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Poly(ADP-ribose) polymerases (PARPs) comprise a family of enzymes sharing a 

conserved catalytic domain that supports mono- or poly(ADP-ribosyl)transferase activity.  

PARP-1 is the founding member and controls transcriptional outcomes by modulating chromatin 

structure and the activity of transcriptional regulators. PARP-1 plays a role in various biological 

processes including differentiation, metabolism, inflammation and hormonal response and is 

associated with many pathological conditions including cancer, infection, cardiovascular 

disorders, and metabolic deregulation. 



In order to study how inflammation affects cardiac function and whether PARP-1 plays a 

role in this process, I characterized the transcriptome of an immortalized adult human ventricular 

cardiomyocyte cell line (AC16) in response to tumor necrosis factor (TNFα) stimulation.  Using 

genomic approaches including global nuclear run-on sequencing (GRO-seq) and chromatin 

immunoprecipitation coupled with sequencing (ChIP-seq), I identified ~30,000 transcribed 

regions including protein coding and non coding transcripts generated from RNA polymerase I, 

II and III.  In addition, I observed that AC16 cells rapidly and dynamically reorganize their 

transcriptomes in response to TNFα stimulation in an NF-κB-dependent manner, switching from 

a basal state to a proinflammatory state, affecting a spectrum of cardiac-associated protein-

coding and non-coding genes.  I observed distinct Pol II dynamics for up- and downregulated 

genes.  Furthermore, I found that PARP-1 is enriched at target genes corresponding to gene 

expression level, and facilitates NF-κB regulatory circuits. Overall, my study helped to clarify 

the connection between inflammation and cardiomyocyte function at the transcriptional level. 
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CHAPTER 1 

 
 
 
 
 
 

On PAR with PARP-1: Signalling through Poly(ADP-ribose) and PARP-1* 
 
 

 

 

 

 

 

 

 

 

 

 

 

* This chapter contains sections from one published preview and one published review written 

by X. Luo and W. L. Kraus, namely, (i) Luo, X. and Kraus WL.  A One and a Two…Expanding 

Roles for Poly(ADP-ribose) Polymerases in Metabolism. Cell Metabolism. 2011; 353-355.  © 

2011 Elsevier Inc, with permission from Elsevier;  and (ii) Luo X. and Kraus WL.  On PAR with 

PARP: cellular stress signaling through poly(ADP-ribose) and PARP-1. Genes & Dev. 2012; 

417-432.  © 2012, Genes & Development by Cold Spring Harbor Laboratory Press.  Minor 

modifications have been made. 
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1.1 Summary 

Poly(ADP-ribose) polymerases (PARPs) comprise a family of enzymes sharing a 

conserved catalytic domain that supports mono- or poly(ADP-ribosyl)transferase activity using 

NAD+ as a donor of ADP-ribose units. PARP-1 is the founding member of the PARP family and 

contributes as much as 90 percent of the total cellular PARP activity.  PARP-1 controls 

transcriptional outcomes by modulating chromatin structure, acting as a coregulator, and altering 

the activity of other chromatin- and transcription-related factors through poly(ADP-ribosyl)ation 

(PARylation) (Krishnakumar and Kraus, 2010).   PARP-1 is not only involved in a wide range of 

physiological processes, including metabolism, signal transduction, cell proliferation and 

differentiation, but also is associated with a lot of stressed pathological conditions, including 

inflammation, tissue injury, cancer and metabolic disorder.    

    

1.2 The nuts and bolts of PARP-1, PAR, and nuclear NAD+ 

 Mammalian PARP-1 is a 116 kDal protein comprising (1) an N-terminal DNA binding 

domain, which contains three zinc binding domains (Zn1, Zn2 and Zn3) and a nuclear 

localization sequence (NLS); (2) a central automodification domain, which contains several 

glutamate and lysine residues as putative acceptors for auto(ADP-ribosyl)ation, a leucine-zipper 

motif that mediates homo- or heterodimerization, and a BRCA1 C-terminal (BRCT) 

phosphopeptide binding motif; and (3) a C-terminal catalytic domain, which contains a 

tryptophan-, glycine-, arginine-rich (WGR) domain and the “PARP signature” sequence required 

for the catalysis of PAR synthesis (Fig. 1.1) (D'Amours et al. 1999; Krishnakumar and Kraus 

2010a).  PARP-1 belongs to a family of 17 proteins with confirmed or putative mono- and 

poly(ADP-ribosyl) transferase activity, which share the “PARP signature motif” in the 
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homologous catalytic domain (Fig. 1.1) (Ame et al. 2004; Schreiber et al. 2006).  PARP-1 

catalyzes the covalent attachment of PAR polymers on itself and other acceptor proteins, 

including histones, DNA repair proteins, transcription factors, and chromatin modulators, using 

NAD+ as a donor of ADP-ribose units (Fig. 1.2) (D'Amours et al. 1999; Hassa and Hottiger 

2008).  Covalently attached PAR can be hydrolyzed to free PAR or mono(ADP-ribose) by PAR 

glycohydrolase (PARG), which possesses both endoglycosidic and exoglycosidic activities (Min 

and Wang 2009), and poly(ADP-ribose) hydrolase (ARH3), which also has PARG activity (Oka 

et al. 2006) (Fig. 1.3).  PAR is rapidly turned over in the cell, with a half-life on the order of 

minutes (Gagne et al. 2006).  Free or protein bound PAR polymers work as signal transducers by 

binding other proteins through their conserved PAR recognition modules, including PAR binding 

motifs (PBM), PAR binding zinc finger (PBZ) domains, and macrodomains (Kraus 2009).  PAR, 

which is a negatively charged polymer, alters the biochemical properties of modified or 

interacting proteins, modulating their structure, function, and localization (Schreiber et al. 2006; 

Krishnakumar and Kraus 2010a). 

PARP-1 plays key roles in DNA repair, chromatin modulation, and transcription (Kraus 

2008; Ji and Tulin 2010; Krishnakumar and Kraus 2010a).  It binds to nucleosomes containing 

intact DNA (Kim et al. 2004), as well as to damaged DNA structures (e.g., nicks, double strand 

breaks) under conditions of genotoxic stress, leading to the activation of its enzymatic activity 

(D'Amours et al. 1999).  PARP-1 is enriched at the promoters of actively transcribed genes, 

where it plays a key role in modulating the chromatin environment to regulate gene expression, 

especially in response to cellular signaling pathways (Krishnakumar et al. 2008; Frizzell et al. 

2009).  PARP-1 interacts with histone- and chromatin-modifying enzymes to control their 
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activity at target gene promoters, ultimately affecting chromatin-dependent gene expression 

outcomes.  PARP-1 also interacts with nicotinamide mononucleotide adenylyltransferase-1 

(NMNAT-1), a nuclear NAD+ synthase, which provides NAD+ for the nuclear functions of 

nuclear NAD+ consuming enzymes, such as PARP-1 and the NAD+-dependent protein 

deacetylase SIRT1 (Berger et al. 2007; Zhang et al. 2009).  As such, PARP-1 plays a key role in 

a number of distinct nuclear processes, integrating NAD+ availability with molecular outcomes.  

 

1.3 PARP-1 at the crossroads of cellular responses 

Cells are regularly exposed to a wide variety of extrinsic and intrinsic stress signals, 

including those initiated by oxidative, nitrosative, genotoxic, oncogenic, thermal, inflammatory, 

and metabolic stresses (Kourtis and Tavernarakis 2011).  The propagation of these signals 

involves crosstalk among multiple signaling pathways that lead to defined outcomes.  For 

example, oxidative stress can cause or amplify genotoxic stress and stimulate inflammatory 

responses (Kryston et al. 2011).  Likewise, inflammation can promote oncogenic stress by 

inducing genomic instability through the induction of oxidative and nitrosative stress (Lonkar 

and Dedon 2011).  Additionally, metabolic stress can trigger chronic inflammatory responses and 

oxidative stress by increasing the production of reactive oxygen species (ROS) in mitochondria 

and promoting endoplasmic reticulum (ER) stress (Zhang and Kaufman 2008; Wellen and 

Thompson 2010).  Furthermore, chronic inflammation can sensitize organisms to metabolic 

stress signals (Medzhitov 2008).  As these examples illustrate, stress-related pathological 

conditions typically involve two or more different types of stress responses.   

Studies over the past two decades have placed PARP-1 and related PARP family 

members at the intersection of converging stress signaling pathways (Fig. 1.3).  While the focus 
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has been on the role of PARPs in genotoxic, oxidative, oncogenic, and inflammatory stress 

responses - especially their roles in DNA repair and transcriptional regulation - several recent 

studies have revealed novel aspects of PARPs in metabolic stress responses.  

 

1.4 A new role of PARPs: metabolic stress and homeostasis 

 Cells detect and respond to insufficient, as well as excess, nutrients by rearranging their 

metabolic profiles, energy stores, and energy expenditure.  The integration of the cellular 

responses to metabolic stress in multiple organs dictates the physiological or pathological states 

of the organisms, including a series of metabolic- or age-related diseases, including obesity, 

diabetes, and cancer (Wellen and Thompson 2010).  Several recent studies have indicated key 

roles for PARP-1 and PARP-2 in metabolic stress and homeostasis (Fig. 1.4). 

 PARP-1-/- mice show strain-specific metabolic effects (Luo and Kraus 2011).  For 

example, on an obesity-resistant (predominantly SV129) background, PARP-1 knockout leads to 

increased age-related weight gain and diet-induced obesity, suggesting a protective role for 

PARP-1 (Devalaraja-Narashimha and Padanilam 2010).  In contrast, on an obesity-prone 

(predominantly C57BL/6J) background, PARP-1 knockout leads to lower weights, exhibit 

improved metabolic profiles, and protection against diet-induced obesity and insulin resistance, 

suggesting a negative role for PARP-1 (Bai et al. 2011b).  Although the strain-specificity of 

these effects are not currently understood, C57BL/6J mice are known to have a loss-of-function 

deletion in the gene encoding nicotinamide nucleotide transhydrogenase, an enzyme that 

catalyzes the production of NAD+ through the reversible reduction of NADP+ by NADH 

(Freeman et al. 2006).  This or other genetic differences between the SV129 and the C57BL/6J  
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Fig. 1.1.  Structural and functional organization of PARP-1. 
Human PARP-1 is a 116 kDal protein comprising (1) an N-terminal DNA binding domain, 
which contains three zinc binding domains (Zn1, Zn2 and Zn3) and a nuclear localization 
sequence (NLS); (2) a central automodification domain, which contains a leucine-zipper (LZ) 
motif and a BRCA1 C-terminus (BRCT) motif; and (3) a C-terminal catalytic domain, which 
contains a Trp-Gly-Arg (WGR) domain and the “PARP signature” motif required for NAD+ 
binding and the catalysis of PAR synthesis.  
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Fig. 1.2. NAD+ metabolism and the synthesis of poly(ADP-ribose).  
(A) Clockwise from top left, Chemical structures of NAD+, ADP-ribose (ADRr), and poly(ADP-
ribose) (PAR).  The positions on the ribose moieties where the PAR polymer is elongated and 
branched from are indicated.  In the example shown, PAR is covalently attached to an aspartic or 
glutamic acid residue on the acceptor proteins.  PAR may also be attached to lysine residues. 
(B) The PARP-1-dependent NAD+ metabolic cycle.  Nicotinamide mononucleotide (NMN) is 
synthesized from nicotinamide (NAM) and 5-phosphoribosyl-1-pyrophosphate (PRPP) by 
nicotinamide phosphoribosyltransferase (NAMPT).  NAD+ is synthesized from ATP and NMN 
by nicotinamide mononucleotide adenylyltransferase (NMNAT; NMNAT-1 is the nuclear 
member of the NMNAT group of enzymes).  Poly(ADP-ribose) polymerase-1 (PARP-1) 
catalyzes the covalent attachment of PAR on acceptor proteins using NAD+ as a donor of ADP-
ribose units, with the concomitant release of nicotinamide.  Covalently attached PAR can be 
hydrolyzed to free PAR or mono(ADP-ribose) (ADPr) by PAR glycohydrolase (PARG), which 
possesses both endoglycosidic and exoglycosidic activities, and poly(ADP-ribose) hydrolase 
(ARH3), which also has PARG activity. 
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Fig. 1.3. PARP-1 at the crossroads of cellular responses. 
Cells are regularly exposed to a wide variety of extrinsic and intrinsic signals, including those 
initiated by oxidative, nitrosative, genotoxic, oncogenic, thermal, inflammatory, and metabolic 
stresses.  PARP-1 senses these signals and propagates different signals to execute diverse 
downstream molecular and cellular actions.  PARP-1 and related PARP family members 
function at the intersection of converging stress signaling pathways. P, phosphorylation; Su, 
SUMOylation; Ub, Ubiquitylation; NAM, nicotinamide. 
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strains that affect metabolic pathways may underlie the observed phenotypic differences.  Some 

of the effects of PARP-1 on adipogenesis are due to direct effects on PPARγ-dependent 

adipogenic gene expression in fat cells (Erener et al. 2011), but the system-wide effects of 

PARP-1 suggest a broad spectrum of functions beyond that.Interestingly, the metabolic 

phenotypes of the PARP-1-/- mice, whose background is predominantly C57BL/6J, resemble 

those in which SIRT1, an NAD+-dependent protein deacetylase and key metabolic regulator, is 

overexpressed or chemically activated (Herranz and Serrano 2010).  These results suggest that 

PARP-1 depletion increases SIRT1 activity, perhaps through increased NAD+ availability, but 

may also do so through direct modification of the SIRT1 protein.  Additional studies in mice 

have shown that the activity of PARP-1 oscillates in a circadian manner (Asher et al. 2010).  

PARP-1-/- mice display impaired food entrainment of the circadian rhythm through a mechanism 

that involves effects on the core circadian machinery.  PARP-1 senses and integrates the feeding 

signal to modify and regulate CLOCK, a key circadian transcription factor, and its downstream 

transcriptional circuitry for rhythm generation (Asher et al. 2010).  Thus, PARP-1 elicits its 

metabolic effects by influencing other well-established metabolic pathways. 

 PARP-2-/- mice also show metabolic effects (Bai et al. 2011a), including elevated energy 

expenditure, oxygen consumption, lipid oxidation associated with a leaner phenotype, protection 

against diet-induced obesity, and a tissue-specific mitochondrial metabolic phenotype (most 

evident in skeletal muscle and liver).  PARP-2 is the closest paralog of PARP-1 and is 

responsible for most of the residual PARP activity in PARP-1-/- cells.  In C2C12 myocytes, 

RNAi-mediated knockdown of PARP-2 increases the levels of SIRT1 mRNA, protein, and 

activity without altering cellular NAD+ levels, suggesting a role for PARP-2 in keeping SIRT1 in 

check.  The increases in SIRT1 activity upon PARP-2 depletion lead to deacetylation of 
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downstream SIRT1 targets, as well as increased mitochondrial biogenesis and oxidation.  These 

outcomes may be due to a direct effect of PARP-2 on the SIRT1 gene; PARP-2 localizes to the 

SIRT1 promoter, where it functions as a negative transcription regulator (Bai et al. 2011a).  

Together, the results from these metabolic studies link PARP-1 and PARP-2 to known metabolic 

transcriptional regulators, such as SIRT1, and physiological outcomes in response to metabolic 

stress.  Since metabolic phenotypes are the outcome of the action of multiple organs, and PARP-

1 and PARP-2 mediate distinct responses in multiple organs, it will be essential to develop 

tissue-specific conditional knockout mice to pinpoint and distinguish the specific functions of 

PARP-1 and PARP-2 in specific metabolic processes, such as adipogenesis, inflammation, lipid 

metabolism, glucose homeostasis, and insulin production and resistance. 

 

1.5 Regulating the regulator: Activation and deactivation of PARP-1  

 As might be expected for a central component of stress pathways, PARP-1 is subject to a 

variety of inputs that affect its stability, activity, and even localization (Fig. 1.3).  Historically, 

the focus has been on effectors that alter PARP-1’s NAD+-dependent catalytic activity, such as 

damaged DNA (i.e., single or double strand breaks) (D'Amours et al. 1999).  More recently, 

studies have shown that PARP-1 can also be activated in the absence of DNA damage by (1) 

binding to other DNA structures (e.g., cruciforms), nucleosomes, or protein partners, (2) 

changing level of metabolites or ions, and (3) post-translational modifications (Kim et al. 2005; 

Krishnakumar and Kraus 2010a).  

 

1.5.1 Regulating PARP-1 through chromatin interactions 
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Figure 1.4.  Studies with PARP-1-/- and PARP-2-/- mice illustrate essential roles for PARP-1 
and PARP-2 in metabolic homeostasis.   
The schematic summarizes the effects of PARP-1 or PARP-2 knockout on a variety of 
metabolism-related phenotypes in five different tissues.  The effects (increase or decrease upon 
knockout) are illustrated by the use of color-coded arrows (PARP-1, red; PARP-2, blue).  The 
phenotypes shown for PARP-1 are based on PARP-1-/- mice with a predominantly C57BL/6J 
background.  Opposite effects for some parameters may be noted for PARP-1-/- mice made in a 
predominantly SV129 background (see the text). 
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PARP-1-mediated modulation of chromatin structure is essential for both transcriptional 

regulation and DNA damage repair (Krishnakumar and Kraus 2010a).  PARP-1 interacts 

dynamically with different chromatin domains and its interactions with chromatin are determined 

by the specific nature of the nucleosomes (e.g., types of histone modifications, inclusion of 

histone variants).  For example, in Drosophila, the histone variant H2Av (a homolog of both 

mammalian H2Az and H2Ax) promotes the localization of PARP-1 to H2Av-enriched 

nucleosomes at specific target gene promoters (Kotova et al. 2011).  The phosphorylation of 

H2Av is required for PARP-1 activation, as well as downstream heat shock-induced 

transcriptional activation and genotoxic stress-induced DNA repair (Kotova et al. 2011).  In vitro 

and cell-based studies suggest that the replacement of H2A with H2Av changes the conformation 

of the core nucleosomes, facilitates the binding of PARP-1 to H3 and H4, thus directing the 

localization of PARP-1.  Subsequent developmental signals, heat shock, or genotoxic stress 

induces the phosphorylation of H2Av, further exposing the H4 amino-terminal tail to activate 

PARP-1 catalytic activity (Pinnola et al. 2007; Kotova et al. 2011).  The upstream signals 

mediating the replacement of H2A and phosphorylation of H2Av, as well as the exact 

mechanism of H4-mediated activation of PARP-1 is unknown.  As described in more detail 

below, PARP-1 also interacts with the histone variant macroH2A in a PAR-dependent manner, 

which facilitates the localization of PARP-1 to specific regions of damaged DNA in the genome 

(Kraus 2009).  Understanding the cooperative effects of damaged DNA, linker DNA, core 

nucleosome structure, histone modifications, and histone variants will shed light on the 

regulation of PARP-1-mediated chromatin decondensation in both transcriptional regulation and 

DNA damage responses.  

 

1.5.2 Regulating PARP-1 through post-translational modifications 

Post-translational modifications of PARP-1 have received considerable attention in the 

past few years.  Most of the focus has been on how PARP-1 is covalently modified.  

Considerably less is known about the enzymes that control the removal of the post-translational 

modifications of PARP-1, and more work is needed in this area.  In the space below, I have 
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reviewed the recent literature related to the modulation of PARP-1 activity and function through 

post-translational modifications (Fig. 1.5).   

 

ADP-ribosylation.  Auto ADP-ribosylation of PARP-1, especially extensive auto 

poly(ADP-ribosyl)ation in response to DNA damage, was the original post-translational 

modification observed for PARP-1 (D'Amours et al. 1999).  Subsequent studies have shown that 

other PARPs, such as PARP-2, are also automodified and, by using mutagenesis (i.e., Lys to Arg 

alteration), have identified potential sites of automodification: Lys 498, 521, and 524 in PARP-1 

(Altmeyer et al. 2009) (Fig. 1.5) and Lys 36 and 37 of PARP-2 (Haenni et al. 2008).  With 

respect to these automodifications, PARP-1 mediates oligo- and poly(ADP-ribosyl)ation, while 

PARP-2 mediates predominantly mono(ADP-ribosyl)ation reactions (Haenni et al. 2008; 

Altmeyer et al. 2009).  However, mutation of specific amino acids could reduce automodification 

without necessarily being sites for covalent attachment of ADP-ribose.  As such, the field should 

focus on the identification of ADP-ribose adducts on target residues in vivo by mass 

spectrometry to conclusively address this issue.  These automodification events go beyond 

responses to DNA damage.  For example, automodification of PARP-1 plays a key role in its 

function as a regulated promoter-specific exchange factor required for activation of specific 

neurogenic gene programs (Ju et al. 2004).  Many more examples similar to this are likely to 

exist, placing PARP-1 firmly at the center of a variety of physiological and pathophysiological 

responses. 

Beyond automodification, more recent studies have shown that other PARP family 

members can trans-modify PARP-1, and vice versa.  For example, PARP-1 and PARP-2 can 

heterodimerize and ADP-ribosylate each other, which may play a role in mediating efficient base 
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excision DNA repair (Schreiber et al. 2002; Menissier de Murcia et al. 2003).  How the 

heterodimerization and cross-modification occurs, as well as exact function in vivo, is largely 

unclear.  PARP-3, which can interact with PARP-1, not only plays an important role in cellular 

response to DNA damage (Boehler et al. 2011), but can also activate the enzymatic activity of 

PARP-1 in the absence of DNA, although it is unclear what role the mono(ADP-ribosyl) 

transferase activity of PARP-3 plays in this process (Loseva et al. 2010).  Removal of ADP-

ribose units from PARP-1 and other proteins is mediated by poly(ADP-ribose) glycohydrolases, 

PARG (Min and Wang 2009) and ARH3 (Oka et al. 2006), which promote rapid degradation and 

turnover of PAR polymers.  The crosstalk among different PARP members suggests specific 

roles for individual PARP family members that go beyond simple redundancy and compensatory 

functions.  In fact, the proliferation of PARP family members in vertebrates (e.g., two in flies, 17 

in mammals) suggests an evolutionary trend toward specialized functions.  The expression and 

localization patterns of the PARP family members ultimately determine the ways in which they 

interact and function.  

Interestingly, the cross modification also occurs between PARP-1 and another NAD+ 

consumer, SIRT6, which is a sirtuin family member that possesses both deacetylase and 

mono(ADP-ribosyl) transferase activities (Mao et al. 2011).  Under oxidative stress, SIRT6 binds 

to double strand break sites in DNA and mono(ADP-ribosyl)ates PARP-1 at lysine 521 (Fig. 

1.5).  This modification activates PARP-1 and subsequent PARP-1-dependent DNA repair 

pathways, further enhancing DSB repair under oxidative stress.  Point mutations that eliminate 

both the deacetylation and mono(ADP-ribosyl)ation activities of SIRT6 abolish the function of 

SIRT6 in DNA damage repair (Mao et al. 2011).  These interactions provide a means by which 

PARP-1 and SIRT6 can integrate stress signaling pathways with DNA repair.  In fact, 
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accumulating evidence points to overlapping functions of PARP-1 and SIRT6 in stress signaling, 

including roles in genome stability, NF-κB-mediated stress signaling, and metabolism (Tennen 

and Chua 2011). 

 

Phosphorylation.  A recent broad proteomic screen has identified a variety of sites on 

PARP-1, as well as PARG, that are phosphorylated (Gagne et al. 2009).  These have been 

investigated in more detail in functional studies.  PARP-1 is phosphorylated by ERK1/2 at Ser 

372 and Thr 373 (Fig. 1.5), and these modifications are required for maximal PARP-1 activation 

after DNA damage (Kauppinen et al. 2006).  PARP-1 enzymatic activity can also be stimulated 

through interactions with phosphorylated ERK2, which in turn enhances ERK-mediated 

phosphorylation of the transcription factor Elk1 and the expression of genes involved in cell 

proliferation and differentiation (Cohen-Armon et al. 2007).  PARP-1 is phosphorylated by 

JNK1 at undetermined sites, promoting sustained PARP-1 activation during H2O2-induced non-

apoptotic cell death (Zhang et al. 2007).  Phosphorylation of PARP-1, however, does not always 

promote an increase in PARP-1 activity.  Earlier reports based on biochemical (Bauer et al. 

1992) and cell-based (Beckert et al. 2006) assays have suggested that phosphorylation of PARP-

1 mediated by protein kinase C results in decreased PARP-1 DNA binding and catalytic activity.  

More studies are needed to fully explore the role of other kinases, as well as phosphatases, as 

upstream modulators of PARP-1 in stress responses.  Activated PARP-1 is, in turn, likely to 

provide feedback signals by interacting with and regulating the kinases or phosphatases. 

 

Acetylation.  PARP-1 and PARP-2 are modified by acetylation, and evidence is 

accumulating for specific roles for these acetylation events in stress-related responses.  
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Acetylation of PARP-1 by the acetyltransferase p300/CBP was first identified in macrophages in 

the context of NF-κB- dependent transcriptional programs (Hassa et al. 2003; Hassa et al. 2005).  

Upon pro-inflammatory stimuli, PARP-1 is acetylated by p300/CBP at Lys 498, 505, 508, 521, 

and 524 (Hassa et al. 2005) (Fig. 1.5).  These acetylation events are required for interactions and 

functional cooperativity between PARP-1, the NF-κB subunit p50, and the Mediator complex.  

In this context, as well as in the context of retinoic acid receptor-mediated transcription, PARP-1 

functions as an acetylation-activated coactivator independent of PARP catalytic activity (Hassa 

et al. 2005; Pavri et al. 2005).  Another study using cardiomyocytes showed that PARP-1 is 

acetylated by p300/CBP and PCAF as an endpoint of stress responses (e.g., mechanical stretch or 

hypertrophy), resulting in the DNA damage-independent activation of PARP-1 enzymatic 

activity (Rajamohan et al. 2009).  Like PARP-1, PARP-2 is also acetylated, which reduces its 

DNA-binding and enzymatic activities (Haenni et al. 2008).  Interestingly, acetylation of PARP-

2 occurs at same lysine residues that are auto-mono(ADP-ribosyl)ated (Lys 36 and 37), which is 

likely to reduce the extent of auto-mono(ADP-ribosyl)ation (Haenni et al. 2008).  

In both macrophages and cardiomyocytes, deacetylation of PARP-1 by HDACs 1, 2, and 

3, or SIRT1 can reverse the effects of acetylation by deactivating PARP-1 (Hassa et al. 2005; 

Rajamohan et al. 2009) (Fig. 1.5).  Furthermore, SIRT1 can also antagonize the action of PARP-

1 through transcriptional repression of the PARP-1 gene.  As such, overexpression of SIRT1 

protects cells from PARP-1-dependent cell death under extensive stress stimuli (Rajamohan et al. 

