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Summary 

Poly(ADP-ribose) polymerases (PARP) catalyze the synthesis of poly (ADP-ribose) (PAR), a 

reversible modification of proteins, using NAD
+
 as a substrate. Poly(ADP-ribosyl)ation 

produced by PARP-1 and PARP-2 is involved in cytoplasmic and nuclear processes, such as  

chromatin remodeling, DNA damage signaling and repair, RNA processing, and regulation of 

cell death. Genetic knockout mouse models of PARP-1 and PARP-2 have revealed a degree 

of redundancy in cellular PARP functions. However, advancements in elucidating this 

redundancy have been hindered by the embryonic lethality of the combined PARP-1 and 

PARP-2 genetic knockout in mice. To date there are several in vitro studies on the cellular 

depletion of PARP-1 and PARP-2, but these reports did neither aim to investigate this degree 

of redundancy nor try to provide detailed understanding of the consequences of a combined 

knockdown of PARP-1 and PARP-2.  

In the present work, a first systematic study on the unique and combined functions of PARP-1 

and PARP-2 was provided by RNA interference of both proteins in two different cellular 

approaches. The first approach using a doxycycline-inducible microRNA-adapted shRNA 

(shRNAmir) system had revealed design difficulties in the expression of a polycistronic 

head-to-tail configuration to achieve concurrent expression of two shRNAmir sequences, a 

design formerly reported to be successful but also problematic in some instances. Here, 

expression of only the second shRNAmir sequence (i.e. PARP-1) was successful, whereas 

PARP-2 shRNAmir expression could not be demonstrated in stable PARP-1 and PARP-2 

shRNAmir expressing HeLa S3 clonal cell populations. Thus, this first approach using 

concurrent expression of two shRNAmir sequences was not successful in generating a 

combined knockdown of PARP-1 and PARP-2 in a cellular in vitro system. Moreover, the 

study design also cautioned before use of older published target siRNA sequences (likely to 

express off-target effects), although being successful in generating a stable PARP-1 

shRNAmir HeLa S3 clonal cell populations. Therefore, in an alternative approach, previously 

observed difficulties were addressed and concurrent knockdown of PARP-1 and PARP-2 was 

performed in transient siRNA transfections in two different human cancer cell lines. 

To deplete PARP-1 and PARP-2 protein expression in the alternative approach, new 

and effective PARP-1 and PARP-2 siRNA were generated for use in transient siRNA 

transfections. Here, single and combined transfections of PARP-1 and PARP-2 siRNA 

demonstrated a strong knockdown of PARP-1 and/or PARP-2 protein expression in western 

blot analysis and quantifications of relative mRNA levels in HeLa S3 and U2OS cells. 

Furthermore, both PARP-1 and PARP-2 siRNA were able to strikingly reduce 
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poly(ADP-ribose) formation after oxidative stress, demonstrating a functional loss of 

poly(ADP-ribosyl)ation capacities in cells. 

 In following analyses of population doubling, cell proliferation after genotoxic stress, 

clonogenic survival, cell death, and finally cell cycle phase distributions in HeLa S3 and 

U2OS cells, no functional redundancies between PARP-1 and PARP-2 could be observed. In 

contrast, a novel function of PARP-2 during cellular proliferation in HeLa S3 and U2OS cell 

lines was demonstrated. Depletion of PARP-2, but not PARP-1, significantly reduced cellular 

proliferation dependent processes as examined by population doubling, cell proliferation after 

genotoxic stress and clonogenic survival. Moreover, this new PARP-2 function during cellular 

proliferation was also independent of oxidative or genotoxic stress and could not be attributed 

to alterations in cell death. Changes in cell cycle have been found instead to mediate this new 

PARP-2 function, demonstrating a cell-type and p53 independent G1 phase cell cycle arrest. 

Finally, this G1 phase cell cycle arrest was shown to be independent of PARP catalytic 

activity, which might be due the reported function of PARP-2 as a transcriptional repressor of 

cell cycle related promoters, such as c-MYC, which regulate the G1 phase cell cycle 

checkpoint.   

 In summary, this first systematic study on unique and combined functions of PARP-1 

and PARP-2 demonstrated no functional redundancies of PARP-1 and PARP-2 in the 

endpoints analyzed. In contrast, a novel catalytic- and PARP-1-independent function of 

PARP-2 during cellular proliferation was demonstrated within the present work, which might 

advance understanding of targeting PARP-2 in cancer therapy to suppress tumor growth. 
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Zusammenfassung 

Poly(ADP-Ribose) Polymerasen (PARP) katalysieren unter Verbrauch von NAD
+
 die 

Synthese von Poly(ADP-Ribose), eine reversible Modifizierung von Akzeptorproteinen. Die 

von PARP-1 und PARP-2 erzeugte Poly(ADP-Ribosyl)ierung ist an verschiedenen 

zytoplasmatischen und nukleären Prozessen beteiligt, z.B. Umstrukturierung des Chromatins, 

Signalisierung und Reparatur von DNA Schäden, RNA-Prozessierung und Regulierung des 

Zelltodes. Durch Knockout-Maus Modelle konnte gezeigt werden, dass eine Redundanz der 

zellulären Funktion von PARP-1 und PARP-2 besteht. Jedoch ist es bisher nicht gelungen die 

Hintergründe dieser Redundanz aufzuklären, da die Kombination von PARP-1 und PARP-2 

Knockout in Mäusen zu embryonaler Letalität führt. Bislang gibt es zwar einzelne in vitro 

Studien die eine gemeinsame zelluläre Depletion von PARP-1 und PARP-2 gezeigt haben, 

allerdings wurde hier weder der Grad der Redundanz noch die zelluläre Konsequenz einer 

solchen kombinierten Verringerung der PARP-1 und PARP-2 Proteinexpression untersucht. 

 In der vorliegenden Arbeit wurde demnach erstmalig eine systematische Studie zur 

Aufklärung von einzigartigen und kombinierten Funktionen der PARP-1 und PARP-2 

durchgeführt, unter Verwendung zweier unterschiedlicher zellulärer Ansätze. Beim ersten 

zellulären Ansatz wurde ein durch Doxycyclin induzierbares System benutzt, welches 

microRNA adaptierte shRNA exprimiert. Das hierbei verwendete System zeigte jedoch 

konstruktive Schwierigkeiten in einer gleichzeitigen Exprimierung von zwei Sequenzen, die 

in einer Ăhead-to-tailñ polycistronischen Konfiguration vorlagen. Im Gegensatz zu der 

vorliegenden Arbeit, erwies sich dieses Design in der Vergangenheit dennoch als erfolgreich, 

wenn auch teilweise problematisch. Jedoch konnten HeLa S3 klonale Zellpopulationen, die 

PARP-1 und PARP-2 shRNAmir Sequenzen exprimieren, nur die Expression der zweiten 

shRNAmir Sequenzen (i.e. PARP-1) bestätigen, wohingegen der Nachweis einer 

erfolgreichen Exprimierung der PARP-2 shRNAmir Sequenz ausblieb. Dieser erste zelluläre 

Ansatz zur gemeinsamen zellulären Depletion von PARP-1 und PARP-2 war demnach nicht 

erfolgreich in der gleichzeitigen Expression von zwei shRNAmir Sequenzen in einem 

zellulären in vitro System. Zusätzlich zu konstruktiven Schwierigkeiten demonstrierte dieser 

Ansatz, dass bereits publizierte siRNA Zielsequenzen mit Vorsicht zu benutzen sind, da diese 

zu möglichen Off-target Effekten neigen, auch wenn PARP-1 shRNAmir exprimierende HeLa 

S3 klonale Zellpopulationen erfolgreich generiert wurden. Folglich wurde in einem 

alternativen Ansatz ein gleichzeitiger Knockdown von PARP-1 und PARP-2 in zwei 

verschiedenen humanen Krebszelllinien durch die Verwendung von transienter siRNA 

Transfektion erreicht, welches die Schwierigkeiten des ersten Ansatzes berücksichtigte. 
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Um die PARP-1 und PARP-2 Proteinexpression in diesem alternativen Ansatz zu 

reduzieren, wurden neue und effektivere PARP-1 und PARP-2 siRNA für die transiente 

siRNA Transfektion generiert. Hier konnten einzelne und kombinierte Transfektionen der 

PARP-1/-2 siRNA einen starken Knockdown der PARP-1 und PARP-2 Proteinexpression 

zeigen, veranschaulicht durch Western Blot Analysen und Quantifizierung von relativen 

mRNA Niveaus in HeLa S3 und U2OS Zellen. Desweiteren konnten PARP-1 und PARP-2 

siRNA die Bildung von Poly(ADP-Ribose) nach oxidativem Stress auffallend reduzieren, 

wodurch sie einen funktionellen Verlust der Poly(ADP-Ribosyl)ierung in Zellen beweisen. 

 In folgenden Analysen des Populationswachstums, Zellproliferation nach 

genotoxischem Stress, klonalen Überlebens, Zelltod und schließlich Verteilung der 

Zellzyklus-Phasen wurden keine funktionellen Redundanzen zwischen PARP-1 und PARP-2 

gefunden. Vielmehr konnte eine neue und einzigartige PARP-2 Funktion während der 

Zellproliferation in HeLa S3 und U2OS Zelllinien demonstriert werden. Der Verlust von 

PARP-2, aber nicht PARP-1, reduzierte signifikant Prozesse die von der Zellproliferation 

abhängig sind, welches durch Untersuchungen des Populationswachstum, Zellproliferation 

nach genotoxischem Stress und klonalen Überlebens gezeigt werden konnte. Diese neue 

Funktion der PARP-2 während der Zellproliferation ist desweiteren auch unabhängig von 

genotoxischem oder oxidativem Stress und kann nicht einer Zu- oder Abnahme des Zelltodes 

zugeschrieben werden. Stattdessen lässt sich diese neue Funktion der PARP-2 durch 

Änderungen im Zellzyklus erklären, da unter PARP-2 Depletion ein Zelltyp- und 

p53-unabhängiger Zellzyklusarrest in der G1 Phase gezeigt werden konnte. Schließlich 

konnte diesem Zellzyklusarrest in der G1 Phase auch eine PARP-2 katalytische 

Unabhängigkeit nachgewiesen werden, welches sich durch die beschrieben Funktion von 

PARP-2 als transkriptionaler Repressor von Gen-Promotoren des Zellzyklus erklären lässt, 

z.B. c-MYC, ein Regulator des G1 Phase Kontrollpunktes im Zellzyklus. 

Zusammenfassend konnte diese erstmalige und systematische Studie zur Aufklärung 

von einzigartigen und kombinierten Funktionen der PARP-1 und PARP-2 keine Redundanz 

zwischen PARP-1 und PARP-2 in analysierten Endpunkten demonstrieren. Im Gegenteil 

konnte eine neue, katalytisch- und PARP-1-unabhängige Funktion der PARP-2 in der 

Zellproliferation gezeigt werden. Diese Erkenntnis liefert eine wichtige Grundlage zur 

weiteren Erforschung von PARP-2 als Krebswachstums-Hemmer in der Krebstherapie. 
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1 Introductio n 

1.1 Poly(ADP-Ribosyl)ation 

In 1963 Pierre Chambon discovered a new NAD-dependent protein modification now known 

as poly(ADP-ribosyl)ation (PARylation), which marked the launch of a new era in both 

protein research and cell biology (Chambon et al., 1963). Later on the same authors 

discovered that the enzyme, which mediates this protein modification, uses nicotinamide 

adenine dinucleotide (NAD
+
) as a substrate to catalyze the formation of poly(ADP-ribose) 

(PAR) polymers (D'Amours et al., 1999). The enzyme responsible and founding this family of 

proteins is called poly(ADP-ribose) polymerase-1 (PARP-1). Recently, the nomenclature of 

all ADP-ribose transferring enzymes was proposed to be restructured and unified into the 

ADP-ribosyltransferase (ARTs) class of enzymes, based on sequence and structural 

homologies and the similarity of the reaction catalyzed (Hottiger et al., 2010). Here, PARP-1 

was renamed into Diptheria toxin-like ADP-ribosyltransferase 1 (ARTD1), but to avoid 

confusion, will be continued to be named PARP-1 within this work. 

1.1.1 Poly(ADP-Ribosyl)ation Metabolism 

Poly(ADP-ribosyl)ation produced during genotoxic and oxidative stress is one of the earliest 

responses within cells to DNA damage and occurs in all metazoan organisms, many 

eukaryotes, prokaryotes and few viruses, but is absent in yeast (De Vos et al., 2012; Perina et 

al., 2014). So far PARylation has been confirmed for PARP-1, PARP-2, PARP-3, PARP-4 

and PARP-5, whereas mono and oligo ADP-ribosylation has been either confirmed or 

postulated for the remaining members of the PARP family (Kickhoefer et al., 1999; Hottiger 

et al., 2010; Boehler et al., 2011; Gibson & Kraus, 2012).  

 Protein poly(ADP-ribosyl)ation is initiated by N-glycosidic cleavage of the substrate 

NAD
+
, thereby leading to a stoichiometric release of nicotinamide as by-product and transfer 

of the ADP-ribosyl residue to an available e-amino group of lysine, aspartic or glutamic acids 

of the acceptor protein (Figure 1.1). In following cycles of ADP-ribosyl transfer reactions, the 

initial and protein-conjugated ADP-ribosyl residue is elongated, leading to the formation of 

glycosidic 1´ -́2 -́a-O ribose-ribose bonds. Resulting and negatively charged 

poly(ADP-ribose) biopolymers can vary not only in size and length (up to 200 subunits), but 

also in formation of branching points every 20 to 50 ADP-ribosyl residues by forming a 

glycosidic 1`-̀2`` ribose-ribose bond (Kawaichi et al., 1981; Miwa et al., 1981; Alvarez-

Gonzalez & Jacobson, 1987; Alvarez-Gonzalez & Mendoza-Alvarez, 1995; D'Amours et al., 
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1999; A. Bürkle, 2005; Shilovsky et al., 2013). The biopolymer was furthermore suggested to 

exist in a helical conformation with secondary structures due to formation of hydrogen bonds, 

similar to DNA and RNA molecules (Minaga & Kun, 1983a, 1983b). 

 

Figure 1.1. Poly(ADP-ribosyl)ation Metabolism. 

Metabolism of the poly(ADP-ribosyl)ation catalyzed poly(ADP-ribose) polymer is represented in the seven steps 

above. Anabolism of the linear or branched polymer occurs during steps 1-3, whereas catabolism takes place at 

steps 4-7. In the initiation reaction (step 1) poly(ADP-ribose) polymerases (PARP) cleave the glycosidic bond 

between nicotinamide and ADP-ribose by which nicotinamide is released and the ADP-ribose residue is 

transferred onto an acceptor protein. In the following steps 2 and 3 the polymer is elongated up to 200 times or 

branched approximately every 20 to 50 residues. Degradation of poly(ADP-ribose) occurs at steps 4-7 by the 

intrinsic or extrinsic cleavage of the polymer by PARP counteracting enzymes poly(ADP-ribose) glycohydrolase 

and ADP-ribose-arginine protein hydrolyase 3 (ARH3) (Step 4-5) and macrodomain proteins (MacroD1 and 

MacroD2) (Step 6-7). 

 

Poly(ADP-ribosyl)ation of target proteins has been reported for a multitude of different 

cellular functions, i.e. DNA metabolism, chromatin architecture and DNA repair (D'Amours 

et al., 1999; Rouleau et al., 2010). However, the main ADP-ribosyl residue acceptor protein is 

PARP-1, thereby catalyzing its automodification (Ogata et al., 1981). A recent proteomics 

approach based on high-accuracy quantitative mass spectrometry, extended the spectrum of 

PARylated proteins under different genotoxic stress responses by proteins involved in RNA 

metabolism during RNA transcription, RNA processing and RNA splicing (Jungmichel et al., 

2013). Poly(ADP-ribosyl)ation also occurs in the absence of DNA damage. In a protein 

microarray-based approach to identify proteins that are ADP-ribosylated by PARP-2 in the 

absence of DNA damage mimetics, several candidate substrates were identified in translation 

initiation, RNA helicase molecular functions, cell cycle and signal transduction (Troiani et al., 
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2011). Aside from covalent modification of acceptor proteins by ADP-ribosyl residues, four 

different types of motifs or domains have been demonstrated to facilitate non-covalent 

interaction of a wide range of proteins with either free or protein-bound poly(ADP-ribose):  

(1) PAR binding motif, (2) PAR-binding Zn finger, (3) macrodomain, and (4) WWE domain 

(Figure 1.2). Specificity of non-covalent interactions might be dependent on the general 

affinity of the basic amino acids for charged polymers or promoting interactions with one or 

more adenine moieties of poly(ADP-ribose) residues (Gibson & Kraus, 2012).  

 

 

Figure 1.2. Poly(ADP-ribose) binding modules in proteins and recognition strategies. 

(A) Poly(ADP-ribose) (PAR)-binding domains bind to different structural features of PAR. (B) Summary of 

PAR-binding modules structural and functional features. (Gibson & Kraus, 2012) 
 

As depicted in Figure 1.1, this post-translational modification is transient in nature. 

Degradation of the poly(ADP-ribose) polymer is catalyzed on the one hand by the 

poly(ADP-ribose) glycohydrolase (PARG) and ADP-ribose-arginine protein hydrolyase 3 

(ARH3), hydrolyzing PAR polymers into free oligomers and monomers of ADP-ribose, with 

only some hydrolytic activity on the protein-proximal ADP-ribosyl residue (Desnoyers et al., 

1995; Oka et al., 2006; Kleine et al., 2008). On the other hand, macrodomain proteins 

(MacroD2, MacroD1 in human) have been reported as new mono-ADP-ribosylhydrolases, 

which cleave the terminal, protein-proximal ADP-ribosyl residue and thereby release 

mono-ADP-ribose and an unmodified amino-acid product for following ADP-ribosylation 

reactions (Jankevicius et al., 2013; Rosenthal et al., 2013).   

Human PARG is present within cells in three isoforms (111, 102 and 99 kDa), which 

are formed from a single gene by alternative mRNA splicing. The full-size 111 kDa form of 

human PARG was discovered within the nucleus of cells, whereas the shortened 102 kDa and 
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99 kDA isoforms localize to the cytoplasm (Meyer-Ficca et al., 2004). The human PARG 

gene is located on chromosome 10 and shares the same promoter with the translocase of the 

inner mitochondrial membrane (R. G. Meyer et al., 2003). Catabolism of poly(ADP-ribose) 

by PARG was proposed to occur in three stages, with branched polymers being degraded 

slower than linear polymers (Braun et al., 1994; Malanga & Althaus, 1994). In the initial 

phase, poly(ADP-ribose) undergoes endoglycosidic cleavage, followed by endoglycosidic and 

exoglycosidic cleavage with processive degradation. In the final stage, exoglycosidic cleavage 

with distributive degradation mainly takes place, providing mechanisms by which free 

poly- and mono(ADP-ribose) can be formed. Free poly(ADP-ribose) may now lead to several 

physiological consequences through either non-covalent protein binding or performing 

intra- and extra-nuclear signaling functions (Hassa et al., 2006; Wyrsch et al., 2012).  

1.1.2 NAD
+
 Metabolism 

ñPoly-ADP-ribosylation has turned out to be a major NAD-consuming process in most 

eukaryotic cells.ò (Alexander Bürkle, 2006). NAD
+
 serves as cofactors for four types of 

ADP-ribose transfer reactions: (1) ADP-ribose cyclization, (2) deacytylation of proteins by 

the family of sirtuins resulting in O-acetyl-ADP-ribose, (3) mono(ADP-ribosyl)ation, and 

finally (4) poly(ADP-ribosyl)ation (Hassa et al., 2006). 

Cellular NAD
+
 derives from four precursor molecules: (1) tryptophan, (2) nicotinic 

acid, (3) nicotinamide, and (4) nicotinamide riboside. During the de novo synthesis of NAD
+
, 

tryptophan is converted first into the intermediate nicotinic acid mononucleotide (NaMN), 

next to nicotinic acid adenine dinucleotide, and finally to NAD
+
. NaMN can also be produced 

by an alternative import pathway, where nicotinic acid is utilized instead. Finally, the 

salvaging pathway generates first nicotinamide mononucleotide (NMN) from either 

nicotinamide or nicotinamide riboside and then converts this NMN intermediate into the final 

NAD
+
 by use of the nicotinamide mononucleotide adenylyltransferase (NMNAT), a key 

factor of NAD
+
 biosynthesis (F. Berger et al., 2005; Alexander Bürkle, 2006; Valerie 

Schreiber et al., 2006). 

1.2 Poly(ADP-Ribose) Polymerases 

Poly(ADP-ribose) polymerases constitute a gene family of 17 human and 16 mouse 

homologues, encoded by 17 different genes sharing a conserved sequence coding for the 

catalytic domain. Recently, the tRNA phosphotransferase 1 (TPT1) was included in the 

ARTD superfamily as ARTD18 due to structural and functional similarities (Hottiger et al., 

2010). The catalytic domain contains here the PARP signature motif, a highly conserved 
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sequence that forms the active site. In addition to the catalytic domain, proteins within this 

family possess a myriad of different specific motifs and domains (Figure 1.3) (Ame et al., 

2004; Hottiger et al., 2010; Szanto et al., 2012). 

 

Figure 1.3. Schematic comparison of the domain architecture of human ARTD (PARP) family. 

ART, ADP-ribosyltransferase; PRD, PARP regulatory domain; WGR, tryptophan-glycine-arginine rich domain; 

BRCT, BRCA1 carboxy terminal domain; AMD, automodification domain; ZF, zinc finger; SAP, 

SAF/Acinus/PIAS-DNA-binding domain; RRM, RNA recognition motif; SAM, sterile alpha motif; ARD, 

ankyrine repeat domain; HPS, Histidine-proline-serine region; VIT, vault protein inter-alpha-trypsin domain; 

vWA, von Willebrand type A domain; MVP-ID, Major-vault particle interaction domain; WWE, tryptophan-

tryptophan-glutamic acid domain; UIM, ubiquitin interaction motif; GRD, glycine-rich domain; CBD, caveolin 

binding domain; TMD, transmembrane domain. Adapted from (Hottiger et al., 2010) 

 

Poly(ADP-ribose) polymerases within this family also physically and functionally interact, 

above all, PARP-1 and PARP-2. PARP-1 and PARP-2 heterodimerize readily in vitro and in 

vivo through the breast cancer 1 (early onset) protein (BRCA1) carboxy-terminus (BRCT) 

motif or DNA binding domain of PARP-1 and the domain E of PARP-2 (Figure 1.4). 

Furthermore, PARP-1 and PARP-2 are able to PARylate domains involved in the 

heterodimerization, although dimerization is PARylation independent (V. Schreiber et al., 

2002). The recently affinity-purification mass spectrometry analyzed interactome of PARP-1, 

PARP-2 and PARG revealed here 179 interactions, 139 of which were novel PARP protein 

functions and protein interactions within cells (Isabelle et al., 2010). Gene ontology 

examination identified these protein interactions in five biological processes: (1) RNA 

metabolism for PARP-1, PARP-2 and PARG, (2+3) DNA repair and apoptosis for PARP-1 

and PARP-2, and finally (4+5) glycolysis and cell cycle for PARP-1.  
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1.2.1 Poly(ADP-Ribose) Polymerase-1 

Poly(ADP-ribose) polymerase-1 is a nuclear localized protein of 113,2 kDa comprising 1014 

amino acids and is responsible for over 90% of PARylation in cells under conditions of 

genotoxic stress. The human PARP-1 gene is located to chromosome 1 (1q42) and consists of 

six domains with distinct functions (Figure 1.4) (Cherney et al., 1987; Baumgartner et al., 

1992; Shieh et al., 1998).  

 

Figure 1.4. Domain architecture of human PARP-1 and PARP-2. 

Schematic representation of human PARP-1 and PARP-2 gene organization and protein domains. The region 

that is homologous to the PARP signature (residues 859-908 of PARP-1 and 412-461 of PARP-2 in variant 2) as 

well as the crucial residue for polymerase activity (glutamic acid 988 of PARP-1 and glutamic acid 545 of 

PARP-2 in variant 2) are indicated as dark green box. FI, FII: zinc finger motifs; FIII zinc ribbon domain; 

BRCT: BRCA1 C-terminus motif; WGR: Tryptophane-, gylcine-, arginine-rich domain; NLS: nuclear 

localization signal; NoLS: Nucleolar localization signal. Adapted from (Yelamos et al., 2011).  
 

1.2.1.1 Structural Aspects and Activation of PARP-1 

Mammalian PARP-1 features three major functional domains: an amino-terminal DNA 

binding domain of 42 kDA (DBD), an automodification domain of 16 kDa (AMD), and 

finally a carboxy-terminal catalytic domain  of 55 kDa (CAT) (D'Amours et al., 1999). 

The DBD spans the region from amino acids 1 to 366 and contains two zinc fingers (ZF) that 

define a DNA-break-sensing motif, a nuclear localization signal and a zinc ribbon domain 

(ZFIII) . The ZFI and ZFII found within PARP-1 belong to a conserved group of PARP-like 

zinc fingers, first determined for the homologous N-terminal zinc finger domain of DNA 

ligase III (Petrucco & Percudani, 2008; Yelamos et al., 2011; Langelier & Pascal, 2013). ZFI 

and ZFII were reported to be essential for detection of single strand breaks and subsequently 

activation of PARP-1, whereas recognition of double strand breaks has been attributed solely 

to ZFI (Gradwohl et al., 1990; Ikejima et al., 1990). Crystal structure analysis of zinc fingers 

of PARP-1 in complex with DNA double strand breaks showed the interaction of the zinc 

fingers to be mediated through contacts with exposed nucleotide bases using a loop 

connecting two b-strands, termed the ñbase stacking loopò due to hydrophobic residues 
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stacking onto DNA breaks. A second mode of interaction is formed between continuous 

segments of the DNA phosphate backbone and the ñbackbone gripò region of the zinc fingers 

(Langelier & Pascal, 2013). Langelier et al. 2012 furthermore proposed a model of DNA 

damage recognition involving ZFI, ZFIII and the tryptophane-, glycine- and arginine-rich 

(WGR) domain found within the automodification domain of PARP-1, referred to as the 

cis-activation of PARP-1 (Coquelle & Glover, 2012). Here, PARP-1 binds the DNA double 

strand break as a monomer, inducing a conformational change by which the WGR domain 

gets into contact with ZFI and ZFIII, thus contributing to the formation of the DNA-binding 

area and allosteric regulation of the CAT domain (Langelier et al., 2012; Steffen et al., 2014). 

In contrast, the trans-activation model of Ali et al. 2012 proposes that two copies of PARP-1 

heterodimerize at the site of DNA damage, enabling the modification of one protomer by the 

catalytic domain of its dimer partner (Ali  et al., 2012; Coquelle & Glover, 2012). Recognition 

of DNA structures is however not limited to DNA strand breaks. PARP-1 recognizes other 

DNA structures such as distortions in helical structure, hairpins, cruciform structures and 

stably unpaired regions in double-stranded DNA (Sastry & Kun, 1990; Lonskaya et al., 2005; 

Potaman et al., 2005). Moreover, PARP-1 has also been reported to be activated by 

protein-protein interactions in the absence of DNA in vivo and in vitro, as observed for 

phosphorylated extracellular signal-regulated kinase (ERK) 2 and CCCTC-binding factor  

(CTCF) (Cohen-Armon et al., 2007; Guastafierro et al., 2008).  

 The automodification domain spans the region of amino acids 375 to 633 and contains 

a BRCT motif and the WGR domain. Individual lysine residues within this AMD serve here 

as acceptor sites for of poly(ADP-ribosyl)ation, whereas the BRCT motif confers strong and 

specific protein-protein interactions with proteins such as X-ray repair cross-complementing 

protein 1 (XRCC1) and PARP-1/2 for homo-/heterodimerization. As mentioned above, the 

WGR domain may be involved in DNA strand break recognition and RNA-dependent 

activation of PARP-1 (Alkhatib et al., 1987; Cherney et al., 1987; Beernink et al., 2005; 

Alexander Bürkle, 2006; Altmeyer et al., 2009a; Loeffler et al., 2011). 

 The final carboxy-terminal located catalytic domain spans amino acids 662 to1014 and 

is responsible for NAD
+
 binding, ADP-ribose transfer and polymer branching (Alkhatib et al., 

1987; Kurosaki et al., 1987; Simonin et al., 1993). The catalytic active site within the CAT is 

known as the ñPARP signatureò, which consists of a b-a-loop-b-a structural motif and is 

conserved 100% within vertebrates (Ruf et al., 1996; Kraus & Lis, 2003). Three amino acids 

within the PARP signature are essential for its activity: lysine 893 and aspartate 993 attach the 

first ADP-ribosyl residue onto an acceptor amino acid, whereas glutamate 988 might play a 
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role in polymer elongation, a notion under debate, as other reports which mutated glutamate 

988 still observed oligomerisation (Simonin et al., 1993; S. Beneke et al., 2010).   

1.2.1.2 Genetic Knock-out of PARP-1 in Mice 

Genetic disruption of Parp-1 within mice had been achieved in three separate approaches by 

targeting exon 1 (Masutani, Suzuki, et al., 1999), exon 2 (Z. Q. Wang et al., 1995) and exon 4 

(de Murcia et al., 1997). Resulting Parp-1 knock-out mice were viable and fertile, although 

average litter size was significantly smaller in homozygotes when compared to wild-type 

littermates. Furthermore, Parp-1 knock-out mice generated by de Murcia et al. 1997 

displayed significantly lower average weight than their wild-type littermates, whereas Parp-1 

knock-out mice by Wang et al. 1995 displayed spontaneous obesity at the age of 15 months 

(Z. Q. Wang et al., 1995; de Murcia et al., 1997). 

 Analysis of genomic stability within cells from Parp-1 knock-out mice revealed high 

genomic instability, as expected from the role of PARP-1 as genome caretaker 

(Section 1.2.3.1). These Parp-1 knock-out cells displayed increased chromosome aberrations, 

micronuclei formation and frequency of sister chromatid exchange (Trucco et al., 1999; 

Masutani et al., 2000; Shall & de Murcia, 2000). In addition, Parp-1 knock-out mice which 

were g-irradiated and treated additionally by alkylating agents, demonstrated enhanced 

mortality and tissue damage due to acute radiation toxicity (de Murcia et al., 1997; Trucco et 

al., 1999; Masutani et al., 2000). 

 In contrast to genomic instability, Parp-1 knock-out mice were protected from several 

pathophysiologies. PARP-1 deficiency lead to a resistance of streptozotocin-induced diabetes 

(Burkart et al., 1999), decreased susceptibility to dopaminergic neuron neurotoxicity induced 

by neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) (Z. Q. Wang et al., 

1995), septic shock and stroke (Hassa et al., 2001). The involvement of PARP-1 here might 

be attributed to its coactivator activity of nuclear factor ñkappa-light-chain-enhancerò of 

activated B cells (NF-kB) and/or NAD
+
/ATP depletion due to PARP-1 overactivation (A. 

Bürkle, 2001; Hassa et al., 2001). As a result of related mechanisms, PARP-1 was identified 

to be contributing to development of several other inflammation-related pathologies such as 

hepatic lipid accumulation (Erener, Mirsaidi, et al., 2012), glutamate excitotoxicity (Mandir et 

al., 2000), colitis (Jijon et al., 2000), hemorrhagic shock (Liaudet et al., 2000), lung 

inflammation (Boulares et al., 2003) and several kinds of ischemia reperfusion damages 

(Eliasson et al., 1997; Zingarelli et al., 1998; Zheng et al., 2005). 
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1.2.2 Poly(ADP-Ribose) Polymerase-2 

Poly(ADP-ribose) polymerase-2 was identified as a result of residual DNA-dependent PARP 

activity in Parp-1 deficient mouse embryonic fibroblasts and screening of available sequence 

databases (Ame et al., 1999; Berghammer et al., 1999; Johansson, 1999). PARP-2 is a nuclear 

localized protein of 62 kDa and is responsible for 5% to 15% of total cellular 

poly(ADP-ribosyl)ation under conditions of genotoxic stress (Yelamos et al., 2011; Szanto et 

al., 2012). The human PARP-2 gene is located to chromosome 14 (14q11.2) and lies head to 

head with the gene encoding the RNase P RNA subunit. The PARP-2 gene encodes 16 exons 

and 15 introns, which result in three domains similar to the major functional domains found 

within PARP-1 (Figure 1.4) (Johansson, 1999; Ame et al., 2001; V. Schreiber et al., 2002; 

Yelamos et al., 2011). Interestingly, two isoforms of the hPARP-2 protein are generated by 

alternative splicing with an amino acid length of 570 (variant 2) and 583 (variant 1), although 

its functional significance is yet unknown (Yelamos et al., 2011). During embryogenesis of 

mice, Parp-2 is expressed in all actively dividing tissues, with higher levels in kidney, liver 

and thymus, although resembling the expression pattern of Parp-1 (V. Schreiber et al., 2002). 

In humans, PARP-2 is very abundant in the skeletal muscle, brain, heart, testis; highly 

expressed in pancreas, kidney, placenta, ovary, spleen; and low PARP-2 expression was 

detected in lung, leukocytes, gastrointestinal tract, thymus and liver (Johansson, 1999). 

1.2.2.1 Structural Aspects and Activation of PARP-2 

Mammalian PARP-2 can be divided into similar functional regions as PARP-1: 

amino-terminal DNA binding domain, central domain E and the conserved carboxy-terminal 

catalytic domain (domain F) (Ame et al., 1999). 

The DNA binding domain of PARP-2 spans the region of amino acid 1 to 97 and contains a 

nucleolar and nuclear localization signal, as well as the SAF/Acinus/PIAS-DNA-binding 

(SAP) domain. The DBD of PARP-2 is structurally different from PARP-1, probably 

reflecting differences in the DNA structures recognized. Indeed, PARP-2 binds less efficiently 

to single strand breaks in contrast to PARP-1, but instead recognizes gaps and flap structures 

(Alexander Bürkle, 2006; Yelamos et al., 2008). Langelier et al. 2014 furthermore reported 

PARP-2, as well as PARP-3, to be preferentially activated by DNA breaks harboring a 

5ô phosphate, suggesting selective activation in response to specific DNA repair intermediates 

occurring for example during DNA ligation. A finding that was additionally confirmed for 

DNA repair intermediates formed during base excision repair (BER), which also resulted in 

the regulation of BER protein activity (Kutuzov et al., 2013). In contrast to PARP-1, the DBD 

is not strictly required for DNA binding or for DNA-dependent activation, the WGR domain 
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within domain E of PARP-2 was found to facilitate this regulatory function of activation 

(Langelier et al., 2014). However, PARP-2 activity can also be stimulated by RNA through 

binding of the SAP domain and following regulation of activity through the WGR domain 

(Leger et al., 2014). A PARP-1-homologous caspase-3 cleavage site defines the border 

between the DBD and domain E (Menissier de Murcia et al., 2003). 

 Domain E spans amino acids 97 to 218 and contains a WGR domain. Lysines 36 and 

37 serve here as targets for both auto-poly(ADP-ribosyl)ation and acetylation (Haenni et al., 

2008; Altmeyer et al., 2009b). Moreover, domain E contributes to protein-protein 

interactions, such as homo- and heterodimerization with PARP-2 and PARP-1. PARP-2 also 

interacts through domain E with proteins involved in DNA repair, i.e. DNA polymerase b, 

DNA ligase III, XRCC1 and Werner protein, as well as proteins involved in transcription (V. 

Schreiber et al., 2002; von Kobbe et al., 2004; Maeda et al., 2006). A caspase-8 cleavage site 

defines here the border to domain E and the carboxy-terminal domain F (Benchoua et al., 

2002). 

 Domain F spanning the region of 219 to 583 (573) amino acid contains the highly 

conserved carboxy-terminal located PARP signature and exhibits 69% similarity with CAT of 

PARP-1 (Ame et al., 1999). However, domain F contains an additional three amino acid 

insertion in the loop connecting the b-strands k and l (Oliver et al., 2004; Karlberg et al., 

2010). Within this loop the side chain of Y528 is of particular interest, as it points into the 

catalytic cleft of the acceptor site, providing a possible framework for PARP-2 selective 

inhibitors. Moreover, the resulting narrower catalytic cleft might also explain the lower 

substrate affinity and turnover rate of PARP-2 as compared to PARP-1 (Oliver et al., 2004; 

Yelamos et al., 2008; Szanto et al., 2012). 

1.2.2.2 Genetic Knock-out of PARP-2 in Mice 

Parp-2 knock-out mice were generated by targeted disruption of exon 9 within the Parp-2 

allele, thus avoiding any influence on the expression of the RNase P RNA subunit. Parp-2 

knock-out mice were viable and fertile by the age of 18 month and did not display a visible 

abnormal phenotype, PARP-1 up-regulation as compensation or being prone to develop 

tumors (Menissier de Murcia et al., 2003). 

The induction of PARP-2 activity during genotoxic stress and repair of DNA repair 

intermediates suggests its implication in genome surveillance and protection (Alexander 

Bürkle, 2006; Kutuzov et al., 2013; Langelier et al., 2014). The resulting phenotype of 

hypersensitivity of Parp-2 deficient mouse embryonic fibroblasts towards ionizing radiation 

(>2Gy) and alkylating agents was thus expected. Moreover, in contrast to cells from Parp-1 
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knock-out mice, enhanced sensitivity to low-dose radiation (< 2Gy) was also observed 

(Menissier de Murcia et al., 2003; Chalmers et al., 2004). Single strand break repair within 

Parp-2 knock-out MEF was furthermore demonstrated to be delayed, whereas DNA double 

strand breaks accumulated and T-cell receptor rearrangement was impaired in Parp-2 

deficient thymocytes (Yelamos et al., 2006; Mortusewicz et al., 2007; Nicolas et al., 2010). In 

line with these genomic stability observed phenotypes, spontaneous and DNA-damage 

induced chromosome missegregation, increased frequency of ends lacking detectable 

telomeres and X-chromosome instability leading to female embryonic lethality were also 

reported (Menissier de Murcia et al., 2003; Dantzer et al., 2004; Gomez et al., 2006). 

 In contrast to Parp-1 knock-out mice, protection or resistance from 

inflammation-associated pathologies is not as pronounced in Parp-2 knock-out mice. Cells 

from Parp-2 knock-out mice were not protected against cerulean-induced pancreatitis and 

pancreatitis-associated lung injury in contrast to Parp-1 deficient MEF (Mota et al., 2005). 

Moreover, an increased neuronal loss after global cerebral ischaemia was observed in Parp-2 

deficient cells, whereas Parp-1 deficient cells showed neuroprotection (Kofler et al., 2006). 

However, within the same study by Kofler et al. 2006, Parp-1 and Parp-2 deficiency 

protected against focal cerebral ischaemia. 

 In addition to genomic stability and inflammation-associated pathology phenotypes, 

Parp-2 knock-out mice and derived cells (MEF, thymocytes, spermatocytes and adipocytes) 

displayed G2/M cell cycle arrests following monofunctional alkylation reagent treatment, 

high degree of DNA damage-induced apoptosis (Menissier de Murcia et al., 2003), impaired 

spermatogenesis (Dantzer et al., 2006), impaired adipogensis (Bai et al., 2007) and impaired 

thympoiesis (Yelamos et al., 2006). 

1.2.3 Biological Functions of PARP-1 and PARP-2 

Individual genetic disruptions of Parp-1 and Parp-2 within mice and cellular-based 

investigations have demonstrated the involvement of PARP-1 and PARP-2 in a multitude of 

different cellular functions: cell death (Aredia & Scovassi, 2014), gene expression (Ji & 

Tulin, 2013; Kraus & Hottiger, 2013), chromatin organization (Dantzer & Santoro, 2013), 

carcinogenesis (Masutani & Fujimori, 2013), immunology (Bai & Virag, 2012; Rosado et al., 

2013), cellular signaling and longevity (Burkle & Virag, 2013), metabolic regulation and 

disease (Bai & Canto, 2012), DNA repair and genomic stability (De Vos et al., 2012; Robert 

et al., 2013), and their exploitation in cancer therapy (Mangerich & Burkle, 2011).  

 In 2003 de Murcia and colleagues aimed to elucidate potential functional interactions 

between PARP-1 and PARP-2 in mice, as genetic knock-out mouse models and 
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heterodimerization of both proteins suggested a degree of redundancy in their cellular 

functions. Intercrossing of Parp-1
-/-

 and Parp-2
+/-

 mice to generate the double null mutant 

mice failed however to identify any double negative genotype. In contrast, embryonic 

lethality at embryonic day 8.5 before appearance of first somite pairs was observed, thereby 

providing strong evidence for Parp-1 and Parp-2 gene products to be essential during early 

embryogenesis and moreover suggesting possible functional redundancies between PARP-1 

and PARP-2 (Menissier de Murcia et al., 2003). However, no systematic studies on possible 

redundant functions of PARP-1 and PARP-2 have been described to date. The following 

sections will aim to highlight some of the differences and similarities found within the current 

available literature of PARP-1 and PARP-2 mediated cellular functions. 

1.2.3.1 Genome Maintenance 

A life-long stability and proper function of DNA within cells is compromised by a perplexing 

diversity of lesions arising from three main causes: (1) environmental agents such as ionizing 

radiation and genotoxic chemicals, (2) products from normal cellular metabolism including 

reactive oxygen species, and (3) spontaneous disintegration of chemical bonds within DNA 

leading to formation of abasic sites or miscoding bases by deaminations (Hoeijmakers, 2001). 

Mammalian cells have devised several and partially overlapping DNA repair pathways to 

counter these arising DNA lesions. Base excision repair (BER), nucleotide excision repair 

(NER), mismatch repair (MMR), DNA double strand break (DSB) repair consisting of 

homologous recombination (HR) and non-homologous end joining (NHEJ) and O
6
-methyl 

guanine methyltransferase (MGMT) (Hoeijmakers, 2001).  

 One of the earliest responses in mammalian cells to DNA damage is the recruitment of 

PARPs to the site of DNA damage, inducing activation and subsequent 

poly(ADP-ribosyl)ation of acceptor proteins in DNA repair (De Vos et al., 2012). Thus, 

involvement of PARP-1 has been reported for BER, NER, NHEJ and HR, whereas PARP-2 

contributes so far only to BER and HR repair pathways (Robert et al., 2013), indicating a role 

of PARP-1 and PARP-2 as genomic caretakers. Neither PARP-1 nor PARP-2 have so far been 

implicated in MMR or MGMT repair pathways, although PARP-1 was suggested to be 

involved in the 5ô-directed excision in human mismatch repair (Y. Liu et al., 2011). The role 

of PARP-1 and PARP-2 as genomic caretakers is furthermore supported in studies on 

telomere maintenance, where both proteins are involved in the regulation of telomere length 

and integrity (Dantzer et al., 2004; S. Beneke et al., 2008). PARP-1 and PARP-2 are limited 

not only to an involvement in essential DNA repair pathways or telomere maintenance, but 

also contribute to counteract carcinogenesis and genomic instability by synergistic 
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cooperation or regulation of proteins involved in cell cycle regulation (R. Beneke & Moroy, 

2001; Tong et al., 2003; Nicolas et al., 2010; Liang et al., 2013).   

1.2.3.1.1 PARP-1 and PARP-2 in Base Excision Repair 

Base excision repair removes non-helix-distorting base lesions from the genome, which occur 

during normal cellular metabolism through reactive oxygen species, methylation, deamination 

and hydroxylation. Specific DNA glycosylases and apuric/apyrimidic endonucleases process 

these DNA damages into single strand breaks (SSB). SSB are repaired either through the 

short-patch repair complex, involving DNA polymerase b, XRCC1 and DNA ligase III, or a 

long-patch repair network involving DNA polymerase d/e, the flap endonuclease-1 (FEN-1), 

replication factor PCNA and DNA ligase I (Dianov, 2011; Robert et al., 2013). 

 PARP-1 interacts physically and functionally with several BER associated proteins to 

promote either their recruitment to the site of DNA damage (XRCC1 and aprataxin) and/or to 

modulate their activity (DNA polymerase b, 8-oxoguanin DNA glycosylase (OGG1), DNA 

ligase III, FEN-1) (Dantzer et al., 2000; Heale et al., 2006; Harris et al., 2009; Noren Hooten 

et al., 2011; Kutuzov et al., 2013). PARP-1 detects SSB here through the zinc finger II 

(Gradwohl et al., 1990) and interacts with XRCC1 through the BRCT domain; an interaction 

shown to be required for the assembly and stability of XRCC1 nuclear foci at the site of DNA 

damage and moreover to be PARP-2 independent (Masson et al., 1998; Dantzer et al., 1999; 

El-Khamisy et al., 2003; Mortusewicz et al., 2007). Mortusewicz and colleagues furthermore 

showed the PARP-1 recruitment to be feedback-regulated. Here, a first wave of PARP-1 

recruitment is mediated through the DNA binding domain, followed by a second wave of 

recruitment mediated by the BRCT domain that recognizes the locally produced PAR 

polymers (Mortusewicz et al., 2007). The successive recruitment and focal accumulation of 

PARP-1 may induce additional PARylation, triggering the release of PARP-1 and thus 

enabling the recruitment of PARP-2 to the site of DNA damage. PARP-2 physically and 

functionally interacts here with XRCC1 (through domain E), DNA polymerase b and DNA 

ligase III (V. Schreiber et al., 2002). PARP-2 was shown to persist longer at later steps of 

BER, which is in agreement with the recently proposed activation models of PARP-2 by DNA 

repair intermediates, resulting in the regulation of DNA lesion resealing and re-establishment 

of genomic integrity (Mortusewicz et al., 2007; Kutuzov et al., 2013; Langelier et al., 2014). 

 PARP-1 and PARP-2 also seem to have some overlapping functions here, despite their 

temporal controlled recruitment during BER. PARP-1 and PARP-2 can inhibit DNA 

polymerase b and FEN-1 activity, whereas PARP-1 can only restore the activity of FEN-1 

again in the absence of PARP-2. PARP-2 may thus directly regulate BER proteins and 
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modulate PARP-1 influence on BER. However, the precise function of PARP-2 in BER 

remains to be elucidated (Kutuzov et al., 2013). 

1.2.3.1.2 PARP-1 and PARP-2 in Homologous Recombination 

DNA double strand breaks arise from ionizing radiation, free radicals, chemicals or during 

replication of a SSB through collapsed replication forks and failure in DSB repair has been 

associated with developmental disorders and cancer. Two main pathways have evolved to 

counteract the adverse consequence of DSB accumulations: (1) Homologous recombination, 

an error-free pathway that is restricted to the S-G2 phase of the cell cycle and uses the sister 

chromatid as template for repair, and (2) non-homologous end joining, a prevalent repair 

pathway during all cell cycle phases but error-prone as it simply reattaches free DNA ends 

(Hoeijmakers, 2001; Ciccia & Elledge, 2010; Robert et al., 2013). 

 Homologous recombination is initiated by a 5ô-3ô resection of the DSB end and is 

facilitated by Mre11/Rad50/Nbs1 (MRN), CtIP and BRCA1 complexes. The produced 

recombinogenic 3` single-strand DNA stretch is coated next and then stabilized by the 

replication protein A (RPA). In following steps, RPA is replaced by the recombinase RAD51, 

which together with BRCA2 promotes strand pairing and invasion to complete the process. 

Not only does HR ensure repair of DSB during replication or following stress, but also 

mediates restart of stalled replication forks (Ciccia & Elledge, 2010; De Vos et al., 2012).  

 The role of PARP-1 (and PARP-2) in the repair of DSB formed under genotoxic stress 

remains unclear. Early findings demonstrated that homology-directed repair of 

endonuclease I-induced DSB or gene-targeted efficiency were unaffected by inhibition or loss 

of PARP-1, suggesting a controlling role of PARP-1 in HR (Yang et al., 2004). However in 

other studies, PARP-1 deficiency caused spontaneous increase of sister chromatid exchanges 

(SCE), whereas overexpression suppressed the DNA damaged-induced SCE. Thus, PARP-1 

was suggested to influence recombination (de Murcia et al., 1997; R. Meyer et al., 2000). 

Moreover, PARP-1 had been reported to be required for the accumulation of the MRN 

complex at DSBs and also physically and functionally interacts with the two phosphatidyl 

inositol 3-like protein kinases ATM, a protein crucial for DSB signaling (Haince et al., 2007; 

Haince et al., 2008). 

 Bryant et al. 2009 clarified these observations to some extend by specifying the role of 

PARP-1 and possible PARP-2 in HR induced at stalled replication forks (Bryant et al., 2009). 

The hydroxyurea-dependent triggering of replication fork stalling and depletion of dNTP 

pools induces a PARP-1/PARP-2 dependent PARylation, which mediates the recruitment and 

activation of the MRN complex. Activity of the MRN complex leads to processed ends, i.e. 
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SSB formation, allowing recruitment of RAD51 and subsequent repair of the break by the HR 

pathway. Thus, a specific role for PARP-1 and possible PARP-2 might be defined in the 

HR-mediated replication restart but not in HR-mediated repair of DSB in general (De Vos et 

al., 2012). A similar potential role of PARP-1 and PARP-2 has been postulated for the 

HR-mediated repair of DSB within regions of heterochromatin, mediated through ATM, the 

co-repressor KAP1 and chromodomain protein HP1 (see section 1.2.3.3 for the contribution 

of PARP-1 and PARP-2 in the maintenance of heterochromatin) (De Vos et al., 2012).  

