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ZUSAMMENFASSUNG 

Das Enzym Poly(ADP-ribose)-Polymerase-1 (PARP-1) katalysiert die Synthese von Poly(ADP-ribose) 

und ist darüber hinaus an einer Vielzahl zellulärer Prozesse wie Remodellierung des Chromatins und 

DNA-Reparatur beteiligt. PARP-1 fördert die Basenexzisionsreparatur, einen evolutionär konservierten 

DNA-Reparaturmechanismus, der Basenmodifikationen wie Alkylierungen entfernt. DNA-Alkylierungen 

können durch N-Nitrosoverbindungen (NOCs) hervorgerufen werden, die dafür bekannt sind, 

Darmkrebs zu verursachen. Es ist beschrieben, dass PARP-1-defiziente Mäuse empfindlich gegenüber 

den toxischen Wirkungen von NOCs sind. 

In dieser Arbeit wurde die Rolle von PARP-1 in der entzündungsvermittelten Darmkrebsentstehung nach 

Induktion mit NOCs untersucht. Hierzu wurden PARP-1-profiziente (PARP-1+/+) und PARP-1-defiziente 

(PARP-1-/-) Mäuse zuerst mit dem kolonotrop Tumorinitiator Azoxymethan (AOM) und danach mit der 

kolitisauslösenden Substanz Dextran-Natriumsulfat (DSS) behandelt. Die Tumorentstehung wurde 

mittels nichtinvasiver Miniendoskopie überprüft. PARP-1+/+ Mäuse zeigten in Abhängigkeit von der 

AOM-Dosis eine signifikant erhöhte Tumoranzahl und Tumorscore im Vergleich zu PARP-1-/- Tieren. 

Ausgehend von diesem Befund wurde im Folgenden die DNA-Schadensinduktion untersucht. 

Die Analyse der durch AOM ausgelösten initialen DNA-Schäden in beiden Genotypen zeigte eine 

höhere Anzahl an DNA-Strangbrüchen in den PARP-1-defizienten Tieren, wohingegen das Niveau der 

O6-Methylguanin (O6-MeG) DNA-Addukte in beiden Stämmen vergleichbar war. O6-MeG ist die Läsion, 

die hauptsächlich für die Entstehung von durch NOCs ausgelöstem Dickdarmkrebs verantwortlich ist. 

In Übereinstimmung damit kam es zu einer Depletion der Aktivität der 

O6-Methylguanin-DNA-Methyltransferase (MGMT), die für die Reparatur von O6-MeG DNA-Addukten 

verantwortlich ist, in Leber- und Kolongewebe von WT und PARP-1-defizienten Tieren. Außerdem 

konnten weder Unterschiede in der basalen Proliferationsrate noch Zelltodinduktion durch AOM im 

Kolongewebe beider Mausstämme festgestellt werden. 

Da PARP-1 ein wichtiger Coregulator des entzündungsfördernden Transkriptionsfaktors nuclear factor 

'kappa-light-chain-enhancer' of activated B-cells (NF-κB) ist, wurde die durch DSS ausgelöste Kolitis 

mittels Miniendoskopie beurteilt. PARP-1+/+ Mäuse zeigten eine signifikant stärker ausgeprägte 

Dickdarmentzündung als PARP-1-/- Mause nach Behandlung mit AOM/DSS, die mit einer stärkeren 

Induktion der NF-κB-induzierten Cyclooxygenase-2 (COX-2) einherging. Mittels Immunhistochemie und 

konfokaler Mikroskopie wurde eine deutlich reduzierte Anzahl an Makrophagen und Monozyten im 

Kolongewebe der PARP-1-/- Tiere festgestellt. Dementsprechend konnte eine signifikant verringerte 

Expression des Zytokins high mobility group box 1 (HMBG1), was in engem Zusammenhang mit 

Entzündungsprozessen steht, im Kolon von PARP-1-defizienten Mäusen beobachtet werden. Die 

Anzahl der cluster of differentiation 3 (CD3)-positiven T-Zellen, die ein wesentlicher Bestandteil der 

spezifischen Immunantwort sind, war hingegen in beiden Genotypen vergleichbar. 

Unsere Gruppe demonstrierte kürzlich die hohe Empfindlichkeit von MGMT k.o. Mäusen gegenüber 

NOC-induziertem ausgelösten Dickdarmkrebs (Fahrer et al. 2015). Daher wurde die 

entzündungsvermittelte Tumorpromotion weiter in PARP-1-defizienten Tieren analysiert, die mit dem 

MGMT-Hemmer O6-Benzylguanin (O6-BG) vorbehandelt wurden. Die Hemmung von MGMT 
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verursachte einen deutlichen Anstieg von Tumoranzahl und Tumorscore, was vermutlich auf die 

stärkere Induktion von mutagenen O6-MeG DNA Addukten in Abwesenheit von MGMT zurückzuführen 

ist. Dies wurde im Detail mithilfe eines PARP-1-/-/MGMT-/- Doppel-Knockout-(DKO) Stamms untersucht. 

Interessanterweise wiesen DKO-Mäuse eine höhere Tumoranzahl, aber geringere mittlere Tumorgröße 

als MGMT-/- Tiere auf. 

Zusammenfassend lässt sich aus den Experimenten ableiten, dass der Verlust von PARP-1 eine 

Resistenz gegenüber entzündungsvermitteltem Dickdarmkrebs verleiht, die größtenteils auf die 

verminderte Entzündungsantwort im Kolon zurückgeführt werden kann. Die verminderte 

Tumorentstehung kann durch die Hemmung von MGMT reviertiert werden. Die erhöhte Tumoranzahl in 

den DKO-Tieren weist auf die schützende Wirkung von PARP-1 während der Tumorinitiation hin, 

wohingegen die geringere mittlere Tumorgröße die Rolle der Entzündung bei der Tumorpromotion 

bestätigt. Diese Arbeit lässt wichtige Schlussfolgerungen auf die Entstehung und Therapie von 

Colitis-assoziiertem Dickdarmkrebs zu.   
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SUMMARY 

Poly(ADP-ribose) polymerase-1 (PARP-1), which catalyses the synthesis of poly(ADP-ribose), is 

implicated in a variety of cellular processes, such as chromatin remodelling and DNA repair. PARP-1 is 

well-known to promote base excision repair, a conserved pathway that removes DNA base 

modifications, including alkylated DNA bases. These lesions are induced by N-nitroso compounds 

(NOCs) that are tightly linked to the aetiology of colorectal cancer (CRC). It is further known that 

PARP-1-deficient mice display an enhanced sensitivity against alkylating agents in terms of toxicity and 

genomic instability. 

The objective of this work was to assess the influence of PARP-1 on colitis-associated CRC induced by 

NOCs. PARP-1-proficient (WT) and PARP-1-deficient (PARP-1-/-) mice were treated with the 

colonotropic tumour initiator azoxymethane (AOM) followed by dextran sodium sulphate (DSS), which 

triggers colitis. Tumour formation was monitored by non-invasive mini endoscopy. WT mice displayed a 

significantly higher tumour number and tumour score compared to PARP-1-/- animals, which correlated 

with the AOM dose. 

Analysis of initial DNA damage induction in both genotypes revealed an increased number of DNA 

strand breaks in PARP-1-/- animals, but comparable levels of O6-methylguanine (O6-MeG) DNA adducts 

in both genotypes. The latter is the critical lesion driving NOC-induced CRC. In line with this, the activity 

of O6-methylguanin-DNA methyltransferase (MGMT), which is responsible for the repair of O6-MeG DNA 

adducts, was depleted in both mouse strains in liver and colon. PARP-1-proficient and PARP-1-deficient 

mice did not display differences in basal cell proliferation or AOM-induced cell death in colorectal tissue. 

As PARP-1 is a known coregulator of the pro-inflammatory transcription factor nuclear factor 

'kappa-light-chain-enhancer' of activated B-cells (NF-κB), the acute DSS-induced inflammation was 

assessed in WT and PARP-1-/- mice by mini endoscopy. WT animals exhibited significantly stronger 

colitis in response to AOM/DSS, which is in line with a higher abundance of the NF-kB-inducible 

cyclooxygenase-2 (COX-2). IHC and confocal microscopy showed strongly decreased numbers of 

monocytes and macrophages in colon tissue of PARP-1-/- animals. Accordingly, expression of the 

cytokine high mobility group box 1 (HMBG1), which is tightly linked to inflammation, was reduced in 

PARP-1 k.o. mice. The number of cluster of differentiation 3 (CD3)-positive T-cells, associated with the 

adaptive immune response, was similar in both genotypes. 

Our group recently demonstrated the high sensitivity of MGMT k.o. animals to NOC-induced CRC 

(Fahrer et al. 2015). Therefore, the role of inflammation driven tumour promotion was dissected in 

PARP-1 k.o. animals treated with the MGMT inhibitor O6-benzylguanine (O6-BG) prior to the AOM/DSS 

protocol. Inhibition of MGMT caused a clear increase in both tumour score and number, likely 

attributable to a higher induction of mutagenic O6-MeG DNA adducts in absence of MGMT. This was 

further studied with the help of a PARP-1-/-/MGMT-/- double knock out (DKO) strain. Interestingly, DKO 

mice displayed a higher tumour number but lower mean tumour size compared to MGMT-deficient 

animals. 
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Collectively, this work demonstrates that PARP-1 deficiency confers resistance to colitis-associated 

CRC, which is largely attributable to an attenuated inflammatory response in the colorectum. The lower 

tumour induction can be reversed by MGMT depletion. The increased tumour number in DKO animals 

suggests a protective function of PARP-1 during NOC-mediated tumour initiation, whereas the smaller 

mean tumour size supports the notion that PARP-1 plays a critical role during inflammatory promotion 

of tumour growth. This study bears significant implications for the aetiology and therapy of 

colitis-associated CRC.  
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1 INTRODUCTION 

1.1 COLORECTAL CANCER 

Cancer is one of the leading causes of death worldwide. Here, colorectal cancer (CRC), which is 

localised in colon and rectum, has an outstanding role. About 1,360,000 new diagnoses and 694,000 

mortalities are recorded annually for CRC. CRC is stated as the second or third (for female or male, 

respectively) leading cause of cancer-related death worldwide. Almost 55 % of incidents are diagnosed 

in first world countries, with Europe and Japan leading in both incidence and mortality (Ferlay et al. 

2015). Although number of deaths caused by CRC was decreased since the 1990s, the disease-specific 

mortality rate averages at almost 33 %. Early detection methods and regular check-ups positively 

influence the prognosis for the patients. Most of tumours arise sporadically above an age of 50 years 

(Cunningham et al. 2010; Sameer 2013; Watson, Collins 2011) with genetic predispositions and lifestyle 

representing the main risks. The latter is dependent on nutrition, consumption of alcohol and tobacco, 

physical activity, and obesity (Giovannucci 2002; Gonzalez 2006; Roon et al. 2007). 

 

1.1.1 ANATOMY OF THE COLON 

The large intestine is the last part of the gastrointestinal tract (GIT) in vertebrates in which water is 

absorbed and waste material excreted as faeces. The large intestine is composed of cecum, colon, 

rectum, and anus. The colon is divided in the five following sections: ascending colon (including cecum 

and appendix), transverse colon (including colic flexures and transverse mesocolon), descending colon, 

sigmoid colon, and rectum. 

The cecum is the first part of the colon and, in contrast to the appendix, involved in digestion. The 

appendix is an embryonically developed structure, which is suggested to be part of the lymphoid tissue 

in the gut. The ascending colon, which is the first of the large intestines sections, is connected to the 

small intestine via the cecum. It progresses upwards through the abdominal cavity for about 20 cm. A 

major function of the colon is the resorption of water and nutrients from the stool, which is moved towards 

the distal part of the colon by the intestinal peristalsis. The subsequent transverse colon is attached to 

the stomach by the so called greater omentum, a part of the peritoneum, and the posterior abdominal 

wall by the transverse mesocolon. In contrast to the other parts of the colon, the transverse colon is 

mobile. The descending colon begins at the splenic flexure (Fried et al. 2013; Standring, Ananad 2016). 

It should be noted that 60 % of CRCs are situated at or distal of the splenic flexure (Cunningham et al. 

2010; Hamilton et al. 2005). Faeces are stored in the descending colon and subsequently emptied into 

the rectum. The sigmoid colon is localised between descending colon and rectum. Its Strong muscular 

walls allow the sigmoid colon to increase pressure inside the colon and thereby moving the stool into 

the rectum. The last part of the colon is called rectum, which holds the faeces before defecation. 
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The gastrointestinal wall surrounding the lumen of the colon is built up of the mucosa, submucosa, 

muscularis, and serosa (Figure 1). 

The innermost layer of the large intestine is the mucosa, which surrounds the lumen and has direct 

contact with the digested food respectively stool. The mucosa itself comprises three layers, starting with 

the epithelium on the lumen site. Here, most of the digestive, absorptive, and secretory processes take 

place. Localised within the mucosa, lamina propria is a layer of connective tissue. The lamina propria is 

surrounded by the muscularis mucosae, a layer of smooth muscle tissue. The epithelium in the large 

intestine is organised in simple columnar invaginations, the colon crypts. The submucosa consists of 

connective tissue containing blood vessels, lymphatic vessels, and nerves. The following layer is called 

muscularis, built of an inner muscle layer and an outer muscle layer. The inner layer is organised in 

circular rings around the GIT, whereas the outer layer orientated longitudinally. The muscle layers are 

responsible for the intestinal peristalsis controlled by the myenteric plexus. The serosa is the outermost 

layer of the GIT, which consists of several layers of connective tissue (Fried et al. 2013; Standring, 

Ananad 2016). 

 

1.1.2 GENESIS OF CRC 

In 1988, Bert Vogelstein described the model of sporadic colorectal carcinogenesis as a multistep 

process, in which genesis of cancer is determined by molecular gatekeepers and caretakers (Vogelstein 

et al. 1988). Genesis of CRC is characterised by an adenoma-carcinoma sequence, in which aberrant 

crypt foci (ACF) are described as the earliest precursor of CRC. ACF progress to colorectal polyps and 

 
Figure 1: Anatomy of the gastrointestinal wall (Goran tek 2014). See text for details. 

 



INTRODUCTION 

3 

later to adenomas followed by invasive carcinomas (Chen, Huang 2009; Fearon, Vogelstein 1990; 

Markowitz, Bertagnolli 2009). 

Tumours are initiated by deoxyribonucleic acid (DNA) damage caused by chemicals, ionising radiation, 

or other insults, which is translated into mutations. Activation of the Wnt signalling pathway is described 

as initiating event in CRC. The oncoprotein β-catenin binds to nuclear targets and creates a transcription 

factor that modulates genes involved in cellular activation (Fearon 2011; Vogelstein, Kinzler 2002). 

β-catenin levels are controlled by the β-catenin degradation complex. The tumour suppressor 

adenomatous polyposis coli (APC) is an essential part of this complex (Markowitz, Bertagnolli 2009). 

Mutations inactivating APC are the most common in CRC and cause constitutively activation of Wnt 

signalling (Lynch et al. 2008; Vogelstein, Kinzler 2002). APC mutations are present in both sporadic 

CRC and the inherited disorder familial adenomatous polyposis (FAP) (Morin et al. 1997). In the next 

step, activation of several oncogenes, e.g. K-ras and B-raf, plays a central role in the promotion of CRC 

by activation of the mitogen-activated protein kinase (MAPK), which leads to multiplication of the initiated 

cells. Permanently irritating processes (e.g. chronic inflammation) are considered as the main 

promotors. Ulcerative colitis and Chron’s disease, summarised as inflammatory bowel disease, account 

for about 2/3 of CRC incidences (Eaden et al. 2001; Roon et al. 2007), and risk correlates with both 

duration and severity of inflammation (Itzkowitz, Harpaz 2004). During tumour progression, mutated 

cells acquire features including self-sufficiency in growth signals, insensitivity to inhibitory growth 

signals, limitless replicative potential, evasion of apoptosis, sustained angiogenesis, invasion of tissues, 

and metastasis (Hanahan, Weinberg 2011) (Figure 2). 

On a molecular level, tumour progression goes in line with inactivation of tumour suppressor gene like 

p53, BCL-2-associated X (BAX), and transforming growth factor β receptor II (TGFBR2). Molecular 

analysis of tumours allows classification into different molecular pathways, depending on different 

cancer-related alterations: chromosomal instability pathway, mismatch repair pathway, and serrated 

pathway. Majority (about 85 %) of sporadic incidences show chromosomal instability, allelic imbalance, 

chromosome amplification, and translocation, which all contribute to tumour aneuploidy. Chromosomal 

 
Figure 2: Genes involved in CRC aetiology. Green marks oncogenes that are activated in CRC, red denotes 

inhibitory factors that are lost during progression (Markowitz und Bertagnolli 2009), modified. 
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aberrations mainly affect loci 5q, 8p, 17p, and 18q, leading to loss of genes encoding crucial tumour 

suppressors (e.g. APC and p53) or activation of oncogenes. (Lengauer et al. 1998; Lothe et al. 1993; 

Vogelstein et al. 1988; Vogelstein et al. 1989). A minor part (15 %) of sporadic tumours carry 

microsatellite instability, frameshift mutations, and base pair substitutions in microsatellite tracts 

(Aaltonen et al. 1993; Ionov et al. 1993). Microsatellite instability is a consequence of acquired or 

inherited alteration of the DNA mismatch repair (MMR) (Peltomaki 2003). MMR is a system for the repair 

of faulty insertions, deletions, and mis-incorporation of bases in the genome arising during DNA 

replication as well as the correction of DNA damage, thus maintaining genomic integrity (Iyer et al. 

2006). Furthermore, aberrations in DNA methylation patterns can cause a downregulation of critical 

genes (often the MMR gene MLH1) on an epigenetic level (Cunningham et al. 1998; Markowitz, 

Bertagnolli 2009). CpG (5'-C-phosphate-G-3') sites are located in the promoter region of genes. The 

cytosine of the dinucleotides can be methylated to 5-methylcytosine, which can epigenetically silence 

expression of the subsequent gene (Issa 2004). The serrated pathway includes serrated polyps and 

adenomas usually arising in the right colon, which differ in their progression from the classic 

adenoma-carcinoma sequence (Noffsinger 2009). Molecular classification of the three different 

pathways is summarised in Figure 3. 

Hereditary CRC syndromes account for almost 6 % of CRC cases. 3 % are linked with the Lynch 

syndrome, also known as hereditary non-polposis colorectal cancer (HNPCC). The Lynch syndrome is 

characterised by a defective MMR leading to microsatellite stability. Here, a variety of MMR related 

genes can be affected. 2 % are caused by FAP (as mentioned above), and about 1 % constitute of other 

syndromes including deletion of TACSTD1, which encodes Epithelial cell adhesion molecule (EpCAM) 

(Cunningham et al. 2010). 

 

 
Figure 3: Molecular classification of colorectal carcinoma (Cunningham et al. 2010). 
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1.1.3 SCREENING, DIAGNOSIS, AND THERAPY 

To ensure early detection of CRC, a screening is recommended in an interval of 2 years, as CRC tends 

to arise 2 – 3 years before patients experience symptoms. Common screening methods are stool DNA 

analysis and faecal occult blood test (Cunningham et al. 2010). Colonoscopy should be performed only 

if the prior mentioned screening methods show a positive result (Benson et al. 2008). Sigmoidoscopy 

examines rectum and sigmoid colon; removal of small adenomas is possible. This can be performed on 

a regular basis (every 5 years) above an age of 50 years (Pignone et al. 2002) or once above an age of 

60 years (Atkin et al. 2001). Due to possible complications and severity, complete colonoscopies without 

indication are only performed every 10 years. According to Amsterdam criteria (Llor et al. 2005) and 

revised Bethesda guidelines (Umar et al. 2004), genetic screenings are advised in patients with inherited 

disease (e.g. Lynch syndrome). 

CRC is diagnosed via colonoscopy or sigmoidoscopy in combination with tumour biopsy. Metastasis in 

chest, abdomen, and pelvis are screened with the help of computed tomography (CT). Additionally, CT 

colonography supports surgical approaches to remove tumours (Mauchley et al. 2005). Diseases are 

classified into 4 stages, called the Duke’s stages of bowl cancer (Dukes A – D) (DUKES 1959; Sameer 

2013) by the Union for International Cancer Control (UICC) respective to the therapeutically 

opportunities and in due consideration of the TNM (tumour, node, metastases) system (Sobin, Fleming 

1997). Stages I and II (Dukes A and B respectively) are still localised within the bowel and do not 

penetrate its outer lining. Neither affected lymph nodes nor metastasis are visible, and they are curable 

with surgery. Stage III (Dukes C) has already penetrated the outer lining of the bowel and affect regional 

lymph nodes. Therapy involves resection of the tumour in combination with adjuvant chemotherapy 

based on fluorouracil and oxaliplatin. Radiotherapy is an additional option for treatment of rectal cancer. 

CRC at stage IV (Dukes D) is fatal and goes in line with distant metastasis, particularly in liver (Markowitz 

et al. 2002; Markowitz, Bertagnolli 2009). 

 

1.2 N-NITROSO COMPOUNDS 

As already stated in 1.1, nutrition and lifestyle are the major factors influencing the aetiology of CRC. 

The intake of fibre and physical activity protect against CRC, whereas consumption of red and 

processed meat, fat, tobacco, and alcohol increase risk (Cunningham et al. 2010; Gonzalez 2006; 

Watson, Collins 2011). Procession of meat and subsequent cooking gives rise to food-borne 

carcinogens (Sugimura 2000) including polycyclic aromatic hydrocarbons (PAHs), heterocyclic aromatic 

amines (HCAs), and N-nitroso compounds (NOCs), which cause DNA damage after metabolic activation 

(Fahrer, Kaina 2016). HCAs arise during procession of meat at high temperatures and can be separated 

in two classes: amino-imidazoarenes and pyrolytic HCAs. 
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NOC, e.g. emerge from reaction of nitrite or nitrous gases with secondary amines, arising notably in 

beer, processed meat, and cheese (Lijinsky 1999) but also in cosmetics (e.g. N-nitrosodiethanolamine) 

(Schothorst, Somers 2005) and tobacco smoke (e.g. 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone, 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol, and N-nitrosonornicotine) (Hecht 1999). Additionally, 

NOC, e.g. N-nitrosamines, can be formed endogenously by transformation of amino acids (AAs) to 

N-alkynitrosamines in the stomach and the large intestine. First, AAs are decarboxylated by bacteria 

and subsequently nitrosylated to alkyl-nitrosamines (Lundberg, Weitzberg 2013) with the help of 

endogenous NO (Fahrer, Kaina 2013). Moreover, the consumption of haem or haem-containing red 

meat stimulates the generation of NOC (Joosen, Annemiek M C P et al. 2009; Kuhnle et al. 2007) 

(Figure 4). 

Upon metabolic activation, NOCs can alkylate the DNA bases being responsible for at least 12 different 

DNA adducts. For example, the NOC N-nitrosodimethylamine is N-hydroxylated at the α-C-atom by 

CYP2E1, a well-known member of the Cytochrome P450 superfamily, to N-nitroso(hydroxymethyl) 

methylamine (Yang et al. 1990). In the next step, N-nitroso(hydroxymethyl) methylamine rearranges into 

an intermediate methyldiazonium ion, which goes in line with elimination of an aldehyde and water. The 

instable methyldiazonium ion decomposes spontaneously to a methylcarbocation, which attacks the 

DNA. This ultimate carcinogen induces alkylation damage via nucleophilic SN1 substitution at nitrogen 

or oxygen atoms of DNA bases, creating cytotoxic and mutagenic lesions (Fu et al. 2012). Approximately 

75 % of the induced lesions are N methyl purines and O6-methylguanine (O6-MeG), the latter contributes 

to about 8 % to alkylated DNA adducts (Beranek 1990). Species of induced DNA lesions depend on 

reactive groups of the alkylating agent, position of alkylation, and DNA substrate (Shrivastav et al. 2010). 

