 

by DNA damage per se. Thus, although TGHQ induces PARP-1 hyperactivation in HK-2 

and in preleukemic HL-60 cells, it has opposite effects on Nrf2 activation in these cell 

lines (Zhang et al., 2019), suggesting that the effects of PARP-1 activation are context 

dependent.    

The extent to which the function of TFII-I is modified by PAR binding is unknown. 

In HK-2 cells treated with TGHQ, all isoforms of TFII-I translocate from the nucleus to the 

cytosol in a time dependent manner (Figure 3.3). This observation is consistent with 

findings that PAR polymers migrate from the nucleus and are mainly located in the cytosol 

between 30 and 45 minutes after TGHQ treatment (Munoz et al., 2017). Thus, PAR-

bound TFII-I may be excluded from the nucleus due to PARP-1 hyperactivation and 

excessive PAR production induced by TGHQ. In contrast to the effects of TGHQ in HK-2 

cells, growth factor stimulation caused the translocation of cytoplasmic ∆-TFII-I to the 

nucleus, and nuclear β-TFII-I moves from the nucleus to the cytosol in mouse fibroblasts 
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(Hakre et al., 2006). Furthermore, the ER stress inducer, thapsigargin, promotes nuclear 

localization of TFII-I (Hong et al., 2005). In contrast, our results suggest that oxidative 

stress causes nuclear exclusion of TFII-I, therefore impairing its nuclear functions.     

   In addition to its nuclear actions, cytosolic TFII-I can reduce cellular Ca2+ influx 

by binding to PLC. This interaction inhibits the PLC-dependent association and 

translocation of TRPC3 to the plasma membrane (Caraveo et al., 2006). In accordance 

with our hypothesis, and in parallel with the increased cytosolic TFII-I, we observed a 

time-dependent dissociation between PARylated TFII-I and PLC (Figure 3.4), and co-

localization between PLC and TRPC3 (Figure 3.5). Thus, we suggest that increases in 

TFII-I’s association with PAR interferes with its ability to bind to PLC, thereby liberating 

PLC to freely interact with TRPC3, leading to abnormal increases in [Ca2+]i, PARP-1 

hyperactivation, and finally cell death (Figure 3.6). Indeed, PLC is able to activate TRPC3 

through lipase-dependent DAG and IP3 production, and control TRPC3 trafficking to the 

plasma membrane, while association between PLC and TFII-I diminishes DAG production 

and TRPC3 surface location (Grayson et al., 2017). Furthermore, disruption of TRPC3 

with the selective inhibitor Pyr3, or in TRPC3-/- knockout mice, protects against Ca2+-

dependent toxicity in salivary glands and pancreas (Kim et al., 2011). Additionally, PLC 

activity is induced upon oxidative stress, and the concomitant generation of DAG 

activates TRPC3 (Wang et al., 2001, Venkatachalam et al., 2003). However, TRPC3 or 

PLC depletion or inhibition, did not restore the TGHQ-mediated decrease in cell viability 

in HK-2 cells (Figure 3.7 and 3.9). These results suggest that TRPC3 does not play an 

active role in TGHQ-mediated toxicity. Nonetheless, we cannot rule out the possibility that 

residual TRPC3 activity after knockdown, or incomplete inhibition by Pyr3 in HK-2 cells, 
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accounts for the inability to interfere with eitherTGHQ-mediated increases in [Ca2+]I or 

cytotoxicity. Our observation that PLC co-localizes with TRPC3 in response to TGHQ 

(Figure 3.5) further suggests the activation of TRPC3 via translocation to the plasma 

membrane. However, increased TRPC3 surface expression does not necessarily result 

in channel activation. For example, EGF treatment induces TRPC3 accumulation in the 

plasma membrane without increasing agonist-induced cation entry (Smyth et al., 2006). 

TRPC3 activity is inhibited via protein kinase C (PKC)-mediated phosphorylation of its 

Ser(712) residue (Trebak et al., 2005). Since oxidative stress has been found to stimulate 

PKC activity (Gopalakrishna and Jaken 2000), it is possible that in our model, plasma 

membrane located TRPC3 might be inactive due to PKC-dependent phosphorylation 

induced by ROS. Co-treatment of HK-2 cells with Pyr3 did not abolish the TGHQ-

mediated augmentation of [Ca2+]I; however, a change in the trend of Ca2+ influx was 

observed (Figure 3.10). Interestingly, the effect of TRPC3 inhibition on Ca2+ currents was 

similar to the positive control, ionomycin, when cells were co-treated with Pyr3. Ionomycin 

is a Ca2+ ionophore and mediates increases in [Ca2+]i by multiple mechanisms, including 

activation of Ca+2 channels at the plasma membrane, PLC-dependent Ca2+ mobilization, 

and store-regulated influx (Dedkova et al., 2000). Thus, it is feasible that TGHQ 

modulates [Ca2+]i through multiple mechanisms involving several Ca2+ channels which 

are inhibited by the nonspecific calcium channel blocker, 2-APB. 

 The increased PAR association of CHERP (Figure 3.2) in response to TGHQ might 

account for the [Ca2+]i augmentation in HK-2 cells. PARylated CHERP could potentially 

interfere with the IP3R-dependent Ca2+ currents, since CHERP co-localizes with the IP3R 

and in Jurkat cells its depletion leads to altered Ca2+ mobilization by stimulation of the T 
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cell receptor (TCR) pathway (O'Rourke et al., 2003). In addition, CHERP co-localizes with 

the RyR1 receptor, and this association might regulate Ca2+ release form the ER (Ryan 

et al., 2011); although RyR1 is mainly expressed in skeletal muscle, it can also be 

expressed at lower levels in the kidney (Lanner et al., 2010). Therefore, ROS-induced 

PAR might hinder the interaction between CHERP and RyR1 in HK-2 cells, resulting in 

abnormal [Ca2+]i. In contrast with the previously described mechanisms, CHERP-

dependent modulation of [Ca2+]i might occur through its nuclear actions as a spliceosomal 

regulator (Lin-Moshier et al., 2013). In this scenario, especially since TGHQ stimulates 

PAR translocation from the nucleus to the cytosol (Munoz et al., 2017), PAR-bounded 

CHERP might be exported from the nucleus, altering Ca2+ mobilization. However, 

knockdown of CHERP in our model has no effect on TGHQ-mediated decreases in cell 

viability (Figure 3.11), suggesting that CHERP alone does not play a major role in [Ca2+]i 

increases induced by ROS, or that complete depletion of CHERP is necessary to reduce 

TGHQ toxicity.  

 AHNAK regulates [Ca2+]i by controlling the function of voltage-gated L-type Ca2+ 

channels (Haase 2007). Interestingly, 2-APB also inhibits L-type Ca2+ current (Bannister 

et al., 2009). Furthermore, L-type Ca2+ channels are expressed and are functional in renal 

proximal tubules (Hayashi et al., 2007), thus, ROS might impair the AHNAK-dependent 

regulation of L-type Ca2+ channels in HK-2 cells treated with TGHQ. However, we were 

not able to obtain specific antibodies for the further analysis of AHNAK in HK-2 cells. 

Therefore we cannot dismiss the idea that AHNAK might account for the TGHQ-mediated 

increases in [Ca2+]i. 
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 In the following chapter, the involvement of PAR-associated proteins in Ca2+-

independent pathways leading to TGHQ-cell death is evaluated.                       

        

  

 

 

 

 

 

 

   

 

 

 

 

 

 

 



125 
 

CHAPTER 4: INVESTIGATION OF THE INVOLVMENT OF ROS-INDUCED PAR-

ASSOCIATED PROTEINS IN CELL DEATH  

 

4.1 INTRODUCTION 
 

 Poly(ADP-ribosylation) is a reversible protein posttranslational modification (PTM) 

catalyzed by ADP-ribosyltransferases, in which multi-branched polymers of ADPR are 

covalently attached to different targets (PARylation). PARP-1 is activated by DNA 

damage, and generates 85% of cellular PAR (Luscher et al., 2018).  PAR modulates the 

function of their protein targets by: a) tagging them for proteasomal degradation; b) 

inducing unusual protein-protein interactions; c) sequestering them into specific cellular 

compartments, and in a time-dependent fashion; and d) inducing changes in the solubility 

environment of the cell (Bock and Chang 2016). 

 PARylation is implicated in the modulation of diverse cellular signaling pathways, 

including transcriptional regulation, DNA repair, cell cycle regulation, circadian rhythms, 

chromatin organization, and RNA biology. The variety of processes regulated by PAR is 

a consequence of the high number of proteins associated with PAR. Across different 

organisms, 2389 unique proteins associate with PAR, of which 93% are human derived 

(Vivelo et al., 2017). These proteins are referred to as the PAR interactome, comprised 

of covalently PARylated proteins, PAR binding protein through non-covalent interactions, 

and the binding partners of both groups.  

 PARylation is necessary for cell survival and especially for the response to DNA 

damage. Indeed, depletion of both PARP-1 and PARP-2 results in embryonic lethality in 

mice (Boehler et al., 2011). However, increased PAR production due to PARP-1 



126 
 

overactivation can induce cytotoxicity. Thus, a tight regulation in the levels of PARylation 

are needed to maintain appropriate cellular homeostasis (Schuhwerk et al., 2017). PAR 

and PARP-1 are involved in multiple pathways of cell death, including apoptosis, 

autophagy, necroptosis, and parthanatos (Aredia and Scovassi 2014). Although the 

hyperactivation of PARP-1 is tightly related to increased cell injury, the precise molecular 

mechanism contributing to PARP-1-dependent cytotoxicity is far from well characterized, 

particularly the role of PARylated proteins (Virag et al., 2013). 

 One of the first mechanistic observations associating PARylation to cytotoxicity, 

was that PAR is harmful to neurons in N-methyl-D-aspartate (NMDA) induced PARP-1-

dependent cell death. In this model, PAR acts as a death signal and its degradation by 

PARG therefore has a protective effect against NMDA excitotoxicity (Andrabi et al., 2006). 

In contrast, free ADPR produced by PARG-dependent degradation of PAR activates 

TRPM2 channels leading to increases in [Ca2+]i, AIF translocation to the nucleus, caspase 

activation, and cell death (Blenn et al., 2011). 

 More recently, the enzymatic and functional modulation of multiple proteins by 

PARylation reveals an underlying mechanism of PARP-dependent cell death. PARP-1 

requires NAD+ as a substrate to generate PAR. Consequnetly, excessive PARP-1 

activation is associated with NAD+ depletion and energy collapse, which leads to cell 

death. However, hexokinase (HK), the first enzyme participating in glycolysis, is inhibited 

by PAR binding induced by MNNG-dependent PARP-1 activation. Dysfunctional 

PARylated HK results in defective glycolysis and energy catastrophe and precedes NAD+ 

depletion (Andrabi et al., 2014). The transcriptional regulator, OVOL2, is a novel target 

for PARylation. PAR-associated OVOL2 leads to an accumulation of cyclin E, resulting in 
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lagging instable chromosomes, aneuploidy, and cell death. This occurs via the PARylated 

OVOL2-dependent transcriptional repression of Skp2, an E3 ubiquitin ligase controlling 

the degradation of cyclin E (Zhang et al., 2019). Various RNA homeostatic processes are 

regulated by ribonucleoprotein (RNP) granules formed by RNA and RNA-binding 

proteins, such as hnRNP A1. Alterations in hnRNP A1 promote abnormal protein 

aggregation at the RNP granules, leading to neurodegenerative diseases. Interestingly, 

PARP inhibition reduce the hnRPNP A1-mediated neurotoxicity. PARylation of hnRPN 

A1 regulates hnRPN A1 transport between the nucleus and cytoplasm, as well as its 

association with the RNP granules, thus, modulating cell death related to stress granule 

dynamics (Duan et al., 2019). Resistance of cancer cells to cell death is associated with 

the chemotherapy-dependent degradation of the tumor suppressor protein BRD7, which 

is PARylated by PARP-1 resulting in increased ubiquitination and degradation via binding 

to the E3 ubiquitin ligase RNF146. Indeed, depletion or inhibition of PARP-1 prevents 

BRD7 degradation, and induces susceptibility of cancer cells to chemotherapy (Hu et al., 

2019). 

 TGHQ catalyzes the generation of ROS, resulting in DNA damage, hyperactivation 

of PARP-1, and finally cell death. Previous studies in our laboratory have shown that 

TGHQ-induced HK-2 cell death is dependent on PARP-1 activity (Zhang et al., 2014). 

Chapter 2, described the ability of TGHQ to induce the association of PAR with 356 

unique proteins in HK-2 cells. In light of recent data demonstrating the important role of 

protein PARylation in the regulation of cell death, we sought to determine the potential 

role of PAR-associated proteins in TGHQ-induced ROS cell death. Studies described in 
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Chapter 4 assessed the involvement of PARylated proteins in the calcium-independent 

pathways leading to HK-2 cell death 
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4.2 MATERIALS AND METHODS 

 

4.2.1 Chemicals and reagents  
 

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

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

clothing in a ventilated hood. Adenosine diphosphate (hydroxymethyl) pyrrolidinediol 

(ADP-HPD) was purchased from EMD Millipore (Billerica, Massachusetts). Antibodies 

against vinculin, HDAC, tubulin, PKM2, C23, IQGAP1, UBF1, TFII-I for IP, and siRNA for 

PKM2, C23, IQGAP1, and UBF were all purchased from Santa Cruz Biotechnology 

(Dallas, Texas). Antibodies against TFII-I and phosho-tyrosine (pY) were obtained from 

Cell Signaling Technology (Danvers, Massachusetts). TaqMan primers for real time PCR 

where acquired from Thermo Fisher Scientific (Waltham, MA). All other reagents and 

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

 

4.2.2 Cell culture 
 

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

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

keratinocyte serum free medium (K-SFM) supplemented with 0.05 mg/ml bovine pituitary 

extract and 5 ng/ml epidermal growth factor (Life Technologies. Carlsbad, CA). Cells were 

incubated at 37˚C in a humidified atmosphere of 5% CO2, and allowed to reach 80% 

confluence prior to treatment. 
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4.2.3 Western blot analysis  
 

HK-2 cells were seeded in 6 cm dishes at a density of 5 x 105 cells/dish. Prior to 

analysis cells were washed twice with cold phosphate buffered saline (PBS) and lysed 

using lysis buffer 1x (CST, Danvers, MA), containing 1 µM ADP-HPD and protease 

inhibitors. Lysates where incubated on ice for 15 min, followed by rotation for 15 min at 

4˚C. Total protein was estimated using the DC protein assay (Bio-Rad, Hercules, CA) 

according to the manufacturer’s specifications. For each sample, 40 µg of total protein 

were resolved on either 6% (for TFII-I) or 8% SDS-polyacrylamide gels and transferred 

to polyvinylidene difluoride membranes (EMD Millipore, Billerica, MS) for 2 h at 50 volts 

on ice. Membranes were blocked with Odyssey TBS blocking buffer (Li-Cor, Lincoln, NB) 

for 1 hour at RT, and then incubated with primary antibody overnight at 4˚C. Following 

washes, membranes were incubated with near-infrared fluorescent secondary antibodies 

(Li-Cor) for 1 h at 4˚C on an orbital shaker. Immunoblots were imaged using the Odyssey 

FC System (Li-Cor).  

 

4.2.4 siRNA-mediated knockdown 
 

 HK-2 cells were seeded in 48-well plates at 1.1 x 104 cells per well and 

incubated for 48 h at 37˚C and 5% CO2. Knockdown for each target was performed by 

transfection of liposomes formed with 0.8 µl of Lipofectamine 2000 (Thermo Fisher 

Scientific; Carlsbad, CA) and 0.44 µl of siRNA, incubated 20 min at RT. Cells were 

transfected by incubating the cells with the liposomes for 6 h at 37˚C in serum-free Opti-

MEM (Thermo Fisher Scientific; Carlsbad, CA). Subsequently, an equal portion of KSFM 
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complete media was added to each well. After 24 h media was replaced with fresh 

complete KSFM. Experiments on knockdown cells were performed 48 h after first 

incubation with the liposomes. Confirmation of knockdown was determined by western 

blot analysis. 

 

4.2.5 Cell viability assay 
 

Cells were washed once with Dulbecco’s Modified Eagle’s Medium (DMEM), 

lacking sodium pyruvate, supplemented with 25 mM HEPES, then treated with TGHQ. 

Cell viability was determined with the MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium]) assay, which assesses 

mitochondrial dehydrogenase activity (Promega, Madison, WI), according to the 

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

product by dehydrogenase enzymes found in metabolically active cells. Following 

treatment with TGHQ, cells were washed twice with DMEM/HEPES without phenol red, 

MTS (50 µL) was subsequently added to 250 µL of DMEM/HEPES without phenol red 

and incubated for 2 h at 37˚C and 5% CO2. The absorbance of the formazan was 

measured at 490 nm using a Synergy H1 microplate reader (Biotek, Winooski, VT). 