1.2.3.1.3 Telomere Maintenance 

In vertebrates telomeres consist of a highly repetitive TTAGGG DNA sequence which forms 

the end of chromosomes and protects against the loss of genetic material during replication or 

degradation by DSB recognition. Elongation and extension of telomeric DNA is catalyzed by 

the enzyme telomerase and produces a single-stranded 3ôoverhang (t-loop) which folds back 

and invades the double-stranded DNA. This loop-like structure is then covered by a protective 

shelterin complex (D. Liu et al., 2004; de Lange, 2005; Dantzer & Santoro, 2013). The 

shelterin complex consists here of telomeric repeat binding factor 1 (TRF1; involved in 

telomere homeostasis), TRF2 (protecting against DSB repair signaling), protection of 

telomeres protein 1 (POT1), TRF1-interacting protein nuclear protein 2 (TINF-2), POT1 and 

TIN2 organizing protein (TPP1) and TRF2-interacting telomeric protein 1 (RAP1) (de Lange, 

2005). 

 PARP-1 and PARP-2 interact with TRF2 but display different outcomes. PARP-2 

regulates the DNA-binding activity of TRF-2 on the one hand by PARylation of the 

dimerization domain and on the other by non-covalent binding of PAR to the DNA binding 

domain of TRF2. As a consequence of PARP-2 regulation, the t-loop structure relaxes and 

allows access for the repair machinery upon strand break detection, explaining observed 

spontaneous increased frequency of chromosomal ends that lack detectable telomere repeats 

in Parp-2 deficient MEF (Dantzer et al., 2004; Gomez et al., 2006). PARP-1 also regulates 

DNA-binding activity of TRF2 by PARylation of the dimerization domain and is 

preferentially targeted to eroded telomeres upon DNA damage. Thus, PARP-1 was considered 

as a repair factor to protect damaged telomeres against chromosome end-to-end fusion 

(Gomez et al., 2006; Dantzer & Santoro, 2013). However, the role of PARP-1 in telomere 

length regulation is controversial. Some groups reported PARP-1 to be dispensable as 

PARP-1 deficiency did not affect telomere length, whereas other groups reported PARP-1 

deficiency to result in a substantial loss of telomeric DNA by 30% or an increase in 

chromosome end-to-end fusions. Moreover, a recruitment of PARP-1 to critically short 
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telomeres in telomerase-deficient murine embryonic stem cells had been reported (d'Adda di 

Fagagna et al., 1999; Samper et al., 2001; Gomez et al., 2006). Taken together, current 

research highlights a specific role of PARP-2 in telomere integrity, whereas PARP-1 acts in 

telomere homeostasis, with both functions being mediated through TRF2 regulation. 

1.2.3.1.4 Cell Cycle, p53 and PARP 

Increasing genomic instability due to accumulating severe DNA damage or dysregulation of 

mitosis may lead to tumor formation. Formation of tumors occurs when accumulated DNA 

damage leads to mutation of cell cycle regulating genes such as cycline-dependent kinases 

and tumor suppressor proteins, causing the cell to multiply uncontrollably (Tian et al., 2012). 

A complex cellular network has thus evolved to counteract carcinogenesis and regulate cell 

cycle, thereby maintaining genomic stability within cells by removal or neutralization of 

erroneous cells through apoptosis, senescence or DNA repair. 

A key factor in counteracting carcinogenesis is the tumor suppressor protein p53; a protein 

mutated on one or two alleles within at least 50% of all human tumors (Aylon & Oren, 2007; 

Weinberg, 2007). PARP-1 physically interacts with p53, whereas no physical interaction was 

so far shown for PARP-2 (Kumari et al., 1998). On the organismal level PARP-1 and p53 

synergistically cooperate in chromosome and telomere maintenance, as well as tumor 

suppression (R. Beneke & Moroy, 2001; Tong et al., 2001; Tong et al., 2003). Although 

PARP-2 and p53 may not physically interact, their functional interplay was demonstrated in 

mice. Loss of PARP-2 and p53 within mice induced spontaneous lymphomas, sarcomas and 

correlated with increased susceptibility to alkylation induced acute myeloid leukemia, 

suggesting a synergistic cooperation towards tumor suppression (Cahan & Graubert, 2010; 

Nicolas et al., 2010). Moreover, inactivation of p53 in Parp-2 deficient mice suppressed 

radiosensitivity following g-irradiation in these double negative mice (Nicolas et al., 2010). 

 On the cellular level, PARP-1 and p53 functionally interact in order to allow a DNA 

damage response or p53-dependent apoptosis (Kumari et al., 1998; X. Wang et al., 1998; 

Valenzuela et al., 2002). Furthermore, PARP-1 mediated PARylation of p53 represents a 

complex regulatory mechanism for modulating p53 activity. Here, PARylation of p53 has 

been reported to inhibit the binding affinity to its transcriptional consensus sequence 

(Malanga et al., 1998; Mendoza-Alvarez & Alvarez-Gonzalez, 2001). In another proposed 

model, PARylation of p53 leads to masking of the nuclear export sequence within p53, 

resulting in a nuclear accumulation of p53, allowing transactivational functions of the tumor 

suppressor (Kanai et al., 2007). However, PARP-1 also indirectly interplays with p53 by 
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association with p53 downstream targets, i.e. cell cycle-dependent kinase inhibitor p21 

(Frouin et al., 2003). 

 In contrast, the cellular interplay between PARP-2 and p53 has not been studied in 

much detail. As suggested from observations on the organismal level, PARP-2 and p53 might 

functionally interact on the cellular level, as additional loss of p53 in Parp-2 deficient 

thymocytes restored their survival and normal development (Nicolas et al., 2010). Moreover, 

loss of p53 or p53 up-regulated modulator of apoptosis (PUMA), but not Noxa, suppressed 

g-irradiation-induced radiosensitivity in Parp-2 deficient hematopoetic stem cells (Nicolas et 

al., 2010). In line with reports from PARP-1, PARP-2 also indirectly affects p53. Recently, 

the FK506 binding protein 3 (FKBP3) was identified to be PARylated by PARP-2, a protein 

which modulates the negative feedback loop between p53 and MDM2. Thus, PARylation of 

PARP-2 regulates the p53 growth-suppressive function in unstressed cells (Moll & Petrenko, 

2003; Troiani et al., 2011). 

In a PARylation independent regulation of cell cycle, PARP-2 is recruited to different 

cell cycle related promoters, i.e. c-MYC, CDKN1A (p21), RB1 (retinoblastoma) and 

transcription factor E2F1, by the transcriptional repressor protein YY1. PARP-2 now recruits 

histone deacetylase (HDAC) 5 and 7, as well as histone methyltransferase G9a and thus 

induces transcriptional repression. Progression through cell cycle phases was thus suggested 

to be PARP-2 dependent, for example in G1 cell cycle phase progression through the negative 

regulation of c-MYC, which prevents premature G1 cell cycle phase exit (Liang et al., 2013). 

In summary, PARP-1 and PARP-2 are able to preserve genomic maintenance by 

interaction with the tumor suppressor p53, facilitating cell cycle regulation, apoptosis and 

DNA damage responses. The role of PARP-1 seems however limited to the physical and 

functional interaction of p53 or its downstream targets, whereas PARP-2 has unique functions 

in cell cycle regulation by conferring transcriptional repression of cell cycle-related genes.  

1.2.3.2 Chromatin Integrity 

Chromatin is a highly ordered complex of DNA and proteins compacting genetic information 

of about two meters into the nucleus. The dynamic structure of this complex is thus 

undergoing constant packaging and unpacking of DNA elements to ensure epigenetic control 

of gene regulation, intact DNA replication and other cellular processes (Nair & Kumar, 2012). 

Chromatin can be functionally divided into two subtypes, euchromatin and heterochromatin, 

(Babu & Verma, 1987). Heterochromatin is enriched in methylated DNA, hypoacetylated 

histones, and trimethylated lysine 9 on histone 3 (H3K9m3), the preferred binding site of 

heterochromatin protein 1 (HP1) (Kwon & Workman, 2008). 
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 PARP-1 and PARP-2 interact with and/or PARylate key modulators of chromatin 

structure and functions in both unstressed cells and cells exposed to genotoxic stress (M. Y. 

Kim et al., 2004; Dantzer & Santoro, 2013). Acceptor proteins of poly(ADP-ribose) 

contribute to chromatin architecture, such as histones, lamins, high-mobility group (HMG) 

proteins, topoisomerases and the DEK protein (Gagne et al., 2003; Rouleau et al., 2004; 

Gamble & Fisher, 2007; Jungmichel et al., 2013). In addition, PARP-1 and PARP-2 are also 

part of a protein network containing the transcriptional intermediatory factor 1 beta (TIF-1b, 

also known as KRAB-interacting protein 1 ï KAP1), which mediates heterochromatin 

dynamics during endodermal differentiation (Quenet et al., 2008). Here, PARP-1-dependent 

PARylation controls the progression through parietal/endodermal differentiation by regulation 

of the TIF-1b and HP1 association, whereas PARP-2 is required for targeting of TIF-1b to 

heterochromatic foci during primitive-endodermal differentiation. Although PARP-2 

functions during chromatin remodeling can be attributed more to centromere organization and 

cell division (Section 1.2.3.3), PARP-1 seems to facilitate a more complex function during 

chromatin remodeling. Here, the involvement of PARP-1 during chromatin remodeling has 

been linked to histone shuttling, chromatin relaxation, recruitment of repair factors, histone 

organization and transcriptional repression in general, maintenance of nuclear stability, DNA 

replication and establishment of silent chromatin in ribosomal DNA (Poirier et al., 1982; 

Althaus, 1992; Realini & Althaus, 1992; Dantzer et al., 1998; Ullrich et al., 1999; 

Krishnakumar et al., 2008; Guetg et al., 2010; Guetg et al., 2012; Dantzer & Santoro, 2013) 

1.2.3.3 Centromere Organization and Cell Division 

Faithful duplication of DNA and correct alignment of chromosomes across the mitotic spindle 

are essential for genome integrity during cell division. Key regions in chromosome 

segregation are centromeres, which comprise a central region called the inner centromere 

(kinetochore formation) and nearby heterochromatin (chromatid cohesion). Disruption of the 

centromere may cause missegregation, aneuploidy and cancer (Dantzer & Santoro, 2013). 

 During genotoxic stress PARP-1 and PARP-2 demonstrate identical binding patterns 

to the architectural kinetochore proteins centromere protein A, centromere protein B and the 

mitotic spindle checkpoint protein BUB3, which contribute to heterochromatin formation at 

centromeres (Saxena, Saffery, et al., 2002; Saxena, Wong, et al., 2002). Recently, PARP-3 

was reported as a new player in the stabilization of the mitotic spindle in addition (Boehler et 

al., 2011). PARP-1 shows here an extensive accumulation at nearby heterochromatin, whereas 

PARP-2 displays a specific localization towards discrete doublets at the outer region of 

centromeres, suggesting an unique function of PARP-2 at centromeres. This unique function 
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of PARP-2 is supported by Parp-2 deficient mice displaying misseggregation and centromere 

dysfunction in mitotic and meiotic male germ cells (Menissier de Murcia et al., 2003; Dantzer 

et al., 2006). In contrast, Parp-1 deficiency was reported to impair HIV-1 genome integration 

near centromeric heterochromatin, an often used strategy for latent infection of viruses 

(Kameoka et al., 2005; Dantzer & Santoro, 2013).  

1.2.3.4 Inflammation 

Protection from acute and chronic inflammatory diseases in Parp-1 and Parp-2 knock-out 

models demonstrated early on the involvement of PARPs in inflammatory processes (Sections 

1.2.1.2 and 1.2.2.2). In line with association of PARPs within inflammation, transgenic mice 

harboring an ectopic integration of human PARP-1 displayed premature development of 

adiposity, kyphosis, nephropathy, pneumonitis, cardiomyopathy, hepatitis, anemia, and a 

dysregulation of inflammatory cytokine gene expression (Mangerich et al., 2010).  

 PARP-1 mediates the expression of cytokines, chemokines and other inflammatory 

mediators including interleukines (IL-1, IL-6), interferons (IFN-g), CCL3, inducible 

nitric-oxide synthase (iNOS) and tumor necrosis factor a (TNF-a). Moreover, PARP-1 is 

required for expression of several adhesion molecules, chemoattractant chemokines and 

matrix metalloproteases, which upon PARP-1 inhibition or deficiency resulted in inhibited 

cell migration to inflammatory sites (Zingarelli et al., 1998; Sharp et al., 2001; Ullrich et al., 

2001; Rosado et al., 2013). Expression of inflammatory mediators is however not limited to 

PARP-1, as PARP-2 regulates here a common set of inflammatory mediators including iNOS, 

IL-1b and TNF-a (Szanto et al., 2012). Moreover, the inflammatory response of PARP-1 and 

PARP-2 is not limited to the innate immune system (neutrophils, macrophages, dendritic 

cells, microglia, etc.) but also plays a role in other cell types such as endothelial cells and 

fibroblasts (Rosado et al., 2013). PARP-1 and PARP-2 do not only share a common set of 

inflammatory mediators, but also cooperatively (with PARP-3) regulate the activation of 

astrocytes during Staphylococcus aureus induced release of proinflammatory cytokines 

(Phulwani & Kielian, 2008).  

The central role of PARP-1 in inflammation is its role in NF-kB activation. PARP-1 

interacts with both subunits of NF-kB, i.e. p65 and p50, and dependents on the acetylation 

status of PARP-1, but not PARP-1 activity itself (Hassa & Hottiger, 1999; Hassa et al., 2001; 

Hassa et al., 2005). However, activity of PARP-1 is also needed to link DNA damage and 

inflammatory processes (Figure 1.5). Under oxidative stress, PARP-1 recruits a network of 

interacting proteins to the site of DNA damage, called the signalosome. The signalosome 
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comprises a small ubiquitin-like modifier (SUMO) E3 ligase (PIASg), inhibitor of nuclear 

factor kappa-B kinase subunit gamma (IKKg, also known as NEMO, NF-kB essential 

modulator), ATM and PARP-1. SUMOylation and phosphorylation of IKKg lead here to the 

nuclear export of IKKg and subsequently to the activation and nuclear import of NF-kB. Here, 

PARP-1 coactivator functions of NF-kB are initiated, as mentioned above, leading to 

expression of inflammatory mediators (Stilmann et al., 2009). 

 

Figure 1.5. Regulation of NF-kB activation by PARP-1. 

PARP-1 regulates inflammatory processes via its interaction with NF-kB. On a first level, oxidative stress leads 

DNA damage and subsequent activity of ATM and PARP-1. The resulting poly(ADP-ribose) formation serves 

here has a platform to recruit the SUMO1 ligase PIASg and IKKg (NEMO, NF-kB essential modulator), 

forming the signalosome complex. SUMOylation and phosphorylation of IKKg lead to the nuclear export of 

IKKg. Cytoplasmic IKKg then leads to the phosphorylation of either IKKa or IKKb, a process undetermined yet. 

In the case depicted above, the non-cannonical pathway may be activated leading to the phosphorylation and 

release of the inhibitor of NF-kB (IkB) from NF-kB. Thus, activated NF-kB can enter the nucleus and encounter 

the second level of PARP-1 regulation. Here, PARP-1 and the p300/CREB binding protein bind to NF-kB, 

which result in the sequence-specific DNA binding of NF-kB and transcription of inflammatory mediators like 

iNOS, P-Selectin and cytokines (see text for references). 

1.2.3.5 Cell Death 

DNA damage-induced poly(ADP-ribosyl)ation by PARP-1 and PARP-2 and the resulting 

poly(ADP-ribose) are involved in different paradigms of cell death (Aredia & Scovassi, 

2014). Severe genomic stress or intense inflammation may result in intracellular NAD
+
 

depletion (due to PARP overactivation) and thus cells will attempt to replenish the 

intracellular NAD
+ 

pool by consuming large amounts of ATP, triggering necrosis through 

energy depletion (N. A. Berger et al., 1983; D'Amours et al., 1999; Zong et al., 2004; Rosado 

et al., 2013).  
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PARP-1 and PARP-2 mediate apoptotic cell death through both caspase-dependent 

and caspase independent pathways. In proliferating cells, PARP-1 and PARP-2 are involved 

in caspase-dependent apoptosis through their regulatory interaction with p53 

(Section 1.2.3.1.4). During the caspase-dependent cell death, PARP-1 and PARP-2 are 

cleaved by caspase 3 and 8 (PARP-1 also by caspase 7) to presumably inactivate the enzymes 

and therefore preserve cellular ATP pools for programmed cell death (Germain et al., 1999; 

Benchoua et al., 2002; Menissier de Murcia et al., 2003; Koh et al., 2005). On the other hand, 

PARP-1 and PARP-2 have been demonstrated to be involved in caspase-independent 

apoptosis through the release of the apoptosis inducing factor (AIF) from mitochondria, 

triggering an apoptotic event called ñparthanatosò (Andrabi et al., 2006; Li  et al., 2010). In 

this process, PAR translocates to the cytosol either as free polymer ï released from acceptor 

proteins by PARG ï or as PARylated proteins. Cytosolic PAR now induces the translocation 

of AIF from mitochondria into the nucleus, triggering chromatin condensation, DNA 

fragmentation and finally cell death by PARP-1 overactivation (David et al., 2009; Chiu et 

al., 2011). However, Andrabi and colleagues have recently reported a paradigm shift in 

parthanatos-mediated cell death. Here the authors show that bioenergetic shifts following 

PARP-1 overactivation are not dependent of NAD
+ 

depletion
 
, but instead by PAR-dependent 

inhibition of hexokinase activity leading to defects in glycolysis (Andrabi et al., 2014).  

1.2.3.6 Metabolic Regulation 

Previous sections within this work have already demonstrated some of the impacts of PARP-1 

and PARP-2 activation and activity on cellular metabolism. Here, activity of PARP-1 and 

PARP-2 has led to changes in NAD
+
 metabolism, ATP crisis and defects in glycolysis during 

oxidative stress or cellular homeostasis.  

PARP-1 and PARP-2 also affect metabolism by interacting with transcriptional factors 

regulating mitochondrial and lipid oxidation genes, such as peroxisome proliferator-activated 

receptor gamma (PPARg) or forkheadbox protein O1 (FOXO1) (Evans et al., 2004; Bai et al., 

2007; Sakamaki et al., 2009). Absence of PARP-2 impairs here the activation of PPARg and 

indirectly affects PPAR proteins further by negatively regulating sirtuin-1 (SIRT-1); a 

NAD
+
-dependent deacetylase that regulates oxidative metabolism and global metabolic 

homeostasis (Bai, Canto, Brunyanszki, et al., 2011; Szanto et al., 2011; Bai & Canto, 2012). 

Loss of PARP-2 induces here SIRT-1 expression and results in higher SIRT-1 activity, 

whereas PARP-1 deficiency does not alter activity of the SIRT-1 promoter but rather 

positively affects NAD
+
 availability for SIRT-1 (Bai, Canto, Oudart, et al., 2011). The 

PARP-1, PARP-2 and SIRT-1 interplay has thus been proposed to regulate mitochondrial 
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biogenesis and energy expenditure through enhancing terminal oxidation, fatty acid 

degradation and mitochondrial uncoupling (Rodgers et al., 2005; Lagouge et al., 2006; Szanto 

et al., 2012). Results from PARP-1 and PARP-2 deficient mice furthermore support the role 

of PARP-1 and PARP-2 in regulation of energy expenditure. Here, deletion of either PARP-1 

or PARP-2 protected against age- and high fat diet induced body weight gain (Bai, Canto, 

Brunyanszki, et al., 2011; Erener, Hesse, et al., 2012). Moreover, Parp-2 deficient mice are 

smaller and leaner than their wild-type litter mates and transgenic mice harboring an ectopic 

integration of human PARP-1 display enhanced adiposity, whereas Parp-1 deficient mice 

show reduced fat mass disposition (Bai et al., 2007; Mangerich et al., 2010; Bai, Canto, 

Brunyanszki, et al., 2011). 

1.3 RNA Interference 

The term RNA interference (RNAi) was initially used to describe the observation of 

double-stranded RNA (dsRNA) blocking gene expression within worms (Fire et al., 1998) 

and has become a powerful tool not only in studying gene function, but also for therapeutic 

applications (Castanotto & Rossi, 2009). 

RNAi is a natural mechanism within cells that leads to RNA-dependent gene silencing 

through either degradation of mRNA or inhibition of protein translation (Figure 1.6). 

Subsequently, RNAi plays a vital role in immunity and gene regulation (Whitehead et al., 

2011). In the RNAi initiating step, endogenous dsRNA within the cytoplasm is cleaved by the 

ribonuclease Dicer to produce double-stranded RNA fragments of 20-25 nucleotides (nt) with 

a 2-nt 3ô overhang (small interfering RNA, siRNA) (Agrawal et al., 2003). The siRNA 

produced within this first step is transferred to the RNAi effector complex, called 

RNA-induced silencing complex (RISC) (Jinek & Doudna, 2009). The RISC complex 

assembles on one of the two strands of the siRNA duplex and is activated upon the removal of 

the passenger strand. Thus, the activated RISC is a ribonucleoprotein complex minimally 

consisting of the core protein Argonaute (Ago) and single-stranded siRNA, acting as a guide 

to the target complementary mRNA sequence (Elbashir, Martinez, et al., 2001; Schwarz et al., 

2003; Meister et al., 2004; Song et al., 2004; Matranga et al., 2005; Rand et al., 2005). 

Recognition of the target complementary sequence by the guide-strand siRNA then induces 

Ago-mediated cleavage of mRNA or inhibition of protein translation (Bantounas et al., 2004). 

 Introduction of siRNA for gene silencing can occur in several ways 

(Figure 1.6). As described above, siRNA can be synthesized from endogenous dsRNA within 

the cytoplasm. In the case of exogenous dsRNA, dsRNA is either introduced as a viral 

genome through viral infection or as vectors harbouring short-hairpin DNA through 
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laboratory manipulation. In either case, the potential double-stranded RNA inducer coding 

DNA sequence will be transcribed by a RNA polymerase II or III, depending on the promoter 

utilized within the coding DNA sequence (McIntyre et al., 2011). The primary transcript is 

processed next by a complex comprising the RNase III type endonuclease Drosha, after which 

the dsRNA is exported from the nucleus via exportin 5, a mechanism which is shared with 

microRNA during their post-translational modification. Within the cytoplasm, dsRNA or 

shRNA (product from laboratory manipulations) is processed next by Dicer and the RISC 

complex, as described above for endogenous dsRNA (Brummelkamp et al., 2002; Yi  et al., 

2003; Gregory et al., 2006; Pillai et al., 2007). 

 

 
 

Figure 1.6. Mechanism of endogenous and exogenous dsRNA processing during RNA interference.   

Double-stranded RNA from exogenous sources can originate either from viruses or from laboratory 

manipulations (small interfering RNA (siRNA) and short hairpin-RNA (shRNA) coding vectors). Upon entry 

into cells, shRNA coding vectors or the viral genome are transported into the nucleus. Whereas viral genomes 

are preferentially integrated into the host genome, shRNA encoding vectors may be directly transcribed by RNA 

polymerases. Resulting primary transcripts (pri-dsRNA) are recognized by an RNase III type endonuclease, 

Drosha, converting pri-dsRNA into pre-dsRNA. Pre-dsRNA is exported out of the nucleus by Exportin 5 and 

recognized by the ribonuclease Dicer. Dicer cleaves pre-dsRNA under ATP expenditure into siRNA. At this 

point endogenous dsRNA (originating from within cells) and exogenous dsRNA converge, as endogenous 

dsRNA is processed also by Dicer. Thus, siRNA can be recognized by argonaute (Ago), assembling the minimal 

inactive RNA-induced silencing complex (RISC). Release of the passenger strand from RISC triggers its 

activation and mediates either the inhibition of protein translation or Ago-mediated mRNA cleavage. 
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1.3.1  Specificity of RNA interference 

Target recognition of siRNA-mediated gene silencing is achieved by structural features of 

siRNA and the RISC complex. The 5ô end of the siRNA guide strand is anchored within an 

Ago-like protein, whereas the 3ô end is anchored within the PAZ domain (named after the 

proteins piwi, argonaute and zwille) of Ago within the RISC complex (J. B. Ma et al., 2004; J. 

B. Ma et al., 2005; Parker et al., 2005). Here, siRNA with 3ô overhanging UU dinucleotides 

have been reported to be most effective, whereas [dT][dT] overhangs confer enhanced 

resistance to nucleases within cell culture medium (Elbashir, Harborth, et al., 2001; Elbashir, 

Martinez, et al., 2001). Thus, considering the commonly employed 21 nucleotide length of 

siRNA in laboratory manipulations (a length in line with reported natural occurring siRNA 

(Zamore et al., 2000)), the 19 nucleotides positioned at 2-20 from the 5ô end, may be involved 

in target RNA recognition (Song et al., 2004). As RNAi is based on sequence recognition 

through Ago/siRNA interaction, it may result in the post-transcriptional silencing of other 

genes with similar sequences, a phenomenon termed off-target effect (Naito et al., 2009). 

Growing evidence from large-scale knockdown experiments indicates that base-pairing 

between the seed region at position 2-8 from the 5ô end of the RISC-loaded siRNA strand and 

its complimentary sequences in the 3ô UTR of unrelated mRNA are responsible for these 

off-target effects (Jackson et al., 2003; Scacheri et al., 2004; Lin et al., 2005; Birmingham et 

al., 2006; Jackson et al., 2006; Ui-Tei et al., 2008; Naito et al., 2009). 

 Avoidance of off-target effects could be achieved by selection of seed regions which 

are not complimentary to any 3ô UTR sequences. However, this approach is problematic as 

random 7-nt sequences are predicted to occur every 16,384 bp on average (Naito et al., 2009). 

Instead, the thermodynamic stability of the pairing of seed regions with the complimentary 

sequences has recently been revealed to be crucial for off-target effects (Ui-Tei et al., 2008). 

Here, a seed-target duplex melting temperature of 21.5°C was suggested to serve as a 

benchmark to discriminate almost off-target-free seed sequences from off-target-positive 

ones. Based on these findings, previously reported general guidelines on selection of siRNA 

and the highly effective and target-specific siRNA design software, siDirect, were combined 

to design a new algorithm: siDirect 2.0 (Ui-Tei et al., 2004; Naito et al., 2009). Figure 1.7 

depicts the overall flow of siRNA selection in siDirect 2.0. 
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Figure 1.7. Three step selection of siRNA sequences by siDirect 2.0 software. 

Step 1: Functional siRNA sequences selected according to (Ui-Tei et al., 2004). Step 2: Selection of siRNAs 

with Tm values below 21.5°C in seed-target duplex. Step 3: Nucleotides positioned in the 2-20 of both strands of 

the siRNAs are subjected to near-perfect match analysis and siRNAs with at least two mismatches to any other 

non-targeted transcripts are selected. Percentages denote the proportions of selected ('Yes') or unselected ('No') 

siRNA candidates calculated using all possible 23-mer subsequences generated from human mRNAs in RefSeq 

release 30 (56,375,087 23-mer subsequences; 100%). Adapted from (Naito et al., 2009). 

1.3.2 Doxycycline-inducible microRNA adapted shRNA expression system 

(Source: Technical Manual Thermo Scientific Open Biosystems Expression Arrest TRIPZ Lentiviral shRNAmir) 

A versatile tool for RNAi studies is the inducible shRNA expression system from Thermo 

Scientific Open Biosystems, pTRIPZ. The lentiviral vector pTRIPZ combines the design 

advantage of microRNA-adapted shRNA (shRNAmir) with tetracycline-controlled 

transcriptional activation (Figure 1.8). The shRNA construct is expressed here as an adapted 

human microRNA-30 (miR30) primary transcript with Drosha processing sites, which have 

been shown to greatly increase knockdown efficiency (Boden et al., 2004). The hairpin stem 

consists of 22 nt of dsRNA and a 19 nt loop from human miR30. Flanking 125 nt miR30 

sequences on either side of the hairpin result in greater than 10 fold increase in Drosha and 

Dicer processing activity in contrast to other shRNA expression systems (Silva et al., 2005). 

Induction of shRNAmir expression on the other hand is tightly regulated by a Tet-ON 

configuration: tetracycline responsive RNA polymerase II promotor (TRE) and the reverse 

tetracycline transactivator (rtTA3). The TRE consists of a string of tetracycline operator 

sequences fused to a minimal CMV promotor, thus exhibiting reduced basal expression and 

tighter binding to rtTA3, which in turn allows binding to the TRE in the presence of 

doxycycline, enabling a controlled expression of the shRNAmir (Das et al., 2004). In 

addition, the TRE also drives the expression of a turbo red fluorescence protein (RFP) 
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reporter cassette for quick assessments of basal expression, viral titer and 

transfection/transduction efficacies. Finally, pTRIPZ also harbors a puromycin drug resistance 

marker for selection of stable cell lines. 

To be able to modify the existing lentiviral vector pTRIPZ, Christiaan Karreman 

(University of Konstanz, Germany) analyzed the sequence of the integration site through 

successive DNA sequencing and comparisons to miR30 sequences (Figure 1.8B) and 

successfully utilized this design. In line with Christiaan Karreman observations, modified 

pTRIPZ systems have been successfully utilized in studies on: (1) muskelin, an intracellular 

mediator of cell spreading (Valiyaveettil et al., 2008), (2) Kaposi´s sarcoma-associated herpes 

virus expressed viral microRNA (Gottwein & Cullen, 2010), (3) PIM1 protein kinase, 

regulator of growth and transformation of malignant cells (Zemskova et al., 2010), and (4) 

combined depletions of apoptosis related proteins XIAP, Akt and Bcl-2 (Junn et al., 2010). 

 

Figure 1.8. Lentiviral vector pTRIPZ . 

(A) Vector design of the lentiviral vector pTRIPZ from Thermo Scientific Open Biosystems. TRE, Tetracycline 

responsive RNA polymerase II promotor; Turbo RFP, Marker to track shRNAmir expression; shRNAmir , 

MicroRNA adapted shRNA expression cassette; miR30, Human microRNA-30 flanking sequences; UBC, 

Promotor to drive rtTA3 and IRES-Puro
r
 expression; rtTA3 , Reverse tetracycline transactivator; IRES, internal 

ribosome entry site; Puro
r
, Puromycin drug resistance marker for mammalian cell selection; WRE, Element 

enhancing stability and translation of transcripts; sin LTR , self-inactivating long terminal repeat; sv40 Ori, sv 

40 origin; pUC, High copy replication and maintencance of E.coli; Amp
r
, Ampicillin drug resistance marker for 

bacterial selection; 5ô LTR, 5ô long terminal repeat; cPPT, Central polypurine tract helps translocation into 

nucleus of non-dividing cells; Zeo
r
, Zeomycin drug resistance marker for bacterial selection. 

(B) Structural representation of hairpin formation in miR30 adapted shRNA. Sequences were analyzed by 

Christian Karreman (University of Konstanz, Germany). Drosha and Dicer processing sites are indicated. Color 

code: Black, miR30 stem loop; Green, miR30 flanking sequences; Red, Complimentary shRNA sequence. 
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2 Motivation and Objective 

Functional and physical interactions of poly(ADP-ribose) polymerase-1 (PARP-1) and 

poly(ADP-ribose) polymerase-2 (PARP-2) have been studied in great detail over the past 

decades, where genetic knockout mouse models of both proteins have revealed a degree of 

redundancy in cellular PARP functions. However, combined gene disruption of PARP-1 and 

PARP-2 in mice demonstrated an embryonic lethality, thereby providing strong evidence for 

Parp-1 and Parp-2 gene products to be essential during early embryogenesis (Menissier de 

Murcia et al., 2003). Moreover, this combined gene disruption also indicated possible 

functional redundancies between PARP-1 and PARP-2. However, no systematic study on 

potential and functional redundancy between PARP-1 and PARP-2 has been described so far.  

To date few reports have shown a functional redundancy between PARP-1 and 

PARP-2. Here, knockdown of PARP-2, but not PARP-3, in Parp-1
-/-

 mouse astrocytes was 

reported to further attenuate the Staphylococcus aureus induced release of proinflammatory 

cytokines, suggesting cooperativity between the PARP isoforms (Phulwani & Kielian, 2008). 

Not only does PARP-2 enhance PARP-1 mediated cellular functions, but also acts as backup 

mechanisms, as was observed in residual poly(ADR-ribose) formation after oxidative stress in 

PARP-1 deficient cells (Ame et al., 1999). On the other hand, studies revealing differences in 

PARP-1 and PARP-2 catalytic and catalytic-independent cellular functions have been 

reported numerously in contrast. For example, PARP-1, but not PARP-2, was demonstrated to 

rapidly decrease median telomere length and stabilization (S. Beneke et al., 2008).  

The aim of the present work was thus to provide a first systematic study on individual 

as well as potential functional redundancies between PARP-1 and PARP-2 in a cellular 

in vitro system. Here, single and combined knockdown effects of PARP-1 and PARP-2 were 

to be established first in human cancer cell lines. The phenotypes of PARP-1/2-depleted cells 

were subsequently compared to reveal differences or synergies in PARP-1 and PARP-2 

mediated cellular functions.  Functional differences in poly(ADP-ribose) formation capacities 

after oxidative stress would be analyzed first. Upon functional loss of poly(ADP-ribosyl)ation 

capacities, cellular growth of different human cancer cell lines would be examined by 

determination of population doublings. Furthermore, consequences and effectiveness of 

genotoxic or oxidative treatments would be investigated during the survival and cellular 

proliferation of PARP-1/2 depleted cells. Finally, possible implications of silencing human 

PARP-1 and PARP-2 transcripts in human cancer cells would be assessed with regards to 

alterations in cell death and cell cycle phase distributions. 
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3 Material s and Methods 

3.1 Materials 

3.1.1 Antibiotics  

Table 3.1. Antibiotics .  

Antibiotic  Manufacturer 

Ampicillin  Sigma-Aldrich, Steinheim, Germany 

Doxycycline (Dox) Enzo Life Sciences, Lörrach, Germany 

Hygromycin Calbiochem, Merck, Darmstadt, Germany  

Penicillin Gibco, Invitrogen, Karlsruhe, Germany 

Puromycin Sigma-Aldrich, Steinheim, Germany  

Streptomycin Gibco, Invitrogen, Karlsruhe, Germany 

  

3.1.2 Antibodies 

Table 3.2. Antibodies. 

Designation Description Manufacturer  

Monoclonal mouse-anti-actin 

MAB1501 

Pan actin specific Millipore, Schwalbach, Germany 

Monoclonal mouse-anti-HA1.1 Hemagglutinin tag specific, 

raised against YPYDVPDYA 

epitope 

Covance, Princeton, NJ, USA 

Monoclonal mouse-anti-human 

PARP-1 (FI23) 

Human PARP-1 specific, raised 

against second zinc finger 

Hybridoma cells from G. G. Poirier, 

Quèbec, Canada 

Monoclonal mouse-anti-PARP-1 

(CII10) 

PARP-1 specific, species-

unspecific, raised against N-

terminal DNA-binding domain 

Hybridoma cells from G. G. Poirier, 

Quèbec, Canada 

Monoclonal mouse-anti-PARP-2 

(4G8) 

PARP-2 specific, raised domain 

E of human and mouse PARP-2 

Enzo Life Sciences, Lörrach, 

Germany 

Monoclonal mouse-anti-poly(ADP-

ribose) (10H) 

Poly(ADP-ribose)-specific Hybridoma cells from M. Miwa and 

T. Sugimura, Tokyo, Japan 

Polyclonal goat-anti-mouse IgG, 

AlexaFluor 488-conjugated 

Secondary antibody Molecular Probes, Göttingen, 

Germany 

Polyclonal goat-anti-mouse IgG, 

AlexaFluor 564-conjugated 

Secondary antibody Molecular Probes, Göttingen, 

Germany 

Polyclonal goat-anti-rabbit IgG, 

HRP-conjugated 

Secondary antibody DakoCytomation, Hamburg, 

Germany 

Polyclonal goat-anti-PARP2 

(AF1788a) 

PARP-2 specific Abgent Inc., San Diego, USA 

 

 

Polyclonal rabbit-anti-goat IgG, 

HRP-conjugated 

Secondary antibody Jackson ImmunoResearch 

Laboratories Inc., Pennsylvania, 

USA 

Polyclonal rabbit-anti-PARP2  

(PA1-4280) 

PARP-2 specific, raised against 

a synthetic peptide of human 

PARP-2 

Fisher Scientific, Schwerte, 

Germany 

IgG, Immunoglobulin G; HRP, Horse-radish-peroxidase; PARP, (Poly ADP-ribose) polymerase; Ser, Serine 
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3.1.3 Chemicals and Reagents 

Table 3.3. Chemicals and reagents.  

Designation Manufacturer  

ABT-888 Enzo Life Sciences, Lörrach, Germany  

Acetic Acid Roth, Karlsruhe, Germany 

Acetone Riedel de Haen, Seelze, Germany 

Agarose Biozym, Hess. Oldendorf, Germany 

Alamar Blue (10x) Invitrogen, Karlsruhe, Germany 

Ammoniumpersulfate (APS)  Serva, Heidelberg, Germany  

Annexin V(human) - FITC conjugate Enzo Life Sciences, Lörrach, Germany 

Aqua-Poly Mount Polysciences, Eppelheim, Germany  

Bacto agar Becton-Dickinson, Heidelberg, Germany 

Bacto trypton Becton-Dickinson, Heidelberg, Germany 

Bacto yeast extract Becton-Dickinson, Heidelberg, Germany 

Bovine serum albumin (BSA) Sigma-Aldrich, Steinheim, Germany 

Bromphenol blue Sigma-Aldrich, Steinheim, Germany 

Calcium chloride (CaCl2) Sigma-Aldrich, Steinheim, Germany 

Camptothecin Sigma-Aldrich, Steinheim, Germany 

CASY ton Schärfe System, Reutlingen, Germany 

Citric acid Merck, Darmstadt, Germany 

p-coumaric acid Sigma-Aldrich, Steinheim, Germany 

Complete protease inhibitor Roche diagnostics, Mannheim, Germany  

Crystal violet Sigma-Aldrich, Steinheim, Germany 

Cyclohexyl-diamine-tetraacetate Sigma-Aldrich, Steinheim, Germany 

Dimethyl sulfoxid (DMSO) Roth, Karlsruhe, Germany 

Dulbecco´s modified eagle medium (DMEM) Gibco, Invitrogen, Karlsruhe, Germany 

Deoxynucleotidtriphosphate (dNTPs)  Fisher Scientific, Schwerte, Germany 

Dithiothreitol (DTT) Invitrogen, Karlsruhe, Germany 

Ethanol, 99.8% (EtOH) Riedel de Haen, Seelze, Germany 

Ethidium bromide (EthBr) Sigma-Aldrich, Steinheim, Germany 

Fetal Calf Serum (FCS) Biochrom / Seromed, Berlin, Germany  

FCS Tetracycline-negative tested Biochrom / Seromed, Berlin, Germany 

Formaldehyde, 37% Riedel de Haen, Seelze, Germany 

Glacial acetic acid VWR, Darmstadt, Germany 

Glucose Merck, Darmstadt, Germany 

Glycerol Roth, Karlsruhe, Germany 

Glycine Roth, Karlsruhe, Germany 

HEPES Sigma-Aldrich, Steinheim, Germany 

Hoechst 33342 Invitrogen, Karlsruhe, Germany 

Hydrochloric acid, 37% (HCl) Riedel de Haen, Seelze, Germany 

Hydrogen peroxide, 30% (H2O2) Merck, Darmstadt, Germany 

meso-Inositol Sigma-Aldrich, Steinheim, Germany 
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Isopropanol Fisher Scientific, Schwerte, Germany 

L-Glutamine (100x) Invitrogen, Karlsruhe, Germany 

Lipofectamine 2000 Invitrogen, Karlsruhe, Germany 

Lipofectamine RNAiMAX Invitrogen, Karlsruhe, Germany 

Lipopolysaccharide (LPS) Sigma-Aldrich, Steinheim, Germany 

Luminol Sigma-Aldrich, Steinheim, Germany 

b-mercaptoethanol Sigma-Aldrich, Steinheim, Germany 

Magnesium chloride (MgCl2) Roth, Karlsruhe, Germany 

Manganese chloride (MnCl2) Sigma-Aldrich, Steinheim, Germany 

McCoy s 5A medium (Modified) Gibco, Invitrogen, Karlsruhe, Germany 

Methanol (MeOH) Riedel de Haen, Seelze, Germany 

Methyl methanesulfonate (MMS) Sigma-Aldrich, Steinheim, Germany 

ON-TARGETplusÊ Non-targeting pool Fisher Scientific, Schwerte, Germany 

Opti-MEM® reduced serum medium Fisher Scientific, Schwerte, Germany 

Paraformaldehyde (PFA) Serva, Heidelberg, Germany 

PEG 8000 Roche diagnostics, Mannheim, Germany 

PIPES Sigma-Aldrich, Steinheim, Germany 

Poly-L-lysine Sigma-Aldrich, Steinheim, Germany 

Potassium chloride (KCl) Riedel-de-Haen, Seelze, Germany 

Potassium hydroxide (KOH) Riedel-de-Haen, Seelze, Germany 

Propidium iodide (PI) Sigma-Aldrich, Steinheim, Germany 

Ribo Lock RNase Inhibitor Fisher Scientific, Schwerte, Germany 

Rotiphorese 30% acryl / bisacrylamide (37.5:1) Roth, Karlsruhe, Germany 

RPMI 1640 medium Gibco, Invitrogen, Karlsruhe, Germany 

siPORT Amine Ambion, Invitrogen, Karlsruhe, Germany 

Skim milk powder Rapillait, Sulgen, Switzerland  

Sodium azide Merck, Darmstadt, Germany 

Sodium chloride (NaCl) Riedel de Haen, Seelze, Germany 

Sodium dedocylsulfate (SDS) Serva, Heidelberg,Germany 

Sodium deoxycholate Sigma-Aldrich, Steinheim, Germany 

Sodium hydroxide (NaOH) Riedel de Haen, Seelze, Germany 

Sodium phosphate dibasic (Na2HPO4) Roth, Karlsruhe, Germany 

Sucrose Merck, Darmstadt, Germany 

SybrGreen MoBiTec, Göttingen, Germany  

Tetramethylethylendiamine  (TEMED) Serva, Heidelberg,Germany 

Trichostatin A (TSA) Sigma-Aldrich, Steinheim, Germany 

Triton X-100 Sigma-Aldrich, Steinheim, Germany 

Trizima base (Tris) Sigma-Aldrich, Steinheim, Germany 

Trypsin/EDTA (0.25%) Sigma-Aldrich, Steinheim, Germany 

Trypan blue (0.4%) Sigma-Aldrich, Steinheim, Germany 

Tween 20 Sigma-Aldrich, Steinheim, Germany 

Urea Merck, Darmstadt, Germany 
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3.1.4 Buffers and Solutions 

Table 3.4. Buffers and solutions. 

Designation Composition/Manufacturer  

Annexin binding buffer (10x) 25 mM CaCl2, 0.1 M HEPES (pH 7.4), 1.4 M NaCl 

Complete protease inhibitor cocktail 1x-concentrate in PBS 

DNA histogram - Extraction buffer 4 mM Citric acid, 0.2 M Na2HPO4, pH 7.8 

DNA histogram - Staining buffer 20 µg/ml Propidium iodide, 0.2 mg/ml DNase-free RNase in PBS 

DNA loading dye solution (6x) Thermo Fisher Scientific, Rockford, USA 

Crystal violet fixation solution 10% Formaldehyde in PBS 

Crystal violet staining solution 0.1% Crystal violet in PBS 

Ethidium bromide solution 10 µg/ml Ethidium bromide 

Enhanced chemiluminescence (ECL) 

solution A 

100 mM Tris-HCl (pH 8.5), 2.5 mM Luminol, 

0.4 mM p-p-coumaric acid  

Enhanced chemiluminescence (ECL) 

solution B 

100 mM Tris-HCl (pH 8.5), 0.018% (v/v) H2O2 

FADU alkaline buffer 42.5% FADU lysis buffer, 0.2 M NaOH 

FADU lysis buffer 9 M Urea, 10 mM NaOH,  

2.5 mM Cyclohexyl-diamine-tetraacetate, 0.1% SDS 

FADU neutralization buffer 14 mM b-mercaptoethanol, 1 M Glucose 

FADU suspension buffer 0.25 M meso-inositol, 10 mM Na2HPO4, 1 mM MgCl2 

 

FADU sybrgreen solution 3 µl Sybrgreen solution in 25 ml dest H2O 

HBS solution for CaPO4 transfection (2x) 0.283 M NaCl, 0.025 M HEPES, 1.5 mM Na2HPO4,  

adjust to pH 6.95, sterile filtered 

Luria-Bertani-Broth (LB) agar 1.5% (w/v) Bacto agar in LB, autoclaved 

Luria-Bertani-Broth (LB) medium 0.5% (w/v) Bacto yeast extract, 1% (w/v) Bacto trypton,  

1% (w/v) NaCl, autoclaved 

Modified high-salt radio-

immunoprecipitation assay (RIPA) buffer  

50 mM Tris-HCl (pH 7.4), 500 mM NaCl, 1% (w/v) Triton X-100, 

0.1% (w/v) SDS, 1% Sodium deoxycholate,  

1x Complete protease inhibitor cocktail 

PARP-2 lysis buffer 250 mM Tris-HCl, 5% SDS, 40% glycerol,  

1x Complete protease inhibitor cocktail 

Phosphate buffered saline (PBS), pH 7.4 137 mM NaCl, 10 mM NaHPO3, 3 mM KH2PO4 

PBS-MT 5% Skim milk powder, 0.05% Tween 20 in PBS 

SDS-PAGE 1.5x high-urea protein loading 

buffer 

93.75 mM Tris-HCl (pH 6.8), 9 M Urea,  

7.5% (v/v) b-mercaptoethanol, 15% (v/v) Glycerol, 3% (w/v) SDS, 

0.01% (w/v) Bromphenol blue 

SDS-PAGE 10x protein loading buffer 583 mM Tris-HCl (pH 8.0), 8.5% (w/v) SDS, 60% (v/v) Glycerol, 

10% (v/v) b-mercaptoethanol, 0.01% (w/v) Bromphenol blue 

SDS-PAGE Lämmli buffer 25 mM Tris-HCl (pH 8.6), 192 mM Glycine, 0.1% (w/v) SDS 
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SDS-PAGE separation gel buffer 1.86 mM Tris-HCl , 7 mM SDS, pH 8.8 

SDS-PAGE stacking gel buffer  0.25 M Tris-HCl, 7 mM SDS, pH 6.8 

TB buffer 10 mM PIPES, 15 mM CaCl2, 250 mM KCl,  

adjust pH to 6.7 with KOH, add 55 mM MnCl2 

Tris EDTA acetate (TAE) buffer 40 mM Tris-HCl, 20 mM Acetic acid, 1 mM EDTA 

Tris-NaCl-Tween20 (TNT) 150 mM NaCl, 10 mM Tris-HCl pH 8.0, 0.05% (v/v) Tween 20 

Western blot blocking solution 5% (w/v) Skim milk powder in TNT 

Western blot transfer buffer 50 mM Tris-HCl (pH 8.6), 384 mM Glycine, 20% (v/v) Methanol, 

0.1% (w/v) SDS 

YT Medium (2x) 1.6% (w/v) Bacto yeast extract, 1% (w/v) Bacto trypton, 

 0.5% (w/v) NaCl, autoclaved 

FADU, Fluorimetric detection of Alkaline DNA Unwinding; SDS-PAGE, sodium dodecyl sulfate 

polyacrylamide gel electrophoresis; 

 

 

3.1.5 Cell Culture 

3.1.5.1 Cells 

Table 3.5. Cell types.  

Cell Type Description / Source 

DH5a Chemical competent Escherichia coli  

Invitrogen, Karlsruhe, Germany 

HeLa S3 Human epithelial carcinoma cell line 

Contain human papilloma virus HPV-18 

HeLa PARP1 KD (HeLa-P1-KD) HeLa S3 cells containing a doxycycline-inducible PARP-1 

shRNAmir cassette. Present thesis, in cooperation with A. 

Waizenegger (master thesis) 

HeLa PARP2 KD (HeLa-P2-KD) HeLa S3 cells containing a doxycycline-inducible PARP-2 

shRNAmir cassette. Present thesis, in cooperation with A. 

Waizenegger (master thesis) 

HeLa PARP1ïPARP2 KD (HeLa-P1/P2- KD) HeLa S3 cells containing a doxycycline-inducible PARP-1 

and PARP-2 shRNAmir cassette. Present thesis, in 

cooperation with A. Waizenegger (master thesis) 

HEK293-FT Highly transfectable clonal isolate derived from human 

embryonal kidney cells transformed with SV40 large T 

antigen. Kind gift of Dr. C. Karreman, University of 

Konstanz, Germany 

U2OS Human epithelial osteosarcoma cell line 

Kind gift of Prof. E. May, University of Konstanz, Germany 

PARP, Poly(ADP-ribose) polymerase 
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3.1.5.2 Cell Culture Media 

Table 3.6. Cell culture media 

Designation Basal Medium Supplements 

3T3 medium DMEM, high glucose, 

(-) sodium pyruvate 

10% Heat inactivated FCS,  

1% Pencillin/Streptomycin,  

1% L-Glutamin 

HeLa medium DMEM, high glucose, 

(+) sodium pyruvate 

10% Heat inactivated FCS,  

1% Pencillin/Streptomycin,  

1% L-Glutamin 

HeLa transfection medium DMEM, high glucose, 

(+) sodium pyruvate 

10% Heat inactivated FCS,  

1% L-Glutamin 

HEK293-FT medium DMEM, high glucose, 

(-) sodium pyruvate 

10% Heat inactivated FCS,  

1% Pencillin/Streptomycin,  

1% L-Glutamin 

U2OS McCoy s 5A 10% Heat inactivated FCS,  

1% Pencillin/Streptomycin 

U2OS transfection medium McCoy s 5A 10% Heat inactivated FCS 

Freezing medium Complete cell culture medium 20% Heat inactivated FCS 

10% DMSO 

   

3.1.6 Enzymes 

 

Table 3.7. Enzymes. 