2009).  Cellular NAD+ levels may mediate the functional interplay between PARP-1 and SIRT1 

and determine the final cell fate decision.  Further understanding of how the levels of NAD+ are 

regulated under different stress conditions and how NAD+ controls the antagonistic crosstalk 

between PARP-1 and SIRT1 is needed, however.  
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Ubiquitylation and SUMOylation.  Recent studies have begun to elucidate roles for the 

polypeptide protein modifiers ubiquitin and SUMO (small ubiquitin-like modifier), as well as the 

E3 ligases that promote their covalent attachment, in the stress-related function of PARP-1.  For 

example, the recently identified ubiquitin E3 ligase, RNF146 (Iduna), protects primary cortical 

neurons from glutamate excitotoxicity and shock by interfering with PARP-1-dependent, PAR-

induced apoptosis-inducing factor (AIF) translocation from mitochondria to the cytosol and 

nucleus, as well as subsequent cell death (parthanatos) (Andrabi et al. 2011; Kang et al. 2011).  

AIF is a mitochondrial flavoprotein with NADH oxidase activity.  Extra-mitochondrial (ectopic) 

AIF promotes cell death, whereas mitochondrion-localized (eutopic) AIF does not (Cregan et al. 

2004).  Iduna interacts with a number of proteins that are either PARylated or bound non-

covalently to PAR.  The interaction of Iduna with PAR activates Iduna’s E3 ubiquitin ligase 

activity and targets the PAR-bound or PAR-modified proteins for proteasome-dependent 

degradation (Andrabi et al. 2011; Kang et al. 2011).  The outcome is an inhibition of excessive 

DNA damage responses and parthanatos that would result from sustained activation of PARP-1 

(Kang et al. 2011).  Moreover, Iduna may facilitate DNA repair by regulating the dynamic 

assembly and disassembly of PARP-1-associated DNA repair machinery at DNA lesion sites.  

 The regulatory functions of RNF146/Iduna are not limited solely to PARP-1 targets, but 

may also involve tankyrase (PARP-5a/5b)-PARylated protein targets (Zhang et al. 2011). 

Tankyrase forms a complex with RNF146 and axin, which promotes the PARylation of all the 

three components.  This leads to RNF146-mediated ubiquitylation and proteasomal degradation 

of tankyrase and axin, promoting downstream Wnt signaling (Huang et al. 2009; Callow et al. 

2011).  Tankyrase also PARylates and promotes the degradation of 3BP2, a component of a 
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multiprotein signaling complex, through RNF146-mediated ubiquitylation.  Interestingly, 

mutations in the Sh3bp2, the gene encoding 3BP2, uncouple 3BP2 from tankyrase-mediated 

degradation, resulting in (1) the stabilization of 3BP2, (2) subsequent hyperactivation of cellular 

signaling pathways, and (3) cherubism, a syndrome characterized by inflammatory destructive 

lesions resulting in symmetrical deformities of the facial bones (Guettler et al. 2011; Levaot et al. 

2011).  The intriguing link between PARP-mediated PARylation and E3 ligase-dependent 

ubiquitylation is likely to be a key component in the function of PARP family members in 

various other physiological and pathological processes. 

SUMOylation of PARP-1 mediated by the SUMO E3 ligase PIASγ facilitates PARP-1-

dependent outcomes, including responses to thermal (‘heat shock’) (Martin et al. 2009) and 

genotoxic stresses (Martin et al. 2009; Stilmann et al. 2009).  In HeLa cells, in response to heat 

shock, PARP-1 recruits and PARylates PIASγ, which in turn SUMOylates PARP-1 (Martin et al. 

2009).  These events are required for full heat shock-dependent activation of the HSP70.1 gene.  

Mutagenesis experiments suggest that Lys 203 and 486 are SUMO acceptor sites on PARP-1 

(Martin et al. 2009); these sites are distinct from the automodification and acetylation sites noted 

above (Fig. 1.5).  The cascade of modification events does not end there: SUMOylated PARP-1 

is bound by and ubiquitylated by the ubiquitin E3 ligase RNF4, which leads to the clearance and 

recycling of PARP-1 from the promoters of target genes.  This cascade of PARylation, 

SUMOylation, and ubiquitylation promotes rapid and transient heat shock stress responses 

(Martin et al. 2009).  Similar players also have a key role in modulating IκB kinase (IKK)- and 

NF-κB-dependent apoptotic responses upon genotoxic stress (Stilmann et al. 2009).  In this 

pathway, PARP-1 detects DNA strand breaks and promotes the assembly of a PAR-dependent 

‘signalosome’ containing IKKγ, PIASγ, and the ataxia telangiectasia mutated (ATM) protein, a 
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DNA-damage response kinase.  PAR binding by PIASγ triggers IKKγ SUMOylation, which in 

turn permits IKKγ and NF-κB activation, as well as NF-κB-regulated resistance to apoptosis 

(Stilmann et al. 2009).  Given the key roles played by ubiquitylation, SUMOylation, and PARP 

family members in cellular stress responses, more links are likely to be revealed between PARPs 

and the large pool of ubiquitin and SUMO E3 ligases under diverse physiological and 

pathological conditions. 

 

1.6 Role of PARP-1 in the propagation of signals and promoting downstream effects 

The signaling inputs to PARP-1 described above lead to a variety of downstream 

molecular effects that underlie biological responses (Fig. 1.6).  These include (1) modulation of 

chromatin structure, transcription, and DNA repair, (2) alteration of cellular metabolic profiles 

through the consumption of NAD+ and the production of PAR and nicotinamide, and (3) 

alteration of the cellular “PARylome,” either through the covalent modification of target proteins 

or by ultimately changing the levels of free PAR (Fig. 1.3).  The latter may have specific effects 

on (1) chromatin remodeling, (2) recruitment of the DNA repair machinery, (3) exchange of 

transcriptional regulatory complexes, (4) redistribution of signal transduction machinery to 

different cellular compartments, (5) the localization, structure and function of key stress 

regulatory proteins, and (6) protein stability through regulation of proteasome function (Fig. 1.7).  

In the section below, we highlight some of the most recent advances in our understanding of how 

PARP-1 functions to propagate stress signals and elicit downstream effects. 

 

1.6.1 PAR-mediated signaling in protein complex assembly/disassembly, shuttling, and 

trafficking  



 22

 

 

Fig. 1.5. Site-specific post-translational modifications on PARP-1.  
Key post-translational modifications of PARP-1 are illustrated on the PARP-1 functional 
organization schematic from Fig. 1A.  Four types of post-translational modification are shown: 
phosphorylation (P), SUMOylation (SUMO), acetylation (Ac), and mono(ADP-ribosyl)ation or 
poly(ADP-ribosyl)ation (ADPr).  The Lys (K) or Thr (T) residues that are the sites of covalent 
modification are indicated.  Enzymes that add (arrows) or remove (blunt lines) the specific post-
translational modifications, as described in the text, are shown in the blue arc. 
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Fig. 1.6. PARP-1 modulates the molecular biology of cellular reponses at multiple levels. 
PARP-1 modulates cellular responses through a series of regulatory processes that occur at the 
genomic, transcriptional, post-transcriptional, translational, and post-translational levels.   
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PARP-1 and PAR-mediated events can drive the exchange of proteins at specific loci in 

the genome, the re-localization of proteins to specific nuclear structures, and the cytoplasmic-

nuclear or nuclear-cytoplasmic shuttling of proteins.  For example, PARP-1 has been shown to 

function as a promoter-specific ‘‘exchange factor’’ that promotes the release of inhibitory 

coregulators and the recruitment of stimulatory coregulators during transcriptional regulation (Ju 

et al. 2004; Pavri et al. 2005; Ju et al. 2006; Stilmann et al. 2009).  More recently, automodified 

PARP-1 has been shown to interact non-covalently through the PAR polymers with components 

of Cajal bodies, spherical structures found in the nucleus of proliferating cells that have been 

implicated in RNA-related metabolic processes, such as snRNPs biogenesis, maturation and 

recycling, histone mRNA processing, and telomere maintenance (Kotova et al. 2009).  This 

association mediates the shuttling of the PARP-1- and PAR-containing complexes from 

chromatin into Cajal bodies, a process that can be reversed by the actions of PARG (Kotova et 

al. 2009) (Fig. 1.7, highlight 4).  In contrast, PARylation of high mobility group box 1 

(HMGB1), a chromatin-associated protein, by activated PARP-1 in response to genotoxic stress 

disassociates HMGB1 from condensed chromatin and ultimately drives the nuclear to cytosolic 

translocation of HMGB1, where it may leak out of necrotic cells (Ditsworth et al. 2007).  

Extracellular HMGB1 can serve as proinflammatory signal, which can induce macrophage 

activation and TNFα production.  

Recent studies have implicated PARP-1 in controlling the subcellular localization of the 

key nuclear stress response proteins NF-κB (Zerfaoui et al. 2010) and p53 (Kanai et al. 2007) via 

the nuclear export receptor Crm1.  Inhibition or depletion of PARP-1 prevents the nuclear 

translocation of the NF-κB p65 subunit in smooth muscle cells upon TLR4 (toll-like receptor 4) 

stimulation.  PARP-1 deficiency does not alter the expression or cytosolic localization of critical 
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components of the nuclear import machinery (e.g., importins α3 and α4), but does increase the 

cytosolic levels of Crm1, which is required for the nuclear export of NF-κB.  In response to 

proinflammatory signals, PARP-1-dependent PARylation of p65 decreases its interactions with 

Crm1, allowing nuclear accumulation of NF-κB and NF-κB-dependent gene regulation programs 

(Zerfaoui et al. 2010) (Fig. 1.7, highlights 1 and 5).  These PARP-1 and Crm1-mediated events 

may play a broader role in the assembly of the PAR-dependent ‘signalosome’ containing IKKγ, 

PIASγ, and ATM described above (Stilmann et al. 2009), underlying PARP-1’s role as a signal 

generator and transducer for the “cytoplasmic-to-nuclear” mode of activation of NF-κB.  As with 

NF-κB, PARylation of p53 by PARP-1 in response to DNA damage blocks the interaction of p53 

with Crm1, resulting in the nuclear accumulation of p53 (Kanai et al. 2007) (Fig. 1.7, highlights 

1 and 5).  Thus, a model is emerging where PARylation of stress-responsive transcription factors 

blocks targeting by the nuclear export machinery, promoting accumulation of the transcription 

factors in the nucleus, where they can mediate their specific gene-regulatory programs. 

PARP-1 also plays a key role in a critical mitochondria-to-nuclear shuttling mechanism 

that triggers caspase-independent apoptotic cell death through apoptosis-inducing factor (AIF). 

AIF is a pro-apoptotic flavoprotein with NADH oxidase activity that resides in the mitochondrial 

intermembrane space and is a powerful trigger of apoptosis (Cregan et al. 2004).  In the nucleus, 

AIF induces the peripheral chromatin condensation and high-molecular weight DNA 

fragmentation that is a hallmark of cellular apoptotic programs (Cregan et al. 2004).  PARP-1 

activation in response to excessive DNA damage triggers the release of AIF from mitochondria 

and promotes PARP-1-dependent cell death or parthanatos (Yu et al. 2002; David et al. 2009; 

Wang et al. 2011) (Fig. 1.7, highlight 6).  AIF is a high-affinity PAR-binding protein.  PAR 

binding by AIF is required for its release from the mitochondria, translocation to the nucleus, and 



 26

cell death, but not its NADH oxidase activity, its ability to bind flavin adenine dinucleotide or 

DNA, or its ability to induce chromatin condensation (Wang et al. 2011).  Thus, AIF's 

bioenergetic cell survival-promoting functions are distinct from its role as a mitochondrially-

derived death effector in PARP-1-dependent cell death programs.(Wang et al. 2011)  

 

1.6.2 Signaling to chromatin through PAR  

  PAR production by PARP-1 can signal diverse stress stimuli to chromatin to regulate the 

downstream transcriptional program, modulate the action of DNA repairing machinery and 

facilitate the cooperation of transcription and DNA repair. 

 

Transcriptional regulation.  PARP-1 and PARG modulate global levels of gene 

expression in part through mechanisms that require the synthesis and degradation of PAR at 

target gene promoters through their respective enzymatic activities (Krishnakumar et al. 2008; 

Frizzell et al. 2009) (Fig. 1.7, highlight 1).  One target of PARP-1 in mammalian cells is the 

histone demethylase KDM5B (a.k.a. JARID1B).  PARP-1-dependent PARylation of KDM5B 

helps to maintain the levels of H3K4me3, a histone mark associated with active promoters, by 

inhibiting KDM5B interactions with chromatin, as well as its enzymatic activity.  This facilitates 

the recruitment of transcription activators and chromatin remodelers to keep an open promoter 

chromatin architecture conducive to RNA polymerase II binding and transcription 

(Krishnakumar and Kraus 2010b).   

Recent studies in Drosophila embryos and cells have shown that dPARP (the Drosophila 

homolog of PARP-1) plays a key role in chromatin decondensation in response to heat shock 

(Tulin and Spradling 2003; Petesch and Lis 2008).  dPARP and its enzymatic activity are 
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essential for the “puff” formation (i.e., chromatin decondensation) on salivary gland polytene 

chromosomes upon heat shock (Tulin and Spradling 2003).  Upon heat shock, dPARP is 

activated at heat shock-responsive loci, promotes nucleosome loss and chromatin decondensation 

in a PAR-dependent manner, and facilitates transcription by RNA polymerase II (Tulin and 

Spradling 2003; Petesch and Lis 2008; Petesch and Lis 2011).  PARylation of the ATP-

dependent nucleosome remodeler, ISWI, by dPARP inhibits its nucleosome binding, ATPase, 

and chromatin condensation activities at heatshock loci, contributing to the chromatin 

decondensation observed upon heat shock (Sala et al. 2008).  Heat shock factor (HSF) plays a 

key role in regulating dPARP activity in the heat shock response; upon heat shock, HSF 

stimulates the histone acetyltransferase dTIP60, which acetylates H2A at lysine 5, resulting in 

dPARP activation and release into the gene body (Petesch and Lis 2011).  Furthermore, Live-cell 

imaging and fluorescence recovery after photobleaching (FRAP) analyses in heat shocked 

Drosophila salivary gland nuclei have captured the progressive recruitment of HSF, RNA 

polymerase II, and transcription elongation factors to the heat shock loci to form a so-called 

“transcription compartment” at the Hsp70 locus.  dPARP activity is essential for the maintenance 

of this transcription compartment (Zobeck et al. 2010).  The PAR-dependent assembly of the 

transcription compartment provides new perspectives to PARP’s function in chromatin-

dependent transcriptional regulation.  However, the upstream signal that mediates the 

redistribution and activation of dPARP, how dPARP facilitates the assembly and disassembly of 

the transcription compartment, and how widely applicable this model is to other stress responses 

and biological systems is unclear. 
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DNA repair.  The binding of PARP-1 to damaged DNA activates its catalytic activity and 

stimulates the production of negatively charged PAR polymers at or adjacent to the lesion sites.  

The PAR polymers, covalently linked to PARP-1 itself or other chromatin-associated proteins, 

serve as signal and a platform for the recruitment of proteins associated with the DNA damage 

response that promote chromatin remodeling, transcriptional regulation, DNA repair, cell cycle 

arrest, senescence, or cell death (Fig. 1.7, highlight 2).  A series of recent studies has explored 

the functional connection between the PAR signal, chromatin remodeling, and DNA damage 

responses involving the macrodomain-containing proteins ALC1 (amplified in liver cancer 1, 

also known as CHD1L) (Ahel et al. 2008; Gottschalk et al. 2009) and macroH2A1.1 (an histone 

H2A variant) (Timinszky et al. 2009).  ALC1, a SNF2 family ATPase nucleosome remodeling 

enzyme, binds to PAR via its macrodomain.  These interactions facilitate the recruitment of 

ALC1 to sites of DNA damage and ALC1-dependent nucleosome remodeling, which may 

promote chromatin remodeling at sites of DNA repair (Ahel et al. 2008; Gottschalk et al. 2009).  

Likewise, macroH2A1.1 localizes to sites of PAR formation in the nuclei and promotes a 

transient compaction of chromatin that may play a role in regulating DNA repair responses 

(Timinszky et al. 2009).  Another PAR-binding motif, the PAR-binding zinc finger (PBZ), has 

been identified in other nuclear proteins involved in DNA repair and checkpoint control, 

including CHFR (checkpoint protein with FHA and RING domains) and APLF (aprataxin PNK-

like factor).  The binding of PAR by the PBZs in these proteins plays key roles in their 

localization and function (Ahel et al. 2008; Rulten et al. 2008; Mehrotra et al. 2011) 

  

Coordination of DNA repair and transcriptional regulation.  PAR-mediated signaling 

may also play a role in modulating and coordinating DNA damage responses and transcriptional 
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outcomes.  For example, PAR promotes the recruitment of members of the polycomb group 

(PcG) of chromatin modifying/transcriptional repressor proteins (e.g., EZH1, RING1, and 

PCGF4) and components of the repressive NuRD nucleosome remodeling and deacetylase 

complex (e.g., CHD4 associated1 MTA1) to sites of DNA damage (Chou et al. 2010).  PARP 

activity facilitates the removal of nascent RNA and elongating RNA polymerase at these sites to 

block transcription and presumably facilitate DNA repair.  Extensive or persistent DNA damage 

causes constitutive redistribution of these transcriptional regulatory complexes from their 

original loci, leading to cell cycle arrest or senescence (Chou et al. 2010).  The mode of 

recruitment by PAR and the specific PARP(s) that mediate the PcG- and NuRD-mediated 

responses still need to be determined.   

Further connections between PARP activity, the chromatin remodeling machinery, 

cellular stress, and downstream transcriptional responses are illustrated in the adult heart, where 

stress triggers hypertrophy and a shift from the expression of adult α-myosin heavy chain 

(MHC) to fetal β-MHC.  PARP-1 cooperates with the nucleosome remodeling enzyme Brg1 and 

a number of HDACs to drive the pathological switch in the expression pattern, which can lead to 

cardiac hypotrophy and failure (Hang et al. 2010).  Brg1, PARP-1, and HDACs (e.g., HDAC2 

and HDAC9) bind to and repress the α-MHC promoter, whereas Brg1 and PARP bind to and 

activate the β-MHC promoter, both of which require PARP activity.  Collectively, the examples 

cited here illustrate how PAR production by PARP-1 can drive chromatin remodeling events as 

an endpoint of cellular stress signals to coordinate DNA repair and transcriptional responses. 

 

1.6.3 Signaling to stress granules through PAR  
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A recent study has extended the role of PAR to the post-transcriptional regulation of gene 

expression through the assembly and disassembly of stress granules (Leung et al. 2011).  Stress 

granules are cytoplasmic structures formed when cells are stressed.  They contain stalled 

translation pre-initiation complexes and regulate the translation and stability of mRNAs by 

coordinating the action of the regulatory RNA-binding proteins, such as Argonaute (Ago) family 

members (Buchan and Parker 2009).  Using a screening approach with GFP-tagged proteins and 

immunostaining, Leung et al. (2011) found that six PARP family members and two PARG 

isoforms localize to stress granules and help to modulate the kinetics of stress granule assembly 

and disassembly by modulating the local PAR levels.  A number of stress granule proteins, 

including microRNA-binding Ago 1, 2, 3, and 4, are PARylated in response to cellular stress 

under conditions where both microRNA-mediated translational repression and microRNA-

directed mRNA cleavage are inhibited (Leung et al. 2011) (Fig. 1.7, highlight 7).  

Overexpression of PARP-13 (a catalytically inactive PARP family member) or depletion of 

PARG relieves microRNA-mediated repression through a mechanism that involves PARylation 

of PARP-13 by another stress granule-associated PARP family member.  Thus, PAR plays a role 

in post-transcriptional gene regulation by modulating stress granule function.   

These exciting observations not only further expand the role of PARPs in stress 

responses, but they also provide a platform for understanding how different PARP family 

members coordinate their activities through auto- and transmodifications, and how PARG 

functions to fine tune the PAR signal.  The exact mechanisms of the PAR-dependent regulation, 

however, have not yet been fully addressed.  One possibility is that PAR focuses the stress 

signals in the stress granules by modulating target RNA binding proteins to bind mRNA or 

microRNA. Although PARP-1 is not directly localized in the stress granule, as the most 
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abundant stress-detecting PARP in the cell, we cannot rule out the possibility that PARP-1 

senses stress signals and transduces those signals to the cytoplasm by trans-modifying other 

proteins or by generating free PAR.  These studies raise the interesting possibility that PARPs 

may regulate the function of other non-coding RNAs.  PARylation of the RNA binding Ago 

proteins and relief of translational repression is reminiscent of the binding of hnRNPs to PAR 

and its effects on alternative splicing.  In Drosophila, two hnRNPs, Hrb98DE/hrp38 and 

Squid/hrp40, bind PAR in a manner that is regulated by dPARP and dPARG in vivo.  PAR 

binding by hrp38 and hrp40 inhibits their RNA-binding activities and alters their splicing 

activities (Ji and Tulin 2009).  These studies highlight the expanding role for PARPs and PAR in 

post-transcriptional control of gene expression. 

 

1.6.4 Signaling to the proteasome through PAR  

Metabolic changes during cellular stress responses and aging promote the accumulation 

of oxidative damage.  As noted above, PARP-1 helps to re-establish cellular homeostasis in the 

face of oxidative damage by promoting DNA repair.  But, PARP-1’s role in oxidative damage 

responses goes beyond that, including the removal of oxidized nuclear proteins (e.g., histones).  

The activation of PARP-1 in response to oxidative damage (e.g., treatment with hydrogen 

peroxide in a cell culture model) promotes interactions with, PARylation of, and enhanced 

activity of the 20S proteasome (Ullrich et al. 1999; Catalgol et al. 2010) (Fig. 1.7, highlight 3).  

Inhibition of PARP activity leads to an increase in the protein carbonyl content in cells (a marker 

of protein oxidation), as well as an increase in oxidized DNA.  These results implicate PARP-1 

in the proteasome-dependent removal of oxidation-damaged proteins in the nucleus.  This 

conclusion is supported by the fact that decreasing PARP-1 activity during aging correlates with  
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Fig. 1.7. Molecular and cellular actions of PARP-1 and related PARPs. 
Key molecular and cellular actions of PARP-1 and related PARPs are illustrated: (1) modulating 
chromatin structure and regulating gene transcription, (2) facilitating the assembly and function 
of the DNA repair machinery, (3) activate proteasomes to remove damaged histones, (4) 
facilitating protein transport into to Cajal bodies, (5) preventing the nuclear export of p65 and 
p53 through a Crm1-dependent mechanism, (6) promoting the release of AIF from mitochondria 
and transport to nucleus, and (7) regulate the assembly and function of stress granules (PARP 
family members).  Details are provided in the text. 
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the decline of nuclear proteasome activity and accumulation of oxidized nuclear proteins 

(Bakondi et al. 2010).  Taken together, these results support a broader role for PARP-1 as a 

guard against oxidative damage to both proteins and DNA.  

 

1.7 PARP-1 as a cellular rheostat: Different responses for different types and levels of 

stress 

The specific role of PARP-1 in deciding cell fate (i.e., survival or death) depends on the 

type, duration, and strength of the stress stimuli, as well as the metabolic and proliferative status 

of the cell.  A large body of data has now shown that PARP-1 activation by mild or moderate 

stresses leads to transcription and DNA repair responses that help to maintain genome stability, 

promote transient innate immune and proinflammatory responses, clear and remove oxidized or 

damaged proteins, and reestablish homeostasis (Kim et al. 2005; Gagne et al. 2006; Hassa and 

Hottiger 2008).  In contrast, moderate, severe, or sustained stresses causes hyperactivation of 

PARP-1 and graded responses that correlate with the extent of PARP-1 activation (Fig. 1.8).  

These include senescence (moderate response) or distinct cell death programs (severe responses), 

such as apoptosis, necrosis, and parthanatos (Koh et al. 2005; David et al. 2009).  Apoptosis is a 

programmed cell death that generally does not promote inflammation.  Necrosis is cell death 

resulting from physical, chemical, or metabolic insults (e.g., the depletion of NAD+ and ATP 

pools) (Koh et al. 2005).  Parthanatos (PAR + “thanatos”, meaning death) or PAR-dependent cell 

death was recently identified as a distinct entity, which presents a distinct cellular morphological 

pattern, but resembles aspects of apoptosis (e.g., DNA fragmentation and nuclear condensation) 

and necrosis (e.g., disrupted cell membrane and energy crisis) (David et al. 2009).  A critical step 

of this cell death program is the PAR-induced translocation of AIF from the mitochondria to the 
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nucleus, as mentioned above.  PARP-1 has been shown to play a role in all three of these cell 

death programs (Koh et al. 2005; David et al. 2009) (Fig. 1.8). 

Activated PARP-1 helps initiate the apoptotic program by stabilizing the p53 tumor 

suppressor protein and facilitating its function (Wesierska-Gadek et al. 2005).  Subsequently, 

activated caspases cleave PARP-1 into a 24 kDal and a 89 kDal fragments, preventing the 

depletion of NAD+ (and subsequently ATP, a precursor of NAD+) by overactivated PARP-1 and 

circumventing necrotic cell death (Simbulan-Rosenthal et al. 1998).  In contrast, when 

hyperactivated PARP-1 depletes cellular NAD+ and ATP, the cells will be directed away from an 

apoptotic pathway and undergo energy crisis-induced necrosis (Ha and Snyder 1999) or toxic 

PAR polymer-induced parthanatos (David et al. 2009).  Although PARP-1 activation is required 

for the initiation of the above cell death programs, PARP-1 may be cleaved and inactivated by 

various proteases, including caspases, calpain, cathepsins, and granzymes (Chaitanya et al. 

2010).  The involvement of activated PARP-1, cleaved fragments of PARP-1, toxic PAR 

polymers, and survival or apoptotic factors such as NF-κB and p53 in the various cell death 

programs requires further investigation.  Such information will be critical to understand the 

application of PARP inhibitors as a monotherapy, or to enhance the chemotherapy or 

radiotherapy, in different diseases and cancer types.  

 

1.8 Two sides of the same coin: Contrasting roles of PARP-1 in genome surveillance, 

carcinogenesis, metabolic control, and aging 

 The versatile cellular functions of PARP-1 are reflected in a broad role for PARP-

1 in diverse physiological and pathological processes at the organism level.  Although the  



 35

 

                          

 

Fig. 1.8. PARP-1 functions as a cellular rheostat. 
PARP-1 promotes different cellular responses to different types and levels of stress signals.  As 
the strength of stress stimulus increases, the levels of PARP-1 activity and PAR synthesis 
increase, leading to different cellular outcomes. 
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original studies of genetic ablation of PARP-1 in mice showed an unremarkable phenotype 

(Wang et al. 1995), more specific and focused analyses, especially in response to various 

stresses, have revealed key roles for PARP-1 in genome surveillance, carcinogenesis, metabolic 

control, and aging (Shall and de Murcia 2000; Kim et al. 2005; Luo and Kraus 2011).  

Genetically engineered mice have proven to be some of the best tools to study the integrated 

functions of PARP-1 in multiple organs.  A growing set of published studies with PARP-1-

deficient mice have revealed increased genome instability and sensitivity to genome toxic stress, 

a shorter life span with accelerated aging, earlier incidence of a wide spectrum of spontaneous 

tumors, and higher rates of malignant tumors in liver, uterus, and lung (Shall and de Murcia 

2000; Masutani et al. 2005; Piskunova et al. 2008).  These results highlight the anti-cancer and 

anti-aging effects of PARP-1 in these specific biological models.  