 

4.2.6 Cellular fractionation 
 

HK-2 cells were seeded in 10 cm dishes at a density of 1.2 x 106 cells/dish, 48 

hours prior to treatment. Cells were treated with 400 µM TGHQ for a period of 15, 45 and 

60 minutes. Following treatment, cells were harvested via trypsinisation and cell pellets 
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were washed twice with cold PBS. Cell lysis and cellular fractionation was performed 

using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Thermo Fisher Scientific, 

Waltham, MS) following manufacturer’s protocol. 

 

4.2.7 Immunoprecipitation  
 

HK-2 cells were seeded in 10 cm dishes at a density of 1 x 106 cells/dish, 48 hours 

prior to treatment. Cells were treated with 400 µM TGHQ for a period of 15, 45 and 60 

minutes. Following treatment, cells were washed twice with cold phosphate buffered 

saline (PBS) and lysed in a buffer containing 0.3% CHAPS (3-((3-cholamidopropyl) 

dimethylammonio)-1-propanesulfonate), 1 µM ADP-HPD and proteases inhibitors. 

Protein G Dynabeads (1.5mg) (Invitrogen, Carlsbad, CA) were conjugated with 9 µg of 

TFII-I antibody and incubated for 1 hour at room temperature (RT) under gentle rotation. 

Beads were then incubated with 2250 µg of cell lysates for 2 hours at 4˚C with gentle 

mixing. Beads were washed three times with PBS and resuspended in 1x XT-buffer (Bio-

Rad Labs, Hercules, California) containing 5% (v/v) 2-mercaptoethanol (BME). 

 

4.2.8 RNA extraction and quantification 
 

 HK-2 cells were seeded in 10 cm dishes at a density of 2.1 x 106 cells/dish 24 hour 

previous to treatment, and RNA extraction. Cells were treated with TGHQ 400 µM for 1 

or 2 hours. Subsequently, cells were washed with PBS twice and total RNA was extracted 

using RNeasy Plus Mini Kit (Qiagen, Hilden, Germany) according to the manufacturer’s 
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protocol. RNA was quantified by measuring the absorbance ratio at 260/280 nm using a 

Take3 micro-volume plate and a Synergy H1 microplate reader (Biotek, Winooski, VT).  

 

4.2.9 Real time PCR 
 

 Total RNA (1 μg) was reverse transcribed to cDNA using Applied Biosystems High-

Capacity RNA-to cDNA Kit following the manufacturer’s protocol. Specific primer sets and 

probes for each gene were obtained from Applied Biosystems TaqMan (Thermo Fisher 

Scientific). RT-PCR was conducted using TaqMan gene Gene Expression Master Mix 

using 10 ng for each reaction. The amplification was performed using the following cycling 

conditions: 48ᵒC for 15 min; 95ᵒC 10 min; 50 cycles of 95ᵒC for 15 sec and 60ᵒC for 1 

min. Reactions were run on a QuantStudio 12K Flex Real-Time PCR System (Life 

Technologies, Carlsbad, CA). Gene specific products were normalized to GAPDH and 

quantified using the comparative Ct method. Fold expression changes were calculated 

using the 2-ΔΔCT method. 

   

4.2.10 Statistical analysis  
 

Statistical differences between the means in treated and control groups were 

determined by Student’s unpaired t-test. A p-value < 0.05 was considered to be 

statistically significant.   

  



134 
 

4.3 RESULTS 
 

4.3.1 TGHQ induces time-dependent tyrosine dephosphorization of cytosolic α/β-

TFII-I 
 

 Studies described in Chapter 3 illustrated the ability of TGHQ to induce a time-

dependent translocation of TFII-I form the nucleus to the cytosol. It is therefore likely that 

TGHQ-generated ROS interfere with the nuclear function of TFII-I. Different splicing 

isoforms of TFII-I (α/β and ∆) possess distinctive cellular localizations, which can be 

modified by various signals, ultimately affecting their transcriptional activity (Hakre et al., 

2006). Indeed, tyrosine phosphorylation of TFII-I in response to different signals, such as 

B cell receptor (BCR) and growth factor signaling, lead to TFII-I transport to the nucleus, 

and engagement of its transcriptional activity (Roy 2006). Therefore, we analyzed the 

tyrosine phosphorylation (pY) status of TFII-I in response to TGHQ treatment. Following 

the same experimental design used to detect TFII-I translocation, we measured pY in the 

nuclear and cytosolic cellular compartments (Figure 4.1). Using western blot and an anti-

phospho-tyrosine antibody we were able to detect a band corresponding to the MW of 

α/β-TFII-I. TGHQ induced a time-dependent decrease of pY-α/β-TFII-I in the cytosolic 

fraction. pY levels were reduced to 0.41, 0.14 and 0.09 fold at 15, 45 and 60 minutes 

post-TGHQ exposure, respectively. Nuclear pY-α/β-TFII-I did not show any significant 

change. Interestingly, pY of the TFII-I ∆ isoform was not observed.   
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Figure 4. 1 The tyrosine phosphorylation status of TFII-I isoforms α and 
β are decreased in response to TGHQ 

(A) HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 min. 
Cellular fractionation was performed to obtain the cytosolic and nuclear 
fractions. TFII-I and phosphorylated tyrosine (pY) levels were analyzed by 
western blot. Histone deacetylase (HDAC) and α-tubulin were used as nuclear 
and cytosolic fraction markers, respectively. (B) Densitometric and statistical 
analysis of the pY western blot data. Data represent the mean ± standard error 
(n ≥ 3). *p-value < 0.05, **p-value < 0.005, ***p-value < 0.001 compared with 
control group. 
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4.3.2 TGHQ promotes whole-cell reduction of α/β-TFII-I tyrosine phosphorylation  
 

 To analyze the effect of TGHQ on the cellular levels of pY α/β-TFII-I, and to further 

verify that the observed decrease in cytosolic pY α/β-TFII-I is specific, we measured the 

levels of pY in TFII-I immunoprecipitates. Lysates from HK-2 cells treated with TGHQ 

were immunoprecipitated using a specific antibody directed against TFII-I. pY levels were 

analyzed via western blot. Consistent with the data described above, pY was only 

observed for the α and β isoforms of TFII-I (Figure 4.2). TGHQ treatment caused a 

reduction on α/β-TFII-I pY of ~50-60% in the whole-cell, however, a time-dependent 

decrease was not evident as shown in the cellular fractionation (Figure 4.1). These results 

suggest that TGHQ-induced ROS leads to tyrosine dephosphorylation of α/β-TFII-I. 

 

 

 

 

 

 

 

 

 



137 
 

 

 

TGHQ 400 uM - + + + 

Time (min) 15 45 60 0 

TFII-I IP 

- 

0 

IP 

IgG 

150 

 pY 

 α/β-TFII-I 
 ∆-TFII-I 

150 

 pY-α/β-TFII-I 
150 

Figure 4. 2 Total cell α/β-TFII-I tyrosine phosphorylation is reduced in 
response to TGHQ 

(A) HK-2 cells were treated with TGHQ (400 µM) for 15, 45 and 60 min. TFII-
I was immunoprecipitated using an anti-TFII-I Ab coupled to protein G 
magnetic beads. An IP sample conjugated to a nonspecific IgG antibody were 
used as negative control for the purification. IP samples were analyzed by 
western blot using TFII-I and pY antibodies. IP: immunoprecipitation. (B) 
Densitometric and statistical analysis of the pY levels. Data represent the 
mean ± standard error (n ≥ 3). *p-value < 0.05, **p-value < 0.005, ***p-value 
< 0.001 compared with control group. 
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4.3.3 Analysis of TFII-I target gene expression in response to TGHQ 
 

  TFII-I is a multifunctional transcription factor which, in addition to regulating Ca2+ 

influx into the cytosol, modulates the transcription of multiple genes in response to various 

extracellular signals. TFII-I can act as an activator or repressor of transcription, 

determined by the sequence context and/or the interaction with co-regulatory proteins. 

Indeed, TFII-I regulates the transcription of many genes associated with the cellular stress 

response (Fan et al., 2014). We have established that TGHQ-induced oxidative stress 

leads to increased TFII-I PAR-association, translocation from the nucleus to the cytosol, 

and reduced tyrosine phosphorylation of cytosolic α/β-TFII-I. Several proteomic studies 

of PAR-associated proteins identified TFII-I as a PAR interacting protein in cells treated 

with a variety of genotoxic agents, such as H2O2 and MNNG (Gagne et al., 2012, 

Jungmichel et al., 2013).  We therefore performed expression analysis of selected TFII-I-

dependent genes during TGHQ treatment to understand the functional consequences of 

TFII-I PARylation in response to genotoxic stress. Real time polymerase chain reaction 

(RT-PCR) was utilized to determine relative mRNA levels of TFII-I target genes in cells 

treated with TGHQ (Figure 4.3). TFII-I target genes were selected based on their roles in 

cell death signaling, and included the FOS family (c-fos, Fos-B, Fra-1, Fra-2), Cyclin D1 

(CCDN1), GRP78, DNA methyl transferase 1 (DNMT1), p53, and KIP (p27). In addition, 

given that TFII-I regulates the ER stress response (ERS) we included genes directly 

related to this process, ATF6, PERK, and IRE1 (Parker et al., 2001). In cells treated with 

TGHQ for 1 hour, mRNA levels of c-fos, Fra-1, Fra-2, GRP78, PERK, and IRE1 were 

significantly increased; c-fos and Fra-1 showed the highest increase in expression with  
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Figure 4. 3 Expression analysis of TFII-I downstream genes 

HK-2 cells were treated with TGHQ (400 µM) for 1 or 2 hours. Following, total 
RNA was extracted, quantified, reverse transcribed and analyzed by RT-PCR 
using primers specific for each gene. Relative expression for each gene was 
normalized to the expression of GAPDH. Data represent the mean of 3 
independent experiments with the RT-PCR performed in triplicate ± standard 
error. Statistical significance was determined by the students t-test compared 
with control group. * p-value < 0.05, # p-value < 0.01. 
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fold changes of 8.2 and 2.9, respectively. After 2 hours treatment, mRNA levels of all 

genes members of the FOS family, PERK, and IRE1 were elevated. c-fos and Fra-1 gene 

expression appeared to return to basal levels after 2 hours. In contrast, Fos-B, Fra-2, 

PERK, and IRE1, mRNA levels remained elevated at 2 hrs. Interestingly, p27 was the 

only gene for which TGHQ caused a decrease in expression. Our analysis did not show 

any significant change in CCDN1, DNMT1, p53, or ATF6 expression during TGHQ 

treatment. 

 

4.3.4 TFII-I knockdown does not prevent TGHQ-mediated cytotoxicity  
 

 Given its ability to regulate cellular Ca2+ influx, and gene transcription, TFII-I is one 

of a few multifunctional transcription factors. Functions attributed to TFII-I activity include 

regulation of the ER stress response, cell cycle progression, proliferation, and genomic 

stability (Roy 2012, Fattah et al., 2014). Alterations in TFII-I-dependent function following 

modification by PAR might therefore contribute to oxidative stress-induced cell death. To 

further asses the potential role of TFII-I in TGHQ toxicity we analyzed the effect of TFII-I 

depletion on TGHQ-mediated decreases in cell viability. We used siRNA-mediated 

silencing to reduce the levels of TFII-I in HK-2 cells. We were able to knockdown all the 

isoforms of TFII-I by ~80% (Figure 4.4A and 4.4B). Cells treated with either scrambled 

(Scr) or TFII-I siRNA were assessed to determine viability after treatment with TGHQ 400 

µM for 1, 2 or 3 hours (Figure 4.4C). No significant change in cell viability was detected 

in TFII-I depleted cells, suggesting that TGHQ-induced changes in TFII-I are not sufficient 

to cause cell death.  
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Figure 4. 4 Effect of TFII-I knockdown on TGHQ-mediated decreases in 
cell viability 

 (A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or TFII-I siRNA. TFII-I protein levels where analyzed by 
western blot. Tubulin was used as a loading control. (B) Densitometric and 
statistical analysis of western blot data. Difference was determined by the 
students t-test compared with control group. Data represents the mean ± 
standard error of 3 independent experiments (n = 3). *** p-value < 0.001. (C) 
Cell viability was determined via the MTS assay in transfected cells treated 
with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard 
error of 3 independent experiments (n = 3). 
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4.4.5 Effect of PKM2, C23 IQGAP1, and UBF1 depletion in TGHQ toxicity 
 

 PAR interacts with >2000 human proteins (Vivelo et al., 2017). Elevated 

accumulation of PAR polymers results in cell death by mechanisms that include the 

dysregulation of protein function by PARylation. In Chapter 2 we identified 356 proteins 

in HK-2 cells which differentially associate with PAR in response to TGHQ-induced 

oxidative stress. Using PAR immunoprecipitation, and western blot analysis we confirmed 

that pyruvate kinase M2 (PKM2), nucleolin (C23),  Ras GTPase-activating-like protein 

(IQGAP1), and nucleolar transcription factor 1 (UBF1) modify their PAR-association 

during TGHQ treatment. Importantly, all these proteins have critical roles in either cell 

survival or cell death. PKM2 regulates the final step of glycolysis, its activity being crucial 

for cellular metabolism and cell cycle regulation, while its nuclear translocation induces 

caspase-independent cell death (Stetak et al., 2007, Yang and Lu 2015). C23 is the most 

abundant non-ribosomal protein in the nucleus, and is implicated in gene silencing, 

senescence, cell cycle regulation, and DNA repair (Tajrishi et al., 2011). IQGAP1 is a 

scaffold protein that interacts with more than 90 proteins; it regulates cell survival and 

proliferation by binding and modulating MEK1/2 and ERK1/2 (White et al., 2012). UBF1 

is an important factor for transcription of rRNA genes, it also controls cell cycle 

progression and genome integrity by regulation of cell cycle and DNA repair genes (Sanij 

et al., 2015). Thus, altered PARylation of these proteins might impair their activity and 

contribute to the mechanism of TGHQ-induced cell death. Therefore, we evaluated the 

individual effect of PKM2, C23, IQGAP1, and UBF1 depletion in the viability of HK-2 cells 

treated with TGHQ (Figures 4.5, 4.6, 4.7, and 4.8). Using siRNA-mediated silencing we 

reduced the levels of PKM2, C23, IQGAP1, and UBF1 in ~60%, ~55%, ~70%, and ~80%, 
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respectively. However, for all the proteins analyzed, no significant difference in cell 

viability was detected after comparing control cells with the knockdown cells. These data 

indicate that changes in the PAR status of PKM2, C23, IQGAP1, and UBF1, is insufficient 

to induce TGHQ-dependent cell death.  

 

 

 

 

 

 

 

 

 

 



144 
 

 

 

Figure 4. 5 Effect of PKM2 knockdown in TGHQ-mediated decrease of 
cell viability 

(A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or PKM2 siRNA. PKM2 protein levels where analyzed by 
western blot. Vinculin (VCN) was used as a loading control. (B) Densitometric 
and statistical analysis of western blot data. Difference was determined by the 
students t-test compared with control group. Data represents the mean ± 
standard error of 3 independent experiments (n = 3). *** p-value < 0.001. (C) 
Cell viability was determined via the MTS assay in transfected cells treated 
with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard 
error of 3 independent experiments (n = 3). 
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Figure 4. 6 Effect of C23 knockdown in TGHQ-mediated decrease of cell 
viability 

(A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or C23 siRNA. C23 protein levels where analyzed by western 
blot. Vinculin (VCN) was used as a loading control. (B) Densitometric and 
statistical analysis of western blot data. Difference was determined by the 
students t-test compared with control group. Data represents the mean ± 
standard error of 3 independent experiments (n = 3). *** p-value < 0.001. (C) 
Cell viability was determined via the MTS assay in transfected cells treated 
with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard 
error of 3 independent experiments (n = 3). 
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Figure 4. 7 Effect of IQGAP1 knockdown in TGHQ-mediated decrease of 
cell viability 

(A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or IQGAP1 siRNA. IQGAP1 protein levels where analyzed by 
western blot. Vinculin (VCN) was used as a loading control. (B) Densitometric 
and statistical analysis of western blot data. Difference was determined by the 
students t-test compared with control group. Data represents the mean ± 
standard error of 3 independent experiments (n = 3). *** p-value < 0.001. (C) 
Cell viability was determined via the MTS assay in transfected cells treated 
with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard 
error of 3 independent experiments (n = 3). 
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Figure 4. 8 Effect of UBF1 knockdown in TGHQ-mediated decrease of 
cell viability 

(A) HK-2 cells were transfected for 48 hours using 22nM of non-targeting 
scramble (Scr), or UBF1 siRNA. UBF1 protein levels where analyzed by 
western blot. Vinculin (VCN) was used as a loading control. (B) Densitometric 
and statistical analysis of western blot data. Difference was determined by the 
students t-test compared with control group. Data represents the mean ± 
standard error of 3 independent experiments (n = 3). *** p-value < 0.001. (C) 
Cell viability was determined via the MTS assay in transfected cells treated 
with TGHQ (400 µM) for 1, 2, or 3 hours. Data represents the mean ± standard 
error of 3 independent experiments (n = 3). 
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4.4 DISCUSSION 
 

 PARP-1 was originally identified as an enzyme activated upon sensing DNA 

damage, the product from which, PARylated proteins, enables the recruitment of DNA 

repair proteins for efficient DNA repair. Subsequently however, it was realized that 

excessive DNA damage resulted in the excessive consumption of the cofactors required 

for PARP-1 activity, which frequently led to cell death. In addition to the depletion of 

cofactors, covalent or non-covalent modification of proteins with PAR can modify their 

properties resulting in activation, inhibition or translocation. PARylation of proteins also 

impacts important cellular processes, including transcription, replication, DNA repair, 

proliferation, differentiation, metabolism, and cell death (Hegedus and Virag 2014). 