Due to their cytotoxic properties, alkylating agents are used in chemotherapy, e.g. temozolomide (TMZ), 

as treatment for Glioblastoma multiforme (Fu et al. 2012). 

 

1.2.1 NOC INDUCED DNA DAMAGE AND REPAIR OF THE LESIONS 

DNA methylation is a special form of DNA alkylation concerning transfer of a CH3 group onto nitrogen 

atoms of the ring structure as well as extra circular oxygen atoms of DNA bases. About 75 % of the 

NOC induced lesions are N-methylations, whereas only 8 % are O-methylations (Beranek 1990; Drablos 

et al. 2004). 

 
Figure 4: Endogenous formation of NOC in the large intestine (Fahrer, Kaina 2013). See text for details. 
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N-alkylations can be further differentiated in N7-methylguanine (N7-MeG, 65–70 %) and 

N3-methyladenine (N3-MeA, 8–9%), both exerting their strong cytotoxic potential by inhibition of 

polymerases during DNA synthesis (Drablos et al. 2004). Majority of the methylated DNA adducts is 

repaired by the base excision repair (BER) (Huang et al. 1994), where the glycosylase 3-alkyladenine 

DNA glycosylase (AAG), also known as N-methylpurine DNA glycosylase (MPG), plays a pivotal role 

(Fu et al. 2012) (Figure 5). The process of BER and its role in CRC formation are described in detail in 

(1.2.3). Transgenic AAG−/− mice are prone to alkylation-induced CRC as compared to AAG proficient 

wild type (WT) mice (Wirtz et al. 2010) and the formation of dysplastic adenomas following chronic gut 

inflammation (Meira et al. 2008). 

The DNA adducts N1-methyladenine (N1-MeA) and N3-methylcytosine (N3-MeC) contribute to a minor 

part (1.5%) to all methylation damage. The AlkB homologues ALKBH2 and ALKBH3 are responsible for 

the repair of these lesions (Aas et al. 2003). The AlkB protein is part of the adaptive response and direct 

reversal of alkylation damage in Escherichia coli (Duncan et al. 2002). Yet, nine human 

AlkB homologues have been identified, forming the ALKBH family (Gerken et al. 2007; Kurowski et al. 

2003). ALKBH2 and ALKBH3 (Figure 5) are part of an α-ketoglutarate Fe2+-dependent dioxygenase 

superfamily (Aas et al. 2003). Both enzymes remove DNA adducts in a two-step reaction where a 

hydroxylated intermediate spontaneously reacts to formaldehyde (Trewick et al. 2002). 

ALKBH2-deficient mice are prone to methylation-induced CRC compared to WT animals (Calvo et al. 

2012). 

Albeit O-alkylations represent only a minor part of the lesions, they bear higher mutagenic and genotoxic 

potential than the rather cytotoxic N-alkylations (Christmann et al. 2003). A pre-mutagenic DNA lesion 

is O6-MeG which, together with other O6-alkyl guanine adducts, is repaired by O6-methylguanin-DNA 

methyltransferase (MGMT) (Fahrer, Kaina 2013, 2016) (Figure 5). The suicide DNA repair protein 

MGMT catalyses the transfer of the methyl group of O6-MeG onto a cysteine residue in its catalytic cleft 

(Daniels et al. 2004; Guengerich et al. 2003), thereby reverting the damage on the guanine base. This 

reaction leads to inactivation of MGMT, which is subsequently degraded via the ubiquitin/proteasome 

pathway (Christmann, Kaina 2013). Since one MGMT only removes one lesion, the cells repair capacity 

for O6-MeG and other O6-alkyl guanine lesions directly correlates with the amount of MGMT proteins 

(Kaina et al. 2007). A special form of O6-alkylation DNA damage is the nitrosated bile acid DNA lesion 

O6-carboxymethylguanine (O6-CMG), which is frequently present in DNA of humans with a high 

consumption of red meat and therefore suspected to be a causative factor for colorectal carcinogenesis. 

The lesion is probably caused by the N-nitrosation of glycocholic acid, a component of the bile (Lewin 

et al. 2006). In contrast to prior studies (Shuker, Margison 1997), a recent article, published by Senthong 

and colleagues, reported that synthetic oligodeoxyribonucleotides containing O6-CMG inactivated 

MGMT in vitro. The inactivation went in line with transfer of the O6-alkyl group onto a cysteine residue 

in the active site of MGMT. The authors conclude that O6-CMG is a substrate for MGMT, and the suicide 

protein is likely to protect against O6-CMG induced CRC formation (Senthong et al. 2013). 
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Persistence of O6-MeG adducts has dramatic consequences for the cell including cytotoxicity, 

mutagenicity, and cancerogenicity. O6-MeG mispairs with thymidine during the first replication cycle and 

leads to a G:C to A:T transition mutation in the following replication cycle. The O6-MeG:T mismatch is 

recognised by the MMR and the mispaired thymidine removed. This causes aberrant MMR cycles which 

generate nuclease sensitive sites (e.g. single-strand gaps), which finally result in DNA double strand 

breaks (DSBs) due to the block of the replication fork (Kaina et al. 2007; Lips, Kaina 2001) (Figure 6). 

 
Figure 5: Repair of NOC-induced DNA damage. NOCs alkylate the DNA, yielding at least 12 different adducts. 

Majority of adducts (N3-MeA and N7-MeG) is repaired by the BER pathway. N1-MeA and N3-MeC DNA adducts 
are removed by AlkB homolog proteins (ALKBH2 and ALKBH3). O6-MeG and other O6-alkyl guanine adducts are 

reverted by MGMT (Fahrer und Kaina 2013). 

 



INTRODUCTION 

9 

The arising DSBs are highly cytotoxic, triggering apoptosis and causing chromosomal aberrations 

(Margison, Santibanez-Koref 2002), hence they activate DNA damage response (DDR) (Yoshioka et al. 

2006). In vitro studies revealed that a defective MMR system (e.g. loss of MLH1) mediates resistance 

to O6-MeG:T mispairings in terms of cytotoxicity (Roos, Kaina 2013) but enhances formation of G:C to 

A:T point mutations (Karran, Bignami 1994). 

 

1.2.2 INVOLVEMENT OF MGMT IN GENESIS OF NOC-INDUCED CRC 

The carcinogenesis of alkylating agents was studied using transgenic mice with altered MGMT 

expression. Therefore, animal strains overexpressing (Zaidi et al. 1995) and lacking MGMT (Sakumi et 

al. 1997; Wali 1999) were established. The studies revealed an enhanced sensitivity of MGMT k.o. 

animals towards lethal effects of NOCs like methylnitrosurea (MNU) in line with higher tumour formation 

compared to WT animals (Sakumi et al. 1997). MGMT plays an important role in colorectal 

carcinogenesis mediated by the alkylating agent azoxymethane (AOM). Upon treatment with AOM, 

animals overexpressing MGMT exhibit less ACF, a precursor of CRC, than WT animals (Zaidi et al. 

1995). In contrast, MGMT-deficient animals show a higher number of ACF and increased apoptosis 

induction (Bugni et al. 2009) in line with higher tumour rate (Wirtz et al. 2010). Inhibition of MGMT with 

O6-benzylguanine (O6-BG) in vivo resulted in an increased tumour formation compared to animals with 

unaffected MGMT (Wali 1999). Recently, our group performed a study in which both MGMT k.o. and 

BER-deficient AAG k.o. animals were challenged with the AOM/dextran sodium sulfate (DSS) model of 

colorectal carcinogenesis. MGMT was identified as crucial barrier against CRC formation at low 

alkylation damage load, whereas AAG was only relevant at high alkylation damage levels (Fahrer et al. 

2015). The MGMT repair capacity is correlating with its activity which differs along the colon with highest 

 
Figure 6: Repair of O6-MeG DNA methylation damage by MGMT and involvement of MMR (Kaina et al. 2007). 

See text for further details. 
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activity in the rectal region. Furthermore, MGMT activity is heterogeneous between individuals (Povey 

et al. 2000) and varies within tumours (Lees et al. 2002). Apart from animal studies, there is evidence 

linking MGMT to the aetiology of human CRC. Studies revealed that methylation of CpG sites in the 

MGMT promotor cause a reduction of MGMT protein expression, which can result in a complete loss of 

MGMT function (Herfarth et al. 1999). MGMT promotor methylation is especially important for sporadic 

CRC (Lind et al. 2004), whereas it is less prevalent in inflammation-associated disease (Matsumura et 

al. 2003). In addition, promotor hyper-methylation of MGMT was observed even in sporadic dysplastic 

ACF (Chan et al. 2002; Nagasaka et al. 2008), a precursor lesion of CRC. This is an early alteration, 

predisposing the mucosa to alkylating agents like NOC and thereby shortening the latency of CRC 

formation. The loss of MGMT by promotor hyper-methylation increases the frequency of G:C to A:T 

mutations of K-ras (Esteller et al. 2000; Nagasaka et al. 2008; Vogel et al. 2009). The dietary intake of 

haem-iron is associated with the already mentioned transition mutations in K-ras and increased risk for 

CRC (Gilsing et al. 2013). In summary, attenuated MGMT activity, often caused by promotor 

hyper-methylation, increases the risk for a K-ras mutation which benefits tumour progression (Fahrer, 

Kaina 2013, 2016). 

 

1.2.3 BER PATHWAY AND ITS RELATION TO NOC-INDUCED CRC 

DNA bases can be chemically damaged by a variety of mechanisms (e.g. exogenous and endogenous 

DNA reactive molecules). The most common lesions, which are repaired by the BER pathway, include 

apurinic/apurimidinic sites (AP sites) due to spontaneous hydrolysis of DNA bases, base oxidations, 

base alkylations, deaminated bases, and inappropriately incorporated uracil (Lindahl 1993). These 

lesions cause mutations, disrupt genomic integrity, interfere with the cell metabolism, resulting in 

premature aging and degenerative diseases such as cancer (Lombard et al. 2005). The damaged DNA 

base can be either removed by a monofunctional DNA glycosylase, resulting in an AP site or a 

bifunctional DNA glycosylase, which also holds AP lyase activity creating a DNA single strand break 

(SSB) by cleavage of the phosphodiester bond of the DNA. In the context of NOC induced lesions, BER 

is responsible for repair of N3-MeA und N7-MeG adducts. The damaged base is recognised and 

removed by the DNA glycosylase AAG, which cleavages the glyosidic bond connecting the base and 

the deoxyribose sugar of the DNA backbone (1.2.1). The AP site is processed by an AP endonuclease 

(APE) into a SSB, which is subsequently recognised by the poly(ADP-ribose) polymerase-1 (PARP-1) 

(1.3) and stimulates its catalytic activity (Mangerich, Bürkle 2012; Masson et al. 1998; Noren Hooten et 

al. 2011). PARP-1 recruits the scaffolding factor XRCC1 and other major BER factors, including DNA 

polymerase-β and DNA ligase III, forming a multiprotein complex responsible for repair (Audebert et al. 

2004; Caldecott et al. 1996; Confer et al. 2004; Leppard et al. 2003; Noren Hooten et al. 2011). 

Yet, little is known about the role of BER during colorectal carcinogenesis. Studies showed the protective 

role of AAG against NOC-induced CRC (Calvo et al. 2012; Fahrer et al. 2015; Meira et al. 2008; Wirtz 

et al. 2010). Our group recently reported that AAG protects against NOC-induced CRC in the 

AOM/DSS model at high alkylation damage levels, whereas MGMT protects the animals from CRC at 

low alkylation damage levels, mediating a carcinogenic threshold (Fahrer et al. 2015). Other studies 

revealed a reduction of colon length caused by repeated chemically induced colitis and higher number 
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of tumours induced by alkylating agents in AAG-/- animals (Calvo et al. 2012). AAG has no influence on 

the initiation response to NOCs. AAG-/- animals show a comparable amount of ACF in response to AOM 

alone. In addition, AAG was reported to suppress tumorigenesis after treatment with multiple cycles of 

2.5 % DSS (in absence of AOM) (Meira et al. 2008). Studies addressing the role of AAG in human CRC 

are still lacking, which is likely to relate to the fact that high levels of DNA N-alkylation are only found in 

humans during chemotherapy with alkylating agents (Fahrer, Kaina 2016). Interestingly, AAG 

expression is increased in inflamed tissue of patients suffering from ulcerative colitis, which might 

contribute to microsatellite instability (Hofseth et al. 2003).  
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1.3 POLY(ADP-RIBOSE) POLYMERASE 

In 1963, a novel nicotinamide mononucleotide (NMN)-dependent enzyme synthesising a 

poly(A) polymer was characterised by Chambon and colleagues (Chambon et al. 1963). Later, the 

pol(A) polymer was identified as poly(ADP)ribose (PAR) synthesised by the enzyme poly(ADP-ribose) 

polymerase (PARP). The following chapter provides an overview over PARPs, in particular PARP-1, 

and their function. 

 

1.3.1 POLY(ADP-RIBOSE) POLYMERASE-1 

PARP-1 is the funding member of the PARP family, which includes 17 members with different cellular 

functions (Hakme et al. 2008). PARP-1 catalyses the synthesis of PAR in a nicotinamide adenine 

dinucleotide (NAD+)-dependent manner. It’s activity accounts for 90 % of the stress-induced nuclear 

poly(ADP-ribosly)ation (PARylation) (Kim et al. 2005). The 113 kDa human protein PARP-1 comprises 

the following three structural domains (Figure 7): 

The N-terminal DNA binding domain (DBD) consists of two zinc-fingers (Zn1 and Zn2) responsible for 

recognition and binding of damaged DNA structures (A) (Lonskaya et al. 2005; Petrucco, Percudani 

2008), a nuclear localization signal (NLS) and a caspase-3 cleavage site (B), another zinc-finger domain 

(Zn3), modulating DNA-dependent activation and coordination of DNA binding (C) (Hoffman et al. 2008; 

Langelier et al. 2008; Langelier et al. 2010). The automodification domain (AD), accommodating a 

BRCT fold (BRCA1-C terminus), is important for protein: protein interaction (Loeffler et al. 2011) and the 

site of autoPARylation (D) (D'Amours et al. 1999), a tryptophane-, glycine-and arginine-rich WGR 

domain (E) (Hakme et al. 2008). The C-terminal catalytic domain (CD) is composed of a helical 

subdomain (HD) and an ADP-ribosyl transferase (ART) subdomain. The latter is conserved among 

ARTs and known to be important for catalysis as well as binding of NAD+. Furthermore, a PARP 

signature motif, designating members of the PARP family, is localised in this domain (F) (Megnin-Chanet 

et al. 2010; Ruf et al. 1996; Ruf et al. 1998). Besides being primarily activated by DSBs, PARP-1 can 

 
Figure 7: Structure of human PARP-1. The enzyme is organised in DNA-binding domain, automodification 

domain, and catalytic domain. The PARP signature motif is a conserved sequence designating members of the 
PARP family. Zn2 and Zn2: Zinc-finger motifs, Zn3: Zinc ribbon domain, NLS: nuclear localization signal, BRCT: 
BRCA1 carboxy terminus (Megnin-Chanet et al. 2010). 
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also be stimulated by posttranslational proteins modification and protein:protein interactions (Mangerich, 

Bürkle 2012). Activation of PARP-1 involves formation of a homodimer or heterodimer with PARP-2 

(Mendoza-Alvarez, Alvarez-Gonzalez 1993; Pion et al. 2003) (1.3.2). The detailed mechanism of PARP 

activation upon DNA damage and especially participation of the structural domains remains poorly 

understood. Recently, a new model of PARP-1 activation was proposed by Langelier and colleagues, 

which is based on the crystal structure analysis of PARP-1 in complex with a DSB: 

In absence of DNA, PARP-1 is organised in an open “beads-on-a-string” conformation. The native 

structure of the HD domain holds the ART domain in an idle state with low basal level of catalytic activity. 

Upon binding of a monomer to DNA, the WGR domain, Zn1, and Zn3 form the DNA-binding site. This 

conformational change alters flexibility and dynamics of the ART domain and leads to catalytic activation 

of PARP-1. In this compact confirmation, the AD domain is close to the catalytic site, establishing 

PARP-1’s high automodification potential. PARP-1’s conformational flexibility is crucial for a multi-step 

enzymatic reactions like poly(ADP-ribosyl)ation reaction. Here, initial PARylation of a protein side chain, 

multiple cycles of NAD+ hydrolysis, and repositioning of the arising polymer are necessary (Langelier et 

al. 2012). 

Albeit Langelier and colleagues can explain the role of the WGR domain and intramolecular PARylation, 

one must consider the fact, that crystal structure analysis of a truncated protein was the basis for the 

proposed model. Contrary models were formerly described in the literature, in which PARP1 dimerizes 

with contribution of both PARP molecules to binding of damaged DNA being essential (Ali et al. 2012; 

Coquelle, Glover 2012). PARP-1’s catalytic site is comprised of α-loop-β-α structural motif with three 

amino acids crucial for its activity. Lysine-893 and aspartate-993 are relevant for binding of the initial 

ADP-ribose molecule (Simonin et al. 1993), and glutamate-988 is essential for polymer extension. 

Furthermore, tyrosine-986 is pivotal for branching of the PAR chain (Marsischky et al. 1995). 
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1.3.2 OTHER MEMBERS OF THE PARP FAMILY 

Based on the catalytic domain of PARP-1, 16 related proteins have already been identified, forming the 

PARP protein family (Ame et al. 2004). Six of them have been reported to exhibit PARylation activity; 

however, the other members of the PARP family are presumably mono-ADP-ribosyltransferases or 

possess no catalytic activity (Hottiger et al. 2010) (Figure 8). 

Study of knock out (k.o.) mice revealed that animals lacking either PARP-1 or PARP-2 are viable. In 

contrast, loss of both enzymes leads to embryonic lethality, suggesting redundancy in their function 

(Menissier de Murcia et al. 2003). In agreement with this assumption, PARP-2 is also activated upon 

DNA damage. Furthermore, PARP-2-/- animals show the same enhanced sensitivity to ionizing radiation 

and alkylating agents, and display increased genomic instability like PARP-1-/- animals. Despite the 

redundancy, loss of PARP-2 leads to impaired spermatogenesis, adipogenesis, and T-cell development, 

indicating some exclusive functions of PARP-2 (Yelamos et al. 2008). In a similar manner, mice deficient 

either for tankyrase-1 (TNKS-1)/PARP5A or tankyrase-2 (TNKS-2)/PARP5B are viable, while absence 

of both tankyrase-1 and tankyrase-2 results in early embryonic lethality. TNKS-1 and TNKS-2 are 

redundant in their function but essential for embryonic development (Chiang et al. 2008). Both enzymes 

bear PARP-activity and post-translationally modify proteins participating in maintenance of telomere 

length, sister telomere association, glucose metabolism (Hsiao, Smith 2008), and organisation of the 

 
Figure 8: Table of PARP family members and their properties. aa: amino acid, ARTD: ADP-ribosyl transferase, 

BAL: B-aggressive lymphoma protein: COAST6: collaborator of signal transducer and activator of transcription 6,, 
ND: not determined, PARP: poly(ADP-ribose) polymerase, vPARP: vault PARP, ZAP1: zinc-finger antiviral protein 
1, ZC3HAV1: zinc-finger CCCH-type antiviral protein 1, ZC3HDC1: zinc-finger CCCH domain-containing protein 1. 
* Based on the revised nomenclature (Hottiger et al. 2010). ‡ Size of the human protein in amino acids. § Known 
or predicted enzymatic activity: mono- (M), oligo- (O) or poly(ADP-ribosyl)ation (P), or branching (B) (Gibson, Kraus 
2012). 
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mitotic spindle apparatus (Chang et al. 2005). Moreover, TNKS-1 is involved in separation of sister 

telomeres (Canudas et al. 2007) and control of axis inhibition protein 1 (Axin), a tumour suppressor and 

negative regulator of the Wnt/β-catenin signaling pathway (Morrone et al. 2012). 

 

1.3.3 POLY(ADP-RIBOSYL)ATION 

This chapter is a summary of the reaction catalysed by PARP, the so called PARylation. The NAD+ 

metabolism is briefly elucidated for better understanding. 

 

1.3.3.1 NAD METABOLISM 

First of all, a closer look on NAD+ and its metabolism is necessary to better understand PARylation, 

since the reaction is dependent on NAD+ as cosubstrate. The dinucleotide NAD+ is crucial for the 

metabolism of all living cells. It consists of two nucleotides connected on their phosphate groups. In the 

cell, NAD+ is prevalent in its oxidized form NAD+ and reduced form NADH, respectively, forming a potent 

redox couple. Generally, NAD+ is involved in redox reactions, accepting or donating electrons. NAD can 

be synthesised de novo from tryptophan or aspartic acid. In an alternate fashion, NAD+ can be obtained 

from vitamin B3 (niacin) and nucleosides containing a pyridine group. The mutual step in NAD+ 

generation is arising from the dinucleotide consisting of AMP and a pyridine nucleotide. Key enzyme in 

this reaction is the NMN adenyltransferase (NMNAT) transferring the adenyl group of ATP on the 

mononucleotide. Under excess of ATP, NAD+ is mostly synthesised from pyridine mononucleotides 

originating from exogenous sources. Beside its role in redox reactions, NAD+ can be phosphorylated by 

NAD kinase, converting NAD+ to NADP+. Latter is important for defence of reactive oxygen species 

(ROS), biosynthesis or detoxification reactions, and the oxidative burst during immune responses. A 

great moiety of NAD+ consuming processes are involved in the cells signalling, summarized as 

ADP-ribose transfer reactions, which include ADP-ribose cyclization, deacetylation of proteins by the 

sirtuin family, mono(ADP-ribosyl)ation associated with cell signalling, and of course PARylation. 

PARylation consumes a major part of the cell’s NAD+ pool and is therefore critical for maintenance of 

the energy balance (Chiarugi et al. 2012). Intense activation of PARP-1 causes depletion of NAD+, and 

ATP stocks in the cell. As a consequence, necrotic cell death is triggered by energy loss (Ha, Snyder 

1999). This is of particular importance for pathogenesis, such as ischemia reperfusion injury and 

myocardial infarction (Ebrahimkhani et al. 2014; Pacher, Szabo 2007). 

 

1.3.3.2 POLY(ADP-RIBOSYL)ATION 

PARylation is a posttranslational protein modification in which ADP-ribose units are transferred from 

NAD+ molecules onto glutamate, aspartate (D'Amours et al. 1999), and lysine residues of target proteins 

(Altmeyer et al. 2009). This results in the formation of a linear or branched polymer of PAR with unique 

1’’–2’ ribose-ribose glycosidic linkages and 5’–5’’ pyrophosphate linkages (Doly, Mandel 1967; Miwa et 

al. 1979; Miwa, Sugimura 1982; Nishizuka et al. 1967; Reeder et al. 1967; Sugimura, Fujimura 1967), 
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whereas branches are connected via 1’’’–2’’ ribose-ribose glycosidic bonds (Juarez-Salinas et al. 1982; 

Juarez-Salinas et al. 1983) (Figure 9). 