In contrast, in some contexts, PARP-1 can also be considered an aging and tumor 

promoter, especially with respect to its cooperative action with the tumor-promoting and 

inflammatory effector, NF-κB (Ohanna et al. 2011), and its antagonistic effects on the longevity 

factor and metabolic regulator, SIRT1, an NAD+-dependent protein deacetylase (Rajamohan et 

al. 2009; Bai et al. 2011b).  PARP-1 helps to propagate NF-κB-mediated inflammatory responses 

and the secretion of pro-tumor and pro-metastasis cytokines (Ohanna et al. 2011).  Furthermore, 

hyperactivation of PARP-1 can antagonize SIRT1 functions by competing for cellular NAD+ 

pool, as well as direct antagonism of SIRT1 through mutual transmodification, as described 

above (Rajamohan et al. 2009; Bai et al. 2011b).  Thus, optimal PARP-1 expression and activity 

is essential to maintain a physiological, rather than pathological, level of genome surveillance, 

immune defense, and cellular metabolism.   
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Most of the previous mouse genetic studies have used PARP-1 (or PARP-2) ablation, but 

a recent study has shown how excess PARP-1 can lead to deleterious outcomes by examining a 

mouse carrying two ectopic copies of the human PARP-1 gene, in additional the two endogenous 

copies of the mouse PARP-1 gene (Mangerich et al. 2010).  These mice exhibit impaired DNA 

repair, dysregulated pro-inflammatory cytokines, premature development of chronic 

inflammation and aging-related diseases, and an altered spectrum of tumor formation with lower 

incidence of sarcomas and increased incidence of carcinomas (Mangerich et al. 2010).  Thus, as 

these studies collectively illustrate, a finely tuned level of PARP-1 expression and activity is 

critical for the maintenance of a healthy physiological state.  

 

1.9 Therapeutic applications of PARP inhibitors 

 A priori, PARP-1 would seem to be an excellent target for small molecular therapeutics: 

(1) PARP-1 is not essential for life, but it plays important roles in a broad array of physiological 

processes, (2) modulating the levels of PARP-1 protein and activity can tune physiological states 

in one direction or the other without necessarily blocking them completely, (3) there is a wealth 

of biochemical, molecular, and structural information available for PARP-1, and (4) PARP-1 has 

a well-defined enzymatic activity that is dependent on a metabolic cofactor.  Indeed, PARP-1 

and other PARP family members have proven to be effectively inhibited by a broad array of 

small molecules (Rouleau et al. 2010).  The therapeutic application of PARP inhibitors has 

received a considerable amount of attention recently because of their potential utility in the 

treatment of cancers.  But the possible therapeutic applications of PARP inhibitors extend far 

beyond cancer therapy to other types of stress-related diseases, such as cardiovascular diseases, 

stroke, metabolic disorders, diabetes, and autoimmunity, and virtually any disease or condition 
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with acute or chronic inflammation as a root cause (Masutani et al. 2005; Mota et al. 2005; 

Pacher and Szabo 2007; Shevalye et al. 2010; Ford and Lee 2011; Underhill et al. 2011). 

 

1.9.1 PARP inhibitors and the treatment of cancers 

Most clinical trials of PARP inhibitors today are focused on cancer therapy.  Genotoxic 

stresses are central to the etiology and progression of cancer and, as such, PARP-1 plays a 

critical role in determining tumor cell progression and the outcome of cancer therapy.  The 

rationale of the therapeutic approach is to selectively induce synthetic lethality of specific 

homologous repair-deficient (e.g., BRCA1- or BRCA2-deficient) tumors by blocking PARP-1-

dependent base excision repair pathways with the inhibitors (Bryant et al. 2005; Farmer et al. 

2005; Fong et al. 2009).  Additionally, recent studies have shown that the therapeutic effects of 

the PARP inhibitors occur in homologous repair-sufficient tumors as well by decreasing the 

apoptotic threshold in co-treatments with chemo- and radiotherapies, regulating the expression of 

tumor-related genes, suppressing angiogenesis, and altering gene expression programs  (Frizzell 

and Kraus 2009; Rouleau et al. 2010; Telli 2011; Underhill et al. 2011).  Increased knowledge 

about the molecular actions of PARPs and PARP inhibitors in cancer have lead to a greater 

understanding of why PARP inhibitor therapy is effective.  For example, PARP-1 promotes 

radio-resistance mediated by an NF-κB-dependent survival pathway (Hunter et al. 2011).  It also 

functions together with NF-κB in the formation of senescence-associated inflammatory 

secretome, which propagates pro-metastatic and pro-tumor effects, and causes resistance to 

chemotherapies (Fig. 1.9) (Ohanna et al. 2011).  

 

1.9.2 PARP inhibitors: Beyond cancer, on to inflammation 
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PARP-1 serves as a global regulator of cell adaptation to a changing environment.  In 

many disease states beyond cancers, extensive cellular stress triggers uncontrolled PARP-1 

activation and subsequent inflammatory responses, cell death, and tissue damage.  In this regard, 

PARP inhibitors have been explored as therapeutics to prevent cell death, tissue damage, and 

dysfunction associated with aging- or oxidative damage-related pathologies, such as 

cardiovascular diseases, autoimmune and inflammatory diseases, neurodegenerative diseases, 

stroke, and diabetes and its associated complications (Fig. 1.9) (Masutani et al. 2005; Mota et al. 

2005; Pacher and Szabo 2007; Shevalye et al. 2010; Ford and Lee 2011; Underhill et al. 2011).  

The recent discovery of the metabolic functions of PARP-1 and PARP-2, in concert with SIRT1, 

based on knockout mouse models suggests a therapeutic potential of PARP inhibitors in 

metabolic disorders (Bai et al. 2011a; Bai et al. 2011b). 

The common thread to many of the aforementioned diseases and conditions is an 

underlying inflammatory response (Fig. 1.9).  Thus, the therapeutic effects of PARP inhibitors in 

these diseases may share a common mechanism, namely the inhibition of inflammatory 

pathways (Fig. 1.9).  Inflammation is now recognized as a hallmark of cancer (Hanahan and 

Weinberg 2011) and, as such, the effects of PARP inhibitors on inflammatory responses may 

contribute to their therapeutic effects in cancers.  Thus, knowledge of the regulation and function 

of PARP-1, as well as other PARP family members, in inflammatory pathways is critical to our 

ability to exploit PARP inhibitors as therapeutic agents.  
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Fig. 1.9. Anti-inflammatory therapeutic effects of PARP inhibitors. 
Inflammation is a common thread underlying many diseases and conditions.  The therapeutic 
effects of PARP inhibitors in various diseases may share a common mechanism, namely the 
inhibition of NF-κB-dependent inflammatory pathways. 
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1.9.3 Challenges and obstacles in the therapeutic application of PARP inhibitors 

In spite of the promise for the therapeutic application of PARP inhibitors, a number of 

significant challenges and obstacles remain, which block the broad use of PARP inhibitors in 

cancers, as well as inflammatory and metabolic diseases.  Key among these is the lack of 

specificity, both with respect to targeting certain cell types (e.g., cancer cells versus normal cells) 

and targeting specific PARP family members (e.g., even the most specific PARP inhibitors target 

multiple family members).  A lack of specific tumor targeting can compromise genome 

surveillance, DNA repair, metabolic homeostasis, and immune defense functions in normal cells, 

potentially leading to the accumulation of additional genetic lesions and even secondary 

tumorigenesis.  Thus, there is a need to protect against genome instability in normal tissues when 

using PARP inhibitors to target tumors or inflammatory diseases.  The synthetic lethality 

approaches described above can be effective in cancers, but they are dependent on a very specific 

genetic background in the cancer cells (Bryant et al. 2005; Farmer et al. 2005; Brenner et al. 

2011).  Molecular profiling of tumors for specific DNA repair pathway deficiencies and the 

application of PARP inhibitors in combination with other inhibitors of DNA repair pathways 

may help.  The lack of specific PARP family member targeting is complicated by the fact that we 

have a limited understanding of the function and crosstalk of all the PARP family members.  As 

such, the use of PARP inhibitors runs the risk of unintended effects and consequences mediated 

by the targeting of other PARP family members. 

 

1.10 Remaining puzzles to be solved 

As the studies highlighted in this review illustrate, much progress in our understanding of 

PARP-1 and PAR function in cellular stress responses has been made over the past two decades.  
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Yet, many questions remain, especially with respect to the genomic localization of PARP-1, the 

role of PAR and other NAD+ metabolites, and the functions of other PARP family members.  

Some of the key remaining questions are summarized below. 

 

1.10.1 PARP-1 localization and function?  

PARP-1 localizes to the promoters of essentially all actively transcribed genes (and 

perhaps all open regions of chromatin) (Krishnakumar et al. 2008; Krishnakumar and Kraus 

2010b), but affects the expression of only a subset of the genes to which it binds (Frizzell et al. 

2009).  Why is this so?  Redundancy or compensation by other PARP family members can only 

partially explain this observation.  Other possibilities include (1) the poising of inactive PARP-1 

at promoters until an appropriate gene-specific signal is received and (2) transcription-coupled 

DNA repair function of PARP-1 at promoters, which can help erase transcription-related DNA 

damage.  Thus, investigating the upstream regulators, which dictate the specificity of PARP-1 

activation, will be fundamental to address this issue.  Additionally, global PARP-1-dependent 

transcriptome analysis and genome wide localization studies of PARP-1 before and after stress 

responses will help to distinguish the genome surveillance and transcriptional functions under 

basal and stress-induced states.  These analyses will also help to elucidate how PARP-1 mediates 

or coordinates responses to different types of stress stimuli. 

 

1.10.2 PARylation dependence and dynamics? 

 As noted above, some functions of PARP-1 require its catalytic activity, while others do 

not.  A better characterization and understanding of the catalytic-dependent and -independent 

functions of PARP-1 are needed.  For those functions of PARP-1 that require its catalytic 
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activity, the covalently modified (i.e., directly PARylated) targets must be distinguished from the 

non-covalent PAR-bound targets, and how precisely PAR affects the target proteins must be 

elucidated.  Additional questions relate to the catabolism of PAR by PARG and ARH3.  How are 

these enzymes brought to sites of PAR synthesis, how are their activities coordinated and 

regulated, and how do they regulated the half-life of PAR?  Finally, questions remain about the 

affects of NAD+ consumption, as well as the role of NAD+ precursors (i.e., NMN and ATP) and 

PARP-1-dependent NAD+ metabolites (e.g., ADP-ribose, nicotinamide) in PARP-1-dependent 

stress signaling pathways.  

 

1.10.3 PARP- and PAR-dependent processes in normal conditions? 

As an increasing number of studies have shown, PAR can be accumulated in normal, 

steady-state, or basal conditions (e.g., during hormonal signaling, certain stages of development, 

circadian clock function, and mitosis) without triggering stress responses (Tulin and Spradling 

2003; Bai et al. 2007; Chang et al. 2009; Asher et al. 2010; Lonn et al. 2010; Erener et al. 2011; 

Geistrikh et al. 2011; Rouleau et al. 2011; Yoo et al. 2011).  How does the cell interpret PAR 

accumulation as a stress signal in one circumstance, but not another?  A clear answer to this 

question has been elusive, but it will inform us greatly about the biology of PARPs, as well as 

the best ways to target them for therapeutic interventions.  It will be informative to compare the 

PARP- and PAR-dependent processes in the same biological system under stress and non-stress 

(but perhaps stimulated) conditions to investigate whether the regulatory mechanisms and target 

molecules are shared or distinct.  Only then can we begin to address this important question. 
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 Answering the questions listed above and resolving these puzzles will help us to better 

understand the dynamic regulation and versatile functions of PARPs in stress responses, as well 

as and guide the development and application of PARP inhibitors for different diseases. 
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2.1 Summary 

As an energy storage and endocrine organ, the normal development and the expansion 

capacity of adipose tissue are essential for maintaining a healthy metabolic state. The expansion 

plasticity of adipose tissue is achieved by both hypertrophy and hyperplasia, of which the latter is 

mostly due to adipogenesis. Adipogenesis is tightly controlled by the sequential regulation of 

thousands of genes through the interplay of transcription factors and coregulators. Despite the 

identification of the major transcription cascades and protein factors in the terminal 

differentiation of adipocytes, our understanding of the precise molecular mechanisms underlying 

the lineage commitment of adipocytes precursors and the early adipogenic program are 

incomplete.  Previous studies have suggested a role of poly(ADP-ribosyl)ation (PARylation) 

mediated by poly(ADP-ribose) polymerase-1 (PARP-1) in adipogenesis.  PARP-1 is an abundant 

nuclear protein that interacts with chromatin and regulates various nuclear processes, including 

transcription.  To determine the transcriptional regulatory functions of PARP-1 in the early 

adipogenic program, I first used a well-established model of adipogenesis, the murine 3T3-L1 

preadipocyte cell line.  Using a variety of cell-based and molecular assays, I found that the 

PARylation activity of PARP-1 fluctuates during adipogenesis and that PARP-1 attenuates 

adipogenesis in a manner dependent on activity of PARP-1. I further showed that PARP-1 

functions by repressing the transcription of key adipogenic genes encoding the transcription 

factors C/EBPα and PPARγ2.   Transcriptional repression was found to occur by regulation of 

the activity of the early adipogenic factor C/EBPβ by PARylation at specific sites. Moreover, I 

found that PARP-1 depletion or inhibition facilitates the lineage commitment of NIH/3T3 cells 

to adipocytes through a similar mechanism. Finally, I recapitulated the results shown by in vitro 

cellular models in primary adipocytes precursor cells. Collectively, my study helps to elucidate 
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the early adipogenic regulatory network, particularly through a novel post-transcriptional 

modification on adipogenic transcription factor C/EBPβ as well as shed light on the mechanisms 

by which PARP-1 regulates transcription to affect cell differentiation.  My study has the 

potential to reveal new aspects of the pathogenesis of obesity and the potential therapeutic 

benefits of PARP inhibitors. 

 

2.2 Introduction 

Adipose tissue plays a key role in the onset and progression of obesity and its associated 

metabolic syndrome (Iannucci et al. 2007; Virtue and Vidal-Puig 2010). The energy storage and 

endocrine secretion functions of adipose tissue are essential for metabolic homeostasis. The 

excess and the lack of adipose tissue are both associated with metabolic disorders (Kim et al. 

2007). The expansion of adipose tissue mass includes both hyperplasia and hypertrophy, of 

which the latter relies on adipogenesis, the interplay of proliferation and differentiation of 

preadipocytes (Wang et al. 2013). Both hyperplasia and hypertrophy have been found in obese 

patients (Martinsson 1969; Marques et al. 1998). Hypertrophy has been associated with an 

unhealthy metabolic state. However, how hyperplasia contributes to obesity or affects systematic 

metabolism is not clear. The expansion of adipose tissue is necessary to store excess energy, 

regulate insulin sensitivity, and secret hormones to regulate the overall metabolic health (Van 

Gaal et al. 2006). Thus, it is essential to understand the development of adipose tissue in order to 

understand its role in obesity and associated metabolic syndrome. Current studies in adipocyte 

development have identified factors that contribute to terminal adipocyte differentiation. 

However, much less is known about earlier adipocyte regulators that affect lineage commitment 

and the onset of adipogenesis (Gupta et al. 2010; Kang et al. 2012).  
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Adipogenesis is driven by a tightly controlled cascade of several key transcription factors 

(Rosen et al. 2000; Rosen and MacDougald 2006). Sequential transcription activation is well 

characterized in an established in vitro adipogenesis model, the 3T3-L1 preadipocytes cell line 

(Rosen et al. 2000; Tang et al. 2004). As early as 2 hours after hormonal induction, the early 

transcription factors C/EBPβ and C/EBPδ are turned on but are not transcriptionally active until 

after 24 hours. They subsequently turn on the late transcription factors C/EBPα and PPARγ2 

(Yeh et al. 1995). C/EBPα and PPARγ2 then form a positive feedback loop to amplify the signal 

and activate downstream adipocytes specific genes, which control terminal differentiation from 

preadipocytes to mature adipocytes (Wu et al. 1999). Although the general process is relatively 

well understood, molecular mechanisms of how the two waves of transcriptional activity are 

regulated, and especially how the temporal control of the sequential activation is regulated by 

adipogenic hormonal signals are still poorly understood. Previous studies have shown that 

several post-transcriptional modifications are involved in bridging the hormonal signals to the 

final transcription program by modulating the activity of adipogenic transcription factors, such as 

C/EBPβ and C/EBPα (Nerlov 2008). For example, phosphorylation of C/EBPβ at T188 is 

essential for activation of its DNA binding activity (Tang et al. 2005). Moreover, a well 

conserved regulatory domain motif, (I/V/L)KXEP shared by C/EBPα, C/EBPβ, and  C/EBPδ 

has been shown to be essential in regulating C/EBPs activity in different biological processes 

(Ramji and Foka 2002).   

Poly(ADP-ribose) polymerases (PARPs) comprise a family of enzymes sharing a 

conserved catalytic domain that supports mono- or poly(ADP-ribosyl)transferase activity using 

NAD+ as a donor of ADP-ribose units. PARP-1 is the founding member of the PARP family and 

contributes 90 percent of the total cellular PARP activity (Luo and Kraus 2012).  PARP-1 
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controls transcriptional outcomes by modulating chromatin structure, acting as a coregulator, and 

altering the activity of other chromatin- and transcription-related factors through poly(ADP-

ribosyl)ation (PARylation) (Krishnakumar and Kraus 2010a). Early studies observed a 

fluctuation of PARylation during adipogenesis of 3T3-L1 cells (Pekala et al. 1981; Janssen and 

Hilz 1989). More recent studies using systematic PARP-1 knockout mice have expanded our 

understanding of how PARP-1 is associated with systematic metabolic control as a result of its 

integrated roles in both central and peripheral tissues.  However, contradictory results upon 

depletion of PARP-1 in different mouse genetic backgrounds and the tissue specific contribution 

of PARP-1 in the overall outcome, arouse new questions regarding the exact role of PARP-1 in 

these processes (Asher et al. 2010; Devalaraja-Narashimha and Padanilam 2010; Bai et al. 2011; 

Erener et al. 2012b). The role of PARP-1 in adipogenesis and whether this role contributes to the 

systematic metabolic outcome are critical to understanding the overall role of PARP-1 in 

metabolic homeostasis.  One recent study has proven a role of PARP-1 in maintaining the 

PPARγ2 level in late stage of adipogenesis in 3T3-L1 preadipocytes, which may relate to 

facilitating the adipocytes terminal maturation and maintaining the adipocytes function (Erener 

et al. 2012a).  However, this does not completely explain why PARylation decreases 

dramatically in early adipogenesis or whether PARP-1 plays a role in the onset of adipogenesis 

and even in the commitment of adipocytes precursors. In order to draw a complete picture of 

how PARP-1 functions in the transcriptional regulation of adipogenesis, I performed mechanistic 

studies of adipogenesis in the established preadipose cell line (3T3-L1) (Green and Kehinde 

1975), in the commitment of mouse embryonic fibroblast (NIH/3T3) cells and the isolated 

primary preadipocytes containing stromal vascular fraction (SVF) cells by a series of cellular and 

molecular biology approaches.  



 63

Results 

PARylation levels fluctuate during 3T3-L1 adipogenesis. 

In order to study the function of PARP-1 during adipogenesis, I used 3T3-L1 

preadipocytes (Green and Kehinde 1975). Following the standard procedure of differentiation 

(Fig. 2.1A), the cells undergo mitotic clonal expansion in the first two days post hormone IDM 

cocktail [10μg/ml Insulin, 1μM Dexamethasone, 0.25mM IBMX (3-isobutyl-1methylxanthine)] 

induction, followed by the delayed terminal differentiation at day 3 post induction (Fig. 2.1A). 

Consistently with the previous studies (Pekala et al. 1981; Janssen and Hilz 1989), I observed a 

drop in PARP activity in the nucleus during the first two days of adipogenesis, and an increase 

when the cells undergo terminal differentiation (Fig. 2.1 B and C), which agrees well with the 

two stages of adipogenesis. I showed that the activity fluctuation is not due to the change of the 

expression of PARP-1 at the mRNA (Fig. 2.2 left) or protein level (Fig. 2.1B). Interestingly, the 

two stages of adipogenesis also corresponded well with the two waves of transcription factor 

activation during adipogenesis. This may indicate that hormonal signals regulate the activity of 

PARP-1 during different stages of adipogenesis, and may suggest a putative role of PARP-1 in 

the sequential regulation of the adipogenic transcription program.   

 

PARP-1 represses adipogenesis by regulating the expression of key adipogenic 

transcription factors in a catalytic activity dependent manner. 

In order to investigate the function of PARP-1 in early adipogenesis, I generated PARP-1 

shRNA mediated stable knockdown 3T3-L1 cells (Fig. 2.3A). The PARP-1 depleted cells 

displayed more adipogenesis as shown by the increasing levels of the mRNA expression of the  
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Figure 2.1. PARylation levels fluctuate during 3T3-L1 adipogenesis. 
A) 3T3-L1 adipogenesis model. Confluent 3T3-L1 cells grown under contact inhibition for two 
days were induced with the hormone IDM cocktail [10μg/ml Insulin, 1μM Dexamethasone, 
0.25mM IBMX (3-isobutyl-1methylxanthine)] on day 0 for two days, when cells undergo mitotic 
clonal expansion. On day 2, proliferated cells were cultured in insulin containing media for 
another 4~6 days to terminally differentiate into mature adipocytes.   
B) Western blot of PARylated protein by mouse monoclonal PAR antibody, PPARγ, PARP-1 
and TBP (a nuclear loading control), using nuclear extracts from differentiated 3T3-L1 cells at 
indicated time points during adipogenesis.  
C) Immunofluorecence staining showing the cellular PARP activity by WWE-Fc (shown in 
green) and nuclei staining by TO-PRO®-3 (shown in red) in 3T3-L1 cells at indicated time 
points during adipogenesis. 
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Figure 2.2. PARP-1 mRNA levels are stable during adipogenesis and PARP-1 depletion 
promotes an early activation of PPARG2. 
RT-qPCR analysis of the mRNA expression of PARP-1 and PPARG2 in Luc and PARP-1 
knockdown 3T3-L1 cells during time course of adipogenesis.  The line colors indicate the Luc 
knockdown (gray) and PARP-1 knockdown (black) samples.  Each data point represents the 
mean + SEM for three independent biological replicates.  
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mature adipocytes marker FABP4 and ADIPOQ (Fig. 2.3B) and the increasing Oil Red O 

staining of lipid droplet in the cells (Fig. 2.3C) as compared to the control Luc knockdown cells.  

To trace which stage is affected by PARP-1 depletion, I checked the expression of two early 

adipogenic transcription factors, C/EBPβ and C/EBPδ, in the first transcriptional wave and two 

late adipogenic transcription factors, C/EBPα and PPARγ2 in the second transcriptional wave. I 

observed the expression changes of the late transcription factors, but not of the early 

transcription factors, at the mRNA level (Fig. 2.2, and Fig. 2.3D). This indicates PARP-1 may 

play a role in modulating the coordination of the two transcriptional waves. I further checked 

whether the repression of PARP-1 on the expression of C/EBPα and PPARγ2 is dependent on 

the PARylation activity by generating wild type and catalytically inactive mutant (E988K) 

PARP-1 stably expressing 3T3-L1 cells (Fig. 2.4A). I consistently observed a repression of the 

expression of the late adipogenic transcription factors and mature adipocytes markers by over-

expressing wildtype PARP-1, but much less repression was observed by over-expressing the 

catalytically inactive mutant (Fig. 2.4B). I also treated 3T3-L1 cells with a relatively selective 

PARP-1 inhibitor, BYK204165 (Eltze et al. 2008) (Fig. 2.4C). The inhibitor promotes 

adipogenesis in a dose-dependent manner as shown by the increasing expression of adipogenic 

factors and markers (Fig. 2.4D).  

 

Transcriptional repression is mediated by regulating the occupancy of C/EBPβ  at target 

gene promoters by PARP-1. 

I established a role of PARP-1 in regulating the expression of late adipogenic transcription 

factors in a catalytic activity dependent manner.  In order to determine whether this  
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Figure 2.3. PARP-1 represses adipogenesis by regulating the expression of key adipogenic 
transcription factors. 
A) Western blot showing PARP-1 protein level in control Luc and PARP-1 depleted 3T3-L1 
cells using snRNP70 as a nuclear loading control. 
B) RT-qPCR analysis of adipocytes marker FABP4 (left) and ADIPOQ (right) mRNA expression 
in Luc and PARP-1 knockdown 3T3-L1 cells at 4 days post differentiation induction.  The bar 
color indicate the Luc knockdown (gray) or PARP-1 knockdown (black) samples.  Each data 
point represents the mean + SEM for three independent biological replicates. Bars that are 
marked with an asterisk are statistically different from the control, as determined by the Student's 
t-test with a p-value threshold < 0.05 (*). 
 C) Oil Red O staining of lipid droplets in mature adipocytes in Luc (left) and PARP-1 (right) 
knockdown 3T3-L1 cells at day 6 post differentiation induction.   
 D) RT-qPCR analysis of mRNA expression of two early adipogenic transcription factors, 
CEBPB and CEBPD at 2 hours post differentiation induction, and two late adipogenic 
transcription factors, CEBPA and PPARG2 at 4 days post differentiation induction, in Luc and 
PARP-1 knockdown 3T3-L1 cells.  The bar color indicates the Luc knockdown (gray) or PARP-
1 knockdown (black) samples.  Each data point represents the mean + SEM for three 
independent biological replicates. Bars that are marked with an asterisk are statistically different 
from the control, as determined by a Student's t-test with a p-value threshold < 0.05 (*). 
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Figure 2.4. The catalytic activity of PARP-1 is essential for the regulation of adipogenesis. 
A) Western blot showing PARP-1 protein level in control vector (pBABE), wildtype (PARP-1 
WT), or catalytically inactive mutant (E988K, PARP-1 CAT) human PARP-1 ectopically 
expressed 3T3-L1 cells using snRNP70 as a nuclear loading control. 
 B) RT-qPCR analysis the mRNA expression of an early adipogenic transcription factors, 
CEBPB at 2 hours post differentiation induction and two late adipogenic transcription factors, 
CEBPA and PPARG2 and mature adipocytes marker FABP4 at 4 days post differentiation 
induction, in pBABE, PARP-1 WT, and PARP-1 CAT expressed 3T3-L1 cells.  The bar color 
indicates the pBABE (gray), PARP-1 WT (white), or PARP-1 CAT  (black) expressed samples.  
Each data point represents the mean + SEM for three independent biological replicates. Bars that 
are marked with an asterisk are statistically different from the control, as determined by a 
Student's t-test with a p-value threshold < 0.05 (*).  
 C) Western blot with Macro-Fc showing PARylation at different doses of PARP inhibitor 
(BYK204165) treated 3T3-L1 cells using snRNP70 as a nuclear loading control. 
 D) RT-qPCR analysis of mRNA expression of an early adipogenic transcription factor, CEBPB 
at 2 hours post differentiation induction and two late adipogenic transcription factors, CEBPA 
and PPARG2, and mature adipocytes marker FABP4 at 4 days post differentiation induction, at 
different doses of BYK204165 treated 3T3-L1 samples.  Each data point represents the mean + 
SEM for three independent biological replicates. Bars that are marked with an asterisk are 
statistically different from the control, as determined by a Student's t-test with a p-value 
threshold < 0.05 (*) and < 0.001 (**). 
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occurs by directly regulating the target genes at the transcriptional level, I first checked the 

occupancy of PARP-1 at target gene promoters by ChIP-qPCR. As I observed a reduced 

occupancy of PARP-1 at C/EBPβ binding sites at the promoters of target genes, CEBPA and 

PPARG2, and observed an increase in the occupancy of C/EBPβ at the same loci in PARP-1 

depleted 3T3-L1 cells (Fig. 2.5A).  This indicates that PARP-1 may regulate the transcription of 

CEBPA and PPARG2 by controlling the occupancy of C/EBPβ at its binding sites. As expected, 

knocking down C/EBPβ abolished the PARP-1 depletion mediated increase of adipogenesis 

(Fig. 2.5B).  