Designation Manufacturer  

Apa-I Fisher Scientific, Schwerte, Germany 

Cla-I New England Biolabs, Frankfurt a. Main, Germany 

Eco-RI Fisher Scientific, Schwerte, Germany 

Mlu-I Fisher Scientific, Schwerte, Germany 

Mss-I Fisher Scientific, Schwerte, Germany 

Nde-I New England Biolabs, Frankfurt a. Main, Germany 

Nhe-I New England Biolabs, Frankfurt a. Main, Germany 

Not-I Fisher Scientific, Schwerte, Germany 

Not-I-HF New England Biolabs, Frankfurt a. Main, Germany 

Pfl23-II  Fisher Scientific, Schwerte, Germany 

Pvu-I Fisher Scientific, Schwerte, Germany 

Xba-I Fisher Scientific, Schwerte, Germany 

Xho-I Fisher Scientific, Schwerte, Germany 

T4-DNA Polymerase New England Biolabs, Frankfurt a. Main, Germany 

T4-DNA Ligase New England Biolabs, Frankfurt a. Main, Germany 
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Taq DNA Polymerase Bio&SELL, Nürnberg, Germany 

Shrimp Alkaline Phosphatase (SAP)  Fisher Scientific, Schwerte, Germany 

DNase-I RNAse-free Qiagen, Hilden, Germany 

SuperScriptÊ II Reverse Transcriptase Invitrogen, Karlsruhe, Germany 

HotStart-IT SYBR Green qPCR Master Mix (2x) Affymetrix, Santa Clara, USA  

Streptavidin-horse-radish peroxidase Amersham Biosciences, Freiburg, Germany  

iScriptÊ Reverse Transcription Supermix  

for RT-qPCR 

Bio-Rad, Munich, Germany 

KOD Hot Start DNA Polymerase Novagen, Merck, Darmstadt, Germany 

DNase-free RNase Sigma-Aldrich, Steinheim, Germany 

RiboLock RNase Inhibitor Fisher Scientific, Schwerte, Germany 

Enzymes were used with provided reaction buffers as recommended by the manufacturer or as indicated. 

 

3.1.7 Laboratory Equipment  

Table 3.8. Laboratory equipment. 

Description Model Manufacturer  

Agarose gel electrophoresis unit Several models  Bio-Rad, Munich, Germany 

Balances AG204 DeltaRange  

Mettler PM2000  

Macherey-Nagel, Düren, Germany  

Mettler Toledo, Giessen, Germany  

Cell Counter Casy Model TT Schärfe System, Reutlingen, Germany 

Cell culture material, sterile Dishes, cryovails flasks, 

pipettes, conical tubes 

Corning, Schiphol-Rijk, Netherlands  

Centrifuge 5415R 

5810R 

Biofuge pico 

Labofuge 400 

Multifuge 3 S-R 

Perfectspin Mini 

Eppendorf, Hamburg, Germany 

Eppendorf, Hamburg, Germany 

Heraeus, Fellbach, Germany 

Heraeus, Fellbach, Germany 

Heraeus, Fellbach, Germany 

Peqlab Biotechnology, Erlangen, Germany 

Chemiluminescence detector Image Quant LAS 4000 

mini 

GE Healthcare, Munich, Germany 

Coverslips  VWR, Darmstadt, Germany 

ELISA reader SLT Spectra SLT Labinstruments, Crailsheim, Germany 

FADU 96 well plate  Greiner-Bio One Gmbh, Frickenhausen, 

Germany 

FADU robot Tecan Genesis RSP 100 

liquid handling device 

Tecan AG, Hombrechtikon, Switzerland 

Filter paper GB 002 Schleicher & Schuell, Dassel, Germany 

Flow cytometry device FACS Calibur II Becton-Dickinson, Heidelberg, Germany 

Fluorescence Microplate Reader FL600 Bio Tek, Bad Friedrichshall, Germany 



 Materials and Methods   

35 

Fluorescence microscope Axiovert 200M Zeiss, Göttingen, Germany 

Freezing container Nalgene Cryo 1°C Nalge, Hereford, GB  

Gel documentation UV Systeme Intas, Göttingen, Germany 

Gel imager Gel Jet Imager Intas, Göttingen, Germany 

Glass ware  Schott, Mainz, Germany 

Incubators for mammalian cells  Hera Cell 240 

BBD6220 

Heraeus, Fellbach, Germany 

Heraeus, Fellbach, Germany 

Incubators for bacterial cells Infors HT 

Minitron 

Infors, Bottmingen, Switzerland 

Infors, Bottmingen, Switzerland 

Laminar flow clean bench HERAsafe 

LaminAir H2448 

Heraeus, Fellbach, Germany 

Heraeus, Fellbach, Germany 

Light microscopes Axiovert 25 Zeiss, Göttingen, Germany 

Microscopes slides Superfrost Menzel, Braunschweig, Germany 

Nanodrop ND-1000 Peqlab Bitotechnology, Erlangen, Germany 

Needle Various sizes Braun, Kornberg, Germany 

Parafilm  Pechinery Plastic Packaging, Chicago, USA 

PCR Cycler iQ Cycler  

CFX Cycler 

FlexCycler 

Bio-Rad, Munich, Germany 

Bio-Rad, Munich, Germany 

Analytik Jena, Jena, Germany 

Protein transfer membrane HybondÊ-ECL 

nitrocellulose membrane 

Amersham Biosciences, Freiburg, Germany 

pH meter Metrohm 605 ph meter j Methrom Canada Inc., Mississauga,ON L5L, 

Canada 

Photometer Ultraspec 2100 Pro 

BIO Photometer 

Amersham Biosciences, Freiburg, Germany 

Eppendorf, Hamburg, Germany 

Pipettes Several models VWR, Darmstadt, Germany 

Eppendorf, Hamburg, Germany 

Power supplies EPS 301 

Powerpac 200 

Powerpac 300 

Model 200 / 2.0 

Amersham Biosciences, Freiburg, Germany 

Bio-Rad, Munich, Germany 

Bio-Rad, Munich, Germany 

Bio-Rad, Munich, Germany 

Reaction tubes 0.5, 1.5 and 2.0 ml 

5 ml 

Sarstedt, Nümbrecht, Germany 

Eppendorf, Hamburg, Germany 

Rotator RS-TR05 Phoenix Instruments Gmbh, Garbsen, 

Germany 

Rotor SW 32Ti Beckman Coulter, Pasadena, CA, USA 

Rubber police man   Sarstedt, Nümbrecht, Germany 

Shaker MTS4 

Duomax 1030 

IKA
®
, Staufen, Germany 

Heidolph, Schwalbach, Germany 

SDS PAGE unit Hoefer Mini VE system 

Mini -PROTEAN Tetra cell 

Amersham Bioscciences, Freiburg, Germany 

Bio-Rad, Munich, Germany 
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Syringe BD-Plastipack Becton-Dickinson, Heidelberg, Germany 

Thermal mixer Thermomixer comfort Eppendorf, Hamburg, Germany 

Ultracentrifuge OptimaÊ LE-80K Beckman Coulter, Pasadena, CA, USA 

Vacuum manifold QIAvac 24 plus Qiagen, Hilden. Germany 

Vortex mixer Vortex-Genie 2 Roth, Karlsruhe, Germany 

Water bath 1083 GFL, Burgwedel, Germany 

Water preparation unit MilliQ Plus PF Millipore, Schwalbach, Germany 

Western blot wet transfer unit Hoefer Mini Blot Module Amersham Biosciences, Freiburg, Germany 

   

3.1.8 Molecular Biological Kits  

Table 3.9. Molecular biological kits. 

Designation Manufacturer  

MinElute Reaction Cleanup Kit Qiagen, Hilden, Germany 

PhoenIX
TM

 Filter Maxiprep Kit MP Biomedicals, Heidelberg, Germany 

QIAfilter Plasmid Giga Kit Qiagen, Hilden, Germany 

QIAGEN Plasmid Plus Maxi Kit Qiagen, Hilden, Germany 

QIAquick Gel Extraction Kit  Qiagen, Hilden, Germany 

Rapid DNA Dephos & Ligation Kit Roche Diagnostics, Mannheim, Germany 

RNeasy Mini Kit Qiagen, Hilden, Germany 

TransIT-HeLaMONSTER® Transfection Kit Mirus Bio LLC, Madison, USA 

ZR Plasmid Miniprep
TM

 ï Classic Kit  Zymo Research, Irvine, USA 

  

3.1.9 Molecular Weight Standards 

Table 3.10. Molecular weight standards.  

Designation Manufacturer  

Biotinylated SDS-Page standard, broad range Bio-Rad, Munich, Germany 

Generuler 1kb DNA ladder mix Fisher Scientific, Schwerte, Germany 

PageRuler prestained protein ladder Fisher Scientific, Schwerte, Germany 

  

3.1.10 Oligonucleotides 

3.1.10.1 Primer Sequences 

Table 3.11. Primer sequences. 

Designation Sequence 5ô-3ô Description Ori entation 

5´pTRIPZ TACAGAATCGTTGCCTGCAC Sequencing of pTRIPZ shRNAmir 

cloning site 

Sense 

3`pTRIPZ ACGAGACGGAGTAATGGCCG Sequencing of pTRIPZ shRNAmir 

cloning site 

Antisense 

pTRIPZ-Double CTCCCTAGCAAACTGGGGCA Sequencing of polycistronic pTRIPZ 

shRNAmir site 

Sense 

BH059 GAAAAGCTAATAAGGACAGGAC

AGAAGA 

RT-qPCR, human PARP2 Sense 

BH060 TCCCCACCTTGGCTGTACA RT-qPCR, human PARP2 Antisense 
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BH063 GCCTTTCTGAGGCAGGGTTT RT-qPCR, human SDHA Sense 

BH064 TGTCGTAGAAATGCCACCTCC RT-qPCR, human SDHA Antisense 

BH065 CACAGTGAATCTTGGTTGTAAA

CTTGA 

RT-qPCR, human TBP Sense 

BH066 CACACCATTTTCCCAGAACTGA

AAAT 

RT-qPCR, human TBP Antisense 

BH089 ATTCTATGCCCCCACTTCTG Sequencing of Hygromycin resistance 

gene in pTRIPZ 

Sense 

BH090 CGAGCCCGACGCGCGTGAGG Sequencing of Hygromycin resistance 

gene in pTRIPZ 

Antisense 

BH093 GATGGGGTTTAAACGCGGCCGC

GCCCCTCTCCCTCCCCCCCC 

IRES sequence extraction out of 

pTRIPZ 

Sense 

BH094 CCCATCCTCGAGGGTATTATCG

TGTTTTTCAAAGGAAAACC 

IRES sequence extraction out of 

pTRIPZ 

Antisense 

BH095 GATGGGCTCGAGATGAAAAAGC

CTGAACTCACCG 

Hygromycin resistance gene extraction 

out of pGIPZ 

Sense 

BH096 CCCATCCGTACGCTATTCCTTT

GCCCTCGGACG 

Hygromycin resistance gene extraction 

out of pGIPZ 

Antisense 

BH099 GACCTGAAGGAGCTACTCATCT

TC 

RT-qPCR, human PARP-1 Sense 

BH100 GGAGGGCACCGAACACCA RT-qPCR, human PARP-1 Antisense 

Oligo (dT)18  cDNA synthesis of total RNA Sense 

Polylinker 

ASMX FWD 

TTAAGTAGGGATAACAGGGTAA

TGTTTAAACACTAGGC 

Modification of MCS of pSL1180 to 

add I-Sce-I and Mss-I restriction sites 

Sense 

Polylinker 

ASMX REV 

TCGAGCCTAGTGTTTAAACATT

ACCCTGTTATCCCTAC 

Modification of MCS of pSL1180 to 

add I-Sce-I and Mss-I restriction sites 

Antisense 

Polylinker SPSN 

FWD 

TCGACACTAGGTTAATTAATAG

GGATAACAGGGTAATC 

Modification of MCS of pSL1180 to 

add Pac-I and I-Sce-I restriction sites 

Sense 

Polylinker SPSN 

REV 

CATGGATTACCCTGTTATCCCT

ATTAATTAACCTAGTG 

Modification of MCS of pSL1180 to 

add Pac-I and I-Sce-I restriction sites 

Antisense 

5ôpSL1180 CGCAACTGTTGGGAAGGGC 

 

Sequencing of MCS of pSL1180 Sense 

3ôpSL1180 GCTTCCGGCTCGTATGTTG Sequencing of MCS of pSL1180 Antisense 

Oligonucleotides were ordered at Sigma-Aldrich, Steinheim, Germany. PARP, poly(ADP-ribose) polymerase; 

SDHA, succinate dehydrogenase complex, sub unit A, flavoprotein variant; TBP, TATA box binding protein; 

IRES, internal ribosome entry site; MCS, multiple cloning site 

3.1.10.2 shRNAmir 

Table 3.12. shRNAmir  sequences. 

Designation  Sequence 5ô-3ô Description 

PARP-1 shRNAmir 

Sense 

TCGAGAAGGTATATTGCTGTTGACAGTGA

GCGCAGGAATTCCGAGAAATCTCTTACAG

TGAAGCCACAGATGTGTAAGAGATTTCTC

GGAATTCCTTTGCCTACTGCCTCGG 

shRNAmir oligonucleotide 

targeting human PARP-1 exon 8  

PARP-1 shRNAmir 

Antisense 

AATTCCGAGGCAGTAGGCAAAGGAATTCC

GAGAAATCTCTTACACATCTGTGGCTTCA

CTGTAAGAGATTTCTCGGAATTCCTGCGCT

CACTGTCAACAGCAATATACCTTC 

shRNAmir oligonucleotide 

targeting human PARP-1 exon 8 



 Materials and Methods   

38 

PARP-1 scramble 

shRNAmir 

Sense 

TCGAGAAGGTATATTGCTGTTGACAGTGA

GCGCCAAGAAACCGTTTGATACCTATGAG

TGAAGCCACAGATGTCATAGGTATCAAAC

GGTTTCTTGTTGCCTACTGCCTCGG 

shRNAmir oligonucleotide 

carrying randomized human 

PARP-1 target sequence 

PARP-1 scramble 

shRNAmir 

Antisense 

AATTCCGAGGCAGTAGGCAACAAGAAAC

CGTTTGATACCTATGACATCTGTGGCTTCA

CTCATAGGTATCAAACGGTTTCTTGGCGCT

CACTGTCAACAGCAATATACCTTC 

shRNAmir oligonucleotide 

carrying randomized human 

PARP-1 target sequence 

PARP-2 shRNAmir 

Sense 

TCGAGAAGGTATATTGCTGTTGACAGTGA

GCGCTCCAGTTCAACAACAACAAGTACAG

TGAAGCCACAGATGTGTACTTGTTGTTGTT

GAACTGGATTGCCTACTGCCTCGG 

shRNAmir oligonucleotide 

targeting human PARP-2 exon 5 

PARP-2 shRNAmir 

Antisense 

AATTCCGAGGCAGTAGGCAATCCAGTTCA

ACAACAACAAGTACACATCTGTGGCTTCA

CTGTACTTGTTGTTGTTGAACTGGAGCGCT

CACTGTCAACAGCAATATACCTTC 

shRNAmir oligonucleotide 

targeting human PARP-2 exon 5 

PARP-2 scramble 

shRNAmir 

Sense 

TCGAGAAGGTATATTGCTGTTGACAGTGA

GCGCTCATAAATTGCAACACCAAGCCAAG

TGAAGCCACAGATGTTGGCTTGGTGTTGC

AATTTATGATTGCCTACTGCCTCGG 

shRNAmir oligonucleotide 

carrying randomized human 

PARP-2 target sequence 

PARP-2 scramble 

shRNAmir 

Antisense 

AATTCCGAGGCAGTAGGCAATCATAAATT

GCAACACCAAGCCAACATCTGTGGCTTCA

CTTGGCTTGGTGTTGCAATTTATGAGCGCT

CACTGTCAACAGCAATATACCTTC 

shRNAmir oligonucleotide 

carrying randomized human 

PARP-2 target sequence 

Oligonucleotides were ordered at Sigma-Aldrich, Steinheim, Germany. Bold: Gene targeting sequence; Italic: 

shRNAmir loop sequence. PARP, Poly(ADP-ribose) polymerase; shRNAmir, microRNA-adapted shRNA 

 

3.1.10.3 siRNA 

Table: 3.13. siRNA sequences. 

Designation  Sequence 5ô-3ô Description 

PARP-1-Hanf siRNA 

Sense 

CGUGUUAAAGGUUUUCUCUUU Human PARP-1 targeting siRNA sense 

oligonucleotide. Targets 3ôUTR region 

of human PARP-1 

PARP-1-Hanf siRNA 

Antisense 

AGAGAAAACCUUUAACACGUU Human PARP-1 targeting siRNA 

antisense oligonucleotide. Targets 

3ôUTR of human PARP-1 

PARP-1scr-Hanf siRNA 

Sense 

UCCGAUGUUAUUCGUGUAUUU Human PARP-1 control siRNA sense 

oligonucleotide. Contains randomized 

target sequence of PARP-1 siRNA 

PARP-1scr-Hanf siRNA 

Antisense 

AUACACGAAUAACAUCGGAUU Human PARP-1 control siRNA antisense 

oligonucleotide. Contains randomized 

target sequence of PARP-1 siRNA 

PARP-2-Hanf siRNA 

Sense 

GAUGAUGCCCAGAGGAACUUU Human PARP-2 targeting siRNA sense 

oligonucleotide. Targets exon 5 of 

human PARP-2; modified from (Bai et 

al., 2007) 

PARP-2-Hanf  

Antisense 

AGUUCCUCUGGGCAUCAUCUU Human PARP-2 targeting siRNA 

antisense oligonucleotide. Targets exon 5 

of human PARP-2; modified from (Bai 

et al., 2007)  
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PARP-2scr-Hanf siRNA  

Sense 

GAAGUCGGCAAACUCAUGGUU Human PARP-2 control siRNA sense 

oligonucleotide. Contains randomized 

target sequence of PARP-2 siRNA 

PARP-2scr-Hanf siRNA 

Antisense 

CCAUGAGUUUGCCGACUUCUU Human PARP-2 control siRNA sense 

oligonucleotide. Contains randomized 

target sequence of PARP-2 siRNA 

PARP-2-Geng siRNA  

Sense 

GGCAUUGGGAGACAUUGAAUU Human PARP-2 targeting siRNA sense 

oligonucleotide. Targets exon 11 of 

human PARP-2; modified from Geng et 

al. 2013 (Geng et al., 2013)  

PARP-2-Geng siRNA 

Antisense 

UUCAAUGUCUCCCAAUGCCUU Human PARP-2 targeting siRNA 

antisense oligonucleotide. Targets exon 

11 of human PARP-2; modified from 

Geng et al. 2013 (Geng et al., 2013)  

PARP-2-Sigma1 siRNA 

Sense 

CAAUUGGGAAGAUCGAGAA 

[dT][dT]  

Sigma MISSION
®
 Rank 1 predesigned 

siRNA sense oligonucleotide. Targets 

exon 6 and 7 of human PARP-2. 

PARP-2-Sigma1 siRNA 

Antisense 

UUCUCGAUCUUCCCAAUUG Sigma MISSION
®
 Rank 1 predesigned 

siRNA antisense oligonucleotide. 

Targets exon 6 and 7 of human PARP-2. 

PARP-2-Sigma2 siRNA 

Sense 

GAAGAAAUUCCUUGACAAA 

[dT][dT]  

Sigma MISSION
®
 Rank 2 predesigned 

siRNA sense oligonucleotide. Targets 

exon 7 of human PARP-2. 

PARP-2-Sigma2 siRNA  

Antisense 

UUUGUCAAGGAAUUUCUUC Sigma MISSION
®
 Rank 2 predesigned 

siRNA antisense oligonucleotide. 

Targets exon 7 of human PARP-2. 

PARP-2-3UTR-A siRNA 

Sense 

GUGUUGUACUUGUGAAUUU 

[dT][dT]  

Human PARP-2 targeting siRNA sense 

oligonucleotide. Targets 3ôUTR region 

of human PARP-2 

PARP-2-3UTR-A siRNA 

Antisense 

AAAUUCACAAGUACAACAC 

[dT][dT]  

Human PARP-2 targeting siRNA 

antisense oligonucleotide. Targets 

3ôUTR region of human PARP-2 

PARP-2-3UTR-B siRNA 

Sense 

GAUCUUCAAGCAAGAAAAU 

[dT][dT]  

Human PARP-2 targeting siRNA sense 

oligonucleotide. Targets 3ôUTR region 

of human PARP-2 

PARP-2-3UTR-B siRNA 

Antisense 

AUUUUCUUGCUUGAAGAUC 

[dT][dT]  

Human PARP-2 targeting siRNA 

antisense oligonucleotide. Targets 

3ôUTR region of human PARP-2 

PARP-2-3UTR-C siRNA 

Sense 

GAUAUUUUAUGUAAUAAAA 

[dT][dT]  

Human PARP-2 targeting siRNA sense 

oligonucleotide. Targets 3ôUTR region 

of human PARP-2 

PARP-2-3UTR-C siRNA 

Antisense 

UUUUAUUACAUAAAAUAUC 

[dT][dT]  

Human PARP-2 targeting siRNA 

antisense oligonucleotide. Targets 

3ôUTR region of human PARP-2 

Oligonucleotides were ordered at Sigma-Aldrich, Steinheim, Germany. [dT][dT], desoxy thymidine overhang; 

PARP, Poly(ADP-ribose) polymerase 
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3.1.11 Plasmids 

Table 3.14. Plasmids. 

Designation Application  Source 

pBH3 Cloning of IRES-Hygromycin expression cassette 

 

Present thesis, vector backbone 

pSL1180 

pBR8.91 Lentivirus production. Vector encodes HIV-1 

lentiviral packaging proteins 

 

Dr. C. Karreman, University of 

Konstanz, Germany 

pCMV-HA-PARP2 Mammalian overexpression of hemagglutinin 

tagged human PARP-2 cDNA 

 

Prof. M. Hottiger, University of 

Zürich, Switzerland 

pEGFP Transfection control plasmid carrying an 

expression optimized wild-type GFP 

 

Dr. Sascha Beneke, University of 

Zürich, Switzerland 

pGIPZ Lentiviral vector for doxycycline-inducible 

expression of microRNA-adapted shRNA 

(shRNAmir) together with turbo GFP 

 

Dr. C. Karreman, University of 

Konstanz, Germany 

pMD.G Lentivirus production. Vector encodes lentiviral 

envelope protein VSVG 

 

Dr. C. Karreman, University of 

Konstanz, Germany 

pTRIPZ Lentiviral vector for doxycycline-inducible 

expression of microRNA-adapted shRNA 

(shRNAmir) together with turbo RFP 

 

Dr. C. Karreman, University of 

Konstanz, Germany 

pTRIPZ-P1 RNA interference of human PARP-1 in HeLa S3 

cells. Target sequence: 

AGGAATTCCGAGAAATCTCTTAC 

 

Present thesis, vector backbone 

pTRIPZ 

pTRIPZ-P1scr RNA interference human PARP-1 scrambled 

control vector. Target sequence: 

CAAGAAACCGTTTGATACCTATG 

 

Present thesis, vector backbone 

pTRIPZ 

pTRIPZ-P2 RNA interference of human PARP-1 in HeLa S3 

cells. Target sequence: 

TCCAGTTCAACAACAACAAGTAC 

 

Present thesis, vector backbone 

pTRIPZ. In cooperation with A. 

Waizenegger (master thesis) 

pTRIPZ-P2scr RNA interference human PARP-1 scrambled 

control vector. Target sequence: 

TCATAAATTGCAACACCAAGCCA 

Present thesis, vector backbone 

pTRIPZ. In cooperation with A. 

Waizenegger (master thesis) 

pTRIPZ-P1P2 

(pTRIPZ-Double) 

RNA interference of both human PARP-1 and 

human PARP-2 in HeLa S3 cells. Target 

sequence:  

P1 AGGAATTCCGAGAAATCTCTTAC 

P2 TCCAGTTCAACAACAACAAGTAC 

Present thesis, vector backbone 

pTRIPZ. In cooperation with A. 

Waizenegger (master thesis) 

pSL1180 Cloning Vector Dr. Sascha Beneke, University of 

Zürich, Switzerland 
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3.1.12 Software 

Table 3.15. Software. 

Software Source 

Axio Vision ï AxioVs 4.6.3.0  Raytest, Straubenhardt, Germany 

Basic Local Alignment Search Tool 

(BLAST) 

National Center for Biotechnology Information, Bethesda, 

USA 

CellQuest Pro 6.0 Becton-Dickinson, Heidelberg, Germany 

CFX Manager 3.0 Bio-Rad, Munich, Germany 

DNA protein sequence randomizer http://www.cellbiol.com/cgi-bin/randomizer/randomizer.cgi 

easyWIN basic ïVersion V6.0a  Tecan AG, Hombrechtikon, Switzerland 

Endnote 7 Thomson ISI ResearchSoft, Stamford, USA 

FlowJo ï Version 8.8.7 Tree Star, San Carlos, USA 

Geneious - Version 5.0.4 Biomatters, Auckland, New Zealand 

GraphPad Prism 5 GraphPad Software, San Diego, USA 

Image J - Version 1.43U National Institut of Health, USA 

Image Quant Version 1.2 Built: 12.1.119 

Image Quant TL ï Analysis Software 

GE Healthcare, Munich, Germany 

GE Healthcare, Munich, Germany 

iQÊ 5 Standard Edition V2.0 Edition 

V2.0.148.60623 

Bio-Rad, Munich, Germany 

KC4 V 3.3 Rev.10 Bio Tek, Bad Friedrichshall, Germany 

Microsoft Office Standard Edition 2010 Microsoft, Redmond, USA 

siDirect 2.0 Source:  (Naito et al., 2009)  

3.1.13 Services 

Table 3.16. Service providers. 

Service Provider 

DNA sequencing GATC, Konstanz, Germany 
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3.2 Methods 

3.2.1 Cell Culture  

3.2.1.1 Passaging of Adherent Cells 

Routine passaging of adherent HeLa S3, HEK293-FT, and U2OS cell culture was performed 

every two or three days at 1:3, 1:5 or 1:10 ratio, depending on cell confluency. Cells were 

cultured in a cell incubator with 21% O2 and 5% CO2, at 37°C and 95% humidity, and 

continually monitored by phase contrast light microscopy for signs of contamination. To 

passage cells, all required solutions were pre-warmed to 37°C in a water bath, old growth 

medium was aspirated and cells were briefly washed with PBS. Cell colonies were dissociated 

next by incubation with Trypsin/EDTA (0.25% / 1 mM) for 5 min at 37°C. Dissociation was 

stopped by addition of respective cell culture medium and pipetting, and finally cells were 

plated on new cell culture plates. See Table 3.17 for volumes employed.  

 

Table 3.17. Volumes used during routine passaging of cell cultures 

Dish size PBS/well Trypsin/well  Medium for trypsin 

inactivation/well  

Medium for 

cultivation/well  

24-well plate 0.5 ml 0.5 ml 0.5 ml 0.5 ml 

12-well plate 1 ml 0.5 ml 1 ml 1 ml 

  6-well plate 2 ml 0.5 ml 1.5 ml 3 ml 

    6 cm plate 5 ml 1 ml 4 ml 5 ml 

  10 cm plate 10 ml 1 ml 9 ml 10 ml 

  15 cm plate 10 ml 1 ml 9 ml 20 ml 

 

3.2.1.2 Cell Number Determination 

To determine cell number, the cell counter Casy Model TT (Schärfe System) was utilized 

according to the manufacturer´s instructions. In brief, cell suspensions were diluted 1:100 to 

1:500 in 10 ml CasyTon and 400 µl of the solution was analyzed during each measurement. 

3.2.1.3 Cryopreservation of Adherent Cells 

Cells were cryopreserved in liquid nitrogen for long-term storage.  For cryopreservation of 

adherent cells, cells were grown to 70-90% confluency and all passaging solutions were pre-

warmed to 37°C in a water bath.  Cell culture medium was aspirated and cells were briefly 

washed with PBS. Cell colonies were dissociated by incubation with Trypsin/EDTA (0.25%/1 

mM) for 5 min at 37°C. Dissociation was stopped by addition of cell culture medium and 

pipetting. Cell number was determined next and 1x10
7
 cells were thoroughly resuspended in 
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100 µl cell culture medium. After addition of 900 µl ice-cold freezing medium, cells were 

immediately transferred into cryovials and cooled down overnight to -80°C in a Nalgene Cryo 

1°C freezing container. Cells were transferred to liquid nitrogen storage the following day. 

3.2.1.4 Thawing of Cells 

Cryovials containing cryopreserved cells were removed from liquid nitrogen storage and 

briefly opened under a laminar flow clean bench to allow excess liquid nitrogen to escape. To 

thaw cells, vials were swirled in a 37°C water bath until a small ice crystal remained, 

transferred to a 15 ml conical centrifuge tube and 10 ml pre-warmed (37°C) cell culture 

medium was added drop-wise to avoid osmotic shock. Cells were pelleted at 1000 rpm for 

5 min, resuspended in fresh cell culture medium and plated on cell culture plates. 

3.2.1.5 Transfection of HeLa S3 and U2OS cells with Lipofectamine 2000 

Lipofectamine 2000 was utilized to transfect different vector DNA into adherent cells. Cells 

were grown to 70-90% confluency on a 10 cm plate and all passaging solutions were pre-

warmed to 37°C in a water bath.  Cell culture medium was aspirated and cells were briefly 

washed with 10 ml PBS. Cell colonies were dissociated by incubation with 1 ml 

Trypsin/EDTA (0.25%/1 mM) for 5 min at 37°C. Dissociation was stopped by addition of 

9 ml transfection medium and pipetting. Subsequently, cell number was determined and cells 

were plated in 2.5 ml transfection medium on new 6-well cell culture plates in order to reach 

50% cell confluency the next day. If immunohistochemistry was to be performed following 

transfection, sterile glass coverslips were added to cell culture plates before plating. 

On day two of transfection, desired vector DNA amounts of 0.5 µg/µl vector DNA stock 

solution were diluted in 250 µl Opti-MEM® reduced serum medium and mixed gently by 

pipetting. Next, Lipofectamine 2000 was diluted in 250 µl Opti-MEM® reduced serum 

medium (2.5 µl Lipofectamine per 0.5 µg vector DNA), mixed gently by pipetting and 

incubated for 5 min at room temperature. Afterwards, vector and lipofectamine dilutions were 

mixed, incubated for 20 min at room temperature, and added drop-wise to each well. Cells 

were incubated for 48 h at 37°C prior to expression analysis. 

3.2.1.6 Transfection of HeLa S3 cells with TransIT-HeLaMONSTER® Transfection Kit 

To analyze functionality of pTRIPZ vector and derivates, HeLa S3 cells were transfected 

using the TransIT-HeLaMONSTER® Transfection Kit according to the manufacturer´s 

instructions. In brief, cells were seeded on glass coverslips in a 24 well plate at 1x10
4
 cells per 

well. The next day, 1.5 µl TransIT- HeLa Reagent was diluted in 50 µl DMEM (high glucose, 

+ sodium pyruvate) without supplements and incubated for 10 min at room temperature. After 
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addition of 1 µg vector DNA, incubation for 15 min at room temperature and adding 0.5 µl of 

MONSTER Reagent, all components were finally mixed and incubated for 15 min at room 

temperature. Afterwards 500 µl of growth medium was added, transfection mix transferred 

drop-wise into one well and incubated for 24 h. For expression of shRNAmir constructs, wells 

were supplemented with 1 µg/ml doxycycline at 24 h after transfection. 

3.2.1.7 Fluorimetric Detection of Alkaline DNA Unwinding (FADU)  

The automated fluorimetric detection of alkaline DNA unwinding assay was utilized to 

quantify DNA double strand breaks and consequently DNA repair (Moreno-Villanueva et al., 

2011). Unwinding of DNA using the automated FADU-assay occurs only at sites of DNA 

damage under controlled conditions of time, temperature and pH. The amount of DNA 

damage or the DNA repair over time can be detected by the fluorescent dye SybrGreen, which 

binds to double stranded DNA. The automated FADU-assay was performed as described by 

Moreno-Villanueva et al. 2011 (Moreno-Villanueva et al., 2011), with the following 

modifications. 

HeLa inducible knockdown cell lines were seeded in 6 cm plates and 1 µg/ml doxycycline 

was added for 120 h. One day before automated FADU-assay analysis, approximately 

1.25x10
4

 cells were seeded as triplicates of each cell type or condition in FADU 96 well 

plates. To induce DNA damage, cells were treated with H2O2 in PBS for 5 min at 37°C and 

washed afterwards with PBS. For DNA repair experiments, H2O2-treated cells were left to 

recover in PBS and a time course of 0 to 60 min was conducted at 12 min intervals before 

automated FADU-assay was performed using a 30 min alkaline DNA unwinding time. At 

60 min repair time, the FADU 96 well plate was immediately placed into the FADU robot, 

where the following automated steps took place (1) suspension of cells, (2) cell lysis, (3) 

addition of alkaline solution, (4) addition of neutralization buffer, and (5) SybrGreen addition 

and mixing. Afterwards, FADU 96 well plates were analyzed by FL600 fluorescence 

microplate reader at 492 nm excitation and 520 nm emission. For quantification, T and P0 

samples were measured additionally in every approach. T samples are supplemented with 

neutralizing buffer beforehand, so no DNA unwinding can occur. Therefore, these samples 

display the highest fluorescence intensities and indicate the total amount of DNA. P0 control 

samples on the other hand represent physiological DNA damage, as no genotoxic agent is 

applied before unwinding procedure.  
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3.2.1.8 Clonogenic Survival Assay (CSA) 

To assess the effectiveness of genotoxic agents and siRNA-mediated silencing of PARP-1 

and/or PARP-2 on the survival and proliferation of HeLa S3 or U2OS cells, the clonogenic 

survival assay was employed. RNA interference of analyzed proteins was done in 6 cm plates 

as described under section 3.2.6.5 and CSA was performed at 48 h after transfection. 

Before detachment of cells, all required solutions were pre-warmed to 37°C in a water bath; 

fresh 6 cm cell culture plates for assay incubation times were overlaid with 3 ml cell culture 

medium and 15 ml conical centrifuge tubes for dilutions were filled with 9900 µl cell culture 

medium. Cells were washed in PBS, detached by incubation with 0.5 ml trypsin/EDTA 

(0.025%) and harvested in 1.5 ml cell culture medium. After cell number determination, 

1x10
6
 cells were centrifuged (1000 rpm, 5 min), resuspended to 2x10

5
 cells/ml in PBS, and 

1 ml cell suspension transferred to new reaction tubes. During the following 10 min 

incubation at 37°C, 100x stock solutions of H2O2 in PBS were prepared. 

For genotoxic treatment, 10 µl of 100x H2O2 stock solutions were added to cell suspensions 

and incubated for 5 min at 37°C. Immediately afterwards, 100 µl treated cell suspension was 

transferred to 15 ml conical centrifuge tubes for dilutions (9900 µl cell culture medium). 

Finally, 500 µl of cell suspension dilution was dispersed onto 6 cm cell culture plates for 

assay incubation and cell colonies were allowed to form for 9 to 10 days prior to crystal violet 

staining. For crystal violet staining, cell colonies were carefully washed once with PBS, 

incubated for 30 min in crystal violet fixation solution, and stained with crystal violet staining 

solution for 1 h at room temperature. Crystal violet staining solution was recycled, stained 

colonies washed with desalted water and dried on benchtop overnight. Prior to counting 

colonies of a minimum size of 20 cells under a light microscope, 6 cm plates were sealed by 

parafilm.  

3.2.1.9 Alamar Blue Assay 

Cell viability analysis after genotoxic treatment and siRNA-mediated silencing of PARP-1 

and/or PARP-2 in HeLa S3 or U2OS cells was done by alamar blue assay. RNA interference 

of analyzed proteins was carried out in 6 cm plates as described under section 3.2.6.5. At 24 h 

after transfection, cells were washed in PBS, detached by incubation with 0.5 ml 

trypsin/EDTA (0.025%) and harvested in 1.5 ml cell culture medium. After cell number 

determination, 3x10
3
 HeLa S3 or 5x10

3
 U2OS cells were transferred to a 96-well plate in 

triplicates per condition tested and incubated for 24 h at 37°C prior to genotoxic treatment. 

For genotoxic treatment, cell culture medium was aspirated and cells were overlaid with 

50 µl PBS for H2O2 or cell culture medium for MMS treatment. After addition of 50 µl 
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2x genotoxic stock solutions, cells were incubated for 5 min at 37°C for H2O2 treatment and 

for 1 h at 37°C for MMS treatment. Next, genotoxic solutions were removed and cells were 

incubated in 100 µl cell culture medium at 37°C until desired time point of analysis. To assess 

cell viability, 10 µl of alamar blue reagent were added per well and after 3 h incubation at 

37°C, fluorescence was analysed by FL600 fluorescence microplate reader at 560 nm. 

3.2.1.10 Cell Proliferation and Population Doubling Time 

To determine cell proliferation capability of HeLa or U2OS cells after RNA interference of 

PARP-1 and/or PARP-2, cell numbers were determined at 24 h and 48 h after transfection and 

population doublings were calculated as below. 

 

ὖέὴόὰὥὸὭέὲ ὈέόὦὰὭὲὫ 
ὔόάὦὩὶ έὪ ὸέὸὥὰ ὺὭὥὦὰὩ ὧὩὰὰί ὥὸ Ὠὥώ έὪ ὬὥὶὺὩίὸ

ὔόάὦὩὶ έὪ ὧὩὰὰί ίὩὩὨὩὨ έὲ Ὠὥώ ρ έὪ Ὑὔὃ ὭὲὸὩὶὪὩὶὩὲὧὩ
  

3.2.2 Molecular biological methods 

3.2.2.1 DNA Restriction Analysis 

To prepare inserts and target vector DNÁs for cloning, up to 5 µg of DNA was digested by 

1-2 µl (5-20 U) of corresponding restriction enzyme and buffer, and incubated either for 2 h at 

37°C or overnight at 37°C. 

3.2.2.2 Annealing of Oligonucleotides 

To anneal DNA oligonucleotides for cloning of new multiple cloning sites or PARP 

shRNAmir sequences, oligonucleotides were diluted to 50 µM, corresponding sense and 

antisense sequences mixed 1:1, and mixtures were heated to 95°C for 5 min to denature 

possible secondary structures. After denaturation the thermomixer was turned off and reaction 

tubes were removed either after reaching a block temperature of 30°C or after 5 h. 

3.2.2.3 Agarose Gel Electrophoresis 

DNA fragments were separated by agarose gel electrophoresis and stained by ethidium 

bromide. Fragments of up to 1 kb were separated on 2% (w/v) and fragments above 1 kb on 

1% (w/v) agarose gels at constant 100 V in TAE buffer. After separation, agarose gels were 

incubated for 10 min in ethidium bromide solution and washed in desalted water for 5 min. 

Intercalation of ethidium bromide and DNA was visualized by UV light using gel 

documentation system from Intas. 
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3.2.2.4 Gel Extraction of Vector DNA 

Gel extraction was performed using the QIAquick Gel Extraction Kit from Qiagen, according 

to the manufacturer´s instructions. Elution was done in 30 µl for concentration of DNA. 

3.2.2.5 Removal of DNA overhangs 

T4-DNA Polymerase was used to remove DNA overhangs for blunt-end ligations. After DNA 

restriction analysis, agarose gel electrophoresis and gel extraction, all of the obtained DNA 

was blunted by 1 µl (5 U) T4-DNA Polymerase in a 40 µl reaction mix. The reaction was 

incubated at 11°C for 20 min and stopped afterwards at 70°C for 10 min.  

3.2.2.6 De-Phosphorylation of Vector DNA 

To de-phosphorylate vector DNA and thus exclude vector religation, DNA fragments were 

de-phosphorylated by Shrimp Alkaline Phosphatase (SAP). After DNA restriction analysis, 

agarose gel electrophoresis and gel extraction, all of the obtained DNA was 

de-phosphorylated by 1 µl (1 U) SAP at 37°C for 1 h and inactivate afterwards at 65°C for 15 

min. 

3.2.2.7 Amplification of DNA Sequences by Polymerase Chain Reaction (PCR) 

To extract the internal ribosome entry site (IRES) sequence and hygromycin resistance gene 

(HygroR) out of pTRIPZ and pGIPZ, respectively, the DNA sequences were amplified by 

PCR using the KOD Hot Start DNA Polymerase and FlexCycler (Analytik Jena) PCR cycler. 

The IRES sequence was amplified by BH093 and BH094 oligonucleotides and HygroR by 

BH095 and BH096, with expected amplicons of 620 bp and 1050 bp for IRES and HygroR 

respectively. Conditions and reaction mixes can be seen in Table 3.18 below. 

Table 3.18. Reaction mix and PCR cycler conditions for IRES and HygroR amplification . 

Reagents Reaction Mix PCR Cycler Program 

10 ng/µl Vector DNA 1      µl IRES HygroR 

10x Reaction Buffer 2      µl 1.) 95°C    for 2 min 1.) 95°C    for 2 min 

25 mM MgSO4 1.2   µl 2.) 95°C    for 20 s 2.) 95°C    for 20 s 

2 mM dTNP´s 2      µl 3.) 54.4°C for 10 s  3.) 53.6°C for 10 s  

10 µM Sense Primer 0.6   µl 4.) 70°C    for 15 s 4.) 70°C    for 15 s 

10 µM Antisense Primer 0.6   µl 5.) Repeat steps 2-4 25x 5.) Repeat steps 2-4 25x 

KOD Hot Start DNA Polymerase 1      µl 6.) 12°C continuously 6.) 12°C continuously 

Water 11.6 µl   

Total Volume 20    µl   

    

3.2.2.8 Purification of DNA Fragments 

DNA fragments for ligation were purified from enzymatic reactions by two molecular 

biological kits: (1) MinElute Reaction Cleanup Kit for cleanup of up to 5 µg DNA (70 bp to 

4 kb) according to the manufacturer´s instructions and (2) QIAquick Gel Extraction Kit for 

cleanup of up to 10 µg DNA (70 bp to 15 kb) with the following modifications. 
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For cleanup using QIAquick Gel Extraction Kit, enzymatic reaction mixes were adjusted to 

100 µl reaction volume using water, 300 µl QG buffer added next and incubated for 2 min at 

50°C. Afterwards steps were followed as recommended by manufacturer´s instructions 

(continued with step 4). 

3.2.2.9 Ligation of DNA overhangs 

For ligation of either sticky or blunt DNA overhangs, purified DNA fragments were ligated at 

1:3 (sticky) or 1:5 (blunt) vector-to-insert molar ratio using T4 DNA Ligase. The amount of 

insert to be used in ligation was calculated according to the following formula, by knowing 

the size of insert and vector DNA: 

 

ὍὲίὩὶὸ άὥίί ὲὫ  
ὠὩὧὸέὶ άὥίί ὲὫὼ ὍὲίὩὶὸ ίὭᾀὩ ὦὴ

ὠὩὧὸέὶ ίὭᾀὩ ὦὴ
 ὼ
ὭὲίὩὶὸ

ὺὩὧὸέὶ
 άέὰὥὶ ὶὥὸὭέ 

 

The ligation was performed in a total reaction volume of 20 µl with 1 µl (5 U) T4 DNA 

Ligase, corresponding buffers and at 22°C for 1 h or overnight at 4°C. Ligation reaction was 

finally inactivated by heat at 65°C for 10 min.  

3.2.2.10 Rapid De-Phosphorylation and Ligation 

To de-phosphorylate and ligate DNA fragments without the need of reaction cleanup in 

between reactions, the Rapid DNA Dephos & Ligation Kit from Roche was used according to 

manufacturer´s instructions. 

3.2.2.11 DNA Sequence Analysis 

To validate cloned vector DNA sequences, DNA restriction analysis positive identified 

recombinant DNA molecules were send for sequencing by GATC (Konstanz, Germany) and 

results were analyzed by Geneious - Version 5.0.4 software. 

3.2.3 Microbiological methods 

3.2.3.1 Preparation of Chemo Competent E. coli DHa 

Fresh prepared overnight culture of DH5a in YT medium were diluted 1:100 in 400 ml YT 

medium until a 0.6 OD at 260 nm was reached. Cells were incubated on ice for 10 min, 

centrifuged next for 10 min at 4°C and 2500 g, and the resulting pellet was resuspended in 

128 ml 4°C cold TB buffer. The suspension was again incubated on ice for 10 min and 

centrifuged 2500 g for 10 min at 4°C. The pellet was resuspended in 32 ml of 4°C cold TB 
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buffer and 7% DMSO was added during gentle swirling. After a final 10 min incubation step 

on ice, 100-200 µl aliquots were frozen in liquid nitrogen and stored at -80 °C. 

3.2.3.2 Transformation of Chemo Competent E. coli DH5a 

To transfer ligated vector DNA into bacteria for amplification, chemo competent DH5a 

bacteria were thawed on ice and up to 5 µl of the ligation reaction was added to 50 µl of 

chemo competent DH5a. The bacteria-DNA solution was gently mixed by tapping of the 

reaction tube and incubated for 30 min on ice. Subsequently, heat shock at 42°C for 30 s was 

performed and afterwards bacteria were incubated again on ice for 2 min. Then 950 µl of LB 

medium without antibiotic was added to bacteria, incubated for 1 h at 37°C and 300 rpm, and 

finally bacteria were plated on LB-Agar plates containing the required antibiotic for overnight 

incubation at 37°C. 

3.2.3.3 Overnight Cultures for Plasmid DNA Preparation 

For isolation of vector DNA out of transformed E. coli DH5a, 3 ml LB medium containing 

selection antibiotic were inoculated with a single cell colony from an overnight LB-Agar plate 

and incubated overnight at 37°C and 300 rpm. 

3.2.3.4 Plasmid DNA Preparation 

To isolate vector DNA from an overnight culture the ZR Plasmid Miniprep
TM

 ï Classic Kit 

was used according to the manufacturer´s instruction. For yields greater than 3 µg of vector 

DNA, the PhoenIX
TM

 Filter Maxiprep Kit, QIAGEN Plasmid Plus Maxi Kit or QIAfilter 

Plasmid Giga Kit were utilized with higher starting amounts of overnight cultures according 

to manufacturer´s instructions. 

3.2.3.5 Cryopreservation of Transformed E. coli DH5a 

For long-term storage of transformed E. coli DH5a, 750 µl of a fresh overnight culture was 

mixed with 250 µl 100% sterile glycerol, briefly vortexed, and stored at -80°C 

3.2.4 Immunocytochemistry 

3.2.4.1 Coating of Coverslips with Poly-L-Lysine Solution 

Immobilization of suspension cell cultures for immunohistochemistry and subsequent 

microscopy was achieved by coating of glass coverslips with poly-L-lysine solution. To 

prepare coverslips for coating, coverslips were incubated for 10 min in 50% EtOH-50% 

acetone, washed several times by dipping into PBS and water, and finally sterilized in cell 

culture well plates for 5 min in a microwave at maximum power. For coating with poly-L-
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lysine, 0.2 mg/ml poly-L-lysine in sterile water was added to each well and incubated for 2 h 

at 37°C.Wells were washed next with PBS, washed twice with sterile water, and finally air 

dried in a laminar flow bench for 1 h. Coated coverslips were either used immediately or 

stored at -20°C. 

3.2.4.2 Staining of Poly(ADP-Ribose) after Hydrogen Peroxide Treatment 

To detect poly(ADP-Ribose) formation after H2O2 treatment, poly(ADP-ribose) biopolymers 

and poly(ADP-ribosyl)ated proteins were stained by PAR-specific antibody 10H, detecting 

only long and branched PAR biopolymers. 

For immunofluorescence of PAR biopolymer, 1x10
5
 HeLa S3 cells were seeded on 10 mm 

glass coverslips in a 24-well plate and incubated for 24 h at 37°C. Medium was aspirated, 

replaced with varying concentrations of H2O2 in PBS and cells were incubated for 5 min at 

37°C. Afterwards cells were washed briefly in PBS and fixation was performed using 

methanol glacial acetic acid solution at 3:1 ratio for 5 min at room temperature. Cells were 

then washed twice on a shaker in PBS for 5 min, incubated in PBSMT blocking solution for 

either 30 min at room temperature or at 4°C overnight, and washed briefly in PBS. Coverslips 

were transferred next to a humid chamber and incubated with 10H primary antibody diluted 

1:300 in PBSMT for 1 h at 37°C or overnight at 4°C. After transfer of coverslip back into 

wells, coverslips were washed three times on a shaker in PBS for 10 min at room temperature. 

For secondary antibody incubation, coverslips were transferred carefully to a humid chamber 

again and incubated with either polyclonal goat-anti-mouse IgG, AlexaFluor 488-conjugated 

or polyclonal goat-anti-mouse IgG, AlexaFluor 564-conjugated antibody diluted 1:500 in 

PBSMT for 1 h at 37°C. Coverslips were washed three times on a shaker in PBS for 10 min 

after incubation and transfer back into wells. DNA and nuclei were subsequently stained by 

incubation with 200 ng/ml Hoechst 33342 for 5 min at room temperature. Finally, coverslips 

were washed three times on a shaker for 5 min in PBS and embedded on microscopy slides 

using Aqua Poly Mount. 