The length of the PAR chain can reach up to 200 molecules (Bürkle 2005). About 90 % of the PAR is 

synthesised by the nuclear enzyme PARP-1 in the cell (Kim et al. 2005). The tertiary structure of PAR 

is yet unclear. Due to its nucleic acid-like attributes, a helical formation of the polymer, stabilised through 

hydrogen bonds, was assumed, although nuclear magnetic resonance (NMR) analysis was not able to 

confirm this theory (Schultheisz et al. 2009). The assembly of the PAR polymer can be differentiated in 

the following steps: 

I. initiation: the initial ADP-ribose moiety is attached to the acceptor protein 

II. elongation: further ADP-ribose molecules are linked via 2’-1’’ glycosidic bonds 

III. branching: branches are attached via 2’’-1’’’ glycosidic bonds on the carbon of the parental chain 

(Alvarez-Gonzalez, Mendoza-Alvarez 1995). 

PARP-1 is the predominant target of PARylation, 90 % of PAR is found on PARP-1 itself (Huletsky et 

al. 1989). AutoPARylation can occur in different patterns. For one thing, an extensive amount of 

ADP-ribose chains with >200 units can be added to PARP-1 by itself, otherwise a single molecule 

(monoPARylation) or small chains up to 20 units in length (oligoPARylation) (D'Amours et al. 1999; 

Mendoza-Alvarez, Alvarez-Gonzalez 1999). Substantial autoPARylation of PARP-1 leads to 

 
Figure 9: Structure of the PAR polymer. PARP-1 cleaves the glycosidic bond connecting the nicotinamide and 

ribose moiety of the NAD+ molecule and covalently attaches an initial ADP-ribosyl unit to the acceptor protein. 
Subsequently, the enzyme catalyses elongation of the linear PAR chain with its characteristic ribose-ribose-
phosphate-phosphate backbone. Branches are attached via 1’’’-2’’ glycosidic linkages to the linear polymer 

(Mangerich, Bürkle 2012). 
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suppression of its DNA binding and catalytic activity (D'Amours et al. 1999). In vitro analysis confirmed 

PARP-1’s release from chromatin after activation and autoPARylation (Kim et al. 2004; Petesch, Lis 

2008; Tulin, Spradling 2003; Wacker et al. 2007). In contrast, the impact of minor autoPARylation of 

PARP-1 is still unclear. This might be a mechanism to alter PARP-1’s function (Krishnakumar, Kraus 

2010b). Over 40 target proteins for covalent PARylation have been identified in the past, playing 

important roles in the following processes: modulation of chromatin structure (e.g. histones, 

topoisomerases (Althaus, Richter 1987; D'Amours et al. 1999) and DEK (Fahrer et al. 2010; Kappes et 

al. 2008)), DNA synthesis (e.g. DNA ligases and DNA polymerases), transcription 

(e.g. RNA polymerases and HMG proteins), and cell cycle (e.g. p53 and of proliferating cell nuclear 

antigen (PCNA)) (Althaus, Richter 1987; D'Amours et al. 1999). 

Numerous proteins can interact with PAR in a non-covalent manner (Krietsch et al. 2013), yet with high 

affinity and specificity depending on PAR chain length (Fahrer et al. 2007). A special sequence of AAs 

is suggested to be responsible for non-covalent interactions. Four different motifs respectively domains 

have been reported in the past. The so called PAR-binding motif (PBM) is present in many proteins 

involved in DNA repair, chromatin remodelling, and ribonucleic acid (RNA) processing (Gagne et al. 

2008). The PBM is characterised by a N-terminal sequence of basic AAs (HKR]1-X2-X3-[AIQVY]4-[KR]5-

[KR]6-[AILV]7-[FILPV]8), which carries several Lys-Arg clusters interrupted by hydrophobic AAs 

(Pleschke et al. 2000). It is likely that the basic and hydrophilic residues of this motif cooperate to 

recognise PAR. Variations in the sequence of PBMs might indicate a general affinity to charged 

polymers including PAR, RNA, or DNA (Huambachano et al. 2011). The PAR-binding zinc finger (PBZ) 

represents the second motif that is able to bind PAR. The small and unstructured PBZ are related to 

singe stranded RNA (ssRNA)-binding zinc fingers. They are present in proteins participating in DNA 

damage response and check point control proteins. Alterations of the binding motif go in line with 

functional losses (Ahel et al. 2008; Eustermann et al. 2010; Isogai et al. 2010). A zinc-coordinated fold 

in the binding motif, which promotes interactions with one or two adenine residues of a PAR unit and 

the charcacteristic 1’’–2’ ribose-ribose glycosidic linkage of PAR, is responsible for the specificity for 

PAR polymers (Gibson, Kraus 2012). Another motif that binds to PAR is the so called macrodomain, 

which is found, among others, in histone macro H2A (Nusinow et al. 2007; Ouararhni et al. 2006) and 

members of the macroPARP family (Oberoi et al. 2010). The macrodomain shows affinity for the 

ADP-ribose units of the PAR polymer and, moreover, for other NAD+ metabolites (e.g. ADP-ribose and 

O-acetyl-ADP-ribose) (Karras et al. 2005; Neuvonen, Ahola 2009). The WWE domain is the fourth 

known PAR binding motif, which is present in ligases including E3 ubiquitin-protein ligase RNF146 

(Zhang et al. 2011), and interacts with iso-ADP ribose (e.g. the ADP-ribose monomer) (Aravind 2001; 

Wang et al. 2012). 

 

1.3.4 DEGRADATION OF PAR 

PARylation is a transient process with rapid turnover and responsive temporal regulation of target 

proteins. A variety of enzymes play a role in PAR catabolism, from which poly(ADPribose) 

glycohydrolase (PARG) is the most prominent. PARG exists in five posttranscriptionally modified 

variants, which all exhibit endo- as well as exoglycohydrolase activity. The enzyme is localised in 
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different compartments of the cell, including nucleus, cytoplasm and mitochondria (Meyer et al. 2007; 

Meyer-Ficca et al. 2004; Niere et al. 2008; Niere et al. 2012). A further important PAR degrading enzyme 

is the ADP-ribosylhydrolase 3 (ARH3), which hydrolyses the polymer but is, in contrast to PARG, not 

competent to cleave the terminal ADP-ribose unit directly mounted to the target protein (Niere et al. 

2012). 

 

1.3.5 ROLE OF PARP-1 IN DNA REPAIR 

DNA strand breaks initiate recruitment of PARP-1 to the site of damage where its activity dramatically 

increases (up to 500-fold) (Jacobson, Jacobson 1976). The formed polymer disrupts the function of 

modified proteins, including PARP-1 itself, with its large negative charge density. This leads to reduced 

affinity of PARP-1 to negatively charged DNA by electrostatic repulsion. Furthermore, PARylation of 

histones leads to decondensation and relaxation of the chromatin, which renders the DNA accessible to 

repair proteins recruited by PARP-1 respectively PARylation (Althaus 1992). The absence of PARP-1 

has been associated with sensitivity towards the geno- and cytotoxic effects of alkylating agents and 

ionising radiation in vitro and in vivo (Mangerich, Bürkle 2012; Murcia et al. 1997). 

PARP-1’s involvement in BER and the repair pathway are described in 1.2.3. 

Beside its crucial role in BER, studies revealed the contribution of PARP-1 to other repair pathways. 

The nucleotide excision repair (NER) removes bulky helix-distorting DNA adducts evoked by 

UV radiation and endogenous metabolites (Hoeijmakers 2001). Here, DNA-dependent ATPase 

Cockayne syndrome group B (CSB) (Flohr et al. 2003; Thorslund et al. 2005), damage specific 

DNA binding protein 2 (DDB2) (Pines et al. 2012), and DNA damage recognition and repair factor 

xeroderma pigmentosus (XPA) (Fahrer et al. 2007; Garinis et al. 2008; King et al. 2012; Pleschke et al. 

2000) have been reported to interact with PARP-1. Additionally, in vitro studies confirmed 

PARP1 activation upon exposure to UV irradiation (King et al. 2012). 

DSBs represent the most critical and cytotoxic type of DNA damage caused by ionizing radiation, free 

radicals, chemicals, or disruption of the replication fork. Two mechanisms can repair DSBs: the error 

free homologous recombination repair (HRR) and the error prone non-homologous end-joining (NHEJ). 

Shrivastav and colleagues suggested that PARP-1 acts as a DNA-damage-detecting molecule 

activating the appropriate DSB repair pathway (Shrivastav et al. 2008). HRR requires a sister chromatid 

as template for repair of the DSB and can therefore only succeed in S and G2 phases (Christmann et al. 

2003). At initial steps, PARP-1 contributes by interaction with the DSB sensing 

MRE11/Rad50/NBS1 (MRN) complex potentially guiding them to the site of damage and competes with 

them for binding at free DNA ends (Haince et al. 2008). Additionally, PARP-1 cooperates with the 

phosphatidyl inositol 3-like protein kinase (PIKK) ataxia telangiectasia mutated (ATM), which is essential 

for DSB damage signalling (Aguilar-Quesada et al. 2007; Haince et al. 2007). In contrast, NHEJ joins 

the free ends of the DNA strand without a template, which is likely to result in insertions or deletions and 

frame-shift mutations (Christmann et al. 2003). PARP-1 recruits Ku70/80 at the DSB, thereby initiating 

the repair process. Moreover, PARP-1 competes with Ku70/80 for binding at free DNA ends (Wang et 

al. 2006) and interacts with the PIKK DNA-dependent protein kinase catalytic subunit (DNA-PKcs), 
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which, in association with Ku70/80, processes the DSB (Ruscetti et al. 1998; Spagnolo et al. 2012). An 

alternative end joining pathway, backup non-homologous end-joining (B-NHEJ), is activated when the 

HRR (Soni et al. 2014) and the classical DNA-PK-dependent NHEJ fails (Iliakis 2009). Failure of HRR 

and NHEJ can result from loss of an essential factor (e.g. by mutation) or failures in repair of individual 

DSBs (e.g. malfunctioning assembly of repair machinery or lacking key factors) (Schipler, Iliakis 2013). 

Multiple studies successfully confirmed the dependency of B-NHEJ on PARP-1 (Audebert et al. 2004; 

Schipler, Iliakis 2013; Soni et al. 2014; Wang et al. 2006). 

 

1.3.6 PARP-1 AND IMMUNE RESPONSE 

A brief summary of the immune response is presented to put the processes in which PARP-1 takes part 

in a broader context. 

 

1.3.6.1 THE INNATE IMMUNE RESPONSE 

The unspecific innate immune defence responds to microorganisms and pathogens in an universal way 

(Litman et al. 2005) and does not confer a persisting immunity against a specific pathogen. However, it 

is the dominant host defence mechanism in most organisms. Inflammation represents the frontline 

response to infection or irritation driven by chemical factors, which are secreted by harmed cells (Alberts 

2002; Matzinger 2002; Medzhitov 2007). Inflammation establishes a physical barrier preventing a 

spreading of the infection and facilitates healing of damaged tissue after elimination of pathogens. Acute 

inflammation is initiated by immune cells resident in the tissue: macrophages, dendritic cells, histiocytes, 

Kupffer cells, and mastocytes. The immune cells are equipped with pattern recognition receptors (PRRs) 

competent for recognition of pathogen-associated molecular patterns (PAMPs). PAMPs are specific 

pathogens-related molecules including bacterial lipopolysaccharides or proteins and nucleic acids of 

viruses. Toll-like receptors (TLRs) are a class of PRRs, playing a key role in the innate immune 

response. TLRs are expressed on the surface of sentinel cells (e.g. macrophages and dendritic cells) 

which promote the subsequent adaptive immune response upon recognition of a PAMP. Inflammatory 

mediators causing the clinical characteristics of inflammation are released by activated immune cells. 

These pro-inflammatory factors (histamine, bradykinin, serotonin, leukotrienes, and prostaglandins) 

promote sensitisation of pain receptors, local vasodilatation, and attraction of phagocytes (Stvrtinová et 

al. 1995). A major part of the phagocytes is constituted of neutrophils, which trigger further parts of the 

immune system by secretion of factors attracting leukocytes and lymphocytes. Leukocytes of the innate 

immune system include: natural killer cells, mast cells, eosinophils, basophils, and phagocytic cells. 

Phagocytic cells can be further distinguished into macrophages, neutrophils, and dendritic cells 

(Janeway 2005). Cytokines produced by cells of the innate immune system, especially macrophages, 

maintain the inflammatory response. Important cytokines are high mobility group box 1 protein 

(HMGB1), interleukin-1 (IL-1), and the tumour necrosis factor superfamily (TNF) (Lotze, Tracey 2005), 

which are all reported to participate in the activation of the inflammatory master regulator nuclear factor 

'kappa-light-chain-enhancer' of activated B-cells (NF-κB) (Ebrahimkhani et al. 2014; Fitzgerald et al. 
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2007; Luan et al. 2010; Renard et al. 1997). Additionally, ROS, produced by macrophages, are also 

important for pro-inflammatory signalling (Hargrave et al. 2003). 

 

1.3.6.2 THE ADAPTIVE IMMUNE RESPONSE 

The adaptive immune system facilitates a stronger immune response and, in contrast to the innate 

immune system, even an immunological memory. Adaptive immune response works in an 

antigen-specific manner and requires identification of pathogen-exclusive antigens for the so-called 

antigen presentation. This response is slower than the innate immune response but allows a particular 

response only targeting pathogens or infected cells. Specific memory cells can easily eradicate a 

pathogen in case of repeated infection (Pancer, Cooper 2006). A subpopulation of leukocytes, the 

lymphocytes, which derive from hematopoietic stem cells, constitute the adaptive immune system. The 

major cell types are the B-cells being responsible for the humoral immune response and T-cells that are 

responsible for cell-mediated response. Both cell types are equipped with receptor molecules to identify 

specific targets. T-cells are only able to recognise pathogens after the antigens have been presented in 

combination with a major histocompatibility complex (MHC) molecule. In contrast, the receptor 

prominent on the surface of B-cells is able to recognise whole pathogen without prior processing of 

antigens (Janeway 2005). 

 

1.3.6.3 ROLE OF PARP-1 IN THE INFLAMMATORY RESPONSE 

Genetic studies in PARP-1-/- mice revealed the involvement of PARP-1 in inflammatory processes and 

related pathologies. PARP-1-deficient animals are protected from inflammation-associated pathologies 

including ischemic infarction, collagen induced arthritis, and LPS-induced septic shock (Chevanne et al. 

2007; Hassa, Hottiger 2002). Further, loss of PARP-1 causes resistance to MPTP-induced Parkinson’s 

disease and streptozotocin-induced diabetes mellitus (Burkart et al. 1999; Mandir et al. 1999; Masutani 

et al. 1999; Pieper et al. 1999). Various studies reported that PARP-1 is involved in transcriptional 

processes by either general chromatin remodelling or interaction and regulation of transcription factors 

(Braun, Anderson 2007; Kraus 2008). NF-κB is a central player regulating gene expression in response 

to inflammatory stimuli. The homo- or hetero-dimeric transcription factor is assembled of two Rel family 

members including RelA/p65, RelB, c-Rel, p50, and p52, of which p65 and p50 represent the major 

subunits. Inactive NF-κB is bound to inhibitor of κB (IκB) proteins in the cytoplasm, which are 

phosphorylated upon inflammatory stimuli by IκB kinases (IKKs). Ubiquitination and proteasomal 

degradation of IκBs releases NF-κB, which translocates into the nucleus. Here, NF-κB acts as a 

transcription factor activating preferentially inflammation-related genes (Hayden, Ghosh 2008). 

Posttranslational modifications and transcriptional cofactors strictly regulate NF-κB within the nucleus. 

Importantly, NF-κB activates the expression of genes related to aging in both mice and humans (Adler 

et al. 2008). Recent studies unveiled that hyperactive NF-κB signalling promotes premature aging in 

mice (Kawahara et al. 2009). Moreover, inhibition of NF-κB in aged mice successfully reversed several 

characteristics of skin aging (Adler et al. 2007; Adler et al. 2008). In line with these findings, the lifespan 

of Drosophila melanogaster was extended by about 15 % through pharmacological suppression of 
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NF κB (Moskalev, Shaposhnikov 2011). In vitro studies in human fibroblasts revealed an induction of 

NF-κB-dependent gene transcription in response to genotoxic stress and suggest a role of NF-κB in the 

aetiology of senescence (Rovillain et al. 2011). In accordance with this, NF-κB signalling contributes to 

the maintenance of senescence (Wang et al. 2009b) and is necessary for transcription of many factors 

of the senescence-associated secretory phenotype (SASP) (Freund et al. 2010; Ohanna et al. 2011). 

Taken together, there is a growing body of evidence for the crucial role of NF-κB in aging and related 

diseases (Tilstra et al. 2011). 

PARP-1 and NF-κB show very similar activation and expression patterns in many tissues (Mangerich, 

Bürkle 2012). This notion was supported by the discovery that PARP-1−/− mice exhibit changes in 

expression of NF-κB-dependent pro-inflammatory mediators including TNFα, IL6, E-selectin, ICAM-1 

and nitric oxide synthase (NOS) (Haddad et al. 2006; Hassa, Hottiger 2002; Jijon et al. 2000; Naura et 

al. 2009; Oliver et al. 1999). PARP-1 was found to interact with the p65 and p50 subunits of NF-κB 

(Hassa, Hottiger 2002). Inflammatory stimuli facilitate the interaction of PARP-1 with histone 

acetyl-transferases p300 and CREB-binding protein (CBP) to activate NF-κB-dependent gene 

expression in a synergistic manner. The acetylation of PARP-1 by p300/CBP is necessary for the 

interaction of PARP-1 with p50, enhancement of p300–p50 interaction, and coactivation of 

NF-κB-mediated gene expression (Hassa et al. 2003; Hoesel, Schmid 2013). The subsequent 

expression of pro-inflammatory mediators leads to the generation of reactive chemicals, which 

themselves cause additional DNA damage, thereby establishing a positive feedback mechanism of 

PARP-1 activation. In this context, neither DNA binding nor catalytic activity of PARP-1 was required for 

activation of NF-κB (Hassa et al. 2001). However, PARP-1 acts as a trigger for translocation of NF-κB 

to the nucleus (Stilmann et al. 2009), while inhibition of PARP’s catalytic activity is enough to reduce the 

expression of the pro-inflammatory mediators mentioned above in vitro and in vivo (Haddad et al. 2006; 

Hottiger, Altmeyer 2009; Jijon et al. 2000). A model presented by Mangerich and Bürkle in 2012 

describes the recruitment of PARP-1 to DNA strand breaks followed by autoPARylation. Automodified 

PARP-1 dissociates from the DNA strand and then recruits further factors (including SUMO1 ligase 

PIASy, IKKγ (NEMO), and ATM) to form a signalosome. The complex is stabilised by protein:protein 

interactions of the recruited factors together with the binding of PIASy and ATM to the PAR polymer via 

specific binding motifs. In the next step, destabilisation of the signalosome by PARG results in the 

SUMOylation of IKKγ, followed by its translocation to the cytoplasm, phosphorylation of IκB proteins and 

thereby NF-kB activation. This signalling mechanism connects the role of PARP-1 in DNA damage 

signalling directly to the NF-κB mediated inflammatory response (Mangerich, Bürkle 2012) (Figure 10). 
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Beside the important role of NF-κB in the acute immune response, it is also involved in the elimination 

of degenerated and potentially cancerous cells. However, the activation of pro-inflammatory factors by 

PARP-1-NF-κB signalling might contribute to a low-level chronic inflammation, promoting tumour 

formation and aging (Ohanna et al. 2011). A disturbed regulation of the NF-κB signalling pathway was 

found in several types of cancer including breast, prostate, and head and neck cancer (Gilmore et al. 

2002). PARP inhibition might also alleviate adverse effects of anti-cancer drugs, suggesting a positive 

effect of inhibitors in multidrug regimens (Korkmaz et al. 2008). In addition, inhibition of the 

NF-κB signalling pathway is reported to disturb angiogenesis and metastasis (Huang et al. 2001; 

Ohanna et al. 2011). Surprisingly, HRR proficient human epidermal growth factor receptor 2 

(HER2)-positive breast cancer cells are reported to show sensitivity towards PARP inhibition through 

suppression of NF-κB-mediated signalling (Nowsheen et al. 2012). Challenge with a PARP inhibitor 

caused reduction of IKKα expression levels and phosphorylated p65 with increasing IkBα, which 

together result in attenuated NF-κB transcriptional activity in HER2-positive breast cancer cells, while 

HER2-negative cells remain unaffected (Nowsheen et al. 2012). Overexpression of HER2 alone 

mediates sensitivity to PARP inhibition, indicating synthetic lethality with PARP inhibition in HER2 

overexpressing cancer cells via NF-κB-related signal pathways (Weaver, Yang 2013). A recent work 

studied the innate inflammatory response in PARP-1-deficient mice after challenge with DSS only. The 

resistance to chemically induced colitis of PARP-1-/- animals goes in line with reduced expression of 

pro-inflammatory cytokines including interferon-γ (IFNγ) and tumour necrosis factor alpha (TNFα), a 

transcriptional reprogramming of the colon, and modulation of the microbial flora in the gut (Larmonier 

et al. 2016). 

 

Figure 10: PARP-1 mediated activation of NF-κB. PARP-1 activation through DNA damage includes formation 

of a signalosome which causes NF-κB activation (Mangerich, Bürkle 2012). 
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1.3.7 OTHER FUNCTIONS OF PARP-1 

1.3.7.1 TRANSCRIPTION 

Electrostatic repulsion between the PAR polymer and the DNA also influences transcriptional processes. 

PARylation of transcription factors abrogates their DNA binding and thus activation of target genes 

(Mendoza-Alvarez, Alvarez-Gonzalez 2001; Oei et al. 1997; Wesierska-Gadek et al. 1996b). Formation 

of the pre-initiation complex is inhibited by PARylation of the TATA-binding protein (Oei et al. 1998b; 

Oei et al. 1998a). Notably, PARylation of histones, leading to remodelling of chromosomes and 

relaxation of chromatin, renders DNA sequences accessible and thereby allows transcription (Beneke 

2012). DNA methylation is another important mechanism, influencing the transcription of genes. The 

methylation of CpG sites in the promoter region of genes can reduce their expression (Herfarth et al. 

1999). The cytosine bases in the CpG sites are transformed to 5-methylcytosine by an enzyme called 

DNA methyltransferase (DNMT) (Bird 2002), which harbours two PBMs (Reale et al. 2005). Studies 

demonstrated a hypermethylation of DNA caused by inhibition of PARP-1 (Capoa et al. 1999; Zardo et 

al. 1999) and alteration of DNA methylation patterns in case of PARP-1 over-activation (Guastafierro et 

al. 2008). PAR is suggested to compete with DNA for binding of DMNT, thus inhibiting DNA methylation 

(Zampieri et al. 2009). In a more specific manner, PARP-1 can promote the activity of RNA polymerase II 

at promoters through a histone demethylase KDM5B-dependent way (Krishnakumar, Kraus 2010a), 

enhancement of the RNA polymerase II mediator complex by PARylation of repressing factors (Gamble, 

Fisher 2007), and formation of a scaffold structure to support RNA polymerase II (Zobeck et al. 2010). 

 

1.3.7.2 TELOMER STABILITY 

PARP-1 is involved in the protection of the telomeres. The repetitive sequences at the end of the 

chromosomes are vulnerable to degradation during replication (Blasco 2005; Liu et al. 2004). According 

to the literature, few works revealed a loss of almost 1/3 of telomeric DNA in PARP-1-/- mice (Di d'Adda 

Fagagna et al. 1999; Tong et al. 2001), while other groups reported no effect (Espejel et al. 2004; 

Samper et al. 2001). However, inhibition of PARP-1 leads to the decrease of telomere length in line with 

the fact that reconstitution of PARP-1 activity allows regain in telomeric length (Beneke et al. 2008). 