Indeed, multiple studies have shown that PARP-mediated cell death can be blocked by 

pharmacological inhibition of PARP (Virag 2005, Virag et al., 2013). The cytoprotective 

effect of PARP inhibitors includes the amelioration of TGHQ toxicity in HK-2 cells. We 

therefore speculate that the altered function of PARylated proteins contribute to the 

mechanism by whichTGHQ-mediated cell death (Zhang et al., 2014, Munoz et al., 2017).  

 TFII-I is a signal-induced transcription factor, the transcriptional activity of which 

can  regulate cell growth, cell cycle entry and progression, and the ER stress response 

(Roy 2007). In Chapter 2 we discovered that TFII-I isoforms α, β, and Δ undergo 

increased PARylation concomitant with translocation from the nucleus to the cytoplasm. 

Moreover, phosphorylation of TFII-I, particularly at tyrosine residues, controls its cellular 

targeting to the nucleus, and is critical to engage the transcription of TFII-I target genes 

(Roy 2012). We thus determined TFII-I tyrosine phosphorylation status in response to 

TGHQ treatment to determine whether the translocation of PARylated TFII-I was 
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associated with changes in phosphorylation. TGHQ induced a time-dependent reduction 

in cytosolic α/β-TFII-I tyrosine phosphorylation (pY) with no significant change detected 

in nuclear α/β-TFII-I pY (Figure 4.1). Our results are consistent with the finding that TFII-

I undergoes both tyrosine and serine phosphorylation in basal state (Novina et al., 1998). 

The cellular localization of different TFII-I isoforms has been investigated in murine 

fibroblasts, which only express the β and Δ variants. In this model, the β isoform is 

endogenously localized to the nucleus whilst the Δ isoform mainly resides in the cytosol; 

however, upon serum stimulation this pattern is reversed and the β and Δ isoforms 

translocate to the cytosol and to the nucleus, respectively (Hakre et al., 2006, Santolin 

and Meisterernst 2006). This signal-induced translocation of TFII-I has been proposed to 

be dependent on the pY status for the Δ isoform, although the mechanism regulating the 

nuclear export of β-TFII-I is unknown (Roy 2007). Our data shows that in resting HK-2 

cells, although all isoforms of TFII-I are present in both the nucleus and the cytosol, they 

exhibit preferential localization to the nucleus. In contrast to the findings with serum-

induced pY, and nuclear translocation of Δ-TFII-I, we only detected changes in pY for α/β-

TFII-I, whilst all three isoforms translocate from the nucleus to the cytosol in response to 

TGHQ-catalyzed oxidative stress (Figures 4.1 and 4.2). TGHQ also induces the 

translocation of PAR from the nucleus to the cytosol, and in this context perhaps PAR 

provides the signal for the nuclear exclusion of TFII-I, independent of pY status (Munoz 

et al., 2017). Therefore, the stimulus for cellular TFII-I relocalization might depend on the 

specific signal, such as a PAR-dependent PTM during genotoxic stress, and a pY-

dependent PTM for mitogenesis. However we cannot discard the idea that ROS-

dependent cytosolic translocation α/β-TFII-I is independent on pY, since this effect is 
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accompanied by a reduction in α/β-TFII-I pY. Thus non-phosphorylated α/β-TFII-I 

preferentially resides in the cytosol. PARP-1 also interacts with various phosphatases, 

including pAp, and PNUTS (Toledano et al., 2012, Wang et al., 2019). Thus, increased 

PARylation might promote dephosphorylation of α/β-TFII-I by inducing their interaction 

with phosphatases. Our data provides novel insights into the mechanism of β-TFII-I 

nuclear transport, and cellular localization of multiple TFII-I isoforms. 

 Despite phosphorylation of tyrosine residues in TFII-I modulating its cellular 

location, this PTM also regulates its transcriptional activity. One of the first target genes 

identified to be modulated by TFII-I is the immediate-early response gene, c-fos. TFII-I 

promotes the transcriptional activation of c-fos by directly binding to several upstream 

elements in the promoter region (Kim et al., 1998). Considering that TGHQ induces the 

PARylation, cytosolic translocation, and reduced tyrosine phosphorylation (for α and β 

isoforms) of TFII-I, we speculated that oxidative stress causes altered expression of TFII-

I-dependent genes. In support of this scenario, the transcriptional activity of TFII-I is 

regulated by nucleocytoplasmic shuttling. In B cells, signal-induced phosphorylation of 

cytoplasmic TFII-I promotes its dissociation from Bruton’s tyrosine kinase (BTK) leading 

to its nuclear translocation and increased transcriptional activity (Novina et al., 1999). 

Furthermore, another protein that can regulate the cellular localization of TFII-I is 

MusTRD1/Ben, and when present in the nucleus, it promotes the nuclear exclusion of 

TFII-I, and repression of TFII-I-dependent transcription, including c-fos (Tussié-Luna et 

al., 2001). c-fos, FOSB, Fra-1, and Fra-1 are members of the FOS family which dimerize 

with JUN proteins to form the AP-1 transcription factor. AP-1 mediates important 

biological processes, including cell proliferation, differentiation, neoplastic transformation, 
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apoptosis, and the stress response (Jurado et al., 2007). TGHQ-induced the expression 

of the FOS family in HK-2 cells (Figure 4.3). Consistent with this observation, c-fos, and 

AP-1 are induced by oxidative stress, and seem to have a protective effect during ROS-

induced cell death (Zhou et al., 2007). Interestingly, in different models, PARP-1 activity 

is correlated with FOS protein expression, with the latter abolished by pharmacological 

inhibition or depletion of PARP-1 (Wright et al., 2012, O'Donnell et al., 2013, Visochek et 

al., 2016). Moreover, in resting cells, β-TFII-I is bound to the c-fos promoter in the nucleus, 

where it acts as a repressor of its expression (Hakre et al., 2006). Our data suggest a 

novel mechanism explaining the PARP-1-dependent expression of FOS proteins in which 

PARylation controls the cellular localization of β-TFII-I, leading to its nuclear exclusion, 

and activation of FOS transcription. Therefore, during oxidative stress the increased 

expression of FOS and AP-1 in a PARylated TFII-I-dependent manner might emerge as 

a mechanism contributing to cell survival.  

 The unfolded protein response (UPR) is activated by ER stress, and results in 

translational arrest, activation of cell death, and transcriptional enhancement of genes 

that promote survival such as the chaperone protein GRP78. TFII-I binds to the GRP78 

promoter, inducing gene expression in a phosphorylation- and nuclear localization-

dependent fashion (Hong et al., 2005, Misra et al., 2009). Although in our model TGHQ 

induced the translocation of TFII-I from the nucleus to the cytosol, GRP78 expression 

was elevated after treatment (Figure 4.3). It is therefore possible that in HK-2 cells a) TFII-

I functions as a transcriptional repressor of the GRP78 gene, thus, its TGHQ-dependent 

nuclear export leads to an increase in GRP78 gene expression, or b) increased GRP78 

expression is independent of TFII-I. Indeed, other important transcriptional activators of 
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GRP78, such as YY1 and Sp1, physically interact with PARP-1 and are regulated by 

PARylation (Oei and Shi 2001, Zaniolo et al., 2007). Although ATF6 is the most potent 

inducer of GRP78, we did not detect TGHQ-mediated changes in ATF6 expression 

(Figure 4.3), p38 MAPK-dependent phosphorylation further activates ATF6-mediated 

GRP78 transcription (Li and Lee 2006). In LLC-PK1 renal proximal tubule epithelial cells, 

TGHQ induces a rapid activation of p38 MAPK (Ramachandiran et al., 2002). We also 

identified increased expression of PERK and IRE1 in response to TGHQ (Figure 4.3). 

These factors, in conjunction with ATF6, are the major transducers of the UPR and also 

the principal activators of GRP78 transcription (Liu and Kaufman 2003). PARP-16 has 

emerged as an ER stress-induced PARP which regulates PERK and IRE1 by PARylation, 

leading to increased activity (Jwa and Chang 2012). Therefore, we speculate that TGHQ 

leads to the PARP-dependent induction of GRP78 via ATF6 phosphorylation and/or 

PARylation of multiple transcription factors, including YY1, Sp1, PERK, and IRE1. Our 

data sheds further light on the mechanism by which PARP regulate the UPR in response 

to oxidative stress.   

 Several proteomic studies of PAR-associated proteins identified TFII-I as a PAR 

interacting protein following induction by different genotoxic agents, such as H2O2 or 

MNNG (Gagne et al., 2012, Jungmichel et al., 2013, Zhang et al., 2013). These 

observations, in addition to our own data, suggest that PARylation of TFII-I is a common 

event during the DNA damage response.  TFII-I might be recruited to sites of DNA 

damage via PARylation and contribute to the DNA repair process. Consistent with this 

view, TFII-I binds to DNA polymerase ζ, and is a necessary factor for DNA translesion 

synthesis, which determines the DNA damage tolerance of cells (Fattah et al., 2014). 
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Furthermore, depletion of TFII-I results in impaired DNA repair as a consequence of 

defects in homologous recombination after -irradiation (Tanikawa et al., 2013). Following 

this line of thinking, TGHQ-induced excessive PAR accumulation might account for 

dysfunctional TFII-I-mediated, including dysregulation of [Ca2+]i, transcriptional activity, 

and DNA translesion synthesis. However, depletion of TFII-I in HK-2 cells by ~80% did 

not affect TGHQ-mediated toxicity (Figure 4.4), suggesting that changes in TFII-I are 

insufficient for TGHQ mediated toxicity  

 Pyruvate kinase M2 (PKM2), nucleolin (C23),  Ras GTPase-activating-like protein 

(IQGAP1), and the nucleolar transcription factor 1 (UBF1) are differentially PARylated in 

response to TGHQ (see Figures 2.4 and 2.5). PKM2 participates in glycolysis, having a 

prominent metabolic role. In addition, PKM2 can translocate to the nucleus where it acts 

as a transcriptional co-activator of several genes which control the cell cycle (Yang and 

Lu 2015). PAR regulates the nuclear localization of PKM2 by directly binding to PKM2 

and promoting its nuclear retention (Li et al., 2016). Thus, TGHQ-mediated PAR-

dependent nuclear export of PKM2 is likely to impair its nuclear activity, leading to defects 

in the cell cycle (Munoz et al., 2017). 

C23 is a nucleolar protein which play multiple roles in ribosomal synthesis, and is 

implicated in gene silencing, senescence, and cell cycle regulation. Depletion of C23 is 

associated with deterioration of chromosome condensation and spindle assembly 

(Tajrishi et al., 2011). PARP-1 and PAR can regulate nucleolar structure by mediating the 

interaction between nucleolar proteins and their precursor rRNA. Alterations in PARP-1 

activity results in nucleolar disassembly and abnormal location of nucleolar-specific 

proteins (Boamah et al., 2012). C23 binds and is regulated by PARylation, hence, ROS-
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dependent PARylation of C23, and other nucleolar proteins, might contribute to cell death 

by hampering ribosome formation.  

 IQGAP1 is a ubiquitously expressed scaffold protein that interacts with >90 

proteins, and participates in cell proliferation, differentiation, growth, survival, and division 

via modulation of its partners. Depletion of IQGAP1 leads to reduced MAPK and AKT 

signaling, leading to cell stress or death (White et al., 2012, Gocke et al., 2016). In SK-N-

SH cells IQGAP1 associates with PAR in response to the genotoxicant MNNG (Gagne et 

al., 2008). Interestingly, this finding, in addition to our own data, sugget a novel 

association between IQGAP1, and PARP-1/PAR. Given the important cellular process 

regulated by IQGAP1 and the high number of interacting partners, alterations in this 

protein by TGHQ-induced PARP-1 hyperactivation might contribute to cell death. In 

addition, our data reveal a potential role for IQGAP1 in the DNA damage response via 

interaction with PAR. 

 UBF1 is a transcription factor that participates in the initiation, transcription and 

elongation of rRNA genes by binding to the active regions of these genes and promoting 

chromatin reorganization. UBF1 is essential for the transcriptions of these genes, 

furthermore its depletion is associated with reduced rRNA, increased DNA damage, and 

genomic instability (Sanij et al., 2015). PARP-1 and PARP-2 interact with UBF1 at the 

promoter of the rRNA gene to initiating transcription. Indeed PARP inhibition blocks rRNA 

synthesis (Meder et al., 2005, Calkins et al., 2013). ROS-induced dysregulation of UBF1 

might potentially lead to reduced rRNA expression contributing to TGHQ toxicity.  

 Even though PKM2, C23, IQGAP1, and UBF1 regulate important cellular functions, 

depletion of these proteins in HK-2 cells by siRNA did not alter TGHQ-induced cell death 
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(Figures 4.5, 4.6, 4.7, and 4.8). Perhaps it is the combined effects of interfering with the 

activity of all these proteins that is necessary to trigger cell death, and their individual is 

insufficient.  Moreover, we cannot discard the possibility that the residual activity of these 

proteins following knockdown remains sufficient to maintain their contribution to cell 

survival.  
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CHAPTER 5: CONCLUDING REMARKS AND FUTURE DIRECTIONS 

 

5.1 OVERVIEW 

 

TGHQ is the most potent nephrotoxic and nephrocarcinogenic metabolite of 

hydroquinone and benzene (Lau et al., 1988). However, the molecular mechanism of 

TGHQ-induced cytotoxicity remains incompletely understood. Previous studies from our 

laboratory revealed that treatment of HK-2 cells with TGHQ leads to excessive production 

of ROS which cause DNA strand breaks, overactivation of PARP-1, accumulation of PAR, 

increased [Ca2+]i, and ultimately cell death (Zhang et al., 2014, Munoz et al., 2017). 

Importantly, PARylation is a key determinant of TGHQ-induced cell death which is 

consistent with cell death mediated by other oxidative stress-producing agents (Virag et 

al., 2013). Studies described in this thesis were conceived to identify and determine the 

role of PAR-associated proteins in the mechanism of TGHQ-mediated toxicity, and to 

shed light on the relationship between oxidative stress and PARP-dependent cell death. 

PARP-1 was the first member of the PARP family to be described, and which 

attaches ADP-ribose (ADPR) to various amino acid residues on different target proteins. 

Originally, PARP-1 was characterized for its prominent role as a DNA repair factor that 

maintains genomic stability after genotoxic stress (Wei and Yu 2016). However, protein 

PARylation is a dynamic PTM that regulates many important and diverse biological 

processes, including gene transcription, chromatin structure, protein degradation, cell 

cycle, mitochondrial homeostasis, inflammation, and circadian rhythm (Bai 2015). It has 

also come to light that rigorous control of PAR homeostasis is required to maintain 

appropriate cell function, particularly in response to DNA damage. In this regard, the 
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induction of PARylation is necessary to coordinate DNA repair and to support cell survival. 

In contrast, excessive production of PAR is detrimental and can result in cell death 

(Schuhwerk et al., 2017). Furthermore, the hyperactivation of PARP-1 is linked to most 

of the major known cell death signaling pathways (Aredia and Scovassi 2014).  

In HK-2 cells, TGHQ-induced cell death is dependent on PARP-1 activation 

concomitant with Ca2+ influx Oxidants such as peroxynitrite or H2O2 also lead to cell death 

associated with increased Ca2+ influx, and both are prevented by inhibition or depletion 

of PARP-1 (Virag et al., 1998). For example, β-lapachone toxicity is characterized by 

Ca2+-mediated cell death induced by PARP-1 overactivation. In this model, Ca2+ chelation 

or PARP-1 inhibition resulted in protection against cytotoxicity (Bentle et al., 2006). 