 

PARP-1 PARylates C/EBPβ  at specific sites to modulate its activity. 

Although the occupancy of C/EBPβ at target gene promoters is regulated by PARP-1, the 

expression levels of C/EBPβ at either mRNA (Fig. 2.3D) or protein level (Fig. 2.7A) are not 

affected. I observed a temporal induction of all three isoforms of C/EBPβ (LAP*, LAP, and LIP) 

during the time course of adipogenesis (Fig. 2.7A). LAP and LIP are the main forms that are 

expressed in 3T3-L1 cells. LAP is the active form and LIP is the dominant negative truncated 

form missing the N terminal activation domain and part of the regulatory domain (Ramji and 

Foka 2002) (Fig. 2.6).  Although the protein level of PPARγ2 is significantly increased as early 

as one day post hormonal induction in PARP-1 depleted 3T3-L1 cells, both the overall protein 

level and the distribution of the three isoforms of C/EBPβ are not affected by PARP-1 depletion 

during the whole time course of adipogenesis (Fig. 2.7A). I further checked whether PARP-1 

regulates the activity of C/EBPβ through PARylation. At 4 hours post hormonal induction, when 

C/EBPβ protein reaches the maximal expression, we detected PAR signal in the C/EBPβ protein 

location, and this PAR signal was reduced dramatically upon C/EBPβ or PARP-1 depletion (Fig. 
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2.7B). I further confirmed the PARylation of C/EBPβ by ectopically expressed HA tagged  

C/EBPβ in 293T cells. From all the PARylated proteins immunoprecipitated by WWE-Fc, HA 

tagged C/EBPβ was detected by anti HA antibody immunoblotting (Fig. 2.7C).  A recent study 

by Yonghao Yu’s group identifying the site-specific Asp- and Glu-ADP- ribosylated proteome in 

human HCT116 and HEK293T cells indicated that human C/EBPβ is PARylated at E175 in 

response to H2O2 stimulation (Zhang et al. 2013). The mouse homologue of human E175 is 

E135, which is located at the conserved regulatory domain motif, (I/V/L)KXEP.  Based on 

previous studies, when the major PARylation site is mutated, sometimes PARP-1 will modify 

adjacent putative PARylation sites. I therefore generated a series of single, double, and triple 

mutants of E135 and its adjacent K133 and E139 sites to alanine to disrupt PARylation.  By 

transfecting the blank vector pcDNA3.1, wild type LAP, truncated form LIP, and different 

mutants of LAP, I found that most PARylation occurs on the N terminus of LAP, and that the 

single mutant E135A itself is not sufficient to reduce PARylation on C/EBPβ.  However, the 

double mutant (K133/E135A) or the triple mutant (K133/E135/E139A) are much more potent in 

disrupting PARylation (Fig. 2.7, D and E). I further tested the effect of the PARylation site 

mutants on 3T3-L1 adipogenesis.  Ectopic expression of C/EBPβ spontaneously drives 3T3-L1 

adipogenesis independent of hormonal inducer, and double or triple point mutants of C/EBPβ 

showed more potency in promoting spontaneous adipogenesis when expressed at the same level 

as wild type C/EBPβ in 3T3-L1 cells (Fig. 2.7F). Thus, PARylation of C/EBPβ represses its 

activity in promoting adipogenesis.   

 



 72

 

Figure 2.5. PARP-1 represses adipogenesis by regulating the activity of C/EBPβ . 
A) ChIP-qPCR analyses showing the occupancy of PARP-1 and C/EBPβ at the C/EBPβ binding 
motif containing genomic region of CEBPA promoter (left) and PPARG2 promoter (right) in the 
Luc (gray) and PARP-1 (black) knockdown 3T3-L1 cells (top) and in the vehicle and 
BYK204165 treated 3T3-L1 cells (bottom). Error bars represent the mean + SEM from three or 
more independent biological replicates. Bars that are marked with an asterisk are statistically 
different from the control, as determined by a Student's t-test with a p-value threshold < 0.05 (*). 
 B) RT-qPCR analysis of mRNA expression of early adipogenic transcription factor CEBPB at 2 
hours post differentiation induction, PARP-1 at undifferentiated condition, and mature 
adipocytes marker FABP4 and two late adipogenic transcription factors, CEBPA and PPARG2 at 
4 days post differentiation induction, in control, C/EBPβ or PARP-1 knockdown 3T3-L1 cells.  
The bar color indicates the control knockdown (gray), C/EBPβ knockdown (black), PARP-1 
knockdown (white), or PARP-1 and C/EBPβ double knockdown (right crosshatch filled) 3T3-L1 
cells.  Each data point represents the mean + SEM for three independent biological replicates. 
Bars that are marked with an asterisk are statistically different from the control, as determined by 
a Student's t-test with a p-value threshold < 0.05 (*). 
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Figure 2.6. A schematic diagram of C/EBPβ  adapted with modifications from Ramji and 
Foka (2002). C/EBPβ has three isoforms based on alternative translational initiation from three 
different AUG codons.  They include the full-length 38-kDa Liver-enriched Transcriptional 
Activator Protein (LAP*), the 35-kDa LAP, and the 21-kDa LIP (Liver-enriched Transcriptional 
Inhibitory Protein). LAP and LIP are more abundant in 3T3-L1 cells. Full length C/EBPβ, LAP*, 
and LAP contain an N terminal activation domain (AD, in green), a negative regulatory domain 
(RD, in red), and a C terminal DNA binding domain, which is composed by a DNA binding 
basic region (in blue) and a leucine zipper domain (in orange).  The LKAEP 5 amino acid motif, 
which belongs to the (I/V/L)KXEP  consensus Regulatory Domain Motif (RDM) is essential for 
regulation of the activity of C/EBPβ. K133 and E135 are the most conserved sites of this motif.  



 74

 
 

 

           

 



 75

Figure 2.7. PARP-1 PARylates C/EBPβ  at specific sites. 
A) Western blot showing protein level of PARP-1, C/EBPβ, and PPARγ in Luc and PARP-1 
knockdown 3T3-L1 cells during the time course of adipogenesis using snRNP70 as a nuclear 
loading control. 
B) Western blot showing the levels of total and PARylated PARP-1 and C/EBPβ in Luc, 
C/EBPβ, and PARP-1 knockdown 3T3-L1 cells 4 hours post adipogenesis induction using 
snRNP70 as a nuclear loading control. PARylated protein was detected by using Macro-Fc (see 
methods).  
C) HA-tagged mouse C/EBPβ (LAP isoform) was ectopically expressed in 293T cells. Western 
blot showing that PARylated proteins pulled down by WWE-Fc were enriched for HA-tagged 
C/EBPβ in HA-C/EBPβ transfected 293T cells, but not in the blank vector transfected cells. 
D and E) Vector pcDNA3.1, wild type LAP, LIP, and different mutants of LAP were ectopically 
expressed in 293T cells and the level of PARylated and total C/EBPβ were analyzed by western 
blot with Macro-Fc and C/EBPβ antibody (D) Quantification of relative PARylation level of 
different constructs transfected 293T cells (E). The value is the quantification of PARylated 
signal normalized by total C/EBPβ signal. Error bars represent the mean + SEM for three 
independent biological replicates.  
 F) RT-qPCR analysis of the mRNA expression of CEBPB at 2 hours post differentiation 
induction, a late adipogenic transcription factor, PPARG2, and mature adipocytes marker FABP4 
at 4 days post differentiation induction, in blank vector PQCXIP, wild type and different mutants 
of C/EBPβ (LAP) in stably overexpressed 3T3-L1 cells.  The bar colors indicate the blank vector 
control (gray), wild type LAP overexpressed (black), E135A mutant LAP overexpressed (white 
dots filled black), K133/E135A mutant LAP overexpressed (white), and K133/E135/E139 mutant 
LAP overexpressed (right crosshatch filled) 3T3-L1 cells.  Error bars represent the mean + SEM 
for three independent biological replicates. Bars that are marked with an asterisk are statistically 
different from the control, as determined by a Student's t-test with a p-value threshold < 0.05 (*). 
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PARP-1 also functions in the upstream lineage commitment process as shown by regulating 

NIH/3T3 cells differentiation. 

I have established a role of PARP-1 in regulating the early stage of adipogenesis by PARylating 

the early adipogenic transcription factor, C/EBPβ. In order to investigate whether PARP-1 also 

plays a role in the upstream process, the lineage commitment of preadipocytes, I used the mouse  

embryonic NIH/3T3 differentiation model (Fig. 2.8A). PARP-1 depletion promotes the 

differentiation of NIH/3T3 cells to adipocytes to a larger extent in comparison to its effect in  

3T3-L1 cells, as shown by a more than 10-fold increase of the expression of adipogenic factor 

PPARG2 and adipogenic marker FABP4 (Fig. 2.7B). Moreover, I observed the occupancy of 

PARP-1 at C/EBPβ binding sites at CEBPA and PPARG2 promoter and depletion of PARP-1 

caused an increase of the occupancy of C/EBPβ at the same loci (Fig. 2.8C). I also noticed a 

relatively lesser extent of the change of the expression of CEBPA in comparison to the effect in 

3T3-L1 cells, which may due to the lower occupancy of C/EBPβ at CEBPA promoter (Fig. 2.8, 

B and C) in NIH/3T3 cells. Thus, similar to its role in early adipogenesis, PARP-1 also 

promotes the adipogenic lineage commitment of NIH/3T3 cells by modulating the activity of 

C/EBPβ mostly on PPARG2 and subsequently affecting its downstream adipogenic genes.  

 

Inhibition of PARP-1 facilitates spontaneous adipogenesis of native adipocyte precursors 

containing stromal vascular fraction cells independent of hormonal inducer. 

I have established a role of PARP-1 in early adipogenesis and upstream precursor lineage 

commitment by using two well-established in vitro adipogenesis models. I next used primary 

preadipocytes in the isolated Stromal Vascular Fraction (SVF) cells to check the role of PARP-1 
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in adipogenesis in vivo (Fig. 2.9). Both the PARP-1 selective inhibitor BYK204165 and a 

broader PARP inhibitor PJ34 spontaneously induced adipogenesis, independent of the 

adipogenic hormonal inducers (Fig. 2.9), which partially recapitulates the over-expression of the 

C/EBPβ phenotype in 3T3-L1 cells. This is consistent with what I have observed with in vitro 

adipogenesis studies.   

 

Discussion 

Discovery of a novel mechanism of how PARP-1 represses transcription  

Previous studies have established that PARP-1 acts at active gene promoters by opening 

local chromatin for further gene activation (Krishnakumar et al. 2008; Krishnakumar and Kraus 

2010b). However, gene activation alone cannot explain the versatile roles of PARP-1 and how 

PARP-1 represses gene expression is largely unknown. Additionally, while previous studies have 

shown that PARP-1 is located at a large number of actively transcribed gene promoters, only a 

small subset of these genes are affected by depletion or inhibition of PARP-1 (Krishnakumar et 

al. 2008; Frizzell et al. 2009). My study helps to explain the mysteries: I hypothesize that PARP-

1 binds to a large subset of gene promoters, and that its function in gene regulation is dependent 

on the transcription factors recruited to the promoters and the ability of PARP-1 to interact with 

and modify their activity. Furthermore, more studies are needed to explore how PARylation 

alters the activity of transcription factors. Since the PAR chain is negatively charged, it is 

possible that it may block the interaction of modified transcription factors with the targeting 

DNA simply through competition.  It is also possible that PARylation changes the charge or the 

structure of the transcription factors and subsequently prevents them from binding to protein 

partners.  
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Figure 2.8. Depletion of PARP-1 facilitates lineage commitment of NIH/3T3 cells to 
adipocytes. 
A) Western blot showing protein level of PARP-1 in Luc and PARP-1 knockdown NIH/3T3 
cells using snRNP70 as a nuclear loading control. 
 B) RT-qPCR analysis of the mRNA expression of PARP-1, one early adipogenic transcription 
factor, CEBPB, at 2 hours post differentiation induction, and two late adipogenic transcription 
factors, CEBPA and PPARG2, and mature adipocytes marker FABP4 at 4 days post 
differentiation induction, in Luc and PARP-1 knockdown NIH/3T3 cells.  The bar colors indicate 
the Luc knockdown (gray) and PARP-1 knockdown (black) samples.  Error bars represent the 
mean + SEM for three independent biological replicates. Bars that are marked with an asterisk 
are statistically different from the control, as determined by a Student's t-test with a p-value 
threshold < 0.05 (*).  
C) ChIP-qPCR analyses showing the occupancy of PARP-1 and C/EBPβ at the C/EBPβ binding 
motif containing the genomic region of CEBPA promoter (left) and PPARG2 promoter (right) in 
the Luc (gray) and PARP-1 (black) knockdown NIH/3T3 cells (top) and in the vehicle and 
BYK204165 treated NIH/3T3 cells (bottom). Error bars represent the mean + SEM (error bars) 
from three independent biological replicates. Bars that are marked with an asterisk are 
statistically different from the control, as determined by a Student's t-test with a p-value 
threshold < 0.05 (*). 
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Figure 2.9. Inhibition of PARP-1 facilitates spontaneous adipogenesis of primary adipose 
SVF cells independent of hormonal inducer. 
Confluent SVF cells were incubated with vehicle, 20 μM BYK204165 or 5 μM PJ34 for 2 days. 
Cells were collected and mRNA levels were analyzed by RT-qPCR of PARP-1, CEBPB, 
PPARG2, and FABP4.  The bar color indicates the vehicle treated (gray), BYK204165 treated 
(white), or PJ34 treated (black) SVF cells.  Error bars represent the mean + SEM of three 
independent biological replicates. Bars that are marked with an asterisk are statistically different 
from the control, as determined by a Student's t-test with a p-value threshold < 0.05 (*). 
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Another possibility is that the PAR chain serves as a scaffold to recruit different protein 

complexes to the target promoters, switching between gene activation and gene repression. 

Overall, my study helps to characterize a novel mechanism of how PARP-1 functions at the 

transcriptional level and points out the importance of PARP activity in gene regulation. As the 

identification of a large number of transcription factors as PARylation targets (Zhang et al. 

2013), my study will stimulate the discovery of new roles of PARP-1 in different transcription 

factor pathways through similar mechanisms. Regulation by PARylation of different 

transcription factors largely enhances the plasticity and potency of PARP-1 mediated 

transcription repression or activation.  

 

Identification of a novel posttranslational modification on C/EBPβ  that regulates the 

transition of two transcriptional waves of adipogenesis 

The sequential activation of two transcriptional waves is essential for adipogenesis (Yeh 

et al. 1995; Rosen et al. 2000; Tang et al. 2004). Identifying the regulators, which mediate the 

accurate transition of two transcriptional waves, is key to understanding the process. Signal 

induced posttranslational modifications such as sumoylation, phosphorylation and acetylation, on 

C/EBPs and PPARγ2, have been identified to be critical for adipogenesis (Mink et al. 1997; 

Ohshima et al. 2004; Pascual et al. 2005; Tang et al. 2005). Additionally, the C/EBP family 

members (C/EBPα, C/EBPβ, C/EBPδ, and C/EBPε) share a conserved regulatory domain motif 

(RDM) of five amino acids, (I/V/L)KXEP (Ramji and Foka 2002). Notably, one of the major 

PARylation sites by PARP-1 on C/EBPβ identified by Yonghao’s group (Zhang et al. 2013) and 

confirmed by our lab is a well-conserved glutamate (E) in the RDM motif.  My study further 

helps to explore the regulatory function of the RDM motif as a PARP-1 target and adds a novel 
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posttranslational modification that modulates C/EBPβ activity. The reduction of PARP activity is 

highly correlated with the gene activation activity of C/EBPβ during adipogenesis, which 

suggests PARP-1 functions as a switch during transcription in early adipogenesis by modulating 

the activity of C/EBPβ, and helps to establish the temporal transition of the two transcriptional 

waves and the two cellular phases during adipogenesis. Since the RDM motif is highly 

conserved among C/EBPs, it is likely that PARP-1 executes a regulatory role on the other 

C/EBPs in different biological processes. Furthermore, it will be interesting to see whether 

PARylation of C/EBPβ directly changes its DNA binding activity or interactions with other 

proteins. It is also important to investigate the cooperation between different posttranslational 

modifications on C/EBPβ in distinct signaling pathways.  

 

Identification of new roles of PARP-1 in adipocytes precursor commitment and early 

adipose tissue development  

With regard to PARP-1’s role in metabolism, studies conducted on PARP-1 null mice 

revealed interesting yet contradictory results. (Asher et al. 2010; Devalaraja-Narashimha and 

Padanilam 2010; Bai et al. 2011; Luo and Kraus 2011; Erener et al. 2012b). In different tissues, 

PARP-1 seems to play a different role in contributing to the overall metabolic outcome. Thus, 

the inducible tissue specific PARP-1 knockout mice are needed to pinpoint the role of PARP-1 in 

metabolism, based on an adipogenic perspective. However, there has not been a well-suited 

animal model to help to trace and deplete PARP-1 only in the adipocytes precursors to determine 

the specific function of PARP-1 in adipogenesis and how it contributes to the overall metabolic 

control (Cristancho and Lazar 2011).  By performing detailed molecular studies on both well 

established adipogenesis cellular models and primary preadipocytes, I observed a distinct role of 
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PARP-1 at the onset of adipogenesis as compared to its role in maintaining mature adipocyte 

function. Moreover, I also discovered a novel role of PARP-1 in repressing lineage commitment 

of adipocyte precursors. This will facilitate future in vivo studies on how PARP-1 regulates the 

overall metabolic homeostasis based on an adipogenic perspective. It will also be interesting to 

explore the specific roles of PARP-1 in the differentiation of white and brown adipocytes, and 

even the trans-differentiation between the two populations. My finding of the repressive role of 

PARP-1 in adipocyte precursors and in early adipogenesis can serve as a guide for such future 

studies. 

 

The importance of NAD+ signaling pathway in transcriptional regulation during 

adipogenesis 

The fluctuation of PARP activity correlates well with the transition of the two transcriptional 

waves and two cellular phases during adipogenesis and the catalytic activity of PARP-1 is 

critical for its repressive role in adipogenic transcription regulation. How does the signal 

transduce to regulate PARP-1 activity? Cellular NAD+ level increases constantly during 

adipogenesis (Fukuwatari et al. 2001), even when PARP-1 activity drops. This indicates NAD+ 

level itself may not be the reason for reducing PARP-1 activity in the early adipogenesis phase. 

Additionally, PARP-1 activity can be regulated by DNA breaks, histones, interacting protein 

partners, and posttranslational modifications.  For example, our previous study indicated a role of 

NMNAT-1 (Nicotinamide Mononucleotide Adenylyl Transferase – 1) in modulating the activity 

of PARP-1 not only by providing NAD+ but also by interacting with and allosterically activating 

PARP-1 (Zhang et al. 2012).  This leads to the next question how the NAD+ synthetases and 

consumers coordinate to regulate the NAD+ pool and contribute to adipogenesis, especially 



 84

considering a role of another NAD+ consumer SIRT-1 in adipogenesis (Picard et al. 2004). 

Alternatively, it is also possible that an adipogenic signal regulated posttranslational 

modification occurs on PARP-1 to modulate its activity during adipogenesis.  Thus, future 

studies could be directed at understanding the role of the upstream factors that link various 

signaling pathways to PARP activation or deactivation. 

 
 

Methods  

Cell culture and treatments   

3T3-L1 cells (Green and Kehinde 1975) from the American Type Cell Culture (ATCC® 

CL-173TM) and NIH-3T3 cells (a gift from Dr. Gupta’s lab in UTSW) were maintained in 

DMEM (Cellgro 10-017-CM) supplemented with 10% fetal bovine serum (Atlanta S11550). For 

adipogenic induction of 3T3-L1 cells, after reaching confluence, the cells were grown for 

another two days under contact inhibition. Adipogenic induction was performed with the 

addition of a cocktail of differentiating drugs including 0.25 mM IBMX (3-isobutyl-1-

methylxanthine, Calbio, #410957), 10 μg/ml insulin (Sigma I-5500), and 1 μM DXM 

(Dexamethasone, Sigma #D4902) for two days. The cells were grown in culture medium with 10 

μg/ml insulin (Sigma I-5500) for the indicated times before collection. Adipogenesis induction 

of NIH-3T3 cells was performed in a similar fashion with the addition of 5 μM of Rosiglitazone 

(Sigma R2408) together with the cocktail of differentiating drugs. For experiments with the 

PARP inhibitor BYK 204165 (Eltze et al. 2008) (Tocris Bioscience 1104546-89-5) and PJ34 

(Enzo Life Sciences, ALX-270-289), the cells were pretreated with the inhibitor at the indicated 

concentrations, or with DMSO vehicle for one hour prior and during the first two days of 
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differentiation after adding the cocktail of differentiating drugs. To assess adipogenesis, the cells 

were stained with 5% Oil Red O (Sigma O0625). 

Antibodies.  

The custom rabbit polyclonal antibodies against PARP-1 used for Western blotting and 

ChIP assays were generated by using an antigen comprising the amino-terminal half of PARP-1 

(Kim et al. 2004). The other antibodies used are as followed: mouse monoclonal PAR antibody 

(Trevigen; cat. no. 4335-AMC-050), rabbit polyclonal ChIP grade C/EBPβ antibody (Santa 

Cruz; cat. no. sc-150X), mouse monoclonal ChIP grade HA antibody (Abcam; cat. no. ab9110), 

rabbit polyclonal PPARγ antibody (Santa Cruz, cat. no. sc-7196) and SNRP70 (Abcam; cat. no. 

ab51266), Rabbit IgG (Invitrogen, cat. no. 10500C). The macro domain and WWE domain fused 

with rabbit IgG Fc (Macro-Fc or WWE-Fc) used to detect or immunoprecipitate PARylated 

proteins were generated by Bryan Gibson in the lab.  
 

Retroviral knockdown and expression vectors and making stable cell lines 

 The short hairpin RNA (shRNA) stable knockdown and cDNA overexpression cell lines 

were generated by retroviral infections of shRNA or cDNA expression constructs. For the 

shRNA constructs, a double stranded oligonucleotide containing an shRNA sequence targeting 

Luciferase, PARP-1, or C/EBPβ was cloned into the puromycin or neomycin resistant 

pSUPER.retro vector (OligoEngine). Wild-type and the catalytically inactive human PARP-1 

containing a E988K mutation were cloned into the pQCXIP retroviral expression vector (BD 

Biosciences; puromycin resistant), as described previously (Frizzell et al. 2009).  Retroviruses 

were generated by transfection of the pSUPER.retro or pQCXIP constructs together with an 

expression vector for the VSV-G envelope protein into Pheonix Ampho cells using GeneJuice 

transfection reagent (Novagen 70967) according to the manufacturer’s protocol.  The resulting 
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viruses were used to infect the 3T3-L1 or NIH/3T3 cells.  Stably transduced cells were selected 

with puromycin (Sigma P9620; 2 μg/mL) or G418 sulfate (Sigma A1720; 1 mg/mL).   

shRNA Target Targeting Sequence Source 

Luc 5’ - gatatgggctgaatacaaa - 3’ Reynolds et al (Reynolds et al. 2004) 

PARP-1  5’ - gggcaagcacagtgtcaaa - 3’  Ju et al (Ju et al. 2004) and Shah et al 

(Shah et al. 2011) 

C/EBPβ 5’ - ggccctgagtaatcacttaaa - 3’ Dharmacon siDESIGN® Center 

 
 
Generation of C/EBPβ  expression constructs 

pcDNA 3.1(-) mouse C/EBPβ (LAP isoform) and pcDNA 3.1(-) mouse C/EBPβ (LIP 

isoform) were purchased from Addgene (plasmid 12557 and 12561). A HA tag was added to the 

original construct by PCR with forward primer CEBPB_F 

acgcggccgcgaattcatgTACCCATACGATGTTCCAGATTACGCTgaagtggccaacttctactacgag and 

reverse primer CEBPB_R gcaagcttggatccctagcagtggcccgccgaggccag and cut with Not I and 

HindIII.  Mutants of C/EBPβ constructs were generated according to the instruction of 

QuickChange® Site-Directed Mutagenesis Kit from Stratagene. Specifically, PCR was 

performed with 125ng of each of the following primer pairs, 10ng plasmid with target site for 

mutation, 0.5μl 10mM dNTP and 2.5 U pfuTurbo DNA polymerase at the following PCR 

program: denaturing at 95°C for 30s, followed with 16 cycles of denaturing (95°C, 30s), 

annealing (55°C, 1min) and elongation (68°C, 10min). The resulting PCR product was treated 

with 10 U DpnI to digest the original super-coiled plasmid, transformed, extracted and 

sequenced to confirm harboring the right mutation. Stepwise site directed mutagenesis cloning 

was performed to get the single, double and triple mutations. Specifically, C/EBPβ K133A, 
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C/EBPβ E135A, C/EBPβ E139A single mutants were generated first. The double mutant, 

C/EBPβ K133/E135A, was generated with primer pair 3 using C/EBPβ E135A as the parental 

plasmid template, and C/EBPβ E135/E139A was generated with primer pair 5 using C/EBPβ 

E135A as the parental plasmid template. Triple mutant C/EBPβ K133/E135/E139A was 

generated with primer pair 5 using C/EBPβ K133/E135A as the parental plasmid template. 