3.2.4.3 Staining of Poly(ADP-Ribose) Polymerase-1 

Both human poly(ADP-Ribose) polymerase-1 specific antibody FI23 and PARP specific, but 

species unspecific, CII10 antibody were employed to detected PARP-1 in HeLa S3 cells.  

For immunofluorescence of PARP-1, 1x10
5
 HeLa S3 cells were seeded on 10 mm glass 

coverslips in a 24-well plate and incubated for 24 h at 37°C. Medium was aspirated, cells 

washed briefly in PBS and fixation was performed using 4% PFA in PBS for 20 min at room 

temperature. After removal of PFA solution, fixation was stopped by addition of 100 mM 
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glycine in PBS for 1 min at room temperature. Cells were washed next on a shaker for 5 min 

in PBS, permeabilized by 0.4% triton X-100 in PBS for 3 min at room temperature, and 

washed afterwards for 5 min in PBS on a shaker. To block unspecific binding sites on glass 

coverslips, coverslips were incubated in 1% BSA/PBS blocking solution for either 30 min at 

room temperature or overnight at 4°C. Afterwards, coverslips were transferred to humid 

chambers and incubated with primary antibody FI23 or CII10 diluted 1:300 or 1:500 

(depending on stock) in 1% BSA/PBS for 1 h at 37°C or overnight at 4°C. After transfer of 

coverslips back into wells, coverslips were washed three times on a shaker in PBS for 10 min 

at room temperature. For secondary antibody incubation, coverslips were transferred carefully 

to a humid chambers again and incubated with either polyclonal goat-anti-mouse IgG, 

AlexaFluor 488-conjugated or polyclonal goat-anti-mouse IgG, AlexaFluor 564-conjugated 

antibody diluted 1:500 in 1% BSA/PBS for 1 h at 37°C. Coverslips were washed three times 

on a shaker in PBS for 10 min after incubation and transfer back into wells. DNA and nuclei 

were subsequently stained by incubation with 200 ng/ml Hoechst 33342 for 5 min at room 

temperature. Finally, coverslips were washed three times on a shaker for 5 min in PBS and 

embedded on microscopy slides using Aqua Poly Mount. 

3.2.4.4 Immunofluorescence Microscopy 

Microscopy slides were documented by epifluorescence microscopy using the Zeiss Axiovert 

200M equipped with an AxioCam MRm camera and FITC, DAPI and Cy3 fluorescence filter 

sets. Microscopic parameters are indicated on photomicrographs. 

3.2.4.5 Fluorescence Signal Intensity Evaluation of Nuclear Stainings 

Fluorescence signal intensities from photomicrographs were evaluated by Image J - Version 

1.43U. Here, photomicrographs were split into filter set channel images and cell nuclei were 

marked on DAPI split channel: (1) Setting of threshold; (2) Binary image generation; and (3) 

Analysis of particles of 1000 to infinity in size [pixel^2]. Positions of identified cell nuclei 

were transferred next onto the filter set channel image for signal intensity evaluation and 

measured. 

3.2.4.6 Group Analysis of Poly(ADP-ribose) Fluorescence Intensity 

Poly(ADP-ribose) (PAR) was stained by use of the PAR-specific antibody 10 H (Section 

3.2.4.2) and 10H fluorescence signal intensities were evaluated according to section 3.2.4.5 

above. Following fluorescence signal intensity evaluation, 10H fluorescence signal intensities 

were categorized into groups by calculating the combined mean fluorescence intensity of 

control cells treated with 0.5 mM hydrogen peroxide, representing highest fluorescence 
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detected. Next, 1/3 of calculated mean fluorescence intensity was either deducted or added to 

calculated mean fluorescence intensity and thus groups defined as following: Fluorescence 

signal intensities in the range ñ0 and mean ï1/3ò were considered as low poly(ADP-ribose) 

fluorescence signal intensity group (Group I), fluorescence intensities in the range ñmean ï1/3 

and mean +1/3ò were considered as middle poly(ADP-ribose) fluorescence signal intensity 

group (Group II), and finally, fluorescence intensities in the range ñmean +1/3 and aboveò 

were considered as high poly(ADP-ribose) fluorescence signal intensity group (Group III). 

3.2.4.7 Analysis of Cell Death by Flow Cytometry 

To analyze the effect of reduced cell proliferation after siRNA-mediated silencing of PARP-2 

in HeLa S3 or U2OS cells, cell death analysis was performed by flow cytometry. Here, cells 

were stained by annexin V and propidium iodide to differentiate apoptotic from necrotic cell 

death. 

For cell death analysis, RNA interference of analyzed proteins was carried out in 6 cm plates 

as described under section 3.2.6.5 and HeLa S3 cells treated with 10 µM camptothecin for 48 

h served as a positive control for cell death here. At 48 h after transfection and treatment, cell 

culture medium was removed and stored on ice in a 15 ml conical centrifuge tube. Cells were 

washed with 2 ml PBS and PBS washing solution was added to old cell culture medium on 

ice. Afterwards cells were detached by incubation with 0.5 ml trypsin/EDTA (0.025%), 

harvested in 1.5 ml cell culture medium and transferred to the 15 ml conical centrifuge tube 

on ice. After centrifugation at 1000 rpm for 5 min, cells were resuspended in PBS and cell 

numbers were determined. 1x10
6
 cells were centrifuged next at 1000 rpm for 5 min at room 

temperature, resuspended in 1 ml 1x annexin binding buffer and 195 µl of cell suspension was 

added to 5 µl Annexin V(human) - FITC conjugate from Enzo Life Sciences. After incubation 

at room temperature for 15 min, 200 µl of 10 µg/ml propidium iodide in 1x annexin binding 

buffer was added and cells were kept on ice until flow cytometry analysis on FACS Calibur II  

by CellQuest Pro 6.0 software. Resulting flow cytometry data were analyzed by FlowJo ï 

Version 8.8.7 software. 

3.2.4.8 DNA Histogram Analysis 

To analyze cell cycle phase distributions after siRNA-mediated silencing of PARP-1 and/or 

PARP-2 in HeLa S3 or U2OS cells, DNA content was measured by flow cytometry. 

RNA interference of analyzed proteins was carried out in 6 cm (HeLa S3) or 10 cm (U2OS) 

plates as described under section 3.2.6.5. At 48 h after transfection, cells were washed in PBS, 

detached by incubation with 0.5 ml trypsin/EDTA (0.025%) and harvested in 1.5 ml cell 
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culture medium. After cell number determination, cells were centrifuged at 1000 rpm for 

5 min, thoroughly resuspended in 300 µl ice-cold PBS, 700 µl 100% ice-cold EtOH added 

and incubated on ice for 20 min. After fixation, cells were centrifuged at 200 g for 5 min, 

washed in PBS and centrifuged next at 300 g for 5 min. Subsequently, cells were resuspended 

in 150 µl PBS, 600 µl DNA histogram extraction buffer added and incubated for 20 min at 

room temperature on a shaker. Cells were centrifuged then at 300 g for 5 min and the 

resulting cell pellet was resuspended in DNA histogram staining buffer and incubated for 

30 min at room temperature in the dark. Finally, flow cytometry analysis was performed on 

FACS Calibur II using the CellQuest Pro 6.0 software doublet discrimination mode and data 

were analyzed by FlowJo ï Version 8.8.7 software. 

3.2.5 Protein Analysis 

3.2.5.1 Protein Extraction from Cell Lysates 

Cells for protein extraction were harvested by routine passaging, cell number determined and 

centrifuged at 1000 rpm for 5 min. Cells were resuspended next in 1x complete protease 

inhibitor in PBS and cell lysis was performed by addition of twice the sample volume of 

preheated (95°C) SDS-PAGE 1.5x high-urea protein loading buffer. Samples were incubated 

at 95°C and 300 rpm and afterwards DNA was sheared by using a 1 ml syringe and 21-23 G 

and 24-26 G needles. Protein extracts were flash-frozen in liquid nitrogen and stored at -80°C 

until use. 

3.2.5.2 Protein Extraction from Cell Lysates by modified high-salt RIPA buffer 

To determine protein concentrations in protein extracts, protein extraction was performed 

using modified high-salt RIPA buffer. For this purpose, cells were washed twice in ice-cold 

PBS, PBS aspirated and cell-containing plates were put on ice. At 100% cell confluency, 

500 µl for 10 cm, 300 µl for 6 cm and 150 µl for 6-well plates ice-cold modified high-salt 

RIPA buffer was added directly to plates, cells detached using a rubber police man and cell 

suspensions transferred to a reaction tube. DNA was sheared by using a 1 ml syringe and 

21-23 G and 24-26 G needles. Cells were centrifuged next at 4000 g for 15 min at 4°C, 

supernatant transferred to a new reaction tube and flash-frozen in liquid nitrogen for following 

storage at -80°C. Prior to use in SDS-PAGE, samples were supplemented with SDS-PAGE 

10x protein loading buffer. 
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3.2.5.3 Protein extraction from Cell Lysates for PARP-2 Western Blot Analysis 

Cells for PARP-2 protein extraction were harvested by routine passaging, cell number 

determined and centrifuged at 1000 rpm for 5 min. Protein extracts were kept on ice 

afterwards, resuspended in PARP-2 lysis buffer and sonicated twice for 10 s with a break of 

15 min in between. Samples were centrifuged next at 14000 rpm for 15 min at 4°C, 

supernatant transferred to a new reaction tube and flash frozen in liquid nitrogen for storage at 

-80°C. Prior to use in SDS-PAGE, samples were supplemented with SDS-PAGE 10x protein 

loading buffer and a final concentration of 50 mM DTT. 

3.2.5.4 Determination of Protein Concentrations 

Protein concentrations were determined using the BCA protein assay kit (Pierce) according to 

the manufacturer´s instructions with the following specifications: Samples were diluted 1:2 to 

1:10 in MilliQ water. Modified high-salt RIPA buffer served as negative control. Bovine 

serum albumin solutions with concentrations of 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2 mg/ml were used 

as standards. Each sample was analyzed in technical triplicates. Reactions were incubated for 

30 min at 37°C and absorptions were measured at 550 nm in a 96-well-plate ELISA reader.  

3.2.5.5 SDS-Polyacrylamide Gel Electrophoresis 

Protein samples were separated by discontinuous sodium dodecylsulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE). For separation, SDS-PA mini gels, which compromise a 4.6% 

stacking and 10% separation gel, were prepared using the Hoefer Mini VE system (Amershan 

Biosciences) or the Mini-PROTEAN Tetra cell system (Bio-Rad) according to the 

manufacturer´s instructions. Briefly, electrophoresis devices were set up using two glass 

slides and spacers depending on system used. After addition of TEMED and APS, separation 

gel solution was poured between glass slides, covered with isopropanol and polymerization of 

the gel was allowed for 30 min at room temperature. Isopropanol was removed after 

polymerization and stacking gel solution was prepared and poured on top of separation gel, 

after which a 10 to 15-tooth comb was inserted. After polymerization was completed, SDS-

PA mini gels were placed into electrophoresis chamber and protein extracts were loaded as 

ñcell equivalentsò or defined protein concentrations as indicated in corresponding figures. 

Electrophoresis was performed at an initial current of 10 mA per gel to allow concentration of 

protein samples at the borderline of stacking and separation gel. Subsequently, current was 

increased to 20 mA per gel and electrophoresis was continued until the colored frontline had 

run out. 
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Table 3.19. Composition of SDS-PA mini gels. 

Reagent Stacking gel (4.6%) Separation gel (10%) 

Separation gel buffer - 3.2 ml 

Stacking gel buffer 3.2 ml - 

Rotiphorese 30 1.1 ml 5.2 ml 

H2O (MilliQ)  2.2 ml 7.2 ml 

TEMED  12 µl  32 µl 

APS  66 µl 132 µl 

Volumes sufficient for 2 gels 

 

 

3.2.5.6 Western Blot 

After separation by SDS-PAGE, proteins were electrophoretically transferred onto a 

HybondÊ-ECL nitrocellulose membrane using a Hoefer Mini Blot Module wet blotting 

device (Amersham Biosciences) according to the manufacturer´s instructions. The transfer 

was conducted in western blot transfer buffer at a constant current of 300 mA for 2 h. 

Subsequently, the nitrocellulose membrane was incubated for 30 min at room temperature or 

overnight at 4°C in western blot blocking solution to block unspecific binding of antibodies. 

Excess solution was removed by brief wash in TNT buffer and first antibody incubation was 

performed at room temperature for 1 h or overnight at 4°C on a rotary shaker 

(See Table 3.20 below). Membrane was washed next three times in TNT buffer on a shaker at 

room temperature for 10 min and then incubated with secondary HRP-conjugated antibodies 

(See Table 3.20 below) at room temperature for 1 h on a rotary shaker. After three times 

washing of membrane in TNT buffer at room temperature on a rotary shaker, the visualization 

of proteins was performed via chemiluminescence reaction, by which the peroxidase-coupled 

secondary antibody converts the ĂECL solution  (ECL solution ĂA  and ĂB  (1:1)) resulting 

in photon emission. Signals were detected with an Image Quant LAS 4000 mini with 

exposure times of 10 s up to 30 min. 

 

 

Table 3.20. Antibodies and reagents used in western blot analysis. 

Antibody or Reagent Dilution  

Monoclonal mouse-anti-actin  1:50000 in blocking solution  

Monoclonal mouse-anti-HA1.1 1:2500 in TNT 

Monoclonal mouse-anti-human-PARP-1 (FI23)  1:400 in blocking solution  

Monoclonal mouse-anti-PARP-1 (CII10)  1:400 in blocking solution  

Polyclonal goat-anti-mouse IgG, HRP-conjugated  1:2000 in blocking solution  

Polyclonal goat-anti-rabbit IgG, HRP-conjugated  1:2000 in blocking solution  

Polyclonal rabbit-anti-PARP2 (PA1-4280) 1:500 in blocking solution 

Streptavidin-HRP 1:5000 in TNT 
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3.2.5.7 Preparation of Cell Lysates for RNA Isolation 

To isolate RNA from cell lysates, the RNeasy Mini Kit from Qiagen was used according to 

manufacturer´s instruction. Briefly, cells were harvested by routine passaging, cell number 

determined and centrifuged at 1000 rpm for 5 min. The resulting pellet was resuspened in 

350 µl RLT buffer for cell numbers below 5x10
6
 cells and in 600 µl RLT buffer above 5x10

6
 

cells. DNA was sheared by 1 ml syringe and 21 G needle and flash-frozen in liquid nitrogen 

until RNA isolation was continued as described in manufacturer´s instructions. 

3.2.5.8 Reverse Transcription PCR for cDNA Synthesis 

For up to 1 µg synthesis of double-stranded complementary DNA (cDNA), 1 µg of total RNA 

was transcribed using the iScript cDNA Synthesis Kit (Bio-Rad) according to the 

manufacturer´s instructions and FlexCycler (Analytik Jena) PCR cycler. For synthesis of 

more than 1 µg cDNA, the SuperScriptÊ II Reverse Transcriptase was utilized. Here, up to 5 

µg of RNA was mixed with 5 µl 2 mM dNTP´s, 1 µl 500 ng/µl Oligo (dT)18 Primer and filled 

up with water to 13 µl reaction volume. The reaction mix was incubated afterwards at 65°C 

for 5 min and then 4 µl 5x First Strand Buffer, 1 µl 0.1 M DTT, 1 µl (40 U) RiboLock RNase 

inhibitor and 1 µl (200 U) SuperScriptÊ II Reverse Transcriptase were added. Reverse 

transcription PCR was performed by incubation at 50°C for 60 min and 70°C for 15 min using 

the FlexCycler (Analytik Jena) PCR cycler. 

3.2.5.9 Relative Quantitation of Gene Expression 

Gene expression levels of hPARP-1 and hPARP-2 were determined by SybrGreen real-time 

quantitative PCR (RT-qPCR) (HotStart-IT SYBR Green qPCR Master Mix, Affymetrix) and 

iQ Cycler or CFX Cycler (Bio-Rad) according to the manufacturer´s instructions. Primer sets 

BH059/BH060 and BH099/BH100 were used to amplify specific products of 147 bp 

(hPARP-2, Exon 2b/3) and 100 bp (hPARP-1, Exon 6/7), respectively. Two house-keeping 

genes served here as reference genes for comparison of relative gene expression levels: (1) 

Succinate dehydrogenase complex, subunit A, flavoprotein gene SDHA with primer sets 

BH063/BH064 and an amplicon of 141 bp (Exon 3/4) and (2) TATA box binding protein 

gene TBP with primer sets BH65/66 and an amplicon of 153 bp (Exon 3/4). PCR reactions for 

each gene were performed with 100 ng of cDNA per sample in triplicates. Reactions were 

incubated at 95°C for 90 s and then 50 cycles of amplifications at 95°C for 15 s, 56°C for 20s 

and finally 68°C for 30s, where amplicons were detected by SybrGreen fluorescence. 

Afterwards, in order to determine specificity of PCR´s, melt curves of the respective products 
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were analyzed by raising sample temperature by 0.5°C per cycle (10 s) starting from 50°C 

until 95°C, where fluorescence signals were acquired again after each cycle. 

To determine fold-differences in gene transcription expression, the relative changes were 

calculated by ȹȹCt method(Livak & Schmittgen, 2001) using test sample groups (e.g. siRNA) 

and calibrator groups (e.g. scrambled siRNA).  

 

 

ɝ#Ô  #Ô ÇÅÎÅ ÏÆ ÉÎÔÅÒÅÓÔ #Ô ÒÅÆÅÒÅÎÃÅ ÇÅÎÅ 

ɝɝ#Ô  ɝ#Ô ÔÅÓÔ ɝ#Ô ÃÁÌÉÂÒÁÔÏÒ 

Relative mRNA level fold change = 2 ï ȹȹCt 

 

3.2.6 RNA Interference 

3.2.6.1 Design of knockdown sequences 

Small interfering RNA sequences were determined by siDirect 2.0 software published by 

Naito et al. 2009 (Naito et al., 2009). For RNA interference of hPARP-1 and hPARP-2, the 

reference sequence NM_001618.3 and NM_005484.3 were used in the algorithmic search, 

respectively. For design of shRNAmir sequences, a search pattern of 

NNGNNNNNNNNNNNNNNNNNNNN was specified and siRNA sequences selected for 

cloning as shRNAmir into pTRIPZ. For design of siRNA sequences, a search pattern of 

AAGNNNNNNNNNNNNNNNNNNNN was utilized and effective target siRNA sequences 

(see Figure 3.2 in bold script for definition) were ordered at Sigma-Aldrich with UU or 

[dT][dT] overhangs. 

3.2.6.2 Determination of Seed-target Duplex Melting Temperatures 

Melting temperatures of off-target critical seed-target duplexes(Naito et al., 2009) were 

estimated by using  non-self-complementary duplex parameters of the individual nearest-

neighbor hydrogen bond (INN-HB) model as published by Xia et al. 1998(Xia et al., 1998). 

See Figure 3.1 below for example calculation of PARP-1-Shah shRNA published by Shah et 

al. 2005 (Shah et al., 2005). 
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Figure 3.1. Representative estimation of seed-target duplex melting temperatures. 

A. Analysis of shRNA sequence to identify nucleotides on position 2 to 8 (from 5ô end) of the guide siRNA 

strand, crucial for seed-target duplex formation. B. Estimation of melting temperature (Tm) by individual nearest-

neighbor hydrogen bond (INN-HB) model using parameters for non-self-complementary duplexes. 

ȹHÁ = Change in enthalpy [kcal/mol]; ȹSÁ = Change in entropy [eu]; ȹHÁinti.= Initiation enthalpy; 

ȹSÁinti = Initiation entropy; ȹSÁsym = symmetry correction of entropy (= 0 for non-self-complementary duplexes);  
R = Gas constant [1.987 cal K

-1
 mol

-1
]; ln(Ct/a) = Factor for total concentration of single strands. 

 

3.2.6.3 Design of shRNAmir expression construct from siRNA 

To design shRNAmir expression constructs directly from siRNA sequences, the conversion 

method of Baroy et al. 2010 was applied (Baroy et al., 2010). Briefly, to allow expression of 

shRNAmir containing sequences identical to siRNAs, the sequences were redesigned as 

shRNAmir inserts for cloning into vector pTRIPZ. Here, siRNA passenger and guide 

sequences contain the specific 19-nucleotide (nt) effective target siRNA sequence (see section 

4.2.1.2 for definition) for transfer into the shRNAmir oligonucleotides. An example 

conversion can be seen in Figure 3.2 below. 
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Figure 3.2. Representative Design of shRNAmir Oligonucleotides from siRNA sequences. 

Bold: Specific 19-nucleotide effective target siRNA sequence. Italic:  shRNAmir loop sequence. Left and right 

of effective target siRNA sequences are parts of the mir30 context sequence, which after annealing of 

oligonucleotides, result in processed Xho-I (left) and Eco-RI (right) DNA overhangs required for cloning. 

3.2.6.4 Transfection of HeLa S3 cells with siPORT
TM 

Amine 

To downregulate human PARP-1 and PARP-2 protein expression in HeLa S3, siRNA against 

the respective proteins were transfected using siPORT
TM 

Amine. For RNA interference of 

HeLa S3 cells, cells were grown to 70-90% confluency in a T75 cell culture flask and all 

passaging solutions were pre-warmed to 37°C in a water bath.  Cell culture medium was 

aspirated and cells were briefly washed with 10 ml PBS. Cell colonies were dissociated by 

incubation with 1 ml Trypsin/EDTA (0.25%/1 mM) for 5 min at 37°C. Dissociation was 

stopped by addition of 9 ml cell culture medium and pipetting. Cell suspension dilutions were 

prepared in fresh cell culture medium at 1:5 and 1:8 ratios, plated in 6-well plates and left to 

grow overnight in an incubator.  

The following day plates with around 50% cell confluency were chosen for transfection. Here, 

10 µl of siPORT
TM 

Amine and 185 µl Opti-MEM® reduced serum medium were combined, 

vortexed and incubated for 20 min at room temperature. 5 µl appropriate 20 µM siRNA stock 

solution was added next and siPORT
TM 

Amine-siRNA solution was mixed by pipetting. 

During the following 20 min incubation on benchtop, cells were washed twice with 2 ml 

Opti-MEM® reduced serum medium. Next, siPORT
TM 

Amine-siRNA solution was spun 

down, cells overlaid with 800 µl Opti-MEM® reduced serum medium and 200 µl of 

siPORT
TM 

Amine-siRNA solution was added to each well. After 4 h of incubation at 37°C, 

2 ml of cell culture medium were added and finally incubated for the desired time point of 

analysis. 
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3.2.6.5 Transfection of HeLa S3 cells or U2OS with Lipofectamine RNAiMAX 

To downregulate human PARP-1 and PARP-2 protein expression in HeLa S3 or U2OS cells, 

siRNA against the respective proteins were transfected using Lipofectamine RNAiMAX. For 

RNA interference of cells, cells were grown to 70-90% confluency in a 10 cm plate and all 

passaging solutions were pre-warmed to 37°C in a water bath.  Cell culture medium was 

aspirated and cells were briefly washed with 10 ml PBS. Cell colonies were dissociated by 

incubation with 1 ml Trypsin/EDTA (0.25%/1 mM) for 5 min at 37°C. Dissociation was 

stopped by addition of 9 ml HeLa/U2OS transfection medium and pipetting. Subsequently, 

cell number was determined and cells were plated in defined transfection medium volumes on 

new cell culture plates in order to reach 50% cell confluency the next day. 

On day two of RNA interference, cells were monitored by phase contrast light microscopy for 

cell confluency, appropriate 20 µM siRNA stock solutions diluted in Opti-MEM® reduced 

serum medium and mixed gently by pipetting. Next, Lipofectamine RNAiMAX was diluted 

in Opti-MEM® reduced serum medium and mixed gently by pipetting. After combining 

siRNA and Lipofectamine RNAiMAX dilutions, the mixture was mixed gently by pipetting, 

incubated at room temperature for 15 min, added drop-wise to each plate and finally 

incubated for the desired time point of analysis. See Table 3.21 (HeLa) and Table 3.22 

(U2OS) for volumes and cell numbers employed.  

 

Table 3.21. Volumes for Lipofectamine RNAiMAX transfection of HeLa S3 cells. 
Dish size Cell number for 

plating  

Transfection plating 

medium 

20 µM siRNA 

stock solution 

Lip ofectamine 

RNAiMAX  

Opti -MEM® reduced 

serum medium 

24-well plate 5x10
4 
 500 µl 1 µl 1 µl 50 µl 

  6-well plate 3x10
5
 2.5 ml 5 µl 5 µl 250 µl 

    6 cm plate 5x10
5 
- 1x10

6
 3 ml 7.5 µl 7.5 µl 750 µl 

  10 cm plate 2x10
6
 6 ml 15 µl 15 µl 1.5 ml 

  15 cm plate 4x10
6
 12 ml 30 µl 30 µl 3 ml 

Final siRNA concentration per well is 33 nM 

Table 3.22. Volumes for Lipofectamine RNAiMAX transfection of  U2OS cells. 

Dish size Cell number for 

plating  

Transfection 

plating medium 

20 µM siRNA 

stock solution 

Lip ofectamine 

RNAiMAX  

Opti -MEM® reduced 

serum medium 

  6-well plate 1.5x10
5
 2.5 ml 5 µl 5 µl 250 µl 

    6 cm plate 5x10
5
 3 ml 7.5 µl 7.5 µl 750 µl 

  10 cm plate 1x10
6
 6 ml 15 µl 15 µl 1.5 ml 

  15 cm plate 2x10
6
 12 ml 30 µl 30 µl 3 ml 

Final siRNA concentration per well is 33 nM 

For transfection of two siRNA´s into one well, equimolar amounts of both siRNA were added 

on day of transfection, raising the final concentration to 66 nM. 
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3.2.6.6 Cotransfection of siRNA and Vector DNA into HeLa S3 cells 

To restore the wild type phenotype of PARP-2-Hanf siRNA silenced HeLa S3 cells and 

provide evidence for the specificity of the employed PARP-2-Hanf siRNA, HeLa S3 cells 

were simultaneously transfected with siRNA and pCMV-HA-PARP2 plasmid DNA. 

Lipofectamine 2000 was utilized to co-transfect pCMV-HA-PARP2 and siRNA into HeLa S3 

cells. 

For co-transfection, cells were grown to 70-90% confluency on a 10 cm plate and all 

passaging solutions were pre-warmed to 37°C in a water bath.  Cells were dissociated, cell 

number determined, and 1x10
6
 cells plated in transfection medium into new 6-cm cell culture 

plates. On day two of co-transfection, 2 µg of pCMV-HA-PARP2 and 150 pmol of 

corresponding siRNA were diluted in 750 µl Opti-MEM® reduced serum medium and mixed 

gently by pipetting. Next,  7.5 µl Lipofectamine 2000 was diluted in 750 µl Opti-MEM® 

reduced serum medium, mixed gently by pipetting and incubated for 5 min at room 

temperature. Afterwards, vector, siRNA and Lipofectamine 2000 dilutions were mixed, 

incubated for 20 min at room temperature, and added drop-wise to each well. Cells were 

incubated for 48 h at 37°C prior to expression analysis. 

3.2.7 Generation of Stable Cell Lines by Lentiviral Transduction  

3.2.7.1 Titration of Selection Antibiotics 

To determine minimum working concentrations of selection antibiotics for generation of 

stable cell lines, HeLa S3 cells were treated with hygromycin or puromycin for 7 days and 

analyzed using a modified clonogenic survival assay. 

For modified clonogenic survival assay, HeLa S3 cells were harvest by routine passaging, cell 

number determined and 200 cells plated drop-wise into 6 cm plates. After 30 min incubation 

to allow attachment of cells, cells were covered with 3 ml cell culture medium containing 

selection antibiotic concentrations and incubated for 7 days, after which crystal violet staining 

was performed as described under section 3.2.1.10. 

3.2.7.2 Cloning of pTRIPZ-shRNAmir vectors 

For stable and inducible expression of selected PARP siRNA in HeLa S3 cells, siRNA were 

converted into shRNAmir oligonucleotides as described under 3.2.6.3 and ordered 

accordingly at Sigma-Aldrich. To clone shRNAmir oligonucleotides into the lentiviral 

inducible vector pTRIPZ, oligonucleotides were annealed, vector pTRIPZ opened by 

restriction enzymes Eco-RI and Xho-I and ligation at 1:3 molar ratio was performed overnight 

at 4°C after purification of vector DNA by gel extraction. After heat inactivation, 1 µl of 
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ligation reaction was used for transformation into chemo competent DH5a. After overnight 

culture of resulting cell colonies, vector DNA was prepared by ZR Plasmid Miniprep
TM

 ï 

Classic Kit and screened for insert containing vectors by DNA restriction analysis using Mlu-I 

and Xho-I restriction enzymes. DNA restriction analysis positive identified clones were 

finally validated by DNA sequencing and 5´pTRIPZ/3´pTRIPZ primer set. 

3.2.7.3 Cloning of pTRIPZ-Double knockdown vector 

Modification of vector pTRIPZ to encode a polycistronic PARP-1 and PARP-2 shRNAmir 

sequence in ñhead-to-tailò configuration (Snyder et al., 2009; McIntyre et al., 2011), was 

cloned by insertion of PARP-1 shRNAmir sequence from vector pTRIPZ-P1 into vector 

pTRIPZ-P2. 

For this purpose, vector DNA from pTRIPZ-P2 was digested by Mlu-I and Not-I and vector 

DNA from pTRIPZ-P1 by Cla-I and Mlu-I overnight at 37°C. After heat inactivation at 80°C 

for 20 min, all of the reaction volume was used in the removal of DNA overhangs by T4-DNA 

Polymerase and vector / insert DNA for ligation was purified by gel extraction. Here, the 

11389 bp vector and 2747 bp insert DNA of pTRIPZ-P2 and PARP-1 shRNAmir, 

respectively, were isolated from a 1% agarose gel. Subsequently, pTRIPZ-P2 vector DNA 

was de-phosphorylated, ligation of vector and insert DNA performed at 1:3 molar ratio, and 

2 µl of ligation reaction was transformed into chemo competent DH5a. After overnight 

culture of resulting cell colonies, vector DNA was prepared by ZR Plasmid 

Miniprep
TM

 - Classic Kit and screened for insert containing vectors by DNA restriction 

analysis using Xho-I restriction enzyme. DNA restriction analysis positive identified clones 

were finally validated by DNA sequencing and pTRIPZ-Double primer. 

3.2.7.4 Cloning of pTRIPZ-shRNAmir conferring Hygromycin resistance 

To achieve silencing of both hPARP-1 and hPARP-2 in HeLa S3 cells already transduced by 

PARP-1 shRNAmir expressing lentiviruses, the pTRIPZ vector was further modified to 

produce lentiviruses conferring a hygromycin resistance gene, instead of the original 

puromycin resistance gene, thus allowing further selection.  

For this alternative approach, hygromycin resistance gene (HygroR) and IRES sequences 

were cloned into cloning vector pBH3 prior to cloning into pTRIPZ. For this purpose, 

HygroR and IRES sequences were amplified by PCR from pGIPZ and pTRIPZ vectors, 

respectively, and afterwards pBH3 and HygroR PCR amplicons were digested overnight at 

37°C, using Xho-I and Pfl23-II restriction enzymes. Overnight digestions were purified next 

by 1% agarose gel extraction, ligated at 1:3 vector to insert molar ratio and 2 µl of ligation 
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reaction was transformed into chemo competent DH5a. After overnight culture of resulting 

cell colonies, vector DNAs were prepared by ZR Plasmid Miniprep
TM

 - Classic Kit and 

screened for insert containing vectors by DNA restriction analysis using Pvu-I restriction 

enzyme. DNA restriction analysis positive identified clones were finally validated by DNA 

sequencing and 5ôpSL1180/3ôpSL1180 primer set.  

The new pBH3-HygroR vector DNA and IRES PCR amplicon were digested next overnight 

at 37°C, using Mss-I and Xho-I restriction enzymes. Overnight digestions were purified by 

1% agarose gel extraction, ligated at 1:5 vector to insert molar ratio and 5 µl of ligation 

reaction transformed into chemo competent DH5a. After overnight culture of resulting cell 

colonies, vector DNAs were prepared by ZR Plasmid Miniprep
TM

 - Classic Kit and screened 

for insert containing vectors by DNA restriction analysis using Apa-I restriction enzyme. 

DNA restriction analysis positive identified clones were finally validated by DNA sequencing 

and BH094/3ôpSL1180 primer set.  

Next, pTRIPZ and pBH3-IRES-HygroR vector DNA were first digested by Pfl23-II 

restriction enzyme for 1 h at 37°C, purified by enzymatic cleanup using QIAquick Gel 

Extraction Kit and then digested by Not-I  restriction enzyme for 1 h at 37°C. Subsequently, 

IRES-Hygro insert (1629 bp) and pTRIPZ opened vector DNA (12675 bp) were purified by 

1% agarose gel extraction, ligated at 1:5 vector to insert molar ratio for 1 h at 22°C, and 5 µl 

heat-inactivated ligation reaction used for transformation into DH5a. After overnight culture 

of resulting cell colonies, vector DNAs were prepared by ZR Plasmid Miniprep
TM

 - Classic 

Kit and screened for insert containing vectors by DNA restriction analysis using Eco-RI 

restriction enzyme. DNA restriction analysis positive identified clones were finally validated 

by DNA sequencing and BH089/BH090 primer set. 

3.2.7.5 Production of Recombinant Lentivirus 

Recombinant lentiviruses were produced by calcium phosphate (CaPO4) transfection of 

HEK293-FT cells with packaging plasmid pBR8.91, envelope carrying plasmid pMD.G and 

lentiviral expression plasmid pTRIPZ. For production, HEK293-FT cells were harvest by 

routine passaging, cell number determined and 2x10
7
 cells plated in T175 cell culture flasks in 

cell culture medium. After 24 h medium was aspirated, 20 ml of cell culture medium added 

and reagents for CaPO4 transfection prepared. 27 µg of pTRIPZ vector DNA, carrying the 

appropriate shRNAmir insert, were mixed with 12 µg pMD.G, 19 µg pBR.8.91, 

215 µl 2 M CaCl2 and filled up to 1.75 ml with sterile H2O. After thorough mixing by 

pipetting, the mixture was slowly added drop-wise to 1.75 ml 2x HBS (pH 6.95) solution 

whilst vortexing the 15 ml conical centrifuge tube. After 40 min incubation time at room 
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temperature the solution was mixed again before slow addition to HEK 293 FT cells, while 

gently shaking the cell culture flask.  Transfected cells were incubated overnight at 37°C and 

transfection medium replaced on the following day by 20 ml fresh cell culture medium. 

Lentivirus-containing cell culture medium was collected 48 h afterwards, centrifuged at 2500 

g for 10 min at room temperature, sterile filtered using a 0.45 µm filer and 50 ml syringe, and 

finally stored at 4°C before concentration by ultracentrifugation.  

3.2.7.6 Concentration of Lentiviral Supernatants by Ultracentrifugation 

For concentration of lentiviral supernatants, 4 ml of a 20% sucrose solution in PBS were 

added to hard-shell centrifuge tubes, carefully overlaid with maximal 20 ml lentiviral 

supernatant and centrifuged at 4°C for 2 h at 26.000 rpm in a SW 32Ti rotor using an 

ultracentrifuge (LE-80K, Beckman-Coulter). The supernatant was carefully removed and the 

often invisible concentrated virus particles pellet below the sucrose cushion was resuspended 

in 200 µl sterile 1% BSA/PBS. Aliquots were stored at -80°C for further use. 

3.2.7.7 Transduction of HeLa S3 Cells with Recombinant Lentiviruses 

Lentiviruses for expression of PARP shRNAmir were transduced into HeLa S3 cells without 

determination of lentiviral titers (Master Thesis A. Waizenegger, Konstanz, 2012). Here, 

HeLa S3 cells were harvested by routine passaging, cell numbers determined and 2x10
5
 cells 

per well plated in 6-well plates. After 24 h of incubation at 37°C, medium was replaced with 

2 ml cell culture medium, 67 µl (i.e. 16.67% of volume) of concentrated lentiviral supernatant 

added to each well and supplemented 72 h later with 0.4 µg/ml puromycin for selection. 

Successful integration of the pTRIPZ-shRNAmir construct into cells was analysed one week 

after puromycin treatment by 24 h incubation of cells with 1 µg/ml doxycycline and following 

fluorescence microscopy of live cells. 

3.2.7.8 Cell Cloning by Serial Dilution 

Due to a high variability of turbo RFP and shRNAmir expression within transduced HeLa S3 

cells, clonal cell lines originating from one single cell were established (Master Thesis 

A. Waizenegger, Konstanz, 2012). For this purpose, shRNAmir lentivirus transduced HeLa 

S3 cell lines were separated in 96-well plates. Cells were harvested by routine passaging, cell 

number determined, dilutions of 10 cells/ml prepared and either 100 µl or 50 µl of cell 

suspension were added per well, leading to an average 0 to 1 cells per well. Such 96-well 

plates were monitored continually and only cell colonies, which had originated from a single 

cell, were cultured until they reached confluency. Subsequently, cell colonies were transferred 

to 48-well plates, 24-well plates and 12-well plates after reaching 100% cell confluency in the 
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previous well plate. Finally, clonal doxycycline-inducible PARP shRNAmir expressing HeLa 

S3 cell lines were shifted to 10 cm cell culture plates and tested for knockdown efficiency. 

3.2.8 Statistics 

Statistical analyses were performed using GraphPad Prism 5 software and data is expressed as 

means ± SEM. Two independent data sets were compared with the Student´s t-test (unpaired, 

two-tailed) and for data sets greater than two, the two-way ANOVA (repeated measures, 

mixed model, using the unweighed means analysis) followed by Bonferroni post-test was 

employed. P value Ò 0.05 was considered as statistically significant.  
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4 Results 

Much research has been performed on the functional and physical interactions of 

poly(ADP-ribose) polymerase-1 (PARP-1) and poly(ADP-ribose) polymerase-2 (PARP-2) 

and genetic knockout mouse models of both proteins have revealed a degree of redundancy in 

cellular PARP functions. However, advancements in elucidating this redundancy have been 

hindered by the embryonic lethality of the combined PARP-1 and PARP-2 genetic knockout 

in mice. To date there are several in vitro studies on the cellular ablation of PARP-1 and 

PARP-2 protein expression, but these reports did neither aim to investigate this degree of 

redundancy nor try to provide detailed understanding of the consequences of a combined 

knockdown of PARP-1 and PARP-2 (Section 1.2.3). Thus, the motivation of this thesis was to 

provide a first systematic study on the individual and combined functions of PARP-1 and 

PARP-2 by testing the consequence of a combined PARP-1 and PARP-2 knockdown of 

protein expression in two different cellular approaches. 

4.1 Part A: Doxycycline-inducible Knockdown of PARP-1 and 

PARP-2 in HeLa S3 Cell L ines 

4.1.1 Generation of Doxycycline-inducible PARP-1 and PARP-2 Knockdown 

HeLa S3 Stable Cell L ines 

To minimize possible off-target effects of long term RNA interference expression in cells, the 

lentiviral expression vector pTRIPZ was chosen, allowing controlled expression of 

microRNA adapted shRNA upon the addition of doxycycline to cells (Section 1.3.2). 

Therefore, suitable shRNAmir sequences had to be chosen and designed to fit, on the one 

hand, the pTRIPZ construct design and on the other result in maximum knockdown 

efficiencies of both hPARP-1 and hPARP-2 transcripts. The sequenced and validated 

construct pTRIPZ was kindly provided by Christiaan Karreman (University of Konstanz, 

Germany) (Figure 1.8). 

The mRNA target sequences for the RNA interference of hPARP-1 and hPARP-2 were 

chosen according to Shah et al. 2005 (PARP-1-Shah shRNA 

5ô-GGGCAAGCACAGTGTCAAAGG-3ô) and Bai et al. 2007 (PARP-2-Bai shRNA 

5ô-AAGATGATGCCCAGAGGAACT-3ô), respectively. However, as off-target effects of 

siRNA are dictated by the thermodynamic stability of seed-target duplexes (Naito et al., 

2009), selected PARP siRNA sequences were further verified for their suitability and possible 

off-target effects in RNA interference. Examining thermodynamic stabilities of already 
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existing siRNA was however not possible by the siDirect 2.0 software published by Naito and 

Yoshimura et al. 2009, as it misses an external entry field for predesigned sequence 

validation. Thus, selected siRNA were not only analyzed by Basic Local Alignment Search 

Tool to identify direct matches of siRNA sequences to off-target sequences, but also by a 

biophysical approach to estimate thermodynamic stabilities of seed-target duplexes. 

4.1.1.1 Examination of Selected mRNA Target Sequences for Off-target Effects 

A control siRNA sequence was generated first for the PARP-1-Shah target siRNA sequence 

by use of the DNA protein sequence randomizer software, named PARP-1scr-Shah siRNA 

afterwards (5ô-GTACTAAGAGGCAAAGCGCGG-3ô). 

For PARP-2-Bai target siRNA sequence, the PARP-2scr-Bai target siRNA sequence 

TTCGGGGAACAAACGTGCAAC served as control sequence (Bai et al., 2007). All four 

target siRNA sequences were examined next by BLAST analysis and excerpt hits are 

displayed in tables 4.1 to 4.4. As expected, both PARP specific siRNA show high alignment 

(Max score 42.1) and low expectancy hits (E value 0.006) for their respective target PARP 

protein, but no other strong pairing (Table 4.1 and 4.3). In contrast, both scrambled target 

siRNA sequences did not show any clear pairing with target sequences as indicate by low max 

scores (28.2/26.3), low coverage (66%) and high expectancy values (E values over 88) (Table 

4.2 and 4.4). 

Table 4.1. BLAST analysis data excerpt of PARP-1-Shah target siRNA sequence. 

Acession Description Max score Total score Coverage E value Max identity  

NM_001618.3 Human PARP-1, mRNA 42.1 42.1 100 % 0.006 100 % 

NM_024875.4 Human SYNPO2L, 

transcript variant 2 mRNA 

28.2 28.2 66 % 88 100 % 

NM_006079.4 Human CITED2,  

transcript variant 1 mRNA 

28.2 28.2 66 % 88 100 % 

Accession, matched database sequence; Max score, Highest alignment score from database sequence; 

Total score, Total alignment scores from all alignment segments; Coverage, Percentage of query covered by 

alignment to database sequence; E value, Best (lowest) Expect value of all alignments from that database 

sequence; Max identity , Highest percent identity of all query-subject alignments 
 

Table 4.2. BLAST analysis data excerpt of PARP-1scr-Shah target siRNA sequence. 

Accession Description  Max score Total score Coverage E value Max identity  

NM_181782.2 Human NCOA7,  

transcript variant 1 mRNA 

28.2 28.2 66% 88 100 % 

XR_114001.1 Human TBC1 domain 

family, transcript variant 

X5 mRNA 

26.3 26.3 66 % 349 100 % 

Accession, matched database sequence; Max score, Highest alignment score from database sequence; 

Total score, Total alignment scores from all alignment segments; Coverage, Percentage of query covered by 

alignment to database sequence; E value, Best (lowest) Expect value of all alignments from that database 

sequence; Max identity , Highest percent identity of all query-subject alignments 
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Table 4.3. BLAST analysis data excerpt of PARP-2-Bai target siRNA sequence. 

Accession Description Max score Total score Coverage E value Max identity  

NM_005484.3 Human PARP-2,  

transcript variant 1 mRNA 

42.1 42.1 100 % 0.006 100 % 

NM_001042618.1 Human PARP-2,  

transcript variant 2 mRNA 

42.1 42.1 100 % 0.006 100 % 

NR_033988.1 Uncharacterized, long 

non-coding RNA, 

LOC400046 

36.2 36.2 85 % 0.36 100 % 

NM_005270674.2 Human LPHN2,  transcript 

variant X9 mRNA 

30.2 30.2 71 % 22 100 % 

Accession, matched database sequence; Max score, Highest alignment score from database sequence; 

Total score, Total alignment scores from all alignment segments; Coverage, Percentage of query covered by 

alignment to database sequence; E value, Best (lowest) Expect value of all alignments from that database 

sequence; Max identity , Highest percent identity of all query-subject alignments 

 

Table 4.4. BLAST analysis data excerpt of PARP-2scr-Bai target siRNA sequence. 

Accession Description Max score Total score Coverage E value Max identity  
XM_005261051.2 Predicted TTC3 protein 

transcript variant X7 mRNA 

28.2 56.5 66 % 88 100 % 

XM_005266287.2 Predicted N6AMT2  

transcript variant X1 mRNA 

28.2 56.5 66 % 88 100 % 

Accession, matched database sequence; Max score, Highest alignment score from database sequence; 

Total score, Total alignment scores from all alignment segments; Coverage, Percentage of query covered by 

alignment to database sequence; E value, Best (lowest) Expect value of all alignments from that database 

sequence; Max identity , Highest percent identity of all query-subject alignments 

 

Having found that both published PARP target siRNA sequences show high homology with 

their target transcripts only, thermodynamic stabilities of seed-target duplexes were 

calculated. Here, the seed-target duplexes for PARP-1-Shah shRNA and PARP-2-Bai shRNA 

were identified to be CUUUGAC and GUCCUCU, respectively, and after applying the 

non-self -complementary duplex parameters of the individual nearest-neighbor hydrogen bond 

model, melting temperatures were determined (Table 4.5). Melting temperatures of both seed-

target duplexes strongly indicated high probabilities of showing off-target effects, with 

melting temperatures being well above the suggested 21.5°C threshold temperature (Table 

4.5) (Naito et al., 2009). 

Taken together, published PARP-1 and PARP-2 target siRNA sequence showed on the one 

hand strong pairing to their specific target sequences with no clear pairing to off-target 

sequences, but on other side high probabilities to extort off-target effects with their 

seed-target duplexes. New PARP target siRNA sequences were hence designed using the 

siDirect 2.0 software, reducing off-target effects, and in addition, exons showing good 

knockdown efficiencies of PARP expression levels upon targeting. 
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Table 4.5. Melting temperature determination of published PARP shRNA by INN-HB model. 

Designation Target mRNA sequence Seed-target duplex nucleotides Melting Temperature 

PARP-1-Shah  AAGATGATGCCCAGAGGAACT CUUUGAC 39.62°C 

PARP-2-Bai  GGGCAAGCACAGTGTCAAAGG GUCCUCU 56,40°C 

Melting temperatures were calculated as described under section 3.2.6.2 

4.1.1.2 Cloning of pTRIPZ PARP shRNAmir Construct 

For selection of PARP-1 target siRNA sequence, transcript variant 1 PARP-1 mRNA 

(NM_001618) was employed in the siDirect 2.0 software. Resulting hits were further filtered 

for sequences targeting exon 7 and being similar to the target siRNA sequence of 

PARP-1-Shah shRNA, however with lower melting temperatures of the seed-target duplexes. 

The PARP-2 target siRNA sequence was determined in a similar way, using the transcript 

variant 1 PARP-2 mRNA (NM_005484) and hits that targeted exon 5 of the PARP-2 

transcript variant. Table 4.6 below shows the selected PARP mRNA target sequences (named 

PARP shRNAmir henceforth) as well as their randomized control sequences.  

 

Table 4.6. Determination of PARP mRNA target sequences by siDirect 2.0 software. 

Designation Accession mRNA region mRNA Target Sequence 

PARP-1 shRNAmir NM_001618 1181-1203 (Exon 7) AGGAATTCCGAGAAATCTCTTAC 

PARP-1 scramble  shRNAmir N/A N/A CAAGAAACCGTTTGATACCTATG 

PARP-2 shRNAmir NM_005484 404-426 (Exon 5) TCCAGTTCAACAACAACAAGTAC 

PARP-2 scramble shRNAmir N/A N/A TCATAAATTGCAACACCAAGCCA 

N/A, Not applicable 

 

To express selected PARP shRNAmir sequences as doxycycline-controlled microRNA 

adapted shRNA, mRNA target sequences (Table 4.6) were directly cloned into the shRNAmir 

expression cassette of pTRIPZ. For this purpose the cloning strategy depicted in Figure 4.1 

was employed and carried out as described in Section 3.2.7.3. Briefly, sense and antisense 

shRNAmir oligonucleotides were designed according to sequence analysis by C. Karreman 

(Figure 1.8), annealed and ligated with Eco-RI/Xho-I-digested pTRIPZ vector DNA. 

Annealing of shRNAmir oligonucleotides was verified by 20% polyacrylamide gel 

electrophoresis, where successful annealing was detected by an upwards shift of the weak 

bands (Figure 4.2A, Lane 3 and 6). Next, overnight cultures for plasmid DNA preparations 

were prepared and clones screened by Mlu-I/Xho-I DNA restriction analysis. Positive clones 

showing distinct bands at 13065 and 351 bp were finally verified by DNA sequencing (Figure 

4.2B). Thus, clones of successful insertion of annealed shRNAmir oligonucleotides into 

vector pTRIPZ were cloned for PARP-1, PARP-1scr, PARP-2 and PARP-2scr shRNAmir 

(henceforth referred to as pTRIPZ-P1, pTRIPZ-P1scr, pTRIPZ-P2 and pTRIPZ-P2scr; 

Cloning of PARP-2 constructs performed in part by A. Waizenegger, Master thesis, Konstanz 

2012). 
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Figure 4.1. Scheme of pTRIPZ cloning steps. 