Although the correlation between PARP-1 hyperactivation, increases in [Ca2+]i, and cell 

death has been established in several models, the mechanism of this interaction is not 

completely understood. Indeed, the PARG-dependent generation of ADPR by PAR 

degradation and subsequent modulation of TRPM2 calcium channels is the only 

established mechanism linking PARP-1 activation, increases in [Ca2+]i, and cell death 

(Blenn et al., 2011). Although, we have shown that treatment of cells with TGHQ results 

in translocation of PAR from the nucleus to the cytosol, cell death is independent of PARG 

activity (Munoz et al., 2017). Thus, the particular mechanism of TGHQ-mediated cell 

death remains elusive. 

The main hypothesis throughout this dissertation proposes that TGHQ-induced 

PAR-associated proteins function as downstream signaling molecules exacerbating 

PARP-1 hyperactivation, increases in [Ca2+]i, and ultimately ROS-induced necrotic cell 

death. PARylation not only has an effect on the protein targets directly modified by PAR, 
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but many proteins contain PAR binding motifs which facilitate their non-covalent 

interaction with PAR. Recently, >2000 human proteins have been shown to associate 

with PAR, under different experimental conditions (Vivelo et al., 2017). The first aim of 

this study was therefore to identify the proteins that differentially associate with PAR in 

response to TGHQ treatment of HK-2 cells (Chapter 2). Additionally, we sought to shed 

light on the main biological processes associated with these proteins by analyzing protein-

protein interaction between them.  

The second aim (Chapter 3) sought to determine the relationship between PAR-

associated proteins and TGHQ-mediated Ca2+ influx. Given the association between PAR 

and Ca2+, we speculate that PARylated proteins interact with, and promote the activation 

of, store-operated calcium channels (SOCs) at the plasma membrane (Virag et al., 2013). 

Therefore, we analyzed the downstream signaling of PAR-associated proteins which 

directly modulate [Ca2+]i. 

As noted, PARylation modulates multiple signaling pathways, thus dysregulated 

PAR accumulation leads to impairment of various cellular activities, resulting in cell death 

(Kraus 2015). TGHQ induces the rapid activation of PARP-1, and abnormal gathering of 

PAR (Zhang et al., 2014). Furthermore, several proteomic studies of PAR-associated 

proteins induced by genotoxic stress have revealed that these targets control cellular 

processes such as translational elongation, cellular macromolecular complex assembly, 

oxidative phosphorylation, and various RNA metabolic functions (Daniels et al., 2015). In 

Chapter 4 we therefore describe studies designed to investigate the potential involvement 

of TGHQ-induced PARylated proteins in cell death pathways independent of Ca2+ 

homeostasis. 
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In summary, this dissertation focused on understanding the remodeling of the 

PAR-associated network of proteins in response to oxidative stress, particularly focusing 

on elucidating the potential role of PARylated proteins in TGHQ-mediated increases in 

[Ca2+]i, and cell death. 
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5.2 CONCLUSIONS AND FUTURE STUDIES 

 

5.2.1 TGHQ induces alterations on the PAR interactome 

 

 Treatment of HK-2 cells with TGHQ causes a time-dependent decrease in cell 

viability accompanied by PAR accumulation. The importance of PARP-1 in the 

mechanism of TGHQ toxicity has been demonstrated in studies revealing that 

pharmacological inhibitors of PARP-1, such as PJ34 and DPQ, provide a protective effect 

against TGHQ-mediated decreases in cell viability (Zhang et al., 2014, Munoz et al., 

2017). Chapter 2 aim was to identify PAR-associated proteins induced by TGHQ 

treatment in HK-2 cells. We employed a proteomic approach coupled to spectral counting 

which enabled the identification of PAR-associated proteins and allow us to establish the 

relative abundance of these targets comparing treated samples to control. Consequently, 

we identified 356 unique proteins displaying differential PAR association in response to 

TGHQ treatment. The data in this analysis revealed that TGHQ-mediated oxidative stress 

has a profound effect on the PARylated proteome; thus, it is likely that the processes 

regulated by PAR are altered. Furthermore, the increased PAR association of certain 

proteins can be sufficient to promote cell death. Such is the case with hexokinase, the 

increased PARylation of which leads to cellular energetic catastrophe by inhibition of 

glycolysis (Andrabi et al., 2014). The fact that TGHQ modifies the PAR association of 

various proteins supports our hypothesis that PARylated proteins might contribute to 

TGHQ-mediated cell death.  

 While our proteomic analysis is a good predictor of differential PAR-associated 

proteins, results from Chapter 2 could not determine whether the identified targets are 
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directly PARylated. The PAR interactome is composed of three classes of proteins: a) d 

covalently PARylated proteins; b) targets attached non-covalently to PAR via binding 

motifs; and c) the interacting partners of both groups. Detecting the specific interaction 

between a protein and PAR would provide information to further understand the 

consequences of PARylation on the functions of that protein. The identified proteins in 

Chapter 2 were enriched using an antibody that binds to PAR polymers, therefore their 

exact mode of association with PAR is unknown. However, this proteomic approach is 

currently one of the most useful methods to understand the downstream signaling events 

regulated by PARylation. Even though mass spectrometry (MS) is a powerful tool for the 

identification of protein PTMs, the physicochemical characteristics of PARylation hamper 

their direct analysis. The challenges associated with the identification of PARylated 

peptides by MS include the fact that, a) PAR is heterogeneous and complex, and hence 

does not have a specific mass shift; b) PAR is labile under conventional tandem MS; c) 

PARylated peptides are difficult to ionize, and d) PAR is attached to very various amino 

acid residues (Zhen and Yu 2018). 

 Recently, several methods for MS-mediated direct detection of PARylated 

peptides has emerged, each associated with different limitations. Therefore, to determine 

whether TGHQ-induced PAR-associated proteins are directly PARylated, future studies 

should employ a combination of several techniques. First, NUDIX hydrolase enzymes, 

such as hNUDT16, can be used to enzymatically cleave PAR monomers to 

phosphoribose (ribose-5’-phosphate, R5P). This moiety remains attached to the PAR-

modified amino acid providing a mass shift of 212.01 Da and which can be identified by 

MS (Palazzo et al., 2015). However, digestion of specific PARylated proteins might also 
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be dependent on the specificity of the specific NUDIX used (Gupte et al., 2017). Hence, 

the use of more than one enzyme that cleaves PAR to R5P will help dentify PARylated 

peptides with higher confidence. Other enzymes which might be employed for the 

generation of R5P from PAR include snake venom phosphodiesterase (SVP) and PARG 

(Daniels et al., 2014, Martello et al., 2016). In addition, the most common MS detection 

methods utilize high energy to fragment ions, which might lead to the degradation of 

ADRP and R5P, thus reducing the number of identified proteins. The use of alternative 

fragmentation sources should be employed to identify potential PARylated peptides, for 

example electron transfer dissociation (ETD) which allows PAR chains to remain 

unaltered (Rosenthal et al., 2015). The use of this strategy will not only allow the detection 

of directly PAR-associated proteins but can also provide information on the specific sites 

of PAR modification within a protein.  

 

5.2.2 Proteomic analysis reveals differential PARylation of proteins involved in 

the modulation of [Ca2+]i  

  

 TGHQ induces a rapid activation of PARP-1 accompanied by increases in [Ca2+]i. 

This Ca2+ accumulation is reduced by PARP-1 inhibition. While chelation of intracellular 

Ca2+ prevents the activation of PARP-1. Therefore, PARP-1 hyperactivation and 

augmentation of [Ca2+]i are reciprocally coupled during TGHQ-induced cell death (Zhang 

et al., 2014). Interestingly, TGHQ cytotoxicity is independent of PARG activity, which is 

the only well-described mechanism that couples PARylation to elevations in [Ca2+]i 

(Munoz et al., 2017). Chapter 3 focused on elucidating the potential role of PARylated 

proteins in promoting Ca2+ influx during TGHQ- mediated cell death. The proteomic 
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analysis identified three differentially PAR-associated proteins which directly regulate 

[Ca2+]i, TFII-I, CHERP, and AHNAK. Via western blot, we confirmed that TFII-I and 

CHERP modify their association with PAR in response to TGHQ, and demonstrated that 

PARylation of TFII-I modulates its cellular localization, promoting the nucleocytosolic 

translocation of all TFII-I isoforms. I propose that PARylated TFII-I is unable to bind to 

PLC given that a diminished interaction between these proteins was detected. Although 

unbound PLC co-localized with TRPC3 in response to TGHQ, their inhibition or depletion 

failed to prevent ROS-mediated cell death. Together, the data suggest that PARylation of 

TFII-I is not sufficient to promote relevant changes that lead to ROS-mediated cell death. 

Similarly, CHERP depletion did not protect against TGHQ-mediated cytotoxicity, thus, this 

protein does not have a major role in the mechanism of ROS-induced cell death.  

 While the proteomic studies represent a robust method for the identification of 

PAR-associated proteins, this analysis is restricted to the recognition of PARylated 

targets by the PAR 10H monoclonal antibody used to immunocapture the PAR 

interactors. This antibody binds with high affinity to PAR composed of >20 monomers; 

however, it is inefficient in capturing shorter PAR polymers and is incapable of recognizing 

PAR consisting of <10 units (Vivelo and Leung 2015). Our own findings might therefore 

exclude targets that associate with short PAR polymers, including mono(ADP-

ribosylated) (MARylated) proteins. Therefore, short PAR-associated proteins which have 

a crucial role in TGHQ-mediated increases in [Ca2+]i perhaps were not identified in our 

analysis. Multiple techniques for the enrichment of PAR-associated proteins can be 

employed to ensure a more complete selection of PARylated targets. The alkyne-

adenosine analog, N6-propargyladenosine (N6pA), which is metabolically integrated into 
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PAR and permits the specific detection and further selection of directly PARylated and 

MARylated proteins, could be used for the enrichment of targets modified by TGHQ 

treatment (Westcott et al., 2017). An additional approach for the selection of indirectly 

PAR-associated proteins is the use of PAR binding domains fused to the Fc region of 

immunoglobulin, which creates an antibody-like molecule that can be used to 

immunoprecipitate PARylated proteins (Luo et al., 2017).  

 Although our data suggest that dysregulation of TRPC3-mediated Ca2+ uptake 

might be possible during ROS-mediated cell death, depletion or inhibition of TRPC3 did 

not have an effect on TGHQ toxicity. While an ~80% reduction of TRPC3 levels might be 

sufficient to effect [Ca2+]i entry, a mechanism that compensates for the reduction of 

TRPC3 might compensate for the loss of TRPC3. For example, the TRPC6-deficient 

mouse exhibits an increase in TRPC-dependent cation entry mediated by upregulation of 

TRPC3 (Dietrich et al., 2005). Therefore, the use of TRPC3 selective inhibitors is 

imperative for an understanding of TRP channel function during oxidative stress. Pyr3 is 

considered a selective TRPC3 inhibitor. However, Pyr3 can also affect Orai-1-dependent 

Ca2+ influx. Thus, a more selective TRPC3 inhibitor should be employed to elucidate the 

role of TRPC3 in TGHQ-mediated toxicity; for example Pyr10 (Schleifer et al., 2012). 

 AHNAK is a PAR-associated protein which regulates [Ca2+]i by controlling the 

function of voltage-gated L-type Ca2+ (Cav1) channels (Haase 2007). Currently, specific 

antibodies that allow the detection of AHNAK are not available. To confirm the differential 

association of AHNAK with PAR, enzyme fragment complementation (EFC) can be used 

to visualize AHNAK via western blot. For this method a recombinant AHNAK-tag protein 

is expressed and detected by incubating a PVDF blot with the “tag complement” leading 
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to activation of the signal (Horecka et al., 2006). PARylation of AHNAK might induce the 

activation of Cav1 channels in response to oxidative stress. Therefore, the use of specific 

inhibitors for Cav1-mediated Ca2+ currents, such as nifedipine, could reveal whether this 

channel has a prominent role in TGHQ-mediated increases in [Ca2+]i  (Striessnig et al., 

2015).      

 

5.2.3 TGHQ-dependent PARylation of TFII-I modulates its transcriptional activity 

  

 TGHQ treatment induces an increase in the PAR-association of TFII-I. Several 

proteomic studies of PAR-associated proteins have identified TFII-I as a PAR interactor 

protein caused by exposure of cells to genotoxicants under different conditions, for 

example, exposure for 10 minutes to 1 mM H2O2; 5 minutes to 10 µM MNNG; or 5 minutes 

2 mM H2O2 (Gagne et al., 2012, Jungmichel et al., 2013, Zhang et al., 2013). The data 

herein rveal that TGHQ promotes the translocation of TFII-I from the nucleus to the 

cytosol, reduces tyrosine phosphorylation (pY) of the α and β isoforms, and the 

transcriptional activation of TFII-I downstream genes such as the FOS family. The data 

further suggest that TFII-I is a common target for PARylation during genotoxic stress, and 

that cell function is egulated by PAR.  

 Although we have identified the induction of TFII-I-dependent genes in response 

to TGHQ, our analysis did not determine whether the observed changes are exclusively 

explained by TFII-I PARylation. As previously described, PARP-1 is able to regulate gene 

expression by modulating chromatin organization, transcription, and RNA metabolism 

(Ryu et al., 2015). In order to distinguish the effects on gene expression of PARylated 
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TFII-I from PAR alone, the levels of mRNA can be analyzed in cells depleted of TFII-I. An 

alternative technique which will also allow the genome-wide identification PARylated 

genes is ADP-ribose chromatin affinity precipitation (ADPr-ChAP). This method uses PAR 

binding motifs to capture genomic DNA cross-linked to PARylated chromatin, which is 

then sequenced and mapped to the human genome (Bartolomei et al., 2016).  

 The phosphorylation status of TFII-I, particularly at tyrosine residues, is a 

determining factor for its cellular localization and transcriptional activity (Roy 2012). 

Identification of the specific α/β-TFII-I residues that are de-phosphorylated in response to 

ROS will shed light into the functional consequences of this PTM on TFII-I. Thus, tandem 

mass spectrometry (MS/MS) can be employed to identify the TFII-I phosphopeptides in 

cells treated with TGHQ (Dephoure et al., 2013). This approach will provide information 

on the TFII-I phosphorylation status, not only of tyrosine residues, but also on alternative 

phosphorylated residues. 

 Recently, TFII-I was identified as a factor necessary for DNA translesion synthesis 

(TLS), a process which allows DNA replication to continue when non-repaired lesions are 

encountered by DNA polymerase. This system increases DNA damage tolerance and 

avoids deleterious consequences to the genome. Furthermore, TFII-I depleted cells 

treated with UV radiation show an increased accumulation of γ-H2AX, a marker of DNA 

double-strand breaks (DSB) (Fattah et al., 2014). Indeed, TGHQ toxicity is characterized 

by the increased γ-H2AX generation (Zhang et al., 2014). Determination of γ-H2AX in 

TFII-I depleted cells treated with TGHQ could determine whether high levels of PAR 

contribute to the accumulation of DSB by hampering the role of TFII-I role during TLS. 
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5.2.4. PKM2, C23, IQGAP1, and UBF1 do not play a major role in the mechanism 

of TGHQ-dependent toxicity  

 

 DNA damage-dependent differential PAR association of proteins, such as 

hexokinase, OVOL2, hnRPN A1, and BRD7 leads to dysregulation of cellular signaling 

pathways, resulting in cell death (Andrabi et al., 2014, Duan et al., 2019, Hu et al., 2019, 

Zhang et al., 2019). Via proteomics and western blot we identified that PKM2, C23, 

IQGAP1, and UBF1 all undergo altered PARylation during TGHQ treatment. These 

proteins participate in biological processes such as cell cycle regulation, ribosomal 

synthesis, spindle assembly, growth, cell survival, and rRNA transcription, the impairment 

of which might potentially lead to cell death (Tajrishi et al., 2011, Sanij et al., 2015, Yang 

and Lu 2015, Gocke et al., 2016). However, depletion and reduction of each of these 

proteins did not affect TGHQ-mediated decreases in cell viability. Therefore, PAR-

mediated alterations to these proteins whilst perhaps necessary for ROS-mediated 

cytotoxicity, individually are not sufficient.  

 While our siRNA mediated silencing approach was able to reduce the levels of 

PKM2, C23, IQGAP1, and UBF1 by ~60%, ~55%, ~70%, and ~80%, respectively, the 

remaining residual levels of each protein might be sufficient to facilitate maintain cell 

function. The use of a CRISPR/Cas9-mediated gene knockout approach would permit an 

assessment of the effect of full depletion of selected protein targets in the mechanism of 

TGHQ toxicity, including PKM2, C23, IQGAP1, and UBF1 (Sternburg et al., 2017). 