• Primers for site-directed mutagenesis to generate mutant C/EBPβ  cDNAs: 

primer pair 1. C/EBPβ K133A (AAG to GCC) 

Forward: 5' CTCCCGCCGCGCTCgccGCGGAGCCGGGCTTC 3'     

Reverse: 5' GAAGCCCGGCTCCGcggCGAGCGCGGCGGGAG 3' 

primer pair 2. C/EBPβ E135A 135 E-A (GAG to GCC) 

Forward: 5' CGCTCAAGGCGGccCCGGGCTTCGAAC 3'     

Reverse: 5' GTTCGAAGCCCGGggCCGCCTTGAGCG 3' 

primer pair 3. C/EBPβ 133 K-A (AAG to GCC) 135 E-A (GAG to GCC) 

Forward: 5' CGCTCgccGCGGccCCGGGCTTCGAAC 3'     

Reverse: 5' GTTCGAAGCCCGGggCCGCggcGAGCG 3' 

primer pair 4. C/EBPβ 139 E-A (GAA to GCC) 

Forward: 5' GGAGCCGGGCTTCGccCCCGCGGACTGCAAG 3'     

Reverse: 5' CTTGCAGTCCGCGGGggCGAAGCCCGGCTCC 3' 

primer pair 5. C/EBPβ 135 E-A (GAG to GCC), 139 E-A (GAA to GCC) 

Forward: 5' GGccCCGGGCTTCGccCCCGCGGACTGCAAG 3'     

Reverse: 5' CTTGCAGTCCGCGGGggCGAAGCCCGGGggCC 3'  
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Wild-type and the mutant mouse C/EBPβ cDNA were cloned from a HA tagged version of 

pcDNA 3.1(-) mouse C/EBP beta (LAP isoform) into pQCXIP retroviral expression vector (BD 

Biosciences; puromycin resistant) using NotI and BamHI. 

 

Nuclear extracts and western blotting  

293T cells were seeded at ~1.5 x 106 cells per 10 cm diameter plate, transfected with wild 

type and mutant pcDNA 3.1(-) mouse C/EBPβ (LAP isoform) using GeneJuice transfection 

reagent (Novagen 70967) for 24 hours.  3T3-L1 cells were seeded at ~1.5 x 106 cells per 10 cm 

diameter plate and treated as described above.  After collecting the cells, extracts of the 

cytoplasmic and nuclear fractions were made according to the protocol provided with the Sigma 

CelLyticTM NuCLEARTM Extraction Kit.  Specifically, the cells were incubated in isotonic buffer 

[10 mM Tris-HCl, pH 7.5, 2 mM MgCl2, 3 mM CaCl2, 0.3 M sucrose, 1 mM DTT, 250 nM 

ADP-HPD (PARG inhibitor for preventing PAR chain from cleavage by PARG), 10 μM PJ34 

(PARP inhibitor, to prevent new PAR chain from forming during extraction) and 1x Roche 

Complete Protease Inhibitor Cocktail (RCPIC)] on ice for 15 minutes and lysed by the addition 

of 0.6% IGEPAL CA-630 detergent with vortexing.  The lysates were centrifuged and the 

supernatants were collected as the cytoplasmic fraction.  The crude nuclear pellet was washed 

once with isotonic buffer, resuspended in extraction buffer C (20 mM HEPES, pH 7.9, 1.5 mM 

MgCl2, 0.42 M NaCl, 0.2 mM EDTA, 25% v/v glycerol, 1 mM DTT, 250 nM ADP-HPD (PARG 

inhibitor to prevent PAR chain from cleavage by PARG), 10 μM PJ34 (PARP inhibitor, to 

prevent new PAR chain from forming during extraction) and 1x RCPIC, and vortexed vigorously 

for 20 minutes at 4°C.  The resuspended nuclear material was then centrifuged and the 

supernatant was taken as the nuclear extract.  For each fraction under the indicated conditions, 20 
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μg protein were analyzed on an 8% polyacrylamide-SDS gel and transferred to a nitrocellulose 

membrane.  Western blotting was performed with antibodies to the following factors: Macro-Fc 

(1:3000), PARP-1 (1:2000), C/EBPβ (1:1000), PPARγ (1:1000), and SNRP70 (1:1000).   

 

Immunoprecipitation of PARylated protein and detection of HA tagged C/EBPβ .   

293T cells were seeded at ~3 x 106 cells per 15 cm diameter plate, transfected with HA 

tagged pcDNA 3.1(-) mouse C/EBPβ (LAP isoform) using GeneJuice transfection reagent 

(Novagen 70967) for 24 hours. Cells were collected and nuclear extracts were made as described 

above.  The extracts were mixed with an equal volume of buffer B [20 mM HEPES, pH 7.6, 1.5 

mM MgCl2, 0.2 mM EDTA, 1 mM DTT, 250 nM ADP-HPD (PARG inhibitor to prevent PAR 

chain from cleavage by PARG), 10 μM PJ34 (PARP inhibitor, to prevent new PAR chain from 

forming during extraction) and 1x RCPIC]. Extracts were used at 800 μg of total protein for each 

IP condition.   The extracts were pre-cleared with 5 μg of rabbit IgG antibody for 1 hour at 4°C 

and with 100 μl 50% slurry of protein A-agarose beads for another 30 min at 4°C with nutation. 

After centrifugation at 1000xg for 2min, the supernatants were incubated with 8 μl of WWE-Fc 

or rabbit IgG as a control at 4°C overnight with nutation.  An amount of 100 μl of 50% slurry of 

protein A-agarose beads were added to the incubated sample for an extra 2 hour at 4°C with 

nutation. The beads were subjected to 3 washes in Wash Buffer (20 mM HEPES, pH 7.6, 1.5 

mM MgCl2, 0.2 mM EDTA) for 10 min at 4°C with nutation.  The beads were heated to 100 °C 

for 5 min in SDS-PAGE loading buffer to release the bound proteins.  The immunoprecipitated 

material was subjected to Western blotting with the mouse monoclonal HA antibody (1:1000) 

and Macro-Fc (1:3000) antibodies described above.  The immunoprecipitation assays were 

performed three times to ensure reproducibility.   
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RNA isolation and RT-qPCR 

3T3-L1 cells, NIH/3T3 cells, or SVF cells were seeded at ~2 x 105 cells per well in 6-

well plates and treated as described above.  After collecting the cells, total RNA was isolated 

using Trizol Reagent (Invitrogen) according to the manufacturer's protocol.  Total RNA was 

reverse transcribed using oligo (dT) primers and MMLV Reverse Transcriptase (Promega) and 

subjected to real-time quantitative PCR (qPCR) using gene-specific primers.  All target gene 

expression was normalized to TBP expression.  Each experiment was conducted with a minimum 

of three biological replicates. 

 

Chromatin Immunoprecipitation (ChIP) 

3T3-L1 cells were seeded at ~5 x 106 cells per 15 cm diameter plate and treated as 

described above.   ChIP was performed as described previously (Kininis et al. 2007; 

Krishnakumar et al. 2008) with a few modifications. The cells were cross-linked with 1% 

formaldehyde in PBS for 10 minutes at 37°C and quenched in 125 mM glycine in PBS for 5 

minutes at 4°C.  The cells were then collected and lysed in Farnham lysis buffer (5 mM PIPES 

pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM DTT, and 1x RCPIC).  A crude nuclear pellet was 

collected by centrifugation, resuspended in lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-

HCl, pH 7.9, 1 mM DTT, and 1x RCPIC), and incubated on ice for 10 minutes.  The chromatin 

was sheared at 4°C by sonication using a Bioruptor UC200 at the highest setting for four, 5-

minute cycles of 30 seconds on and 60 seconds off to generate chromatin fragments of ~300 bp 

in length.  The soluble chromatin was diluted 1:10 with dilution buffer (20 mM Tris-HCl, pH 

7.9, 0.5% Triton X-100, 2 mM EDTA, 150 mM NaCl, 1 mM DTT and 1x RCPIC) and pre-
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cleared with protein A agarose beads.  The pre-cleared supernatant was used in 

immunoprecipitation reactions with antibodies against the factor of interest (PARP-1 or C/EBPβ) 

or with rabbit IgG as a control.  The immunoprecipitated material was washed once with low salt 

wash buffer (20 mM Tris-HCl, pH 7.9, 2 mM EDTA, 125 mM NaCl, 0.05% SDS, 1% Triton X-

100, 1 μM aprotinin, and 1 μM leupetin), once with high-salt wash buffer (20 mM Tris-HCl, pH 

7.9, 2 mM EDTA, 500 mM NaCl, 0.05% SDS, 1% Triton X-100, 1 μM aprotinin, and 1 μM 

leupetin), once with LiCl wash buffer (10 mM Tris-HCl, pH 7.9, 1 mM EDTA, 250 mM LiCl, 

1% NP-40, 1% sodium deoxycholate, 1 μM aprotinin, and 1 μM leupetin), and once with 1x 

Tris-EDTA (TE).  The immunoprecipitated material was eluted in elution buffer (100 mM 

NaHCO3, 1% SDS) and was then digested with proteinase K and RNase H to remove protein and 

RNA, respectively.  The immunoprecipitated genomic DNA was then extracted with 

phenol:chloroform:isoamyl alcohol and precipitated with ethanol. 

 

Quantitative real-time PCR (qPCR).   

Reverse transcribed cDNA and ChIPed genomic DNA were analyzed by quantitative 

PCR.  Briefly, DNA, 1x SYBR Green PCR master mix, and forward and reverse primers (250 

nM) were used in 45 cycles of amplification (95°C for 10 sec, 60°C for 10 sec, 72°C for 1 sec) 

following an initial 5 min incubation at 95°C using Roche LightCycler ® 480 Instrument II from 

384-well Sequence Detection System. Melting curve analysis was performed to ensure that only 

the targeted amplicon was amplified.  The sequences of all primers used for RT-qPCR and ChIP-

qPCR, are listed below. 

mRNA expression primers 

TBP forward 5’-TGCTGTTGGTGATTGTTGGT-3’ 
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TBP reverse 5’-CTGGCTTGTGTGGGAAAGAT-3’ 

 

PARP-1 forward 5’-TGGTTTCAAGTCCCTTGTCC-3’ 

PARP-1 reverse 5’-TGCTGTCTATGGAGCTGTGG-3’ 

 

CEBPA forward 5’-GAACAGCAACGAGTACCGGGTA-3’ 

CEBPA reverse 5’-GCCATGGCCTTGACCAAGGAG-3’ 

 

CEBPB forward 5’-CAAGCTGAGCGACGAGTACA-3’ 

CEBPB reverse 5’-CAGCTGCTCCACCTTCTTCT-3’ 

 

PPARG1 forward 5’-CTGTGAGACCAACAGCCTGA-3’ 

PPARG1 reverse 5’-CAGTGGTTCACCGCTTCTTT-3’ 

 

PPARG2 forward 5’-TGCTGTTATGGGTGAAACTCT-3’ 

PPARG2 reverse 5’-CGCTTGATGTCAAAGGAATGC-3’ 

 

CEBPD forward 5’-TGCCCACCCTAGAGCTGTG-3’ 

CEBPD reverse 5’-CGCTTTGTGGTTGCTGTTGA-3’ 

 

FABP4 forward 5’-AAGTGGGAGTGGGCTTTGC-3’ 

FABP4 reverse 5’-CCGGATGGTGACCAAATCC-3’ 

 

ADIPOQ forward 5’-GACAAGGCCGTTCTCTTCAC-3’ 

ADIPOQ reverse 5’-CAGACTTGGTCTCCCACCTC-3’ 

 
ChIP primers 
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CEBPA promoter forward: 5’ - CTG GAA GTG GGT GAC TTA GAG G - 3’ 

CEBPA promoter reverse: 5’ - GAG TGG GGA GCA TAG TGC TAG - 3’ 

PPARG2 promoter forward : 5’ - GGCCAAATACGTTTATCTGGTG - 3’ 

PPARG2 promoter reverse : 5’ - GTGAGGGGCGTGAACTGTA- 3’ 

 

Statistical tests for the gene-specific assays 

Each gene-specific experiment (i.e., RT-qPCR, ChIP-qPCR) was conducted a minimum 

of three times with independent biological replicates to ensure reproducibility.  The significance 

of differences between experimental and control samples was determined using a Student's t-test.  

Significance and p-values are listed in the figures legends. 

 

Immuno fluorescence staining 

3T3-L1 cells were seeded at ~3 x 104 on sterile cover slips in a 24-well plate and 

differentiated as described above. Cells were rinsed twice with cold 1X PBS and fixed with cold 

Methanol and Acetone solution (mixed at 7:3 ratio, stored at -20°C before use). Fixed cells were 

washed 3 times with cold 1X PBS and blocked with blocking solution (5% non-fat milk, 0.05% 

Tween-20 in 1X PBS) for 30 mins at room temperature. After blocking, cells were incubated 

with WWE-Fc (30 μg/ml in blocking solution) overnight at 4°C. Cells were washed three times 

with cold 1X PBS and incubated with secondary antibody (Alexa Fluor® 488 Goat Anti-Rabbit 

IgG (H+L), Life Technology, cat. no. A-11034; 1:100) for 30 min at room temperature in dark. 

Cells were washed three times with cold 1X PBS and stained with 1 μM TO-PRO®-3 (Life 

Technology, cat. no. T3605) for 2 min at room temperature followed by three times with cold 1X 

PBS washes.  The cover slips were mounted onto glass slides with VECTASHIELD HardSet 

Mounting Medium (Vector Laboratories, cat. no. H-1400). The images were collected with Leica 

SP2 Confocal Microscope. 
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Nuclei isolation and in vitro PARylation 

293T cells were seeded at ~1.5 x 106 cells per 10 cm diameter plate, transfected with wild 

type and mutant pcDNA 3.1(-) mouse C/EBPβ (LAP isoform) using GeneJuice transfection 

reagent (Novagen 70967) for 24 hours. Luc, PARP-1 or C/EBPβ depleted 3T3-L1 cells were 

seeded at ~1.5 x 106 cells per 10 cm diameter plate and differentiated for 4h as described above.   

Cells were collected and nuclei were isolated as previously described (Dignam et al. 1983). 

Specifically, cells were suspended with 1 ml buffer A (10 mM HEPES, 1.5 mM MgCl2, 10 mM 

KCl, 1 mM DTT, and 1x RCPIC) for 10 min on ice and centrifuged at 1000g for 2min. The cell 

pellets were resuspended in 1 ml buffer A and lysed by 10 strokes of a Wheaton Dounce Tissue 

Grinder (loose type pestle, Fisher Scientific, cat. no. 357538).  After centrifugation, the nuclei 

were resuspended in 100 μl Freezing buffer (50 mM Tris-HCl, pH 8.3, 5 mM MgCl2, 40 % 

Glycerol and 0.1 mM EDTA, pH 8.0, 1 mM DTT, and 1x RCPIC). For in vitro PARylation 

reaction, 50 μl of nuclei were incubated with 2X reaction buffer (10 mM Tris-Cl, pH 8.5, 20 mM 

KCl, 2 mM DTT, and 2x RCPIC) with and without 200 μM NAD+ for 30 min at room 

temperature. The reaction was stopped by adding 33 μl of 4 X stop buffer (4% SDS and 20 mM 

EDTA) and heated to 100 °C for 5 min in SDS-PAGE loading buffer. An amount of 20 μl 

reaction of 293T cells without NAD+ were loaded to check the PARylation level of etopically 

expressed wildtype and mutant C/EBPβ. 5 μl Reaction of 4 hour differentiated Luc, PARP-1 or 

C/EBPβ depleted 3T3-L1 cells with NAD+ were loaded to check the PARylation level of 

endogenous C/EBPβ (here we have to add NAD+ to incubate with the nuclei to further label the 

PARylated C/EBPβ to amplify the signal, since endogenous C/EBPβ level is low).  

 
Isolation and Differentiation of Stromal Vascular Fraction (SVF) cells   

Dr. Rana Gupta performed the SVF cell isolation as described (Gupta et al. 2012). 

Specifically, two 6-week old male C57BL/6 mice were sacrificed and 4 fat pads of inguinal 

white adipose tissue were dissected and placed in sterile 1X PBS. Tissues were further minced 
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with spring scissors until tissue was homogeneous,  transferred to a 50 ml Falcon tube containing 

10 mL of 1X digestion buffer (100 mM HEPES, pH7.4, 120 mM NaCl, 50 mM KCl, 5 mM 

glucose, 1 mM CaCl2, 1 mg/mL collagenase D (Roche cat. no. 11088858001) and 1.5% BSA) 

and incubated in a 37°C shaking water bath for 2 hours, with gentle vortexing every 30 min. The 

digested tissue was mixed by pipetting up and down and passed through a 100 μm cell strainer 

into a new Falcon tube with 30 ml of SVF cells culturing medium [10% FBS in DMEM/F-12, 

GlutaMAX™ (Life Technologies, cat. no. 10565-018)] to dilute the digestion buffer and 

centrifuged at 600g for 5min. The cells were resuspended in 10 mL SVF cells culturing medium 

and passed through a 40 μm cell strainer into a new Falcon tube. The cells were resuspended in 5 

ml SVF media and plated onto a 6 cm collagen – coated plate until cells were well attached and 

80-90% confluent, then the cells were expanded and froze down. To test the differentiation 

potential of the SVF cells, cells were seeded at ~5 x 104 cells per well in 12-well plates. After 

reaching confluence, the cells were treated with vehicle, 20 μM BYK 204165 or 5 μM PJ34 for 2 

days. To assess adipogenesis, RT-qPCR and Bodipy staining of the lipid droplet were performed.  
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CHAPTER 3 

 

 

 

 

Reorganization and Regulation of the Cardiomyocyte Transcriptome in 

Response to TNFα-induced Proinflammatory Signaling* 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

* This research was conducted with the contributions from Chae, M, Krishnakumar, R., Danko 

G., C. and Bryan Gibson as follows:  Krishnakumar, R. set up the AC16 cardiomyocytes system; 

Chae, M assisted in computational analyses for GRO-seq, and the motif search and gene set 

enrichment analyses. Danko G., C. developed the original GRO-seq analyses pipeline. Bryan 

Gibson provided the MNase ChIP-seq data for histone H3 in control and TNFα-treated AC16 

cells. 
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3.1 Summary 
  

Although inflammation is associated with many cardiovascular pathologies, its 

underlying mechanisms in disease remains unclear.  To explore this role in more detail, I 

characterized the transcriptome of an immortalized adult human ventricular cardiomyocyte cell 

line (AC16) in response to signaling by tumor necrosis factor alpha (TNFα).  Using a 

combination of genomic approaches, including global nuclear run-on sequencing (GRO-seq) and 

chromatin immunoprecipitation coupled with sequencing (ChIP-seq), I identified ~30,000 

transcribed regions in AC16 cells, which includes a set of RNA polymerase I and III (Pol I and 

Pol III) transcribed regions revealed in the presence of α-amanitin.  The complete set of 

transcribed regions produces both protein-coding and non-coding RNAs, many of which have 

not been annotated previously, including enhancer RNAs originating from NF-κB binding sites. 

My approach revealed for the first time that most of the recently identified non-coding RNAs are 

transcribed by Pol II.  In addition, I observed that AC16 cells rapidly and dynamically reorganize 

their transcriptomes in response to TNFα stimulation in an NF-κB-dependent manner, switching 

from a basal state to a proinflammatory state affecting a spectrum of cardiac-associated protein-

coding and non-coding genes.  Moreover, I observed distinct Pol II dynamics for up- and 

downregulated genes, with a rapid release of Pol II into productive elongation for TNFα-

stimulated genes. My complete transcriptome mapping of inflammatory cardiomyocytes serves 

as the first transcriptional readout of the sequential dynamic changing biological processes and 

pathways upon acute inflammatory stimuli. I then investigated the associated proteins that 

regulate the transcriptional changes. As a stress sensor and effector, PARP-1 plays important 

roles in the pathophysiological changes during a variety of acute and chronic myocardial 

diseases. Thus, my study focused on the role of PARP-1 in linking inflammation to 
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cardiomyocytes biology at the transcriptional level.  I have found that PARP-1 is activated upon 

TNFα stimuli and PARP-1 and its catalytic activity are critical for the expression of pro-

inflammatory genes. I found that PARP-1 is enriched at enhancers and target gene promoters, 

and facilitates NF-κB mediated target gene activation. My further analyses suggested that PARP-

1 might facilitate the TNFα induced nucleosome loss at target gene promoters to fully active 

gene expression. Overall, my study sheds new light onto the regulation of the cardiomyocyte 

transcriptome in response to pro-inflammatory signals and helps to clarify the connection 

between inflammation and cardiomyocyte function at the transcriptional level.  

 

3.2 Introduction 

Cardiovascular disease (CVD) is the leading cause of death worldwide (Go et al. 2013).  

Many of the underlying pathologies of CVD are directly or indirectly associated with 

inflammation.  A number of studies have focused on the effects of inflammation on endothelial 

function and atherosclerosis (Koenig 2001; Taubes 2002; Biasillo et al. 2010).  However, the 

detrimental effects of inflammation are not limited to the vascular system, but also occur in 

cardiomyocytes.  The progression from heart injury to heart failure is closely linked to necrosis, 

apoptosis, or autophagy in cardiomyocytes (Yndestad et al. 2007; Coggins and Rosenzweig 

2012).  During heart failure, cardiomyocytes serve as the major source of cytokine secretion, and 

the secreted cytokines not only interfere with the function of the cardiomyocytes, but also recruit 

cardiac fibroblast cells, causing fibrosis and eventually heart damage and infarction (Zeisberg et 

al. 2007; van Nieuwenhoven and Turner 2013).   

 Although the effects of inflammation in cardiomyocytes have been examined previously 

(Maier et al. 2012; Wang et al. 2013), the detailed mechanisms underlying these effects are 
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poorly understood.  NF-κB, a key transcriptional regulator of inflammation, has been shown to 

play a dual role in CVD through its actions in various cell types of the cardiovascular system.   It 

promotes an anti-apoptotic cardioprotective effect during hypoxia and reperfusion injury by 

repressing genes involved in cell death pathways, but also supports the secretion of detrimental 

cytokines during acute or chronic inflammatory injury, leading to cell death and fibrosis (Gupta 

et al. 2008; Gordon et al. 2011).  The specific regulatory effects of NF-κB on gene expression 

programs in cardiomyocytes are not well understood. 

Cellular functions and processes are largely determined by carefully orchestrated cell 

type-specific gene-expression programs.  A better understanding of the NF-κB-dependent 

proinflammatory gene expression program in cardiomyocytes will provide a greater 

understanding of the connection between inflammation and impaired cardiomyocyte function.  

Non-coding RNAs (ncRNAs) may be a key component of this analysis since previous studies 

have demonstrated roles for ncRNAs in cardiovascular function (Han et al. 2011; Scheuermann 

and Boyer 2013).  Further mapping and characterization of all functional transcripts, including 

those generated by RNA polymerases I and III, are necessary for a complete picture of the 

cardiomyocyte transcriptome.   

Poly(ADP-ribose) polymerase 1 has been shown to play an important role in the onset 

and propagation of inflammatory response at the transcriptional level (Oliver et al. 1999; Liu et 

al. 2012). Moreover, PARP-1 activation plays a central role in the pathophysiological changes 

during a variety of acute and chronic myocardial diseases (Pacher et al. 2002; Molnar et al. 

2006). Genetic depletion or pharmacologic inhibition of PARP attenuates several aspects of the 

myocardial dysfunction and cardiac injury at various interacting levels, such as energetic failure, 

inflammatory factor production, neutrophil infiltration and oxidative damage (Xiao et al. 2005; 
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Horvath and Szabo 2007). This suggests a possible role for PARP-1 in linking the inflammatory 

response to cardiac dysfunction. Therefore, the aim of my study is to characterize the function of 

PARP-1 in regulating the transcriptome in inflammatory cardiomyocytes.  

In the studies described herein, I have used a combination of genomic approaches, 

including GRO-seq and ChIP-seq, to characterize the transcriptome of AC16 immortalized adult 

human ventricular cardiomyocytes in response to tumor necrosis factor (TNFα) and the 

transcription regulatory role of PARP-1 in this process.   My study sheds new light on the 

regulation of the cardiomyocyte transcriptome in response to a proinflammatory signal and helps 

to clarify the link between inflammation and cardiomyocyte function at the transcriptional level.  

 

3.3 Results 

 

AC16 cells respond to TNFα  stimulation by activating an NF-κB-dependent signaling 

pathway 

To investigate the molecular aspects of proinflammatory gene regulation in AC16 cells, I 

first characterized responses triggered by stimulation with tumor necrosis factor alpha (TNFα).  I 

expected TNFα to activate the NF-κB signaling pathway, as has been reported previously for 

macrophages and endothelial cells (Vallabhapurapu and Karin 2009).  To verify this, I monitored 

NF-κB activation in AC16 cells following TNFα stimulation by Western blotting of fractionated 

cell extracts. TNFα induced NF-κB nuclear translocation, which was blocked by the IKKα/β 

inhibitor BAY 11-7082 (Fig. 3.1A).  TNFα also promoted the recruitment of NF-κB to 

chromatin globally, as assayed by ChIP-seq for the NF-κB p65 subunit (Fig. 3.1B).  Finally, 

TNFα simulated the expression of known NF-κB-dependent proinflammatory genes, such as IL6 
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and NFKB1 in a manner that was substantially reduced by BAY11-7082 (Fig. 3.1C).  Taken 

together, these results demonstrate that NF-κB is essential for the activation of a set of 

proinflammatory target genes in TNFα-treated AC16 cells.  

 

The proinflammatory AC16 transcriptome includes a diverse array of coding and non-

coding transcripts 

To better understand the AC16 transcriptome, I used global run-on coupled with deep 

sequencing (GRO-seq), a direct, high throughput genomic method, which maps the position and 

orientation of all transcriptionally engaged RNA polymerases across the genome with high 

spatial resolution (Core et al. 2008).  As such, GRO-seq provides a sensitive map of all regions 

in the genome actively transcribed by RNA polymerases I, II, and III (Pols I, II, and III) (Hah et 

al. 2013).  I performed GRO-seq after a short time course of TNFα treatment (0, 10, 30, and 120 

min.; Fig. 3.2A).  When visualized using a genome browser, the data reveal a sensitive and 

accurate strand-specific approach for capturing the immediate transcriptional effects of TNFα 

that is more sensitive than Pol II ChIP-seq (Fig. 3.2B).  For example, for the classic 

inflammatory transcription factor gene NFKB1, GRO-seq reveals the time-dependent progression 

of Pol II waves moving from the 5’ to 3’ end of the transcription unit during the TNFα-treatment 

time course (Fig. 3.2B), information that can be used to determine rates of transcription (~3 kb 

per minute in the case of NFKB1; (Danko et al. 2013)).  Moreover, GRO-seq also reveals the 

expression of a divergent transcript generated from the NFKB1 promoter, as well as bi-

directional enhancer transcripts (eRNAs) originating ~50 kb upstream of the NFKB1 promoter, 

which may mark functional enhancers for NFKB1 (Fig. 3.2B). 
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Figure 3.1. TNFα  stimulation of AC16 cells activates the NF-κB signaling pathway. 
A) Western blot of the NF-κB p65 subunit, snRNP70 (a nuclear marker), and β-tubulin (a 
cytoplasmic marker) using cytoplasmic and nuclear fractions from control and TNFα-treated 
AC16 cells (25 ng/ml for 30 min.) with and without the IKKα/β inhibitor BAY11-7082 (5 μM 
pretreatment for 1 hour).  
B) Metagene representation showing the average ChIP-seq read density of the NF-κB p65 
subunit as a function of distance from the TSSs (± 4 kb) of upregulated protein-coding genes 
(defined by GRO-seq).  The line shading indicates the control (grey) and TNFα-treated (black) 
conditions.  
C) RT-qPCR analysis of IL6 (left) and NFKB1 (right) mRNA expression in control and TNFα-
treated AC16 cells (25 ng/ml TNFα for 30 or 180 minutes).  The bar colors indicate the control 
(grey) and BAY11-7082-treated (black) samples.  Each data point represents the mean + SEM 
for three independent biological replicates. Bars that are marked with an asterisk are statistically 
different from the control, as determined by a Student's t-test with a p-value threshold < 0.05 (*). 
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 To identify all transcripts in the proinflammatory AC16 transcriptome, including 

previously unannotated transcripts, I combined GRO-seq with a bioinformatics approach called 

groHMM, which uses a two-state hidden Markov model to identify active transcription units 

genome-wide (Hah et al. 2011).  Using this approach, I identified 29,695 transcripts that are 

expressed in AC16 cells during at least one time point during the course of TNFα treatment (see 

Methods for details).  To ascertain the potential functional role of each transcript, I compared the 

genomic locations of the identified transcription units with existing genomic annotations.  I 

found that approximately half of the transcription units discovered in our GRO-seq data can be 

mapped to annotated regions, including genes encoding proteins, long non-coding RNAs 

(lncRNAs), microRNAs (miRNAs), tRNAs, snRNAs, and repeat elements (Fig. 3.2C), many of 

which are relevant to cardiac biology (e.g., the mRNA CFLAR, the lncRNA MALAT1, the 

microRNA 21 precursor MIR21; Fig. 3.3).  The remaining transcription units map to genomic 

loci that were previously unannotated, but may harbor important genetic information and support 

important functions within the TNFα response in cardiomyocytes (Fig. 3.2C).  I categorized 

these unannotated transcription units based on their orientation and location relative to annotated 

genes, including divergent, antisense, and intergenic (Fig. 3.2D). The intergenic transcripts 

include a category of short, bidirectionally transcribed eRNAs, as we have described previously 

(Hah et al. 2013).  