Doxycycline inducible shRNAmir cassette conferring lentiviral expression vector pTRIPZ was cloned by first 

ordering corresponding shRNAmir oligonucleotides and annealing these oligonucleotides. Concurrently, vector 

pTRIPZ was digested overnight by Eco-RI and Xho-I restriction enzymes, the 13300 bp vector backbone gel 

purified and finally ligated with the annealed shRNAmir oligonucleotide before transformation into DH5a and 

screening for insert-containing clones. 

 

Having found positive clones for insertion of PARP shRNAmir into pTRIPZ vector, cloning 

of a pTRIPZ vector expressing two shRNAmir was designed in a polycistronic ñhead-to-tailò 

configuration (Figure 4.3) and cloned as described in section 3.2.7.3 by A. Waizenegger as 

part of her master thesis (Snyder et al., 2009; McIntyre et al., 2011). Figure 4.4 depicts the 

successful identification of insert-containing clones with a positive band pattern of 13412 and 

455 bp after Xho-I DNA restriction analysis using a 2% agarose gel electrophoresis. Identified 

clones were further verified by DNA sequencing before functional testing of cloned 

constructs. 
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Figure 4.2. Representative analysis of insert-containing pTRIPZ-PARP shRNAmir clones. 

A. Analysis of PARP-1 or PARP-1 scrambled shRNAmir oligonucleotides annealing using a 20% 

polyacrylamide gel and visualization on Intas gel documentation. M, Generuler 1kb DNA ladder mix. B.  DNA 

restriction analysis of pTRIPZ-PARP-1 and pTRIPZ-PARP-1 scrambled vectors. Potential overnight clones were 

digested by Mlu-I and Xho-I and analyzed by agarose gel electrophoresis. Positive clones are marked by an 

asterisk (*). Positive clone pattern, 13065 and 351 bp; Negative clone pattern, 13065 and 263 bp; M, Generuler 

1kb DNA ladder mix.  

 

 
 

Figure 4.3 Scheme of pTRIPZ-Double cloning steps. 

Lentiviral expression vector pTRIPZ conferring both PARP-1 and PARP-2 shRNAmir cassettes was cloned by 

extracting the PARP-1 shRNAmir cassette and the reverse tetracycline-controlled tranactivator element out of 

pTRIPZ-P1 by Cla-I and subsequent Not-I digestions after blunting of Cla-I digestion. Vector pTRIPZ-P2 was 

prepared for insertion of PARP-1 shRNAmir/rTA3 insert by opening with Mlu-I and subsequent Not-I digestion, 

after blunting of Mlu-I DNA overhangs. Finally prepared vector pTRIPZ-P2 was dephosphorylated prior to 

ligation, transformation and screening. 
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Figure 4.4. Analysis of insert-containing pTRIPZ-P1P2 clones. 

DNA restriction analysis of pTRIPZ-P1P2 vector. Potential overnight clones were digested by Xho-I and 

analyzed by agarose gel electrophoresis. Positive clones are marked by an asterisk (*). Positive clone pattern, 

13412 and 455 bp; M, Generuler 1kb DNA ladder mix. Data was modified from A. Waizenegger, Master Thesis, 

Konstanz, 2012. 

 

4.1.1.3 Functional Testing of pTRIPZ PARP shRNAmir Constructs 

To evaluate functionality of pTRIPZ and PARP shRNAmir constructs, pTRIPZ and 

pTRIPZ-P1 vectors were examined in immunocytochemistry by staining of hPARP-1 using 

human PARP-1 specific antibody FI23. For this purpose, HeLa S3 cells were transiently 

transfected with either empty or specific PARP-1 shRNAmir pTRIPZ constructs and allowed 

to express for 24 h. Following incubation, cells were incubated with or without 1 µg/ml 

doxycycline to induce expression of fluorescence marker turbo RFP and corresponding 

shRNAmir and at 72 h after doxycycline addition, staining of hPARP-1 was performed 

(Figure 4.5). Transfection of HeLa S3 cells with an EGFP expression plasmid served as 

transfection control here, with expression of GFP being detected in 80% of cells 

(Figure 4.5A). HeLa S3 cells transfected with pTRIPZ or pTRIPZ-P1 construct - but no 

doxycycline - showed no leaky expression of shRNAmir expression cassette or turbo RFP as 

expected (Figure 4.5B). Upon addition of doxycycline, expressions of pTRIPZ and 

pTRIPZ-P1 construct could repeatedly be observed in 5% of cells, which were either 

identified by turbo RFP expression alone (pTRIPZ) or additionally by a loss of PARP-1 

fluorescence signal (pTRIPZ-P1) (Figure 4.5B, arrowhead indicates cell with turbo RFP 

expression and loss of FI23 fluorescence signal).  

Knowing that transfection efficiencies of pTRIPZ constructs were at 5% in transient 

experiments, thereby rendering transient testing of pTRIPZ-P2 and -P2scr constructs in 

western blot analysis not applicable, production of lentiviruses was performed instead to 

generate stable pTRIPZ expressing cell lines. 
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Figure 4.5. Validation of pTRIPZ shRNAmir constructs  functionality . 

A. Representative micrographs of transfection efficiency determination of TransIT-HeLaMONSTER® 

Transfection Kit. HeLa S3 cells were transfected with pEGFP control vector, fixed by 4% PFA and nuclei 

counterstained by Hoechst 33342. GFP expression was analyzed 48 h after transfection using the Axiovert 200M 

fluorescence microscope at 40x magnification. B. Analysis of pTRIPZ or pTRIPZ-P1 expression in HeLa S3 

cells. HeLa S3 cells were transfected with either empty pTRIPZ vector or pTRIPZ-P1 vector and expression of 

constructs was induced 24 h later by addition of 1 µg/ml doxycycline (DOX). At 72 h after addition of DOX, 

staining of PARP-1 was performed using FI23 antibody and fluorophore-labelled antibody AlexaFluor488. 

Nuclei were counterstained by Hoechst 33342 and successful expression of constructs was monitored by turbo 

RFP expression. Micrographs were taken at 40x magnification using the Axiovert 200M fluorescence 

microscope. Images were brightness and contrast adjusted for better visibility. White arrowhead marks region of 

interest. 

4.1.1.4 Generation of Stable pTRIPZ PARP shRNAmir Expressing HeLa S3 Cell Lines 

Generation of HeLa S3 cell lines with stable expression of pTRIPZ PARP shRNAmir 

constructs was achieved by transduction of cells with lentiviruses conferring on the one hand 

the shRNAmir expression cassettes and on the other a puromycin drug resistance gene 

cassette, thus allowing selection of cells with stable integration of the pTRIPZ construct 

(A. Waizenegger, Master thesis, Konstanz 2012).  
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For production of lentiviruses, calcium phosphate co-transfection of cloned lentiviral 

expression pTRIPZ vectors, lentiviral envelope protein carrying vector pMD.G and packaging 

vector pBR8.91 was performed in HEK293-FT cells. After concentration of lentiviral 

supernatants by ultracentrifugation, successful transduction of HeLa S3 cells was achieved by 

performing transductions according to an alternative protocol (Section 3.2.7.7), which omitted 

determination of lentiviral titers, received from N. Dierdorf (University of Konstanz, 

Germany). Briefly, HeLa S3 cells were harvested, cell numbers determined and 2x10
5
 cells 

per well plated in 6-well plates. After 24 h incubation, medium was replaced with cell culture 

medium containing 1/6 volume of concentrated lentiviral supernatant and supplemented 72 h 

later with titrated 0.4 µg/ml puromycin for selection. Characterization of HeLa S3 cells with 

possible stable expression of pTRIPZ PARP shRNAmir vectors was carried out one week 

after puromycin selection by both western blot analysis and immunofluorescence staining of 

human PARP-1 by FI23 as described in the following section. 

4.1.1.5 Characterization of Stable pTRIPZ PARP shRNAmir Expressing HeLa S3 Cell Lines 

To elucidate stable expression of shRNAmir cassettes in HeLa S3 cells transduced with 

corresponding lentiviruses, immunocytochemistry was performed one week after treatment of 

cells with 0.4 µg/ml puromycin. Expression of shRNAmir cassettes was monitored by FI23 

immunofluorescence staining of human PARP-1 after incubation of cells with of 1 µg/ml 

doxycycline for 72 h, 96 h and 120 h. Here, expression of turbo RFP could be observed at 

72 h after doxycycline addition in about 44.3% of HeLa S3 cells transduced with 

pTRIPZ-P1scr (henceforth designated as HeLa-PARP1 scramble), 51.6% of HeLa S3 cells 

transduced with pTRIPZ-P1 (henceforth designated as HeLa-PARP1) and 71.2% of HeLa S3 

cells transduced with pTRIPZ-P1P2 (henceforth designated as HeLa-PARP1/PARP2). 

Furthermore, FI23 fluorescence signals were reduced or absent in 12.9%, 78.7% and 93.0% of 

HeLa-PARP1 scramble, -PARP1 and -PARP1/PARP2 cells, respectively (Figure 4.6 and 

Table 4.7). Continuing incubation of cells with doxycycline led to increasing amounts of cells 

with loss of FI23 fluorescence signal intensity - indicating a knockdown of PARP-1 protein 

expression - peaking at 120 h after doxycycline addition (Table 4.7). However, varying 

intensities of turbo RFP expression were observed, and moreover, correlation of turbo RFP 

and PARP-1 knockdown was not consistent. Strong reduction of FI23 staining in combination 

with turbo RFP expression was observed and other cells displayed no knockdown but turbo 

RFP expression was detected. Furthermore, in some percentage of cells neither turbo RFP 

expression nor reduction of FI23 fluorescence signal intensity was observed (Figure 4.6). 
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Figure 4.6. Immunofluorescence of PARP-1 expression in indicated HeLa-PARP stable cell lines. 

HeLa S3 cells were transduced with pTRIPZ-PARP shRNAmir vectors or respective control vectors and selected 

by puromycin treatment. Expression of PARP-1 shRNAmir was induced by addition of 1 µg/ml doxycycline for 

120 h and staining of PARP-1 was performed using FI23 antibody and fluorophor-labelled antibody 

AlexaFluor488. Nuclei were counterstained by Hoechst 33342 and successful expression of shRNAmir was 

monitored by turbo RFP expression. Micrographs were taken at 40x magnification using the Axiovert 200M 

fluorescence microscope. Images were brightness and contrast adjusted for better visibility. Data reanalyzed 

from A. Waizenegger, Master Thesis, Konstanz, 2012. 

 

Table 4.7. Quantification of stable transduced HeLa S3 cell line immunofluorescence analysis. 

Timepoint and 

Designation 

No. of Cells Turbo RFP 

Positive 

Turbo RFP 

Negative 

Turbo RFP Positive 

PARP-1 Knockdown 

Turb o RFP Positive 

No PARP-1 Knockdown 
      

72 h      

HeLa-PARP1 scramble 140 44.3% 55.7% 12.9% 87.1% 

HeLa-PARP1 155 51.6% 48.4% 78.7% 21.3% 

HeLa-PARP1/PARP2 125 71.2% 28.8% 93.0%   7.0% 

      

96 h      

HeLa-PARP1 scramble 118 63.6% 36.4%    9.3% 90.7% 

HeLa-PARP1 134 80.6% 19.4%  82.4% 17.6% 

HeLa-PARP1/PARP2 149 52.3% 47.7%  82.0% 18.0% 

      

120 h      

HeLa-PARP1 scramble 130 73.1% 26.9% 15.8% 84.2% 

HeLa-PARP1 154 74.0% 26.0% 96.5%   3.5% 

HeLa-PARP1/PARP2 133 72.2% 27.8% 94.0%   6.0% 

Data adapted from A.Waizenegger, Master thesis, Konstanz 2012 

 

In conclusion, immunofluorescence analysis of HeLa-PARP stable cell lines did reveal a 

non-homogenous population of stable pTRIPZ PARP shRNAmir expressing cells with 

different levels of PARP-1 knockdown efficacy and turbo RFP expression. This observation 

was also reflected in western blot analysis of HeLa-PARP stable cell lines (Figure 4.7). 
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Figure 4.7. Analysis of pTRIPZ-PARP shRNAmir expression in HeLa-PARP stable cells lines. 

Western blot analysis of HeLa S3 cells transduced with indicated pTRIPZ-PARP shRNAmir vectors or 

respective control vectors and selected by puromycin treatment. Protein extracts were prepared at 120 h post 

doxycycline addition and all samples were loaded at two different cell concentrations (i.e., 4x10
5
 and 2x10

5
 cells 

per lane) with or without doxycycline. (A) PARP-1 and (B) PARP-2 protein expression were detected by CII10 

and PA1-4280 antibodies, respectively. Actin staining served as a loading control. Arrow indicates PARP-2 

protein band. (Data reanalyzed from A.Waizenegger, Master Thesis, Konstanz, 2012) 

 

Here, HeLa-PARP stable cell lines were either supplemented with (+DOX) or without 

(-DOX) doxycycline for 120 h and then protein extracts were obtained from whole cell 

lysates. Protein extracts were analyzed in two different cell amounts, i.e. 2x10
5
 or 4x10

5
 cells 

per lane, in western blot and stained by the PARP-1 antibody CII10 for PARP-1 protein 

expression (Figure 4.7A) and by PA1-4280 for PARP-2 protein expression (Figure 4.7B). 

Comparison of HeLa-PARP1 and HeLa-PARP1/PARP2 protein extracts treated with or 

without doxycycline, demonstrated only a slight reduction of PARP-1 protein expression at its 

corresponding mass of 116 kDa, consistent with obtained immunocytochemistry data. 

HeLa-PARP1 scramble cells, as expected, did not show a PARP-1 knockdown after 

doxycycline addition.  

Having found that western blot analysis and immunocytochemistry revealed a 

non-homogenous population of stable pTRIPZ PARP shRNAmir expressing cells with 

different levels of PARP-1 knockdown efficacy and turbo RFP expression, generation of 

clonal populations from HeLa-PARP stable cell lines was performed next. 
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4.1.2 Generation of Stable HeLa S3 Clonal Cell Populations 

Cell cloning by serial dilution was carried out to generate clonal cell populations from 

HeLa-PARP stable cell lines. Over three weeks, clones originating from single cells were 

cultured until they reached 100% cell confluency in 10 cm dishes. HeLa-PARP1 scramble, 

HeLa-PARP1 and HeLa-PARP1/PARP2 cell clones were initially characterized for their loss 

of PARP-1 protein expression and expression of turbo RFP by immunofluorescence staining. 

In contrast, HeLa-PARP2 scramble and HeLa-PARP2 cell clones were verified for expression 

of the shRNAmir cassette by RT-qPCR to determine relative PARP-2 mRNA levels. Finally, 

loss of PARP-1 expression positive identified HeLa-PARP1/PARP2 cell clones, i.e. loss of 

PARP-1 protein expression in immunofluorescence, were furthermore analyzed by RT-qPCR 

to evaluate the relative PARP-2 mRNA levels, thereby determining HeLa-PARP1/PARP2 

clonal cell populations with PARP-1 and PARP-2 transcript knockdowns. 

 

 

 

 

Figure 4.8. Staining of PARP-1 in HeLa-P1scr-KD and HeLa-P1-KD clonal cell populations. 

HeLa S3 cells were transduced with pTRIPZ-PARP shRNAmir or control vector and selected by puromycin 

treatment. Expression of PARP-1 shRNAmir was induced by addition of 1 µg/ml doxycycline for 120 h and 

staining of PARP-1 was performed using FI23 antibody and fluorophor-labelled antibody AlexaFluor488. Nuclei 

were counterstained by Hoechst 33342 and successful expression of shRNAmir was monitored by turbo RFP 

expression. Micrographs were taken at 63x magnification using the Axiovert 200M fluorescence microscope. 

Images were brightness and contrast adjusted for better visibility. Scale bar indicates 50 µm. Figure adapted 

from A. Waizenegger, Master Thesis, Konstanz, 2012. 
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4.1.2.1 PARP-1 Expression Analysis of Stable HeLa S3 Clonal Cell Population 

HeLa-PARP1 scramble, HeLa-PARP1 and HeLa-PARP1/PARP2 cell clones were 

supplemented with or without 1 µg/ml doxycycline and after 120 h examined for PARP-1 

protein expression by FI23 immunofluorescence staining. Subsequently, three clonal cell 

populations of HeLa-PARP1 scramble and HeLa-PARP1 cells that showed highest 

knockdown efficiencies were further analyzed. These cell clones were henceforth designated 

as HeLa-P1scr-KD and HeLa-P1-KD (Figure 4.8). HeLa-PARP1/PARP2 positive identified 

clonal cell populations were further characterized for their relative PARP-2 mRNA levels as 

described in Section 4.1.2.2 below. 

After initial immunofluorescence characterization of HeLA-PARP1 scramble and 

HeLa-PARP1 clonal cell populations by A. Waizenegger, further validation of PARP-1 

knockdown efficacies was conducted by analysis of relative PARP-1 mRNA levels. First, RT-

qPCR specificities were determined. Figure 4.9A shows representative raw data from RT-

qPCR analyses during amplification of hPARP-1-specific amplicons (top) and the 

corresponding melting curves (bottom) to demonstrate the formation of a single 

hPARP-1-specific amplicon. In addition, PCR amplicons were validated by 2% agarose gel 

electrophoresis demonstrating synthesis of a single product (Figure 4.9B, BH99+100 lane). 

 

 
Figure 4.9. Raw data from real time quantitative PCR analyses. 

A. Top: Representative plot of normalized SybrGreen fluorescence intensities during amplification of 

hPARP-1-specific amplicon using 100 ng complementary DNA of HeLa S3 cells. Horizontal green line indicates 

threshold to determine Ct values. Bottom: Corresponding melt curve analysis demonstrates the formation of a 

single hPARP-1-specific amplicon. B. 2% agarose gel electrophoresis analysis of hPARP-1 primer set 

evaluation. M, Generuler 1kb DNA ladder mix. 
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Thus, clonal cell populations, which had been used in initial phenotypic analysis 

(Section 4.1.3), were quantified for their relative PARP-1 mRNA levels.  Relative PARP-1 

mRNA levels of non-supplemented cells were set as control together with relative SDHA 

mRNA levels as reference gene.  Upon supplementation of cells with 1 µg/ml doxycycline, 

HeLa-P1scr-KD clone 2 and HeLa-P1-KD clone 5 relative PARP-1 mRNA levels increased 

to 122% or decreased to 40% compared to their respective control (-DOX), respectively 

(Figure 4.10).  

To visualize changes in protein levels, HeLa-P1scr-KD clone 2 and identified HeLa-P1-KD 

cell clones were also studied in western blot analysis after 96 h and 120 h of supplementation 

with or without 1µg/ml doxycycline. Protein extracts were obtained by modified high-salt 

RIPA buffer and 50 µg total protein extract was assessed by CII10 antibody staining for 

PARP-1 protein expression. Comparison of HeLa-P1scr-KD clone 2 and identified 

HeLa-P1-KD clone protein extracts treated with or without doxycycline, demonstrated only a 

slight reduction of PARP-1 protein expression at 96 h, increasing strongly at 120 h after 

doxycycline supplementation in all three tested clones. HeLa-PARP1 scramble cells, as 

expected, did not show a PARP-1 knockdown after doxycycline addition (Figure 4.11). 
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Figure 4.10. Quantif ication of relative PARP-1 mRNA levels in HeLA-P1-KD and control cells. 

Relative mRNA levels of hPARP-1 determined by real time quantitative PCR of HeLa-P1-KD #5 and indicated 

control clonal populations incubated for 120 h with or without 1 µg/ml doxycycline. SDHA mRNA levels were 

used as reference and cells without doxycycline (-DOX) were set as 100% control (N = 1). 

 

In conclusion, HeLa-P1scr-KD and HeLa-P1-KD clonal cell population analyses by 

immunofluorescence, RT-qPCR and western blot did thus identify clonal cell populations 

suitable for the assessment of possible redundant functions of PARP-1. 



 Results  

80 

 

Figure 4.11. Western blot analyses of total protein lysate of HeLa-P1-KD and control cells. 

HeLa S3 cells were transduced with pTRIPZ-P1 or control vector, selected by puromycin treatment and clonal 

populations generated by serial dilution. Protein extracts were prepared as described for PARP-2 western blot 

analysis at 96 h and 120 h post doxycycline addition and 50 µg of total protein extract loaded per lane. PARP-1 

protein expression was detected by CII10 antibody. Actin staining served as a loading control. Arrow indicates 

PARP-1 protein band. 

4.1.2.2 PARP-2 Expression Analysis of Stable HeLa S3 Clonal Cell Populations 

HeLa-PARP2 scramble, HeLa-PARP2 and HeLa-PARP1/PARP2 cell clones identified in 

PARP-1 expression analysis were examined for relative PARP-2 mRNA levels by RT-qPCR 

analysis after 120 h of supplementation with or without 1 µg/ml doxycycline. Relative 

PARP-2 mRNA levels of non-supplemented cells were set as control together with relative 

SDHA mRNA levels as reference gene. Upon supplementation of cells, relative PARP-2 

mRNA levels of HeLa-PARP2 scramble cell clones decreased unexpectedly to around 60% 

when compared to non-supplemented controls (Figure 4.12A). Relative PARP-2 mRNA 

levels of HeLa-PARP2 cell clones generally decreased to below 60% and thus three clones 

with at least 70% decrease of relative PARP-2 mRNA levels were chosen for further use. 

These cell clones were henceforth designated as HeLa-P2scr-KD and HeLa-P2-KD (Figure 

4.12B). However, none of the tested double knockdown cell clones did show a decrease in 

relative PARP-2 mRNA levels, which were comparable to those not supplemented with 

doxycycline (Figure 4.13). 

Observations during initial characterization of HeLa-P2scr-KD and HeLa-P2-KD cell clones 

by A. Waizenegger were further assessed by western blot analysis of cell clones 

supplemented with or without doxycycline for 96 h and 120 h. Here, 50 µg total protein 

extract was analyzed by staining of PARP-2 through antibody PA1-4280, which showed no 

reduction of PARP-2 protein at 66 kDA, in selected HeLa-P2-KD cell clones (Figure 4.13). 

Taken together, production of clonal cell populations of HeLa-PARP2 scramble and 

HeLa-PARP2 stable cell lines seemed successful in initial characterization, but proved to be 
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misleading, as further validations by western blot analysis did not show a knockdown of 

hPARP-2 on protein level. This has to be considered, when interpreting results from initial 

phenotypic analyses performed during the Master thesis of A. Waizenegger. 
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Figure 4.12. Quantification of relative PARP-2 mRNA levels of HeLa-P2-KD and control cells. 

Relative mRNA levels of hPARP-2 determined by real time quantitative PCR of HeLa-P2-KD and HeLa-P2scr-

KD clonal populations incubated for 120 h with or without 1 µg/ml doxycycline. SDHA relative mRNA levels 

were used as reference and cells without doxycycline (-DOX) were set as 100% control. A. HeLa-P2-KD clonal 

populations B. HeLa-P2scr-KD clonal populations. 
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Figure 4.13. Quantification of relative PARP-2 mRNA levels of HeLa-P1/P2-KD cells. 

Relative mRNA levels of hPARP-2 determined by real time quantitative PCR of HeLa-P1/P2-KD clonal 

populations incubated for 120 h with or without 1 µg/ml doxycycline. SDHA relative mRNA levels were used as 

reference and cells without doxycycline (-DOX) were set as 100% control. 

 

 

Figure 4.14. Western blot analyses of total protein lysate of HeLa-P2-KD and control cells. 

HeLa S3 cells were transduced with pTRIPZ-P2 or control vector, selected by puromycin treatment and clonal 

populations generated by serial dilution. Protein extracts were prepared as described for PARP-2 western blot 

analysis at 96 h and 120 h post doxycycline addition and 50 µg of total protein extract loaded per lane. PARP-2 

protein expression was detected by PA1-4280 antibody. Actin staining served as a loading control. Arrow 

indicates PARP-2 protein band. 
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4.1.3 Genomic Stability in Doxycycline-inducible PARP-1 and PARP-2 

Knockdown Stable HeLa S3 Clonal Cell Populations 

Initial phenotypic characterizations of doxycycline-inducible PARP-1 and PARP-2 

knockdown HeLa clonal cell populations was performed in regards to their role in genomic 

stability. For this purpose, formation of poly(ADP-ribose) was detected by PAR-specific 

antibody 10H after induction of oxidative stress by hydrogen peroxide concentrations. 

Moreover, DNA repair capacities were assessed by fluorimetric detection of alkaline DNA 

unwinding assay after knockdown of PARP proteins and induction of DNA damage through 

hydrogen peroxide treatment. 

4.1.3.1 Poly(ADP-ribose) Biopolymer Formation after Oxidative Stress 

To characterize formation of poly(ADP-ribose) after oxidative stress in HeLa-PARP clonal 

cell populations, supplementation of HeLa-P1scr-KD clone 2, HeLa-P1-KD clone 5, 

HeLa P2scr-KD clone 3 and HeLa-P2-KD clone 23 with (+DOX) or without (-DOX) 1 µg/ml 

doxycycline was performed for 120 h and afterwards DNA damage induced by treatment of 

cells with 0 mM, 1 mM and 5 mM hydrogen peroxide for 5 min at 37°C. Resulting 

poly(ADP-ribose) was examined by 10H immunofluorescence staining and quantified in three 

independent experiments by Image J software analysis (Figures 4.15, 4.16 and 4.17). 

 

Figure 4.15. Poly(ADP-ribose) formation  after oxidative stress in HeLa-P1-KD and control cells. 

Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of HeLa S3 cells transduced 

with pTRIPZ-P1 or control vector, selected by puromycin treatment and clonal population generated by serial dilution. 

Expression of shRNAmir was induced by addition of 1 µg/ml doxycycline and 120 h later cells were treated with 0 

mM, 1 mM and 5 mM H2O2 in PBS at 37°C for 5min. Staining of PAR was carried out by use of 10H antibody and 

fluorophore-labelled antibody AlexaFluor488. Nuclei were counterstained by Hoechst 33342 and micrographs were 

taken at 63x magnification using the Axiovert 200M fluorescence microscope. Images were brightness and contrast 

adjusted for better visibility. Figure reanalyzed from A. Waizenegger, Master Thesis, Konstanz, 2012. A. HeLa-P1scr-

KD clonal population #2 B. HeLa-P1-KD clonal population #5. 
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As expected, poly(ADP-ribose) formation in HeLa-P1scr-KD clone 2 cells increased with 

higher concentrations of H2O2 with no significant difference being detected in biopolymer 

formation when cells were supplemented with or without doxycycline. However, 

poly(ADP-ribose) formation in 1 mM H2O2-treated cells was significantly different 

(***,  P< 0.001) from 5 mM treatments (Figures 4.15A and 4.17A). In contrast, HeLa-P1-KD 

clone 5 cells showed a significant 2.23-fold and 7.4-fold loss of 10H fluorescence signal 

intensity in 1 mM and 5 mM H2O2-treated cells, respectively, when comparing -DOX and 

+DOX samples. Difference in 1 mM and 5 mM treated cells within the same supplementation 

group were however also significant (*, P<0.05) in HeLa-P1scr-KD cells. Finally, comparing 

HeLa-P1scr-KD and HeLa-P2-KD supplementation groups ï i.e. HeLa-P1scr-KD#2+DOX vs 

HeLa-P1-KD#5+DOX - poly(ADP-ribose) formation was reduced (*, P<0.05) when 

comparing -DOX samples of HeLa-P1scr-KD and HeLa-P1-KD cells and in contrast highly 

significantly reduced (***, P<0.001) in +DOX groups (Figures 4.15B and 4.17B). 

 

Figure 4.16. Poly(ADP-ribose) formation after oxidative stress in HeLa-P2-KD and control cells. 

Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of HeLa S3 cells 

transduced with pTRIPZ-P1 or control vector, selected by puromycin treatment and clonal population generated 

by serial dilution. Expression of shRNAmir was induced by addition of 1 µg/ml doxycycline and 120 h later 

cells were treated with 0 mM, 1 mM and 5 mM H2O2 in PBS at 37°C for 5min. Staining of PAR was carried out 

by use of 10H antibody and fluorophore-labelled antibody AlexaFluor488. Nuclei were counterstained by 

Hoechst 33342 and micrographs were taken at 63x magnification using the Axiovert 200M fluorescence 

microscope. Images were brightness and contrast adjusted for better visibility. Data reanalyzed from A. 

Waizenegger, Master Thesis, Konstanz, 2012. A. HeLa-P2scr-KD clonal population #3 B. HeLa-P2-KD clonal 

population #23. 
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Assessment of PARP-2 knockdown clonal cell populations and corresponding control cells 

revealed a similar pattern as seen in knockdown of PARP-1. In general poly(ADP-ribose) 

formation was not as reduced as in corresponding PARP-1 knockdown cells, in particular in 

comparisons of supplementation groups (Figures 4.16 and 4.17). Although 10H fluorescence 

signal intensities were higher in HeLa-P2scr-KD and HeLa-P2-KD clones when comparing 

maximum reached fluorescence. 
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Figure 4.17. Quantification of poly(ADP-ribose) formation after genotoxic treatment in HeLa PARP 

knockdown and control cell lines.  Poly (ADP-Ribose) formation was induced in HeLa-PARP-KD and 

corresponding control clonal populations by treatment with indicated concentrations of H2O2 at 120 h after 

incubation with or without 1 µg/ml doxycycline. After genotoxic treatment, poly (ADP-ribose) staining was 

conducted using 10H antibody and fluorophore-labelled antibody AlexaFluor488. A. Quantification of PAR 

staining in HeLa-P1-KD clonal population 5 and HeLa-P1scr-KD clonal population 3. B. Quantification of PAR 

staining in HeLa-P2-KD clonal population 23 and HeLa-P2scr-KD clonal population 3. Quantification represents 

means ± SEM of three independent experiments with ~150 cells per cell type, condition and treatment. 

Fluorescence signals were obtained using Image J software and statistical analysis was performed with two-way 

ANOVA followed by Bonferroni post-test comparing all columns to each other. (*, P<0.05; **, P<0.01). New 

data evaluation of A. Waizenegger, Master thesis, Konstanz 2012. 

 

Collectively, poly(ADP-ribose) formation was significantly reduced both in PARP-1 and 

PARP-2 knockdown cells, with PARP-1 playing a greater role during the formation of 

poly(ADP-ribose) under oxidative stress, as expected from the current literature (Section 1.2). 

Interestingly, a significant decrease of 10H fluorescence signal intensities was observed here 

in all cells, regardless of cell type or supplementation, when comparing 1 mM and 5 mM 

hydrogen peroxide treatments. Poly(ADP-ribose) biopolymer formation observation thus 

prompted to look into DNA repair capabilities, where a prominent phenotype was expected, 

due to roles of PARP-1 and PARP-2 in DNA repair (Section 1.2.3.1). 
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4.1.3.2 Assessment of DNA Repair Capacities 

HeLa-PARP clonal cell populations were analyzed by automated FADU assay to determine 

differences in DNA repair capacities after oxidative stress and PARP knockdown. 

HeLa-P1scr-KD clone 2, HeLa-P1-KD clone 5, HeLa P2scr-KD clone 3 and HeLa-P2-KD 

clone 23 were supplemented with (+DOX) or without (-DOX) 1 µg/ml doxycycline and after 

120 h, DNA damage was induced by treatment of  cells with 25 µM hydrogen peroxide for 

5 min at 37°C (F. Offensberger, Bachelor Thesis, Konstanz 2013). Cells were allowed to 

repair DNA damage for one hour, with samples being prepared for automated FADU analysis 

every 12 min. Subsequently, quantification of three independent automated FADU analyses 

was performed. No significant differences in DNA repair capacities were observed 

(Figure 4.18). Moreover, initial DNA damage, as indicated by P0 values and 0 min time point, 

was not changed by either PARP knockdown or doxycycline supplementation. In addition, no 

changes in DNA repair time or speed were detected during these conditions when comparing 

DNA repair curves. Thus, DNA repair capacities were not altered in any way in HeLa-PARP 

clonal cell populations upon induction of PARP-1 or PARP-2 knockdown, in contrast to 

expectations arising from PARP literature (V. Schreiber et al., 2002; El-Khamisy et al., 2003; 

Robert et al. (2013)). 
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Figure 4.18. DNA repair capacity after genotoxic stress in HeLa-PARP-KD and control cell lines.  

Fluorimetric detection of alkaline DNA unwinding (FADU) analysis was performed in time course experiments 

with indicated HeLa-PARP-KD and respective control clonal populations after 25 µM hydrogen peroxide 

treatment. Cells were either supplemented with or without 1 µg/ml doxycycline for 120 h before DNA damage 

induction and following DNA repair was monitored over a 60 min time course in 12 min intervals. 

Quantification represents means ± SEM of three independent experiments and values were normalized to P0 

control values. Statistical analysis was performed by two-way ANOVA followed by Bonferroni post-test. Data 

reanalyzed from F. Offensberger, Bachelor thesis, Konstanz 2013. 
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4.1.4 Summary of Part A 

Key findings of the first approach to test the consequences of reduced PARP-1 and PARP-2 

protein expression can be summarized as following: 

1. Possible off-target effects of RNA interference were minimized by: 

a. Doxycycline-inducible shRNAmir expression pTRIPZ vector system, 

addressing problems of long term siRNA expression. 

b. Examination of possible off-target effects of published shRNA by BLAST 

analysis and determination of seed-target duplex melting temperatures. 

c. Determination of new PARP target siRNA sequences with highly reduced 

off-target effects by siDirect 2.0 algorithm 

2. PARP shRNAmir constructs were cloned and functionally tested for PARP-1 in 

immunofluorescence. 

3. Verified pTRIPZ PARP shRNAmir constructs were produced as lentiviruses, utilized to 

generate stable pTRIPZ PARP shRNAmir expressing HeLa S3 cells, and finally 

characterized for PARP knockdown and turbo RFP expression. 

4. Characterization of HeLa-PARP stable cell lines revealed a non-homogenous population 

of stable pTRIPZ PARP shRNAmir expressing cells with different levels of PARP-1 

knockdown efficacy and turbo RFP expression. 

5. Generation and identification of HeLa-PARP-KD clonal cell populations for PARP-1 

scramble, PARP-1, PARP-2 scramble and PARP-2 shRNAmir expression.  

6. Combined expression of PARP-1 and PARP-2 shRNAmir in double knockdown clonal 

cell population could not be achieved. 

7. Initial characterization of HeLa-P2-KD cells during the Master thesis of A. Waizenegger 

were misleading, as western blot and additional RT-qPCR analysis (data not shown) did 

not show a knockdown of hPARP-2 transcripts. 

8. First phenotypic analyses of HeLa-PARP-KD clonal cell populations demonstrated 

PARP-1 to be mainly responsible for the production of PAR biopolymer after oxidative 

stress, as expected. The role of PARP-2 therein was also significant but greatly reduced 

in comparison to PARP-1. 

9. DNA repair capacities as evaluated by automated FADU were not altered by knockdown 

of either PARP-1 or PARP-2 in HeLa-PARP-KD clonal cell populations. 
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4.2 Part B: Knockdown of PARP-1 and PARP-2 protein 

expression by siRNA and its effect on cellular functions 

Experimental settings so far had not been successful in establishing a cellular in vitro system 

with concurrent knockdown of human PARP-1 and human PARP-2 transcripts. Thus, in order 

to obtain detailed understanding of the consequences of a combined knockdown of PARP-1 

and PARP-2 protein expression, an alternative approach was chosen. Here, suitable PARP 

siRNA were tested either alone or in combination in two different cell lines after transient 

transfection. For this purpose, new PARP siRNA had to be designed and validated first to 

differentiate from the initial approach, which moreover had shown ineffectiveness of the 

PARP-2 shRNAmir sequence (Section 4.1.2.2). 

4.2.1 Establishment of siRNA-mediated RNA interference 

4.2.1.1 Selection of mRNA Target Sequences for RNA interference 

For the selection of PARP-1 target siRNA, transcript variant 1 PARP-1 mRNA (NM_001618) 

was employed together with an AAGN18 search pattern in the siDirect 2.0 software, which 

was a prerequisite of the Silencer® siRNA construction kit from Ambion, and resulting hits 

were filtered for sequences targeting the 3ôUTR region of human PARP-1 transcript. Here, 

three different siRNA (i.e. P1-Hanf-1, P1-Hanf-2 and P1-Hanf3) were synthesized by 

Silencer® siRNA construction kit from Ambion and tested in western blot analysis (data not 

shown). All three P1-Hanf siRNA demonstrated a 90% knockdown of PARP-1 protein 

expression at 72 h after transfection in HeLa S3 cells. P1-Hanf-1 siRNA was therefore 

selected for further validation in combination experiments with PARP-2 siRNA and 

randomized P1-Hanf-1 target siRNA sequence was utilized as control siRNA, henceforth 

designated as PARP-1-Hanf siRNA and PARP-1scr-Hanf siRNA, respectively (Table 4.8). 

Selection of PARP-2 target siRNA was performed in a similar way, using the transcript 

variant 1 PARP-2 mRNA (NM_005484) in the siDirect 2.0 search algorithm. Here, two 

different siRNA (i.e. P2-Hanf-1 and P2-Hanf-2) were synthesized by Silencer® siRNA 

construction kit from Ambion and assessed in RT-qPCR analysis (data not shown). Both 

P2-Hanf siRNA did not show a knockdown of relative PARP-2 mRNA levels at 72 h after 

transfection in HeLa S3 cells. Thus, Peter Bai´s 2007 published PARP-2-Bai shRNA 

sequence was chosen instead for combined PARP knockdown experiments, despite earlier 

determinations of possible off-target effects within this work (Section 4.1.1.1). Determination 

of the effective target siRNA sequence from the PARP-2-Bai shRNA sequence was hence 

performed next. 
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4.2.1.2 Determination of Effective Target siRNA Sequence 

To define the effective target siRNA sequence from shRNA target mRNA sequences, 

guidelines from the ñshRNA expression constructs designed directly from siRNA 

oligonucleotide sequencesò report of T. Baroy in 2010 were reversed and applied together 

with the siRNA synthesis principle of the Silencer® siRNA construction kit from Ambion 

(Figure 4.19) (Baroy et al., 2010). Briefly, mRNA target sequences are ordered as sense and 

antisense oligonucleotides (according to the manufacturerôs instructions) and in a first step 

annealed with T7 primer. DNA overhangs are complemented next by Klenow DNA 

polymerase, transcribed by T7 RNA polymerase, resulting single stranded RNA molecules 

hybridized, and finally, double-stranded siRNA duplexes are purified over a centrifugation 

column. Figure 4.19 depicts the synthesis pathway of the PARP-1-Hanf mRNA target 

sequence, thereby identifying the PARP-1-Hanf effective target siRNA sequence 

5ô-CGUGUUAAAGGUUUUCUCU-3ô in the last step of siRNA synthesis.  

 

Figure 4.19. Principle of effective target siRNA sequence analysis. 

Determination of effective target siRNA sequence was performed by applying the siRNA synthesis principle of 

the Silencer® siRNA construction kit from Ambion. Briefly, PARP-1-Hanf target mRNA sequence was chosen 

as template and both sense and antisense oligonucleotides were designed according to manufacturer´s 

instructions. In following steps of siRNA synthesis protocol, oligonucleotides are annealed with T7 primer, DNA 

overhangs complemented by Klenow DNA Polymerase, double-strand DNAs transcribed with T7 RNA 

polymerase, single stranded RNAs hybridized and finally T7 primer parts removed. Resulting double-strand 

RNA molecules (i.e. siRNA) show the effective target siRNA sequence as well as the two nucleotide 3ô 

overhang (UU) needed for efficient sequence-specific mRNA degradation (Elbashir, Martinez, et al., 2001). 
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Having found the effective target siRNA sequence of the PARP-2-Bai shRNA sequence, it 

was decided next to standardize siRNA to be used in analyses. For this purpose, the principle 

of Figure 4.19 was applied to PARP-1-Hanf and PARP-1scr-Hanf siRNA, which had been 

designed in part by the Silencer® siRNA construction kit instructions, and thus the effective 

target siRNA sequences for PARP-1-Hanf and PARP-1scr-Hanf siRNA were determined 

(Table 4.8). Finally, a control PARP-2-Hanf siRNA was generated by randomizing the 

effective PARP-2 target siRNA, henceforth referred to as PARP-2scr-Hanf siRNA, and all 

four PARP siRNA were ordered as standard duplex siRNA from Sigma-Aldrich with 

UU-overhangs, needed for efficient sequence-specific mRNA degradation (Elbashir, 

Martinez, et al., 2001). Next, knockdown efficacies of all four siRNA were validated for their 

effects on PARP-1 or PARP-2 protein expression. 

Table 4.8. Overview of PARP mRNA target sequences for siRNA mediated RNA interference. 

Designation   

(siRNA) 

Gene 

Accession 

Target siRNA sequence (5ô-3ô) 

 

Effective target siRNA sequence (5ô-3ô) 

PARP-1-Hanf hPARP-1 

NM_001618 

AACGTGTTAAAGGTTTTCTCTAA 

 

Sense:    CGUGUUAAAGGUUUUCUCU 

Antisense: AGAGAAAACCUUUAACACG 

PARP-1scr-Hanf  N/A AATCCGATGTTATTCGTGTATAA 

 

Sense:    UCCGAUGUUAUUCGUGUAU 

Antisense: AUACACGAAUAACAUCGGA 

PARP-2-Hanf hPARP-2 

NM_005484 

AAGATGATGCCCAGAGGAACT Sense:    GAUGAUGCCCAGAGGAACU 

Antisense: AGUUCCUCUGGGCAUCAUC 

PARP-2scr-Hanf  N/A AAGAAGTCGGCAAACTCATGG Sense:    GAAGUCGGCAAACUCAUGG 

Antisense: CCAUGAGUUUGCCGACUUC 

Human PARP-1 target siRNA sequence was designed by siDirect 2.0 software. Human PARP-2 target siRNA 

sequence was published by Bai et al. 2007. Scrambled control siRNA were generated by randomizing gene target 

siRNA sequences by DNA protein sequence randomizer software. N/A, not applicable. Ordering of effective 

target siRNA sequence at Sigma-Aldrich with UU overhangs. 

4.2.1.3 Knockdown Efficacies of PARP-1 and PARP-2 siRNA 

To examine effects of single or combined siRNA transfections on expression of PARP-1, a 

time course analysis of PARP-1 protein expression was carried out in protein extracts from 

HeLa S3 cell lysates. Transfections of HeLa S3 cells with PARP-1-Hanf siRNA reduced 

PARP-1 protein expression at 24 h after transfection and decreased to almost undetectable 

levels by 48 h and 72 h after transfection. Moreover, transfection of HeLa S3 cells with 

PARP-1-Hanf and PARP-2-Hanf siRNA also reduced PARP-1 protein expression at 24 h 

after transfection, although not as strong as PARP-1-Hanf siRNA transfection alone, and 

decreased furthermore to levels observed in PARP-1-Hanf siRNA transfection alone, with 

increasing time after transfection. In contrast, PARP-1 protein expression was not reduced by 

either transfections of HeLa S3 cells with transfection reagent alone or transfection with 

control siRNA at analyzed time points (Figure 4.20). To furthermore establish transient 

knockdown of hPARP-1 transcripts, quantifications of relative PARP-1 mRNA levels were 
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performed by RT-qPCR at 48 h after siRNA transfection. Relative PARP-1 mRNA levels of 

HeLa S3 cells transfected with control siRNA were set as treatment control together with 

relative SDHA mRNA levels as reference gene. Upon transfection of HeLa S3 cells with 

PARP-1-Hanf siRNA or combined PARP-1-Hanf and PARP-2-Hanf siRNA (PARP-1/2-

Hanf), relative PARP-1 mRNA levels decreased by 96% and 93%, respectively (Figure 

4.21A). 

Validation of single or combined siRNA knockdown effects on protein expression of PARP-2 

were performed by quantifications of relative PARP-2 mRNA levels at 48 h after siRNA 

transfection. Relative PARP-2 mRNA levels of HeLa S3 cells transfected with control siRNA 

were set as treatment control together with relative SDHA mRNA levels as reference gene. 

Upon transfection of HeLa S3 cells with PARP-2-Hanf siRNA or combined PARP-1-Hanf 

and PARP-2-Hanf siRNA (PARP-1/2-Hanf), relative PARP-2 mRNA levels decreased by 

94% and 90%, respectively (Figure 4.21B). 

 

Figure 4.20. PARP-1 protein expression after PARP-1 and/or PARP-2 depletion in HeLa S3 cells. 

Western blot analysis of human PARP-1 protein levels in HeLa S3 cells transfected either alone or in 

combination with 33 nM control or specific PARP-1 and PARP-2 siRNA at indicated time points after 

transfection. Protein extracts were prepared by modified high-salt RIPA buffer method and 50 µg total protein 

extract loaded per lane. PARP-1 protein expression was detected by CII10 antibody and actin staining served as 

loading control. TR, transfection reagent. 
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Figure 4.21. Relative mRNA levels after PARP-1 and/or PARP-2 depletion in HeLa S3 cells. 

Real time quantitative PCR analysis of relative PARP-1 (A) and relative PARP-2 (B) mRNA levels in HeLa S3 

cells transfected either alone or in combination with 33 nM control or specific PARP-1 and PARP-2 siRNA at 48 

h after transfection. Relative SDHA mRNA levels were used as reference and cells treated with scrambled 

control siRNA were set as 100% control. Error bars indicate mean ± SEM in % of control of three independent 

experiments. PARP-1/2-Hanf; combined PARP-1-Hanf and PARP-2-Hanf siRNA. 
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For determination of siRNA knockdown efficacies in a different cellular system, the human 

epithelial osteosarcoma cell line U2OS was selected and RNA interference performed. 

PARP-1 and PARP-2 protein expressions were analyzed 48 h after transfection of siRNA by 

RT-qPCR analyses and relative PARP mRNA levels were quantified. Corresponding relative 

PARP mRNA levels of U2OS cells transfected with control siRNA were set as treatment 

control together with relative SDHA mRNA levels as reference gene. U2OS cells transfected 

with PARP-1-Hanf siRNA or combined PARP-1/2-Hanf siRNA, showed a reduction of 

relative PARP-1 mRNA levels of 96% and 93%, respectively (Figure 4.22A). Relative 

PARP-2 mRNA levels in U2OS cells transfected with PARP-2-Hanf siRNA or 

PARP-1/2-Hanf siRNA were reduced by 89% and 86%, respectively (Figure 4.22B).  
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Figure 4.22. Relative mRNA levels after PARP-1 and/or PARP-2 RNA interference in U2OS cells. 

Real time quantitative PCR analysis of relative PARP-1 (A) and relative PARP-2 (B) mRNA levels in U2OS 

cells transfected either alone or in combination with 33 nM control or specific PARP-1 and PARP-2 siRNA at 48 

h after transfection. Relative SDHA mRNA levels were used as reference and cells treated with scrambled 

control siRNA were set as 100% control. Error bars indicate mean ± SEM in % of control of three independent 

experiments. PARP-1/2-Hanf; combined PARP-1-Hanf and PARP-2-Hanf siRNA. 

 

In conclusion, strong knockdown efficacies of PARP-1 and PARP-2 protein expression were 

observed in HeLa S3 and U2OS cells, when transfected either alone or in combination. 

Moreover, 48 h after transfection represented a suitable time point to elucidate the cellular 

consequences of a combined knockdown of PARP-1 and PARP-2 protein expression in 

following analyses. 
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4.2.2 Single and Combined Knockdown Effects of PARP-1 and PARP-2 siRNA. 

Cellular consequences of single or combined knockdown effects of PARP-1 and PARP-2 

siRNA were investigated in different cellular functions. First, poly(ADP-ribose) formation 

after oxidative stress was analyzed in cells treated with PARP-1 and PARP-2 siRNA. Second, 

effects of PARP-1 and PARP-2 knockdown on cell proliferation and subsequently population 

doubling was determined. Third, additional consequences of PARP-1/2 RNA interference 

were studied on the effectiveness of genotoxic agents on the survival and proliferation of 

cells. Finally, possible implications of silencing human PARP-1 and PARP-2 transcripts were 

examined with regards to cell death and cell cycle phase distributions in cells. 

4.2.2.1 Poly (ADP-ribose) Biopolymer Formation after Oxidative Stress. 

PARP-1 and PARP-2 loss of protein function in cellular poly(ADP-ribosyl)ation metabolism 

was analyzed at 48 h after PARP RNA interference in HeLa S3 cells. To induce cellular 

poly(ADP-ribose) formation, PARP-silenced cells were treated with 0 mM, 0.5 mM and 

1 mM hydrogen peroxide concentrations for 5 min at 37 °C. Poly(ADP-ribose) formation was 

visualized by 10H immunofluorescence staining and quantified in five independent 

experiments by Image J software analysis (Figures 4.23 to 4.26).  

Poly(ADP-ribose) formation in control cells, i.e. HeLa S3 cells transfected with 

Lipofectamine RNAiMAX alone (WT+TR), increased with higher concentrations of 

hydrogen peroxide as expected. In contrast to poly(ADP-ribose) formation in HeLa-PARP 

clonal populations (Section 4.1.3.1), no significant difference was found between 0.5 mM and 

1 mM hydrogen peroxide treatments (data not shown). However, poly(ADP-ribose) formation 

was significantly different between siRNA transfections in hydrogen peroxide treatment 

groups (Figures 4.23, 4.24 and 4.25A). At 0.5 mM hydrogen peroxide treatment, 

poly(ADP-ribose) formation was 3.1-fold less when comparing PARP-1-Hanf siRNA and 

PARP-1scr-Hanf siRNA-transfected cells (***, P<0.001), 2.2-fold less in PARP-2-Hanf and 

PARP-2scr-Hanf siRNA comparisons (***, P<0.001), and finally, 2.8-fold less when 

comparing PARP-1/2-Hanf siRNA and PARP-1scr-Hanf+PARP-2scr-Hanf 

(PARP-1scr/2scr-Hanf) siRNA transfected cells (***,  P<0.001). Moreover, poly(ADP-ribose) 

formation was significantly reduced (*, P<0.05) when comparing PARP-2-Hanf siRNA and 

PARP-1/2-Hanf siRNA transfections (Figure 4.25A).  