 In addition, TGHQ-mediated cell death likely arises as a result of an accumulation 

of adverse cellular events many of which occur as a consequence of dysregulated 

PARylation. In this scenario, PAR-dependent functional modification of multiple proteins 
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might lead to activation of cell death via converging pathways. In order to test this 

hypothesis, the simultaneous knockdown of multiple targets (e. g. PKM2, C23, IQGAP1, 

and UBF1) can be accomplished by using multiple shRNA-expressing adenovirus vectors 

(Xu et al., 2009, Motegi et al., 2011).  
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5.3 OVERALL CONCLUSIONS 

  

TGHQ causes ROS-mediated necrotic cell death which is dependent on PARP-1 

activity. The exact molecular mechanism of TGHQ cytotoxicity remains elusive. The 

current studies recognize that TGHQ has a prominent effect on the PAR interactome by 

promoting the differential PAR association of 356 different proteins. PARylated proteins 

functioning as death signal molecules represents a new and emerging field. Data herein 

contributes to the preliminary identification of ROS-mediated PARylated targets involved 

in important biological processes, such as RNA metabolism, protein folding, and cellular 

respiration. Furthermore, we have identified 169 proteins that are novel interactors of 

PAR, which further contributes to an understanding of PAR-mediated protein regulation 

during oxidative stress. We also demonstrated that TGHQ-mediated increases in 

PARylation of the transcription factor, TFII-I, have profound effects on its biology such as 

modifying its cellular localization, phosphorylation status, and transcriptional activity.     

PARylation is a complex PTM which, in addition to acting as a classical PTM (such 

as phosphorylation, acetylation, or ubiquitination), also creates and regulates a 

sophisticated network of interacting proteins with diverse cellular functions. Protein 

targets modified by PAR can be modulated in a complex manner displaying very diverse 

functional outcomes. For example, depending on the context of the PAR network, the 

increased PAR association of a protein might result in activation, inhibition, translocation, 

sequestration, degradation, phosphorylation, acetylation, ubiquitination, etc. Consistent 

with this idea is the fact that >2000 human proteins have been found to associate with 

PAR under different conditions. We speculate that TGHQ-induced PARP-1 
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hyperactivation promotes a deep alteration in the PAR network, leading to multiple cellular 

events which in combination result in cell death. The studies performed in this thesis not 

only reveal novel interactions and pathways that are regulated by PAR, but also reveal 

specific proteins that might participate in mechanisms in which PARP-1 activation results 

in cell death.        
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APENDIX A: IDENTIFIED PAR-ASSOCIATED PROTEINS INDUCED BY TGHQ 

 

Protein UniProt KB-ID MW p-value 
Average 

fold change 
Gel 

Section 
 

Ribosome-binding protein 1  

 

RRBP1_HUMAN 

 

152 kDa 

 

< 0.00010 

 

36.83 

 

A 

Leucine zipper protein 1  LUZP1_HUMAN 120 kDa 0.00027 19.00 C 

Centrosomal protein of 170 kDa  CE170_HUMAN 175 kDa 0.0015 18.13 A 

Cordon-bleu protein-like 1  COBL1_HUMAN 132 kDa 0.026 13.33 A 

Cytoskeleton-associated protein 5  CKAP5_HUMAN 226 kDa 0.0021 12.23 A 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.022 11.67 B 

Ensconsin  MAP7_HUMAN 84 kDa 0.0081 11.67 C 

Doublecortin domain-containing protein 2  DCDC2_HUMAN 53 kDa 0.0096 11.00 E 

Myotubularin-related protein 5  MTMR5_HUMAN 208 kDa 0.0088 10.29 A 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.0045 10.17 C 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.0058 10.17 D 

Pleckstrin homology domain-containing family 

A member 5  

PKHA5_HUMAN 127 kDa 0.014 9.59 B 

Chromosome transmission fidelity protein 8 

homolog isoform 2  

CTF8A_HUMAN 51 kDa 0.015 9.11 F 

WD repeat and HMG-box DNA-binding protein 

1  

WDHD1_HUMAN 126 kDa 0.0001 9.00 B 

Protein phosphatase 1 regulatory subunit 12A  MYPT1_HUMAN 115 kDa 0.0042 9.00 B 

Protein TANC1  TANC1_HUMAN 202 kDa 0.0074 7.78 A 

Lamina-associated polypeptide 2, isoform 

alpha  

LAP2A_HUMAN 75 kDa 0.014 7.56 A 

OTU domain-containing protein 4  OTUD4_HUMAN 124 kDa 0.041 7.44 B 

Cell division cycle and apoptosis regulator 

protein 1  

CCAR1_HUMAN 133 kDa 0.0017 7.33 B 

Ensconsin  MAP7_HUMAN 84 kDa 0.0048 7.22 D 

Spermatogenesis-associated serine-rich 

protein 2  

SPAS2_HUMAN 60 kDa 0.00064 7.11 E 

Calmodulin-regulated spectrin-associated 

protein 2  

CAMP2_HUMAN 168 kDa 0.0056 7.00 A 

Mitogen-activated protein kinase kinase kinase 

kinase 5  

M4K5_HUMAN 95 kDa 0.00088 7.00 D 

Rho guanine nucleotide exchange factor 1  ARHG1_HUMAN 102 kDa 0.0012 6.89 C 

CCR4-NOT transcription complex subunit 3  CNOT3_HUMAN 82 kDa 0.01 6.88 C 

CDKN2A-interacting protein  CARF_HUMAN 61 kDa 0.044 6.80 E 
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Apoptosis-stimulating of p53 protein 2  ASPP2_HUMAN 126 kDa 0.0071 6.75 B 

Calmodulin-regulated spectrin-associated 

protein 1  

CAMP1_HUMAN 178 kDa 0.005 6.67 A 

U3 small nucleolar RNA-associated protein 14 

homolog A  

UT14A_HUMAN 88 kDa 0.0015 6.67 C 

SNW domain-containing protein 1  SNW1_HUMAN 61 kDa 0.029 6.50 E 

Epidermal growth factor receptor kinase 

substrate 8  

EPS8_HUMAN 92 kDa 0.0023 6.33 D 

Fibronectin type III and SPRY domain-

containing protein 1  

FSD1_HUMAN 56 kDa 0.014 6.33 E 

Transcription initiation factor IIB  TF2B_HUMAN 35 kDa 0.0054 6.33 G 

N-alpha-acetyltransferase 16, NatA auxiliary 

subunit  

NAA16_HUMAN 101 kDa 0.015 6.25 D 

Arf-GAP with SH3 domain, ANK repeat and PH 

domain-containing protein 1  

ASAP1_HUMAN 126 kDa 0.028 6.17 B 

Coiled-coil and C2 domain-containing protein 

1A  

C2D1A_HUMAN 104 kDa 0.0021 6.00 B 

Pleckstrin homology domain-containing family 

A member 6  

PKHA6_HUMAN 117 kDa 0.019 6.00 B 

2-oxoglutarate dehydrogenase, mitochondrial  ODO1_HUMAN 116 kDa 0.047 6.00 C 

ATP-dependent RNA helicase DDX42  DDX42_HUMAN 103 kDa 0.0076 5.86 C 

Uncharacterized protein KIAA1522  K1522_HUMAN 107 kDa 0.013 5.67 B 

Probable RNA-binding protein 19  RBM19_HUMAN 107 kDa 0.007 5.56 C 

Transforming protein RhoA  RHOA_HUMAN 22 kDa 0.05 5.56 H 

Cordon-bleu protein-like 1  COBL1_HUMAN 132 kDa 0.0021 5.48 B 

Telomerase-binding protein EST1A  EST1A_HUMAN 160 kDa 0.012 5.33 B 

Arf-GAP with SH3 domain, ANK repeat and PH 

domain-containing protein 2  

ASAP2_HUMAN 112 kDa 0.0012 5.33 C 

Transportin-3  TNPO3_HUMAN 104 kDa 0.043 5.33 D 

Prelamin-A/C  LMNA_HUMAN 74 kDa 0.0026 5.33 G 

Nucleophosmin  NPM_HUMAN 33 kDa 0.041 5.17 G 

MORC family CW-type zinc finger protein 4  MORC4_HUMAN 106 kDa 0.01 5.00 C 

Cell division cycle protein 27 homolog  CDC27_HUMAN 92 kDa 0.00054 5.00 D 

Dual specificity protein kinase TTK  TTK_HUMAN 97 kDa 0.0012 5.00 D 

MTSS1-like protein  MTSSL_HUMAN 80 kDa 0.039 5.00 D 

Syntaxin-binding protein 1  STXB1_HUMAN 68 kDa 0.017 4.89 E 

60S ribosomal protein L3  RL3_HUMAN 46 kDa 0.048 4.83 D 

Neuron navigator 1  NAV1_HUMAN 202 kDa < 0.00010 4.67 A 

FH2 domain-containing protein 1  FHDC1_HUMAN 125 kDa 0.019 4.67 B 

CCR4-NOT transcription complex subunit 3  CNOT3_HUMAN 82 kDa 0.038 4.67 B 
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Inner nuclear membrane protein Man1  MAN1_HUMAN 100 kDa 0.00074 4.67 C 

Unconventional myosin-Ic  MYO1C_HUMAN 122 kDa 0.043 4.56 A 

Liprin-alpha-1  LIPA1_HUMAN 136 kDa 0.023 4.53 B 

Cytospin-A  CYTSA_HUMAN 125 kDa 0.011 4.44 B 

Citrate synthase, mitochondrial  CISY_HUMAN 52 kDa 0.042 4.42 G 

Growth arrest and DNA damage-inducible 

proteins-interacting protein 1  

G45IP_HUMAN 25 kDa 0.019 4.42 H 

RNA-binding protein 27  RBM27_HUMAN 119 kDa 0.017 4.33 B 

Calmodulin-regulated spectrin-associated 

protein 3  

CAMP3_HUMAN 135 kDa 0.036 4.33 B 

Echinoderm microtubule-associated protein-

like 4  

EMAL4_HUMAN 109 kDa 0.045 4.33 C 

Septin-9  SEPT9_HUMAN 65 kDa 0.0029 4.33 D 

Mitogen-activated protein kinase kinase kinase 

MLT  

MLTK_HUMAN 91 kDa 0.0072 4.33 D 

Centrosomal protein of 85 kDa  CEP85_HUMAN 86 kDa 0.047 4.33 D 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.0073 4.33 E 

28S ribosomal protein S26, mitochondrial  RT26_HUMAN 24 kDa 0.015 4.33 H 

Ribosome-binding protein 1  RRBP1_HUMAN 152 kDa 0.012 4.33 B 

Microtubule-associated protein 4  MAP4_HUMAN 121 kDa 0.034 4.19 A 

AMP deaminase 2  AMPD2_HUMAN 101 kDa 0.048 4.17 D 

28S ribosomal protein S35, mitochondrial  RT35_HUMAN 37 kDa 0.00043 4.17 G 

N-alpha-acetyltransferase 25, NatB auxiliary 

subunit  

NAA25_HUMAN 112 kDa 0.027 3.97 C 

Nucleolar transcription factor 1  UBF1_HUMAN 89 kDa 0.028 3.84 D 

Nuclear pore complex protein Nup153  NU153_HUMAN 154 kDa 0.033 3.83 B 

Putative hexokinase HKDC1  HKDC1_HUMAN 103 kDa 0.035 3.83 B 

Probable ATP-dependent RNA helicase 

DDX23  

DDX23_HUMAN 96 kDa 0.044 3.83 C 

ADP-ribosylation factor GTPase-activating 

protein 2  

ARFG2_HUMAN 57 kDa 0.0018 3.83 E 

PC4 and SFRS1-interacting protein  PSIP1_HUMAN 60 kDa 0.0061 3.83 E 

cAMP-dependent protein kinase type II-alpha 

regulatory subunit  

KAP2_HUMAN 46 kDa 0.034 3.83 F 

39S ribosomal protein L1, mitochondrial  RM01_HUMAN 37 kDa 0.016 3.72 G 

CLIP-associating protein 1  CLAP1_HUMAN 169 kDa 0.013 3.71 B 

DNA (cytosine-5)-methyltransferase 1  DNMT1_HUMAN 183 kDa 0.019 3.69 A 

RNA-binding protein 25  RBM25_HUMAN 100 kDa 0.00027 3.58 C 

Lamina-associated polypeptide 2, isoform 

alpha  

LAP2A_HUMAN 75 kDa 0.0042 3.51 D 
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Parafibromin  CDC73_HUMAN 61 kDa 0.012 3.50 E 

RNA-binding protein EWS  EWS_HUMAN 68 kDa 0.044 3.44 C 

Adenosylhomocysteinase  SAHH_HUMAN 48 kDa 0.028 3.44 E 

ATP-dependent Clp protease ATP-binding 

subunit clpX-like, mitochondrial  

CLPX_HUMAN 69 kDa 0.04 3.38 E 

Heterogeneous nuclear ribonucleoprotein M  HNRPM_HUMAN 78 kDa 0.04 3.37 C 

Regulator of chromosome condensation  RCC1_HUMAN 45 kDa 0.046 3.33 F 

Saccharopine dehydrogenase-like 

oxidoreductase  

SCPDL_HUMAN 47 kDa 0.04 3.33 G 

Calcyclin-binding protein  CYBP_HUMAN 26 kDa 0.036 3.33 H 

E3 ubiquitin-protein ligase TRIP12  TRIPC_HUMAN 220 kDa 0.036 3.31 A 

MAP7 domain-containing protein  MA7D3_HUMAN 98 kDa 0.018 3.22 C 

Kinesin-like protein KIF2C  KIF2C_HUMAN 81 kDa 0.012 3.22 D 

Protein SCAF8  SCAF8_HUMAN 141 kDa 0.0088 3.17 B 

Spectrin beta chain, non-erythrocytic 1  SPTB2_HUMAN 275 kDa 0.011 3.17 C 

Ataxin-2-like protein  ATX2L_HUMAN 113 kDa 0.0036 3.13 B 

Cytoplasmic aconitate hydratase  ACOC_HUMAN 98 kDa 0.04 3.08 D 

RNA-binding protein 6  RBM6_HUMAN 129 kDa 0.018 3.00 B 

U4/U6 small nuclear ribonucleoprotein Prp3  PRPF3_HUMAN 78 kDa 0.036 3.00 D 

Retinal dehydrogenase 1  AL1A1_HUMAN 55 kDa 0.034 3.00 I 

Serine/threonine-protein kinase N2  PKN2_HUMAN 112 kDa 0.0091 2.97 C 

Paraspeckle component 1  PSPC1_HUMAN 59 kDa 0.015 2.89 E 

Protein PAT1 homolog 1  PATL1_HUMAN 87 kDa 0.037 2.89 D 

Ataxin-2  ATX2_HUMAN 140 kDa 0.0001 2.83 B 

Cell division cycle 5-like protein  CDC5L_HUMAN 92 kDa 0.017 2.83 D 

Dihydrolipoyllysine-residue acetyltransferase 

component of pyruvate dehydrogenase 

complex, mitochondrial 

ODP2_HUMAN 69 kDa 0.016 2.78 E 

Nucleolin  NUCL_HUMAN 77 kDa 0.0001 2.70 D 

Nucleolysin TIAR  TIAR_HUMAN 42 kDa 0.0034 2.67 G 

Cytochrome b-c1 complex subunit Rieske, 

mitochondrial  

UCRI_HUMAN 30 kDa 0.047 2.58 H 

Nuclear fragile X mental retardation-interacting 

protein 2  

NUFP2_HUMAN 76 kDa 0.018 2.57 E 

Heterogeneous nuclear ribonucleoprotein M  HNRPM_HUMAN 78 kDa 0.015 2.56 B 

Pyruvate kinase PKM  KPYM_HUMAN 58 kDa 0.0025 2.53 E 

Pumilio homolog 2  PUM2_HUMAN 114 kDa 0.0075 2.53 C 

SPATS2-like protein  SPS2L_HUMAN 62 kDa 0.03 2.50 E 

CCR4-NOT transcription complex subunit 10  CNO10_HUMAN 82 kDa 0.033 2.47 D 

Heat shock cognate 71 kDa protein  HSP7C_HUMAN 71 kDa 0.05 2.47 H 
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Pyruvate kinase PKM  KPYM_HUMAN 58 kDa 0.043 2.46 D 