 

AC16 cells rapidly and dynamically reorganize their transcriptomes in response to TNFα   

To investigate the effects of TNFα on the AC16 transcriptome, I analyzed changes caused by 

TNFα treatment in further detail.  I used edgeR, a program that determines differential  
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Figure 3.2.  Defining the AC16 transcriptome using GRO-seq.  
A) Overview of the experimental scheme and treatments for the GRO-seq and ChIP-seq 
experiments in AC16 cells. 
B) Genome-browser view of the genomic region around the NFKB1 gene showing the 
distribution of GRO-seq reads, Pol II and NF-κB p65 ChIP-seq reads in control and TNFα-
treated AC16 cells at the indicated time points.  
C) Classification of all expressed transcripts in AC16 cells.  Pie chart showing the composition 
of the AC16 transcriptome based on known and de novo annotations and functional assignments.  
D) Schematic representation of some of the transcript types listed in panel (C). 
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Figure 3.3.  GRO-seq identifies non-coding transcripts relevant to cardiac biology whose 
expression is regulated by TNFα. 
Genome browser track representations of GRO-seq read density distributions for different 
TNFα-regulated cardiac-related transcripts.  Scale bars and annotations are shown.  The DNA 
strands are indicated. 
(A) CFLAR and CFLAR-AS 
(B) MALAT1 
(C) mir-21 precursor (MIR21) 
(D) MIRLET7BHG 
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expression of replicated count data considering biological and technical variability (Robinson et 

al. 2010), to identify transcription units whose expression changes during the time course of 

TNFα treatment.  This analysis revealed that a large fraction (~18%) of expressed transcripts is 

regulated in response to TNFα in a surprisingly rapid manner (Fig. 3.4, A and B).  The onset of 

regulation is evident as early as 10 minutes after treatment in many cases (~6% of transcripts; 

Fig 3.4B), similar to what we have observed previously following estrogen stimulation in MCF-

7 cells (Hah et al. 2011).  By 30 minutes, the majority of regulated transcripts have reached their 

maximal change, with most reflecting decreased expression (Fig. 3.4, B and C).  Interestingly, 

the majority of genes (both up- and down-regulated) returned to near-homeostatic levels 120 

minutes post-treatment (Fig. 3.4C).  This temporal pattern follows a similar time scale as the 

oscillating patterns of activation and nuclear localization of NF-κB as previously observed 

(Nelson et al. 2004).  These changes are most likely explained as a direct readout of NF-κB’s 

presence on chromatin. 

When analyzing the response of individual classes of transcripts, I found that small non-

coding RNAs, lncRNAs, divergent RNAs, and antisense RNAs are up- and down-regulated with 

similar ratios and kinetics as protein-coding transcripts (Fig. 3.4C).  Conversely, intergenic and 

enhancer transcripts are enriched for upregulation (p < 4 x 10-25; Fisher’s exact test) at every time 

point of TNFα treatment, which is consistent with their putative gene activation function (Fig. 

3.4C).  Overall, these analyses reveal a dynamic regulation of the AC16 transcriptome by TNFα 

that fits with the logic of a proinflammatory stress response: broad repression of transcription, 

with rapid and robust activation of a selected set of target genes.  This pattern of regulation is 

distinct from the mitogenic transcriptional response that we have characterized previously (Hah 

et al. 2011; Hah et al. 2013). 
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Figure 3.4.  Global reorganization of the AC16 cell transcriptome in response to TNFα.  
GRO-seq in AC16 cells treated with a time course of TNFα reveals dramatic effect of signaling 
on the transcriptome.  
A) Pie chart showing the fraction of all transcripts expressed in AC16 cells that are regulated by 
TNFα at any treatment time point.  
B) Bar graph showing the fraction of all transcripts expressed in AC16 cells that are up- or 
downregulated in response to TNFα at the indicated time points.  
C) Heatmap representations of TNFα regulation of different classes of transcripts at the 
indicated time points.  The color-based scale represents GRO-seq reads at the indicated time 
points scaled to the read density at time zero.  
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GRO-seq reveals different dynamics for the TNFα-dependent activation and repression of 

transcription  

GRO-seq affords the opportunity to examine the dynamics of transcription on a short 

time scale.  To examine the dynamics of Pol II in response to TNFα, I focused on the time-

dependent redistribution of Pol II at upregulated and downregulated RefSeq genes.  Metagene 

analyses showing the average GRO-seq signal mapped to ± 4 kb around the transcription start 

sites (TSSs) of all genes of interest reveal distinct Pol II dynamics for upregulated and 

downregulated genes (Fig. 3.5A).  For genes upregulated upon TNFα treatment, Pol II rapidly 

increased and released into the gene body, with a limited time spent at promoter-proximal pause 

sites, which is consistent with a previously characterized effect of the TNFα/NF-κB signaling 

pathway on transcriptional elongation (Danko et al. 2013).  The activation occurred as early as 

10 min., was maximal at 30 min., and was partially attenuated by 120 min. (Fig. 3.5A, top row).  

In contrast, for genes downregulated upon TNFα treatment, an accumulation of promoter-

proximally paused Pol II was evident prior to TNFα treatment and was only reduced after 30 

min. of TNFα treatment.  A reduction in gene body Pol II, however, was evident as early as 10 

min. following TNFα treatment.  The levels of promoter-proximally paused Pol II and gene body 

Pol II returned to basal levels after 120 min. (Fig. 3.5A, bottom row).  Interestingly, Pol II shows 

different dynamics during an acute TNFα-dependent transcriptional response in AC16 cells than 

it does during a rapid estrogen-dependent mitogenic response in MCF-7 breast cancer cells.  

Specifically, estrogen upregulated genes show a greater induction of promoter-proximally 

paused Pol II in response to the estrogen stimulus, suggesting a greater effect on Pol II loading or 

initiation than elongation (Hah et al. 2011; Danko et al. 2013).  These results highlight the 

distinct gene activation mechanisms mediated by NF-κB and ERα.  Pol II ChIP-seq shows a 
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pattern of Pol II dynamics consistent with those observed by GRO-seq for both up- and 

downregulated genes (Fig. 3.5B).  In addition, ChIP-seq shows the induced binding of NF-κB at 

the promoters of upregulated genes, but not downregulated genes, suggesting NF-κB dependence 

for TNFα-mediated upregulation, but not downregulation (Fig. 3.5C).  

 

α-Amanitin identifies Pol I, Pol II, and Pol III activity across the AC16 transcriptome  

Three different RNA polymerases produce the mammalian cell transcriptome: Pol I 

transcribes a large transcript from each of the ribosomal DNA (rDNA) loci, which is later 

cleaved into 18s, 5.8s, and 28s rRNAs, accounting for 50% of the total synthesized RNAs in the 

cell (Russell and Zomerdijk 2005); Pol II synthesizes the precursor RNAs for mRNAs and most 

lncRNAs, microRNAs and snRNAs; and Pol III transcribes the 5s rRNAs, tRNAs, and other 

small RNAs closely associated with housekeeping functions (Paule and White 2000).  Although 

the regulation and function of Pol II has been well studied, and recent mapping of the 

localization of the Pol III transcription machinery genome-wide has shed some light on its 

transcription profile (Barski et al. 2010; Moqtaderi et al. 2010; Oler et al. 2010), many questions 

remain regarding the coordination of Pol I, II, and III activities.  For example, which polymerase 

controls synthesis of novel unannotated transcripts?  How are Pol II- and non-Pol II-transcribed 

regions distributed across the genome? 

With appropriate mapping techniques, GRO-seq allows the detection of RNA 

polymerases density on tRNA genes and rRNA genes (Hah et al. 2011).  Whereas tRNA genes 

have enough sequence variation to allow unique mapping of GRO-seq reads, rRNA genes do not.  

Thus, we created a single reference rRNA gene to which all rRNA reads are mapped, yielding an 

average response across all rRNA genes (Hah et al. 2011).  Although transcription of 20 tRNA  
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Figure 3.5.  GRO-seq and Pol II ChIP-seq reveal the dynamics of TNFα-dependent 
transcription in AC16 cells.  
GRO-seq and ChIP-seq in AC16 cells treated with a time course of TNFα reveals the dynamics 
of transcription.  
A) Metagene representations showing the average GRO-seq read distributions ± 4 kb around the 
TSSs of upregulated (top) or downregulated (bottom) RefSeq genes over a time course of TNFα 
treatment in AC16 cells.  
B and C) Metagene representations showing the average Pol II (B) and NF-κB p65 (C) ChIP-seq 
read distributions ± 4 kb around the TSSs of upregulated (left) or downregulated (right) RefSeq 
genes at 0 and 30 min of TNFα treatment.  
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genes is rapidly and transiently upregulated in response to TNFα (Fig. 3.6, A and B), 

transcription of the remaining tRNA and rRNA genes, on average, is largely unaffected (Fig. 3.6, 

A and C). 

To obtain a greater understanding of the AC16 transcriptome and to investigate 

coordination among the different RNA polymerases in TNFα-induced inflammatory responses in 

cardiomyocytes, I used α-amanitin to distinguish between the activities of Pol II (sensitive to the 

concentration of α-amanitin used) and Pol I/III (not sensitive).  Nuclei isolated from AC16 cells 

were incubated on ice with α-amanitin for 15 min. prior to the run-on reaction that generates the 

short bromouridine-labeled transcripts for detection by GRO-seq. Since the final read density of 

each gene is normalized to the total reads obtained in each condition, non-Pol II transcripts are 

relatively enriched due to the loss or reduction of Pol II transcripts in the α-amanitin-treated 

condition (Fig. 3.6D).  As expected, I observed a relative enrichment of GRO-seq signals from 

rDNA repeats (Pol I) and tRNA genes (Pol III), as well as a reduction of the GRO-seq signal 

from annotated RefSeq genes (mostly Pol II) (Fig. 3.6, E, F, and G).  This pattern serves as a 

validation of the reliability of our approach in mapping Pol II and non-Pol II transcripts.  

Next, I compared the GRO-seq reads at uniquely mapped transcripts between α-

amanitin- and vehicle-treated nuclei to determine which types of transcripts were produced by 

Pol II or Pol I/III (“non-Pol II transcripts”).  These results indicate that most of the recently 

defined types of long non-coding transcripts, such as lncRNAs, eRNAs, divergent RNAs, and 

antisense RNAs are transcribed by Pol II (Fig. 3.6H; Fig. 3.8), whereas annotated short non-

coding transcripts are distributed between the Pol II and non-Pol II categories (Fig. 3.6I).  For 

example, the majority of small nucleolar RNAs (snoRNAs) and small cytoplasmic RNAs 
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(scRNAs) are transcribed by Pol II, whereas small nuclear RNAs (snRNAs) are transcribed by 

both Pol II and Pol III, as expected (Fig. 3.6I).   

 

Characterization of the Pol I/III transcriptome in AC16 cells 

To further characterize the non-Pol II transcriptome in AC16 cells, I mapped 739 non-Pol 

II transcripts from GRO-seq data generated ± α-amanitin (Fig. 3.6J).  I assume that most are 

transcribed by Pol III, since Pol I mainly controls transcription from the rDNA repeats, although 

I did not confirm this experimentally.  This set of non-Pol II transcripts includes mainly tRNAs, 

rRNAs, some snRNAs, and transcripts generated from SINE repeat elements, as well as 172 

novel, previously unannotated transcripts (Fig. 3.7).  The lengths of the majority of the 739 

primary non-Pol II transcripts are <400 nucleotides, which indicates that they are short, non-

coding RNAs (Fig. 3.6K).  These transcripts originate mostly from intergenic regions and, to a 

lesser extent, intronic regions.  Only a few transcripts were mapped to the exons of genic 

regions, concentrated in the 5’ or 3’ UTRs (Fig. 3.6L; Fig. 3.7).   

As expected, a large fraction of the non-Pol II transcripts that I identified overlap with the 

Pol III machinery (49% and 39% respectively), as indicated by ChIP-seq of the Pol III subunit 

RPC155 or the Pol III transcription factor TFIIIC110 (ENCODE data from K562 cells) (Fig. 

3.6M), further verifying our ability to identify Pol III transcripts.  Many of the transcripts also 

overlap with CTCF binding sites (33%), which suggests an insulator-like function related to the 

genes encoding these transcripts.  Interestingly, with exception of the aforementioned 

upregulated tRNA genes (Fig. 3.6B), the expression pattern of the rest of the non-Pol II 

transcripts remained fairly constant across the time course of TNFα treatment [data not shown; 

edgeR failed to identify statistically significant regulated genes at any time point of TNFα 
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treatment with a false discovery rate (FDR)-corrected q value threshold (q < 0.001)].  Thus, 

during the TNFα-induced inflammatory response, transcriptional regulation occurs mostly for 

Pol II transcripts, but not to a great extent for Pol I and Pol III transcripts.  

 

GRO-seq identifies enhancers in TNFα-stimulated cardiomyocytes  

 Recent studies have shown that transcription factor binding sites are focal points for the 

recruitment of Pol II and the production of characteristic short, mono- or bi-directional 

transcripts called enhancer RNAs (eRNAs) (Kim et al. 2010; Hah et al. 2011; Hah et al. 2013; 

Lam et al. 2013; Li et al. 2013; Orom and Shiekhattar 2013). For example, at the 

proinflammatory gene IL8, I observed two sites of TNFα-induced eRNA production about 15-20 

kb upstream of the TSS (Fig. 3.9A).  Both sites showed TNFα-dependent accumulation of GRO-

seq and Pol II ChIP-seq signals, while only the more proximal of the two sites was bound by NF-

κB (Fig. 3.9A).  These enhancers and their associated eRNAs may play an essential role in 

TNFα-dependent activation of the nearby IL8 gene.   

 We have recently developed a computational approach for identifying functional 

enhancers based on these patterns of transcription in GRO-seq data (Hah et al. 2013).  Using this 

approach, I identified 1,146 sites of paired intergenic eRNA production in AC16 cells (Fig. 

3.9B).  Metagene analyses of ChIP-seq data from adult human heart, fetal human heart, and 

human skeletal muscle myotubes (HSMM) for the 1,146 putative enhancers showed expected 

patterns of enrichment for well characterized enhancer features, such as p300, H3K4me1, and 

H3K27ac (Fig. 3.9C).  Remarkably, the putative enhancers identified in AC16 cells by GRO-seq 

match well with enhancer features in the ChIP-seq data from related, but distinct, cell types.  
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Figure 3.6. Pol I, II, and III transcription in AC16 cells in response to TNFα .  
Treatment with α-amanitin was used to distinguish between the activities of Pol II (sensitive to 
the concentration of α-amanitin used) and Pol I/III (not sensitive).  Nuclei isolated from AC16 
cells were incubated on ice with α-amanitin for 15 min. prior to the run-on reaction and were 
then subjected to GRO-seq analysis.  The final read density for each gene was normalized to the 
total reads obtained in each condition.  Non-Pol II transcripts are relatively enriched due to the 
loss or reduction of Pol II transcripts in the α-amanitin-treated condition. 
A) Effect of TNFα on the fraction of GRO-seq reads mapped to rDNA repeats (Pol I; green 
line), RefSeq genes (Pol II; red line), and tRNA genes (Pol III; blue line) over the time course of 
TNFα treatment.  
B) Heatmap showing the expression of 20 tRNA transcripts upregulated during a time course of 
TNFα treatment.  
C) Browser track representation of GRO-seq reads mapped to rDNA repeats (GenBank 
U133.69.1) in 1 kb bins over a time course of TNFα treatment.  
D) Scheme for the GRO-seq experiments with α-amanitin showing the expected effects on Pol I, 
II, and III transcription.  
E) Relative change in GRO-seq reads at rDNA repeats in control and α-amanitin-treated AC16 
nuclei.  
F and G) Metagene representations of the average number of GRO-seq reads distributed around 
tRNA (F) and RefSeq (G) gene TSSs in control and α-amanitin-treated AC16 nuclei.  
H) Fraction of different types of uniquely mapped transcripts transcribed by Pol II or other RNA 
polymerases, as revealed by α-amanitin treatment.  
I) The number of annotated, short, non-coding transcripts transcribed by Pol II or other RNA 
polymerases, as revealed by α-amanitin treatment.   
J) Metagene representations of the average GRO-seq read distributions ± 4 kb around the TSSs 
of 739 non-Pol II transcripts identified using α-amanitin.  
K) Histogram showing the length distribution of all 739 non-Pol II transcripts from (J).  
L) Pie chart showing the genomic distribution of the genes encoding all 739 non-Pol II 
transcripts from (J).  
M) Metagene representations of the average ChIP-seq read distributions ± 500 bp around the 
TSSs for RPC155 (Pol III subunit) in K652 cells (left), TFIIIC in K562 cells (middle), and CTCF 
in human cardiomyocytes (HCM) (right) relative to the TSSs (± 500 bp) of the identified non-
Pol II transcripts. 
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Fig. 3.7.  Genome browser views of GRO-seq and ChIP-seq data for non-Pol II genes. 
Non-Pol II transcription units in AC16 cells were identified by GRO-seq using α-amanitin.  The 
top panel in each set shows genome browser tracks of GRO-seq data under control and α-
amanitin-treated conditions, or with TNFα treatment for 30 minutes.  The bottom panel in each 
set shows genome browser tracks of ChIP-seq data for RPC155 in K562 cells, CTCF in HCM 
cells, and Pol II in AC16 cells with and without TNFα treatment.  
A) a tRNA transcription unit on Chr1 (tRNA2-GlyCCC). 
B) a non-Pol II transcription unit located in the first intron of the protein-coding gene PMF1. 
C) three intergenic non-Pol II transcription units on Chr5 (140,084,426 –140,112,361).  
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Fig. 3.8.  Enhancer transcription is inhibited by α-amanitin. 
Nuclei isolated from AC16 cells were incubated on ice with α-amanitin for 15 min. prior to the 
run-on reaction and were then subjected to GRO-seq analysis.  The plots are metagene 
representations of the average GRO-seq read distributions ± 4 kb around the midpoint of overlap 
of bidirectionally transcribed eRNAs. 
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MEME-based motif analyses (Bailey and Elkan 1994; Bailey et al. 2009) of the putative 

NF-κB and non-NF-κB enhancers defined by GRO-seq revealed enrichment of different DNA 

sequences, which were assigned to specific transcription factors using STAMP (Parks and Beiko 

2010).  The NF-κB enhancers were highly enriched for the RELA/NF-κB motifs (Fig. 3.9D, left 

panel) and NF-κB p65 binding (Fig. 3.10), as expected, as well as AP-1 and FOS motifs (Fig. 

3.9D, left panel).  The latter is consistent with previous demonstrations that AP-1 augments the 

NF-κB regulatory program (Stein et al. 1993).  Interestingly, both NF-κB and AP-1 are activated 

during heart failure (Frantz et al. 2003).  The non-NF-κB enhancers were enriched in motifs for 

the transcription factors Sp1, Krüppel-like factor 4 (KLF4), SMAD3, and ZNF143 (Fig. 3.9D, 

right panel).  Other motifs are consistent with previous literature as well.  For example, Sp1 has 

consistently been found in searches for cardiac transcription factors and is associated with the 

regulation of many cardiac genes (Dellow et al. 2001; Flesch 2001; Danko and Pertsov 2009), 

KLF4 is a critical transcriptional regulator of stress responses in cardiomyocytes (Kee and Kook 

2009; Liao et al. 2010; Yoshida et al. 2010), Smad3 is a key mediator of cardiac inflammation 

and fibrosis (Huang et al. 2010), and ZNF143 is critical for heart development in zebrafish 

(Halbig et al. 2012). 

Signal-regulated expression of eRNAs is a common theme (Hah et al. 2011; Hah et al. 

2013; Lam et al. 2013; Li et al. 2013), an effect that we observed with the AC16 enhancers (Fig. 

3.9E).  Specifically, my analyses revealed that 114 out of 208 (~55%) NF-κB binding site 

eRNAs are regulated by TNFα, with almost all upregulated, whereas only 169 out of 938 

(~18%) non-NF-κB binding site eRNAs are regulated by TNFα, with two-thirds upregulated 

(Fig. 3.9, B, E, and F).  Thus, the non-NF-κB binding site enhancers may represent a class of 

constitutive enhancers that control housekeeping functions in AC16 cells. 
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To further investigate the potential gene regulatory functions of the predicted NF-κB and 

non-NF-κB enhancers in AC16 cells, I assayed transcription levels by GRO-seq at the enhancers 

and their nearest annotated neighboring putative target gene with and without TNFα treatment 

(Fig. 3.9F).  I analyzed separately (1) upregulated NF-κB enhancers (left), (2) upregulated non-

NF-κB enhancers (middle), and (3) downregulated non-NF-κB enhancers (right).  Interestingly, 

transcription of the enhancers and target genes were well correlated (i.e., upregulation of 

enhancer transcription was correlated with an upregulation of target gene transcription, whereas 

downregulation of enhancer transcription was correlated with a downregulation of target gene 

transcription) (Fig. 3.9F).  These results provide further support for the functionality of the NF-

κB and non-NF-κB enhancers predicted by GRO-seq.  

 

The TNFα-induced transcriptional response in AC16 cells reveals a functional link 

between inflammation and the biology of cardiomyocytes 

To relate the transcriptome changes to biological processes, we performed gene set 

enrichment analyses and gene ontology analyses on both TNFα up- and downregulated protein-

coding genes identified by GRO-seq in the AC16 cell transcriptome (Fig. 3.11A; Table 3.1).  

The biological functions associated with the up- and down-regulated gene sets are closely related 

to cardiac function.  For example: (1) motor protein and myosin-related muscle functions are 

directly related to the electrophysiology of heart muscle (Jacques et al. 2008), (2) fibroblast 

proliferation and endothelial-to-mesenchymal transition contribute to cardiac fibrosis (Zeisberg 

et al. 2007; Vasquez et al. 2011); and (3) mitochondrial function and lipid oxidation are closely 

related to normal cardiac physiology (Guertl et al. 2000; Lemieux et al. 2011; Kienesberger et al. 

2013).  These dynamic transcriptome changes reflect the time-dependent shifting of biological 
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Figure 3.9.  Enhancer transcripts in AC16 cells originate from NF-κB-dependent and NF-
κB-independent genomic loci.  
A) Genome browser tracks showing read distributions for GRO-seq, Pol II ChIP-seq, and p65 
ChIP-seq at the promoter and distal enhancers of the IL8 gene.  The blue-shaded genomic region 
shows an NF-κB-independent enhancer, whereas the green-shaded genomic region shows a NF-
κB-dependent enhancer.  A schematic of the IL8 gene annotation is shown and the length scale is 
indicated. 
B) Flowchart of enhancer classification in AC16 cells based on genomic location, eRNA 
production, length of the transcribed regions, overlap with NF-κB binding, and TNFα-mediated 
regulation. 
C) Metagene representations of the average ChIP-seq read distributions for p300 in adult human 
heart (left), H3K4me in fetal human heart (middle), and H3K27ac in human skeletal muscle 
myoblasts (HSMM) (right) for all 1,146 enhancers identified by GRO-seq, shown relative to the 
midpoint of overlap of the bidirectionally transcribed eRNAs (± 4 kb).  
D) De novo motif analyses of 208 NF-κB-dependent enhancers (left) and 938 NF-κB-
independent enhancers (right) using MEME/STAMP.  The top two most enriched motifs for 
each category are shown.  
E) Heatmap representations of TNFα regulation of enhancer transcription for NF-κB-dependent 
(top) and NF-κB-independent (bottom) enhancers.  The color-based scale represents GRO-seq 
reads at the indicated time points scaled to the read density at time zero.   
F) Metagene representations of the average GRO-seq read distributions ± 4 kb around (1) the 
midpoint of overlap of the bidirectionally transcribed eRNAs (top row) or (2) the TSSs of the 
nearest neighboring protein-coding or lncRNA putative target genes (bottom row) for the 
following groups of enhancers: (a) TNFα-upregulated NF-κB-dependent enhancers (left), (b) 
TNFα-upregulated NF-κB-independent enhancers (middle), and (c) TNFα-downregulated NF-
κB-independent enhancers (right). 



 

 

126

 
 

                                         

Figure 3.10.  NF-κB-dependent enhancers identified by GRO-seq and motif analyses are 
enriched for NF-κB binding. 
GRO-seq was used to identify 208 NF-κB enhancers in AC16 cells, which are enriched in NF-
κB motifs (see Fig. 6D).  As shown in the graph, they are also enriched for NF-κB p65 binding 
+TNFα relative to non-NF-κB enhancers, as determined by ChIP-seq.  The graph is a metagene 
representation of the average ChIP-seq read distributions for NF-κB p65 shown relative to the 
midpoint of overlap of the bidirectionally transcribed eRNAs (± 4 kb) for NF-κB enhancers and 
non-NF-κB enhancers ±TNFα.  
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processes in cardiomyocytes in response to TNFα (Fig. 3.11A).  Interestingly, genes related to 

muscle function and inflammation are upregulated immediately, whereas genes related to 

mitochondrial function and metabolism are downregulated first and upregulated later in the time 

course (Fig. 3.11A).  These results highlight the sequential transcriptional responses that underlie 

shifting cellular responses in cardiomyocytes in response to TNFα treatment.  

I augmented this analysis using a database from the Cardiovascular Gene Ontology 

Annotation Initiative project, which contains more than 4,278 genes critical for cardiac 

physiology and pathology.  A large fraction of both up- and downregulated genes are in the 

cardiac-associated gene list (Fig. 3.11B) and ~20% are regulated by TNFα treatment (Fig. 