PARP-1 is sporadically localised at normal telomeres, whereas it is abundant at eroded telomeres, 

preventing fusion of chromosomes and genomic instability (Gomez et al. 2006). Further, PARP-1 is 

known to interact with the Werner syndrome RecQ like helicase (WRN), which is also involved in 

telomeric maintenance (Rossi et al. 2010). Mutation of WRN causes the so called Werner syndrome, a 

disorder which causes premature aging of the patients (Mangerich, Bürkle 2012). 

 

1.3.7.3 DNA REPLICATION, CELL CYCLE AND MITOSIS 

During replication, the DNA is vulnerable to critical events like stalling replication forks from which 

cytotoxic DSBs can arise. Checkpoint pathways are important to maintain genomic integrity (Branzei, 

Foiani 2005, 2007). Upon detection of a stalled or collapsed replication fork, PARP-1 attracts the MRN 

complex, which is needed for processing of the DNA ends. Subsequently, the intermediate 

single-stranded DNA (ssDNA) is coated with replication protein A (RPA). HRR is then started by 
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replacement of RPA with RAD51 (Bryant et al. 2009; Jones, Petermann 2012). The 

topoisomerase I inhibitor camptothecin slows the replication fork and induces unusual structures like a 

“reversed fork”. The DNA polymerase extends the new DNA strand in reversed direction, giving rise to 

a trident shaped structure. PARP-1 is necessary for the successful repair of the degenerated fork and 

prevention DSB (Ray Chaudhuri et al. 2012). Mitosis is another process that is critical for genomic 

integrity (Scholey et al. 2003). The PARP family member TNKS1 (1.3.2) acts as a key regulator for 

assembly of the mitotic spindle, and also PARP-3 was recently reported to contribute to this event 

(Boehler et al. 2011). Moreover, PARP-1 and PARP-2 interact with the centromere proteins Cenpa, 

Cenpb and the spindle check point protein Bub3 (Kanai et al. 2000; Kanai et al. 2003; Kanai et al. 2007; 

Saxena et al. 2002a; Saxena et al. 2002b). 

 

1.3.7.4 p53 TUMOUR SUPPRESSOR PROTEIN 

The tumour suppressor p53 has a central function in genomic maintenance (Gomez-Lazaro et al. 2004; 

Romer et al. 2006). Upon DNA damage, p53 either halts the cell cycle to allow DNA repair or, in case 

of severe damage, triggers apoptosis (Reinhardt, Schumacher 2012). Studies revealed lower p53 levels 

in PARP-1-deficient cells and demonstrated direct interaction of the two proteins in vitro as well as in vivo 

(Wesierska-Gadek et al. 1996a; Wesierska-Gadek et al. 1996b; Wesierska-Gadek et al. 2003a, 2003b). 

p53 holds three PBMs, which facilitate a differential response to PAR formation induced by DNA damage 

(Malanga 1998). Low PAR levels obstruct the association of p53 with ssDNA and favour its 

transcriptional activity. In contrast, high PAR levels prevent the association of p53 with 

double-stranded DNA (dsDNA), thereby promoting its transcriptional activity. Moreover, excessive 

PARP-1 activation in line with massive consumption of NAD+ is suggested to inhibit p53 activities and 

thus contributing to initiation of apoptosis (Alano et al. 2004; Malanga, Althaus 2005; Yu et al. 2002). 

High PAR levels induced by DNA damage are reported to mask the nuclear export sequence of p53, 

resulting in an accumulation in the nucleus. Accumulation of p53 in the nucleus leads to subsequent 

activation of its transactivational functions including the induction of cell cycle arrest and apoptosis 

(Kanai et al. 2007; Malanga, Althaus 2005). 

 

1.3.7.5 CELL DEATH 

PARP-1 is involved in several cell death pathways. Depending on its activity, PARP-1 consumes a large 

portion of the cellular NAD+ stock (Berger, Berger 1986; Carson et al. 1988; Juarez-Salinas et al. 1979). 

The result of PARP-1 hyperactivation is depletion of cellular energy resources (NAD+ and ATP) upon 

DNA damage, triggering necrosis (Huang et al. 2009; Zong et al. 2004). The degradation of PAR by 

PARG creates a huge amount of ADP-ribose, which is further hydrolysed to phosphoribose and AMP 

by the pyrophosphohydrolases NUDIX, NUDT5 and NUTD9 (Formentini et al. 2009). The altered 

AMP:ATP ratio triggers autophagy via inhibition of the TORC1 signal pathway (Ethier et al. 2012). 

Moreover, PARP-1 is able to induce cell death through modulation of p53 (Beneke et al. 2000; Kumari 

et al. 1998). PARP-1 is cleaved by caspase-3/7 in a small (24 kDa) and a large (89 kDA) fragment in 
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order to inactivate the catalytic activity of the enzyme and prevent depletion of the cellular energy 

resources during apoptosis (Germain et al. 1999; Koh et al. 2005). 

PARP-1 regulates the c-Jun N-terminal kinase (JNK)-mediated necrotic cell death (Chen et al. 2001; 

Yang et al. 2004). MAP kinase phosphatase MKP-1 expression and Akt/protein kinase B, which both 

activate JNK, are inhibited by PARP-1 (Racz et al. 2010; Szanto et al. 2009). Furthermore, PARP-1 

triggers a caspase-independent pathway of cell death named “Parthanatos” (Andrabi et al. 2006; David 

et al. 2009). PAR, either as free polymer or protein-associated, translocates from the nucleus into the 

cytosol leading to the release of apoptotic inducing factor (AIF) from the mitochondria. Subsequently, 

AIF shifts into the nucleus to promote cell death (Andrabi et al. 2008; Chiu et al. 2011). 
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1.3.8 INFLUENCE OF PARP-1 ON TUMOURIGENESIS 

Beyond its contribution to DNA repair, inflammation, genomic maintenance, and the other processes 

presented previously in this work, PARP-1 influences the activity of JNK and extracellular-signal 

regulated kinases (ERK) in a positive manner, thus promoting MAPK-dependent growth signalling 

(Chiarugi et al. 2012; Racz et al. 2010), which has been identified as a driver of tumour development 

and treatment response in many cancers (Chen et al. 2001; Yang et al. 2004). Beside cell death, ERK 

facilitates tumour progression, angiogenesis, and metastasis. The activation of ERK contributes to the 

survival of cancer cells by the induction of anti-apoptotic proteins and suppression of caspase activity 

(Boucher et al. 2000). Disruption of the ERK signal pathway has been linked to the suppression of 

tumour growth (Kandala et al. 2012), reduced metastatic potential (Kim et al. 2012), and sensitivity to 

cytotoxic agents (Kohno et al. 2011). 

PARP-1 is involved in a plethora of cellular functions, including both DNA-repair related (1.2.3 and 1.3.5) 

and unrelated (1.3.6 and 1.3.7) processes, making it a worthwhile target for prevention and even therapy 

of cancer. A recent review summarised the DNA repair-independent functions and related them to the 

“hallmarks of cancer” proposed by Hanahan and Weinberg (Weaver, Yang 2013) (Figure 11). 

 

 
Figure 11: DNA repair-unrelated functions of PARP-1 influencing the “hallmarks of cancer” (Hanahan, 
Weinberg 2011). The figure summarises PARP-1-dependent processes which either suppress (red box) or 

stimulate (green box) the “hallmarks of cancer”, proposed by Hanahan and Weinberg (Weaver, Yang 2013). See 
chapters 1.3.6.3 ,  and 1.3.7 for details. 
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1.3.8.1 PARP INHIBITORS AND CANCER THERAPY 

Lately, PARP-1 inhibitors gained great attention for their use in cancer therapy, either alone or in 

combination with other anti-cancer drugs. Studies of PARP-1 inhibitors for possible anticancer treatment 

exploit a mechanism called synthetic lethality. Inhibition of PARP-1 is cytotoxic in cells with defective 

HRR, whereas HRR proficient cells show no sensitivity. This includes cancers cells lacking BRCA2 

(Bryant et al. 2005), tumour cells deficient for ATM (Weston et al. 2010), microsatellite unstable CRC 

cells lacking functional MRE11 (Vilar et al. 2011), and RAD51C-deficient cancer cells (Min et al. 2013). 

Meanwhile, the initial model has been challenged by several reports (Helleday 2011). The initial model 

suggests that the inhibition of PARP-1 causes the persistence of SSBs, which lead to collapse of the 

replication fork and the formation of one-ended DSBs. DSB-induction would be selectively toxic in 

BRCA-deficient cells lacking HRR (Bryant et al. 2005). In the second model, PARP-1 inhibitors are 

expected to trap PARP-1 onto SSBs, which are formed spontaneously or as intermediate during BER. 

This might create an obstacle for the replication machinery, which requires HRR to bypass (Strom et al. 

2011). The third model proposes that PARP and HRR are activated in case of stalling of the replication 

fork due to the absence of replication factors or obstacles. This activates distinct pathways to restart the 

replication fork, including Mre11-dependent replication restart by HRR (Bryant et al. 2009). Additionally, 

PARP-1 activity plays a role in regulation of NEHJ in HRR-deficient cells and beyond that deregulation 

of NEHJ plays a central role in synthetic lethality (Patel et al. 2011). Further, studies reported that the 

deprivation of PARP-1 can inhibit the expression of the HRR key factors BRCA1 and RAD51 (Hegan et 

al. 2010). 

PARP inhibitors are divided in six classes, according to their chemical structure (Mangerich, Bürkle 

2011; Southan, Szabo 2003): 

I. Benzamide analogues: A class with low potency and specificity, members are Nicotinamide, 

3-aminobenzamide, and iniparib, which reached a phase III clinical trial. Unfortunately, a recent 

in vitro study could not confirm the inhibition of PARP by iniparib (Patel et al. 2012). 

II. Isoquinolinones and dihydroisoquinolinones: This class is more effective compared to members 

of the first class. 3, 4-dihydroisoquinolin-1(2H)-ones and isoquinolin-1(2H)-ones. 

III. Benzimidazoles, indoles, and related compounds: Members of this class, such as 

benzimidazole-4-carboxamides, are characterised by an IC50 in the nanomolar range. A 

promising member, ABT-888 (also known as veliparib), was reported to enhance irinotecan 

treatment of CRC cell lines (Davidson et al. 2013) and has lately entered phase II clinical trials. 

It is applied for the treatment of solid tumors and together with TMZ in the treatment of 

glioblastoma (Kummar et al. 2011; Kummar et al. 2012). 

IV. Phthalazin-1(2H)-ones and quinazolinones: This class exhibits good efficacy and 

pharmacokinetics. AZD2281 (also known as olaparib) is used in clinical trials for the treatment 

of solid tumours (Marchetti, Imperiale et al. 2012). Notably, olaparib was applied after failure of 

the standard therapy of colorectal cancer but lacked activity regardless of the tumour’s 

microsatellite status (Leichman et al. 2016). 

V. Isoindolinones: A class with good potency that is used in experimental studies. 

VI. Phenanthridinones: Members of this class are also limited to the use in research. 
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1.3.8.2 ROLE OF PARP-1 IN THE AETHIOLOGY OF CRC 

Several studies confirmed increased PARP-1 mRNA and protein levels in human CRC (Idogawa et al. 

2005; Nosho et al. 2006; Sulzyc-Bielicka et al. 2012), which is associated with localisation and stage of 

the tumour. PARP-1 expression was higher in colonic tumours compared to rectal tumours and also 

higher in Duke’s B compared to Duke’s C (Sulzyc-Bielicka et al. 2012). 

PARP-1 was identified as coactivator of the β-catenin/T-cell factor(TCF)-4 complex (Idogawa et al. 

2005), which plays a crucial role in the initiation of intestinal carcinogenesis (Giles et al. 2003). As 

described in (1.1.2), loss of APC, a common alteration during early genesis of human CRC, results in 

cytoplasmic accumulation of β-catenin (Vogelstein, Kinzler 2002). β-catenin forms a complex with the 

TCF-4, which only activates its target genes upon binding to β-catenin (Idogawa et al. 2005). In intestinal 

epithelial cells, TCF-4 regulates genes involved in growth and differentiation (e.g. cyclin D1 and c-myc). 

Moreover, PARP-1 was reported to be a target of the cellular myelocytomatosis oncogene (c-Myc) (Shiio 

et al. 2002), which is regulated by the β-catenin/TCF-4 complex (He et al. 1998), indicating an indirect 

regulation of PARP-1 by the β-catenin/TCF-4 complex (Idogawa et al. 2005). A study analysing the 

expression levels of PARP-1, β-catenin, c-myc and cyclin D1 in human CRC confirmed increased mRNA 

levels in early stage of CRC. Further, overexpression of PARP-1 is associated with β-catenin 

overexpression. Idogawa and colleagues reported a competitive regulation of the 

β-catenin/TCF-4-mediated gene activation by Ku70, which is part of the NHEJ and PARP-1. This finding 

indicates a potential linkage between DNA damage recognition and the Wnt signalling pathway 

(Idogawa et al. 2007). 

About 440 single-nucleotide polymorphisms (SNPs) of PARP-1 have been reported in the last years. 

The Val762Ala SNP is the best known alteration and the only one associated with increased cancer risk 

(Yu et al. 2012; Zaremba et al. 2009). The mutation is a result of a base substitution in the PARP 

signature motif of the catalytic domain, which changes the enzymes catalytic activity by 30–40 % (Cottet 

et al. 2000) and possibly impairs the BER repair pathway (Wang et al. 2007). Noteworthy, the 

association of the Val762Ala SNP is heterogeneous among populations. An increased risk for cancer 

was observed in Chinese, whereas Caucasians showed decreased risk (Yu et al. 2012) and 

Saudi population (Alshammari et al. 2014) no change in risk. The Met129Thr genotype, which was only 

discovered in a single patient, located in one of PARP-1’s zinc finger motifs (Shiokawa et al. 2005), 

might change the interaction with the DNA strand (Alshammari et al. 2014), as the zinc finger motifs play 

a role in DNA binding of PARP-1 (Ali et al. 2012; Langelier et al. 2012; Shiokawa et al. 2005). 

Alshammari and colleagues identified two further mutations, which had an impact on CRC risk in the 

studied Saudi population. The mutations Lys933Asn and Lys945Asn, both located in the PARP-1 CD, 

are also suspected to impact the enzyme’s catalytic activity, possibly leading to its inactivation. 

Val762Ala and Met129Thr genotypes failed to affect cancer risk in Saudi population (Alshammari et al. 

2014). 

Taken together, alterations enhancing or disrupting the function of PARP-1 are likely to influence 

PARP-1-dependent processes in the cell (1.3.8), potentially leading to CRC formation. 

Only few clinical trials concerning PARP inhibitors for treatment of cancer focus on CRC (Table 1). 
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Table 1: Completed and current clinical trials treating CRC with PARP inhibitors (U.S. National Institutes of 

Health). 

Drug Clinical Trial Phase Intervention Patient risk stratification 

Olaparib Phase I Combination No 

Olaparib Phase III Monotherapy MSI status 

Veliparib Phase I Combination No 

Olaparib Phase II Combination No 

 

A recently completed clinical trial investigated the application of olaparib after failure of standard therapy 

of CRC but was not successful to show activity regardless of the tumour’s microsatellite status 

(Leichman et al. 2016). The PARP family members TNKS1 and TNKS2 might be promising targets since 

they regulate the canonical Wnt/β-catenin pathway, which plays an important role during the genesis of 

CRC (Clevers 2006) (1.1.2). Both enzyme regulate Axin, which is the bottleneck in β-catenin degradation 

(Huang et al. 2009). A drug combination approach is suggested to enhance the potential of 

TNKS inhibition. This notion is supported by studies showing increased potency of agents aiming at 

MEK- and EGFR-pathways, combined with TNKS inhibition in K-ras mutated CRC cell lines (Lau et al. 

2013) and lung cancer cell lines (Casas-Selves et al. 2012; Lupo, Trusolino 2014). Taken together, 

PARP inhibitors have failed to show an anti-cancer effect in clinical trials, yet. Future strategies exploiting 

specific pathways impaired in CRC, as described above, might be promising. 

 

1.4 AOM/DSS PROTOCOL OF COLORECTAL CARCINOGENESIS 

Laboratory animals rarely develop spontaneous colorectal tumours (Grasso, Creasey 1969). Hence, 

animal models utilising chemicals have been established to study CRC in rodents in the recent years. 

1,2-dimethylhydrazine (DMH) and its metabolite AOM have been used to study colorectal 

carcinogenesis in mice and rats. DMH and AOM require several steps for metabolic activation to 

generate DNA-reactive molecules. After application, AOM is transported via the blood stream to the liver 

as first organ of contact. AOM is hydroxylated by the phase I enzyme cytochrome P450 2E1 (CYP2E1) 

to methylazoxymethanol (MAM) (Delker et al. 1998; Sohn et al. 1991), which is also the aglyconic 

derivate of glycoside cycasin occurring in cycad genera (LAQUEUR 1964; Luca et al. 1980). The 

unstable compound MAM, which has a half-life of 12 h under physiological conditions (Feinberg, Zedeck 

1980; NAGASAWA et al. 1972), spontaneously decomposes to a highly reactive alkylating 

methyldiazonium ion (NAGASAWA et al. 1972). The methyldiazonium ion methylates macromolecules 

like the DNA, which results in the formation of the mutagenic lesions O6-MeG, N7-MeG (1.2.1), and 

O4-methylthymine (Herron, Shank 1979; Matsumoto, Higa 1966; O'Toole et al. 1993; Shank, Magee 

1967). The oxidation of MAM to methylazoxyformaldehyde by the alcohol dehydrogenase (ADH) was 

first proposed by Schoental (Schoental 1973), and in vitro studies confirmed the ability of ADH to 

metabolise MAM (Feinberg, Zedeck 1980; Notman et al. 1982). Subsequent in vivo testing of the 

metabolic MAM activation in class I ADH-deficient deer mice in comparison with class I ADH proficient 

animals revealed comparable metabolic rates and levels of liver DNA alkylation in both animal strains. 
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These studies concluded that ADH holds the potential but is not necessary for the metabolisation of 

MAM (Fiala et al. 1984; Zheng et al. 1993). In contrast, later studies showed that inhibition of CYP2E1 

in vitro prevented the oxidation of MAM (Sohn et al. 1991), and in vivo studies comparing CYP2E1 

negative mice to WT animals clearly confirmed the requirement of CYP2E1 for metabolic activation of 

MAM (Sohn et al. 2001). MAM can be conjugated with glucuronic acid by the phase II 

UDP-glucuronosyltransferase and is excreted via the bile into the bowel. In the colon, MAM-glucuronide 

is hydrolysed by bacterial and mucosal β-glucuronidase and subsequently metabolised by the gut flora 

(Fiala 1977; Reddy et al. 1974). Furthermore, the expression of CYP2E1 was reported in the human 

gastrointestinal tract (Thorn et al. 2005) (Figure 12). 

  

 
Figure 12: Metabolism of AOM in colon and liver. Upon transport to the liver via the blood stream, AOM is 

hydroxylated by the phase I enzyme CYP2E1 to MAM. MAM either hydrolyses spontaneously to a methyldiazonium 
ion (and formaldehyde) or can potentially be further metabolised by CYP2E1/alcohol dehydrogenase to 
methylazoxy formaldehyde. The latter can be transformed into a methyldiazonium (and formic acid). MAM is 
glucoronidated by the phase II UDP-glucuronosyltransferase and secreted via the bile into the bowel. Bacterial and 
mucosal β-glucuronidase activate the MAM again by cleavage of the glucuronic acid. Additionally, MAM can be 
systemically distributed. Scheme based on (Delker et al. 1998; Haase et al. 1973; Megaraj et al. 2014; Sohn et al. 
2001). 
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Early studies analysing CRC formation in rodents were performed with DMH (Deschner, Long 1977; 

Thurnherr et al. 1973). Subsequently, AOM was preferred due to advantages, such as reproducibility, 

high potency, simple mode of application, excellent stability in solution, and low price (Neufert et al. 

2007; Suzuki et al. 2006; Tanaka et al. 2003). The mechanism of human colorectal carcinogenesis is 

described as progression of healthy tissue to cancer with a sequential accumulation of mutations (1.1.2). 

AOM-induced tumours show many histopathological and molecular similarities with human CRC (Figure 

13). 

Consistent with human CRC, AOM/DSS-induced tumours have alterations in the 

APC/β-catenin-signalling pathway, including aberrant expression of APC as well as mutations and 

altered localisation patterns of β-catenin (Maltzman et al. 1997; Takahashi et al. 2000b; Vivona et al. 

1993; Wang et al. 1998). However, APC mutations are less frequent in rodents, and they are less likely 

to metastasise (Kobaek-Larsen et al. 2000; Neufert et al. 2007). Further, c-myc, cyclin D1, and 

cyclin-dependent kinase 4 (Cdk4), target genes of the APC/β-catenin-signalling pathway, are 

dysregulated (Wang et al. 1998). Human CRC and AOM/DSS-induced tumours share mutations in K-ras 

and increased protein levels of the inducible cyclooxygenase-2 (COX-2) as well as the nitric oxide 

synthase iNOS, which are involved in prostaglandin synthesis respectively nitric oxide synthesis 

(Takahashi et al. 2000b; Vivona et al. 1993). The mutation of β-catenin is reported as early event in both 

murine and human colorectal carcinogenesis. Alterations inactivating APC or activating β-catenin 

leading to stimulation of Wnt signalling are observed in most colon tumours in humans and rodents 

(Cooper et al. 2000; Takahashi et al. 2000a). AOM/DSS-induced tumours exhibit activation of the 

canonical Wnt pathway (Bissahoyo et al. 2005). Colitis-associated colonic neoplasms and tumours in 

both humans (Mikami et al. 2000) and rodents exhibit aberrant expression of β-catenin (Cooper et al. 

2000). The gene CTNNB1, which encodes β-catenin, is frequently mutated at codons 33, 41, and 45 of 

the glycogen synthase kinase-3β (GSK-3β) phosphorylation motif in human CRC without 

APC mutations. AOM/DSS-induced tumours in rodents are often altered at codons 32, 33, and 34 of 

 
Figure 13: Molecular features of human CRC and AOM-induced tumours in rodents. AOM-induced tumours 

share alterations in the β-catenin pathway, K-ras. c-Myc, TGFβ, and COX-2 with human CRC. Mutations in APC 
and the p53 pathway are less common in chemically induced colorectal tumours in rodents. iNOS is potentially 
involved in the formation of human CRC, while it is not necessary for AOM-induced tumour formation. See text for 
details. 
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CTNNB1 (Tanaka et al. 2005). Sporadic colorectal tumours induced with AOM show mutations in 

codons 33, 34, 37, and 41 of CTNNB1 but not at codon 32 (Cooper et al. 2000). Mutations in codons 37 

and 41, important sites for GSK-3β phosphorylation, are associated with higher oncogenic potential 

(Koesters et al. 2001). Similar to human CRC, AOM/DSS-induced tumours show upregulation of the 

Tcf-4 transcript (Svec et al. 2010). 

A great variety of mutations activating K-ras have been reported in human carcinogenesis. The 

activation of K-ras stimulates cell proliferation, transformation, and differentiation (Valencia et al. 1991). 

AOM/DSS-induced tumours share the involvement of activating K-ras mutations in early stages of 

colorectal carcinogenesis with human CRC (Takahashi, Wakabayashi 2004). 