Differences of poly(ADP-ribose) formation in 1 mM hydrogen peroxide treatments where 

comparable to those found in 0.5 mM hydrogen peroxide treatments. As seen in Figure 4.25A, 

poly(ADP-ribose) formation was 2.1-fold less when comparing PARP-1-Hanf siRNA and 

PARP-1scr-Hanf siRNA-transfected cells (***, P<0.001) and 2.7-fold less when comparing 
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PARP-1/2-Hanf siRNA and PARP-1scr/2scr-Hanf siRNA transfected cells (***, P<0.001). 

However, poly(ADP-ribose) formation at 1 mM hydrogen peroxide treatment in 

PARP-2-Hanf siRNA transfected HeLa S3 cells did not differ from PARP-2scr-Hanf siRNA 

transfections. Moreover, poly(ADP-ribose) formation was significantly different in 

PARP-1-Hanf siRNA (* *, P<0.01) when compared to PARP-2-Hanf siRNA transfections and 

in PARP-2-Hanf siRNA and PARP-1/2-Hanf siRNA transfection comparisons (***, 

P<0.001). Interestingly, no significant differences were found in either 0.5 mM or 1 mM 

hydrogen peroxide treated cells, when comparing PARP-1-Hanf siRNA vs PARP-1/2-Hanf 

siRNA transfections (Figure 4.25). 
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Figure 4.23. Poly(ADP-ribose) formation after PARP-1 depletion and oxidative stress in HeLa S3 cells. 
Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of HeLa S3 cells 

transfected either alone or in combination with 33 nM control or specific PARP-1 siRNA. At 48 h after 

transfection, cells were treated with 0 mM, 0.5 mM and 1 mM H2O2 in PBS at 37°C for 5min. Staining of PAR 

was carried out by use of 10H antibody and fluorophore-labelled antibody AlexaFluor564. Nuclei were 

counterstained by Hoechst 33342 and micrographs were taken at 63x magnification using the Axiovert 200M 

fluorescence microscope. Images were brightness and contrast adjusted for better visibility. A. HeLa S3 cells 

transfected with transfection reagent (TR) alone B. HeLa S3 cells transfected with PARP-1scr-Hanf (top) or 

PARP-1-Hanf siRNA (bottom).  

 
Figure 4.24. Poly(ADP-ribose) formation after PARP depletion and oxidative stress in HeLa S3 cells. 

Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of HeLa S3 cells 

transfected either alone or in combination with 33 nM control or specific PARP-2 siRNA. At 48 h after 

transfection, cells were treated with 0 mM, 0.5 mM and 1 mM H2O2 in PBS at 37°C for 5min. Staining of PAR 

was carried out by use of 10H antibody and fluorophore-labelled antibody AlexaFluor564. Nuclei were 

counterstained by Hoechst 33342 and micrographs were taken at 63x magnification using the Axiovert 200M 

fluorescence microscope. Images were brightness and contrast adjusted for better visibility. A. HeLa S3 cells 

transfected with PARP-2scr-Hanf (top) or PARP-2-Hanf siRNA (bottom).  B. HeLa S3 cells transfected with 

PARP-1scr/2scr-Hanf siRNA (top) or PARP-1/2-Hanf siRNA (bottom). 
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Figure 4.25. Quantification of poly(ADP-ribose) formation in specific or control PARP-siRNA transfected 

HeLa S3 cells after oxidative stress. Poly(ADP-ribose) (PAR) formation was induced in HeLa S3 cells by 

treatment with indicated concentrations of H2O2 at 48 h after transfection with control or specific PARP-1 and/or 

PARP-2 siRNA. After genotoxic treatment, PAR staining was conducted using 10H antibody and 

fluorophore-labelled antibody AlexaFluor488. A. Quantification of PAR staining in 0.5 mM H2O2 treated cells 

B. Quantification of PAR staining in 1 mM H2O2 treated cells. Quantification represents means ± SEM of five 

independent experiments with at least 100 cells per condition and treatment. Fluorescence signals intensities 

were obtained using Image J software and fluorescence intensities calculated by normalization to 0 mM 

treatment in each condition. Statistical analysis was performed with two-way ANOVA followed by Bonferroni 

post-test comparing all columns to each other. (*, P<0.05; **, P<0.01; ***. P<0.001). TR, transfection reagent. 

 

 

 

 

 

 

To further assess Image J software quantifications of 10H immunofluorescence signals, 

categorization of 10H fluorescence signal intensities into low, middle and high poly(ADP-

ribose) fluorescence intensity groups was performed as described in Section 3.2.4.6. 

Figure 4.26 illustrates grouping analysis of poly(ADP-ribose) formation studies in PARP 

siRNA-silenced HeLa S3 cells, with representative micrographs of cells in the different 

poly(ADP-ribose) fluorescence intensity groups being depicted in Figure 4.26A. 

As expected, no change in poly(ADP-ribose) fluorescence intensity groups was detected when 

HeLa S3 cells were transfected with siRNA alone (Figure 4.26B). Upon DNA induction by 

0.5 mM or 1 mM hydrogen peroxide, cells were increasingly categorized into group II and III 

in HeLa cells transfected with transfection reagent alone or control siRNA, demonstrating 

strong induction of poly(ADP-ribose) formation. In contrast, cells with either single or 

combined knockdown of PARP-1 and PARP-2 protein expression revealed cellular 

poly(ADP-ribosyl)ation to be low and thus cells were categorized more into groups I and II 

than in group III, as expected from quantifications in Figure 4.25 (Figure 4.26 C and D). 
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Figure 4.26. Quantification by grouping analysis of fluorescence intensities of poly(ADP-ribose) formation 

in specific or control PARP-siRNA transfected HeLa S3 cells after oxidative stress. Poly(ADP-ribose) 

(PAR) formation after concurrent oxidative stress and PARP-1 and/or PARP-2 RNA interference in HeLa S3 

cells was quantified by determination of PAR-specific 10H fluorescence signal intensities by Image J software. 

For grouping analysis, fluorescence signal intensity data was categorized into groups of low (I), middle (II) and 

high (III) PAR fluorescence signal intensities. (A) Representative categorization of PAR-fluorescent stained cells 

into groups. (B) Grouping analysis of 0 mM H2O2 treatment. (C) Grouping analysis of 0.5 mM H2O2 treatment. 

(D) Grouping analysis of 1 mM H2O2 treatment. Quantification represents means ± SEM of five independent 

experiments with at least 100 cells per condition and treatment.TR, transfection reagent. 

 

 

 

To exclude cell-type specific effects in HeLa S3 cells, poly(ADP-ribose) formation was also 

examined in U2OS cells after PARP interference and oxidative stress. For this purpose, U2OS 

cells were treated with 0 mM, 0.5 mM and 1 mM hydrogen peroxide concentrations for 5 min 

at 37 °C, after PARP RNA interference, and resulting poly(ADP-ribose) formation was 

visualized by 10H immunofluorescence staining. Quantification of poly(ADP-ribose) 

formation was assessed by Image J software in three independent experiments and grouping 

of fluorescence signal intensity was performed in addition (Figures 4.23 to 4.26). 
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Poly(ADP-ribose) formation in U2OS cells increased with hydrogen peroxide treatment, 

although not as strong as observed in HeLa S3 cells, reaching maximum 10H fluorescence 

signal intensities at 0.5 mM hydrogen peroxide and lower fluorescence signal intensities at 

1 mM hydrogen peroxide (Figures 4.27 4.28). Despite differences in maximum reached 

fluorescence, no significant difference was observed between 0.5 mM and 1 mM hydrogen 

peroxide treatments, in agreement with data from HeLa S3 analyses (data not shown). In 

contrast to HeLa S3 cells, the only significant reduction of poly(ADP-ribose) formation was 

found at 0.5 mM hydrogen peroxide treatment and comparing PARP-1-Hanf siRNA vs. 

PARP-1scr-Hanf siRNA. Here, poly(ADP-ribose) formation was 1.4-fold less when 

comparing PARP-1-Hanf siRNA and PARP-1scr-Hanf siRNA transfected cells 

(***,  P<0.001) (Figure 4.29). It should be noted that poly(ADP-ribose) formation induction 

was much weaker in PARP-2scr-Hanf siRNA transfected U2OS cells than in HeLa S3 cells, 

which strikingly affected quantifications and following statistical analyses. These findings 

were also reflected in the following group analysis of poly(ADP-ribose) fluorescence signal 

intensities. 

As expected, no change in poly(ADP-ribose) fluorescence signal intensity groups was 

detected in U2OS cells transfected with siRNA alone (Figure 4.30A). Upon DNA induction 

by 0.5 mM or 1 mM hydrogen peroxide, cells were increasingly categorized into group II and 

III in U2OS cells transfected with transfection reagent alone or control siRNA, demonstrating 

induction of poly(ADP-ribose) formation. In contrast, cells with either single or combined 

knockdown of PARP-1 and PARP-2 revealed that cellular poly(ADP-ribosyl)ation was lower 

and thus cells were categorized more into groups I and II than in group III, as was expected 

from quantifications depicted in Figure 4.29, despite not reaching statistical significance 

(Figure 4.30 B and C). 
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Figure 4.27. Poly(ADP-ribose) formation after PARP-1 RNA interference and oxidative stress in U2OS 

cells. Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of U2OS cells 

transfected either alone or in combination with 33 nM control or specific PARP-1 siRNA. At 48 h after 

transfection, cells were treated with 0 mM, 0.5 mM and 1 mM H2O2 in PBS at 37°C for 5min. Staining of PAR 

was carried out by use of 10H antibody and fluorophore-labelled antibody AlexaFluor564. Nuclei were 

counterstained by Hoechst 33342 and micrographs were taken at 40x magnification using the Axiovert 200M 

fluorescence microscope. Images were brightness and contrast adjusted for better visibility. A. U2OS cells 

transfected with transfection reagent (TR) alone B. U2OS cells transfected with PARP-1scr-Hanf (top) or 

PARP-1-Hanf siRNA (bottom).  

 

 
Figure 4.28. Poly(ADP-ribose) formation after PARP RNA interference and oxidative stress in U2OS cells. 

Immunofluorescence analysis of poly(ADP-ribose) (PAR) formation after H2O2 treatment of U2OS cells 

transfected either alone or in combination with 33 nM control or specific PARP-2 siRNA. At 48 h after 

transfection, cells were treated with 0 mM, 0.5 mM and 1 mM H2O2 in PBS at 37°C for 5min. Staining of PAR 

was carried out by use of 10H antibody and fluorophore-labelled antibody AlexaFluor564. Nuclei were 

counterstained by Hoechst 33342 and micrographs were taken at 40x magnification using the Axiovert 200M 

fluorescence microscope. Images were brightness and contrast adjusted for better visibility. A. U2OS cells 

transfected with PARP-2scr-Hanf (top) or PARP-2-Hanf siRNA (bottom).  B. U2OS cells transfected with 

PARP-1scr/2scr-Hanf (top) or PARP-1/2-Hanf siRNA (bottom).  
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Figure 4.29. Quantification of poly(ADP-ribose) formation in specific or control PARP-siRNA transfected 

U2OS cells after oxidative stress. Poly(ADP-ribose) (PAR) formation was induced in U2OS cells by treatment with 

indicated concentrations of H2O2 at 48 h after transfection with control or specific PARP-1 and/or PARP-2 siRNA. 

After genotoxic treatment, PAR staining was conducted using 10H antibody and fluorophore-labelled antibody 

AlexaFluor488. A. Quantification of PAR staining in 0.5 mM H2O2 treated cells B. Quantification of PAR staining in 1 

mM H2O2 treated cells. Quantification represents means ± SEM of three independent experiments with at least 100 

cells per condition and treatment. Fluorescence signal intensities were obtained using Image J software and 

fluorescence intensities calculated by normalization to 0 mM treatment in each condition. Statistical analysis was 

performed with two-way ANOVA followed by Bonferroni post-test comparing all columns to each other. (***. 

P<0.001). TR, transfection reagent. 
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Figure 4.30. Quantification by grouping analysis of fluorescence intensities of poly(ADP-ribose) formation in 

specific or control PARPsiRNA transfected U2OS cells after oxidative stress. Poly(ADP-ribose) (PAR) formation 

after concurrent oxidative stress and PARP-1 and/or PARP-2 RNA interference in U2OS cells was quantified by 

determination of PAR-specific 10H fluorescence intensities by ImageJ software. For grouping analysis, signal 

fluorescence intensity data was categorized into groups of low (I), middle (II) and high (III) PAR fluorescence 

intensities. (A) Representative categorization of PAR-fluorescent stained cells into groups. (B) Grouping analysis of 0 

mM H2O2 treatment. (C) Grouping analysis of 0.5 mM H2O2 treatment. (D) Grouping analysis of 1 mM H2O2 

treatment. Quantification represents means ± SEM of five independent experiments with at least 100 cells per 

condition and treatment. 



 Results  

100 

 

In conclusion, poly(ADP-ribose) formation after PARP-1/2 RNA interference and oxidative 

stress in HeLa S3 and U2OS cells, was reduced during both PARP-1 and PARP-2 

knockdown, with PARP-1 playing again a greater role during the formation of 

poly(ADP-ribose) under oxidative stress, as expected from results obtained in section 4.1.3.1. 

Moreover, a striking decrease of cell number was consistently observed during 

poly(ADP-ribose) formation analyses in PARP-2-Hanf siRNA transfected HeLa S3 or U2OS 

cells and thus possible effects on cell proliferation were investigated next. 

4.2.2.2 Population Doublings 

To determine possible effects of reduced PARP-1 and PARP-2 protein expression on cell 

proliferation capabilities, population doublings of HeLa S3 and U2OS cells after siRNA 

transfection were analyzed. For this purpose, cell numbers of either HeLa S3 or U2OS cells 

were determined at 24 h and 48 h after siRNA transfection (represented by depicted time 

points 48 h and 72 h after seeding of cells for RNA interference) and population doublings 

calculated (Figure 4.31). 

Population doublings of either transfection reagent control (+TR) transfected or control 

siRNA transfected HeLa S3 and U2OS cells did not significantly differentiate and followed a 

normal cell growth with an approximate cell number doubling every 24 hours. In accordance 

with control cells, population doubling of PARP-1-Hanf siRNA transfected HeLa S3 or 

U2OS cells was not significantly affected by loss of PARP-1 protein expression. In contrast, 

reduced PARP-2 protein expression in single or combined siRNA transfections led to 

significant differences in population doublings at 48 h and 72 h after seeding of HeLa S3 and 

U2OS cells. At 48 h after seeding, population doubling was significantly reduced in 

PARP-2-Hanf siRNA transfected HeLa S3 cells by 12.9% in comparison to PARP-2scr-Hanf 

siRNA (#, P<0.05) and by 21% in comparison to PARP-1-Hanf siRNA (##, P<0.01) 

(Figure 4.31A). However, in PARP-2-Hanf siRNA transfected U2OS cells, no significant 

difference was observed at 48 h after seeding of U2OS cells (Figure 4.31B). 

At 72 h after seeding, population doublings in PARP-2-Hanf siRNA transfected HeLa S3 

cells were strikingly reduced by 34.9% in comparison to PARP-2scr-Hanf siRNA 

(***,  P< 0.001) and by 39.7% in comparison to PARP-1-Hanf siRNA (***, P< 0.001). 

Furthermore, significant differences were detected between PARP-1-Hanf siRNA and 

PARP-1/2-Hanf siRNA transfected HeLa S3 cells (***, P< 0.001) and comparing 

PARP-1/2-Hanf siRNA vs. PARP-1scr/2scr-Hanf siRNA (***, P< 0.001) (Figure 4.31A). In 

contrast to 48 h, U2OS cells also showed significant differences at 72 h after seeding for 
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siRNA transfections. Here, population doublings in PARP-2-Hanf siRNA transfected U2OS 

cells were strongly reduced by 54.7% in comparison to PARP-2scr-Hanf siRNA 

(***,  P< 0.001) and by 65.2% in comparison to PARP-1-Hanf siRNA (***, P< 0.001). 

Moreover, significant differences were also detected between PARP-1-Hanf siRNA and 

PARP-1/2-Hanf siRNA transfected U2OS cells (***, P< 0.001) and comparing 

PARP-1/2-Hanf siRNA vs. PARP-1scr/2scr-Hanf siRNA (***, P< 0.001) (Figure 4.31B). 
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Figure 4.31.  Population doubling of HeLa S3 and U2OS cells after PARP RNA interference. 

Population doublings of HeLa S3 and U2OS cells transfected either alone or in combination with 33 nM control 

or specific PARP-1 and PARP-2 siRNA at indicated time points after transfection. Cell numbers were 

determined and population doublings calculated. (A) HeLa S3 cells. Analysis represents means ± SEM of five 

(48 h) and twelve (72h) independent measurements. Statistical analysis was performed with two-way ANOVA 

followed by Bonferroni post-test comparing all columns to each other. *, Two-way ANOVA of 72 h; #, Two-

way ANOVA of 48 h. (***, P<0.001; #, P<0.05; ##, P<0.01). (B) U2OS cells. Analysis represents means ± SEM 

of six (48 h) and eight (72h) independent measurements. Statistical analysis was performed with two-way 

ANOVA followed by Bonferroni post-test comparing all columns to each other. *, Two-way ANOVA of 72 h 

(***, P<0.001). TR, transfection reagent. 

 

 

 

Taken together, cell proliferation as detected by population doubling determination was not 

affected by transfections of utilized transfection reagent or control transfections with 

scrambled control siRNA in HeLa S3 and U2OS cell lines. However, reduction of PARP-2 

protein expression in both cell lines revealed not only a significant loss of proliferative 

capacities, but also an independency of PARP-1 protein expression in regards to cell 

proliferation. Having found these cell proliferative effects, cell proliferation was further 

examined during genotoxic treatment. 
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4.2.2.3 Cell Proliferation after Genotoxic Treatment 

Assuming a role of PARP-2 protein expression in cell proliferation, growth of cells was 

investigated next during genotoxic stress. At 48 h after transient siRNA transfection, 

treatment of cells with methyl methanesulfonate (MMS) was performed and following cell 

proliferation evaluated over a 72 h time course by alamar blue assay. Here, siRNA-transfected 

HeLa S3 (Figure 4.32) and U2OS (Figure 4.33) cells were analyzed and quantified after 

treatment with 0 mM, 0.1 mM, 0.5 mM and 1 mM MMS. 

In agreement with population doublings studies, cell proliferation in HeLa S3 and U2OS cells 

at 0 mM MMS was unaffected by transfection of cells with transfection reagent, control 

scrambled siRNA or PARP-1-Hanf siRNA and measured fluorescence at 560 nm doubled 

every 24 h, indicating normal population doubling (Figures 4.32A and 4.33A, first row). In 

contrast, HeLa S3 and U2OS cells transfected either with PARP-2-Hanf siRNA or 

PARP-1/2-Hanf siRNA demonstrated a drastic drop in fluorescence over 72 h time course, 

strongly indicating reduced cell proliferation in cells transfected with PARP-2-Hanf siRNA.  

In HeLa S3 cells, fluorescence at 560 nm and subsequent cell growth was similar directly 

after DNA induction at 0 h. With increasing cell proliferation time however, fluorescence in 

PARP-2-Hanf siRNA transfected cells was reduced by 36% at 24 h, 69.9% at 48 h, and finally 

75.8% at 72 h when compared to PARP-2scr-Hanf siRNA transfected cells. In line with 

PARP-2-Hanf siRNA transfected cells, fluorescence in PARP-1/2-Hanf siRNA transfected 

cells was reduced by 37.1% at 24 h, 68.3% at 48 h, and finally 69.5% at 72 h when compared 

to PARP-1scr/2scr-Hanf siRNA transfected cells (Figure 4.32A, first row). Increasing 

concentrations of MMS did reduce detected fluorescence to a similar extend in all siRNA 

transfected cells (Figure 4.32A), with no increased drop in fluorescence being observed by 

siRNA transfection, indicative for sensitization of cells to MMS, when samples were 

normalized to 0 mM treatments (Figure 4.32 B). 

In U2Os cells however, fluorescence at 560 nm and subsequent cell growth was already 

different directly after DNA induction at 0 h in PARP-2-Hanf siRNA treated cells. Here, 

fluorescence in PARP-2-Hanf siRNA transfected cells was reduced by 33% at 0 h, 56.3% at 

24 h, 67.5% at 48 h, and finally 71% at 72 h when compared to PARP-2scr-Hanf siRNA 

transfected cells. In agreement with PARP-2-Hanf siRNA transfected cells, fluorescence in 

PARP-1/2-Hanf siRNA transfected cells was reduced by 19.3% at 0 h, 34.3% at 24 h, 49,4 % 

at 48 h, and finally 52.9% at 72 h in comparison to PARP-1scr/2scr-Hanf siRNA transfected 

cells (Figure 4.33A, first row). As obtained during HeLa S3 cell analysis, increasing 

concentrations of MMS did reduce detected fluorescence to a similar extend in all siRNA 
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transfected cells (Figure 4.33A), with no increased drop in fluorescence being observed again 

by siRNA transfection (Figure 4.33 B). 

In conclusion, cell proliferation was not additionally impaired by genotoxic treatments in 

PARP-1/2 depleted HeLa S3 or U2OS cells. Moreover, no sensitization to MMS was 

observed by loss of PARP-1 or PARP-2 protein expression in HeLa S3 and U2OS cells and 

detected fluorescence losses in PARP-2-Hanf siRNA and PARP-1/2-Hanf siRNA transfected 

cells appear to be dependent on PARP-2 but not PARP-1 protein expression. Concurrently 

performed clonogenic survival assays, reflected alamar blue assay observations 

(Section 4.2.2.4). 
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Figure 4.32. Cell proli feration of HeLa S3 cells after PARP RNA interference and genotoxic stress. 

Proliferation capacity analysis by alamar blue assay was performed in time course experiments with HeLa S3 

cells transfected either alone or in combination with 33 nM control or specific PARP-1 and PARP-2 siRNA and 

treatment of such cells with methyl methanesulfonate. At 48 h after transfection, indicated genotoxic treatments 

were carried out at 37°C for 1 h and following cell proliferation was monitored over a 72 h time course in 24 h 

intervals. Quantification represents means ± SEM of three independent experiments. (A) Raw data analysis (B) 

Raw data normalized to 0 mM treatment. TR, transfection reagent. 
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Figure 4.33. Cell proliferation of U2OS cells after PARP RNA interference and genotoxic stress. 

Proliferation capacity analysis by alamar blue assay was performed in time course experiments of U2OS cells 

transfected either alone or in combination with 33 nM control or specific PARP-1 and PARP-2 siRNA and 

treatment of such cells with methyl methanesulfonate. At 48 h after transfection, indicated genotoxic treatments 

were carried out at 37°C for 1 h and following cell proliferation was monitored over a 72 h time course in 24 h 

intervals. Quantification represents means ± SEM of three independent experiments. (A) Raw data analysis (B) 

Raw data normalized to 0 mM treatment. TR, transfection reagent. 
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4.2.2.4 Clonogenic Survival 

Clonogenic survival potential of siRNA transfected HeLa S3 and U2OS cells was determined 

after hydrogen peroxide treatment. Dose-response analyses in both HeLa S3 and U2OS cells 

were performed and 0 µM, 10 µM, 25 µM and 100 µM hydrogen peroxide concentrations 

selected for siRNA transfection experiments (data not shown). As expected, clonogenic 

survival of all siRNA transfected HeLa S3 and U2OS cells decreased with increasing 

hydrogen peroxide treatment, but unexpectedly, reduced PARP-1 protein expression did not 

sensitizes cells to oxidative stress as suggested from the role of PARP-1 in DNA repair 

(Robert et al., 2013). In contrast, PARP-2-Hanf siRNA transfected cells revealed a strong 

effect on clonogenic survival rates in scrambled control siRNA or PARP-1-Hanf siRNA 

transfection comparisons (Figures 4.34 and 4.35). Differences in clonogenic survival rates are 

summarized in Table 4.9 (HeLa S3) and Table 4.10 (U2OS). Strikingly, strongly reduced 

clonogenic survival rates in PARP-2-Hanf siRNA transfected HeLa S3 and U2OS cells were 

independent of PARP-1 protein expression, as seen in no further decrease of clonogenic 

survival upon additional PARP-1-Hanf siRNA transfection. Despite missing additional effects 

on PARP-2-Hanf siRNA induced reduction of clonogenic survival, PARP-1-Hanf siRNA 

transfection in HeLa S3 and U2OS cells also moderately reduced clonogenic survival rates. 

However, comparisons at 25 µM and 100 µM hydrogen peroxide in PARP-1-Hanf siRNA 

transfected HeLa S3 cells need to be interpreted with caution, as high variations in low cell 

colony numbers, i.e. 32, 8 and 37 colonies in PARP-1-Hanf siRNA and 31, 7 and 11 colonies 

in PARP-1scr-Hanf siRNA, subsequently increased clonogenic survival rates dramatically 

during analyses (Table 4.9). 

Normalization of clonogenic survival rates to 0 µM treatment revealed curve progression to 

be similar in all siRNA transfections and thus no sensitization to hydrogen peroxide was 

observed in HeLa S3 or U2OS cells that were depleted for PARP-1/2 (Figures 4.34B 4.35B). 

Table 4.9. Alterations of clonogenic survival rates observed in HeLa S3 cells. 

Hydrogen 

 Peroxide 

PARP-1-Hanf 

vs 

PARP-1scr-Hanf 

PARP-2-Hanf  

vs  

PARP-2scr-Hanf 

PARP-1/2-Hanf  

vs  

PARP-1scr/2scr-Hanf 

0 µM -17.4% -87.4% -82.6% 

10 µM -16.0% -89.9% -77.2% 

25 µM +59.3% -88.1% -47.1% 

100 µM +300.0% -99,9% -75.0% 

 

Table 4.10. Alterations of clonogenic survival rates observed in U2OS cells. 

Hydrogen 

 Peroxide 

PARP-1-Hanf 

vs 

PARP-1scr-Hanf 

PARP-2-Hanf 

vs 

PARP-2scr-Hanf 

PARP-1/2-Hanf 

vs 

PARP-1scr/2scr-Hanf 

0 µM -30.1% -77.9% -68.3% 

10 µM -30.0% -75.9% -76.6% 

25 µM -25.0% -75.9% -84.8% 

100 µM -94.4% -62.5% -85.7% 
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In conclusion, loss of PARP-2 protein expression revealed strong effects in clonogenic 

survival of cells, which was independent of oxidative stress. In consistence with observations 

so far, effects on clonogenic survival seemed rather to be due to reduced PARP-2 protein 

expression induced difficulties in cell proliferation instead. 
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Figure 4.34. Clonogenic survival of HeLa S3 cells after PARP RNA interference and oxidative stress. 

Clonogenic survival assay was performed in HeLa S3 cells after transfection with 33 nM control or specific 

PARP-1 and PARP-2 siRNA, either alone or in combination, and treatment with hydrogen peroxide. At 48 h 

after transfection, indicated H2O2 treatments were carried out at 37°C for 5 min and following cell proliferation 

was monitored over a 72 h time course in 24 h intervals. Quantification represents means ± SEM of three 

independent experiments. (A) Raw data analysis (B) Raw data normalized to 0 µM H2O2 treatment. TR, 

transfection reagent. 
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Figure 4.35. Clonogenic survival of U2OS cells after PARP RNA interference and oxidative stress. 

Clonogenic survival assay was performed in U2OS cells after transfection with 33 nM control or specific PARP-

1 and PARP-2 siRNA, either alone or in combination, and treatment with hydrogen peroxide. At 48 h after 

transfection, indicated H2O2 treatments were carried out at 37°C for 5 min and following cell proliferation was 

monitored over a 72 h time course in 24 h intervals. Quantification represents means ± SEM of three 

independent experiments. (A) Raw data analysis (B) Data normalized to 0 µM H2O2 treatment. TR, transfection 

reagent. 
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4.2.2.5 Cell Death 

To elucidate difference in cell proliferation capabilities, cell death during siRNA transfection 

was analyzed by flow cytometry. Having found no evidence so far for an involvement of 

genotoxic or oxidative stress in loss of PARP-2 protein expression induced effects, cell death 

analyses were performed independent of stress inducing substances. For determination of 

flow cytometry parameters, HeLa S3 or U2OS cells were treated with increasing 

concentrations of camptothecin (as positive control) for 48 h and flow cytometry of annexin V 

and propidium iodide co-stainingôs performed. Figure 4.36A shows representative images of 

cell gating determination to discriminate apoptotic and necrotic cell death during following 

flow cytometry. 

 

Figure 4.36. Representative flow-cytometry data of cell death analyses. 

(A)  First row: Representative settings of unstained, annexin V single positive and propidium iodide (PI) single 

positive HeLa S3 cells in flow cytometry analysis. Second row: Representative flow cytometry data of controls 

for cell death induction by 48 h camptothecin treatment of cells. (B) Representative flow cytometry data of cell 

death analysis in HeLa S3 cells transfected with indicated siRNA at 48 h after transfection. TR, transfection 

reagent. 
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No significant difference in apoptosis or necrosis was observed in either HeLa S3 

(Figures 4.36B and 4.37A) or U2OS cells (Figure 4.37B) when transfected with either 

PARP-1 or PARP-2 siRNA, despite a general increase in cell death during siRNA transfection 

of U2OS cells. Thus, to obtain a better understanding of underlying mechanism in cell 

proliferation during loss of PARP-2 protein expression, analysis of cell cycle phase 

distributions was performed next. 
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Figure 4.37. Analyses of cell death in HeLa S3 and U2OS cells after PARP RNA interference. 

Flow cytometry analysis of HeLa S3 and U2OS cells transfected either alone or in combination with 33 nM  

control or specific PARP-1 and PARP-2 siRNA. At 48 h after transfection, cells were stained by annexin V and 

propidium iodide to study apoptosis and necrosis levels in cells. (A) Cell death analysis in transfected HeLa S3 

cells. Quantification represents means ± SEM of four independent experiments. (B) Cell death analysis in 

transfected U2OS cells. Quantification represents means ± SEM of three independent experiments. Statistical 

analysis was performed with two-way ANOVA followed by Bonferroni post-test comparing all columns to each 

other. TR, transfection reagent. 

 

4.2.2.6 Cell Cycle 

Determination of cell cycle phase distributions was performed by DNA histogram analysis 

using flow cytometry in HeLa S3 and U2OS cells. Scatter properties of cells were selected, 

doublets and debris excluded by doublet discrimination, and finally DNA histograms 

generated by linear detection mode and centering the G0/G1 peak at 200 arbitrary units 

(Figure 4.38). Quantifications of siRNA transfection showed adverse effects of PARP-2-Hanf 

siRNA in HeLa S3 and U2OS cells at 48 h after transfection (Figures 4.39 and 4.40). 
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Figure 4.38. Representative raw data from flow-cytometric DNA histogram analyses in HeLa S3 cells. 

Representative settings of DNA histogram analyses by flow cytometry. Left: Selection of cell populations for 

doublet discrimination. Middle: Doublet discrimination by plotting of pulse area (FL2-A) vs. pulse width 

(FL2-W) of FL-2 detector. Right: Histogram plot of linear FL-2 detection and cell cycle phase determinations. 

TR, transfection reagent. 

 

 

Cell cycle phase distribution obtained during transfection of HeLa S3 cells with transfection 

reagent, scrambled control siRNA or PARP-1-Hanf siRNA revealed normal distributions. 

Here, 73-76% of cells were detected in G1 Phase, 9.3-10.4% in S Phase and 14.9-15.9% in 

G2/M Phase (Figure 4.39). In agreement with HeLa S3 cells, U2OS cells transfected with 

transfection reagent only, scrambled control siRNA and PARP-1-Hanf siRNA also showed 

normal distributions: 59.7-64.2% in G1 phase, 17.6-22.6% in S phase and 15.7-19.3% in 

G2/M phase (Figure 4.40). In contrast, loss of PARP-2 protein expression demonstrated 

striking and significant differences. Knockdown of human PARP-2 transcripts in 

HeLa S3 cells showed an increase of cells in G1 phase cells by 11.3% (***, P< 0.001), 

decrease of cells in S phase by 5.9%, and finally a decrease of cells in G2/M phase by 4.1% 
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(***,  P< 0.001). Additionally reducing PARP-1 protein expression by PARP-1-Hanf siRNA 

did not aggravate these changes in cell cycle phase distributions, despite being highly 

significant in comparison to PARP-1scr/2scr-Hanf siRNA transfections: 9.1% increase in 

G1 phase (***,P<  0.001), 3.9% decrease in S phase (***,P<  0.001), and 5.4% decrease in 

G2/M phase (***,P< 0.001) (Figure 4.39). 
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Figure 4.39. Cell cycle phase distribution in HeLa S3 cells after PARP-1/2 depletion. 

DNA histogram analysis of HeLa S3 cells transfected either alone or in combination with 33 nM control or 

specific PARP-1 and PARP-2 siRNA. At 48 h after transfection, cells were stained and analyzed by flow 

cytometry. Quantification represents means ± SEM of three independent experiments. Statistical analysis was 

performed with two-way ANOVA followed by Bonferroni post-test comparing all columns to each other 

(*, P<0.05; ***, P<0.001). (A) Overview of DNA histogram analysis. (B) G1 cell cycle phase distribution in 

indicated siRNA transfected HeLa S3 cells. (C) S cell cycle phase distribution in indicated siRNA transfected 

HeLa S3 cells. (D) G2/M cell cycle phase distribution in indicated siRNA transfected HeLa S3 cells. TR, 

transfection reagent. 
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However, knockdown of human PARP-2 transcripts in U2OS cells, revealed a different 

phenotype in cell cycle phase distributions. Here, an increase of cells in G1 phase of 

15% (*, P< 0.05) and a decrease of cells in G2/M phase of 14% (*, P< 0.05) were observed. 

S phase was not affected in PARP-2-Hanf siRNA transfected U2OS cells. Consistent with 

observations in HeLa S3 cells, cell cycle phase distributions did not further alter by 

combination of PARP-1 and PARP-2 protein expression losses, despite being significant for 

G2/M phase cells only, when compared to PARP-1scr/2scr-Hanf siRNA transfections: 

8.8% increase in G1 phase, unchanged in S phase, and 13.7% decrease in G2/M phase 

(*, P< 0.05) (Figure 4.40). 
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Figure 4.40. Cell cycle phase distribution in U2OS cells after PARP-1/2 depletion. 
DNA histogram analysis of U2OS cells transfected either alone or in combination with 33 nM control or specific 

PARP-1 and PARP-2 siRNA. At 48 h after transfection, cells were stained and analyzed by flow cytometry. 

Quantification represents means ± SEM of three independent experiments. Statistical analysis was performed 

with two-way ANOVA followed by Bonferroni post-test comparing all columns to each other (*, P<0.05; 

**,  P<0.01; ***, P<0.001). (A) Overview of DNA histogram analysis. (B) G1 cell cycle phase distribution in 

indicated siRNA transfected U2OS cells. (C) S cell cycle phase distribution in indicated siRNA transfected 

U2OS cells. (D) G2/M cell cycle phase distribution in indicated siRNA transfected U2OS cells. TR, transfection 

reagent. 
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Taken together, cell cycle phase distribution was drastically altered upon loss of PARP-2 

protein expression, independent of PARP-1 protein expression. HeLa S3 cells demonstrated a 

G1 cell cycle phase arrest, which was accompanied by a loss of S phase and G2/M phase 

cells. In contrast, U2OS cells showed a G2/M cell cycle phase arrest with normal S phase cell 

distributions but loss of G1 phase cells. PARP-2-dependent loss of cell proliferation capacity 

might thus be accredited to difference in cell cycle phase distributions. Therefore, validation 

of the hPARP-2 mediated phenotype was carried out by selection of additional PARP-2 

siRNA and determining their effect on cell proliferation and cell cycle phase distributions. 

Moreover, PARP and histone deacetylase (HDAC) inhibitors were to be tested to show a 

catalytic independency of PARP-2 and an involvement of HDACs during PARP-2 mediated 

cell cycle regulation, as suggest by current literature (Liang et al., 2013). Finally, rescue of 

the PARP-2-Hanf siRNA mediated phenotype was assessed by utilizing a hemagglutinin 

(HA) tagged human PARP-2 cDNA overexpression vector (pCMV-HA-PARP2). 

 

4.2.3 Validation of PARP-2-Hanf siRNA Mediated Phenotype 

Observed effects of PARP-2 depletion on cellular proliferation and subsequent cellular 

functions, i.e. population doubling, cell proliferation after genotoxic stress, clonogenic 

survival and cell cycle, were validated by selection of additional PARP-2 targeting siRNA and 

determining on the one hand their effect on PARP-2 protein expression and on the other, 

consequences for cell proliferation as analyzed in population doubling and cell cycle phase 

distributions. 

4.2.3.1 Selection of Additional PARP-2 siRNA 

PARP-2 siRNA for phenotype validation were selected from published sequences, 

commercial available sequences and newly designed sequences. Table 4.11 shows selected 

PARP-2 siRNA sequences, determination of effective target siRNA sequences and selected 

two nucleotide overhang needed for efficient sequence-specific mRNA degradation. All seven 

PARP-2 siRNA target the transcript variant 1 of PARP-2 mRNA (NM_005484), although 

silencing occurs at different exons (Figure 4.41). Here, PARP-2-Hanf siRNA targets exon 5, 

PARP-2-Sigma1 siRNA exon 7, PARP-2-Sigma2 siRNA border of exon 6 and exon 7, 

PARP-2-Geng siRNA exon 11, and all three PARP-2-3UTR siRNA target exon 16 in the 

three prime untranslated region.  
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Table 4.11. Overview of selected PARP-2 siRNA target sequences for phenotype validation.  

Designation  

of siRNA 

Gene 

Accession 

Target siRNA sequence (5ô-3ô) 

 

Effective target siRNA sequence (5ô-3ô) 

PARP-2-Hanf
*
 PARP-2 

NM_005484 
 

AAGATGATGCCCAGAGGAACT Sense:    GAUGAUGCCCAGAGGAACU 

Antisense: AGUUCCUCUGGGCAUCAUC 

PARP-2-Geng
*
 PARP-2 

NM_005484 
 

AGGGCATTGGGAGACATTGAATT Sense:    GGCAUUGGGAGACAUUGAA 

Antisense: UUCAAUGUCUCCCAAUGCC 

PARP-2-Sigma1
#
 PARP-2 

NM_005484 
 

CAATTGGGAAGATCGAGAA N/A  

PARP-2-Sigma2
#
 PARP-2 

NM_005484 
 

GAAGAAATTCCTTGACAAA N/A  

PARP-2-3UTR-A
#
 PARP-2 

NM_005484 
 

CAGTGTTGTACTTGTGAATTTTG Sense:    GUGUUGUACUUGUGAAUUU 

Antisense: AAAUUCACAAGUACAACAC 

PARP-2-3UTR-B
#
 PARP-2 

NM_005484 
 

CTGATCTTCAAGCAAGAAAATAA Sense:    GAUCUUCAAGCAAGAAAAU 

Antisense: AUUUUCUUGCUUGAAGAUC 

PARP-2-3UTR-C
#
 PARP-2 

NM_005484 
 

GTGATATTTTATGTAATAAAAAC Sense:    GAUAUUUUAUGUAAUAAAA 

Antisense: UUUUAUUACAUAAAAUAUC 

PARP-2scr-Hanf
*
 N/A AAGAAGTCGGCAAACTCATGG Sense:    GAAGUCGGCAAACUCAUGG 

Antisense: CCAUGAGUUUGCCGACUUC 

PARP-2-Hanf target siRNA sequence was published 2007 and 2012 by Peter Bai in the Journal of Biological 

Chemistry and Cell Metabolism (Bai et al., 2007; Bai & Canto, 2012). PARP-2-Geng target siRNA sequence was 

published 2013 by Biao Geng in Biochemical and Biophysical Research Communications (Geng et al., 2013). 

PARP-2-Sigma1 and -Sigma2 are predesigned by Sigma Mission (Sigma-Aldrich, Steinheim, Germany). PARP-

2-3UTR siRNA were designed by siDirect 2.0 software and targeting of 3ôUTR region. PARP-2scr-Hanf siRNA 

was generated by randomizing PARP-2-Hanf target siRNA sequences by DNA protein sequence randomizer 

software. Ordering of effective target siRNA sequence at Sigma-Aldrich with UU (*)  or [dT][dT] (
#
) overhangs. 

N/A, not applicable. 

 

 

 

 
Figure 4.41. Overview of hPARP-2 mRNA targeted exons by selected PARP-2 siRNA. 

human PARP-2 mRNA sequence, transcript variant 1 (NM_005484) was annotated by Geneious 5.0.4 software 

and selected PARP-2 target siRNA sequences visualized as purple arrows. CDS, coding DNA sequence.  
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4.2.3.2 Knockdown Efficacies of PARP-2 siRNA Selection 

To examine effects of selected PARP-2 siRNA transfections on expression of PARP-2, a 

RT-qPCR quantification of relative PARP-2 mRNA levels in HeLa S3 cells was carried out at 

48 h after siRNA transfection. Relative PARP-2 mRNA levels of HeLa S3 cells transfected 

with scrambled control siRNA were set as treatment control together with relative SDHA 

mRNA levels as reference gene. Transfection of HeLa S3 cells with selected PARP-2 siRNA 

decreased relative PARP-2 mRNA levels by 88.9% (PARP-2-Hanf siRNA), 74.6% (PARP-2-

Geng siRNA), 78.7% (PARP-2-Sigma1 siRNA), 82.4% (PARP-2-Sigma2 siRNA), 92,5% 

(PARP-2-3UTR-A siRNA), 81.4% (PARP-2-3UTR-B siRNA) and 77.2% (PARP-2-3UTR-C 

siRNA) (Figure 4.42A). 

In a different approach of validation, further minimizing possible off-target effects of selected 

PARP-2 siRNA, PARP-2 siRNA were combined, i.e. 1/7 of each siRNA utilized in 

transfections, and quantified (henceforth referred to as PARP-2-Mix siRNA). A commercial 

available ON-TARGETplusÊ Non-targeting pool was utilized here as negative control 

siRNA, henceforth referred to as Control-Mix  siRNA. Relative PARP-2 mRNA levels of 

HeLa S3 cells transfected with PARP-2scr-Hanf siRNA were set as treatment control together 

with relative SDHA and TBP mRNA levels as reference genes. Here, relative PARP-2 mRNA 

levels were strongly reduced in PARP-2-Hanf siRNA and PARP-2-Mix transfected HeLa S3 

cells by 93.5% and 89.1%, respectively, when compared to control siRNA (Figure 4.42 B). 

Furthermore, validation of selected PARP-2 siRNA and PARP-2-Mix siRNA were also 

performed in U2OS cells (Figure 4.43). 
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Figure 4.42.Relative human PARP-2 mRNA levels in HeLa S3 cells after depletion of PARP-2. 

(A) Real time quantitative PCR analysis of relative PARP-2 mRNA levels in HeLa S3 cells transfected with 

either 33 nM control or indicated specific PARP-2 siRNA at 48 h after transfection. Relative SDHA mRNA 

levels were used as reference and cells treated with Hanf-P2scr-Hanf siRNA were set as 100% control. Error 

bars indicate mean ± SEM in % of control of two (PARP-2-3UTR-A/B/C siRNA), four (PARP-2-Geng siRNA) 

or five (PARP-2-Hanf, -Sigma1, -Sigma2 and -2scr-Hanf siRNA) independent measurements. (B) Real time 

quantitative PCR analysis of relative PARP-2 mRNA levels in HeLa S3 cells transfected with either 33 nM 

control, specific or PARP-2-Mix siRNA at 48 h after transfection. Relative SDHA and TBP mRNA levels were 

used as reference and cells treated with PARP-2scr-Hanf were set as 100% control. N = 1. 
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Quantification of an initial siRNA transfection in U2OS cells, showed relative PARP-2 

mRNA levels to be reduced by 60.5% (PARP-2-Hanf siRNA), 44.2% (PARP-2-Geng 

siRNA), 58.3% (PARP-2-Sigma1 siRNA), 73.2% (PARP-2-Sigma2 siRNA), 75.1% 

(PARP-2-3UTR-A siRNA), 51.3% (PARP-2-3UTR-B siRNA) and 45.7% (PARP-2-3UTR-C 

siRNA) (Figure 4.43A). In transfections of U2OS cells with PARP-2-Hanf and PARP-2-Mix  

siRNA, relative PARP-2 mRNA levels were reduced by 76.7% and 78.4%, respectively. 

Taken together, PARP-2 protein expression is efficiently reduced in both HeLa S3 and U2OS 

cells by either single PARP-2-Hanf siRNA or combined PARP-2-Mix siRNA, although 

knockdown efficacies in HeLa S3 cells were stronger due to increased repetition of 

transfection experiments.  
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Figure 4.43. Relative human PARP-2 mRNA levels in U2OS cells after depletion of PARP-2. 

(A) Real time quantitative PCR analysis of relative PARP-2 mRNA levels in U2OS cells transfected with either 

33 nM control or indicated specific PARP-2 siRNA at 48 h after transfection. Relative SDHA mRNA levels 

were used as reference and cells treated with PARP-2scr-Hanf siRNA were set as 100% control (N = 1). (B) 

Real time quantitative PCR analysis of relative PARP-2 mRNA levels in U2OS cells transfected with either 33 

nM control, specific or PARP-2-Mix siRNA at 48 h after transfection. Relative SDHA and TBP mRNA levels 

were used as reference and cells treated with PARP-2scr-Hanf siRNA were set as 100% control (N = 1). 

4.2.3.3 Population Doublings 

Having verified knockdown efficacies of additional PARP-2 siRNA, analysis of cell 

proliferation was performed next. For this purpose, cell numbers of either HeLa S3 or U2OS 

cells transfected with additional PARP-2 siRNA or PARP-2-Mix  siRNA were determined at 

48 h after transfection (i.e. 72 h after seeding) and population doublings calculated 

(Figures 4.44 and 4.45). 

Population doublings of either transfection reagent control (+TR) or control siRNA 

transfected HeLa S3 and U2OS cells did not significantly differentiate and followed a normal 

cell growth with an approximate cell number doubling every 24 hours. In accordance with 

control cells, population doublings of Control-Mix  siRNA transfected U2OS cells were not 

significantly affected (Figure 4.45B). Control-Mix  siRNA transfected HeLa S3 cells however, 
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showed a significant increase of cell proliferation in comparison to scrambled control siRNA 

transfections (*, P< 0.05) (Figure 4.44B). 

As expected, population doublings were significantly reduced in PARP-2-Hanf siRNA 

transfected HeLa S3 and U2OS cells when compared to PARP-2scr-Hanf siRNA 

transfections. However, no significant differences were observed in either HeLa S3 or U2OS 

cells transfected with additional selected PARP-2 siRNA (Figures 4.44A and 4.45A). In 

contrast, PARP-2-Mix  siRNA transfections in HeLa S3 cells demonstrated strong differences 

in populations doublings in comparison to Control-Mix siRNA transfections (***, P< 0.001, 

Figure 4.44B), whereas significance was not reached in U2OS cells (Figure 4.45B). 

In conclusion, additional selected PARP-2 siRNA did not reveal significant effects on 

population doubling in HeLa S3 or U2OS cells when transfected alone. However, combining 

additional selected PARP-2 siRNA into PARP-2-Mix  siRNA did demonstrate reduced 

population doublings and subsequent cell proliferation. Thus, cell cycle phase distribution 

analyses were performed next. 
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Figure 4.44. Population doubling of HeLa S3 cells transfected with  selected or mixed PARP-2 siRNA. 

Population doublings of HeLa S3 cells transfected either with 33 nM control or indicated specific PARP-2 

siRNA. At 48 h after transfection, cell numbers were determined and population doublings calculated. 

(A) Population doublings of HeLa S3 cells transfected with control and selected PARP-2 siRNA. Analysis 

represents means ± SEM of four (PARP-2-3UTR-A/B/C siRNA), seven (PARP-2-Geng, -Sigma1 and -Sigma2 

siRNA) or eight (PARP-2-Hanf and PARP-2scr-Hanf siRNA) independent measurements. (B) Population 

doublings of HeLa S3 cells transfected with control and mixed PARP-2 siRNA. Analysis represents means 

± SEM of three independent experiments. Statistical analysis was performed with two-way ANOVA followed by 

Bonferroni post-test comparing all columns to each other (*, P<0.05; **, P<0.01; ***, P<0.001). TR, 

transfection reagent. 
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Figure 4.45. Population doubling of U2OS cells transfected with selected or mixed PARP-2 siRNA. 

Population doublings of U2OS cells transfected either with 33 nM control or indicated specific PARP-2 siRNA. 

At 48 h after transfection cell numbers were determined and population doublings calculated. (A) Population 

doublings of U2OS cells transfected with control and selected PARP-2 siRNA. (B) Population doublings of 

U2OS cells transfected with control and mixed PARP-2 siRNA. Analysis represents means ± SEM of three 

independent experiments. Statistical analysis was performed with two-way ANOVA followed by Bonferroni 

post-test comparing all columns to each other (*, P<0.05; **, P<0.01). TR, transfection reagent. 