3.11C).  Interestingly, 166 of the 1,146 enhancers predicted by GRO-seq are located near genes 

critical for cardiac physiology (data not shown).  Collectively, my analyses of the TNFα-altered 

transcriptome indicate that the AC16 cellular state switches from maintenance of basal 

housekeeping functions to defense against inflammatory stress. 

 

Role of non-coding RNAs and the TNFα-induced proinflammatory transcriptome 

Protein-coding genes represent only part of the AC16 transcriptome; the functions carried 

out by the non-coding transcripts that I identified may also play critical roles in the inflammatory 

response in cardiomyocytes.  Discerning the potential functions of ncRNAs can be difficult due 

to limited annotations and direct information available.  To overcome these limitations, I 

performed gene ontology analyses using the Genomic Regions Enrichment of Annotations Tool 

(GREAT), which aids in the predicting the molecular function, associated biological processes,  
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Figure 3.11.  The TNFα-induced transcriptional response in AC16 cells reveals a functional 
link between inflammation and cardiomyocyte biology. 
A) Gene set enrichment and gene ontology analyses of up- or downregulated genes reveal 
dynamic transcriptome changes that reflect the time-dependent shifting of biological processes in 
cardiomyocytes in response to TNFα.  The heatmap represents GO terms upregulated or 
downregulated by TNFα compared to the previous treatment time point.  Each value is the 
enrichment score at the indicated time point scaled to the enrichment score for the previous time 
point.  Enriched GO terms in each cluster are listed in Table 3.1. 
B) Many TNFα-regulated genes have cardiac-associated functions, as assigned by the 
Cardiovascular Gene Ontology Annotation Initiative.  The bar graph shows the number of 
protein coding genes from the AC16 cell TNFα-regulated gene set that have or do not have 
cardiac-associated functions. 
C) Many of the 4,278 cardiac-associated genes identified by the Cardiovascular Gene Ontology 
Annotation Initiative project are regulated by TNFα.  Pie chart showing the number of genes 
from the 4,278 cardiac-associated genes that are up-, down-, or unregulated by TNFα. 
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Table 3.1.  Enriched GO terms in gene set enrichment analyses of TNFα-regulated protein-
coding genes. 

To relate transcriptome changes to biological processes in AC16 cells, we performed gene 
ontology and gene set enrichment analyses on TNFα up- and downregulated protein-coding gene 
sets identified by GRO-seq. [Related to Fig. 3.11] 
 
 
 

 
A. Muscle function and fibroblast proliferation 

GO Terms ID 
muscle filament sliding GO:0030049 
actin-myosin filament sliding GO:0033275 
actin-mediated cell contraction GO:0070252 
positive regulation of fibroblast proliferation GO:0048146 
epithelial to mesenchymal transition GO:0001837 
  
B. Inflammation and immune responses 

GO Terms ID 
inflammatory response GO:0006954 
regulation of type I interferon-mediated signaling pathway GO:0060338 
regulation of cytokine-mediated signaling pathway GO:0001959 
regulation of production of molecular mediator of immune 
response 

GO:0002700 

regulation of cell adhesion mediated by integrin GO:0033628 
cytokine receptor binding GO:0005126 
positive regulation of inflammatory response GO:0050729 
cytokine activity GO:0005125 
cellular response to interferon-gamma GO:0071346 
response to interferon-gamma GO:0034341 
interferon-gamma-mediated signaling pathway GO:0060333 
  
C. Translational regulation and viral expression 

GO Terms ID 
translational termination GO:0006415 
translational elongation GO:0006414 
protein complex disassembly GO:0043241 
viral transcription GO:0019083 
viral genome expression GO:0019080 
cytosolic ribosome GO:0022626 
translational initiation GO:0006413 
SRP-dependent cotranslational protein targeting to membrane GO:0006614 
establishment of protein localization to endoplasmic reticulum GO:0072599 
cotranslational protein targeting to membrane GO:0006613 
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D. Mitochondrial function and protein modification 
GO Terms ID 

proton-transporting two-sector ATPase complex GO:0016469 
mitochondrial membrane part GO:0044455 
histone lysine methylation GO:0034968 
mitochondrial matrix GO:0005759 
protein methyltransferase activity GO:0008276 
protein-lysine N-methyltransferase activity GO:0016279 
lysine N-methyltransferase activity GO:0016278 
cellular respiration GO:0045333 
respiratory chain GO:0070469 
mitochondrial respiratory chain GO:0005746 
porphyrin-containing compound metabolic process GO:0006778 
tetrapyrrole metabolic process GO:0033013 
  
E. Metabolism and oxidation 

GO Terms ID 
oxidoreductase activity, acting on the CH-CH group of donors GO:0016627 
glutathione metabolic process GO:0006749 
peroxisomal matrix GO:0005782 
microbody lumen GO:0031907 
small molecule catabolic process GO:0044282 
organic acid catabolic process GO:0016054 
carboxylic acid catabolic process GO:0046395 
monocarboxylic acid catabolic process GO:0072329 
fatty acid beta-oxidation GO:0006635 
fatty acid catabolic process GO:0009062 
lipid oxidation GO:0034440 
fatty acid oxidation GO:0019395 
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and disease associations based on the genomic region of interest and nearby genomic regions 

(McLean et al. 2010).  As such, GREAT has proven to be a powerful tool for studying cis 

regulatory elements.  Using GREAT, we found that TNFα-induced lncRNAs, eRNAs, and 

antisense transcripts are enriched in the same biological processes as the TNFα-induced protein-

coding genes (Table 3.2).  For example, both CASP8 and FADD-like apoptosis regulator 

(CFLAR) and its antisense transcript are upregulated upon TNFα stimulation (Fig. 3.3A).  

CFLAR is a crucial component of the signaling pathway involved in cardiac remodeling and 

heart failure (Li et al. 2010).  In addition, the lncRNA metastasis-associated lung 

adenocarcinoma transcript 1 (MALAT1), which is predicated to be downregulated in many types 

of heart disease by the NextBio-Disease Atlas (http://www.nextbio.com/b/search/da.nb), is 

downregulated upon TNFα stimulation (Fig. 3.3B).  In addition to these antisense and lncRNAs, 

several primary microRNA transcripts that are associated with cardiac function and are 

deregulated in pathological conditions of the cardiovascular system are regulated by TNFα.  For 

example, microRNA-21 (miR-21), an abundant microRNA whose primary transcript is 

upregulated by TNFα (Fig. 3.3C), is upregulated in many types of heart disease and may be a 

useful therapeutic target (Thum et al. 2008b; Cheng and Zhang 2010).  Moreover, the non-

coding RNA MIRLET7BHG, which is a precursor for five microRNAs including let-7a3 and let-

7b, is downregulated upon TNFα treatment (Fig. 3.3D).  Let-7 family members are highly 

expressed in heart and are essential for cardiac function and development (Thum et al. 2008a).  

Collectively, these data suggest that non-coding RNAs are a key component of the TNFα-

mediated proinflammatory transcriptome in cardiomyocytes.   
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Table 3.2: Gene ontology analyses of different classes of transcripts.   

Gene ontology analyses of different classes of transcripts.  Due to incomplete availability of 
annotations or limited direct functional information, assignment of GO terms to non-coding 
transcript can be difficult.  I performed gene ontology analyses using the Genomic Regions 
Enrichment of Annotations Tool (GREAT), which aids in the predicting the molecular function, 
associated biological processes, and disease associations based on the genomic region of interest 
and nearby genomic regions (McLean et al. 2010).  The table below lists the top enriched GO 
biological processes for (A) TNFα upregulated protein-coding genes and adjacent genomic 
regions, (B) TNFα downregulated protein-coding genes and adjacent genomic regions, (C) 
TNFα upregulated lncRNA genes and adjacent genomic regions, (D) TNFα upregulated 
enhancers and adjacent genomic regions, and (E) TNFα upregulated antisense RNA genes and 
adjacent genomic regions. [Related to Fig. 3.11] 
 

Binom FDR Q-Val = Binomial false discovery rate Q-value (adjusted p-value found using an 
optimized FDR approach; the minimum FDR at which the test is called significant.).   
 
Binom Fold Enrichment = Binomial fold enrichment (observed/expected). 
 
 
 
 
 

A.  TNFα upregulated protein-coding genes and adjacent genomic regions 

GO Biological Process Binom FDR 
Q-Val 

Binom Fold 
Enrichment 

defense response 6.89E-27 3.53 
immune response 6.62E-24 3.54 
response to stress 5.57E-22 2.02 
immune system process 1.32E-20 2.48 
inflammatory response 1.15E-15 4.29 
response to wounding 3.20E-15 2.49 
regulation of programmed cell death 4.82E-13 2.19 
response to cytokine stimulus 1.09E-12 3.54 
innate immune response 1.03E-12 3.64 
regulation of cell death 1.08E-12 2.13 
regulation of apoptosis 1.09E-12 2.17 
regulation of cytokine production 2.89E-12 3.83 
regulation of response to stress 3.44E-11 2.65 
regulation of immune system process 2.86E-10 2.36 
cellular response to cytokine stimulus 5.25E-10 3.89 
positive regulation of response to stimulus 1.01E-09 2.10 
cytokine-mediated signaling pathway 1.90E-09 4.44 
multi-organism process 3.03E-09 2.21 
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positive regulation of cellular component movement 5.61E-09 3.29 
response to other organism 6.27E-09 2.85 
   
B. TNFα downregulated protein-coding genes and adjacent genomic regions 

GO Biological Process 
Binom FDR 

Q-Val 
Binom Fold 
Enrichment 

cofactor metabolic process 2.00E-10 2.37 
cofactor biosynthetic process 2.35972E-06 2.55 
coenzyme metabolic process 5.39966E-05 2.01 
   
C. TNFα upregulated lncRNA genes and adjacent genomic regions 

GO Biological Processes 
Binom FDR 

Q-Val 
Binom Fold 
Enrichment 

regulation of cell proliferation 1.40E-07 2.94 
multi-organism process 7.68E-08 3.64 
response to mechanical stimulus 6.38E-07 8.79 
regulation of apoptosis 2.40742E-06 2.86 
response to stress 2.23523E-06 2.18 
regulation of cell death 2.02791E-06 2.78 
negative regulation of cellular process 1.99749E-06 2.02 
regulation of programmed cell death 1.89378E-06 2.83 
vasculature development 3.23846E-06 3.88 
positive regulation of macromolecule metabolic process 3.14824E-06 2.38 
response to lipopolysaccharide 3.52322E-06 6.90 
response to wounding 3.59794E-06 3.05 
blood vessel development 3.85106E-06 3.93 
positive regulation of metabolic process 5.30154E-06 2.28 
response to molecule of bacterial origin 4.31218E-06 6.44 
regulation of immune system process 4.69096E-06 3.28 
positive regulation of cell proliferation 9.04782E-06 3.25 
response to peptidoglycan 9.17262E-06 32.4 
regulation of response to stress 1.08144E-05 3.55 
response to cytokine stimulus 1.27001E-05 4.66 
   
D.  TNFα upregulated enhancers and adjacent genomic regions 

GO Biological Process 
Binom FDR 

Q-Val 
Binom Fold 
Enrichment 

regulation of response to stress 1.47E-08 3.19 
multi-organism process 2.91E-08 2.71 
regulation of cell proliferation 1.72E-07 2.20 
regulation of cellular response to stress 7.31E-07 4.18 
response to abiotic stimulus 1.09E-06 2.85 
regulation of cytokine-mediated signaling pathway 2.03E-06 7.67 
regulation of response to cytokine stimulus 1.89E-06 7.65 
regulation of cytokine production 4.87E-06 3.83 
negative regulation of transport 1.12E-05 3.79 
cytokine-mediated signaling pathway 1.29E-05 4.87 
regulation of myeloid cell differentiation 1.46E-05 5.43 
positive regulation of cytokine production 1.43E-05 5.09 
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response to other organism 2.61E-05 3.05 
response to cytokine stimulus 4.25E-05 3.21 
cellular response to stress 5.81E-05 2.27 

   
E. TNFα upregulated antisense RNA genes and adjacent genomic regions 

GO Biological Process 
Binom FDR 

Q-Val 
Binom Fold 
Enrichment 

regulation of response to stress 1.47E-08 3.20 
multi-organism process 2.91E-08 2.71 
regulation of cell proliferation 1.72E-07 2.20 
regulation of cellular response to stress 7.31E-07 4.18 
response to abiotic stimulus 1.09E-06 2.85 
regulation of cytokine-mediated signaling pathway 2.03E-06 7.67 
regulation of response to cytokine stimulus 1.89E-06 7.65 
regulation of cytokine production 4.87E-06 3.83 
negative regulation of transport 1.12E-05 3.79 
cytokine-mediated signaling pathway 1.29E-05 4.87 
regulation of myeloid cell differentiation 1.46E-05 5.43 
positive regulation of cytokine production 1.43E-05 5.09 
regulation of type I interferon-mediated signaling pathway 1.41E-05 17.5 
regulation of immune system process 1.38E-05 2.42 
cellular response to cytokine stimulus 1.66E-05 4.06 
JAK-STAT cascade 2.05E-05 12.8 
cell proliferation 2.46E-05 2.53 
response to other organism 2.61E-05 3.05 
response to cytokine stimulus 4.25E-05 3.21 
cellular response to stress 5.81E-05 2.27 
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PARP-1 is activated by TNFα in AC16 cells and depletion or inhibition of PARP-1 disrupts 

the activation of proinflammatory genes. 

Since PARP-1 is central to stress responses and is associated with cardiomyopathy (Luo 

and Kraus 2012), we investigated the role of PARP-1 in AC16 cells upon TNFα stimulus. I 

observed elevated PARP-1 activity in AC16 cells in response to TNFα (Fig. 3.12, A and B), 

which suggests that PARP-1 may sense the TNFα signal and help to propagate the signal into a 

downstream transcriptional cascade. Indeed, depletion or inhibition of PARP-1 causes a 

reduction in the activation of NF-κB dependent proinflammatory genes, IL6 and NFKB1, (Fig. 

3.12, C and D) and this effect is not the result of changing the nuclear translocation of NF-κB 

(Fig. 3.12, B).  

 

PARP-1 localizes at both enhancers and nearby genes promoters and its occupancy is 

highly correlated with the gene expression levels. 

In order to investigate the role of PARP-1 in transcription regulation in AC16 cells, I first 

determined its genome wide localization this cell type. Strong enrichment was observed at both 

enhancer regions, as marked by enrichment for histone 3 lysine 27 acetylation (H3K27ac) and 

p300, and the promoters of nearby genes, as indicated by enrichment of the GRO-seq or RNA 

Pol II ChIP-seq signals (Fig. 3.13A). We further found that the occupancy of PARP-1 is highly 

correlated with the occupancy of Pol II, and this directly associates with the gene expression 

levels as measured by the GRO-seq signals (Fig. 3.13 B). The enrichment of PARP-1 at 

enhancer regions and its association with active gene promoters suggest a role for PARP-1 in 

transcription regulation in AC16 cells. 
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Figure 3.12.  TNFα  induces nuclear PARP activation in AC16 cells and PARP-1 depletion 
or inhibition abolishes TNFα  mediated gene activation. 
A) Immunofluorecence staining showing the cellular PARP activity by PAR antibody (shown in 
green) and nuclei staining by TO-PRO®-3 (shown in red) in vehicle or TNFα treated AC16 
cells. The white box-labeled nuclear areas were amplified as shown in the middle. 
B) Western blot of the PARylated proteins (by PAR antibody), NF-κB p65 subunit, β-tubulin (a 
cytoplasmic marker) and PARP-1 using cytoplasmic and nuclear fractions from control and 
TNFα-treated AC16 cells (25 ng/ml for 30 min.) with and without the PARP inhibitor PJ34 (20 
μM pretreatment for 1 hour).  
C) RT-qPCR analysis of IL6 (left) and NFKB1 (right) mRNA expression in control and TNFα-
treated AC16 cells (25 ng/ml TNFα for 30 or 180 minutes).  The bar color indicates the control 
(gray) and PARP-1 knockdown (black) samples.  Error bars represents the mean + SEM for 
three independent biological replicates. Bars that are marked with an asterisk are statistically 
different from the control, as determined by the Student's t-test with a p-value threshold < 0.05 
(*). 
D) RT-qPCR analysis of IL6 (left) and NFKB1 (right) mRNA expression in control and TNFα-
treated AC16 cells (25 ng/ml TNFα for 30 or 180 minutes).  The bar color indicates the control 
(gray) and PJ34 treated (black) samples.  Error bars represents the mean + SEM for three 
independent biological replicates. Bars that are marked with an asterisk are statistically different 
from the control, as determined by the Student's t-test with a p-value threshold < 0.05 (*). 
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Figure 3.13.  PARP-1 localizes at enhancers and active gene promoters. 
A) Heatmap representation of the distribution of H3K27ac (green), p300 (purple), and PARP-1 
(red) signals at the midpoint of overlapping enhancer transcripts as mentioned in Figure 3.9, and 
GRO-seq (blue), RNA Pol II (orange), and PARP-1 (red) signals at the promoters of nearby 
genes.   Each row shows signals +/- 5kb centered around the midpoint of enhancer transcripts 
overlapping area (eRNA center) or nearby gene TSS. All rows are ordered by the signals of 
H3K27ac at enhancers. The color-based scale represents ChIP-seq or GRO-seq reads per million 
per base pair.   
B) Metagene representation showing the average ChIP-seq reads density of Pol II (left) and 
PARP-1 (right) as a function of the distance from the TSSs (± 4 kb) of genes with different 
expression levels (defined by GRO-seq).  Non-expresssed genes (gray), lowly expressed genes 
(black), moderately expressed genes (red), and highly expressed genes (blue) are clustered based 
on the GRO-seq reads density across the gene body.   
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PARP-1 globally regulates basal and TNFα  stimulated transcription  

I determined the function of PARP-1 in gene regulation by performing RNA Pol II ChIP-seq in 

control Luc or PARP-1 depleted AC16 cells. The expression of a small subset of genes was 

affected by PARP-1 depletion prior to TNFα treatment and most expression changes I observed 

were at the TNFα induced genes (Fig. 3.14 A). TNFα mediated activation of a number of genes 

was significantly reduced in the absence of PARP-1 (Fig. 3.14 A), which indicates an essential 

role of PARP-1 in TNFα stimulated gene activation. Biological processes analyses of the TNFα 

induced genes, which were suppressed by PARP-1 depletion, revealed that PARP-1 facilitates 

the expression of genes involved in the onset and propagation of inflammatory responses and the 

GPCR pathway (Fig. 3.14 B). Interestingly, the GPCR signaling pathway plays a key role in the 

regulation of cardiovascular system and represents an attractive area for drugs targeting cardiac 

disorders (Salazar et al. 2007). 

 
PARP-1 plays an essential role in NF-κB dependent TNFα  stimulated gene activation 

In order to understand the role of PARP-1 in TNFα stimulated gene activation, we investigated 

PARP-1 dependent TNFα induced genes. I found that upon PARP-1 depletion, there was a 

reduction of both the recruitment of Pol II to promoters and the productive elongation of Pol II at 

the gene body (Fig. 3.15 A). I also observed that the TNFα induced NF-κB recruitment to target 

gene promoters was accompanied with an increase in the occupancy of PARP-1 at the same 

subset of genes (Fig. 3.15 C and B). Moreover, PARP-1 dependent genes showed a dramatic 

TNFα stimulated nucleosome loss (Fig. 3.15 D), which is consistent with a role of PARP-1 in 

helping to maintain an open chromatin state to facilitate transcription factor activity and gene 

activation in LPS stimulated macrophages (Martinez-Zamudio and Ha 2012). 
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Figure 3.14.  PARP-1 depletion affects the expression of a spectrum of genes in untreated 
and TNFα  treated AC16 cells. 
A) Heatmap representation of PARP-1 dependent TNFα regulation of 31,013 expressed RefSeq 
genes in AC16 cells. The color-based scale represents Pol II ChIP-seq reads in vehicle or TNFα 
treated in control and PARP-1 depleted AC16 cells scaled to the read density at control untreated 
condition.  The red box indicates the 1426 genes that are activated by TNFα but repressed by 
PARP-1 depletion.  
B) Gene ontology analyses showing the enriched biological processes associated with the PARP-
1 dependent TNFα activated genes as marked by the read box in (A).   
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Figure 3.15.  PARP-1 dependent TNFα  induced gene activation is associated with PARP-1 
and NF-κB recruitment and nucleosome loss at target genes upon TNFα  stimulus.  
Metagene analyses were performed on the 1426 TNFα activated but PARP-1 repressed genes as 
marked by a red box in Figure 3.14 A.  
A) Metagene representations of the average ChIP-seq reads distributions for Pol II in vehicle 
(black and purple), TNFα treated (blue and red), Luc (black and blue), or PARP-1 (purple and 
red) depleted AC16 cells for all 1426 PARP-1 dependent TNFα activated genes, shown relative 
to the TSSs (± 4 kb). 
B-D) Metagene representations of the average ChIP-seq reads distributions for PARP-1 (B), NF-
κB p65 unit (C), and MNase mapped histone H3 (D) in vehicle (black) or TNFα treated (blue) 
AC16 cells for all 1426 PARP-1 dependent TNFα activated genes, shown relative to the TSSs (± 
4 kb). 



 

 

141

3.4 Discussion 

 

Understanding the proinflammatory cardiomyocyte transcriptome using AC16 cells as a 

model  

 Heart disease remains the primary cause of mortality worldwide.  Understanding the 

biology and function of cardiomyocytes is critical to discovering and reducing the causes of 

cardiac diseases and preventing the progression from heart injury to eventual heart failure.  A 

global view of the proinflammatory cardiomyocyte transcriptome is a key component of our 

overall understanding.  My integrated genomic analyses using AC16 human cardiomyocytes as a 

model have helped to identify ~30,000 expressed transcripts under basal and proinflammatory 

stress conditions, including protein-coding, as well as a wide variety of non-coding, transcripts.  

My analyses serve as a guide for studying functionally annotated, as well as unannotated, Pol I, 

II, and III transcripts, and my data are an excellent resource for understanding the cardiomyocyte 

transcriptomes and the transcriptomes of related cell types.  Collectively, my study shows how 

cells reorganize their transcriptomes to respond to proinflammatory signals, doing so in a manner 

that is distinctly different than response to other cellular signals (e.g., mitogenic; (Hah et al. 

2011)).  Moreover, my results suggest that proinflammatory stimulation is sufficient to capture 

many of the hallmarks of cardiovascular disease, suggesting a central role for the NF-κB 

pathway in heart disease. 

 

Dynamic regulation of the AC16 transcriptome  

 A large fraction (18%) of the AC16 Pol II transcriptome is regulated by TNFα, which 

occurs extremely rapidly, with a large number of transcripts affected within 10 minutes of TNFα 
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treatment (Fig. 3.4).  This regulation is highly dynamic, with the maximum regulation for most 

up- and downregulated transcripts occurring after 30 minutes of TNFα treatment, with a return to 

basal state at 120 minutes (Fig. 3.5).  Such a dynamic regulatory pattern is consistent with the 

oscillatory pattern of NF-κB nuclear translocation and gene activation (Nelson et al. 2004) and is 

likely to play a key role in the signaling outcomes that drive cardiomyocyte biology in response 

to TNFα.  Unlike a mitogenic growth response, which upregulates the expression of Pol I and III 

transcripts to meet the increased protein synthesis demands of proliferating cells (Hah et al. 

2011; Hah et al. 2013), the proinflammatory response has little effect on the expression of Pol I 

and III transcripts (Fig. 3.6).  These differences reflect the different needs of cells responding to 

mitogenic and stress signals. 

 Strikingly, I observed that a large fraction (~80%) of TNFα-responsive transcription is 

downregulated following TNFα treatment (Fig. 3.4C).  In this regard, the loss of GRO-seq 

signal (i.e., active Pol II-mediated transcription) was accompanied by a loss of Pol II protein on 

the downregulated genes (Fig. 3.5), as expected.  Little is known about the mechanisms of gene 

repression during proinflammatory responses, especially at a global level.  Potential mechanisms 

of repression include: (1) active repression associated with the recruitment of transcriptional 

corepressors to target genes, (2) release of transcriptional activators, or (3) passive redistribution 

of the Pol II transcription machinery to other highly induced genes.  Interestingly, in general, 

NF-κB is recruited to TNFα-activated genes, but not TNFα-repressed genes in response to 

TNFα treatment (Fig. 3.5C), suggesting that the gene repression we observed is not due to 

modulation of NF-κB binding.  Other transcription factors may play a role in downregulation; 

for example, motif analyses of the downregulated gene promoters revealed a significant 

enrichment of transcription factor Sp1 binding sites (data not shown).  
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A functional link between inflammation and cardiomyocyte function at the transcriptional 

level 

 The temporal regulation of gene expression in AC16 cells in response to TNFα, as 

reflected in our GRO-seq analyses, serves as a transcriptional readout of the sequential shift in 

cellular responses during the time course of treatment (Fig. 3.11A). The upregulated and 

downregulated biological responses are closely related to cardiac function and indicate a shift 

from a basal cellular state to a proinflammatory stress-defense state.  The transcripts driving 

these biological responses include those encoding proinflammatory mediators (e.g., NFKB1, IL8) 

and cell death-related factors (e.g., TNF, CFLAR, APLF), which are induced during the acute 

proinflammatory response.  In addition, the expression of transcripts critical for maintaining 

normal cardiomyocyte function (e.g., TCF21, CALM1) is disrupted by TNFα treatment.  Co-

regulated transcripts may share a similar regulatory mechanism or be functionally related.  For 

instance, we identified TNFα-regulated microRNA precursors, which are further processed into 

several critical cardiac-associated microRNAs (e.g., mir-21 and let-7 family members) that target 

mRNAs required for cardiac function (Thum et al. 2008a; Thum et al. 2008b; Cheng and Zhang 

2010).  Collectively, the dynamic transcriptome changes that I observed reflect the time-

dependent shifting of biological processes in cardiomyocytes in response to TNFα. 

 

NF-κB and PARP-1 function as regulators mediating trancriptome changes in 

inflammatory cardiomyocytes 

NF-κB is a key transcriptional regulator of inflammation and has been shown to play a 

dual role in CVD through its actions in various cell types of the cardiovascular system (Gordon 
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et al. 2011).  The specific regulatory effects of NF-κB on gene expression programs in 

cardiomyocytes were further investigated in my study. My transcriptome mapping of 

inflammatory cardiomyocytes not only revealed the sequential changes in cardiac function-

associated biological processes mediated by NF-κB dependent inflammatory response in 

cardiomyocytes, but also provided the first transcriptional readout of the dynamic and oscillating 

pattern of NF-κB mediated transcription regulation.  In particular, my study pointed out the role 

of NF-κB in facilitating the rapid release of Pol II into effective elongation in TNFα induced 

genes. I also observed the activation and the co-occupancy of PARP-1 in a large set of NF-κB 

activated genes upon TNFα stimulation. Our further analyses supported an indispensable role of 

PARP-1 in NF-κB dependent gene activation, and suggested that PARP-1 may facilitate NF-κB 

mediated gene activation by helping to establish or maintain an open chromatin state, which is 

consistent with a role of PARP-1 mediated histone PARylation in nucleosome remodeling and 

increasing promoter accessibility in LPS stimulated macrophages (Martinez-Zamudio and Ha 

2012). The role of PARP-1 in transcriptional regulation is not limited to functioning at the 

promoters. My study revealed the strong occupancy of PARP-1 at enhancers in correlation with 

the established active enhancer markers, which suggests a potential role of PARP-1 in regulating 

the accessibility of enhancers and their cooperation with target promoters, which will be 

intensively explored in our future studies. Furthermore, the fact that PARP-1 dependent genes 

are mostly related to inflammatory response further supports the role of PARP-1 in sensing and 

propagating inflammatory stress in cardiomyocytes. Interestingly, PARP-1 dependent genes are 

also enriched in GPCR pathway, which plays a central role in the regulation of the 

cardiovascular system. Thus, my study established a role of PARP-1 in linking inflammation and 

cardiac function, and will help to aid in the exploration of the therapeutic application of PARP-1 
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inhibitors in cardiovascular disorders.  