The p53 pathway is an important checkpoint, altered in the aetiology of colitis-associated colonic 

neoplasms in both rodents and humans (Takesue et al. 2001). The ARF/p53 pathway, which limits 

proliferation and survival of cancer cells, is reported to be dysregulated in human carcinogenesis 

(Robertis et al. 2011). AOM/DSS-induced colonic dysplasia and neoplasms in rodents exhibit no 

aberrant expression of p53 (Tanaka et al. 2003). In accordance, colitis-associated tumours in rats show 

no mutations in p53 (Suzui et al. 1995). This might be attributable to the low frequency of mutations in 

p53 in chemically induced colorectal carcinogenesis in rodents (Robertis et al. 2011). 

Immunohistological assessment of p53 in DSS-induced colon tumours show p53 overexpression only 

in few tumours (Takesue et al. 2001). A study by Nambiar and colleagues suggested that ARF and p53 

are not altered in AOM-induced CRC, but p53 shows lower potential to activate or inhibit transcription 

of target genes (Nambiar et al. 2002). It should be noted that inhibition of p53 in the absence of sequence 

alterations might results from altered acetylation or phosphorylation patterns (Minamoto et al. 2001). 

Yet, it is unclear if p53 is suppressed by post-translational modifications in AOM-induced tumours 

(Robertis et al. 2011). 

c-Myc is known to contribute to a plethora of oncogenic processes (Knoepfler 2007). c-Myc is 

overexpressed in human CRC with both normal and altered Wnt/β-catenin signal pathways. It is target 

of the Wnt/β-catenin signalling pathway, while transforming grwoth factor-β (TGF-β) signalling is linked 

to inhibition of c-Myc. Multiple studies indicate that c-Myc plays a central role in the formation of human 

CRC (Frederick et al. 2004). Rodent studies revealed that decreased expression of c-Myc mediates 

resistance to colorectal carcinogenesis (Yekkala, Baudino 2007), which was confirmed by the inhibition 

of c-Myc in human CRC (Choi et al. 2008). In line with this, AOM/DSS-induced high grade carcinoma 

show an increased expression of c-Myc (Suzuki et al. 2007; Svec et al. 2010). 

Sporadic human CRC commonly acquires resistance to TGF-β signalling and, at later stages, increased 

TGF-β expression facilitates invasion and metastasis (Gordon, Blobe 2008). TGF-β1-deficient mice 

suffer from a lethal inflammation (Kulkarni et al. 1993). Mice additionally lacking Rag2 have no functional 

B- and T-cells and survive until adulthood but develop carcinoma of caecum and colon. This indicates 

that inflammation combined with the loss of TGF-β1 results in a predisposition to cancer (Engle et al. 

1999). In contrast to Tgfb1, Tgfb3 is downregulated in in the colonic mucosa of AOM/DSS treated mice 

(Suzuki et al. 2007). Downregulation of TGF-β3 has been casually linked to nitric oxide (Abdelaziz et al. 
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2001). Transgenic TGF-β-receptor negative mice showed a significantly increased number of tumours 

after challenge with AOM/DSS compared to WT animals (Becker et al. 2006b). 

COX-2 synthesises inflammatory mediators (prostaglandins and prostacyclins) from arachidonic acid. 

Increased COX-2 expression is linked with sites of inflammation and human CRC (Eberhart et al. 1994), 

and is also present in the cytoplasm of neoplastic colonic epithelial cells. In contrast, healthy cells show 

no expression of COX-2. An upregulation of COX-2 in line with Apc mutation was reported in neoplastic 

cells in the colon of mice treated with the AOM/DSS protocol (Sinicrope, Gill 2004). COX-2 is suspected 

to contribute to tumour formation by modulation of critical processes including apoptosis, angiogenesis, 

and invasiveness (Tsujii, DuBois 1995). The tumorigenic effect of COX-2 has been investigated in both 

spontaneous (Oshima et al. 1996) and inflammation-linked (Kim et al. 2008; Tanaka et al. 2003) tumour 

models. 

Enhanced iNOS activity potentially plays a role in colitis-related colon carcinogenesis in humans 

(Chichlowski et al. 2010). Neoplasms and dysplasia in the large bowel of AOM/DSS treated animals 

show positive reactivity for iNOS. However, this is not yet confirmed on mRNA levels (Choi et al. 2008). 

Rodent studies indicate that iNOS is not necessary for colitis-associated tumour formation (Seril et al. 

2007), although the inhibition of iNOS prevents tumour formation in mice treated with AOM/DSS (Kohno 

et al. 2006). 

Upon challenge with AOM, most tumours arise in the distal part of the colon, passing through the 

adenoma-carcinoma sequence comparable to human CRC (1.1.2) (Takahashi, Wakabayashi 2004). 

Classical models are based on multiple intraperitoneal (i.p.) AOM injections. Combination with the 

inflammatory substance DSS administered via the drinking water has proven to shorten the latency for 

CRC induction. Multiple tumours have been reported within 10 weeks, whereas latency time for CRC 

formation without DSS was about 30 weeks (Neufert et al. 2007). DSS was found to form nanometre 

sized vesicles with medium-chain-length fatty acids, such as dodecanoate, which fuse with colonocyte 

membranes. A study suggests that the internalisation of the vesicles activates inflammatory signalling 

pathways. Moreover, the DSS moieties show inflammatory activity (Laroui et al. 2012). DSS promotes 

CRC formation by chronic inflammation and enhanced cell proliferation in the colon of rodents. 

Furthermore, the AOM/DSS protocol is also suitable to dissect inflammation-driven tumour progression 

as in inflammatory bowel disease (Neufert et al. 2007; Okayasu et al. 1990). A detailed description of 

the AOM/DSS protocol applied in the present work is provided in chapter 3.2.3. 
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2 OBJECTIVE 

CRC is the third most common type of cancer and the fourth leading cause of cancer-related deaths 

worldwide (Ferlay et al. 2015). Beside life style related factors and genetic predispositions, inflammatory 

bowel diseases are associated with an increased risk for CRC (Roon et al. 2007; Eaden et al. 2001). 

Previous in vivo studies demonstrated the protective role of DNA repair mechanisms against 

NOC-induced CRC (Wirtz et al. 2010). Our group recently reported the protective role of the DNA repair 

protein MGMT and the BER-related DNA glycosylase AAG protects against NOC-induced CRC in the 

AOM/DSS model. Of note, MGMT caused a carcinogenic threshold at low alkylation damage levels, 

whereas AAG was only relevant at high alkylation damage levels (Fahrer et al. 2015). The nuclear 

enzyme PARP-1 is of paramount relevance for a plethora of cellular functions including DNA repair, 

especially BER (Caldecott et al. 1996) and DNA strand break repair (Wang et al. 2006), and genomic 

maintenance (Mangerich, Bürkle 2012). Moreover, PARP-1 is a coactivator of the inflammatory master 

key regulator NF-kB and thereby contributes to tumour-promoting inflammatory processes (Hassa, 

Hottiger 2002). Furthermore, analysis of human biopsies revealed an increased expression of PARP-1 

in intestinal adenomas of patients with FAP (Idogawa et al. 2005), suggesting a role of PARP-1 in CRC 

aetiology. 

The objective of this work is to dissect the role of PARP-1 in the aetiology of CRC using the murine 

AOM/DSS protocol of colorectal carcinogenesis. First, the formation CRC shall be compared between 

PARP-1-proficient WT and PARP-1-deficient animals via non-invasive mini endoscopy. Next, the basal 

and AOM-induced formation of PAR shall be analysed via HPLC-coupled tandem mass spectrometry 

(LC-MS/MS) in WT and PARP-1-/- animals. Subsequently, it is planned to study differences in the tumour 

initiating primary DNA damage induction between both mouse strains with western blot and alkaline 

comet assay. Then, the formation of mutagenic O6-MeG DNA adducts and MGMT activity shall be 

compared in colon and liver tissue of both genotypes by means of slot blot and MGMT activity assay. 

IHC and confocal microscopy shall be utilised to detail the impact of PARP-1 on basal cell proliferation 

and AOM-induced cell death in colon tissue. The second part of this work shall address the role of 

PARP-1 in the tumour promoting inflammatory response after challenge with AOM/DSS. Therefore, the 

MEICS, as indicator for colitis severity, shall be evaluated via mini endoscopy and compared between 

WT and PARP-1-/- animals. It is planned to assess the invasion of macrophages and monocytes, 

important cells of the innate immune response, via IHC and confocal microscopy in colon tissue of WT 

and PARP-1-/- animals. Furthermore, the expression of pro-inflammatory cytokines, e.g. HMGB1, and 

other inflammatory markers including COX-2. Subsequently, the expression of selected NF-kB target 

genes shall be studied with qPCR. Finally, the generation of a PARP-1-/-/MGMT-/- strain is envisaged to 

dissect the influence of PARP-1 during both tumour initiating DNA damage formation and tumour 

promoting inflammatory processes in animals susceptible to primary NOC-induced DNA damage. 
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3 MATERIAL AND METHODS 

3.1 MATERIAL 

3.1.1 DEVICES 

Table 2: Devices 

AB Applied Biosystems StepOnePlus Real-Time 

PCR-System 

Thermo Fisher Scientific, Inc., Massachusetts, 

USA 

Autoclave VX-150 Systec GmbH, Wetternberg, Germany 

Automated tissue-processing machine Sakura 

Tissue Tek VIP 

Vogel GmbH & Co. KG, Gießen, Germany 

Benchtop centrifuge Spectrafuge Mini C1301 Labnet International, Inc., Woodbridge, USA  

Electrophoresis chamber Bio-Rad Laboratories GmbH, München, 

Germany 

Gel imaging system Ingenius Syngene, Cambridge, UK 

Glas plates Bio-Rad Laboratories GmbH, München, 

Germany 

Ice machine AF30 Scotsman Ice Srl, Milan, Italy 

Incubator Heraeus GmbH, Hanau, Germany 

Laboratory oven Memmert GmbH + Co. KG, Schwabach, 

Germany 

Laboratory vacuum pump Vacusafe IBS Integra Biosciences, Fernwald, Germany 

Laminar flow hood Laminar BDK 5.13B  BDK Luft- und Reinraumtechnik, Sonnenbühl-

Genkingen, Germany  

Magnetic stirrer IKA RH Basic 2 IKA Werke GmbH & Co. KG, Staufen, Germany  

Microplate reader Sunrise  Tecan Schweiz AG, Männedorf, Switzerland 

Microscope Axio Observer Z1 with LSM 710 

confocal system  

Carl Zeiss Jena GmbH, Jena, Germany 

Microscope Primo Vert Carl Zeiss Jena GmbH, Jena, Germany 

Microtome HYAX M25 Carl Zeiss Jena GmbH, Jena, Germany 

Mini endoscoy system (image 1 hub, SCB xeon 

175)  

KARL STORZ GmbH & Co. KG, Tuttlingen, 

Germany 
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NanoDrop 2000 Thermo Fisher Scientific, Braunschweig, 

Germany 

PCR thermal cycler Thermo Cycler T100  Bio-Rad Laboratories GmbH, München, 

Germany 

pH meter Typ PH523  WTW - a xylem brand, Weilheim, Germany 

Pipetboy Comfort  INTEGRA Biosciences GmbH, Biebertal, 

Germany 

Pipettes Mettler-Toledo GmbH, Gießen, Germany 

Platform shaker Domax 1030 Heidolph Instruments Labortechnik, Schwabach, 

Germany 

Power supply MODEL 200/20 Bio-Rad Laboratories GmbH, München, 

Germany 

Power supply Power Pac Basic  Bio-Rad Laboratories GmbH, München, 

Germany 

Power supply Power Pac HC  Bio-Rad Laboratories GmbH, München, 

Germany 

Precision scale Sartorius Laboratory, Göttingen  

Refrigerated centrifuge Centrifuge 5424R  Eppendorf Instrumente GmbH, Hamburg, 

Germany 

Scale Sartorius AG, Göttingen, Germany  

Shaker Duomax 1030  Heidolph Instruments Labortechnik, Schwabach, 

Germany 

Sonifier Cell Disruptor B15  Emerson Electric Co., St. Louis, USA  

Steamer Braun GmbH, Kronberg, Germany  

ThermoMixer Comfort  Eppendorf Instrumente GmbH, Hamburg, 

Germany 

Tissue embedding system Sakura Tissue Tek 

TEC  

Vogel GmbH & Co. KG, Gießen, Germany 

Tri-Carb 2100TR Liquid Scintillation Counter PerkinElmer, Waltham, USA 

Vacuum- and bagsealer Severin Elektrogeräte, Sundern, Germany 
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Vortex mixer REAX 2000  Heidolph Instruments Labortechnik, Schwabach, 

Germany 

Water bath Science Services GmbH, München, Germany  

Water bath  Gesellschaft für Labortechnik mbH, Burgwendel, 

Germany 

Wet blot chamber Bio-Rad Laboratories GmbH, München, 

Germany 

 

3.1.2 CHEMICALS AND SOLUTIONS 

Table 3: Chemicals and purchasable solutions 

100 bp DNA Ladder New England BioLabs GmbH, Frankfurt, 

Germany 

Acetic acid Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Ammonium acetate Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Aprotinin Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Aqua (for DSS application) B. Braun Melsungen AG, Melsungen, Germany 

Aqua valde purificata (for injection solutions) Fresenius Kabi Deutschland GmbH, Bad 

Homburg, Germany 

Azoxymethane Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Bestatin Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Boric acid Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Bovine serum albumin fraction V (BSA) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Bromphenol blue AppliChem GmbH, Darmstadt, Germany  

Complete EDTA-free Protease Inhibitor Cocktail 

Tablets 

Roche Diagnostics GmbH, Mannheim, Germany 

Coomassie Brilliant Blue G250 (Serva Blue G) Serva Electrophoresis GmbH, Heidelberg 

DAKO Protein Block DAKO Deuschland GmbH, Hamburg 

DAKO Target Retrieval Solution DAKO Deuschland GmbH, Hamburg 
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DSS  MP Biomedicals, Illkirch, France 

Dithiothreitol (DTT) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Dimethyl sulfoxide (DMSO) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Deoxyribonuclease (DNAse), RNAse-free  Thermo Fisher Scientific, Braunschweig, 

Germany 

Ethylenediaminetetraacetic acid (EDTA) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Eosin-G-solution (0.5 % alcoholic)  Merck KGaA, Darmstadt, Germany  

Ethanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Gel Loading Dye Blue New England BioLabs GmbH, Frankfurt, 

Germany 

Glycerin Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Glycin Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

H2O2, 30 % Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

H3PO4 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Haematoxylin solution modified acc. to Gill III  Merck KGaA, Darmstadt, Germany 

HCl, 30 % Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

HEPES Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Isopropanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Isotonic saline solution (0.9 %) B. Braun Melsungen AG, Melsungen, Germany 

Ketamine (Ketavet, 100 mg/ml)  Pharmica GmbH, Berlin, Germany 

Kodak GBX developer/replenisher Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Kodak GBX fixer & replenisher Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Leupeptin Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Low melting point agarose Invitrogen, Life Technologies, Darmstadt, 

Germany 

Luminol Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 
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Methanol AppliChem GmbH, Darmstadt, Germany 

MgCl2,  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Milk powder Blotting Grade  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Na3VO4 Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

NaCl Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Na-Deoxycholate AppliChem GmbH, Darmstadt, Germany 

NaF Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

NaOH Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

NP-40 Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

O6-BG Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

PageRuler Plus Prestained Protein Ladder Thermo Fisher Scientific, Braunschweig, 

Germany 

Phosphate bufferes saline (PBS) Dulbecco Biochrom AG, Berlin, Germany 

Pepstatin A Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Phenol/Chloroform/Isoamyl alcohol (25:24:1, 

v/v) 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Polyethylene glycol 400 (PEG 400) Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Ponceau S Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Propidium iodide (PI) Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Proteinase K Roche Diagnostics GmbH, Mannheim, Germany 
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Ribonuclease A (RNAse A), DNAse and 

protease-free 

Thermo Fisher Scientific, Braunschweig, 

Germany 

Roti-Histofix 4 %, phosphate-buffered 

formaldehyde 

Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Roti-Histokitt mounting medium Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Rotiszint eco plus Scintillation Cocktail  Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

StarPure Agarose Starlab International GmbH, Hamburg, Germany 

Tetramethylethylenediamine (TEMED) Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

TO-PRO-3  Invitrogen, Life Technologies, Darmstadt, 

Germany 

Trichloroacetic acid Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Tris Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Triton X100 AppliChem GmbH, Darmstadt, Germany 

Tween 20 Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

Vectashield Mounting Medium with Dapi Linaris Biologische Produkte GmbH, 

Dossenheim, Germany 

Western Lightning Enhanced Luminol Reagent 

Plus 

PerkinElmer, Waltham, USA 

Western Lightning Oxidizing Reagent Plus PerkinElmer, Waltham, USA 

Xylazine (Rompun 2 %, 20 mg/ml) Bayer Vital GmbH, Leverkusen, Germany 

Xylene AppliChem GmbH, Darmstadt, Germany 

β-Mercaptoethanol Carl Roth GmbH & Co. KG, Karlsruhe, Germany 

 

3.1.3 OTHER MATERIALS 

Table 4: Other materials 

96-Well Plates Thermo Fisher Scientific, Braunschweig, 

Germany 

CELLSTAR PCR Tubes 0.5 ml Greiner Bio-One GmbH, Frickenhausen 

Eye ointment Bausch & Lomb Corneregel Dr. Gerhard Mann chem.-pharm. Fabrik GmbH, 

Berlin, Germany 
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Cover slips Carl Roth GmbH + Co. KG, Karlsruhe, Germany 

Dako Pen DAKO Deuschland GmbH, Hamburg 

Falcon Cell Strainer 70 µm Corning, Inc., New York, USA 

Centrifuge tubes (15 ml and 50 ml) Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Hypodermic needles Becton, Dickinson and Company, Franklin 

Lakes, USA 

Microscope slides Diagonal GmbH & Co. KG, Münster, Germany 

Nylon membrane (Hybond-N+) GE Healthcare Life Sciences, München, 

Germany 

Photographic film MEDICAL Y-RAY FILM BLUE Agfa HealthCare NV, Montsel, Belgium 

Pipet tips Eppendorf Instrumente GmbH, Hamburg, 

Germany 

PROTRAN Pure Nitrocellulose Membrane PerkinElmer Technologies GmbH & Co. KG, 

Walluf, Germany 

Safe-Lock Tubes 1.5 ml Eppendorf, München  

Scintillation vials Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Superfrost Plus Microscope Slides Thermo Fisher Scientific, Braunschweig, 

Germany 

Syringes and hypodermic needles B. Braun Melsungen AG, Melsungen, Germany 

Tissue-processing embedding cassettes  Carl Roth GmbH + Co. KG, Karlsruhe 

Underpads with cellulose fluff PAUL HARTMANN Ltd., Heywood/Lancshire, 

UK 

Whatman Cellulose Filter Paper Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

 

3.1.4 ANTIBODIES 

Table 5: Primary antibodies 

Anti-CD3, monoclonal rat MCA500A488 AbD Serotec MCA, Kidlington, UK 

Anti-CD11b, polyclonal rabbit NB110-89474 Novus Biologicals Europe, Abingdon, UK 

Anti-COX-2, monoclonal mouse 610204 BD Transduction Laboratories, Becton, 

Dickinson and Company, Franklin Lakes, 

USA 

Anti-F4/80, monoclonal rat BM4007 OriGene Europe – Acris Antibodies, Herford, 

Germany 

Anti-HMGB1, polyclonal rabbit GTX101277 GeneTex, Inc., Irvine, USA 

Anti-Hsp90α/β, polyclonal rabbit ab13495 Abcam, Cambridge, UK 
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Anti-O6-MeG, monoclonal 

mouse 

SQX-SQM003.1 Axxora, Enzo Life Sciences, Inc., 

Farmingdale (NY), USA 

Anti-PCNA, monoclonal mouse sc-56 Santa Cruz Biotechnology, Inc., Heidelberg, 

Germany 

Anti-γH2AX, polyclonal rabbit ab11174 Abcam, Cambridge, UK 

 

Table 6: Secondary antibodies 

Goat anti-mouse-HRP sc-2005 Santa Cruz Biotechnology, Inc., Heidelberg, 

Germany 

Goat anti-mouse-Alexa Fluor 

488 

A11001 Invitrogen, Life Technologies, Darmstadt, 

Germany 

Goat anti-rabbit-Alexa Fluor 488 A11008 Invitrogen, Life Technologies, Darmstadt, 

Germany 

Goat anti-rabbit-HRP Sc-2004 Santa Cruz Biotechnology, Inc., Heidelberg, 

Germany 

Goat anti-rat-Cy3 112-165-167 Jackson ImmunoResearch, Inc., West Grove, 

USA 

 

3.1.5 BUFFERS AND SOLUTIONS 

Table 7: Buffers and solutions 

10x Reaction buffer (MGMT assay) 700 mM Hepes-KOH, pH 7.8 

10 mM DDT 

50 mM EDTA 

10x SDS running buffer / blotting buffer 200 mM Tris 

1,54 M Glycin  

10x TBS pH 7,6 (HCl) 100 mM Tris 

1,5 M NaCl 

1x Blotting buffer  10% 10x Blotting buffer 

20% Methanol  

1x SDS running buffer 200 mM Tris-HCl pH 6,8 

8 % SDS 

40 % Glycerin 

0.08 % Bromphenol blue 

4 % β-Mercaptoethanol 

5x SDS loading buffer 200 mM Tris-HCl pH 6,8 

8 % SDS 

40 % Glycerin 

0.08 % Bromphenol blue 

4 % β-Mercaptoethanol 
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Ammonium acetate buffer 2 M NH4Ac 

Anaesthesia 12 mg/ml Ketamine 

1.6 mg/ml Xylazine 

Isotonic saline solution (0.9 %) 

Blocking solution 5 % Milk powder or 5 % BSA in TBS-T 

Bradford solution (100 ml) 10 mg Coomassie Brilliant Blue G250 

5 ml 99,8% EtOH 

10 ml H3PO4 

ad 100 ml ddH2O 

DSS solution 1 % or 2.5 % DSS in Aqua 

Electrophoresis buffer (alkaline comer assay) 300 mM NaOH 

1 mM EDTA 

Lysis buffer, pH 10 (NaOH) (alkaline comet 

assay) 

2.5 M NaCl 

100 mM EDTA 

10 mM Tris 

1 % Triton X-100 

10 % DMSO 

Neutralisation buffer, pH 7.5 (alkaline comet 

assay) 

0.4 M Tris 

Merchant’s Medium 0,14 M NaCl 

1,47 mM KH2PO4 

2.7 mM KCl 

8,1 mM EDTA pH 7,4 

Ponceau S solution 5 % Acetic acid 

0.1 % Ponceau S 

PI staining solution 0.05 mg/ml PI 

RIPA buffer 25 mM Tris-HCl pH 7.4 

150 mM NaCl 

0.1 % SDS 

1 % Na-Deoxycholate 

1 % NP-40 

0.2 mM Na3VO4 

2 mM EDTA 

50 mM NaF 

1 mM PMSF 

1x Complete Protease Inhibitor Cocktail 

Sonication buffer (MGMT assay) 

 

20 mM Tris-EDTA pH 8.5 

1 mM EDTA 

1 mM β-Mercaptoehanol 

5 % Glycerin 
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Added before use: 

10 µg/ml Aprotinin 

10 nmol/ml Bestatin 

10 nmol/ml Leupeptin 

1 nmol/ml Pepstatin A 

0.1 µmol/ml PMSF 

Tail buffer 100 mM Tris-HCl pH 8.5 

5 mM EDTA 

0.2 % SDS 

200 mM NaCl 

TBE buffer 89 mM Tris 

89 mM Boric acid 

2 mM EDTA 

TBS-T 1x TBS 

0,1% Tween 20 

TE buffer  10 mM Tris pH 8.0 

1 mM EDTA 

 

3.1.6 KITS 

Table 8: Kits 

In situ Cell Death Detection Kit, Fluorescein Roche Diagnostics Deutschland GmbH, 

Mannheim 

NucleoSpin RNA II MACHEREY-NAGEL GmbH & Co. KG, Düren 

QuantiTect SYBR Green PCR Kit  Qiagen, Hilden, Germany 

REDExtract-N-Amp Tissue PCR Kit Sigma-Aldrich Produktions GmbH, Steinheim, 

Germany 

Taq DNA Polymerase 2x Master Mix Red Ampliqon A/S, Odense M, Denmark 

Verso cDNA Kit Thermo Fisher Scientific, Braunschweig, 

Germany 
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3.1.7 ANIMALS 

For the present work, PARP-1-/- and MGMT-/- mice with C57BL/6 background were utilised as described 

in prior studies (Glassner et al. 1999; Murcia et al. 1997). PARP-1-/- mice were obtained from Françoise 

Dantzer (Institut de Recherche de l'Ecole de Biotechnologie de Strasbourg, France) and MGMT-/- mice 

were obtained from Leona D. Samson (Department of Biological Engineering, Massachusetts Institute 

of Technology, Cambridge, MA, USA). The PARP-1-/-/MGMT-/- strain was bred in the context of this work 

by mating PARP-1-/- and MGMT-/- animals followed by verification of the offspring’s genotype via 

polymerase chain reaction (PCR) (3.2.1). The age of the animals was between 8 and 11 weeks for 

carcinogenesis studies and up to 16 weeks for other experiments. Animal housing and experiments 

were carried out according to guidelines of the European Communities Council Directive as of 24th 

November 1986 (80/609/EEC) and approved by the Animal Care and Use Committee of the University 

of Mainz. A maximum of five mice was kept in one cage, access to food and drinking water was 

unrestricted, the atmospheric environment was steady at 22 °C and 60–70% humidity. 