Ubiquitin-associated protein 2-like  UBP2L_HUMAN 115 kDa 0.0027 2.46 B 

Vasodilator-stimulated phosphoprotein  VASP_HUMAN 40 kDa 0.05 2.44 F 

Scaffold attachment factor B2  SAFB2_HUMAN 107 kDa 0.021 2.42 B 

X-ray repair cross-complementing protein 5  XRCC5_HUMAN 83 kDa 0.012 2.42 A 

Tripeptidyl-peptidase 2  TPP2_HUMAN 138 kDa 0.0031 2.42 B 

NADH dehydrogenase [ubiquinone] 1 alpha 

subcomplex subunit 9, mitochondrial  

NDUA9_HUMAN 43 kDa 0.036 2.40 G 

5'-3' exoribonuclease 2  XRN2_HUMAN 109 kDa 0.0018 2.37 C 

Gamma-adducin  ADDG_HUMAN 79 kDa 0.02 2.33 D 

FAST kinase domain-containing protein 2  FAKD2_HUMAN 81 kDa 0.026 2.33 E 

Heat shock protein HSP 90-alpha  HS90A_HUMAN 85 kDa 0.049 2.31 H 

60 kDa heat shock protein, mitochondrial  CH60_HUMAN 61 kDa 0.0016 2.28 C 

DNA topoisomerase 1  TOP1_HUMAN 91 kDa 0.0054 2.26 D 

TBC1 domain family member 5  TBCD5_HUMAN 89 kDa 0.04 2.25 D 

Serine/threonine-protein kinase TAO1  TAOK1_HUMAN 116 kDa 0.041 2.23 C 

Cysteine--tRNA ligase, cytoplasmic  SYCC_HUMAN 85 kDa 0.01 2.22 D 

U4/U6 small nuclear ribonucleoprotein Prp31  PRP31_HUMAN 55 kDa 0.032 2.22 E 

Small nuclear ribonucleoprotein Sm D3  SMD3_HUMAN 14 kDa 0.0017 2.22 J 

SLIT-ROBO Rho GTPase-activating protein 2  SRGP2_HUMAN 121 kDa 0.031 2.22 B 

5'-3' exoribonuclease 2  XRN2_HUMAN 109 kDa 0.049 2.21 D 

Putative pre-mRNA-splicing factor ATP-

dependent RNA helicase DHX16  

DHX16_HUMAN 119 kDa 0.029 2.21 C 

Lipoamide acyltransferase component of 

branched-chain alpha-keto acid 

dehydrogenase complex, mitochondrial  

ODB2_HUMAN 53 kDa 0.02 2.20 F 

Serine/threonine-protein kinase TAO3  TAOK3_HUMAN 105 kDa 0.009 2.17 C 

Pre-mRNA-processing factor 6  PRP6_HUMAN 107 kDa 0.041 2.17 D 

ATP-dependent RNA helicase A  DHX9_HUMAN 141 kDa 0.021 2.15 D 

39S ribosomal protein L39, mitochondrial  RM39_HUMAN 39 kDa 0.0029 2.14 G 

Protein LSM14 homolog B  LS14B_HUMAN 42 kDa 0.034 2.11 F 

Sorting and assembly machinery component 

50 homolog  

SAM50_HUMAN 52 kDa 0.014 2.11 F 

Transforming growth factor-beta-induced 

protein ig-h3  

BGH3_HUMAN 75 kDa 0.035 2.10 E 

La-related protein 7  LARP7_HUMAN 67 kDa 0.01 2.06 E 

DDRGK domain-containing protein 1  DDRGK_HUMAN 36 kDa 0.0017 2.06 G 

Septin-9  SEPT9_HUMAN 65 kDa 0.013 2.04 E 

Leucine-rich repeat-containing protein 40  LRC40_HUMAN 68 kDa 0.00038 2.02 E 

TRMT1-like protein  TRM1L_HUMAN 82 kDa 0.01 2.00 D 
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RNA-binding protein Raly  RALY_HUMAN 32 kDa 0.011 2.00 G 

C-1-tetrahydrofolate synthase, cytoplasmic  C1TC_HUMAN 102 kDa 0.0051 -2.01 B 

Methylcrotonoyl-CoA carboxylase subunit 

alpha, mitochondrial  

MCCA_HUMAN 80 kDa 0.0036 -2.16 E 

Neuroblast differentiation-associated protein 

AHNAK  

AHNK_HUMAN 629 kDa 0.011 -2.17 C 

Major vault protein  MVP_HUMAN 99 kDa 0.032 -2.22 B 

Replication factor C subunit 1  RFC1_HUMAN 128 kDa 0.0036 -2.25 D 

Unconventional myosin-Ie  MYO1E_HUMAN 127 kDa 0.0027 -2.29 D 

Kinesin-like protein KIF2A  KIF2A_HUMAN 80 kDa 0.011 -2.32 E 

Methylcrotonoyl-CoA carboxylase beta chain, 

mitochondrial  

MCCB_HUMAN 61 kDa 0.011 -2.33 E 

Calreticulin  CALR_HUMAN 48 kDa 0.019 -2.33 E 

Vigilin OS=Homo sapiens GN=HDLBP PE=1 

SV=2 

VIGLN_HUMAN 141 kDa 0.028 -2.39 D 

Poly [ADP-ribose] polymerase 1  PARP1_HUMAN 113 kDa 0.022 -2.39 J 

DNA mismatch repair protein Msh6  MSH6_HUMAN 153 kDa 0.004 -2.40 C 

Heterogeneous nuclear ribonucleoprotein U-

like protein 1  

HNRL1_HUMAN 96 kDa 0.009 -2.42 E 

Nuclear pore complex protein Nup214  NU214_HUMAN 214 kDa 0.0034 -2.42 B 

Microtubule-associated protein 4  MAP4_HUMAN 121 kDa 0.032 -2.42 H 

Poly [ADP-ribose] polymerase 1  PARP1_HUMAN 113 kDa 0.0026 -2.49 E 

A-kinase anchor protein 13  AKP13_HUMAN 308 kDa 0.015 -2.58 C 

Sister chromatid cohesion protein PDS5 

homolog A  

PDS5A_HUMAN 151 kDa 0.011 -2.64 C 

Afadin  AFAD_HUMAN 207 kDa 0.0043 -2.69 B 

Triple functional domain protein  TRIO_HUMAN 347 kDa 0.0028 -2.78 B 

DNA topoisomerase 1  TOP1_HUMAN 91 kDa 0.0019 -2.78 E 

E3 ubiquitin-protein ligase TRIP12  TRIPC_HUMAN 220 kDa 0.017 -2.83 C 

Proteasome-associated protein ECM29 

homolog  

ECM29_HUMAN 204 kDa 0.0084 -2.89 C 

SLIT-ROBO Rho GTPase-activating protein 1  SRGP1_HUMAN 124 kDa 0.0001 -2.93 C 

Ras GTPase-activating-like protein IQGAP1  IQGA1_HUMAN 189 kDa 0.011 -2.96 C 

Eukaryotic translation initiation factor 5B  IF2P_HUMAN 139 kDa 0.01 -3.00 D 

eIF-2-alpha kinase activator GCN1  GCN1_HUMAN 293 kDa 0.0053 -3.11 E 

Double-stranded RNA-binding protein Staufen 

homolog 1  

STAU1_HUMAN 63 kDa 0.0026 -3.16 G 

Poly(rC)-binding protein 1  PCBP1_HUMAN 37 kDa 0.043 -3.17 F 

Ig kappa chain C region  IGKC_HUMAN 12 kDa 0.036 -3.17 H 

C-1-tetrahydrofolate synthase, cytoplasmic  C1TC_HUMAN 102 kDa 0.0045 -3.20 E 
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Eukaryotic translation initiation factor 4 gamma 

1  

IF4G1_HUMAN 175 kDa 0.0042 -3.21 C 

Interferon-induced, double-stranded RNA-

activated protein kinase  

E2AK2_HUMAN 62 kDa 0.0012 -3.33 G 

AP-3 complex subunit delta-1  AP3D1_HUMAN 130 kDa 0.045 -3.36 E 

Vigilin  VIGLN_HUMAN 141 kDa 0.0029 -3.36 C 

Transcription intermediary factor 1-beta  TIF1B_HUMAN 89 kDa 0.0016 -3.36 F 

Constitutive coactivator of PPAR-gamma-like 

protein 1  

F120A_HUMAN 122 kDa 0.037 -3.39 D 

Tight junction protein ZO-1  ZO1_HUMAN 195 kDa 0.016 -3.39 B 

Desmoplakin  DESP_HUMAN 332 kDa 0.017 -3.41 B 

Replication factor C subunit 1  RFC1_HUMAN 128 kDa 0.036 -3.50 E 

Rho guanine nucleotide exchange factor 2  ARHG2_HUMAN 112 kDa 0.00019 -3.67 D 

Eukaryotic translation initiation factor 4 gamma 

1  

IF4G1_HUMAN 175 kDa 0.0047 -3.67 F 

Hornerin  HORN_HUMAN 282 kDa 0.02 -3.72 B 

Nuclear export mediator factor NEMF  NEMF_HUMAN 123 kDa 0.0024 -4.00 C 

Multifunctional protein ADE2  PUR6_HUMAN 47 kDa 0.035 -4.02 F 

Glycylpeptide N-tetradecanoyltransferase 1  NMT1_HUMAN 57 kDa 0.047 -4.10 F 

Formin-like protein 2  FMNL2_HUMAN 123 kDa 0.02 -4.17 C 

Eukaryotic translation initiation factor 4 gamma 

3  

IF4G3_HUMAN 177 kDa 0.0095 -4.27 B 

Ras GTPase-activating-like protein IQGAP1  IQGA1_HUMAN 189 kDa 0.021 -4.33 G 

Kinesin-like protein KIF11  KIF11_HUMAN 119 kDa 0.021 -4.33 D 

Centrosomal protein of 170 kDa  CE170_HUMAN 175 kDa 0.019 -4.33 E 

Unconventional myosin-Ib  MYO1B_HUMAN 132 kDa 0.016 -4.39 D 

Protein PRRC2C  PRC2C_HUMAN 317 kDa 0.027 -4.42 C 

Vigilin  VIGLN_HUMAN 141 kDa 0.016 -4.50 E 

Ubiquitin carboxyl-terminal hydrolase 10  UBP10_HUMAN 87 kDa 0.013 -4.50 E 

Probable helicase with zinc finger domain  HELZ_HUMAN 219 kDa 0.00083 -4.56 B 

Arfaptin-1  ARFP1_HUMAN 42 kDa 0.011 -4.67 F 

Golgin subfamily A member 1  GOGA1_HUMAN 88 kDa 0.00053 -4.67 D 

Antigen KI-67  KI67_HUMAN 359 kDa 0.028 -4.83 C 

Fragile X mental retardation syndrome-related 

protein 1  

FXR1_HUMAN 70 kDa 0.015 -5.00 F 

Pre-mRNA-processing factor 6  PRP6_HUMAN 107 kDa 0.0033 -5.00 E 

Tyrosine-protein phosphatase non-receptor 

type 23  

PTN23_HUMAN 179 kDa 0.0038 -5.00 B 

Protein PRRC2C  PRC2C_HUMAN 317 kDa 0.0067 -5.17 D 

SPATS2-like protein  SPS2L_HUMAN 62 kDa 0.022 -5.33 F 
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Protein furry homolog-like  FRYL_HUMAN 340 kDa 0.035 -5.61 D 

Double-stranded RNA-binding protein Staufen 

homolog 2  

STAU2_HUMAN 63 kDa 0.027 -6.00 G 

Protein furry homolog-like  FRYL_HUMAN 340 kDa 0.014 -6.33 E 

Death-inducer obliterator 1  DIDO1_HUMAN 244 kDa 0.0001 -6.67 B 

Caprin-1  CAPR1_HUMAN 78 kDa 0.0086 -7.17 E 

Dedicator of cytokinesis protein 7  DOCK7_HUMAN 243 kDa 0.039 -7.33 C 

Helicase-like transcription factor  HLTF_HUMAN 114 kDa 0.033 -7.67 G 

Ankyrin repeat domain-containing protein 17  ANR17_HUMAN 274 kDa 0.003 -8.00 C 

Transcription intermediary factor 1-beta  TIF1B_HUMAN 89 kDa 0.0087 -8.17 G 

Myotubularin-related protein 5  MTMR5_HUMAN 208 kDa 0.0064 -8.67 B 

Nucleolar transcription factor 1  UBF1_HUMAN 89 kDa 0.0002 -9.00 E 

Protein SOGA1  SOGA1_HUMAN 160 kDa 0.0036 -9.67 B 

Cytoskeleton-associated protein 4  CKAP4_HUMAN 66 kDa 0.0074 -9.89 F 

Unconventional myosin-VI  MYO6_HUMAN 150 kDa 0.00015 -10.67 E 

Serine/threonine-protein kinase MRCK beta  MRCKB_HUMAN 194 kDa 0.0029 -11.67 C 

 

Table A. 1 Differential PAR-associated proteins identified 15 minutes after 
treatment relative to control 

PAR-associated protein complexes were induced in HK-2 cells by 400 μM TGHQ 

treatment at different time points. PAR-associated proteins were enriched by 

immunoprecipitation, and identified by LC-MS/MS. Fold-changes in differential protein 

abundance were obtained by spectral counting. The spectral counts mapping for a 

particular protein in control gel sections were compared with the spectral counts found in 

treated samples. We considered a protein significantly differentially PAR-associated if it 

passed the following threshold: p-value < 0.05 by t-test, fold change in spectral counts ≥ 

2, and spectral count median between replicates ≥ 4. 
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Protein UniProt KB-ID MW p-value 
Average 

fold change 
Gel 

Section 
 

Mitochondrial import receptor subunit TOM22 

homolog  

 

TOM22_HUMAN 

 

16 kDa 

 

0.024 

 

11.56 

 

J 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.0061 9.33 B 

Centrosomal protein of 170 kDa  CE170_HUMAN 175 kDa 0.013 8.97 A 

Ensconsin  MAP7_HUMAN 84 kDa 0.017 7.67 C 

Pleckstrin homology domain-containing family 

A member 5  

PKHA5_HUMAN 127 kDa 0.032 7.18 B 

Ensconsin  MAP7_HUMAN 84 kDa 0.0039 6.67 D 

SNW domain-containing protein 1  SNW1_HUMAN 61 kDa 0.0088 6.67 E 

Myotubularin-related protein 5  MTMR5_HUMAN 208 kDa 0.015 6.36 A 

Sickle tail protein homolog  SKT_HUMAN 214 kDa 0.005 6.33 A 

Leucine-rich PPR motif-containing protein, 

mitochondrial  

LPPRC_HUMAN 158 kDa 0.012 6.33 A 

Alanine--tRNA ligase, mitochondrial  SYAM_HUMAN 107 kDa 0.00086 6.33 C 

2-oxoglutarate dehydrogenase, mitochondrial  ODO1_HUMAN 116 kDa 0.017 6.33 C 

DNA-dependent protein kinase catalytic 

subunit  

PRKDC_HUMAN 469 kDa 0.011 6.33 E 

Serine hydroxymethyltransferase, 

mitochondrial  

GLYM_HUMAN 56 kDa 0.016 6.33 F 

Thioredoxin-dependent peroxide reductase, 

mitochondrial  

PRDX3_HUMAN 28 kDa 0.011 6.33 H 

Doublecortin domain-containing protein 2  DCDC2_HUMAN 53 kDa 0.0015 6.17 E 

Cytoskeleton-associated protein 5  CKAP5_HUMAN 226 kDa 0.03 6.14 A 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.022 6.00 D 