 

4.2.3.4 Cell Cycle 

To assess cell cycle phase distributions during validation of PARP-2-Hanf siRNA mediated 

phenotype, DNA histogram analysis using flow cytometry were performed in HeLa S3 and 

U2OS cells, utilizing scatter properties, doublet discrimination and linear detection mode as 

described in Section 4.2.2.6. Quantifications of additional PARP-2 siRNA transfection 

showed siRNA-specific changes of cell cycle phase distribution in HeLa S3 and U2OS cells 

at 48 h after transfection, which strongly differed from PARP-2-Hanf siRNA transfections in 

some cases (Figures 4.46 and 4.47). 

In HeLa S3 cells, transfection of PARP-2-Hanf siRNA showed expected changes in cell cycle 

phase distributions when normalized to PARP-2scr-Hanf siRNA transfections (G1 +13.6%, 

S -44.8% and G2/M -33.4). In accordance with PARP-2-Hanf siRNA, PARP-2-Geng siRNA 

(G1 +9.9%, S -23.5%, G2/M -38%), PARP-2-Sigma2 siRNA (G1 +9.1%, S -26,8%, 

G2/M -29.7%), PARP-2-3UTR-A siRNA (G1 +7,6%, S -6.8%, G2/M -24.5%) and 

PARP-2-3UTR-C siRNA (G1 +3.9%, S -7.6%, G2/M -8.6%) altered cell cycle phase 

distribution, with significances being depicted in Figure 4.46A. In contrast to PARP-2-Hanf 

siRNA, PARP-2-Sigma1 siRNA and PARP-2-3UTR-B siRNA showed significant increases 

of both S and G2/M cell cycle phases and a decrease of G1 phase cells. Furthermore, 

transfection of HeLa S3 cells with PARP-2-Mix  siRNA confirmed cell cycle phase 

distributions changes under reduced PARP-2 protein expression. Here, G1 phase cells 

demonstrated an increase of 17.2% (***, P< 0.001), a decrease of 40.3% in S phase cells 
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(***, P< 0.001), and finally a decrease of 37.2% in G2/M phase cells (***, P< 0.001) when 

normalized to cell cycle phase distributions of Control-Mix transfected HeLa S3 cells (Figure 

4.46B). 
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Figure 4.46. Effects of additional selected PARP-2 siRNA on HeLa S3 cell cycle phase distribution. 

DNA histogram analysis at 48 h after transfection of HeLa S3 with either 33 nM control or indicated specific 

PARP-2 siRNA. At 48 h after transfection, cells were stained, analyzed by flow cytometry and relative % change 

to control cell cycle phase distribution were calculated. (A) Changes in cell cycle phase distribution of HeLa S3 

cells transfected with PARP-2scr-Hanf and indicated selected PARP-2 siRNA. Analysis represents means ± 

SEM of three (PARP-2-3UTR-A/B/C siRNA) or six (PARP-2scr-Hanf, PARP-2-Hanf, PARP-2-Geng, 

PARP-2-Sigma1 and PARP-2-Sigma2 siRNA) independent experiments. (B)  Changes in cell cycle phase 

distribution of HeLa S3 cells transfected with control and mixed PARP-2 siRNA. Left: Relative % change 

normalized to PARP-2scr-Hanf control cell cycle phase distribution. Right: Relative % change normalized to 

Control Mix cell cycle phase distribution. Analysis represents means ± SEM of three independent experiments. 

Statistical analysis was performed with two-way ANOVA followed by Bonferroni post-test comparing all 

columns to control siRNA column (*, P<0.05; **, P<0.01; ***, P<0.001). TR, transfection reagent. 
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In U2OS cells, transfection of PARP-2-Hanf siRNA led to the expected changes in cell cycle 

phase distributions when normalized to PARP-2scr-Hanf siRNA transfections (G1 -22.8%, 

S -11.8% and G2/M +94.7%). In accordance with PARP-2-Hanf siRNA, PARP-2-Sigma1 

siRNA (G1 -10.5%, S +7,7%, G2/M +25.9%), PARP-2-Sigma2 siRNA (G1 -10.1%, S +1.8%, 

G2/M +34.4%) and PARP-2-3UTR-C siRNA (G1 -3,7%, S -10.2%, G2/M -23.7%) altered 

cell cycle phase distribution, with significances being depicted in Figure 4.47A. In contrast to 

PARP-2-Hanf siRNA, PARP-2-Geng siRNA did not show any effect on cell cycle phase 

distributions and PARP-2-3UTR-A siRNA showed significant difference as observed in HeLa 

S3 cells transfected with PARP-2-Hanf siRNA. Moreover, PARP-2-3UTR-B siRNA revealed 

yet another distribution with significant increases in S phase cells (Figure 4.47A).  

Finally, transfection of U2OS cells with PARP-2-Mix siRNA showed cell cycle phase 

distributions changes under reduced PARP-2 protein expression as observed in HeLa S3 cells, 

in stark contrast to PARP-2-Hanf siRNA transfections. Here, G1 phase cells demonstrated an 

increase of 22.1% (***, P< 0.001), a decrease of 30.3% in S phase cells (***, P< 0.001), and 

finally a decrease of 25.2% in G2/M phase cells (***, P< 0.001) when normalized to cell 

cycle phase distributions of Control-Mix transfected U2OS cells (Figure 4.47B). 

 

 

 

 

 

 

 

 



 Results  

121 

          siRNA

%
 c

h
a
n

g
e
 o

f 
c
e
ll
 c

y
c
le

 p
h

a
s
e

c
o

m
p

o
s
it

io
n

 n
o

rm
a
li
z
e
d

 t
o

 P
2
s
c
r

P
A
R
P
-2

sc
r-
H
an

f

P
A
R
P
-2

-H
an

f

P
A
R
P
-2

-G
en

g

P
A
R
P
-2

-S
ig

m
a1

P
A
R
P
-2

-S
ig

m
a2

P
A
R
P
-2

-3
U
TR

-A

P
A
R
P
-2

-3
U
TR

-B

P
A
R
P
-2

-3
U
TR

-C

-60

-50

-40

-30

-20

-10

0

10

20

30

40

50

60

80

100

120
G1 Phase

S Phase

G2/M Phase

***

*

***
**

***
***

*

A

 

 siRNA

%
 c

h
a
n

g
e
 o

f 
c
e
ll
 c

y
c
le

 p
h

a
s
e

c
o

m
p

o
s
it

io
n

 n
o

rm
a
li
z
e
d

 t
o

 P
2
s
c
r

P
A
R
P
-2

sc
r-
H
an

f

P
A
R
P
-2

-H
an

f

-40

-20

0

20

40

60

80

100 G1 Phase

S Phase

G2/M Phase

*

***
B

                       siRNA

%
 c

h
a
n

g
e

 o
f 

c
e

ll
 c

yc
le

 p
h

a
s
e

c
o

m
p

o
s
it

io
n

 n
o

rm
a
li
z
e

d
 t

o
 C

o
n

tr
o

l-
M

ix

C
ontr

ol M
ix

P
A
R
P
-2

-M
ix

-40

-30

-20

-10

0

10

20

30

40 G1 Phase

S Phase

G2/M Phase

***

***

***

 
Figure 4.47. Effects of additional selected PARP-2 siRNA on U2OS cell cycle phase distribution.  

DNA histogram analysis at 48 h after transfection of U2OS with either 33 nM control or indicated specific 

PARP-2 siRNA. At 48 h after transfection, cells were stained, analyzed by flow cytometry and relative % change 

to control cell cycle phase distribution were calculated. (A) Changes in cell cycle phase distribution of U2OS 

cells transfected with PARP-2scr-Hanf and indicated selected PARP-2 siRNA. Analysis represents means ± 

SEM of three (PARP-2-3UTR-A/B/C siRNA) or six (PARP-2scr-Hanf, PARP-2-Hanf, PARP-2-Geng, 

PARP-2-Sigma1 and PARP-2-Sigma2 siRNA) independent experiments. (B)  Changes in cell cycle phase 

distribution of U2OS cells transfected with control and mixed PARP-2 siRNA. Left: Relative % change 

normalized to PARP-2scr-Hanf control cell cycle phase distribution. Right: Relative % change normalized to 

Control-Mix cell cycle phase distribution. Analysis represents means ± SEM of three independent experiments. 

Statistical analysis was performed with two-way ANOVA followed by Bonferroni post-test comparing all 

columns to control siRNA column (*, P<0.05; **, P<0.01; ***, P<0.001). TR, transfection reagent. 

 

In conclusion, additional selected PARP-2 siRNA induced changes in cell cycle phase 

distributions were comparable to PARP-2-Hanf siRNA induced changes, with four different 

siRNA showing the same effects in HeLa S3 and three siRNA in U2OS cells. However, 

transfection of PARP-2-Mix siRNA demonstrated similar differences in HeLa S3 and U2OS 

cell cycle phase distribution as detected in HeLa S3 cells transfected with PARP-2-Hanf 

siRNA. 
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4.2.3.5 Effect of Poly(ADP-ribose) Polymerase and Histone Deacetylase Inhibitors 

In a second approach to validate the PARP-2-Hanf siRNA induced phenotypes, the effects of 

the selective PARP-1 and PARP-2 inhibitor ABT-888 and selective histone deacetylase 

(HDAC) class I and II inhibitor, trichostatine A (TSA), were investigated. Here, Liang et 

al. 2013 had suggested that PARP-2 regulates cell cycle progression in an HDAC-mediated 

manner (Liang et al., 2013). To analyze combined effects of PARP-2-Hanf siRNA and 

inhibitors in HeLa S3 cells, population doublings and DNA histogram analyses were 

performed at 48 h after siRNA transfection and concurrent 24 h PARP and or HDAC 

pharmacological inhibition.  

Cell proliferation as determined by population doubling was unchanged in either siRNA 

control transfections (PARP-2scr-Hanf siRNA and WT+TR samples) or inhibitor control 

treatments (DMSO for TSA, cell culture medium for ABT-888). Furthermore, inhibition of 

PARP-1 and PARP-2 by 10 µM ABT-888 did not affect population doubling in control cells. 

However, treatment of control cells with 10 µM TSA lead to striking inhibitions of cell 

proliferation as expected from HDAC protein functions in cell growth (Dokmanovic et al., 

2007), which moreover were not aggravated by concurrent inhibition of PARP. PARP-2 

depletion during inhibitor treatments did lead to reduced population doublings and were 

aggravated by treatment of HDAC inhibitor. In contrast, reduced population doublings during 

either PARP-2-Hanf siRNA transfection or TSA treatment were independent of 

pharmacological inhibition of PARP (Figure 4.48). 

Quantifications of cell cycle phase distribution obtained during treatment of HeLa S3 cells 

with transfection reagent, scrambled control siRNA, or TSA control treatments revealed 

normal distributions in HeLa S3 cells. Here, 65.3-70.3% of cells were detected in G1 phase, 

11.6-13.7% in S phase and 17.8-21.1% in G2/M phase (Figure 4.49). In agreement with 

previous DNA histogram analysis, knockdown of human PARP-2 transcripts in inhibitor 

control treated HeLa S3 cells (-ABT and -TSA) showed an increase of cells in G1 phase cells 

up to 86.8-87.3%, decrease of S phase down to 2.4-2.6%, and finally a decrease of cells in 

G2/M phase cells down to 10.3-10.6%. Moreover, incubation with 10 µM ABT-888 in almost 

all conditions, lead to slight decreases in G1 phase cells, slight increases in S phase cells and 

finally low increases in G2/M phase cells, independent of either additional PARP-2-Hanf 

siRNA transfection or TSA treatment. In stark contrast, treatment of cells with 10 µM TSA 

demonstrated as expected, a steady increases in G1 phase cells, strong decreases in S phase 

cells, and finally prominent decreases of G2/M phase cells instead. However, no rescue of 
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TSA treatment induced G1 cell cycle phase arrests, as suggested by Liang et al. 2013, was 

observed during DNA histogram analysis (Figure 4.49). 

In conclusion, pharmacological inhibition of PARP-1 and PARP-2 by 10 µM ABT-888 

neither affected normal cell proliferation nor had additional striking effects in PARP-2-Hanf 

siRNA or TSA treated cells, despite showing weak alterations during cell cycle phase 

distribution. In contrast, inhibition of class I and I histone deacetylases by 10 µM trichostatine 

A demonstrated strong effects in both population doublings and DNA histogram analysis, 

which on the one hand were enhanced under loss of PARP-2 protein expression, but on the 

other could not be rescued by PARP-2-Hanf siRNA expression as suggested by Liang et al. 

2013. 
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Figure 4.48. PARP and HDAC inhibitor effect on population doubling of PARP-2 depleted HeLa S3 cells. 

Population doublings of HeLa S3 cells transfected either with 33 nM control or specific PARP-2 siRNA. At 24 h 

after transfection, cells were treated with cell culture medium containing 0 µM (-ABT), 10 µM ABT-888 

(+ABT), 10 µM DMSO (-TSA), 10 µM trichostatine A (+TSA) or 10 µM ABT-888 and 10 µM trichostatine A 

(+ABT/TSA). Cell numbers were determined after 24 h incubation and population doublings calculated. 

Analysis represents means ± SEM of three independent experiments. Statistical analysis was performed with 

two-way ANOVA followed by Bonferroni post-test with selected significances depicted (*, P<0.05; ***, 

P<0.001). TR, transfection reagent. 
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Figure 4.49. PARP and HDAC inhibitor effects on cell cycle phases of PARP-2 depleted HeLa S3 cells. 

DNA histogram analysis of HeLa S3 cells transfected either with 33 nM control or specific PARP-2 siRNA. At 

24 h after transfection, cells were treated with cell culture medium containing 0 µM (-ABT), 10 µM ABT-888 

(+ABT), 10 µM DMSO (-TSA), 10 µM trichostatine A (+TSA) or 10 µM ABT-888 and 10 µM trichostatine A 

(+ABT/TSA). Staining and flow cytometry of cells was performed after additional 24 h incubation. Analysis 

represents means ± SEM of three independent experiments. Statistical analysis was performed with two-way 

ANOVA followed by Bonferroni post-test with selected significances depicted (*, P<0.05; **, P<0.01; 

***,  P<0.001). (A) Overview of DNA histogram analysis. (B) G1 cell cycle phase distribution (C) S cell cycle 

phase distribution (D) G2/M cell cycle phase distribution. TR, transfection reagent. N.S.: not significant 

4.2.3.6 Rescue of PARP-2-Hanf siRNA mediated phenotype 

Rescue of the PARP-2-Hanf siRNA mediated phenotype was assessed by utilizing a 

hemagglutinin (HA) tagged human PARP-2 cDNA overexpression vector 

(pCMV-HA-PARP2) and PARP-2 siRNA targeting the three prime untranslated region 

(PARP-2-3UTR).  

To examine successful overexpression of HA-tagged human PARP-2 cDNA, western blot 

analysis of HA-tag expression was carried out in protein extracts from HeLa S3 cell lysates 

transfected with different vector DNA concentrations and transfection reagent amounts. Here, 

strong expression of HA-tagged human PARP-2 protein was detected in all test expression 

approaches at 48 h after transfection (Figure 4.50A). Thus, co-transfections of 

pCMV-HA-PARP2 vector DNA and PARP-2 siRNA were performed and verified in western 

blot analysis. Determination of HA-tag expression in protein extracts from HeLa S3 cell 
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lysates demonstrated a loss of HA-tag expression when transfected with PARP-2-Hanf siRNA 

as expected. Furthermore, no HA-tag signal was detected when transfected with transfection 

reagent. In contrast, co-transfection of PARP-2-3UTR siRNA or PARP-2scr-Hanf control 

siRNA did not reduce HA-tag expression (Figure 4.50B). 

Having validated co-transfection of human PARP-2 overexpression and PARP-2-3UTR 

siRNA, the prominent PARP-2-Hanf siRNA mediated phenotype in cell cycle phase 

distribution was studied next. DNA histogram analysis of siRNA transfection demonstrated 

expected cell cycle phase distributions in transfection control, PARP-2scr-Hanf siRNA and 

PARP-2-Hanf siRNA HeLa S3 samples. However, co-transfection of pCMV-HA-PARP2 

already induced changes in cell cycle phase distributions of PARP-2scr-Hanf siRNA and 

PARP-2-Hanf siRNA, presumably due to PARP-2 overexpression, and thus no rescue of the 

PARP-2-Hanf siRNA mediated phenotype was detected in the PARP-2-3UTR siRNA co-

transfection (data not shown). 

 

 

Figure 4.50. Human PARP-2 protein overexpression in HeLa S3 cells. 

Western blot analysis of hemagglutinin-tagged human PARP-2 protein expression in HeLa S3 cells at 48 h 

after transfection with pCMV-HA-PARP2 human PARP-2 overexpression construct. (A) Test expression of 

pCMV-HA-PARP2 construct in HeLa S3 cells with indicated DNA and Lipofectamine 2000 amounts. Protein 

extracts were prepared by modified high-salt RIPA buffer method and 10 µg total protein extracts loaded per 

lane. (B) Co-Transfection of pCMV-HA-PARP2 construct and either 33 nM control or specific PARP-2 siRNA. 

Hemagglutinin-tag expression was detected by monoclonal mouse-anti-HA1.1 antibody. TR, transfection 

reagent. 

            

Taken together, overexpression of a HA-tagged human PARP-2 cDNA and additional co-

transfection with siRNA was successful in HeLa S3 cells. However, first attempts to rescue a 

PARP-2-Hanf siRNA mediated phenotype were not successful due to transfection-related 

changes in cell cycle phase distribution and weak PARP-2-3UTR mediated effects, detected 

in earlier validation experiments (Section 4.2.3.4). 
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4.2.4 Summary of Part B 

Key findings of the second approach to test the consequences of a combined knockdown of 

PARP-1 and PARP-2 protein expression can be summarized as following: 

1. PARP-1 and PARP-2 RNA interference was established in HeLa S3 and U2OS cells 

and efficiently reduced mRNA and protein levels. 

2. Formation of poly(ADP-ribose) under oxidative stress in HeLa S3 and U2OS cells 

was strikingly diminished by loss of PARP-1 and PARP-2 protein expression, with 

PARP-1 contributing the highest effect. 

3. PARP-2 depletion in HeLa S3 and U2OS cells, but not PARP-1, demonstrated striking 

effects in cellular functions: 

a. Reduced population doublings   

b. Decreased cellular proliferation after genotoxic treatment 

c. Diminished clonogenic survival rates 

d. Cell-type specific effects in cell cycle progression: 

i. HeLa S3 cells revealed a G1 cell cycle phase arrest, accompanied by loss of 

S phase and G2/M phase cells. 

ii.  U2OS cells showed a G2/M cell cycle phase arrest, accompanied by loss of 

G1 phase cells. S phase progression was not affected. 

4. Striking effects during proliferation dependent cellular functions were not only 

PARP-1, but also oxidative or genotoxic stress independent. 

5. Attenuated cell proliferation under knockdown of human PARP-2 transcripts in 

HeLa S3 or U2OS cells could not be explained by increased cell death. 

6. To validate PARP-2-Hanf siRNA mediated phenotype, additional PARP-2-siRNA 

were selected and knockdown efficacies quantified in RT-qPCR analysis. 

7. To further minimize unspecific effects of PARP-2 siRNA, all utilized PARP-2 siRNA 

were combined into PARP-2-Mix siRNA and relative PARP-2 mRNA levels 

quantified. 

8. PARP-2-Hanf siRNA mediated phenotype was not observable in population doublings 

of additional single PARP-2 siRNA transfections, in contrast to PARP-2-Mix siRNA, 

showing significant reductions of cell proliferation. 

9. Cell cycle phase changes under reduced PARP-2 protein expression were present in 

four out of seven tested siRNA in HeLa S3 cells and in three of seven tested siRNA in 

U2OS cells. 
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10. PARP-2-Mix siRNA demonstrated strong cell cycle phase changes in HeLa S3 and 

U2OS cells as observed previously in PARP-2-Hanf siRNA transfections of HeLa S3 

cells. 

11. PARP-2-Hanf siRNA mediated phenotype was aggravated by additional treatment of 

cells with histone deacetylase inhibitors, but independent of pharmacological 

inhibition of PARP-1 and PARP-2. 

12. Trichostatine A treatment induced G1 cell cycle phase arrest was not rescued by RNA 

interference of PARP-2 within this work, as suggested by Liang et al. 2013. 

13. Pharmacological inhibition of PARP-1 and PARP-2 by ABT-888 induced a slight 

decrease of G1 phase cells and weak increases in S and G2/M phase cells, independent 

of either additional PARP-2-Hanf siRNA transfection or trichostatine A treatment. 

14. Overexpression of HA-tagged human PARP-2 cDNA was successful not only in 

single transfection but also in co-transfection with PARP-2-Hanf siRNA. 

15. PARP-2 overexpression in HeLa S3 cells revealed altered cell cycle phase 

distributions, irrespective of utilized siRNA.  
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5 Discussion 

In 2003 the combined gene disruption of poly(ADP-ribose) polymerase-1 (PARP-1) and 

poly(ADP-ribose) polymerase-2 (PARP-2) in mice demonstrated an embryonic lethality 

before first appearance of somite pairs at embryonic day 8.5, thereby providing strong 

evidence for Parp-1 and Parp-2 gene products to be essential during early embryogenesis 

(Menissier de Murcia et al., 2003). Moreover, this observation initiated a debate in the 

scientific community about possible functional redundancies between PARP-1 and PARP-2. 

However, no systematic studies on possible redundant functions of PARP-1 and PARP-2 have 

been described so far. The aim of the present work was thus to provide a first systematic study 

on potential functional redundancies between PARP-1 and PARP-2 in cellular in vitro 

systems, by using RNA interference and subsequently reveal differences or synergies in 

PARP-1 and PARP-2 mediated functions. 

 Of note, in this work, no clear evidence for potential functional redundancies between 

PARP-1 and PARP-2 was found in either the ñDoxycycline-inducible knockdown of PARP-1 

and PARP-2 in HeLa S3 cell linesò approach or the ñKnockdown of PARP-1 and PARP-2 

protein expression by siRNA and its effect on cellular functionsò approach. In contrast, 

evidence was obtained for unique functions of PARP-2 in cellular proliferation dependent 

processes, which were independent of PARP-1. The involvement of PARP-2 in the control of 

cellular proliferation was demonstrated by reduced population doublings (Section 4.2.2.2), 

decreased cell proliferation after genotoxic treatment (Section 4.2.2.3) and diminished 

clonogenic survival rates (Section 4.2.2.4) after knockdown of PARP-2, but not PARP-1. 

Results within this work furthermore showed that this PARP-2 dependent effect was not due 

to alterations in cell death (Section 4.2.2.5), but rather due to cell-type specific cell cycle 

arrests which were analyzed in detail (Section 4.2.2.6 and Section 4.2.2.7). 

In agreement with the present work, numerous studies have revealed differences in 

PARP-1 and PARP-2 catalytic or catalytic-independent functions (Section 1.2.3). For 

example, PARP-2, but not PARP-1, and its catalytic activity were demonstrated to play a role 

in transcriptional intermediary factor-1b (TIF1b) targeting to heterochromatic foci (Quenet et 

al., 2008). On the other hand, PARP-1, but not PARP-2, was demonstrated to rapidly decrease 

median telomere length and stabilization (S. Beneke et al., 2008), and poly(ADP-ribosyl)ate 

Snail1, a key tumor process factor in invasion and metastasis (Rodriguez et al., 2011). 

However, PARP-1 and PARP-2 also work synergistic and can both be required during nuclear 

processes such as DNA repair, i.e. in homologous recombination at stalled replication forks 

(Bryant et al., 2009).  
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In contrast to the present work and other studies, only few reports to date have 

suggested a functional redundancy between PARP-1 and PARP-2 (Section 1.2.3). Phulwani 

and Kielian et al. 2008 showed the knockdown of PARP-2, but not PARP-3, to further 

attenuate the Staphylococcus aureus induced release of proinflammatory cytokine in Parp-1
-/-

 

mouse astrocytes, suggesting cooperativity between the PARP isoforms (Phulwani & Kielian, 

2008). In addition, not only does PARP-2 enhance PARP-1 mediated cellular functions, but 

also acts as a backup mechanisms as observed in residual poly(ADP-ribose) formation after 

oxidative stress in PARP-1 deficient cells (Ame et al., 1999) and Ca
2+

 signaling during 

hydrogen peroxide induced cell death (Wyrsch et al., 2012). 

5.1 Approach A: Doxycycline-inducible Knockdown of PARP-1 

and PARP-2 in HeLa S3 Cell L ines 

In order to establish stable single and combined inducible PARP-1 and PARP-2 RNA 

interference in HeLa S3 cells, the lentiviral expression vector pTRIPZ was utilized, thereby 

allowing controlled expression of microRNA adapted shRNA (shRNAmir) upon doxycycline 

addition to cells. One key element for controlled expression of shRNAmir sequences is the 

tetracycline responsive RNA polymerase II promoter (TRE), which controls expression of a 

turbo RFP reporter cassette (turbo RFP) and microRNA 30 based shRNAmir for gene 

knockdown. Thus, problems associated with RNA polymerase III promoters are 

circumvented. Here, alternative transcription initiation of RNA polymerase III (H. Ma et al., 

2014) and continuous RNA-induced immunostimulation (Whitehead et al., 2011) have been 

reported. The second key element comprises a human ubiquitin C promoter for constitutive 

expression of reverse tetracycline-transactivator 3, controlling TRE expression, and a 

puromycin resistance gene for selection of stable cell clones (Figure 1.8). 

In addition to the beneficial design of vector pTRIPZ, use of the vector pTRIPZ to 

generate a stable small interfering RNA-based knockdown of protein expression in cell lines 

had been demonstrated previously (Section 1.3.2). Furthermore, use of vector pTRIPZ would 

not only diminish possible long-term expression associated off-target effects, but also reduce 

negative impacts on genomic stability induced by long-term reduced PARP protein 

expression. Hence, use of inducible PARP RNA interference might additionally help to 

understand the feasibility of long-term inhibition of PARP activity without a negative impact 

on genomic stability and therefore advance understanding of PARP inhibitor application in 

cancer therapy (Mangerich & Burkle, 2011; Bai & Canto, 2012). 
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5.1.1 Generation of Doxycycline-inducible PARP-1 and PARP-2 Knockdown 

HeLa S3 Stable Cell Lines 

To generate vector pTRIPZ harboring either a PARP-1 or PARP-2 shRNAmir, target siRNA 

sequences were initially selected from previous studies. However, as off-target effects of 

siRNA are related to the thermodynamic stability of seed-target duplexes (Naito et al., 2009), 

selected PARP siRNA sequences had to be further verified for their suitability and possible 

off-target effects in PARP RNA interference. For this purpose, Naito et al. 2009 described the 

siDirect 2.0 algorithm for designing functional siRNA with reduced seed-dependent off-target 

effects, however examination of pre-designed siRNA was not part of the algorithm. Here, 

Basic Local Alignment Search Tool (BLAST; Tables 4.1 to 4.4) and non-self-complementary 

duplex parameters of the individual nearest-neighbor hydrogen bond model analysis (INN-HB 

model; Table 4.5) revealed high probabilities of PARP-1-Shah and PARP-2-Bai shRNA to 

show off-target effects instead. Thus, new PARP-1 and PARP-2 mRNA target sequences 

were determined by siDirect 2.0 software, using transcript variant 1 of PARP-1 mRNA 

(NM_001618) and PARP-2 mRNA (NM_005484). Resulting hits were further filtered for 

exons, which had been reported to result in strong reductions of protein expression, before 

cloning as shRNAmir sequences (Table 4.6, Figure 4.1) (Shah et al., 2005; Bai et al., 2007). 

After sequence validations (Figure 4.2), functionality of PARP-1 shRNAmir was investigated 

using immunofluorescence staining of human PARP-1 (Figure 4.5). Testing of PARP-2 

shRNAmir expression was not possible at this time point due to: (1) low transfection 

efficiencies rendering both western blot or RT-qPCR analyses unreliable, and (2) absence of a 

specific PARP-2 antibody in immunofluorescence. 

 Having found in part functional and insert-containing vector pTRIPZ clones for 

PARP-1 and PARP-2 sequences, cloning of a vector expressing two shRNAmir sequences 

was designed. Several studies had reported so far different designs to achieve an expression of 

multiple siRNA, shRNA or microRNA sequences. Here, Snyder et al. 2008 converted 

hepatitis B virus related shRNA into miR30 adapted microRNA sequences, utilized in the 

pTRIPZ system (Silva et al., 2005), and inserted two microRNA stem-loops into a RNA 

polymerase II promoter regulated non-protein coding sequence, more closely mimicking 

natural microRNAs (Snyder et al., 2008). This polycistronic configuration resulted in up to 

90% reduction of target protein expression and was later also confirmed for RNA polymerase 

III promoter driven expression of microRNA adapted shRNA (Snyder et al., 2009). 

Moreover, in a combinatorial approach to target human immunodeficiency virus type 1 

proteins (HIV-1), shRNA were extended to encode up to three shRNA on a single 66 bp long 
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hairpin stem, which reduced HIV-1 associated proteins by at least 80% (Y. P. Liu et al., 

2009). Finally, analyses of co-expression using single transcript arrays of hairpin domains 

revealed a head-to-tail configuration (i.e. antisense stem from siRNA 1 is separated by a 

spacer nucleotide sequence from siRNA 2 sense stem) to be successful, whereas a cluster 

configuration was not (McIntyre et al., 2011). Collectively, all reported designs on multiple 

expression of RNA interference proved to be successful and thus designs were combined in 

the present work. A polycistronic head-to-tail configuration for expression of PARP-1 and 

PARP-2 shRNAmir was generated, which had been utilized successfully in combined 

depletions of XIAP, Akt and Bcl-2 (Junn et al., 2010). However, it should be noted that 

McIntyre et al. 2011 concluded in his study: ñWhile two hairpins combined in a head-to-tail 

configuration can be successful, reliably obtaining an active molecule (functional siRNA) 

requires a more detailed design than simply connecting pre-existing hairpins.ò, representing a 

possible caveat of this approach. 

 To generate a polycistronic head-to-tail configuration expressing vector, the cloning 

strategy depicted in Figure 4.3 was carried out and insert-containing vector pTRIPZ-P1P2 

clones were sequence validated (Figure 4.4). Here, the PARP-1 shRNAmir was extracted out 

of pTRIPZ-P1 and inserted after the PARP-2 shRNAmir sequence in vector pTRIPZ-P2, 

thereby resulting in two distinct advantages: (1) Precise identification of PARP-1 and PARP-2 

shRNAmir sequence expressions by PARP-1 analysis, as PARP-1 is the second expressed 

shRNAmir sequence (Figure 4.5), and (2) insertion of a sequence-included spacer nucleotide 

sequence between both PARP shRNAmir to generate a head-to-tail configuration. As 

observed for pTRIPZ-P2, functional testing of pTRIPZ-P1P2 construct was not possible in 

transient approaches due to low transfection efficacy (2%, data not shown), whereas control 

transfections with an EGFP expression plasmid demonstrated an 80% transfection efficiency 

(Figure 4.5A). Here, the large size of the pTRIPZ constructs (13-14 kbp) might be one 

explanation for low transfection efficiency observed during functional testing, which has been 

reported to show an inverse correlation between plasmid size and transfection efficiency (Yin 

et al., 2005). To solve this problem, lentiviral packaging of the pTRIPZ vectors was 

performed instead to generate stable pTRIPZ-PARP shRNAmir expressing cell lines.  

5.1.2  Generation of Stable HeLa S3 Clonal Cell Populations 

Lentiviral packaging of the pTRIPZ vectors was performed in HEK293T cells and resulting 

lentiviral particles where used to transduce HeLa S3 cells by use of an alternative protocol 

omitting MOI determinations (personal communication with N. Dierdorf, University of 

Konstanz, Germany).  
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 Stable expression of PARP shRNAmir sequences in HeLa S3 cells was analyzed one 

week after treatment of cells with puromycin. Immunofluorescence analysis revealed a 

decrease of human PARP-1 antibody staining (FI23) and an expression of the reporter gene 

turbo RFP over a 120 h time course post doxycycline induction in HeLa-PARP1 and 

HeLa-PARP1/PARP2 cells as expected (Figure 4.6). Quantification furthermore showed an 

increase of PARP-1 protein expression reduction and turbo RFP expression from 72 h to 

120 h post doxycycline induction (Table 4.7). In addition, varying intensities of turbo RFP 

expression were observed, and moreover, correlation of turbo RFP and PARP-1 knockdown 

was not consistent (Figure 4.6, Table 4.7). Western blot analysis of PARP-1 furthermore 

demonstrated only a slight reduction of protein levels, consistent with obtained 

immunocytochemistry data (Figure 4.7). In contrast, stable PARP-2 shRNAmir sequence 

expression could not be validated at this time point, due to inconclusive western blot analysis 

of PARP-2 and detected inconsistency in stable PARP-1 shRNAmir sequence expression.  

One possible explanation for this observed inconsistency in stable PARP-1/2 

shRNAmir sequence expression might be due to the preferential integration of lentivirus 

vectors. Lentiviral vectors have been reported to integrate into gene-dense regions and 

transcribed portions of expressed genes, away from regulatory elements, leading to possible 

transcriptional gene activation or posttranslational deregulation of gene expression. This may 

include aberrant splicing, premature transcript termination, and generation of chimeric, 

read-through transcripts originating from vector-borne promoters (Moiani et al., 2012). Thus, 

generation of three independent clonal cell populations from stable PARP shRNAmir 

sequence expressing HeLa S3 cell lines was performed using cell cloning by serial dilution, 

thereby resolving the inhomogeneity of shRNAmir expression in cells. 

Positive clones for expression of PARP-1 shRNAmir were identified via FI23 

immunofluorescence staining (Figure 4.8) and PARP-2 shRNAmir expressing clonal cell 

populations (HeLa-P2-KD) were quantified by determination of relative PARP-2 mRNA 

levels (Figure 4.12). For identification of cell clones expressing both PARP-1 and PARP-2 

shRNAmir, clones were first validated for PARP-1 shRNAmir and then further examined for 

reduced relative PARP-2 mRNA levels (Figure 4.8 and 4.13). Thus, three independent clonal 

cell populations were initially identified for expression of PARP-1 and PARP-2 shRNAmir 

and examined in phenotypical analyses (Section 4.1.3). Follow-up characterization of these 

cell clones by western blot and/or RT-qPCR analyses could moreover confirm depletion of 

PARP-1 (Figures 4.10 and 4.11), but failed to show a change in PARP-2 protein levels in 
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HeLa-P2-KD cells (Figure 4.14). Thus, initial identified HeLa-P2-KD cells might have been 

positive during first analyses, but lost their expression phenotype during routine passaging. 

No double positive clonal cell populations for combined expression of PARP-1 and 

PARP-2 shRNAmir were found within the Master thesis of A.Waizenegger, although both 

sequences themselves are functional as shown for single gene silencing validations 

(Figures 4.8 to 4.13 and data not shown). The reason for this absent PARP-2 shRNAmir 

sequence expression remains unclear. Expression of only the second shRNAmir (i.e. PARP-1) 

in the polycistronic head-to-tail configuration transcript was unexpected as Junn et al. 2010 

had reported a functionality of this design (Junn et al., 2010). One possible explanation might 

be the generation of a chimeric transcripts originating from vector-borne promoters (Moiani et 

al., 2012). Another explanation could be disadvantageous elements within the nucleotide 

sequence resulting in the head-to-tail configuration, as cautioned in Section 5.1.2. McIntyre et 

al. 2011 reported here furthermore that only one in ten head-to-tail configurations was 

successful, whereas changes in domains, domain order or spacer nucleotides had detrimental 

effects on knockdown efficiencies (McIntyre et al., 2011).  

In conclusion, three independent clonal cell populations for single gene silencing of 

PARP-1 and PARP-2 (at the beginning of analyses) were successfully identified and therefore 

examined for possible phenotypes during genomic stability, a cellular key function of both 

proteins (Bai & Canto, 2012). Conversely, a combination of PARP-1 and PARP-2 shRNAmir 

in a single transcript configuration was not successful. Thus, to generate stable HeLa S3 cell 

lines expressing PARP-1 and PARP-2 shRNAmir, vector pTRIPZ was to be modified to 

confer a hygromycin resistance gene instead of the existing puromycin resistance gene. In 

addition, PARP-2-Bai shRNA reported to induce strong depletion of PARP-2 would be 

utilized (Bai et al., 2007), despite determined probabilities of the target siRNA sequence to 

exert off-target effects. After production of lentiviruses, stable PARP-1 shRNAmir sequence 

expressing HeLa S3 clonal cell populations would be transduced and selected by hygromycin 

treatment (see Appendix A for details).  

5.1.3 Analysis of Genomic Stability in Doxycycline-inducible PARP-1 and 

PARP-2 Knockdown Stable HeLa S3 Clonal Cell Populations 

Roles of PARPs in genomic maintenance are numerous, starting at DNA repair, cell cycle 

control, centromere functions, chromatin remodeling, telomere maintenance, and transcription 

regulation (Section 1.2.3). Thus, the consequences of a loss of PARP-1 and PARP-2 protein 

expression for genomic stability were elucidated under oxidative stress in regards to 

poly(ADP-ribose) formation and DNA repair capacities. 
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5.1.3.1 Poly(ADP-ribose) Formation after Oxidative Stress 

Before identification of other PARPs, depletion of PARP-1 under oxidative stress should have 

led to a complete loss of poly(ADP-riboyl)ation in cells. The more surprising was the fact that 

Parp-1 deficient mouse cells still did show residual poly(ADP-ribosyl)ation capacities after 

genotoxic treatment with monofunctional alkylating agents (Shieh et al., 1998), which led to 

the discovery of PARP-2. Although PARP-2 may only contribute 5%-15% of total poly(ADP-

riboyl)ation following DNA damage (Szanto et al., 2012), strong effects should be clearly 

visible in PARP-1 and PARP-2 knockdown systems. 

 Differences in poly(ADP-ribose) formation were assessed after hydrogen peroxide 

(H2O2) treatment induced oxidative stress and staining of poly(ADP-ribose) by 10H antibody. 

In addition, H2O2 concentration-dependent differences were also examined during depletion 

of PARP-1 and PARP-2. Here, significant differences were found between 1 mM and 5 mM 

H2O2 treatments, independent of supplementation groups or induction of shRNAmir sequence 

expression, with strongest effects being observed during PARP-1 knockdown as expected 

(Figure 4.17). Loss of fluorescence signal intensities during 5 mM H2O2 treatments (in 

comparison to 1 mM) might be explained by 5 mM H2O2-induced protein oxidation of either 

PARP-1 or PARP-2. Furthermore, the poly(ADP-ribose) itself could be damaged by this high 

doses treatment and thus reduce poly(ADP-ribose) formation. Hydrogen peroxide treatment at 

5 mM might also strongly induce the PARP counteracting enzyme poly(ADP-ribose) 

glycohydrolase or lead to NAD
+
 depletion due to overactivation of PARP-1 under these 

conditions, resulting in lower poly(ADP-ribose) formation (Section 1.1.1). 

 Knockdown of PARP-1 protein expression during 1 mM and 5 mM H2O2 treatments 

displayed a significant decrease in poly(ADP-ribose) formation as expected (Figure 4.17A), 

with almost no poly(ADP-ribose) formation occurring at 5 mM. Interestingly, significant 

differences were also observed without induction of RNA interference, suggesting a promoter 

leakage leading to low expression of the PARP-1 shRNAmir sequence (Schulz et al., 2008). 

However, functional testing of pTRIPZ constructs or identification of clonal cell populations 

had neither shown low turbo RFP expression nor reduction of PARP-1 levels when examined 

in the absence of doxycycline (Figures 4.5 and 4.8). Finally, remaining poly(ADP-ribose) 

formation during knockdown of PARP-1 can be justified either by the presence of PARP-2 or 

any residual expression of PARP-1, as RNA interference does not result in a complete loss of 

protein expression in cells in contrast to genetic knockout models. 

 Knockdown of PARP-2 protein expression under oxidative stress revealed a similar 

pattern as seen during knockdown of PARP-1 protein expression, although fluorescence 
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intensities were higher in general in HeLa S3 clonal cell populations expressing either 

PARP-2 scrambled or PARP-2 shRNAmir sequences (Figure 4.17B). It should be noted that 

no significance was shown here in HeLa S3 clonal cell population expressing PARP-2 

shRNAmir when comparing 1 mM and 5 mM treatments, in contrast to knockdown of 

PARP-1. Furthermore, the strong loss of fluorescence under knockdown of PARP-2 was 

unexpected due to only 5% to 15% of total poly(ADP-ribosyl)ation in cells being attributed to 

PARP-2 (Szanto et al., 2012). A possible explanation could be the missing heterodimerization 

between PARP-1 and PARP-2 (V. Schreiber et al., 2002), causing a so far unknown effect, 

which could be detrimental to poly(ADP-ribose) formation. 

 Collectively, poly(ADP-ribose) formation was significantly reduced during both 

PARP-1 and PARP-2 knockdown, with PARP-1 playing a greater role during the formation of 

poly(ADP-ribose) under oxidative stress. Interestingly, a significant decrease of 10H 

fluorescence signal intensities was observed at 5 mM H2O2 treatment in all cells, regardless of 

cell type or supplementation, when comparing 1 mM and 5 mM H2O2 treatments. 

Observations during the formation of poly(ADP-ribose) under oxidative stress, thus prompted 

to look into genomic maintenance in more detail. 

5.1.3.2 DNA Repair Capacities after Oxidative Stress 

The role of PARP-1 and PARP-2 in DNA repair processes has been the focus of much 

research in the PARP scientific community (Section 1.2.3) (De Vos et al., 2012; Robert et al., 

2013) and oxidative stress induced by H2O2 should lead to a large number of DNA single and 

double strand breaks (Driessens et al., 2009). Thus, knockdown of PARP-1 and PARP-2 was 

expected to show strong phenotypes during analysis of DNA repair capacities after oxidative 

stress using the automated fluorimetric detection of alkaline DNA unwinding (FADU) assay. 

 No significant effects on DNA repair capacities could be demonstrated over a one hour 

time course during the depletion of PARP-1 or PARP-2 (Figure 4.18). Moreover, initial DNA 

damage, as indicated by P0 values and 0 min time point, was not enhanced by either PARP 

knockdown or doxycycline supplementation. In addition, no changes in DNA repair time 

courses were detected during these conditions when comparing DNA repair curves in contrast 

to earlier reports. Here, a substantial delay in DNA strand-break repair was observed 

following treatment of Parp-1 deficient cells with monofunctional alkylating agents (Trucco 

et al., 1998). Furthermore, PARP-2 had been reported to accumulate at irradiation-induced 

DNA damage foci with slower kinetics, but longer persistence, than PARP-1, which should 

have resulted in slower DNA repair kinetics under PARP-1 depletion (Mortusewicz et al., 

2007). Woodhouse et al. 2008 confounds observations of DNA repair capacities within the 
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present work even further by reporting PARP-1 to prevent formation of DNA double strand 

breaks (Woodhouse et al., 2008). Thus, it was hypothesized that a loss of PARP-1 (and 

PARP-2) during repair of H2O2-induced DNA damage sensitizes the cells with regard to H2O2 

treatment, which however was not observed. One possible explanation here is the source of 

DNA damage, which in contrast to described effects above, was H2O2 and not irradiation or 

monofunctional alkylating agents. Another explanation could be the differences in DNA 

repair responses on the organismal level between mouse and human, where hematopoetic 

stem cells comparisons have revealed differences in non-homologous end joining repair 

pathway activities and gene expression (Biechonski & Milyavsky, 2013). 

  Collectively, DNA repair capacities were not altered upon induction of PARP-1 or 

PARP-2 knockdown and oxidative stress, in contrast to expectations arising from PARP 

literature.  It remains to be seen if the use of other DNA damage inducing agents, will result 

in different observations in this human cellular system using the automated FADU assay. 

5.1.4 Conclusion and Perspectives 

In conclusion, this is the first work to show PARP-1 and PARP-2 target siRNA sequences 

expressed as microRNA adapted shRNA in the lentiviral expression system pTRIPZ and its 

use in generation of clonal cell populations. The present work additionally revealed design 

difficulties in expression of a polycistronic head-to-tail configuration to achieve concurrent 

expression of two shRNAmir sequences; a design reported to be successful but also 

problematic in some instances, as shown in this and others work (Junn et al., 2010; McIntyre 

et al., 2011). Not only did it reveal design difficulties of polycistronic head-to-tail 

configurations, but also may caution before use of published target siRNA sequences, which 

are likely to express off-target effects, unless analyzed in regards to thermodynamic stability 

of the seed-target duplex, a phenomenon neglected until recently in selection of siRNA (Naito 

et al., 2009). Despite unsuccessful combined expression of PARP-1 and PARP-2 shRNAmir 

sequences in HeLa S3 cells, knockdown of PARP-1 and PARP-2 was achieved within this 

doxycycline-inducible system in HeLa S3 cells and showed some expected and unexpected 

phenotypes. As expected, analysis of poly(ADP-ribose) formation was significantly reduced 

by PARP-1 and PARP-2 loss of protein expression, with PARP-1 contributing a stronger 

effect than PARP-2 (Szanto et al., 2012). On the other side, examination of DNA repair 

capacities under PARP-1 or PARP-2 knockdown in HeLa S3 cells demonstrated an apparent 

independency of PARPs in DNA repair, a stark contrast to the reported involvement of 

PARPs in DNA repair (Robert et al., 2013), which will have to be elucidated in much more 

detail to exclude clonal specificities. 
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 Future work within this initial approach to provide a first systematic study on the 

individual and combined functions of PARP-1 and PARP-2 will therefore concentrate on 

generation of hygromycin resistance gene conferring lentiviruses, which harbors a published 

PARP-2 target siRNA sequence to exclude knockdown efficacy problems (Bai et al., 2007). 

Upon production of new lentiviruses, HeLa S3 cells and HeLa S3 clonal cell populations 

expressing PARP-1 shRNAmir sequences will then be transduced, selected by treatment with 

hygromycin, and finally be analyzed during different cellular functions. Here, detected 

observations found within the second approach ñKnockdown of PARP-1 and PARP-2 protein 

expression by siRNA and its effect on cellular functionsò will be validated first in this 

doxycycline-inducible system, before assessing the consequences of a single or combined 

knockdown of PARP-1 and PARP-2 protein expression during inflammation 

(Section 1.2.3.4), a fast growing field in PARP-related research (Rosado et al., 2013). 

5.2 Approach B: Knockdown of PARP-1 and PARP-2 Protein 

Expression by siRNA and its Effect on Cellular Functions 

Approach A ñDoxycycline-inducible Knockdown of PARP-1 and PARP-2 in HeLa S3 Cell 

Linesò had so far proved to be not successful in establishing a cellular in vitro system with 

concurrent knockdown of human PARP-1 and PARP-2 transcripts in the present work. Here, 

the polycistronic head-to-tail configuration of PARP-1 and PARP-2 shRNAmir sequences did 

not lead to the expected co-expression of both shRNAmir sequences after doxycycline 

addition. Not only was the first approach non-functional in regards to double knockdown of 

PARP protein expression, but also suggested independencies of PARPs in DNA repair 

(Section 5.1.3.2), a stark contrast to many reports linking PARP and DNA repair (De Vos et 

al., 2012; Robert et al., 2013; Fischer et al., 2014). In addition to explanations mentioned 

earlier in this work, PARP shRNAmir sequence expression levels and consequent knockdown 

efficacies might also have been too low to fully repress PARP-mediated functions, resulting 

in these confounding observations during DNA repair. 

Thus, in order to obtain detailed understanding of the consequences of a combined 

depletion of PARP-1 and PARP-2, an alternative approach was chosen, utilizing transient 

siRNA transfection. Use of transient siRNA transfection would allow a time-controlled 

expression of siRNA in target cells, without lentiviruses-associated risks of preferential 

integration of lentivirus vectors into gene-dense regions and transcribed portion of expressed 

genes  (Moiani et al., 2012). On the other hand, transient siRNA transfections are time critical 

as transient expression is lost with increasing cell divisions (T. K. Kim & Eberwine, 2010). 
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Use of transient siRNA transfection furthermore represents a trade-off between lentiviral 

transduction negative effects and transfection-associated cytotoxicity. Whereas lentiviral 

transduction can trigger an immune response in addition to integration-associated gene 

expression de-regulation (Baekelandt et al., 2003; Follenzi et al., 2007), transfection reagents 

have been reported to cause cytotoxicity and inhibit cell proliferation (Ahmed et al., 2011). 

However, a transient siRNA-based approach has one final and crucial advantage over 

doxycycline-inducible RNA interference in omitting the use of doxycycline or its derivatives. 

Doxycycline derivatives, such as minocycline, have been demonstrated to directly and 

competitively inhibit PARP-1 (Alano et al., 2006; Tao et al., 2010). Hence, combined 

depletion of PARP-1 and PARP-2 protein expression in a cellular system would be achieved 

by transient siRNA transfection, a system which moreover has been reported to be successful 

(Fisher et al., 2007; S. Beneke et al., 2008; Cohausz et al., 2008; Bryant et al., 2009). 