 

3.1.8 SOFTWARE 

Figures and diagrams, including statistical analysis, were created with GraphPad Prism 6 or Microsoft 

PowerPoint 2016. Other calculations were performed with Microsoft Excel 2015. Microscopic pictures 

were edited and analysed with ImageJ, GIMP 2 and Microsoft Image Composite Editor 2.0.3.0. 

Densitometric evaluation of western blots and slot blots was performed with Adobe Photoshop CS5. 

Word processing was realised with Microsoft Word 2016 and Citavi 5 as reference manager. 
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3.2 METHODS 

3.2.1 GENOTYPING OF TRANSGENIC ANIMALS 

Genotyping of PARP-1 was performed with the REDExtract-N-Amp Tissue PCR Kit. For this purpose, 

genetic material was obtained from mouse ear punchings. 

Regarding MGMT-/- animals, DNA for genotyping was extracted from mouse-tail tips. Therefore, tissue 

was digested in 40 µl Tail Buffer with 2 mg/ml Proteinase K overnight at 56 °C and 400 rpm on a 

thermomixer. Subsequently, 300 µl double-distilled water (ddH2O) were added and Proteinase K was 

inactivated at 95 °C for 10 min. After short centrifugation, the supernatant was used for PCR. 

PCR is an exponential amplification of genetic material. Here, a DNA polymerase synthesizes multiple 

copies of a complementary DNA strand from a DNA template. As starting point for the DNA polymerase 

serve primers, small (18–30 bp) oligonucleotides, aligning upstream of the complementary sequence 

on the DNA template. Initially, native dsDNA is heated to 94 °C to break the hydrogen bonds and 

separate it into ssDNA. Afterwards, primers hybridise with template DNA in the so-called annealing step 

followed by the synthesis of the complementary DNA strand in the elongation step. The used PCR 

Master Mixes (Table 10, Table 11) already included the necessary components (polymerase, 

deoxynucleotides, MgCl2, and reaction buffer). Only primers, ddH2O, and template DNA were added 

according to the manufacturer’s instructions. 

The following primers were utilised for analysis of the target sequences (Table 9). Components for the 

PCR premix are listed in Table 10 as well as Table 11. Table 12 shows the programme of the 

thermocycler. 

Table 9: Primers for genotyping. 

PARP-1 

Wild type allele: 200 bp (P-A & P-B) 

Mutated allele: 700 bp (P-A & P-C) 

Primer P-A 5′-TTGATGGCCGGGAGCTGCTTCTT-3′ 

Primer P-B 5′-GGCCAGATGCGCCTGTCCAAGAAG-3′ 

Primer P-C 5′-GGCGAGGATCTCGTCGTGACCCATG-3′ 

MGMT 

Wild type allele: 542 bp (M-A & M-C) 

Mutated allele: 409 bp (M-A & M-B) 

Primer M-A 5’-GGCATCTTCCTCCTAAACCTGGA-3’ 

Primer M-B 5’-GGTGGGATTAGATAAATGCCTGCT-3’ 

Primer M-C 5’-CCCCAGGACACTTGCAGCTCT-3’ 

 

Table 10: Components of PCR mix for PARP-1 genotyping. 

Component Volume [µl] 

REDExtract-N-Amp PCR ReadyMix 7,5 

Primer A and B (each primer) 0.12 

OR: primer A and C (each primer) 0.12 

ddH2O 4.26 

DNA template 3  

Ʃ 15 
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Table 11: Components of PCR mix for MGMT genotyping. 

Component Volume [µl] 

Taq DNA Polymerase 2x Master Mix Red 7 

Primer (each) 1 

ddH2O 4 

DNA template 1 

Ʃ 15 

 

Table 12: PCR program for PARP-1 and MGMT genotyping. 

Gene PARP-1 MGMT 

Lid 105 °C 105 °C 

Step Temperature Duration Temperature Duration 

1 94 °C 2 min 94 °C 4 min 

2 94 °C 40 sec 94 °C 1 min 

3 61 °C 45 sec 62 °C 1 min 

4 72 °C 1 min 72 °C 1 min 

5 GOTO 2 (30 cycles) GOTO 2 (30 cycles) 

6 72 °C 8 min 72 °C 8 min 

7 4 °C ∞ 4 °C ∞ 

 

PCR products were loaded onto a 1.5 % agarose gel with ethidium bromide for gel electrophoretic 

separation. In an electric field, negatively charged DNA migrates towards the cathode. Small fragments 

move faster through the gel matrix than large fragments. In order to estimate the size of the 

DNA samples, 5 µl of 100 bp DNA ladder (New England Biolabs) were added to the gel. DNA samples 

were separated at 100 V for 1 h in an electrophoresis chamber and PCR products were visualised with 

UV light and compared to the defined size of the marker bands. 

 

3.2.2 PREPARATION OF AOM FOR INTRAPERITONEAL INJECTION  

The following scheme was applied for all experiments (short-term treatment, analysis of inflammation 

and carcinogenesis studies). One day before injection, the mice were grouped, marked via ear punching, 

and weighted. Based on to animals’ weight and treatment, the necessary volume of AOM stock solution 

was calculated and adjusted with PBS to a total injection volume of 500 µl. AOM stock solution was 

stored at a concentration of 10 mg/ml at –80 °C. Before injection, AOM stock solution was thawed on 

ice to prevent hydrolysis. AOM stock solution was then mixed with sterile 10x PBS and ddH2O to produce 

a 1 mg/ml AOM working solution in PBS. The calculated AOM volume for each animal was transferred 

in a 1.5 ml reaction tube already containing the calculated volume of 1x PBS (500 µl in total). Reaction 

tubes were shortly centrifuged, put on ice, and the AOM solution i.p. injected. One needle was used for 

five injections, and syringes were only used for the same AOM concentrations. All works with AOM were 
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performed under sterile conditions. A maximum of 15 animals were injected at once to prevent AOM 

decomposition. 

 

3.2.3 AOM/DSS MODEL OF COLORECTAL CARCINOGENESIS 

The AOM/DSS model is used as a protocol to chemically induce CRC in rodents. An initiating single i.p. 

injection of the N-nitroso compound AOM (1.2) is followed by the exposure to the inflammatory agent 

DSS through the drinking water. Compared to sporadic models, the inflammation has proven to shorten 

the latency time for CRC formation in rodents dramatically and features the aberrant crypt 

foci-adenoma–carcinoma sequence, which is characteristic for sporadic human CRC formation. Due to 

its reproducibility and feasibility, the AOM/DSS model is a well-established procedure for studying 

colorectal carcinogenesis (1.4). 

The housing of the animals during the experiment is stated in 3.1.7; preparation and injection of AOM is 

described in 3.2.2. DSS solution with sterile ddH2O was renewed after 2 – 3 days. AOM injection on 

day 1 was followed by two DSS cycles from day 4 to day 11 and day 25 to day 32 with a gap of two 

weeks in-between (Figure 14). After two cycles of DSS, a (mild) chronic colitis occurred. 

For the studies of tumour induction, AOM doses up to 15 mg/kg body weight (bw) were applied in 

combination with 1 % DSS. In another set of experiments, a higher dose of 2.5 % DSS was only 

combined with 10 mg/kg bw AOM to prevent high mortality due to significantly higher colitis. Control 

animals received PBS. 

 

3.2.4 MGMT INHIBITION WITH O6-BG IN VIVO 

O6-BG, a synthetic derivate of purine base guanine, acts as a pseudo substrate for MGMT causing its 

inactivation and degradation. 

Grouping, marking, and weighing was performed in preparation of the AOM injection on the day before 

(as described in 3.2.2). The O6-BG stock solution for each experiment was freshly prepared under sterile 

conditions prior the first injection and stored at 4°C. O6-BG was dissolved in a 40 % aqueous PEG 400 

solution at a stock concentration of 1 mg/ml. Animals were treated with 40 mg/kg bw O6-BG. Before 

each injection, the calculated amount of the O6-BG stock solution per animal was filled up with sterile 

PBS to a total volume of 200 µl in separate reaction tubes. Reaction tubes were shortly centrifuged and 

 
Figure 14: Treatment scheme of the AOM/DSS model. 
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the inhibitor solution immediately i.p. injected. The O6-BG injection solution was not kept on ice to 

prevent precipitation. The inhibitor was applied 2 h before the AOM injection and then in an interval of 

12 h up to 36 h after the first injection (0 h, 12 h, 24 h and 36 h). 

 

3.2.5 COLONSCOPY IN ANESTHETISED MICE 

Initially, the setup of the mini endoscopy system was checked, and the endoscope was cleaned with 70 

% ethanol (EtOH). Next, airflow was adjusted via the valve on the telescope to create an adequate flow. 

A strong airflow can harm the gastrointestinal tract of the animals, thus setting the airflow strength is a 

critical step. Subsequently, animals were anesthetised with an i.p. injection of ketamine and xylazine 

(7 µl/g bw) (3.1.5). The consciousness of the animals was tested before endoscopy by examination of 

the animals’ reflexes and eye ointment was applied to prevent drying of the cornea. When the animal 

was completely sedated, the endoscope was carefully inserted in the animal’s rectum and introduced 

up to the flexure of the colon under visual control. If stool did block the colon, it was removed with a 

colon lavage. The endoscopy was recorded on a USB stick by the mini endoscopic system or directly 

with a personal computer. Tumour number and tumour respectively the murine endoscopic index of 

colitis severity (MEICS) were assessed either directly during mini endoscopy or later with the video 

record. After examination, animals were put back in their cages, and their awakening was observed. 

 

3.2.5.1 TUMOUR SCORING 

The colorectal carcinogenesis of the animals treated with AOM and 1 % DSS was monitored via mini 

endoscopy (3.2.5) after 8 and 16 weeks. Tumour score and tumour number were used to assess 

colorectal carcinogenesis as described (Becker et al. 2006a). Tumours were graded in relation to colon 

diameter as shown in Figure 15. 

 
Figure 15: Endoscopic scoring of tumours in mice (Becker et al. 2006). 
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The score of the observed tumours was summed to a total tumour score for every animal. Differences 

in tumour score indicate differences in tumour progression, whereas tumour number denotes the amount 

of induced tumours (Becker et al. 2006a). 

Animals treated with AOM and 2.5 % DSS showed a dramatically increased tumour formation and 

progression. Even during the first tumour scoring after 8 weeks (3.2.3), it was not possible to introduce 

the endoscope in the colon of all animals because the colon was occupied by stool and tumours. Hence, 

the protocol was altered. The animals were sacrificed after 12 weeks and the abdominal cavity opened 

to remove the whole colon. Afterwards, the colon was sliced longitudinally and rinsed with pre-cooled 

PBS. After cleaning, the colon was flattened with the lumen facing up and recorded with the camera of 

the mini endoscopy system. The camera was moved slowly from the rectum to the proximal part of the 

colon. Afterwards, the colon tissue was stained in PBS with 0.5 % methylene blue for 30 sec, rinsed in 

PBS for 30 sec, and recorded in the same manner. Tumours were scored as described in Figure 15. 

 

3.2.5.2 COLITIS SCORING 

The degree of colitis severity was estimated by the evaluation of the MEICS, developed by Becker and 

colleagues (Becker et al. 2006a). The MEICS is based on the rating of five parameters: translucency of 

the colon wall, changes in vascular pattern, presence of fibrin, mucosal granularity, and stool 

consistency (Figure 16). MEICS was assessed via mini endoscopy as described in 3.2.5 at the end of 

the first DSS cycle (3.2.3). 

 
Figure 16: Assessment of the MEICS. A Rating of inflammation severity (MEICS). B Representative pictures 

(Becker et al. 2006). 
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3.2.6 TISSUE COLLECTION AND PROCESSING 

At the end of the experiment, mice were sacrificed via cervical dislocation. Subsequently, the abdominal 

cavity was opened, rinsed with cold PBS and first liver and then colon removed. Organs were repeatedly 

rinsed with cold PBS to remove remains from blood and stool. The removed part of the bowel included 

rectum, distal, and proximal colon. It was fragmented in six pieces, according to Figure 17. 

Section A and B and a half liver lobe were designated for histological analysis and therefore fixed in 

4 % Roti-Histofix for 6–8 h. Colon sections 1 to 4 and one liver lobe were snap frozen in liquid nitrogen 

and stored at –80 °C. 

After fixation, colon section A and B and the liver tissue were transferred in tissue-processing embedding 

cassettes and processed with an automated tissue-processing machine (Sakura Tissue Tek VIP) 

following the programme in Table 13. 

Table 13: Programme of the automated tissue processing machine. 

Step Solution Time Temperature 

1 EtOH 50 % 30 min 40°C 

2 EtOH 70 % 60 min 40°C 

3 EtOH 80 % 60 min 40°C 

4 EtOH 96 % 60 min 40°C 

5 EtOH 96 % 60 min 40°C 

6 EtOH 100 % 60 min 40°C 

7 EtOH 100 % 60 min 40°C 

8 Xylene 60 min 40°C 

9 Xylene 60 min 40°C 

10 Xylene 60 min 40°C 

11 Paraffin 60 min 60°C 

12 Paraffin 60 min 60°C 

13 Paraffin 60 min 60°C 

14 Paraffin 60 min 60°C 

 

 
Figure 17: Sections of the colon. Section A and B were fixed in 4 % formaldehyde and embedded in paraffin; 

sections 1 – 4 were snap frozen. 
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Processed tissue was embedded in paraffin with, help of a tissue embedding system (Sakura Tissue 

Tek TEC) and stored at room temperature (RT). 

 

3.2.7 IMMUNOHISTOCHEMISTRY 

Immunohistochemistry (IHC) is a process, in which antibodies specifically bind to the antigen of interest 

in fixed cells and tissues. Primary antibodies are recognised by fluorescent-coupled secondary 

antibodies which can be excited at specific wavelengths to visualise the target structure with a 

fluorescence microscope. 

Paraffin embedded tissue (3.2.6) was cooled down in a -20 °C freezer for 5–10 min and sectioned with 

the Zeiss Rotary Microtome HM 325 in 5 µm thick slices. Sections were allowed to unfurl in a 37 °C 

water bath, and four sections of each sample were collected with a microscope slide. After air-drying, 

sections were stored at RT. Sections from colon section B (Figure 17) were used for IHC. 

 

3.2.7.1 SAMPLE PREPARATION FOR IHC 

First, slides were pre-heated at 60 °C for 30 min in a dry cabinet to liquefy the paraffin surrounding the 

tissue. Next, slides were incubated in xylene to remove paraffin residues, hydrated in a decreasing serial 

ethanol dilution, and washed in PBS (Table 14). 

Table 14: Deparaffinization and rehydration of colon tissue for IHC. 

Solution Number of steps Duration 

Xylene 3 5 min 

EtOH 100 % 2 5 min 

EtOH 96 % 1 5 min 

EtOH 90 % 1 5 min 

EtOH 80 % 1 5 min 

EtOH 70 % 1 5 min 

ddH2O 2 wash shortly 

PBS 1 wash shortly 

 

Demasking of the target epitopes was performed by incubation of the samples with DAKO Target 

Retrieval Solution in a steamer for 30 min (60 min for γH2AX). Afterwards, slides were allowed to cool 

down at RT for 20 min and rinsed twice with PBS. 

 

3.2.7.2 IMMUNOFLUORESCENCE 

Two sections per sample were encircled with a water repelling DAKO Pen. Subsequently, slides were 

washed twice with PBS and blocked with DAKO Blocking Solution for 2 h at RT in a humid incubation 

chamber. Slides were shortly washed with PBS and incubated with the primary antibody at 4 °C 
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overnight in a humid incubation chamber. Dilutions for primary and secondary antibodies are listed in 

Table 15. 

Table 15: Antibody solutions for immunofluorescence. 

Primary 

antibody 

Dilution Origin Secondary antibody Dilution 

Anti-CD3 1:400, 2 %-BSA in PBS Monoclonal 

rat 

Goat-anti-Rat-Cy3 1:500, 2% BSA in 

TBS-T 

Anti-CD11b 1:400, 2 %-BSA in PBS Polyclonal 

rabbit 

Goat anti-rabbit-Alexa 

Fluor 488 

1:500, 2% BSA in 

TBS-T  

Anti-COX-2 1:400, 0.2 % Triton 

X100 in PBS 

Monoclonal 

mouse 

Goat anti-mouse-Alexa 

Fluor 488 

1:500, PBS 

Anti-F4/80 1:400, 2 %-BSA in PBS Monoclonal 

rat 

Goat-anti-Rat-Cy3 1:500, 2% BSA in 

TBS-T 

Anti-HMBG1 1:400, 0.2% Triton 

X100 in PBS 

Polyclonal 

rabbit 

Goat anti-rabbit-Alexa 

Fluor 488 

1:500, PBS 

Anti-PCNA 1:400, 1% BSA in 

PBS with 0,2% Triton 

X-100 

Polyclonal 

rabbit 

Goat anti-rabbit-Alexa 

Fluor 488 

1:500 0.2 % Triton 

X-100 in PBS 

 

Excess antibody was washed off (3 x 10 min, PBS/0.1 % Tween 20). The binding of the secondary 

antibody (Table 15) was performed for 2 h at RT in a dark and humid incubation chamber. All steps 

were done under exclusion of light to prevent bleaching of the dye coupled to the secondary antibody. 

After washing (PBS/0.1% Tween 20), sections were incubated with TO-PRO-3 (1:1000, PBS) to stain 

nuclei. Finally, slides were shortly washed in PBS and coated with VECTASHIELD mounting medium. 

Finally, samples were mounted with a coverslip and sealed with clear nail polish. 

 

3.2.7.3 CONFOCAL MICROSCOPY 

Samples were analysed with a Zeiss Axio Observer Z1 microscope (excitation/emission wavelengths 

for fluorophores: Table 16), which was equipped with a LSM710 confocal microscopy unit. 

Table 16: Secondary antibodies for IHC. 

Antibody/Fluorophore Laser wavelength Excitation/emission wavelength 

TO-PRO-3 633 nm 640 nm/655 nm 

Goat anti-mouse-Alexa Fluor 488 488 nm 500 nm/520 nm 

Goat anti-rabbit- Alexa Fluor 488 488 nm 500 nm/520 nm 

Goat-anti-Rat-Cy3  552 nm 560 nm/565 nm 
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One of the two processed sections on each slide was selected and 8-12 pictures of each sample were 

taken (magnifications are stated in the caption of the pictures). The intensity of the laser exciting the dye 

on the secondary antibody was retained within each experiment, whereas intensity of the 633 nm laser 

was adjusted to the TO-PRO-3 staining. Pictures were taken with the software Zeiss Zen 2009. After 

microscopy, mean signal intensity or positive cells were evaluated (stated in the description of the 

figures) and processed with the software listed in 3.1.8. 

 

3.2.7.4 TERMINAL DEOXYNUCLEOTIDYL TRANSFERASE-MEDIATED DEOXYURIDINE-

TRIPHOSPHATE (DUTP) NICK END LABELING (TUNEL ASSAY) 

During apoptosis, SSBs and DSBs are introduced in cells genome by DNases in order to degrade it. 

Free 3’-OH-groups of the single-strand breaks can be visualized with the TUNEL labelling as a marker 

for apoptotic cells. Terminal deoxynucleotidyl transferase serves as catalytic enzyme for the integration 

of fluorescein-coupled nucleotides (deoxyuridin triphosphate, dUTP) in the free 3’-OH-gropus of the 

fragmented DNA. Thus, apoptotic cells can be analysed with fluorescence microscopy. Here, dUTP is 

stimulated at a wavelength of 488 nm. The preparation of the samples was performed analogously to 

3.2.7 and 3.2.7.1. Sections from colon section B (Figure 17) were used for TUNEL assay. Comparable 

to 3.2.7.2, slides were placed in a humid incubation chamber and circled with water repelling DAKO Pen. 

Additionally, one section on a slide was used as positive control. The positive control was incubated 

with DNase (1 mg/ml BSA, 1x DNase reaction buffer including MgCl2, 50 U/ml DNase) for 10 min at RT 

to digest the contained DNA. TUNEL assay was performed with the ‘In situ Cell Death Detection Kit, 

Fluorescein’ (Roche), which contains label solution and enzyme solution. Initially, 100 µl label solution 

were transferred in a new reaction tube for the negative control. Then the remaining label solution was 

mixed with the enzyme solution (= TUNEL solution). The following steps were performed under the fume 

cupboard. Two sections per slide were incubated with 50 µl of the TUNEL solution in a humid incubation 

chamber at 37 °C for 1 h, including the positive control. In contrast, the negative control was only 

incubated with the label solution. After incubation, slides were washed with PBS and stained with 

TO-PRO-3, processed and analysed as described in 3.2.7.2 (microscopy at 488 nm and 633 nm 

wavelength). For evaluation, TUNEL positive cells per colonic crypt were counted. 
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3.2.8 HAEMATOXYLIN AND EOSIN STAIN 

Haematoxylin and eosin stain (HE stain) is a basic stain in histology and the gold standard for 

pathological examination of sections and tissue samples. Hemalum is a complex composed of 

aluminium ions and hematein, which arises from the oxidation of haematoxylin. It colours negatively 

charged (basophilic) structures like the nucleus in blue colour. A staining with an alcoholic eosin solution 

dyes positively charged (eosinophilic) components like the cytoplasm in various shades of red. 

For the HE stain, samples were collected and processed as described in 3.2.6 and Table 17. 

Table 17: Deparaffinisation and rehydration of paraffin sections for histology. 

Solution Number of steps Duration 

Xylene 3 3 min 

EtOH 100 % 1 2 min 

EtOH 96 % 1 2 min 

EtOH 70 % 1 2 min 

ddH2O 1 2 min 

 

In the first step, slides were stained with haematoxylin solution modified acc. to Gill III for 1 min and 

rinsed with tap water until the desired colour intensity was reached. In the next step, slides were stained 

with Eosin G solution (0.5 % alcoholic) for 1-5 sec and dehydrated (Table 18). 