Trifunctional enzyme subunit alpha, 

mitochondrial  

ECHA_HUMAN 83 kDa 0.006 5.89 D 

PC4 and SFRS1-interacting protein  PSIP1_HUMAN 60 kDa 0.024 5.83 E 

Spermatogenesis-associated serine-rich 

protein 2  

SPAS2_HUMAN 60 kDa 0.0069 5.78 E 

Cell division cycle and apoptosis regulator 

protein 1  

CCAR1_HUMAN 133 kDa 0.0035 5.67 B 

Matrin-3  MATR3_HUMAN 95 kDa 0.0024 5.67 D 

Prelamin-A/C  LMNA_HUMAN 74 kDa 0.002 5.67 G 

Protein TANC1  TANC1_HUMAN 202 kDa 0.011 5.50 A 

28S ribosomal protein S35, mitochondrial  RT35_HUMAN 37 kDa 0.00046 5.50 G 

Antigen KI-67  KI67_HUMAN 359 kDa 0.0017 5.33 A 

MAP/microtubule affinity-regulating kinase 3  MARK3_HUMAN 84 kDa 0.0069 5.33 D 
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U3 small nucleolar RNA-associated protein 14 

homolog A  

UT14A_HUMAN 88 kDa 0.022 5.00 C 

Targeting protein for Xklp2  TPX2_HUMAN 86 kDa 0.014 5.00 D 

Nucleolar complex protein 3 homolog  NOC3L_HUMAN 93 kDa 0.018 5.00 D 

Aspartate--tRNA ligase, mitochondrial  SYDM_HUMAN 74 kDa 0.011 5.00 E 

Probable ATP-dependent RNA helicase 

DDX28  

DDX28_HUMAN 60 kDa 0.046 5.00 E 

NADH dehydrogenase [ubiquinone] iron-sulfur 

protein 2, mitochondrial  

NDUS2_HUMAN 53 kDa 0.0036 4.87 F 

ATP-dependent RNA helicase A  DHX9_HUMAN 141 kDa 0.017 4.78 E 

E3 SUMO-protein ligase RanBP2  RBP2_HUMAN 358 kDa 0.011 4.67 A 

Probable ATP-dependent RNA helicase 

DDX10  

DDX10_HUMAN 101 kDa 0.0013 4.67 C 

Calcium homeostasis endoplasmic reticulum 

protein  

CHERP_HUMAN 104 kDa 0.017 4.67 C 

ARF GTPase-activating protein GIT2  GIT2_HUMAN 85 kDa 0.0015 4.67 D 

ATP-dependent RNA helicase DDX42  DDX42_HUMAN 103 kDa 0.012 4.64 C 

Regulator of chromosome condensation  RCC1_HUMAN 45 kDa 0.00041 4.50 F 

Nucleolar RNA helicase 2  DDX21_HUMAN 87 kDa 0.0066 4.33 A 

Unconventional myosin-XIX  MYO19_HUMAN 109 kDa 0.04 4.33 C 

116 kDa U5 small nuclear ribonucleoprotein 

component  

U5S1_HUMAN 109 kDa 0.0061 4.33 D 

Regulation of nuclear pre-mRNA domain-

containing protein 1A  

RPR1A_HUMAN 36 kDa 0.015 4.33 G 

Protein kinase C delta-binding protein  PRDBP_HUMAN 28 kDa 0.018 4.33 G 

Uncharacterized protein C19orf43  CS043_HUMAN 18 kDa 0.0078 4.33 I 

U1 small nuclear ribonucleoprotein 70 kDa  RU17_HUMAN 52 kDa 0.024 4.28 E 

Calmodulin-regulated spectrin-associated 

protein 3  

CAMP3_HUMAN 135 kDa 0.016 4.17 B 

60S ribosomal protein L3  RL3_HUMAN 46 kDa 0.017 4.17 D 

AMP deaminase 2  AMPD2_HUMAN 101 kDa 0.048 4.17 D 

Rho guanine nucleotide exchange factor 1  ARHG1_HUMAN 102 kDa 0.035 4.11 C 

Peroxisomal bifunctional enzyme  ECHP_HUMAN 79 kDa 0.023 4.11 E 

MAP7 domain-containing protein 3  MA7D3_HUMAN 98 kDa 0.026 4.06 C 

Arf-GAP with SH3 domain, ANK repeat and PH 

domain-containing protein 1  

ASAP1_HUMAN 126 kDa 0.016 4.00 B 

Putative hexokinase HKDC1  HKDC1_HUMAN 103 kDa 0.018 4.00 B 

Agrin  AGRIN_HUMAN 217 kDa 0.0025 4.00 C 

Probable RNA-binding protein 19  RBM19_HUMAN 107 kDa 0.024 4.00 C 
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Calcium-binding mitochondrial carrier protein 

Aralar2  

CMC2_HUMAN 74 kDa 0.015 4.00 D 

Growth arrest and DNA damage-inducible 

proteins-interacting protein 1  

G45IP_HUMAN 25 kDa 0.013 3.92 H 

Spectrin beta chain, non-erythrocytic 1  SPTB2_HUMAN 275 kDa 0.0028 3.89 C 

RNA-binding protein 10  RBM10_HUMAN 104 kDa 0.017 3.88 C 

NADH-ubiquinone oxidoreductase 75 kDa 

subunit, mitochondrial  

NDUS1_HUMAN 79 kDa 0.015 3.83 D 

Ras-related protein Rab-14  RAB14_HUMAN 24 kDa 0.0045 3.83 I 

39S ribosomal protein L1, mitochondrial  RM01_HUMAN 37 kDa 0.022 3.78 G 

Pentatricopeptide repeat domain-containing 

protein 3, mitochondrial  

PTCD3_HUMAN 79 kDa 0.0016 3.75 E 

Calcyclin-binding protein  CYBP_HUMAN 26 kDa 0.036 3.72 H 

Agrin  AGRIN_HUMAN 217 kDa 0.0022 3.33 A 

Liprin-alpha-1  LIPA1_HUMAN 136 kDa 0.019 3.33 B 

39S ribosomal protein L45, mitochondrial  RM45_HUMAN 35 kDa 0.048 3.33 G 

NADH dehydrogenase [ubiquinone] iron-sulfur 

protein 7, mitochondrial  

NDUS7_HUMAN 24 kDa 0.043 3.30 I 

Parafibromin  CDC73_HUMAN 61 kDa 0.0051 3.28 E 

Terminal uridylyltransferase 7  TUT7_HUMAN 171 kDa 0.016 3.22 A 

Tuberin  TSC2_HUMAN 201 kDa 0.0047 3.22 A 

U4/U6 small nuclear ribonucleoprotein Prp3  PRPF3_HUMAN 78 kDa 0.0028 3.22 D 

Zinc finger RNA-binding protein  ZFR_HUMAN 117 kDa 0.019 3.17 B 

39S ribosomal protein L15, mitochondrial  RM15_HUMAN 33 kDa 0.026 3.17 G 

DNA topoisomerase 1  TOP1_HUMAN 91 kDa 0.00018 3.06 D 

Polymerase I and transcript release factor  PTRF_HUMAN 43 kDa 0.022 3.04 F 

Alpha-actinin-4  ACTN4_HUMAN 105 kDa 0.028 3.00 B 

G-rich sequence factor 1  GRSF1_HUMAN 53 kDa 0.043 3.00 F 

Splicing factor 1  SF01_HUMAN 68 kDa 0.05 2.94 E 

Histone H2A type 1-H  H2A1H_HUMAN (+2) 14 kDa 0.025 2.93 J 

Heterogeneous nuclear ribonucleoprotein  HNRPU_HUMAN 91 kDa 0.021 2.90 F 

DNA-dependent protein kinase catalytic 

subunit  

PRKDC_HUMAN 469 kDa 0.011 2.89 D 

Proteasome-associated protein ECM29 

homolog  

ECM29_HUMAN 204 kDa 0.041 2.87 A 

Dihydrolipoyllysine-residue acetyltransferase 

component of pyruvate dehydrogenase 

complex, mitochondrial  

ODP2_HUMAN 69 kDa 0.00026 2.78 E 

Nuclear fragile X mental retardation-interacting 

protein 2  

NUFP2_HUMAN 76 kDa 0.045 2.77 D 
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28S ribosomal protein S9, mitochondrial  RT09_HUMAN 46 kDa 0.035 2.77 G 

28S ribosomal protein S31, mitochondrial  RT31_HUMAN 45 kDa 0.033 2.75 G 

RNA-binding motif protein, X chromosome  RBMX_HUMAN 42 kDa 0.044 2.72 G 

Pumilio homolog 2  PUM2_HUMAN 114 kDa 0.0077 2.71 C 

Cytochrome b-c1 complex subunit Rieske, 

mitochondrial  

UCRI_HUMAN 30 kDa 0.039 2.70 H 

60 kDa heat shock protein, mitochondrial  CH60_HUMAN 61 kDa 0.0045 2.67 C 

Elongation factor 2  EF2_HUMAN 95 kDa 0.0044 2.67 F 

39S ribosomal protein L4, mitochondrial  RM04_HUMAN 35 kDa 0.00049 2.67 G 

Mitochondrial import inner membrane 

translocase subunit Tim17-B  

TI17B_HUMAN 18 kDa 0.035 2.67 I 

Small nuclear ribonucleoprotein Sm D1  SMD1_HUMAN 13 kDa 0.00088 2.67 J 

ATP-dependent RNA helicase A  DHX9_HUMAN 141 kDa 0.00048 2.58 D 

Glycerol-3-phosphate dehydrogenase, 

mitochondrial  

GPDM_HUMAN 81 kDa 0.013 2.58 E 

NADH dehydrogenase [ubiquinone] 

flavoprotein 1, mitochondrial  

NDUV1_HUMAN 51 kDa 0.015 2.53 F 

pre-rRNA processing protein FTSJ3  SPB1_HUMAN 97 kDa 0.016 2.50 C 

CCR4-NOT transcription complex subunit 10  CNO10_HUMAN 82 kDa 0.027 2.50 D 

La-related protein 7  LARP7_HUMAN 67 kDa 0.001 2.50 E 

5'-3' exoribonuclease 2  XRN2_HUMAN 109 kDa 0.0075 2.49 C 

Putative pre-mRNA-splicing factor ATP-

dependent RNA helicase DHX16  

DHX16_HUMAN 119 kDa 0.00062 2.48 C 

Cyclin-dependent kinase 11A  CD11A_HUMAN 91 kDa 0.047 2.47 C 

Serine/threonine-protein kinase MRCK beta  MRCKB_HUMAN 194 kDa 0.011 2.42 A 

LETM1 and EF-hand domain-containing 

protein 1, mitochondrial  

LETM1_HUMAN 83 kDa 0.031 2.40 D 

Histone H2A type 1-C  H2A1C_HUMAN 14 kDa 0.033 2.40 J 

Ran GTPase-activating protein 1  RAGP1_HUMAN 64 kDa 0.024 2.36 D 

E3 ubiquitin-protein ligase TRIP12  TRIPC_HUMAN 220 kDa 0.021 2.35 A 

RNA-binding protein 25  RBM25_HUMAN 100 kDa 0.026 2.33 C 

Kinesin-like protein KIF2C  KIF2C_HUMAN 81 kDa 0.023 2.33 D 

N-acetylgalactosaminyltransferase 7  GALT7_HUMAN 75 kDa 0.018 2.33 E 

Histone H1.4  H14_HUMAN 22 kDa 0.0066 2.32 G 

Thyroid hormone receptor-associated protein 3  TR150_HUMAN 109 kDa 0.045 2.23 C 

Serine/arginine-rich splicing factor 3  SRSF3_HUMAN 19 kDa 0.022 2.22 I 

FAST kinase domain-containing protein 2  FAKD2_HUMAN 81 kDa 0.002 2.22 E 

SPATS2-like protein  SPS2L_HUMAN 62 kDa 0.02 2.20 E 

Pre-mRNA-splicing factor ATP-dependent 

RNA helicase DHX15  

DHX15_HUMAN 91 kDa 0.042 2.20 C 
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Heterogeneous nuclear ribonucleoprotein K  HNRPK_HUMAN 51 kDa 0.036 2.19 D 

Lupus La protein  LA_HUMAN 47 kDa 0.027 2.18 F 

Calcium-binding mitochondrial carrier protein 

Aralar1  

CMC1_HUMAN 75 kDa 0.011 2.14 E 

DnaJ homolog subfamily C member 2  DNJC2_HUMAN 72 kDa 0.00088 2.14 E 

28S ribosomal protein S22, mitochondrial  RT22_HUMAN 41 kDa 0.013 2.13 G 

Small nuclear ribonucleoprotein Sm D3  SMD3_HUMAN 14 kDa 0.02 2.11 J 

Evolutionarily conserved signaling intermediate 

in Toll pathway, mitochondrial  

ECSIT_HUMAN 49 kDa 0.0034 2.08 F 

Actin, cytoplasmic 1  ACTB_HUMAN (+1) 42 kDa 0.044 2.07 D 

Superkiller viralicidic activity 2-like 2  SK2L2_HUMAN 118 kDa 0.043 2.06 C 

Matrin-3  MATR3_HUMAN 95 kDa 0.00049 2.06 E 

NADH dehydrogenase [ubiquinone] iron-sulfur 

protein 3, mitochondrial  

NDUS3_HUMAN 30 kDa 0.0034 2.04 H 

AP-1 complex subunit gamma-1  AP1G1_HUMAN 91 kDa 0.044 2.02 D 

U4/U6 small nuclear ribonucleoprotein Prp31  PRP31_HUMAN 55 kDa 0.048 2.00 E 

Heterogeneous nuclear ribonucleoproteins 

C1/C2  

HNRPC_HUMAN 34 kDa 0.029 2.00 F 

Protein-glutamine gamma-glutamyltransferase 

E  

TGM3_HUMAN 77 kDa 0.0056 -2.06 A 

Methylcrotonoyl-CoA carboxylase beta chain, 

mitochondrial  

MCCB_HUMAN 61 kDa 0.019 -2.44 E 

Cytoskeleton-associated protein 4  CKAP4_HUMAN 66 kDa 0.047 -2.49 F 

Multifunctional protein ADE2  PUR6_HUMAN 47 kDa 0.041 -2.67 G 

Methylcrotonoyl-CoA carboxylase subunit 

alpha, mitochondrial  

MCCA_HUMAN 80 kDa 0.0083 -2.72 E 

Serum albumin  ALBU_HUMAN 69 kDa 0.038 -2.75 J 

Cystatin-A  CYTA_HUMAN 11 kDa 0.018 -2.89 J 

Nucleolar transcription factor 1  UBF1_HUMAN 89 kDa 0.0077 -2.97 E 

DNA topoisomerase 3-alpha  TOP3A_HUMAN 112 kDa 0.021 -3.44 C 

Catenin delta-1  CTND1_HUMAN 108 kDa 0.042 -3.44 C 

Chromodomain-helicase-DNA-binding protein 

1-like  

CHD1L_HUMAN 101 kDa 0.043 -3.67 B 

Tyrosine-protein phosphatase non-receptor 

type 23  

PTN23_HUMAN 179 kDa 0.021 -3.67 B 

40S ribosomal protein S27  RS27_HUMAN 9 kDa 0.014 -4.11 J 

Golgin subfamily A member 1  GOGA1_HUMAN 88 kDa 0.0012 -4.67 D 

Protein SOGA1  SOGA1_HUMAN 160 kDa 0.01 -4.69 B 

Caprin-1  CAPR1_HUMAN 78 kDa 0.02 -4.89 E 
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Mitochondrial import receptor subunit TOM22 

homolog  

TOM22_HUMAN 16 kDa 0.034 -5.00 I 

SPATS2-like protein  SPS2L_HUMAN 62 kDa 0.024 -5.33 F 

40S ribosomal protein S15  RS15_HUMAN 17 kDa 0.04 -6.17 I 

Keratin, type I cytoskeletal 15  K1C15_HUMAN 49 kDa 0.044 -7.43 E 

Helicase-like transcription factor  HLTF_HUMAN 114 kDa 0.024 -8.00 B 

Keratin, type II cytoskeletal 79  K2C79_HUMAN 58 kDa 0.0001 -10.00 I 

Keratin, type II cytoskeletal 6B  K2C6B_HUMAN 60 kDa 0.014 -32.83 C 

 

Table A. 2 Differential PAR-associated proteins identified 45 minutes after 
treatment relative to control 

PAR-associated protein complexes were induced in HK-2 cells by 400 μM TGHQ at 

different time points. PAR-associated proteins were enriched by immunoprecipitation, 

and identified by LC-MS/MS. Fold-changes in differential protein abundance were 

obtained by spectral counting. The spectral counts mapping for a particular protein in 

control gel sections were compared with the spectral counts found in treated samples. 

We considered a protein significantly differentially PAR-associated if it passed the 

following threshold: p-value < 0.05 by t-test, fold change in spectral counts ≥ 2, and 

spectral count median between replicates ≥ 4. 