5.2.1 Establishment of siRNA-mediated RNA Interference 

In light of selected target mRNA sequence examinations for off-targets effects presented 

within this work (Section 4.1.1.1) and relative low knockdown efficacies of PARP-1/2 

shRNAmir sequences during quantification (Figures 4.10 to 4.12), new target siRNA 

sequences were determined by use of siDirect 2.0 algorithm (Naito et al., 2009). Here, an 

AAGN18 search pattern was employed together with the transcript variant 1 PARP-1 mRNA 

(NM_001618) and transcript variant 1 PARP-2 mRNA (NM_005484). The AAGN18 search 

pattern is a combination of: (1) pSUPER construct designs for shRNA expression 

(+1 nucleotide of U6-like promoters is always guanosine (Brummelkamp et al., 2002)), (2) 

siRNA with 3ô overhanging UU dinucleotide are the most effective (Elbashir, Martinez, et al., 

2001), and finally (3) siRNA length of 21 nucleotides, a length in line with reported natural 

occurring siRNA (Zamore et al., 2000). In addition, AAGN18 search pattern would allow a 

concurrent use of target siRNA sequences as shRNAmir or shRNA sequences.  

Subsequently, PARP-1 and PARP-2 siRNA sequences were obtained targeting the 

three prime untranslated regions. Whereas PARP-1 siRNA (P1-Hanf siRNA) were successful 

in reducing PARP-1 protein levels in western blot analysis, PARP-2 siRNA (P2-Hanf siRNA) 

failed to diminish relative PARP-2 mRNA levels (data not shown). In addition, commercial 

bought PARP-2 siRNA had also proven to be non-functional (personal communication with 

M. Debiak, University of Konstanz, Germany). Thus, having found several independent 

PARP-2 target siRNA sequences to be non-functional, the much published and functional 

active PARP-2-Bai shRNA sequence was chosen for depletion of PARP-2, despite 

determined possible off-targets using the INN-HB model (Table 4.5) (Bai et al., 2007; S. 
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Beneke et al., 2008; Cohausz et al., 2008; Quenet et al., 2008; Bai, Canto, Brunyanszki, et al., 

2011; Wyrsch et al., 2012; Szanto et al., 2013).  

 To express PARP-2-Bai shRNA as functional siRNA, the effective target siRNA 

sequence which induces degradation of human PARP-2 mRNA had to be determined.  Using 

an approach by Baroy et al. 2010 and the siRNA synthesis principle of the Silencer® siRNA 

construction kit from Ambion, effective target siRNA sequences were determined (Figure 

4.19) (Baroy et al., 2010). Hence, after standardization of all siRNA, effective target siRNA 

sequences and control sequences were ordered at Sigma-Aldrich with the 3ô overhanging UU 

dinucleotide to result in most effective siRNAs (Elbashir, Martinez, et al., 2001) 

 Determination of knockdown efficacies of PARP-1 siRNA (PARP-1-Hanf siRNA) in 

protein extracts revealed a strong knockdown of PARP-1 protein expression within 24 h after 

transfection, which increased to almost undetectable levels  at 72 h. Furthermore, transfection 

of either PARP-1-Hanf siRNA alone or in combination with PARP-2 siRNA (PARP-2-Hanf 

siRNA), only slightly affected knockdown efficacies of PARP-1-Hanf siRNA at 24 h 

transfection, with no effects detected at later time points (Figure 4.20). Thus, knockdown 

efficacies of PARP-2-Hanf siRNA were determined in a time course analysis (Data not 

shown), demonstrating an over 80% knockdown of relative PARP-2 mRNA levels at 48 h 

after transfection, which also was independent of single or combined siRNA transfections. 

Therefore, PARP-1-Hanf and PARP-2-Hanf siRNA knockdown efficacies were repeatedly 

monitored at 48 h after transient siRNA transfection (Figure 4.21). To exclude cell-type 

specific effects, determination of siRNA knockdown efficacies were also validated in a 

different cellular system, the human epithelial osteosarcoma cell line U2OS (Figure 4.22). Not 

only would a change to U2OS cells exclude cell-type specific effects, but also examine tumor 

suppressor protein p53 dependencies, a key player in differentiation and tumorigenesis 

(Stiewe, 2007). Here, the HeLa cell subline S3 has been reported to carry a loss p53 

expression (Jia et al., 1997), whereas U2OS cells express wild type p53 and retinoblastoma 

protein, but lack p16 expression (Park et al., 2002). As PARP-1 and p53 physically and 

functionally interact in nuclear key functions (R. Beneke & Moroy, 2001; Tong et al., 2001), 

a knockdown of PARP-1 and/or PARP-2 might thus display interesting phenotypes during 

comparison. For example, Nicolas et al. 2010 had reported a restoration of the survival and 

development of Parp-2 deficient thymocytes upon mating of mice with p53 deficient mice 

(Nicolas et al., 2010). Therefore, possible observed effects in HeLa S3 cell lines during PARP 

knockdown could additionally be elucidated in regards to an involvement of tumor suppressor 

protein p53, when compared to the U2OS cell line. 
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5.2.2 Single and Combined Knockdown Effects of PARP-1 and PARP-2 siRNA 

Effects of single and combined knockdown of PARP-1 and PARP-2 protein expression have 

been studied in several in vitro studies (Fisher et al., 2007; S. Beneke et al., 2008; Cohausz et 

al., 2008; Quenet et al., 2008; Bai, Canto, Brunyanszki, et al., 2011; Wyrsch et al., 2012). 

However, these reports did neither try to investigate the degree of redundancy between 

PARP-1 and PARP-2, nor provided detailed understanding of the consequences of a 

combined knockdown of PARP-1 and PARP-2. The first study, besides the embryonic 

lethality of the double PARP knockout mice (Menissier de Murcia et al., 2003), to show a 

combined reduction of PARP-1 and PARP-2 protein expression in vitro, aimed to elucidate 

the roles of PARP-1, PARP-2 and PARG during single strand break repair (SSBR) in a 

genetically defined cell type (Fisher et al., 2007). Here, PARP-1, but not PARP-2, was shown 

to reduce rates of chromosomal SSBR and sensitizes human A549 cells to oxidative DNA 

damage. Discrimination of PARP-1 and PARP-2 was however neglected in following 

analyses, i.e. during gH2A.X formation under oxidative stress. Another study aimed to clarify 

the role of PARPs in telomere regulation. PARP-1, but not PARP-2, was demonstrated to be 

responsible for telomere shortening in one analysis, whereas discrimination between PARP-1 

and PARP-2 was omitted in preceding experiments (S. Beneke et al., 2008). Thus, single and 

combined knockdown of PARP-1 and PARP-2 protein expression were to be studied in 

comparison in different PARP-mediated cellular processes within the present work, including 

genomic stability, cell proliferation, cell death and cell cycle (Alexander Bürkle, 2006; 

Mangerich & Burkle, 2012; Dantzer & Santoro, 2013; Robert et al., 2013; Sosna et al., 2014). 

5.2.2.1 Poly(ADP-ribose) Formation after Oxidative Stress 

HeLa S3 cell studies performed within this work on poly(ADP-ribose) formation under 

oxidative stress (Section 5.1.3.1) had been in agreement with current literature of PARP-1 

contributing the highest effect during DNA damage induced poly(ADP-ribosyl)ation. 

However, observations also contrasted the current literature in regards to PARP-2 

contributing only 5-15% of total cellular poly(ADP-ribosyl)ation. Thus to clarify this 

confounding observation of the first approach and gain additional insights into combined 

knockdown of PARP-1 and PARP-2, poly(ADP-ribose) formation was the first cellular 

function of PARPs to be examined. Furthermore, poly(ADP-ribose) formation would 

additionally confirm observed knockdown efficacies of new PARP siRNA on a functional 

level (Figures 4.20, 4.21 and 4.50B), thus representing a ñtechnical controlò experiment. 

Differences in poly(ADP-ribose) formation were assessed in HeLa S3 and U2OS cells 

after hydrogen peroxide (H2O2) induced oxidative stress and concurrent depletion of PARP-1 
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and/or PARP-2. In contrast to poly(ADP-ribose) formation analyses performed during the 

first approach (Section 5.1.3.1), concentration-dependent differences in H2O2 treatment were 

performed using 0 mM, 0.5 mM and 1 mM concentrations. Preliminary experiments had 

revealed here a detrimental effect of 5 mM H2O2 on poly(ADP-ribose) formation capacities of 

HeLa S3 cells transfected with transfection reagent alone, whereas 0.5 mM hydrogen 

peroxide demonstrated the strongest induction of poly(ADP-ribose) formation (data not 

shown). No significant difference in poly(ADP-ribose) formation was observed between 

0.5 mM and 1 mM H2O2 treatments in HeLa S3 or U2OS cells (Figures 4.25 and 4.29). 

Knockdown of PARP-1 in both HeLa S3 and U2OS cells during 0.5 mM hydrogen 

peroxide treatments displayed a significant decrease in poly(ADP-ribose) formation as 

expected (Figures 4.25A and 4.29A), whereas at 1 mM H2O2, a significant decrease of 

poly(ADP-ribose) formation was only observed in HeLa S3 cells. In agreement with 

approach A, knockdown of PARP-2 during 0.5 mM H2O2 treatment in HeLa S3 cells 

displayed a significant reduction of poly(ADP-ribose) formation, which was neither detected 

in U2OS cells or at 1 mM H2O2 treatments (Figure 4.29). Upon combined knockdown of 

PARP-1 and PARP-2, poly(ADP-ribose) formation was almost completely attenuated during 

0.5 mM and 1 mM H2O2 treatments in HeLa S3 cells but not in U2OS cells. These combined 

PARP knockdown observations were in line with expectations from single PARP 

knockdowns (Figure 4.25) and studies by Cohausz et al. 2008, showing strongest loss of 

poly(ADP ribose) formation under a combined PARP-1 and PARP-2 knockdown in 

alkylating agents induced genotoxic stress (Cohausz et al., 2008). 

A possible explanation for observations across specific and control siRNA transfection 

in U2OS cells, could be the 40x magnification of taken micrographs, by which resolution and 

clear discrimination of poly(ADP-ribose) formation was diminished. Following analyses in 

U2OS cells (Section 5.2.2.2 to 5.2.2.6), which do show effects for PARP-2-Hanf siRNA, but 

not for PARP-2scr-Hanf, support this explanation in addition. 

To date no grouping analyses of poly(ADP-ribose) formation intensities under single 

or combined knockdown of PARP-1 and PARP-2 have been described. In HeLa S3 cells, 

grouping analyses followed a similar pattern as seen for poly(ADP-ribose) formation. At 

0 mM almost all cells were found within the lowest poly(ADP-ribose) intensity group, 

irrespective of transient siRNA transfection. Increasing concentrations of H2O2 however led 

to a distinct shift of cells from low poly(ADP-ribose) intensity group into middle and high 

poly(ADP-ribose) intensity groups, whereas additional single and combined knockdown of 

PARP-1 and PARP-2 reduced this shift significantly in both 0.5 mM and 1 mM H2O2 
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treatments (statistical analysis not shown; Figure 4.26). In contrast to HeLa S3 cells, U2OS 

cells displayed the same result for depletion of PARP-1, but not PARP-2, and possible 

indicated a trend in shifting of cells into higher poly(ADP-ribose) intensity group during 

double PARP knockdown in comparison (statistical analysis not shown; Figure 4.30). 

Collectively, poly(ADP-ribose) formation was significantly reduced during single and 

combined PARP-1 and PARP-2 knockdown in HeLa S3 cells, with PARP-1 playing a greater 

role during formation of poly(ADP-ribose) under oxidative stress. Unexpectedly, U2OS cells 

only partially confirmed these observations for PARP-1, due to magnification discrepancy 

related problems. Furthermore, novel grouping analyses revealed reduced shifts of cells into 

higher poly(ADP-ribose) intensity groups during oxidative stress under PARP knockdown, 

mirroring fluorescence intensities of poly(ADP-ribose) formation. Thus, formation of 

poly(ADP-ribose) under oxidative stress also validated the knockdown efficacy of utilized 

PARP siRNA on a functional level and confirmed observations by other studies (Cohausz et 

al., 2008), but also contrasted the commonly accepted 5-15% total poly(ADP-ribosyl)ation 

contribution of PARP-2 (Szanto et al., 2012).     

5.2.2.2 Population Doubling 

Observations during poly(ADP-ribose) formation under oxidative stress had revealed another 

interesting effect. Concurrent depletion of PARP-2 and H2O2 treatment had visibly reduced 

cell numbers on examined microscopy slides, with stronger effects in U2OS cells than in 

HeLa S3 cells (Figure 4.25 vs. 4.28). Thus, population doubling was assessed under single 

and combined knockdown of PARP-1 and PARP-2 in HeLa S3 and U2OS cells to see if cell 

proliferation was altered during transient siRNA transfections (Figure 4.31). 

 Population doubling in HeLa S3 and U2OS cells was strongly reduced at 48 h after 

transient siRNA transfection of cells with PARP-2-Hanf siRNA, whereas PARP-1-Hanf 

siRNA did not show a detrimental effect on population doublings. Although HeLa S3 cells 

did show significant reduction of population doublings already at 24 h after transient siRNA 

transfection, U2OS cells in contrast did not reveal a significant change of population 

doublings. However, U2OS cells did not further proliferate beyond 24 h after transient siRNA 

transfection, indicated by a lower population doubling at 72 h, in contrast to HeLa S3 cells, 

which are still able to proliferate (Figure 4.31).  

 Observations during population doubling analyses were in agreement with the current 

literature, where Parp-1 deficient cells showed a normal cell proliferation in general (Shall & 

de Murcia, 2000) and a loss of Parp-1 and Parp-2 during embryogenesis had demonstrated 

severe growth retardations (Menissier de Murcia et al., 2003). In contrast, observed PARP-2 
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dependent loss of cell proliferation, as measured by population doubling, was not in 

agreement with reports of Parp-2 deficient mouse cells. Here, Yelamos et al. 2006 reported 

reduced thymus cellularity in Parp-2 deficient mice to be not caused by lower cell 

proliferation rates, suggesting species or cell-type dependent differences in PARP-2 mediated 

functions when compared to results within this work. Furthermore, BrdU incorporation 

analysis of Parp-2 deficient bone marrow derived hematopoietic stem cells suggested that a 

loss of PARP-2 does not limit proliferation (Farres et al., 2013). However, so far reported 

PARP-2 mediated functions and different PARP-2 expression patterns in mice and human 

(Johansson, 1999; V. Schreiber et al., 2002), provide four partially linked explanations for 

this strong phenotype in cell proliferation. 

 First, a general explanation for the reduced cell proliferation can be the identified 

PARP-2 interactome and protein candidates for PARP-2 poly(ADP-ribosyl)ation activity, 

revealing proteins involved in cell cycle, cell death, DNA repair, DNA replication, 

transcription, metabolism, energy homeostasis and RNA metabolism, any of which are likely 

to result in reduced cell proliferation upon alteration of PARP-2 protein expression (Isabelle 

et al., 2010; Troiani et al., 2011). 

 Second, the knockdown of PARP-2 protein expression in HepG2 cells by shRNA led 

to the dysregulation of more than 600 genes in microarray experiments (Szanto et al., 2012). 

Furthermore, PARP-2 has been shown to interact with nucelophosmin/B23, involved in rRNA 

transcription (Meder et al., 2005), which together with microarray data suggests a strong 

involvement of PARP-2 in gene expression regulation and thus possibly cell proliferation. 

 Third, an intriguing possibility could be linked to DNA repair. A loss of PARP-2 

protein expression has been reported to slow down base excision repair (V. Schreiber et al., 

2002). In addition, PARP-2 interacts with Ku proteins, mediators of double-strand break 

repair, and a concurrent knockout of PARP-2 and ATM lead to embryonic lethality, 

supporting the involvement of PARP-2 in double-strand break repair during replication 

(Huber et al., 2004; Yelamos et al., 2008). Taking these and other DNA repair functions of 

PARP-2 into consideration, PARP-2 cellular ablation might thus lead to accumulation of 

DNA damage during replication, not to critical levels to induce cell death signaling, but rather 

to levels inducing an arrest at cell cycle checkpoints, delaying progression through cell cycle 

and therefore reducing cellular proliferation over time. 

 Finally, another interesting explanation might be coupled to energy expenditure. Here, 

PARP-2 serves as a cofactor for members of the PPAR transcription factor family, controlling 

a large set of genes involved in the regulation of energy, lipid and glucose homeostasis (Evans 
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et al., 2004; Bai et al., 2007). In addition to PARP-2 cofactor induced effects, PARP-2 also 

indirectly affects PPAR proteins further by negatively regulating sirtuin-1 (SIRT-1) (Bai, 

Canto, Brunyanszki, et al., 2011; Szanto et al., 2011). Thus, resulting increased SIRT-1 

activity under PARP-2 knockdown could lead to increased deacetylation and activation of 

numerous metabolic transcription factors (e.g. PPAR gamma coactivator (PGC)-1a, FOXO 

and p53), thereby leading to increased mitochondrial biogenesis and oxidative metabolism 

through enhancing terminal oxidation, fatty acid degradation and mitochondrial uncoupling 

(Rodgers et al., 2005; Lagouge et al., 2006; Szanto et al., 2012). Taken together, increased 

biogenesis of mitochondria and dysregulation of homeostasis induced by depletion of PARP-2 

and activation of SIRT-1, might thus lead to increased energy expenditure and therefore to 

reduced cellular proliferation. Furthermore, it is interesting to speculate that the last two 

explanations might work concurrently to result in reduced cellular proliferation (Figure 5.1). 

 
Figure 5.1 Potential mechanisms contributing to reduced cell proliferation under knockdown of PARP-2. 

Knockdown of PARP-2 might lead to reduced cell proliferation by three independent pathways: (1) Knockdown 

of PARP-2 during DNA repair might lead to increased replicative stress, inducing a prolonged cell cycle arrest, 

but not apoptosis, leading to decreased cell proliferation over time, (2) Knockdown of PARP-2 leads to 

dysregulation of cell cycle related genes by loss of repressive chromatin signatures, inducing cell cycle arrests 

and once again decreased cell proliferation, and (3) Knockdown of PARP-2 leads to changes of PPAR 

transcription factors activation and SIRT-1 activity and expression, by which mitochondrial biogenesis, 

oxidative metabolism and homeostasis are altered, resulting in increased energy expenditure which reduces cell 

proliferation as a consequence. 

 

Collectively, the reduction of cellular proliferation under a PARP-2 knockdown in 

HeLa S3 and U2OS cells can be explained by several and partially connected explanations, 

resulting in the theoretical model depicted in Figure 5.1. The theoretical model might be 
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supported by the phenotypes of Parp-2 deficient mice being smaller and leaner than their 

wild-type litter mates and transgenic mice harboring an ectopic integration of human PARP-1 

displaying enhanced adiposity, whereas Parp-1 deficient mice show reduced fat mass 

disposition (Bai et al., 2007; Mangerich et al., 2010; Bai, Canto, Brunyanszki, et al., 2011). 

Thus, cellular proliferation dependent processes were further analyzed to provide more 

understanding and supporting data for the hypothetical model (Figure 5.1). 

5.2.2.3 Cell Proliferation after Genotoxic Treatment 

Population doubling analyses had been performed in the absence of genotoxic stress and 

therefore cell proliferation was examined after methyl methanesulfonate (MMS) treatment 

inducing genotoxic stress in a time course experiment. 

 Knockdown of PARP-2, but not PARP-1, showed significant reductions of cellular 

proliferation at 0 mM MMS over the 72 h time course, as expected from population doublings 

in HeLa S3 and U2OS cells (Figure 4.32 and 4.33). Increasing MMS concentrations did not 

only reduce cellular viability in general, but also cellular proliferation over the 72 h time 

course as expected. However, knockdown of PARP-2, but not PARP-1, demonstrated in both 

HeLa S3 and U2OS cells again the strongest effect. Moreover, knockdown of PARP-2 was 

also genotoxic stress independent, as normalization of data to 0 mM revealed a similar curve 

progression in all transient siRNA transfections. Taken into consideration that MMS alkylates 

DNA bases to cause base mispairing and replication blocks, predominantly repaired by 

PARP-1 mediated base excision repair and DNA alkyltransferases, a single or combined 

knockdown of PARP-1 should have led to a more striking phenotype (Beranek, 1990; Lindahl 

& Wood, 1999; V. Schreiber et al., 2002; El-Khamisy et al., 2003). 

In conclusion, MMS was successful in reducing overall cell viability and therefore cell 

proliferation of HeLa S3 and U2OS cells in this time course analysis. However, the additive 

effect of PARP-2 knockdown on cell proliferation revealed here a more prominent phenotype 

in comparison. Thus, evidence for the hypothetical model was provided as observations were 

only amplified by genotoxic stress, suggesting possible replicative stress and cell cycle 

dependent effects to be the cause of reduced cellular proliferation instead. 

5.2.2.4 Clonogenic Survival 

To see if knockdown of PARP-2 protein expression had an effect in another cellular 

proliferation dependent process, clonogenic survival was investigated in HeLa S3 and U2OS 

cells after hydrogen peroxide induced oxidative stress. Here, clonogenic survival of Parp-1 

deficient cells was impaired after treatment with genotoxic agents including MMS and 
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g-irradiation (Masutani, Nozaki, et al., 1999). In addition, clonogenic survival of bone marrow 

cells of Parp-2 deficient mice had also been demonstrated to be significantly reduced upon 

g-irradiation with 2 Gy (Farres et al., 2013). Thus a combination of PARP-1 and PARP-2 

deficiencies should further impair clonogenic survival of either HeLa S3 or U2OS cells after 

transient siRNA transfection. 

 Whereas clonogenic survival in HeLa S3 and U2OS cells was impaired in all transient 

siRNA transfections with increasing oxidative stress, knockdown of PARP-1 conversely did 

not display significant changes in clonogenic survival rates in comparison to control cells or 

observations in Parp-1 deficient mouse cells (Masutani, Nozaki, et al., 1999) (Figures 4.34 

and 4.35). In contrast, knockdown of PARP-2 demonstrated a strong effect on clonogenic 

survival rates during oxidative stress in agreement with findings in Parp-2 deficient mouse 

cells (Farres et al., 2013). Interestingly, impaired clonogenic survival rates induced by 

PARP-2 knockdown were independent of PARP-1, as seen in no further decrease of 

clonogenic survival upon additional PARP-1-Hanf siRNA transfection. Moreover, as seen in 

cell proliferation after genotoxic treatment (Section 5.2.2.1), reduced clonogenic survival 

rates during depletion of PARP-2 were oxidative stress independent as normalization of data 

to 0 µM revealed a similar curve progression (Figure 4.34B and 4.35B). Thus, the discussed 

cytoprotective effect of enhanced SIRT-1 expression and activity by Parp-2 deficiency in 

mice during oxidative stress-related pathologies cannot be applied here (Szanto et al., 2012). 

A more likely explanation is presented in the theoretical model (Figure 5.1). Increased energy 

expenditure and delays in cell cycle progression due to increased DNA damage, lead to 

reduced cellular proliferation, which was also indicated by smaller colony sizes of HeLa S3 

and U2OS cells after PARP-2 knockdown. 

5.2.2.5 Cell Death 

Another possible explanation for PARP-2 knockdown induced loss of cellular proliferation 

might be linked to alterations in cell death. As knockdown of PARP-2 impairs DNA repair 

processes, resulting in incomplete or insufficient DNA damage repair and subsequently in 

either cell death or cellular transformation and tumorigenesis, depletion of PARP-1 and 

PARP-2 was examined for differences in cell death (V. Schreiber et al., 2002). However, as 

two independent functional assays had so far not demonstrated any stress related 

dependencies (Section 5.2.2.3 and 5.2.2.4), cell death analyses were carried out into the 

absence of oxidative or genotoxic stress. No alteration in cell death was observed in transient 

siRNA transfections of HeLa S3 and U2OS cells (Figure 4.37). Differences in the general 

higher cell death in U2OS cells might be explained by the functional and expressed p53 in 
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U2OS cells, whereas HeLa S3 cells harbor a loss of p53 protein expression (Jia et al., 1997), 

leading to increased p53-mediated cell death. Thus, PARP-2 depletion induced reduction of 

cellular proliferation could not be explained by enhanced cell death, which is in agreement 

with the proposed theoretical model in Figure 5.1. 

5.2.2.6 Cell Cycle 

Reduced cell proliferation of HeLa S3 and U2OS cells with depletion of PARP-2 had so far 

been shown to be independent of (1) PARP-1, (2) genotoxic and oxidative stress, and (3) 

alterations in cell death. Thus, to add further weight to the theoretical model in Figure 5.1, cell 

cycle changes during transient siRNA transfections were examined to explain the observed 

loss of cellular proliferation under PARP-2, but not PARP-1, knockdown. 

In agreement with PARP-2-Hanf siRNA-mediated observations within this work and the 

corresponding theoretical model in Figure 5.1, cell cycle phase distributions were 

significantly changed in both HeLa S3 and U2OS cells upon depletion of PARP-2, but not 

PARP-1. HeLa S3 cells demonstrated here a significant G1 phase cell cycle arrest, with loss 

of S phase and G2/M phase cells (Figure 4.39). On the other hand, U2OS cells displayed a 

significant G2/M phase cell cycle arrest, accompanied by loss of G1 phase cells only (Figure 

4.40). Taken together observed cell cycle arrests add credence to the theoretical model and are 

partially consistent with current literature. PARP activity was found to be enhanced in 

replicating cells, vicinity of replication forks and newly replicated chromatin (Jump et al., 

1979; Anachkova et al., 1989), however, the role of PARP-1 during cell cycle had been 

attributed more to DNA repair linked processes or chromatin silencing during replication 

(Guetg et al., 2012). Taking into consideration furthermore that poly(ADP-ribose) produced 

by PARP-1 during stalled replication forks is needed for S phase checkpoint activation via 

Chk-1, displayed PARP-1 independency during cell cycle changes in the absence of DNA 

damage induction is thus in line with the current literature (Min et al., 2013). However, 

observations within this work were also in contrast with the current literature. Here, Parp-2 

deficient MEFs were reported to undergo a minor G2/M arrest in the absence of DNA 

damage, which was increased after genotoxic treatment (Menissier de Murcia et al., 2003). 

Moreover, trichostatine A induced G2/M arrests in HEK293 cells were suggested to be 

rescued by the knockdown of PARP-2, a stark contrast to PARP-2 knockdown induced cell 

cycle arrests detected within the present work (Liang et al., 2013). So far reported functions 

of PARP-2 during cell cycle provide here three possible explanations for the observed 

PARP-2 dependent phenotype.  
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First, PARP-2 has been shown to localize to centromeres in human and murine cells in 

a cell-cycle dependent manner and interact with centromere and mitotic spindle checkpoint 

proteins in prometaphase and metaphase (Saxena, Wong, et al., 2002). Disruption of Parp-2 

in mice thus showed chromosome missegregation, meiotic sex chromosome inactivation and 

block of cell division in meiosis I (Dantzer et al., 2006), observations that are linked to 

changes in cell cycle progression, similar to findings within the present work.  

Second, evidence from a microarray based approach to identify PARP-2 

poly(ADP-ribosyl)alted proteins in the absence of DNA damage had revealed the FK506 

binding protein 3 (FKBP3) as a candidate. FKBP3 is a protein involved in the regulation of 

gene expression by modulating the negative feedback loop between p53 and MDM2, thus 

regulating the p53 growth-suppressive function in unstressed cells (Moll & Petrenko, 2003; 

Troiani et al., 2011). Thus, knockdown of PARP-2 would lead to a missing regulation of 

FKBP3 and subsequently p53-MDM2, resulting in cell cycle and cell proliferation alterations 

as observed within the present work. 

Finally, Y. Liang and colleagues have proposed PARP-2 to regulate cell cycle-related 

genes though histone deacetylation and methylation, independent of poly(ADP-ribosyl)ation 

(Liang et al., 2013). In this report, PARP-2 is recruited to different cell cycle related 

promoters, i.e. c-MYC, CDKN1A (p21), RB1 (retinoblastoma) and transcription factor E2F1 

promoters, by the transcriptional repressor protein YY1 and confers transcriptional repression 

by recruiting histone deacetylase (HDAC) 5 and 7, as well as histone methyltransferase G9a. 

Thus, disruption of PARP-2 conferred transcriptional repression by siRNA knockdown might 

lead to observed G1 cell cycle arrest and following reduction of cell proliferation, as PARP-2 

controls G1 progression by negatively regulating c-MYC, preventing premature G1 exit, 

adding another pathway to the theoretical model in Figure 5.1. 

In conclusion, observations detected in the analysis of HeLa S3 and U2OS cell cycle 

distributions during PARP-1 and PARP-2 siRNA knockdown were in agreement with the 

current literature attributing PARP-1 a minor role in the regulation of cell cycle in the absence 

of genotoxic or oxidative stress. Moreover, striking effects of PARP-2 knockdown during cell 

cycle can be explained by the absence of PARP-2 during: (1) centromere organization, (2) 

modulation of the p53-MDM2 feedback loop regulating cell cycle, and (3) transcriptional 

repression of cell cycle related gene promoters by histone deacetylatases and 

methyltransferases. Thus, reduced cellular proliferation detected in different functional assays 

might be explained by cell cycle arrests, providing further support for the proposed theoretical 

model (Figure 5.1). 
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5.2.3  Validation of the PARP-2-Hanf siRNA Mediated Phenotype 

To provide further supporting evidence for the PARP-2-Hanf siRNA mediated phenotype 

during cell cycle and subsequent cellular proliferation, three separate approaches were 

performed. First, additional PARP-2 siRNA were selected from different sources and effects 

on PARP-2 protein expression, consequences for population doublings and cell cycle phase 

distributions were to be determined. Thus, if additional selected PARP-2 siRNA demonstrated 

the same effects as PARP-2-Hanf siRNA utilized in Section 5.2.2 analyses, the PARP-2-Hanf 

siRNA mediated phenotype would be strongly supported. Second, suggested PARP-2 

catalytic independency (Section 5.2.2.6) in the PARP-2-Hanf siRNA mediated phenotype 

during cell cycle arrests was to be shown by use of ABT-888, a potent PARP inhibitor utilized 

in clinical phase I and phase II trials in cancer treatment (Mangerich & Burkle, 2011). 

Moreover, the reported rescue of histone deacetylase inhibitor treatment induced G2/M arrests 

by PARP-2 knockdown would be analyzed, providing more understanding of a possible 

explanation for cell cycle arrests and cellular proliferation effects (Liang et al., 2013). Finally, 

rescue of PARP-2-Hanf siRNA mediated phenotype was assessed by utilizing a 

hemagglutinin (HA) tagged human PARP-2 cDNA overexpression vector and PARP-2 

siRNA targeting the three prime untranslated region (PARP-2-3UTR). 

5.2.3.1 Selection of Additional PARP-2 siRNA 

Additional selected PARP-2 siRNA for phenotype validation were selected from published, 

commercial available or newly designed sequences (Table 4.11), targeting different exons and 

the 3ôUTR region within the human PARP-2 transcript variant 1 mRNA (Figure 4.41), to 

show independency from PARP-2-Hanf siRNA and allow follow-up rescue experiments. 

 Assessment of knockdown efficacies of all test PARP-2 siRNA showed a reduction of 

relative human PARP-2 mRNA levels in HeLa S3 cells to at least 30%, whereas knockdown 

efficacies in a preliminary experiment for U2OS cells were not as strong (Figures 4.41A and 

4.42A). In an attempt to further reduce possible off-target effects of utilized PARP-2 siRNA, 

siRNA were combined in a mix (PARP-2-Mix  siRNA) and knockdown efficacies in HeLa S3 

and U2OS cells showed to be similar to PARP-2-Hanf siRNA (Figures 4.41B and 4.42B).  

 Following population doubling determination using additional selected PARP-2 

siRNA displayed however no significant differences, in contrast to PARP-2-Mix siRNA 

(Figure 4.44 and 4.45). The missing reduction of cellular proliferation capacities using single 

additional PARP-2 siRNA was further confounded, as some PARP-2 siRNA showed 

significant dysregulation of cell cycle distribution. Here, four PARP-2 siRNA in HeLa S3 

cells (PARP-2-Geng, PARP-2-Sigma2, PARP-2-3UTR-A and PARP-2-3UTR-C) and three 
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PARP-2 siRNA in U2OS cells (PARP-2-Sigma1, PARP-2-Sigma2 and PARP-2-3UTR-C) 

demonstrated alterations of cell cycle as observed for PARP-2-Hanf siRNA (Figure 4.46A). 

However, as observed during population doubling, use of PARP-2-Mix  siRNA showed 

significant changes in cell cycle distributions, mirroring transient siRNA transfections with 

PARP-2-Hanf siRNA (i.e. G1 cell cycle phase arrest, loss of S phase and G2/M phase cells). 

Interestingly, no difference in cell cycle arrests was observed in HeLa S3 and U2OS cells 

upon use of the PARP-2-Mix  siRNA. Therefore, PARP-2-Mix  siRNA provides evidence for 

reducing PARP-2 siRNA-specific effects during cell cycle analysis. Moreover, PARP-2-Mix 

siRNA demonstrates that depletion of PARP-2 induces a cell-type unspecific G1 cell cycle 

arrest, which is in line with current literature of PARP-2 regulating c-MYC and thus 

progression through G1 phase (Liang et al., 2013). This cell-type unspecific G1 cell cycle 

arrest thus supports the proposed theoretical model within the present work, to attribute the 

loss of PARP-2 protein expression a reduced cellular proliferation capacity (Figure 5.1). 

A possible explanation for differential effects of additional selected PARP-2 siRNA 

might be different targeted isoforms/transcripts of PARP-2 mRNA. To date two isoforms of 

PARP-2 have been described in humans, whereas the second isoform was only predicted 

within the NCBI database (Szanto et al., 2012). Gene modeling by ECgene Genome 

Annotation for Alternative Splicing (http://genome.ewha.ac.kr/ECgene/) furthermore 

predicted 9 alternative splicing forms (Figure 5.2). However, predicted splicing forms and 

described isoforms within the literature are all equally targeted by additional selected PARP-2 

siRNA as target siRNA sequences include exon borders. 

An explanation for the moderate effects of PARP-2-3UTR siRNA might be the 

3ô overhanging nucleotides, which in contrast to PARP-2-Hanf siRNA, had been ordered with 

[dT][dT]  overhangs similar to the PARP-2-Sigma1 and PARP-2-Sigma2 siRNA, an overhang 

which enhances nuclease resistance of siRNA in cell culture medium (Elbashir, Harborth, et 

al., 2001). 

Collectively, additional selection of PARP-2 siRNA seems to be a double-edged 

sword. On the one hand, knockdown efficacies of all validated PARP-2 siRNA sequences 

showed sufficient knockdown of PARP-2 mRNA levels, unexpectedly no change in cell 

proliferation, but a dysregulation in cell cycle distribution, confirming cell cycle arrest in the 

theoretical model (Figure 5.1). However on the other hand, a mix of selected PARP-2 siRNA 

showed strong knockdown of PARP-2 mRNA levels, significant reduction of cellular 

proliferation and a G1 phase cell cycle arrest as observed for PARP-2-Hanf siRNA, providing 

strong evidence for the theoretical model and employed PARP-2-Hanf siRNA. 

http://genome.ewha.ac.kr/ECgene/
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Figure 5.2 Alternative splicing sites of human PARP-2 with indicated PARP-2 target siRNA sequences. 

Alternative splicing sites of human PARP-2 were predicted by ECgene Genome Annotation for Alternative 

Splicing (http://genome.ewha.ac.kr/ECgene/). Source: http://www.genecards.org. SP, splicing form; ExUns, 

Exonic unit (Exons with alternative splicing sites in different isoforms, a/b indicate order of ExUns in exon);  

^ between ExUns indicates an intron. Black arrow indicates matching PARP-2 target siRNA sequence. 

5.2.3.2 Poly(ADP-ribose) Polymerase and Histone Deacetylase Inhibitors 

Y. Liang et al. 2013 had proposed that PARP-2 regulates cell cycle by transcriptional 

repression of cell cycle related gene promoters in a catalytic independent way (Liang et al., 

2013). Thus, catalytic independency in the PARP-2 mediated loss of cellular proliferation and 

alterations in cell cycle distributions was investigated by use of a PARP inhibitor (ABT-888). 

Furthermore, Y. Liang et al. 2013 had suggested that knockdown of PARP-2 protein 

expression would rescue the 10 µM selective class I and II histone deacetylase inhibitor 

trichostatine A (TSA) treatment induced G2/M cell cycle arrest; a finding in stark contrast to 

results within the present work (Section 5.2.2.6). Therefore, effects of PARP-2-Hanf siRNA 

and concurrent PARP and HDAC inhibition were investigated in HeLa S3 cells in regards to 

cellular proliferation and cell cycle distribution. 

 Consistent with the literature, treatment of HeLa S3 cells with TSA led to a significant 

decrease of cellular proliferation in all transient siRNA transfection (Okamoto et al., 2006), 

which was aggravated by a concurrent loss of PARP-2 protein expression (Figure 4.48). In 

contrast, pharmacological inhibition of PARP-1 and PARP-2 by 10 µM ABT-888 had no 

significant effect on cellular proliferation as observed in triple-negative breast cancer cells 

(Chuang et al., 2012). Moreover, a combination of PARP and HDAC inhibitors did not 

display an effect on reduced cell proliferation under either PARP-2-Hanf siRNA or control 

transfection. However, first evidence was provided that a knockdown of PARP-2 does not 

rescue the TSA induced loss of cellular proliferation, which instead aggravated loss of cellular 

proliferation. 

 In line with population doubling data and in contrast to Y. Liang et al. 2013, treatment 

of HeLa S3 cells with HDAC inhibitor TSA demonstrated an arrest of cells in G1 cell cycle 

phase, striking losses of S phase cells and reduced G2/M phase cells; a phenotype that was 

deteriorated and not rescued by concurrent treatment of HeLa S3 cells with PARP-2-Hanf 

http://genome.ewha.ac.kr/ECgene/
http://www.genecards.org/
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siRNA, as expected from data within the present work (Figure 4.49). Furthermore, detected 

G1 phase cell cycle arrests were also in line with another report in human hepatoma cells, 

indicating that TSA induces cell-type specific cell cycle phase arrests (Yamashita et al., 

2003). Moreover, ABT-888 did show minor alterations of cell cycle phase distributions, 

which however does not contrast observations by Y. Liang et al. 2013, due to the involvement 

of PARP-1 and PARP-2 in other cell cycle regulating processes, i.e. centromere organization 

(Saxena, Saffery, et al., 2002; Saxena, Wong, et al., 2002).  

Thus, observed changes in cellular proliferation and cell cycle distributions were to a 

degree independent of the poly(ADP-ribosyl)ation activity of PARPs, with a more striking 

impact demonstrated by the knockdown of PARP-2 protein expression. Moreover, 

knockdown of PARP-2 protein expression aggravated the TSA induced G1 phase cell cycle 

arrest, instead of the current literature suggested rescue. Differences in the present work and 

studies by Y. Liang et al. 2013 might be explained by cell-type specific effects of TSA and 

utilized cell lines utilized (Liang et al., 2013).  

5.2.3.3 Rescue of PARP-2-Hanf siRNA mediated phenotype 

Assuming that the PARP-2-Hanf siRNA mediated phenotype does lead to dysregulation of 

cell cycle and reduced cell proliferation; a rescue of this PARP-2-Hanf siRNA dependent 

effect was carried out to see if concurrent expression of a human PARP-2 cDNA could 

reverse the loss of cellular proliferation and dysregulation of cell cycle. Therefore, 

overexpression of HA-tagged human PARP-2 cDNA was performed together with the cDNA 

non-targeting PARP-2-3UTR siRNA. 

 Analysis of the HA-tag expression in protein extracts from HeLa S3 cells had shown a 

strong expression of the HA-tagged human PARP-2 cDNA (Figure 4.50A), independent of 

utilized vector DNA amounts or transfection reagent. Following co-expression of HA-tagged 

human PARP-2 cDNA and PARP-2-3UTR siRNA did not show a reduction of the HA-tag in 

protein lysates as expected, in contrast to the positive control PARP-2-Hanf siRNA showing a 

reduction of HA-tag expression (Figure 4.50B). Thus, co-transfection to achieve concurrent 

transient expression of a human PARP-2 cDNA and non-targeting PARP-2 siRNA had been 

successful. However, overexpression of human PARP-2 cDNA already displayed itself 

alterations in cell cycle phases, which together with the moderate effects of PARP-2-3UTR 

siRNA (Figure 4.44 to 4.47), did not lead to a rescue of the PARP-2-Hanf siRNA mediated 

phenotype (Data not shown). Hence, more work will have to go into the overexpression of 

human PARP-2 cDNA to achieve a more endogenous expression of PARP-2, which does not 

result in alterations of cell cycle distribution as seen in preliminary experiments. 
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5.2.4 Conclusion and Perspectives 

In summary, the second approach to assess unique and combined functions of 

poly(ADP-Ribose) polymerases by using transient siRNA transfection had been successful in 

providing evidence for the first time for a unique function of PARP-2 during cellular 

proliferation in human cancer cell lines; a function which does not share redundancies with 

PARP-1 but rather an independency instead. Furthermore, this novel function of PARP-2 

during cellular proliferation is independent of oxidative or genotoxic stress and cannot be 

attributed to alterations in cell death. Changes in cell cycle phase distributions have been 

found instead to mediate this new PARP-2 function, demonstrating a cell-type and p53 

independent G1 phase cell cycle arrest. This G1 phase cell cycle arrest was furthermore linked 

to findings by Y. Liang and colleagues, which had reported PARP-2 to transcriptional 

regulate c-MYC, a protein regulating the premature exit out of G1 (Liang et al., 2013), and 

moreover proved to be independent of PARP-2 catalytic activity and aggravated by histone 

deacetylase inhibitors. Thus, in view of other PARP-2 mediated functions, partially confirmed 

during analyses within the present work, the theoretical model depicted in Figure 5.1 was 

created to demonstrate how a loss of PARP-2 protein function might lead to reduced cellular 

proliferation in human cancer cell lines. Finally, no functional redundancies of PARP-1 and 

PARP-2 could be observed within the present work. 

 Future work involving transient siRNA transfections will aim to elucidate the 

pathways depicted in Figure 5.1 in more detail. Here, consequence of single and combined 

knockdowns will be analyzed by automated fluorimetric detection of alkaline DNA 

unwinding assay (Moreno-Villanueva et al., 2007) to show differences in DNA repair 

capacities and immunofluorescence co-localization studies of g-H2A.X and 53BP1 bodies to 

confirm replicative stress in cells. Furthermore, the involvement of c-MYC in the PARP-2 

mediated G1 cell cycle arrest will also be focus of continuing work. Future work will also 

include analysis into the interplay of PARP-2, sirtuins and PPAR transcription factors in this 

PARP-2 mediated phenotype, which provides another interesting way of regulation/pathway 

by which loss of PARP-2 could lead to reduction of cellular proliferation by increased energy 

expenditure, a recently discovered role of PARP-2 in metabolic regulation and disease (Bai & 

Canto, 2012). Thus, further evidence would be provided for the cumulative triggering of cell 

cycle arrests by different pathways, by which reduced cell proliferation can occur under a loss 

of PARP-2 protein expression. 
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6 Appendix 

6.1 A: Generation of Stable PARP-1 and PARP-2 shRNAmir 

expressing HeLa S3 clonal cell populations 

To achieve stable expression of PARP-1 and PARP-2 shRNAmir in HeLa S3 cells, the 

strategy depicted in Figure A.1 will be followed to achieve two aims: (1) Replacement of the 

puromycin resistance gene in vector pTRIPZ with a hygromycin resistance gene (HygroR), 

and (2) use of the PARP-2-Bai siRNA effective target siRNA sequence (Table 4.8) to ensure 

knockdown of PARP-2 protein expression (Bai et al., 2007). Here, the internal ribosome entry 

site (IRES) of the puromycin resistance gene in pTRIPZ will be utilized for expression of 

HygroR after transduction. Vector pTRIPZ carries a HygroR; however the gene was 

inactivated by frame-shift mutation during cloning of pTRIPZ to mask the second Eco-RI 

restriction site in the first exon of HygroR. Therefore, HygroR will be extracted by PCR out 

of pGIPZ, containing a still functional HygroR, together with the IRES sequence out of 

pTRIPZ and will then be inserted into the IRES-Puromycin position of pTRIPZ. It is 

important to note here that a new PARP-2 shRNAmir sequence, converted as described in 

Section 3.2.6.3, will need to be inserted first, as Xho-I and Eco-RI restriction enzymes sites 

are introduced with the IRES-HygroR element and thus would interfere with following 

cloning steps. In addition, the cloning strategy depicted below (Figure A.1) also requires the 

PCR amplicon of IRES and HygroR to be cloned first into the cloning vector pBH3, which 

carries a suitable multiple cloning site for selected cloning restriction enzymes. The vector 

pBH3 was generated within the first PhD project òTissue-specific overexpression of PARP-1 

in wild-type and Parp-1
-/-

 mice to dissect the role of PARP-1 in genomic stability, immunity, 

and agingò by manipulation of the multiple cloning site of vector pSL1180, through removal 

of the Pvu-I restriction enzyme site and subsequent insertion of polylinkers ASMX and SPSN. 

Having performed all of the previous mentioned cloning steps, a new PARP-2 shRNAmir 

expressing lentivirus can be produced and utilized to transduce both HeLa S3 cells and HeLa 

S3 clonal cell populations expressing PARP-1 shRNAmir sequences, to generate the desired 

stable PARP-2 shRNAmir expressing HeLa S3 clonal cell populations. However, no positive 

clones have been identified so far for the insertion of the new PARP-2 shRNAmir. In contrast, 

IRES and HygroR were successfully extracted out of their respective vectors, cloned into 

pBH3, and extracted out of the resulting vector pBH3-IRES-Hygro for test insertion into 

pTRIPZ (Data not shown). Details for the specific cloning are described in the Method 

Section 3.2.7.4. 
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Figure A.1 Hygromycin Resistance Gene Replacement Strategy in vector pTRIPZ-P2-Bai. 

Modification of the lentiviral expression vector pTRIPZ to confer a hygromycin resistance gene (HygroR) will 

be achieved by the replacement of the internal ribosome entry site (IRES) and following puromycin resistance 

gene (PuroR) in vector pTRIPZ-P2-Bai, cloned before hygromycin replacement. Here, the IRES-HygroR 

sequence is to be extracted out of a pre-cloned pBH3-IRES-HygroR construct, containing the original IRES 

sequence out of pTRIPZ and the HygroR sequence out of pGIPZ,  and ligated into the restriction enzyme opened 

pTRIPZ-P2-Bai construct. After identification of positive, sequence-verified pTRIPZ-P2-Bai-HygroR clones, 

production of lentiviruses will be performed and utilized to transduce stable PARP-1 shRNAmir expressing 

HeLa S3 clonal populations (HeLa-P1-KD) or HeLa S3 cells. 
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6.2 B: Abbreviations 

Ago   Argonaute 

AMD   Automodification domain 

ARH3   ADP-ribose-arginine protein hydrolyase 3 (ARH3) 

ART   ADP-ribosyltransferase 

ARTD1  Diptheria toxin-like ADP-ribosyltransferase 1 

ATM   Ataxia telangiectasia mutated 

ATP   Adenosine triphosphate 

BER   Base excision repair 

BLAST  Basic Local Alignment Search Tool 

bp   Base pair 

BRCT   Breast cancer 1 (early onset) protein (BRCA1) carboxy-terminus 

CAT   Catalytic domain 

cDNA   complementary DNA 

DBD   DNA binding domain 

DMSO   Dimethyl sulfoxid 

DOX   Doxycycline 

DSB   DNA double strand break 

dsRNA  Double-stranded RNA 

FADU   Fluorimetric detection of alkaline DNA unwinding 

FEN-1   Flap endonuclease-1 

H2O2   Hydrogen peroxide 

HA   Hemagglutinin 

HDAC   Histone deacetylase 

HP1   Heterochromatin protein 1 

HR   Homologous recombination 

iNOS    Inducible nitric-oxide synthase 

IL    Interleukine 

MCS   Multiple cloning site 

MEF   Mouse embryonic fibroblasts 

miR30   Human microRNA-30 

MMR   Mismatch repair 

MMS   Methyl methanesulfonate 

MRN   Mre11/Rad50/Nbs1 
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mRNA   messenger RNA 

NAD
+   

Nictonamide adenine dinucleotide 

NER   Nucleotide excision repair 

NF-kB Nuclear factor ñkappa-light-chain-enhancerò of activated B cells 

NHEJ   Non-homologous end joining 

nt   Nucleotide 

PAR   Poly(ADP-ribose) 

PARG   Poly(ADP-ribose) glycohydrolase 

PARP   Poly(ADP-ribose) polymerase 

PARylation  Poly(ADP-ribosy)lation 

PBS   Phosphate buffered saline solution 

PPAR   Peroxisome proliferator-activated receptor 

RISC   RNA-induced silencing complex 

RFP   Red fluorescence protein 

RNAi   RNA interference 

RT-qPCR  Real-time quantitative polymerase chain reaction 

rtTA3   Reverse tetracycline transactivator 

SAP   SAF/Acinus/PIAS-DNA-binding 

SDHA   Succinate dehydrogenase complex, subunit A, flavoprotein variant 

shRNA  small hairpin RNA 

shRNAmir  MicroRNA-adapted shRNA 

siRNA   small interfering RNA 

SIRT-1  Sirtuin-1 

SSB   Single strand break 

TBP   TATA-binding protein 

TIF-1b   Transcriptional intermediatory factor 1 beta  

TNF-a   Tumor necrosis factor a 

TRE   Tetracycline responsive RNA polymerase II promotor 

TSA   Trichostatine A 

UTR   Untranslated region 

WGR   Tryptophane-, glycine- and arginine-rich 

XRCC1  X-ray repair cross-complementing protein 1 

ZF   Zinc finger 

ZFIII    Zinc ribbon domain 
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