 

Table 18: Dehydration of paraffin sections for histology. 

Solution Number of steps Duration 

EtOH 70 % 1 Rinse 

EtOH 96 % 1 Rinse 

EtOH 100 % 2 2 min 

Xylene 3 2 min 

 

Finally, slides were coated with mounting medium (Roti Histokitt) and capped with a cover slip. After 

air-drying for about 1 h, samples were ready for microscopy or storage at RT. Samples were analysed 

with a Zeiss Axiovert 35 microscope, which was equipped with an Olympus Colorview I camera. Pictures 

were recorded with the software CellA. Best samples per slide were selected and pictures taken with 

10x–20x magnification. The whole colon was recorded in about 20 pictures with the software CellA and 

later merged with Image Composite Editor into one picture. 

 

3.2.9 PROTEIN LYSATES FROM COLON AND LIVER TISSUE 

Protein lysates were produced from snap frozen colon and liver tissue. 30 mg per sample were 

processed according to the following protocol. All steps were performed on ice, a maximum of twelve 
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samples were prepared at once to prevent long handling times. Frozen tissue was put in a reaction tube 

with 250-300 µl RIPA lysis buffer and mortared with a small metal pestle in a 1.5 ml reaction tube. After 

all samples were mortared, they were homogenised via sonication with 10 pulses (20 % power, 

50 % duty cycle), twice per sample, while held on ice to prevent heating of the lysates. Finally, lysates 

were centrifuged at 4 °C with 15,000 g for 10 min. Supernatant was aliquoted and snap frozen in small 

amounts to prevent numerous freezing and defrosting of the lysate and to maintain its quality and 

reproducibility of the experiments. Lysates were stored at –80 °C. 

 

3.2.10 BRADFORD PROTEIN ASSAY 

The Bradford protein assay is a spectroscopic method to determine the protein concentration in a 

solution. The assay is based on an absorbance change of Coomassie Brilliant Blue G-250. Hydrophobic 

and ionic interactions play a role in the stabilisation of the dye’s blue form. The amount of the blue form 

of the Coomassie dye in solution, serves as an indicator for the protein concentration and can be 

measured by the use of a spectrophotometer. 

First, the protein lysates (3.2.9) of colon tissue were diluted 1:100 in ddH2O, lysates of liver tissue were 

diluted 1:150 in ddH2O and kept on ice. A calibration curve was created with bovine serum albumin 

(BSA) in ddH2O (0-250 µg/ml). 10 µl of each sample as well as BSA solutions for the calibration curve 

were pipetted in triplicates on a 96 well plate and incubated with 110 µl Bradford solution for 5 min at 

RT under exclusion of light. Absorption was measured with a plate reader (wave length: 595 nm). Protein 

concentrations of the samples were calculated with the equation gained from the calibration curve. 

 

3.2.11 WESTERN BLOT 

Western blot is an assay for detection of proteins that is based on specific antigen detection via 

antibodies. Proteins are extracted and separated via gel electrophoresis following transfer onto a 

nitrocellulose or nylon membrane. Identification of protein is realised with specific antibodies recognising 

antigens on the membrane. For visualisation, horseradish peroxidase (HRP)-conjugated secondary 

antibodies produce a chemiluminescent signal which is recorded on a photographic film. 

 

3.2.11.1 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS (SDS-PAGE) 

SDS-PAGE is a common method to separate proteins in a polyacrylamide gel by electrophoresis. SDS 

molecules are used to denature the proteins, and negatively charged complexes with a constant 

mass-to-charge ratio arise. Thereby, proteins migrate towards the anode in an electric field. 

Discontinuous polyacrylamide gels are composed of a stacking gel to concentrate the proteins and a 

separation gel to split the proteins according to their molecular weight. 
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Table 19: Composition of the stacking gels and concentration gels. 

Components  Stacking gel 5 % Separation gel 15 % 

ddH2O 3.81 ml 6.39 ml 

Tris 0.625 M pH 6,8 1.2 ml - 

Tris 1.5M pH 8,8 - 4.5 ml 

SDS 10 % 120 μl 180 µl 

Acrylamid / Bis 40 % 570 ml 6.75 ml 

APS 10 % 60 μl 90 µl 

TEMED 46 μl 9 µl 

 

First, separation gel (Table 19) was poured between two glass plates with 1.5 mm spacer and covered 

with isopropanol to prevent air bubbles. After polymerisation of the separation gel, the isopropanol was 

completely removed and the stacking gel (Table 19) poured on top of it. A comb was introduced in the 

stacking gel to form pockets for the samples. The comb was removed after complete polymerisation of 

the stacking gel and the gel was installed in an electrophoresis cell filled with SDS running buffer. 

Concentration of protein lysates from colon section 1 and snap-frozen liver tissue (Figure 17, 3.2.9) was 

determined with a Bradford protein assay as described in 3.2.10. Volumes of the individual protein 

lysates were adjusted with ddH2O and mixed with the adequate volume of 5x SDS loading buffer. 

Afterwards, samples were denatured at 95 °C for 10 min, shortly centrifuged and loaded in the pockets 

of the stacking gel. Additionally, 5 µl of the PageRuler Plus Prestained protein ladder were subjected 

into the first pocket of every polyacrylamide gel. Electrophoresis ran at 20 mA per gel until the dye front 

reached the separation gel and for migration through the separation gel increased to 40–50 mA per gel. 

 

3.2.11.2 IMMUNOBLOT 

Following electrophoresis, proteins separated in the polyacrylamide gel were transferred onto a 

nitrocellulose membrane. Using a wet-blot chamber, negatively charged proteins migrate towards the 

anode into the nitrocellulose membrane. The polyacrylamide gel was removed from the glass plates and 

placed onto a blotting buffer-soaked nitrocellulose membrane. Both sides were covered with blot 

buffer-soaked cellulose filter paper and foam pads. Transfer was executed in an electrophoresis cell 

filled with blotting buffer with 400 mA for 2.5 h at 4 °C. After blotting, the transfer was verified with a 

Ponceau S staining. Ponceau S is a sodium salt of a diazo dye with red colour and binds reversibly to 

the amino groups of proteins. The membrane was incubated in Ponceau S staining solution for 1 min at 

RT and subsequently rinsed with ddH2O to remove the excess colouring. Next, the dye was washed off 

with TBS-T under light shaking. 

 

3.2.11.3 IMMUNODETECTION 

HRP, conjugated to the secondary antibody, catalyses the oxidation of luminol into an unstable product 

which emits light at a wavelength of 428 nm proportional to the amount of a specific protein targeted by 
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the primary antibody. A photographic film (Agfa Medical X-Ray Film Blue) is exposed to the light 

emissions to record the short-time signal. 

After the transfer, the nitrocellulose membrane was blocked with 5 % milk powder in TBS-T for 1 h at 

RT. Blocking is necessary to mask reactive protein groups which could elicit unspecific antibody binding 

in following steps. Subsequently, the membrane was washed with TBS-T and incubated with the primary 

antibody according to the conditions in Table 20 for 1 h at RT. 

Table 20: Primary antibodies and incubation conditions for immunoblot. 

Antibody Dilution Origin 

Anti-Hsp90 1:1000, TBS-T Polyclonal rabbit 

Anti-γH2AX 1:1000, TBS-T Monoclonal rabbit 

 

The membrane was washed 3 x 10 min with TBS-T after incubation with the primary antibody and then 

incubated with the secondary antibody for 1 h at RT (Table 21). 

Table 21: Secondary antibodies and incubation conditions for immunoblot. 

Antibody Dilution Origin 

Anti-Rabbit-HRP 1:1000, 5 % milk powder in TBS-T Goat 

 

Excess antibody was removed by washing in TBS-T and the membrane incubated with ECL reagent 

under exclusion of light in preparation of detection. Therefore, the membrane was evenly covered with 

a fresh mixture of both components of the ECL solution. Either self-made or commercial ECL solution 

was used for detection depending on the affinity of the antibody and expected intensity of 

chemiluminescence. Unnecessary ECL solution was removed prior to exposure, development 

(Kodak autoradiography developer, Sigma-Aldrich) and fixation (Kodak autoradiography fixer, 

Sigma-Aldrich) of the photographic film. 

 

3.2.12 ALKALINE COMET ASSAY 

The comet assay, also known as single cell gel electrophoresis, is a very sensitive technique to detect 

both SSBs and DSBs and alkali labile sites in individual cells. DNA strand breaks can be classified into 

direct damage triggered by radical attack of reactive molecules and secondary damage resulting from 

impairment of structure relevant proteins. DNA is denatured with an alkaline buffer (3.1.5) before 

electrophoresis. After electrophoresis, DNA is renatured with a neutral buffer to allow staining with the 

fluorescence dye PI. Smaller DNA fragments migrate faster through the agarose gel than intact genomic 

DNA, whereby a comet-like tail arises. 

The following protocol was performed on ice to protect cells from unnecessary damage. Snap frozen 

mouse liver tissue was put through a cell strainer with 70 µM mesh size and moisturised with 

0.5 ml Merchant‘s Medium (Jackson et al. 2013). A flat spatula was used to carefully press the tissue in 

a rotary movement through the mesh. Separated cells were flushed with 1.5 ml Merchant‘s Medium into 
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a reaction tube below the cell strainer. Collected cells were centrifuged with 3,000 rpm at 4 °C, and the 

supernatant was removed. 10 μl of a cell suspension with 1x106 cells per ml were mixed with 

120 μl 5 % low melting point agarose and subjected on agarose coated slides. Slides were copped with 

a coverslip and agarose could settle on ice. After the removal of the cover slips, slides were incubated 

for 1 h at 4 °C in lysis buffer. After lysis, samples were transferred in the electrophoresis chamber and 

covered with pre-cooled electrophoresis buffer. Alkaline denaturation for 25 min at 4°C under exclusion 

of light followed. Electrophoresis was performed for 15 min with 25 V / 30 mA. Samples were rinsed 

three times with neutralisation butter, fixed in EtOH and air-dried. Cells were stained with 

50 µl PI solution prior to microscopy with a fluorescence microscope (Nikon Microphot-FXA with Basler 

scA 1300 camera). Analysis of 50 cells per sample was performed with the software Comet Assay IV 

(Perceptive Instruments). 

 

3.2.13 QUANTIFICATION OF CELLULAR PAR LEVELS BY LC-MS/MS 

The method used for quantification of cellular PAR levels is based on LC-MS/MS. PAR was 

TCA-precipitated, detached from proteins by alkaline treatment and subsequently digested. Next, PAR 

was extracted via solid-phase extraction or DHBB-affinity chromatography. The obtained PAR was 

hydrolysed to monomeric nucleosides, which include adenosine (Ado), ribosyladenosine (R-Ado), and 

diribosyladenosine (R2-Ado) characteristic for the terminal, linear, or branched part of the PAR polymer. 

Only R-Ado and R2-Ado are specific for PAR, whereas Ado can also be derived from RNA. Samples 

were separated by HPLC. PAR is composed to 98–99 % of R-Ado, which was subsequently analysed 

via mass spectrometry. The quantification limit with this method is < 50 fmol R-Ado. This method was 

recently published and described in detail by Martello and colleagues (Martello et al. 2013). 

PAR levels in snap frozen tissue samples of mouse colon section 3 (Figure 17) and liver tissue were 

analysed. 

 

3.2.14 MGMT ACTIVITY ASSAY 

MGMT plays a crucial role in DNA repair. MGMT removes the methyl group from the mutagenic lesion 

O6-MeG which would otherwise result in G:C to A:T point mutations and DSBs during DNA replication 

respectively transcription. 

Animals were treated with AOM (3.2.2) and organs harvested at desired time point as described in 3.2.6. 

Colon section 2 (Figure 17), and snap frozen liver tissue was analysed with the MGMT assay. 

Pre-cooled sonication buffer (3.1.5) was added to the frozen tissue in a reaction tube and then 

homogenized with a pestle on ice. In the next step, each sample was sonicated twice with 10 impulses 

(intensity of 4.5, duty cycle 40%) on ice. After centrifugation for 10 min at 14,000 rpm and 4 °C, the 

supernatant was aliquoted and snap frozen except for a small volume used for Bradford protein assay 

(3.2.10). Final protein concentration of extract should be about 2-6 µg/µl. MGMT activity of the samples 

was measured using a radioactive assay, which was previously described by Preuss and colleagues 

(Preuss et al. 1995). The underlying principle is the transfer of tritium-labelled methyl groups from the 
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O6-position of guanine in calf thymus DNA onto MGMT. Extracts from HeLA S3 cells with high MGMT 

expression served as positive control and extracts from MGMT-deficient HeLA MR cells as negative 

control. Radioactivity, as indicator for MGMT activity, was determined via scintillation counting. Samples 

were measured in duplicates. 

 

3.2.15 DNA EXTRACTION AND DETECTION OF O6-MeG (SLOT BLOT) 

To determine the pre-mutagenic DNA lesion O6-MeG, mice were treated as described in 3.2.2, and 

sacrificed according to 3.2.6. O6-MeG DNA adduct levels of snap frozen colon section 2 (Figure 17) 

and liver were determined as described previously (Fahrer et al. 2015). 

Snap frozen tissue was homogenised mechanically, digested in 300 µl TE buffer with RNase for 30 min 

at RT and afterwards with Proteinase K at 48 °C for 18 h. Proteinase K was deactivated at 95 °C and 

DNA extracted. For this, 700 µl phenol–chloroform was added to the samples, mixed and centrifuged at 

14,000 rpm for 5 min at RT. The aqueous phase was transferred in a new reaction tube and the previous 

step repeated. For precipitation of the DNA, 70 % ice cold EtOH was added and mixed carefully. 

Samples were centrifuged, the pellet washed with 70 % EtOH, and air-dried. Subsequently, DNA was 

dissolved in 50 µl TE buffer and DNA concentration determined with a NanoDrop 2000. The extracted 

DNA was stored at – 20 °C. O6-MeG DNA adduct levels were determined with an immune slot blot assay 

as formerly published (Goder et al. 2015). To this end, DNA is denatured, transferred on a positively 

charged nylon membrane via vacuum and heat-fixed. After blocking, O6-MeG was targeted with an 

O6-MeG antibody followed by incubation with an HRP-coupled secondary antibody and detected via 

enhanced chemiluminescence with a photographic film, analogous to immunoblot analysis (3.2.11.2, 

3.2.11.3, 3.1.4). 

 

3.2.16 mRNA ISOLATION, cDNA SYNTHESIS AND REAL-TIME PCR 

Animals were challenged as described in 2.4.2 and samples harvested according to 2.4.6 after the first 

DSS cycle. mRNA was isolated from snap frozen colon section 1 (Figure 17). 30 mg of snap frozen 

colon tissue was mortared while keeping it frozen with liquid nitrogen. mRNA was isolated from the 

powder using the kit NucleoSpin RNA (MACHEREY-NAGEL) according to the manufacturer’s protocol. 

Concentration and purity of the isolated mRNA were determined with a spectrophotometer. 

500 ng template mRNA were transcribed with a cDNA synthesis kit into cDNA (Thermo Scientific). The 

cDNA was diluted 1:5 with ddH2O and stored at –20°C. The DNA intercalating dye 

SYBR GreenER (Qiagen) was used for qPCR. The kit contained everything apart from template cDNA 

and primer. Mixture for one reaction contained 1 µl cDNA, 5 µl SYBR GreenER, 3 µl ddH2O and 1 µl of 

the according primer (Qiagen), sequences of the primers are not available (Table 22). ACTB was used 

as reference gene. The dye intercalates into the synthesised DNA double strand, causing a correlation 

of fluorescence signal intensity with the amount of DNA. 
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Table 22: Primers for qPCR analysis. 

Gene Locus 

ACTB NM_007393 

COX-2 NM_011198 

CXCL2 NM_009140 

CXCR2 NM_001168298 

IL-1B NM_008361 

IL-6 NM_031168 

IL-17A NM_010927 

 

Real-time PCR was performed in triplicates with the StepOnePlus Real-Time PCR-System 

(AB Applied Biosystems). The PCR programme is described in Table 23. 

Table 23: PCR programme qPCR analysis. 

Step Temperature Duration 

1 95 °C 15 sec 

2 95 °C 15 sec 

3 55 °C 30 sec 

4 72 °C 30 sec 

5 GOTO 2 (40 cycles) 

6 90 °C 15 sec 

7 60 °C 60 sec 

8 90 °C 15 sec 

 

3.2.16.1 ANALYSIS OF REAL-TIME PCR DATA 

Data from real-time PCR were analysed with the StepOne Software v2.2 (AB Applied Biosystems). 

Ct-values were computed from triplicate measurements of each sample and normalised with the help of 

the reference gene ACTB based on the 2-ΔΔCt method (Livak, Schmittgen 2001). The measured data is 

normalised to a calibrator and the reference gene. If no calibrator is choosen manually, the software 

refers the expression of the samples to the sample with the lowest Ct-value. 
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4 RESULTS 

The experimental outcome is presented in the following chapter. It is separated in three parts. In the first 

part, the AOM/DSS-induced colorectal carcinogenesis (4.2) including the DNA damage induction upon 

challenge with AOM (4.3) was studied in WT and PARP-1-deficient mice. The DNA damage induced by 

AOM holds a strong tumour-inducing potential. The role of PARP-1 in the inflammatory response is 

dissected in the middle part (4.4). Here, the animals were challenged with AOM and the inflammatory 

agent DSS to induce a tumour-promoting gut inflammation. Finally, the tumour initiation by AOM and 

the chemically provoked colitis, both driving the formation of CRC and investigated separately in the two 

preceding parts of the results, were conjoined in a new PARP-1-/-/MGMT-/- strain (4.5). 

 

4.1 GENOTYPING OF K.O. MICE 

Prior to the animal experiments, the genotype of the mice was confirmed via PCR as described in 3.2.1 

with genetic material from mouse tail tips and ear punchings. Figure 18 shows a representative agarose 

gel with the PCR products of a PARP-1 genotyping. The left site of the gel shows the products of the 

PCR ran with primers P-A and P-B. This primer pair amplifies a sequence of the WT PARP-1 with a size 

of 200 bp. The PCR products amplified with the primers for the k.o. band (P-A and P-C) were loaded on 

the right site. The PARP-1 k.o. sequence has a size of 700 bp. The PARP-1 WT control sample only 

showed a band on the left site, whereas no band is detected on the right site. In contrast, the 

PARP-1 k.o. control sample only showed a band on the right site, where the k.o. sequence was 

amplified. Sample 3 was obtained from an animal with a homozygous PARP-1 k.o., samples 1, 2, 3 and 

5 from animals carrying a WT and an k.o. allele. 

MGMT genotyping was performed in a similar manner. The agarose gel presented in Figure 19 was 

loaded with MGMT WT genetic material and MGMT k.o. genetic material as controls and samples from 

the animals mated for the PARP-1-/-/MGMT-/- strain (sample 1-6). The MGMT-proficient control showed 

 
Figure 18: Exemplary picture of PARP-1 genotyping. Presented is a 1.5 % agarose gel including marker, 

PARP-1-proficient WT samples and PARP-1-/- samples as controls. The WT band has a size of 200 bp and the k.o. 
band a size of 700 bp. 
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a band at 542 bp and the MGMT-deficient control a band at 409 bp. Sample 1, 2, 4 and 5 are 

homozygous k.o. animals whereas sample 3 and 6 carry two MGMT WT alleles. 

  

 
Figure 19: Representative picture of MGMT genotyping. Shown is a 1.5 % agarose gel containing marker, 

MGMT-proficient WT samples and MGMT k.o. samples as controls. The WT band has a size of 542 bp and the k.o. 
band a size of only 409 bp. 
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4.2 LOSS OF PARP-1 CRITICALLY INFLUENCES CRC FORMATION 

To investigate the role of PARP-1 in NOC-induced CRC formation, PARP-1-proficient WT animals were 

compared to PARP-1-deficient animals, which were both treated with increasing doses of AOM as part 

of the AOM/DSS murine model of CRC (3.2.3). Tumour formation was monitored via mini endoscopy 

(3.2.5) and rated as described in 3.2.5.1. Mini endoscopy was kindly performed  

 

Mice were injected with an increasing dose series of AOM (0–15 mg/kg bw) and two subsequent cycles 

of 1 % DSS in the drinking water (3.2.3). Figure 20 shows representative pictures of WT and 

PARP-1 k.o. animals at the end of the experiment. 

 

 

 

 

 

 

 

 
Figure 20: Exemplary pictures of mini endoscopy. Presented are WT and PARP-1-/- mouse colons after 

treatment with AOM (0, 10 and 15 mg/kg bw) and two cycles of 1 % DSS at the end of the experiment 
(after 16 weeks). 
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Statistical analysis showed a significant dose-dependent increase of tumour number and size in the 

WT animals. Here, tumour number grew to about 4 tumours per animal and the tumour score to 10, 

albeit tumour score showed a big standard error. In contrast, PARP-1-deficient animals displayed a 

different response. There was no increase in CRC formation visible, neither in tumour number nor in 

tumour score. PARP-1-/- animals exhibited a higher basal rate of tumour formation compared to WT 

animals (Figure 21). 

4.3 ROLE OF PARP-1 IN NOC-INDUCED DNA DAMAGE 

After the initial finding revealing the resistance of PARP-1-/- mice to the AOM/DSS protocol, differences 

in primary DNA damage induction by AOM between WT and PARP-1 k.o. animals in colon and liver 

tissue were further detailed. Aim of this part of the work was to compare the primary genotoxic potential 

and consequences like cell death between both genotypes. DNA damage leading to mutations and loss 

of genomic stability is known to play in important role in tumour initiation. 

 

4.3.1 LACK OF PARP-1 LEADS TO DRAMATICALLY REDUCED FORMATION OF 

PAR 

The PARP enzyme family catalyses the formation of PAR in an NAD+-dependent manner. PAPR-1 is 

responsible for almost 90 % of nuclear PARP activity (Shieh et al. 1998). Furthermore, it is known that 

PARP activity differs in several organs (Martello et al. 2013). Quantification of PAR levels in mouse 

tissue was performed in the lab  

 (3.2.13). 

 
Figure 21: Colorectal carcinogenesis in WT and PARP-1-/- animals after 16 weeks. Mice received AOM and 
two 1 % DSS cycles. Numerical description of A tumour number and B mean tumour score per animal. Tumour 

score and number were assessed with the help of mini endoscopy and are presented as mean ± SEM of 
n ≥ 15 animals. Statistical significance was calculated to PBS treated animals for each phenotype using an one-way 
ANOVA with Tukey’s multiple comparisons test. **p < 0.01, ***p < 0.001. 
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Basal PAR levels of colon and liver tissue were analysed in three animals per group to verify the absence 

of PARP-1 activity in the mice and is presented in Figure 22. In general, the generated data revealed 

significantly higher PAR levels in liver tissue than in colon tissue. For WT animals, PAR level in liver 

tissue (15.7 pmol/mg DNA) was twice as high as in colon (7.5 pmol/mg DNA). Similar to WT animals, 

PAR levels in the liver of PARP-1-/- animals (6 fmol/mg DNA) were also higher than in colon tissue 

(1.5 fmol/mg DNA). Comparison between the genotypes showed lower PAR levels in the 

PARP-1-deficient animals, with stronger difference in liver tissue. The measured amounts of PAR 

respectively R-Ado were above the detection limit of < 50 fmol for all measured samples. The residual 

PAR in PARP-1-/- animals is attributable to the catalytic activity of other members of the PARP 

superfamily, e.g. PARP-2. 