 

 Methods  

Cell culture and treatments 

 AC16 human adult ventricular cardiomyocyte cells (Davidson et al. 2005) were 

purchased from the American Type Cell Culture (ATCC).  The cells were maintained in DMEM 

F-12 supplemented with 12.5% fetal bovine serum.  TNFα was purchased from PeproTech (cat. 

no. 300-01A) and the IKKα/β inhibitor BAY-11-7082 was purchased from Calbiochem (cat. no. 

196870).  For TNFα treatments, the cells were grown to 75% confluence, switched to serum-free 

medium for 24 hours, and then treated with TNFα (25 ng/ml) for the indicated time.  For 

experiments with BAY-11-7082, the cells were pretreated with the inhibitor (5 μM) or DMSO 

vehicle for 1 hour prior to treatment with TNFα for 30 minutes. 

 

Retroviral knockdown and expression vectors and making stable cell lines 

 The short hairpin RNA (shRNA) mediated stable knockdown of gene transcripts in AC16 

cells were generated by retroviral infections of shRNA constructs. For making the shRNA 

constructs, a double stranded oligonucleotide containing an shRNA sequence targeting 

Luciferase, or PARP-1 was cloned into the puromycin or neomycin resistant pSUPER.retro 

vector (OligoEngine).  Retroviruses were generated by transfection of the pSUPER.retro shRNA 

constructs together with an expression vector for the VSV-G envelope protein into Pheonix 

Ampho cells using GeneJuice transfection reagent (Novagen 70967) according to the 

manufacturer’s protocol.  The resulting viruses were used to infect the AC16 cells.  Stably 

transduced cells were selected with puromycin (Sigma P9620; 2 μg/mL).   
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shRNA Target Targeting Sequence Source 

Luc 5’ - gatatgggctgaatacaaa - 3’ Reynolds et al (Reynolds et al. 2004) 

PARP-1  5’ - gggcaagcacagtgtcaaa - 3’  Ju et al (Ju et al. 2004) and Shah et al 

(Shah et al. 2011) 

 

Antibodies   

 The antibodies used were as follows: NF-κB p65 (Abcam; cat. no. ab7970), Pol II (Santa 

Cruz; cat. no. SC-899 and SC-900, mixed in a 1:4 ratio), mouse monoclonal PAR antibody 

(Trevigen; cat. no. 4335-AMC-050), β-tubulin (Abcam; cat. no.ab6046), and SNRP70 (Abcam; 

cat. no ab51266). 

 

Cell fractionation and Western blotting  

 AC16 cells were seeded at ~3 x 106 cells per 15 cm diameter plate and treated as 

described above.  After collecting the cells, extracts of the cytoplasmic and nuclear fractions 

were made according to the protocol provided with the Sigma CelLyticTM NuCLEARTM 

Extraction Kit.  Specifically, the cells were swollen in isotonic buffer [10 mM Tris-HCl, pH 7.5, 

2 mM MgCl2, 3 mM CaCl2, 0.3 M sucrose, 1 mM DTT, and 1x Roche Complete Protease 

Inhibitor Cocktail (RCPIC)] on ice for 15 minutes and lysed by the addition of 0.6% IGEPAL 

CA-630 detergent with vortexing.  The lysates were centrifuged and the supernatants were 

collected as the cytoplasmic fraction.  The crude nuclear pellet was washed once with isotonic 

buffer, resuspended in extraction buffer (20 mM HEPES, pH 7.9, 1.5 mM MgCl2, 0.42 M NaCl, 

0.2 mM EDTA, 25% v/v glycerol, 1 mM DTT, and 1x RCPIC), and vortexed vigorously for 20 

minutes at 4°C.  The resuspended nuclear material was then centrifuged and the supernatant 
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taken as the nuclear extract.  For each fraction under the indicated conditions, 40 μg protein was 

analyzed on an 8% polyacrylamide-SDS gel and transferred to a nitrocellulose membrane.  

Western blotting was performed with the appropriate primary and secondary antibodies.  

Immuno fluorescence staining 

AC16 cells were seeded at ~3 x 104 on sterile cover slips in a 24-well plate and treated 

with 25 ng/ml TNFα for 30 min as described above. Cells were rinsed twice with cold 1X PBS 

and fixed with cold methanol and acetone solution (mixed at 7:3 ratio, stored at -20°C before 

use). Fixed cells were washed 3 times with cold 1X PBS and blocked with blocking solution (5% 

non-fat milk, 0.05% Tween-20 in 1X PBS) for 30 mins at room temperature. After blocking, 

cells were incubated with mouse monoclonal PAR antibody (Trevigen; cat. no. 4335-AMC-050, 

100 μg/ml in blocking solution) overnight at 4°C. Cells were washed three times with cold 1X 

PBS and incubated with secondary antibody (Alexa Fluor® 488 Goat anti-mouse IgG (H+L), 

Life Technology, cat. no. A-11001; 1:100) for 30 min at room temperature in the dark. Cells 

were washed three times with cold 1X PBS and stained with 1 μM TO-PRO®-3 (Life 

Technology, cat. no. T3605) for 2 min at room temperature followed by three washes of cold 1X 

PBS.  The cover slips were mounted onto glass slides with VECTASHIELD HardSet Mounting 

Medium (Vector Laboratories, cat. no. H-1400). The images were collected with Leica SP2 

Confocal Microscope. 
 

RNA isolation and RT-qPCR 

 AC16 cells were seeded at ~1 x 105 cells per well in 6-well plates and treated as 

described above.  After collecting the cells, total RNA was isolated using Trizol Reagent 

(Invitrogen) according to the manufacturer's protocol.  Total RNA was reverse transcribed using 

oligo(dT) primers and M-MLV reverse transcriptase, and was then subjected to real-time 

quantitative PCR (qPCR) using gene-specific primers: 
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 • NFKB1_Fwd: 5’-CAGTGGTGCCTCACTGCTAA-3’ 

 • NFKB1_Rev: 5’-GGACAACGCAGTGGAATTTT-3’ 

 • IL6_Fwd: 5’-ATTCTGCGCAGCTTTAAGGA-3’ 

 • IL6_Rev: 5’-GAGGTGCCCATGCTACATTT-3’ 

 • TBP_Fwd: 5’-ATGTTGAGTTGCAGGGTGTG-3’ 

 • TBP_Rev: 5’-CCCAGATAGCAGCACGGTAT-3’ 

 All target gene expression was normalized to TBP expression.  Each experiment was 

conducted with a minimum of three biological replicates. 

 

Chromatin immunoprecipitation-sequencing (ChIP-seq) 

ChIP.  ChIP was performed as described previously (Kininis et al. 2007; Krishnakumar 

et al. 2008) with a few modifications (Johnson et al. 2007).  AC16 cells were seeded at ~3 x 106 

cells per 15 cm diameter plate and treated as described above.  The cells were cross-linked with 

1% paraformaldehyde in PBS for 10 minutes at 37°C and quenched in 125 mM glycine in PBS 

for 5 minutes at 4°C.  The cells were then collected and lysed in Farnham lysis buffer (5 mM 

PIPES pH 8.0, 85 mM KCl, 0.5% NP-40, 1 mM DTT, and 1x RCPIC).  A crude nuclear pellet 

was collected by centrifugation, resuspended in lysis buffer (1% SDS, 10 mM EDTA, 50 mM 

Tris-HCl, pH 7.9, 1 mM DTT, and 1x RCPIC), and incubated on ice for 10 minutes.  The 

chromatin was sheared at 4°C by sonication using a Bioruptor UC200 at the high setting for four 

5-minute cycles of 30 seconds on and 60 seconds off to generate chromatin fragments of ~300 bp 

in length.  The soluble chromatin was diluted 1:10 with dilution buffer (20 mM Tris-HCl, pH 

7.9, 0.5% Triton X-100, 2 mM EDTA, 150 mM NaCl, 1 mM DTT and 1x RCPIC) and pre-

cleared with protein A agarose beads.  The pre-cleared supernatant was used in 



 

 

149

immunoprecipitation reactions with antibodies against the factor of interest or with rabbit IgG as 

a control.  The immunoprecipitated material was washed once with low salt wash buffer (20 mM 

Tris-HCl, pH 7.9, 2 mM EDTA, 125 mM NaCl, 0.05% SDS, 1% Triton X-100, 1 μM aprotinin, 

and 1 μM leupetin), once with high-salt wash buffer (20 mM Tris-HCl, pH 7.9, 2 mM EDTA, 

500 mM NaCl, 0.05% SDS, 1% Triton X-100, 1 μM aprotinin, and 1 μM leupetin), once with 

LiCl wash buffer (10 mM Tris-HCl, pH 7.9, 1 mM EDTA, 250 mM LiCl, 1% NP-40, 1% sodium 

deoxycholate, 1 μM aprotinin, and 1 μM leupetin), and once with 1x Tris-EDTA (TE).  The 

immunoprecipitated material was eluted in elution buffer (100 mM NaHCO3, 1% SDS) and was 

then digested with proteinase K and RNase H to remove protein and RNA, respectively.  The 

immunoprecipitated genomic DNA was then extracted with phenol:chloroform:isoamyl alcohol 

and precipitated with ethanol. 

ChIP-seq library preparation.  The immunoprecipitated DNA was purified further using 

the MinElute PCR Purification Kit from Qiagen.  After purification, 50 ng of ChIPed DNA for 

each condition was used to generate libraries for sequencing, as previously described  (Robertson 

et al. 2007), with some modifications.  Briefly, the DNA was end-repaired and a single “A”-base 

overhang was added using the Klenow fragment of E. coli DNA polymerase.  The A-modified 

DNA was ligated with Ilumina sequencing adaptors using the Illumina TruSeq DNA Sample 

Prep Kit.  The ligated DNA (250 ± 25 bp) was size-selected by agarose gel electrophoresis and 

extraction, amplified by PCR, and purified using AmPure beads (Beckman Coulter).  The final 

libraries were subjected to QC (size, purity, adapter contamination) and sequenced using an 

Illumina HiSeq 2000 per the manufacturer’s instructions.  The raw ChIP-seq data are available 

from the NCBI’s Gene Expression Omnibus (accession number GSE51225). 
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ChIP-seq data analyses 

NF-κB p65 and Pol II ChIP-Seq data in control and TNFα-treated AC16 cells were 

generated in the experiments described herein.  In addition, existing datasets were downloaded 

from the NCBI’s GEO (Gene Expression Omnibus) database as listed below, and analyzed:  

 • GSM807734 HumanAdultHeart_acCBP-p300_ChIP-seq (May et al. 2012) 

 • GSM706848 Fetal_Heart.H3K4me1 (Bernstein et al. 2010) 

 • GSM733755 Bernstein_HSMM_H3K27ac (Dunham et al. 2012) 

 • GSM1022657 UW_ChipSeq_HCM_CTCFRep1 (Wang et al. 2012) 

 • GSM1022677 UW_ChipSeq_HCM_CTCFRep2 (Wang et al. 2012)  

 • GSM935372 Harvard_ChipSeq_K562_RPC155_std (Dunham et al. 2012) 

 • GSM935343 Harvard_ChipSeq_K562_TFIIIC-110_std (Dunham et al. 2012) 

 

 The ChIP-seq reads were aligned to the hg19 human reference genome using the Bowtie 

software package (Langmead et al. 2009).  Mapped reads were further converted to (1) “bed” 

files for later Metagene and read-density analyses and (2) “wiggle” files counting reads in non-

overlapping 200-bp windows across the genome for presentation as genome browser tracks by 

using the BEDTools software package (Quinlan and Hall 2010) and PeakRanger software 

package (Feng et al. 2011). 

 

Global run-on-sequencing (GRO-seq) 

Isolation of nuclei.  AC16 cells were seeded at ~3 x 106 cells per 15 cm diameter plate 

and treated as described above.  The cells were washed three times with ice-cold PBS, swollen 

osmotically, and collected in ice-cold lysis buffer [10 mM Tris-HCl, pH 7.4, 0.5% NP-40, 3 mM 
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CaCl2, 2 mM MgCl2, 1mM DTT, 1x RCPIC, and SUPERase•InTM (Ambion)] and centrifuged at 

500 x g for 5 min at 4°C.  The cells were then resuspended in 1.5 ml of lysis buffer and pipetted 

up and down through a narrow tip opening 20 times to release the nuclei.  The nuclei were 

washed twice with a large volume of lysis buffer, and the washed nuclear pellets were 

resuspended in freezing buffer (50 mM Tris-HCl, pH 8.3, 40% glycerol, 5 mM MgCl2, 0.1 mM 

EDTA), counted, and stored in 100 μl aliquots containing 5 x106 nuclei.  

GRO-seq library preparation.  GRO-seq libraries were generated from two biological 

replicates of AC16 cells under the indicated treatment conditions, as previously described (Core 

et al. 2008), but with limited modifications described previously (Hah et al. 2011).  The TNFα 

time course GRO-seq libraries were sequenced using an Illumina Genome Analyzer (GAIIx).  

For the α-amanitin experiments, the isolated nuclei were treated with 1 μg/ml α-amanitin 

(Sigma, cat. no. A2263) for 15 minutes on ice prior to the run-on reaction.  The libraries 

generated from α-amanitin-treated nuclei were amplified with indexed primers containing 

barcodes according to the Illumina TrueSeq small-RNA library prep kit, then sequenced using an 

Illumina HiSeq 2000.  The resulting data are available from the NCBI’s Gene Expression 

Omnibus (accession number GSE51225).  

 

GRO-seq data analyses 

GRO-seq data were processed and mapped using a computational pipeline described 

previously (Hah et al. 2011), with limited modifications.  Briefly, all reads longer than 32 bp 

were aligned to the hg19 human reference genome (including autosomes, X chromosome, and a 

complete copy of rDNA repeats) using the SOAP2.21 software package (Li et al. 2009).  
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Transcript calling.  Unbiased transcript calling was performed using an algorithm based 

on a two-state hidden Markov model as described previously (Hah et al. 2011).  A shape 

parameter value of 5 was used for the non-transcribed-state emission probability and a value of 

200 was used as the negative log of the transition probability from the transcribed state to the 

non-transcribed state.  To map the relatively smaller non-Pol II transcripts more accurately in the 

α-amanitin GRO-seq datasets, values of 5 and 10, respectively, were used.  In order to capture 

non-Pol II transcripts more effectively, the control signal was subtracted from the α-amanitin 

signal using a running maximum of window-size three (25 bp) and adding the baseline of the 

mean positive signal of the control.  Transcripts were then called using an algorithm based on a 

two-state hidden Markov model as described above. 

Functional definitions of called transcripts.  Called transcripts were assigned to one of 

the following eight functional classes, according to the rules enumerated below.  For all 

annotations, the following sources were used: RefSeq, GENCODE release 11, ENSEMBLE, 

lincRNAsTranscripts, repeat masker tracks (obtained using the UCSC genome browser; (Rhead 

et al. 2010)), and mirBase 18 (Griffiths-Jones 2006; Rhead et al. 2010). 

(1) Protein-coding transcript.  A transcript with more than 20% of its sequence 

overlapping any well annotated protein-coding gene.  

(2) Non-coding transcript.  A transcript overlapping an annotated non-coding 

RNA gene, such as those encoding a miRNA, tRNA, snRNA, and lncRNA, 

without any restrictions on the size of the transcript or the quality of the 

overlap. 

(3) Intergenic transcript.  A transcript that does not overlap with an annotated 

gene.  Examples are likely to include: (i) novel unannotated protein-coding 
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and non-coding genes, (ii) enhancer transcripts, or (iii) post poly(A) 

transcription for some well-annotated Pol II genes with low expression levels. 

(4) Enhancer transcripts (eRNAs).  A pair of short (< 9 kb) bidirectionally 

transcribed intergenic transcripts that do not significantly overlap annotated 

transcripts (Hah et al. 2013).  We call those that overlap an NF-κB binding 

site (i.e., ±1000 kb from the center of an NF-κB p65 peak as defined by ChIP-

seq) “NF-κB binding site eRNAs” and those that do not overlap an NF-κB 

binding site “non-NF-κB binding site eRNAs”.  Putative target genes for the 

identified enhancers marked by the eRNAs were defined by searching for the 

nearest protein-coding or lncRNA gene in either direction. 

(5) Divergent transcript.  A transcript that overlaps the 5’ promoter driving 

expression of a detected primary transcript, such as an mRNA or a lncRNA.  

A divergent transcript was only included if (1) >10% of the transcript 

overlapped the proximal region of a promoter (± 500 bp relative to the TSS) 

driving expression of a primary transcript >1 kb in size on the opposite strand 

and (2) the transcript was <50% the size of the primary transcript, which 

effectively excluded divergent enhancer-transcript pairs. 

(6) Antisense transcript.  A transcript that runs antisense to a protein-coding gene 

or lncRNA gene and has >20% of its sequence overlapping >20% of an 

annotated protein-coding gene or lncRNA gene on the opposite strand. 

(7) Repeat transcript.  A transcript with more than 50% of its sequence 

overlapping genomic regions identified in the RepeatMasker track in the 
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UCSC Genome Browser. 

(8) Other genic transcript.  A transcript that has a poor match to existing 

annotations, but cannot be unambiguously classified as “unannotated” or 

“intergenic”.  Transcripts in this category overlap any segment of a gene 

annotation on either strand, but shows <20% matching to the annotation.  

Examples in this category may include: (1) genes with promoter proximal 

RNA pol II pausing, but very low levels of transcription in the gene body, (2) 

divergent transcripts from internal start sites (antisense), (3) intronic enhancer 

transcripts, or (4) short cryptic transcripts of unknown function. 

Determining regulation by TNFα .  Regulation in response to TNFα treatment was 

determined using the edgeR software package (Robinson et al. 2010) with a false discovery rate 

(FDR)-corrected q value threshold of < 0.001, as described previously (Hah et al. 2011). 

 

Other genomic data analyses 

Metagene analyses.  Metagene analyses were performed to illustrate the distribution of 

average GRO-seq and ChIP-seq read densities ±5 kb surrounding fixed genomic landmarks (e.g., 

TSSs, the midpoint of paired eRNAs, center of ChIP-seq peaks) using the metagene functions in 

our GRO-seq package, as previously described (Team 2006; Hah et al. 2011; Hah et al. 2013). 

Motif-finding analyses.  De novo motif analyses for a 1 kb region around the center of 

the overlap of paired eRNAs were performed using MEME (Bailey and Elkan 1994) with a “–

zoops” setting (zero or one occurrence per sequence) and a motif size between 8 and 15.  The 

outputs of MEME were matched to known motifs using STAMP (Parks and Beiko 2010) with 

default settings. 
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Gene ontology analyses.  Gene ontology (GO) analyses were performed using the 

Genomic Regions Enrichment of Annotations Tool (GREAT), version 2.0.2 (McLean et al. 

2010), with the following association rule: Basal+extension: 5000 bp upstream, 1000 bp 

downstream, 1,000,000 bp max extension, curated regulatory domains included. Enriched 

biological processes for PARP-1 dependent TNFα activated genes are analyzed by using Gene 

Set Analysis ToolKit V2 (http://bioinfo.vanderbilt.edu/webgestalt/) 

 

Gene set enrichment analyses.  Gene Set Enrichment Analysis (GSEA), version 2.0.12 

(Subramanian et al. 2005), was used to identify all enriched GO terms at each TNFα treatment 

time point using the 0 minute condition as a control with a set of GO terms from humans 

(http://download.baderlab.org/EM_Genesets/September_02_2011/Human/symbol/GO/Human_G

O_bp_no_GO_iea_symbol.gmt).  For ranked inputs to GSEA, we used pre-ranked gene lists 

based on edgeR differential analysis after filtering out gene sets whose size was greater than 500 

or less than 25.  Specifically, significantly regulated genes (FDR < 0.1 %) were placed at the top 

or bottom of the list and ordered by descending or ascending fold changes, respectively.  Less 

significantly regulated genes (FDR ≥ 0.1%) were placed in the middle of the list and ordered by 

ascending or descending p-values. 

Hierarchical clustering and heatmaps.  Hierarchical clustering was performed using the 

results of the GSEA.  GO terms with the top ten Normalized Enrichment Scores (NESs) were 

selected and combined from both the upregulated and downregulated GO terms in each time 

point, compared to the 0 min treatment condition.  Heatmaps were generated using the heatmap.2 

function in the gplots package in R with default parameters.  Inputs for the heatmaps included (1) 

normalized GRO-seq signals (median-centered and scaled relative to the 0 min time point for 
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expression analyses; e.g. Fig. 3B) and (2) NESs (e.g., Fig. 7A).  For the latter, heatmaps 

comparing later to earlier time points (e.g., 10 min vs. 30 min, or 30 min vs. 120 min) were 

generated in a similar manner, but using different edgeR outputs for the comparisons. 
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Conclusion 
 

  Although PARP-1 was first identified as an important nuclear enzyme in genome 

surveillance and DNA repair, more recent studies have unveiled its essential role in chromatin 

remodeling and transcription regulation (Kraus 2008; Luo and Kraus 2012). However, many 

questions with respect to the role of PARP-1 under normal physiological conditions or in stress 

responses remain, such as its genomic localization and the associated function of PARP-1, and 

the PARylation dependent and independent roles of PARP-1 in transcription regulation. My 

studies revealed novel mechanisms of PARP-1 mediated transcription regulation in two different 

systems and partially addressed these key questions. 
 

1. PARP-1 regulates normal adipose tissue development by modulating transcription factors 

My study has established a role of PARP-1 in regulating the transcriptional cascade in 

adipogenesis (Fig. 4.1). PARP-1 functions by modulating and controlling one of the early key 

adipogenic transcription factors, C/EBPβ. When PARP-1 is present, C/EBPβ is PARylated by 

PARP-1 at specific sites and its activity is inhibited by this modification. When PARP-1 is 

depleted or inhibited, the PARylation of C/EBPβ is reduced and C/EBPβ more stably occupies at 

target gene promoters, and drives target gene expression more efficiently. In the early phase of 

the adipogenesis pathway, hormonal signals reduce PARP activity and C/EBPβ acquires more 

activity at target gene promoter, and promotes the adipogenic transcription program.  
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Figure 4.1. Working Model: PARP-1 controls adipogenic gene expression by regulating 

C/EBPβ activity at promoters. 

 

While previous studies have established a role of PARP-1 at active gene promoters to 

help to open up the promoter for further gene activation (Krishnakumar et al. 2008; Frizzell et al. 

2009), my study reveals a novel mechanism of how PARP-1 represses transcription. Regulation 

by modifying different transcription factors largely enhances the plasticity and potency of PARP-

1 mediated transcription repression or activation. My study showed that PARP-1 functions as a 

switch in the early adipogenic transcription program by modulating the activity of C/EBPβ, and 

helps to establish the temporal transition of the two transcriptional waves and two phases during 

adipogenesis.  Thus, my work revealed novel physiological roles of PARP-1 in fat cell 

commitment and early adipose tissue development, and helped to understand the role of PARP-1 

in metabolic control from the adipogenesis perspective.  

 

2. PARP-1 globally regulates the transcriptome in inflammatory cardiomyocytes 
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The role of PARP-1 in transcription regulation is not limited to normal physiological 

conditions. PARP-1 is also involved in the reorganization of the transcriptome in response to 

different stress signals. My study utilized new genomic approaches to provide the first 

transcriptome map of TNFα-stimulated AC16 cardiomyocytes and explored the functional 

connection between inflammation and cardiomyocyte function at the transcriptional level. This 

serves as a platform to study the role of PARP-1 in the rapid and dynamic reorganization of 

global transcription in the acute inflammatory response. My global PARP-1-dependent 

transcriptome analysis and genome wide localization studies of PARP-1 revealed its role in 

facilitating NF-κB dependent transcriptome changes in inflammatory cardiomyocytes at the 

global level (Fig. 4.2). I found that TNFα stimulated the activation and recruitment of PARP-1 at 

a large set of NF-κB activated genes. Furthermore, PARP-1 was enriched at both enhancers and 

their associated active gene promoters and correlated with the gene expression levels. 

Additionally, PARP-1-targeted genes showed dramatic nucleosome loss upon TNFα stimulation, 

which agrees with a role of PARP-1 in helping to establish and maintain an open chromatin state 

at target gene promoters to facilitate transcription activation (Krishnakumar et al. 2008; 

Martinez-Zamudio and Ha 2012). In this inflammatory response, PARP-1 mainly plays a role in 

facilitating TNFα-mediated rapid gene activation, which is distinct from a repressive role of 

PARP-1 in transcription in adipose tissue development. Interestingly, in this acute response, the 

catalytic activity is also important for the PARP-1 mediated gene regulation. Exploring whether 

the PARylation level or the targets are different between normal development and stress 

response will help to explain the repressive or active regulatory role of PARP-1 in different 

conditions.  
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Figure 4.2. Working Model: PARP-1 facilitates NF-κB mediated gene activation by 

maintaining an open chromatin structure.  

 

The two distinct modes of PARP-1 mediated gene regulation suggest the role of PARP-1 

in transcription regulation is more complex than originally thought. The localization of PARP-1 

at target genes can elicit different regulatory results based on the different local environment, 

such as the upstream signals and proximal co-localized transcription regulators. The recent 

discovery of a more complete profile of PARP modified protein targets, especially the 

identification of the PARylated transcription factors and chromatin remodelers will help to 

resolve this puzzle. It is also critical to understand how exactly PARylation affects the targeted 

proteins’ activity. Additionally, my study revealed that not only at active gene promoters, PARP-

1 is also highly enriched at active enhancers as marked by well established enhancer markers, 

which suggests a role of PARP-1 in increasing the genome accessibility of enhancer regions or 

modulating the enhancers to regulate the target gene expression. The interaction of PARP-1 with 
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transcription regulators or chromatin remodelers is not limited to promoters, but may also happen 

at regulatory enhancers.  

Overall, my studies in both normal adipose tissue development and inflammatory 

cardiomyocytes revealed novel mechanisms of PARP-1 mediated transcription regulation. My 

findings expand our understanding of the function of PARP-1 but also raise new questions. I 

hope my studies serve as a starting point for our future studies on unveiling the complete picture 

of PARP-1 mediated transcription regulation.  
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