 

Protein UniProt KB-ID MW p-value 
Average 

fold change 
Gel 

Section 
 

Ribosome-binding protein 1  

 

RRBP1_HUMAN 

 

152 kDa 

 

0.0053 

 

23.17 

 

A 

Centrosomal protein of 170 kDa  CE170_HUMAN 175 kDa 0.004 13.67 A 

Cytoskeleton-associated protein 5  CKAP5_HUMAN 226 kDa 0.009 10.81 A 

Doublecortin domain-containing protein 2  DCDC2_HUMAN 53 kDa 0.047 10.50 E 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.016 9.33 D 

Cytoplasmic dynein 1 heavy chain 1  DYHC1_HUMAN 532 kDa 0.0086 9.17 A 

Myotubularin-related protein 5  MTMR5_HUMAN 208 kDa 0.021 8.85 A 

60S ribosomal protein L35  RL35_HUMAN 15 kDa 0.032 8.56 J 
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Cordon-bleu protein-like 1  COBL1_HUMAN 132 kDa 0.0036 8.33 A 

Protein TANC1  TANC1_HUMAN 202 kDa 0.012 8.17 A 

WD repeat and HMG-box DNA-binding protein 

1  

WDHD1_HUMAN 126 kDa 0.0079 8.00 B 

Ensconsin  MAP7_HUMAN 84 kDa 0.0066 7.33 D 

Pleckstrin homology domain-containing family 

A member 5  

PKHA5_HUMAN 127 kDa 0.0077 7.29 B 

Prelamin-A/C  LMNA_HUMAN 74 kDa 0.0077 7.00 G 

Pre-mRNA-processing factor 19  PRP19_HUMAN 55 kDa 0.011 6.83 F 

40S ribosomal protein S17  RS17_HUMAN 16 kDa 0.022 6.67 J 

E3 SUMO-protein ligase RanBP2  RBP2_HUMAN 358 kDa 0.033 6.33 A 

SNW domain-containing protein 1  SNW1_HUMAN 61 kDa 0.0061 6.33 C 

Spermatogenesis-associated serine-rich 

protein 2  

SPAS2_HUMAN 60 kDa 0.0023 6.33 E 

SNW domain-containing protein 1  SNW1_HUMAN 61 kDa 0.0061 6.33 E 

Aspartate--tRNA ligase, mitochondrial  SYDM_HUMAN 74 kDa 0.014 6.33 E 

Talin-1  TLN1_HUMAN 270 kDa 0.038 6.29 A 

Histone H1.3  H13_HUMAN 22 kDa 0.027 6.25 G 

Sickle tail protein homolog  SKT_HUMAN 214 kDa 0.012 6.00 A 

Calmodulin-regulated spectrin-associated 

protein 1  

CAMP1_HUMAN 178 kDa 0.048 6.00 A 

General transcription factor II-I  GTF2I_HUMAN 112 kDa 0.006 6.00 B 

Signal peptidase complex subunit 2  SPCS2_HUMAN 25 kDa 0.028 6.00 I 

OTU domain-containing protein 4  OTUD4_HUMAN 124 kDa 0.015 5.67 B 

Transportin-3  TNPO3_HUMAN 104 kDa 0.0072 5.67 D 

Vacuolar protein sorting-associated protein 11 

homolog 

VPS11_HUMAN 108 kDa 0.021 5.67 D 

Protein arginine N-methyltransferase 1  ANM1_HUMAN 42 kDa 0.049 5.53 G 

Transcription initiation factor IIB  TF2B_HUMAN 35 kDa 0.0072 5.33 G 

Calmodulin-regulated spectrin-associated 

protein 3  

CAMP3_HUMAN 135 kDa 0.0038 5.00 B 

Polypyrimidine tract-binding protein 1  PTBP1_HUMAN 57 kDa 0.0012 5.00 D 

MAP/microtubule affinity-regulating kinase 3  MARK3_HUMAN 84 kDa 0.0049 5.00 D 

Exocyst complex component 1  EXOC1_HUMAN 102 kDa 0.016 5.00 D 

Apoptosis inhibitor 5  API5_HUMAN 59 kDa 0.0061 4.83 E 

Glutathione peroxidase 1  GPX1_HUMAN 22 kDa 0.011 4.83 H 

ATP synthase subunit O, mitochondrial  ATPO_HUMAN 23 kDa 0.025 4.83 I 

Neuron navigator 1  NAV1_HUMAN 202 kDa 0.0018 4.67 A 

Arf-GAP with SH3 domain, ANK repeat and PH 

domain-containing protein 1  

ASAP1_HUMAN 126 kDa 0.0044 4.67 B 
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ATP-dependent RNA helicase A  DHX9_HUMAN 141 kDa 0.0091 4.67 C 

Activator of basal transcription 1  ABT1_HUMAN 31 kDa 0.018 4.67 G 

Tryptophan--tRNA ligase, mitochondrial  SYWM_HUMAN 40 kDa 0.026 4.67 G 

Regulation of nuclear pre-mRNA domain-

containing protein 1A  

RPR1A_HUMAN 36 kDa 0.043 4.67 G 

Thioredoxin-dependent peroxide reductase, 

mitochondrial  

PRDX3_HUMAN 28 kDa 0.0096 4.67 H 

Mitochondrial import inner membrane 

translocase subunit Tim23  

TIM23_HUMAN 22 kDa 0.024 4.67 I 

Signal peptidase complex catalytic subunit 

SEC11A  

SC11A_HUMAN 21 kDa 0.018 4.67 J 

Signal transducer and activator of transcription 

1-alpha/beta  

STAT1_HUMAN 87 kDa 0.0041 4.50 A 

ATP-binding cassette sub-family F member 1  ABCF1_HUMAN 96 kDa 0.034 4.33 A 

Citron Rho-interacting kinase  CTRO_HUMAN 231 kDa 0.046 4.33 A 

Bcl-2-associated transcription factor 1  BCLF1_HUMAN 106 kDa 0.015 4.33 B 

Leucine zipper protein 1  LUZP1_HUMAN 120 kDa 0.0055 4.33 D 

Vimentin  VIME_HUMAN 54 kDa 0.029 4.33 H 

Cytoplasmic aconitate hydratase  ACOC_HUMAN 98 kDa 0.01 4.31 D 

Terminal uridylyltransferase 7  TUT7_HUMAN 171 kDa 0.014 4.22 A 

Unconventional myosin-Ic  MYO1C_HUMAN 122 kDa 0.042 4.22 A 

Liprin-alpha-1  LIPA1_HUMAN 136 kDa 0.009 4.03 B 

Ubiquitin carboxyl-terminal hydrolase 10  UBP10_HUMAN 87 kDa 0.014 4.00 A 

Proline-, glutamic acid- and leucine-rich protein 

1 

PELP1_HUMAN 120 kDa 0.033 4.00 B 

Transgelin-2  TAGL2_HUMAN 22 kDa 0.011 4.00 I 

Partner of Y14 and mago  PYM1_HUMAN 23 kDa 0.0024 3.83 H 

Parafibromin  CDC73_HUMAN 61 kDa 0.0011 3.78 E 

Calcyclin-binding protein  CYBP_HUMAN 26 kDa 0.048 3.78 H 

Ubiquitin-like modifier-activating enzyme 1  UBA1_HUMAN 118 kDa 0.027 3.67 A 

AP-2 complex subunit mu  AP2M1_HUMAN 50 kDa 0.032 3.67 F 

Nucleophosmin OS=Homo sapiens GN=NPM1 

PE=1 SV=2 

NPM_HUMAN 33 kDa 0.026 3.66 G 

Exocyst complex component 7  EXOC7_HUMAN 83 kDa 0.047 3.65 E 

Peroxidasin homolog  PXDN_HUMAN 165 kDa 0.013 3.56 A 

Polycomb protein SUZ12  SUZ12_HUMAN 83 kDa 0.043 3.50 D 

Regulator of chromosome condensation  RCC1_HUMAN 45 kDa 0.025 3.50 F 

WW domain-binding protein 11  WBP11_HUMAN 70 kDa 0.034 3.47 D 

Zinc finger protein 598  ZN598_HUMAN 99 kDa 0.026 3.44 D 

Splicing factor 1  SF01_HUMAN 68 kDa 0.038 3.36 E 
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Protein PRRC2C  PRC2C_HUMAN 317 kDa 0.022 3.35 A 

Tuberin  TSC2_HUMAN 201 kDa 0.011 3.33 A 

Zinc finger CCCH-type with G patch domain-

containing protein  

ZGPAT_HUMAN 57 kDa 0.014 3.33 E 

Cordon-bleu protein-like 1  COBL1_HUMAN 132 kDa 0.0011 3.32 B 

G-rich sequence factor 1  GRSF1_HUMAN 53 kDa 0.023 3.28 F 

Pleckstrin homology-like domain family B 

member 1  

PHLB1_HUMAN 151 kDa 0.045 3.25 B 

T-complex protein 1 subunit eta  TCPH_HUMAN 59 kDa 0.029 3.21 F 

Alpha-actinin-4  ACTN4_HUMAN 105 kDa 0.034 3.17 B 

Mitochondrial ribonuclease P protein 1  MRRP1_HUMAN 47 kDa 0.046 3.17 G 

Small nuclear ribonucleoprotein Sm D1  SMD1_HUMAN 13 kDa 0.0031 3.17 J 

Ribosome-binding protein 1  RRBP1_HUMAN 152 kDa 0.027 3.16 B 

E3 ubiquitin-protein ligase TRIP12  TRIPC_HUMAN 220 kDa 0.041 3.15 A 

DNA (cytosine-5)-methyltransferase 1  DNMT1_HUMAN 183 kDa 0.039 3.07 A 

Polypyrimidine tract-binding protein 1  PTBP1_HUMAN 57 kDa 0.027 3.03 G 

Nuclear fragile X mental retardation-interacting 

protein 2  

NUFP2_HUMAN 76 kDa 0.024 3.00 D 

U4/U6 small nuclear ribonucleoprotein Prp31  PRP31_HUMAN 55 kDa 0.017 2.89 E 

RNA-binding protein 42  RBM42_HUMAN 50 kDa 0.027 2.89 E 

CLIP-associating protein 1  CLAP1_HUMAN 169 kDa 0.038 2.79 B 

Talin-1  TLN1_HUMAN 270 kDa 0.00034 2.76 B 

ATP-dependent RNA helicase A  DHX9_HUMAN 141 kDa 0.019 2.75 D 

Peroxiredoxin-1  PRDX1_HUMAN 22 kDa 0.05 2.68 I 

Gamma-adducin  ADDG_HUMAN 79 kDa 0.0037 2.67 D 

Histone H1.4  H14_HUMAN 22 kDa 0.039 2.63 G 

28S ribosomal protein S31, mitochondrial  RT31_HUMAN 45 kDa 0.014 2.53 G 

Unconventional myosin-IXb  MYO9B_HUMAN 243 kDa 0.027 2.51 A 

Asparagine--tRNA ligase, cytoplasmic  SYNC_HUMAN 63 kDa 0.0063 2.48 E 

39S ribosomal protein L15, mitochondrial  RM15_HUMAN 33 kDa 0.018 2.42 G 

Ataxin-2  ATX2_HUMAN 140 kDa 0.0014 2.39 B 

Cofilin-1  COF1_HUMAN 19 kDa 0.04 2.39 J 

Cell division cycle 5-like protein  CDC5L_HUMAN 92 kDa 0.021 2.37 D 

Rho GTPase-activating protein 29  RHG29_HUMAN 142 kDa 0.033 2.33 B 

DnaJ homolog subfamily C member 2  DNJC2_HUMAN 72 kDa 0.018 2.31 E 

Myosin-9  MYH9_HUMAN 227 kDa 0.0053 2.28 G 

Probable ATP-dependent RNA helicase 

DDX52  

DDX52_HUMAN 68 kDa 0.014 2.28 E 

Ataxin-2-like protein  ATX2L_HUMAN 113 kDa 0.039 2.26 B 

DNA primase large subunit  PRI2_HUMAN 59 kDa 0.019 2.22 F 
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RNA-binding protein 39  RBM39_HUMAN 59 kDa 0.042 2.17 C 

Protein LSM14 homolog A LS14A_HUMAN 51 kDa 0.043 2.17 C 

La-related protein 7  LARP7_HUMAN 67 kDa 0.043 2.17 C 

RNA-binding protein 39  RBM39_HUMAN 59 kDa 0.042 2.17 E 

Protein LSM14 homolog A  LS14A_HUMAN 51 kDa 0.043 2.17 E 

La-related protein 7  LARP7_HUMAN 67 kDa 0.043 2.17 E 

Eukaryotic translation initiation factor 5B  IF2P_HUMAN 139 kDa 0.023 2.16 A 

T-complex protein 1 subunit alpha  TCPA_HUMAN 60 kDa 0.0016 2.13 E 

Glyceraldehyde-3-phosphate dehydrogenase G3P_HUMAN 36 kDa 0.035 2.13 H 

Adipocyte plasma membrane-associated 

protein 

APMAP_HUMAN 46 kDa 0.0029 2.11 F 

Pyruvate kinase PKM  KPYM_HUMAN 58 kDa 0.03 2.11 B 

Nucleolysin TIAR  TIAR_HUMAN 42 kDa 0.037 2.11 G 

General transcription factor 3C polypeptide 5  TF3C5_HUMAN 60 kDa 0.026 2.08 E 

Splicing factor 3B subunit 4  SF3B4_HUMAN 44 kDa 0.024 2.02 F 

AP-1 complex subunit gamma-1  AP1G1_HUMAN 91 kDa 0.048 2.02 D 

Proto-oncogene tyrosine-protein kinase Src  SRC_HUMAN 60 kDa 0.0057 2.00 E 

Splicing factor 3A subunit 3  SF3A3_HUMAN 59 kDa 0.021 2.00 E 

Signal peptidase complex catalytic subunit 

SEC11A  

SC11A_HUMAN 21 kDa 0.039 2.00 I 

Sorting nexin-1  SNX1_HUMAN 59 kDa 0.016 -2.06 E 

Poly [ADP-ribose] polymerase 1  PARP1_HUMAN 113 kDa 0.03 -2.06 J 

Keratin, type I cytoskeletal 9  K1C9_HUMAN 62 kDa 0.026 -2.08 F 

Nuclear pore complex protein Nup214  NU214_HUMAN 214 kDa 0.014 -2.17 B 

Death-inducer obliterator 1  DIDO1_HUMAN 244 kDa 0.0062 -2.17 B 

Methylcrotonoyl-CoA carboxylase beta chain, 

mitochondrial  

MCCB_HUMAN 61 kDa 0.0076 -2.33 E 

Collagen alpha-2(IV) chain  CO4A2_HUMAN 168 kDa 0.046 -2.33 B 

Ig kappa chain C region  IGKC_HUMAN 12 kDa 0.045 -2.33 H 

Pre-mRNA-processing factor 6  PRP6_HUMAN 107 kDa 0.038 -2.78 C 

Protein PRRC2C  PRC2C_HUMAN 317 kDa 0.023 -2.83 D 

SCY1-like protein 2  SCYL2_HUMAN 104 kDa 0.0045 -2.89 D 

C-1-tetrahydrofolate synthase, cytoplasmic  C1TC_HUMAN 102 kDa 0.014 -3.06 C 

Matrix metalloproteinase-14  MMP14_HUMAN 66 kDa 0.038 -3.22 E 

UTP--glucose-1-phosphate uridylyltransferase  UGPA_HUMAN 57 kDa 0.012 -3.33 F 

Rho guanine nucleotide exchange factor 2  ARHG2_HUMAN 112 kDa 0.002 -3.39 D 

Multifunctional protein ADE2  PUR6_HUMAN 47 kDa 0.023 -3.42 F 

Ubiquitin carboxyl-terminal hydrolase 10  UBP10_HUMAN 87 kDa 0.021 -3.56 E 

Arfaptin-1  ARFP1_HUMAN 42 kDa 0.027 -3.56 F 

40S ribosomal protein S27  RS27_HUMAN 9 kDa 0.022 -3.67 J 
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Fragile X mental retardation syndrome-related 

protein 1  

FXR1_HUMAN 70 kDa 0.029 -3.67 F 

Carboxypeptidase D  CBPD_HUMAN 153 kDa 0.0093 -4.17 B 

Centrosomal protein of 170 kDa  CE170_HUMAN 175 kDa 0.041 -4.33 C 

Protein furry homolog-like  FRYL_HUMAN 340 kDa 0.021 -4.33 C 

Kinesin-like protein KIF11  KIF11_HUMAN 119 kDa 0.033 -4.33 D 

Golgin subfamily A member 1  GOGA1_HUMAN 88 kDa 0.00054 -4.67 D 

Glutaryl-CoA dehydrogenase, mitochondrial  GCDH_HUMAN 48 kDa 0.024 -4.67 F 

Chromodomain-helicase-DNA-binding protein 

1-like  

CHD1L_HUMAN 101 kDa 0.025 -5.00 B 

Tyrosine-protein phosphatase non-receptor 

type 23  

PTN23_HUMAN 179 kDa 0.0061 -5.00 B 

Helicase-like transcription factor  HLTF_HUMAN 114 kDa 0.046 -5.67 G 

Keratin, type II cytoskeletal 3  K2C3_HUMAN 64 kDa 0.041 -6.13 B 

Protein SOGA1 OS=Homo sapiens 

GN=SOGA1 PE=1 SV=2 

SOGA1_HUMAN 160 kDa 0.0074 -6.22 B 

Nucleolar transcription factor 1  UBF1_HUMAN 89 kDa 0.0011 -6.33 E 

Helicase-like transcription factor  HLTF_HUMAN 114 kDa 0.025 -6.50 B 

Methylcrotonoyl-CoA carboxylase subunit 

alpha, mitochondrial  

MCCA_HUMAN 80 kDa 0.0017 -6.56 E 

Unconventional myosin-VI  MYO6_HUMAN 150 kDa 0.00068 -6.67 C 

Protein furry homolog-like  FRYL_HUMAN 340 kDa 0.042 -7.14 D 

 

Table A. 3 Differential PAR-associated proteins identified 60 minutes after 
treatment relative to control 

PAR-associated protein complexes were induced in HK-2 cells by 400 μM TGHQ at 

different time points. PAR-associated proteins were enriched by immunoprecipitation, 

and identified by LC-MS/MS. Fold-changes in differential protein abundance were 

obtained by spectral counting. The spectral counts mapping for a particular protein in 

control gel sections were compared with the spectral counts found in treated samples. 

We considered a protein significantly differentially PAR-associated if it passed the 

following threshold: p-value < 0.05 by t-test, fold change in spectral counts ≥ 2, and 

spectral count median between replicates ≥ 4. 
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