PARP-1 plays a crucial role in response to AOM-mediated DNA damage which leads to formation of 

PAR at the site of damage. Hence, PAR levels after challenge with AOM were measured. Animals were 

treated up to 48 h with 10 mg/kg bw AOM. Figure 22 A presents data of PAR analysis in liver tissue 

and Figure 22 B in colon tissue. In the PARP-1-/- animals, hepatic PAR levels were lower as compared 

to the WT. Untreated animals showed 9 pmol/mg DNA and half of the amount after 24 h, though with 

no statistical significance (Figure 22 A). PAR quantification in colon tissue of WT mice revealed only a 

moderate effect on the R-Ado level after 6 h, which dropped to approximately the basal level after 48 h. 

PARP-1-/- mice showed only little PAR in colon tissue. Only two time points were probed to confirm that 

PAR levels remain unaffected by treatment with AOM. The R-Ado level in the untreated WT liver tissue 

was almost twice as high as in the WT colon tissue. 24 h after AOM administration, R-Ado levels strongly 

increased to 130 pmol/mg DNA and then declined to 56 pmol/mg DNA after 48 h, which was still above 

the basal R-Ado level of about 16 pmol/mg DNA. PAR levels in WT animals showed a comparable 

time-dependent pattern of PAR induction upon AOM treatment in liver and colon tissue, whereas 

PARP-1 k.o. exhibited no induction of PAR formation (Figure 22 B). 

 
Figure 22: PAR levels after challenge with 10 mg/kg bw AOM. PAR levels in A liver and B colon tissue of WT 

and PARP-1-deficient mice was assessed up to 48 h after treatment. Statistical analysis was performed using 
one-way ANOVA and Tukey’s multiple comparisons test. Data are shown as mean ± SEM (n = 3). Asterisks on top 
of the bars indicate significance to untreated control of each group. *p < 0.05, **p < 0.01, ***p < 0.001. 
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In general, liver tissue held more PARP activity compared to colon tissue. In contrast to WT mice, no 

induction of PAR formation was visible in animals lacking PARP-1. Residual PAR was likely attributable 

to other members of the PARP protein family (e.g. PARP-2). 

 

4.3.2 PARP-1-DEFICIENT ANIMALS ARE PRONE TO NOC-INDUCED DNA 

STRAND BREAKS 

PARP-1 plays an important role in the recruitment of BER proteins including XRCC1, DNA polymerase-β 

and DNA ligase III (Audebert et al. 2004; Caldecott et al. 1996). During the process of BER, DNA strand 

breaks can arise as critical intermediate. Strand break formation in PARP-1-proficient (WT) and 

PARP-1-deficient animals was studied with the alkaline comet assay (3.2.12) which detects alkali-labile 

sites, SSBs, and DSBs. 

Animals of both genotypes were treated with 5 mg/kg bw and 10 mg/kg bw AOM up to 48 h and organs 

were subsequently harvested (3.2.2, 3.2.6). Following experiments were only performed with cells 

gained from snap frozen liver. Figure 23 shows representative pictures of analysed liver cells from 

animals treated with 5 mg/kg bw and 10 mg/kg bw AOM up to 48 h. 

 
Figure 23: Representative pictures of DNA strand breaks in liver tissue of WT and PARP-1-/- animals. Alkaline 
comet assay was performed after treatment with 5 mg/kg bw AOM and 10 mg/kg bw AOM up to 48 h. 
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Statistical analysis of three animals per group is presented in Figure 24. After treatment of WT animals 

with the low AOM dose for 24 h, a strong induction of the tail intensity from 3.3 to 31 was measurable. 

Due to the variability in tail intensity upon administration of 5 mg/kg bw AOM, no statistical significance 

was reached. After 48 h, tail intensity was at 27.3. The tail intensity within this group varied strongly and 

the experiment failed to prove statistical significance. Basal tail intensity of 2.4 in liver cells of 

PARP-1-/- animals was significantly increased by AOM treatment after 24 h (43.6) and dropped to 23.8 

after 48 h in a time-dependent manner. Challenge with 10 mg/kg bw led to a stronger increase of DNA 

strand breaks in WT animals to a tail intensity over 30, which was significant to untreated animals after 

24 h and 48 h. Due to the strong variation within the animals treated with 5 mg/kg bw AOM, the increase 

lacked significance. Nevertheless, PARP-1-deficient animals displayed an increase which was 

significantly higher compared to the 5 mg/kg bw group. Here, a significant higher tail intensity of 55.7 

after 24 h and 42.0 after 48 h was measurable compared to untreated animals (2.4). 

It was not possible to generate reliable data from snap frozen colon tissue. Samples from the same 

treatment group strongly varied and measurements were not reproducible. In conclusion, treatment with 

AOM increased DNA strand breaks in liver cells of WT and PARP-1 k.o. animals, which was generally 

stronger in PARP-1-deficient mice. Regarding both genotypes, the induced DNA damage correlated 

with AOM dose. 

 

4.3.3 AOM-INDUCED DDR IN WT AND PARP-1-/- ANIMALS 

To analyse the AOM-triggered DDR, phosphorylated histone H2AX (γH2AX), a well-established 

surrogate marker for DSB and part of the DDR induced by genotoxic stress (Kuo, Yang 2008, 2008), 

 
Figure 24: Statistical evaluation of comet tail intensity in liver tissue of WT and PARP-1-/- animals. Animals 

received 5 mg/kg bw AOM and 10 mg/kg bw AOM up to 48 h. Data are shown as mean ± SEM (n = 3). Statistical 
analysis was performed using two-way ANOVA and Bonferroni's multiple comparisons test. Asterisks on top of the 
bars indicate significance to untreated control of each group. n.s. = not significant, *p < 0.05, ***p < 0.001. 
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was analysed via immunoblotting. Mice were treated with AOM (3.2.2) and sacrificed at the indicated 

time points as described in 3.2.6. Upon lysis of colon and liver tissue, protein concentration was 

determined with the help of the Bradford protein assay (3.2.10). Proteins were separated via SDS-PAGE 

and visualised via immunodetection (3.2.11). 

Figure 25 A shows a representative time-course in WT and PARP-1-/- animals after challenge with 

5 mg/kg bw AOM up to 48 h and Figure 25 B after treatment with 10 mg/kg bw AOM. 

The double band of the loading control, Hsp90 primary antibody of mouse origin, in the immunoblots of 

WT animals should be noted (Figure 25). The lower band might be a degradation product which arose 

from tissue lysis and/or handling. Alternatively, it could be an unspecific band. To eliminate the lower 

band, immunoblot analysis of Hsp90 in this work was performed with a rabbit polyclonal Hsp90 primary 

antibody. 

Densitometric evaluation of immunoblots from tissue of three different animals per group is presented 

in Figure 26. In WT liver, γH2AX levels were significantly induced to almost 6-fold of the untreated 

animals after 24 h and dropped to the 2.3-fold after 48 h. In PARP-1-deficient animals, a 3-fold increase 

was visible after 24 h, which lacked significance and declined to 1.4-fold of the basal γH2AX level after 

48 h. A comparable but weaker time-dependent induction pattern was observable in colon tissue. 

Analysis of colon tissue revealed a small increase of γH2AX 24 h after AOM injection, returning to basal 

levels after 48 h, which both lacked statistical significance. The time-dependent induction pattern did not 

 
Figure 25: Analysis of γH2AX levels in liver and colon tissue following AOM treatment. Animals received 

5 mg/kg bw AOM and 10 mg/kg bw up to 48 h. Hsp90 was visualised as loading control. Different Hsp90 antibodies 

were used for WT and PARP-1-/- samples, see text for details. 
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differ between both genotypes. There was no statistical difference between genotypes. The basal 

γH2AX levels were stronger in colon tissue (Figure 25 A), whereas the induction was stronger in liver 

tissues (Figure 26). 

To further investigate γH2AX induction, animals were treated with 10 mg/kg bw AOM analogous to the 

experiment described above. Presented is the densitometric quantification of three animals per group 

(Figure 27). In liver tissue, a significant increase of γH2AX levels to 8.7-fold in WT and 9.6-fold in 

PARP-1-deficient animals was measurable 24 h after challenge with the high AOM dose. After 48 h, 

levels dropped to 5.6-fold in WT and 5.8-fold in PARP-1 k.o. mice. In colon tissue of WT animals, a 

2.6-fold increase was measurable after 24 h and declined to 2.3-fold after 48 h. A slight induction of 

γH2AX (about 2-fold) was visible in colon tissue of PARP-1-/- was visible after 48 h and only minimal 

induction after 24 h. In addition, there was neither a significant variation of γH2AX levels in colon tissue 

after treatment nor difference between both genotypes visible. Time-dependent induction did not differ 

between liver tissue of WT and PARP-1-deficient animals. As already described for the lower dose, 

basal γH2AX levels were stronger in colon tissue (Figure 25 B) and the induction stronger in liver tissue 

(Figure 27). 

 

 

 

 

 

 
Figure 26: Densitometric evaluation of γH2AX levels in colon and liver tissue. WT and PARP-1-deficient 

animals were challenged with 5 mg/kg bw AOM up to 48 h. Data are presented as mean ± SEM (n = 3). Statistical 
analysis was performed using one-way ANOVA and Tukey's multiple comparisons test. Asterisks on top of the bars 
indicate significance to untreated control of each group. *p < 0.05. WT data was already published by our group 
(Fahrer et al. 2015). 
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In summary, a time-dependent induction of γH2AX formation was detectable in WT and 

PARP-1-/- animals after AOM treatment. The strength of induction was correlating with the applied AOM 

dose. In general, the basal γH2AX levels were stronger in colon but the induction was stronger in liver 

tissue. 

 

4.3.4 PARP-1 HAS NO INFLUENCE ON FORMATION OF AOM-INDUCED O6-MeG 

ADDUCTS AND MGMT ACTIVITY 

NOC, such as AOM, cause DNA alkylation whereby a methyl group is transferred onto a DNA base, 

which can occur on nitrogen atoms within the base’s circular structure and on extracircular oxygen 

atoms. One of the most critical pre-mutagenic methylations is O6-MeG, which is reverted by the protein 

MGMT. Upon transfer of the methyl group from O6-MeG onto MGMT, it is inactivated and proteasomally 

degraded (Fahrer et al. 2015; Kaina et al. 2007). 

 
Figure 27: Densitometric evaluation of γH2AX levels in liver and colon tissue. WT and PARP-1-deficient 

animals were treated with 10 mg/kg bw AOM up to 48 h. Data are presented as mean ± SEM (n = 3). Statistical 
analysis was performed using one-way ANOVA and Tukey's multiple comparisons test. Asterisks on top of the bars 
indicate significance to the according untreated control. *p < 0.05, **p < 0.01. WT data was already published by 
our group (Fahrer et al. 2015). 
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To address the question whether PARP-1 has any influence on O6-MeG induction, DNA of three 

AOM-treated animals per group was analysed via slot blot analysis (3.2.15). Initially, DNA of WT and 

PARP-1 k.o. animals were compared at 24 h and 48 h after treatment with 10 mg/kg bw AOM. Figure 

28 shows representative slot blots of analysed liver DNA after treatment with 10 mg/kg bw AOM for 24 h 

(A) and 48 h (B). In the graph below (Figure 28 C), densitometric evaluation of O6-MeG levels upon 

AOM treatment are presented. Both genotypes showed a slight increase in O6-MeG levels in colon 

tissue (WT: 1.6-fold, PARP-1 k.o. 1.7-fold) after 24 h, which returned to control level after 48 h. The 

induction was stronger in liver tissue. Here, O6-MeG adducts significantly rose the 7.3-fold of the basal 

level after 24 h and reached their maximum at 8.2-fold after 48 h, albeit with a big variation between the 

animals. PARP-1-/- mice also showed a significant induction of O6-MeG adduct levels after 24 h to 

10.9-fold increase followed by a drop to 5.4-fold of control level after 48 h. Means of AOM-induced 

O6-MeG adduct levels were comparable in liver tissue of WT and PARP-1-/- mice. 

 
Figure 28: Determination of O6-MeG levels in liver and colon tissue of WT and PARP-1-deficient animals. 
O6-MeG adducts were assessed via slot blot after challenge with 10 mg/kg bw AOM up to 48 h. A Representative 
slot blot of WT and PARP-1 k.o liver DNA 24 h and B 48 h after treatment. C Statistical evaluation of band intensity. 

Data are shown as mean ± SEM (n = 3). Statistical analysis was performed using one-way ANOVA and Tukey’s 
multiple comparisons test. Asterisks on top of the bars indicate significance to the related untreated control. 
**p < 0.01, ***p < 0.001. WT data was already published by our group (Fahrer et al. 2015). 
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Furthermore, MGMT activity (according to 3.2.14) in both genotypes was compared in a time-dependent 

manner (three animals per group). Figure 29 A presents the time-dependent activity of MGMT in WT 

and PARP-1-deficient animals after treatment with 5 mg/kg bw AOM up to 48 h. Analysis of WT animals 

revealed a reduction of MGMT activity with strongest depletion at 48 h. In contrast, PARP-1 k.o. animals 

showed a reduction of activity after 24 h to almost 50 % of basal levels and recovery after 48 h. 

Differences between genotypes were not statistically significant. The MGMT depletion pattern is alike in 

liver tissue of both genotypes. After 24 h, MGMT was almost completely depleted and activity restored 

to over 50 % after 48 h. Next, a higher AOM dose (10 mg/kg bw) was administered (Figure 29 B). The 

depletion of MGMT was strikingly increased in all samples. 

 
Figure 29: Analysis of MGMT activity in colon and liver tissue of WT and PARP-1 k.o. mice. Animals were 
challenged with A 5 mg/kg bw AOM and B 10 mg/kg bw AOM up to 48 h. Data are displayed as mean ± SEM 

(n = 3). Statistical analysis was performed using two-way ANOVA and Bonferroni's multiple comparisons test. 
Asterisks on top of the bars indicate significance to untreated control of each group. ***p < 0.001. WT data was 
already published by our group (Fahrer et al. 2015). 
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Consistent with the results of the low dose (Figure 29 A), MGMT activity in colon tissue was different in 

both genotypes upon AOM treatment. WT animals experienced a significant drop of MGMT activity to 

34 % of control after 24 h with complete depletion after 48 h. In PARP-1-/- colon tissue, a decline of 

MGMT activity to 7 % after 24 h with recovery to 20 % of basal levels was measurable. As observed 

before, differences were not significant between both genotypes. The high AOM dose led to a complete 

depletion of MGMT activity in the liver of WT and PARP-1-deficient animals up to 48 h. 

Taken together, AOM-induced O6-MeG adducts in both genotypes were strikingly stronger in liver tissue. 

In line with these results, MGMT activity was reduced after challenge with AOM in liver and colon tissue 

of WT and PARP-1 k.o. animals. Here, a recovery of MGMT activity was visible in animals treated with 

a low AOM dose. However, the higher AOM dose provoked stronger and longer persisting deprivation 

of MGMT. 
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4.3.5 CELL PROLIFERATION AND APOPTOSIS INDUCTION ARE NOT 

INFLUENCED BY PARP-1 

Since PARP-1 plays an important role in a plethora of cellular mechanisms, including regulation of the 

cell cycle (Mangerich, Bürkle 2012), the question whether loss of PARP-1 results in an altered cell 

proliferation, thereby influencing the response to DNA damage, was addressed. In this regard, the PCNA 

was analysed as marker for cell proliferation via immunolocalisation (3.2.7). The 36 kD nuclear protein 

acts as cofactor of DNA polymerase δ during DNA synthesis and is therefore an established indicator 

for cell proliferation (Hall et al. 1990). 

PCNA abundance and localisation in colon sections of untreated WT and PARP-1 k.o. animals were 

compared by IHC staining and confocal microscopy (3.2.7). Selected captures of stained colon slices 

are presented in Figure 30 A. PCNA expressing cells were localised in the proliferative zone of the 

crypts with decreasing signal towards the differentiation zone in the villi. Statistical analysis of three 

untreated animals per genotype confirmed similar average cell proliferation in the colon crypts of both 

PARP-1-proficient and PARP-1-deficient animals (Figure 30 B). 

AOM-mediated DNA lesions lead to DNA strand break induction and base adducts, which can result in 

the induction of cell death if the lesions persist or repair malfunctions (Fu et al. 2012; Roos, Kaina 2006). 

AOM-induced cell death in colon tissue was analysed via TUNEL staining (3.2.7.4). This assay is based 

 
Figure 30: Basal cell proliferation in untreated WT and PARP-1-deficient animals. A Representative pictures 

of PCNA-stained colon sections: nuclei were stained with TO-PRO-3 (blue) and PCNA (green). Samples were 
observed via confocal microscopy at 40x magnification (scan zoom 1.0). B Statistical evaluation of basal cell 

proliferation was performed using student’s t-test. Data are displayed as mean ± SEM (n = 3). 
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on the incorporation of fluorescein-coupled nucleotides at free 3’-OH-groups of DNA strand breaks, 

which are then visualised with fluorescence microscopy. 

Groups of three animals per genotype were treated with 5 mg/kg bw AOM and 10 mg/kg bw AOM for 

48 h (3.2.2) and sacrificed (3.2.6). Figure 31 shows representative pictures of the stained colon sections 

after challenge with 10 mg/kg bw AOM. A work published by our group (Fahrer et al. 2015) reported a 

strong induction of apoptosis in MGMT-/- animals after challenge with AOM. Therefore, MGMT-deficient 

animals treated with 10 mg/kg bw AOM for 48 h were used as positive control. 

 

 
Figure 31: TUNEL-positive cells in the colon crypts of WT and PARP-1-deficient animals. Representative 

pictures of TUNEL-stained colon sections after challenge with 10 mg/kg bw AOM for 48 h. Colon sections of 
MGMT-deficient mice treated with 10 mg/kg bw AOM for 48 h were used as positive control. Nuclei are stained with 
TO-PRO-3 (blue). Samples were analysed with confocal microscopy at 40x magnification (scan zoom 1.0). 
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Statistical evaluation of the TUNEL staining (Figure 32) revealed that WT animals exhibited about 

0.17 positive cells per colonic crypt after treatment with 5 mg/kg bw AOM and 0.34 positive cells per 

colonic crypt after treatment with the twofold dose. However, the difference was not statistically 

significant. A significant increase from 0.13 positive cells at 5 mg/kg bw AOM to 0.36 positive cells at 

10 mg/kg bw AOM was visible for PARP-1 k.o. animals. Comparison of both genotypes revealed lower 

apoptosis induction in the colon of PARP-1-deficient animals without statistical significance. Apoptosis 

induction at 10 mg/kg bw AOM was comparable in both genotypes. 

Altogether, these experiments confirmed that the absence of PARP-1 has neither an influence on basal 

cell proliferation nor induction of DNA damage-induced apoptosis. 

 

  

 
Figure 32: Statistical evaluation of TUNEL-stained colon sections. Animals were challenged with 5 mg/kg bw 

or 10 mg/kg bw AOM for 48 h. Data are presented as mean ± SEM (n = 3). Statistical analysis was performed with 
two-way ANOVA and Tukey's multiple comparisons test. 
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4.3.6 SUMMARY: ROLE OF PARP-1 IN NOC-INDUCED DNA DAMAGE 

The results of the experiments presented in this chapter are summarised in Table 24. 

Table 24: Results presented in chapter 4.3 Role of PARP-1 in NOC-induced DNA Damage. 

Dramatically Reduced PAR Formation in Absence of PARP-1 

 higher basal and induced PAR levels in liver tissue compared to colon tissue 

 time-dependent induction of PAR formation in liver and colon tissue of WT animals but not in 

PARP-1 k.o. animals 

 residual PAR formation in PARP-1-deficient animals (likely attributable to PARP-2) 

 

PARP-1 k.o. Animals are Sensitive to NOC-induced DNA Strand Breaks 

 AOM-induced DNA strand breaks in liver cells of WT and PARP-1 k.o. animals 

- stronger induction in PARP-1-deficient mice 

 comparable induction of γH2AX in WT and PARP-1-/- animals after AOM treatment 

- stronger γH2AX-induction in liver tissue compared to colon tissue 

- higher basal γH2AX levels in colon but induction stronger in liver tissue 

 

No Impact of PARP-1 on O6-MeG DNA Adduct Formation or MGMT Activity 

 induction of O6-MeG DNA adducts after treatment with AOM in both genotypes 

- adduct formation was stronger in liver tissue than in colon tissue 

 reduced MGMT activity after challenge with AOM in liver and colon tissue 

- recovery of MGMT activity visible after treatment with low AOM dose 

- higher AOM dose caused stronger and persistent depletion of MGMT 

 

Lack of PARP-1 has no Influence on Basal Cell Proliferation and NOC-Induced Apoptosis in 

Colon Crypts 

 lack of PARP-1 has neither an influence on basal cell proliferation nor induction of apoptosis 

upon challenge with AOM 
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4.4 ROLE OF PARP-1 IN INFLAMMATORY RESPONSE 

Besides its important role in DNA damage repair, PARP-1 is a crucial player of the inflammatory 

response, in which it functions as activator of the inflammatory master regulator NF-κB (Hassa et al. 

2003). Considering that inflammation promotes the malignant transformation of initiated cells and 

promotes carcinogenesis, the inflammatory process induced by DSS was further investigated in WT and 

PARP-1-deficient animals. 

 

4.4.1 PARP-1-DEFICIENT ANIMALS ARE PROTECTED AGAINST DSS-INDUCED 

COLITIS 

AOM/DSS-induced colitis severity was assessed by evaluation of the MEICS (Becker et al. 2006a). 

Therefore, the strength of the animals’ colitis was studied after the first DSS cycle (Figure 14) via mini 

endoscopy (3.2.5.2). Mini endoscopy and scoring of mucosal inflammation was kindly  

 

PARP-1-proficient (WT) and PARP-1-/- animals were challenged with 1 % and 2.5 % DSS. The AOM 

dose was reduced from 15 mg/kg bw to 10 mg/kg bw for the animals treated with 2.5 % DSS to prevent 

increased mortality. Figure 33 shows selected pictures of the mini endoscopy supplemented with 

HE-stained colon sections and statistical evaluation of the obtained MEICS. After challenge with 

1 % DSS, WT animals showed a significantly higher MEICS (1.5) compared to PARP-1 k.o. animals 

(0.8) (Figure 33 A & B). The assessed MEICS in animals treated with 1 % DSS was still within a 

range (0-3) which can be found in healthy animals (Becker et al. 2006a). The DSS dose was increased 

to 2.5% to reach a clearly pathological colitis and strengthen differences between the mouse strains 

(Figure 33 C & D). The MEICS in WT animals rose to 8.8 and PARP-1-deficient mice exhibited a 

significantly lower MEICS of 2.4. For both genotypes, inflammation was significantly increased within 

the higher DSS dose of 2.5 %. As visible in Figure 33 D, the mucosa was dull. Furthermore, vascular 

patterns disappeared and fibrin deposits started to form. HE staining of samples obtained after the first 

DSS cycle revealed hyperplastic tissue (red arrow, right panel in Figure 33 C) in the colon of WT animals 

and loss of the crypt architecture. These findings are possible predictors for tumour formation. 
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In summary, WT animals showed higher gut inflammation and already hyperplastic lesions, which may 

progress to tumours later. In contrast, PARP-1-deficient animals are protected from colitis induction in 

the AOM/DSS model of CRC. 

 
Figure 33: Analysis of mucosal inflammation in WT and PARP-1-deficient animals. The mice were challenged 
with A & B 15 mg/kg bw AOM/1 % DSS and C & D 10 mg/kg bw AOM/2.5 % DSS. The MEICS was assessed at 
the end of the first DSS cycle. A & C Representative pictures of colon mucosa during mini endoscopy and 

HE-stained colon sections of animals treated with the high DSS dose. The red arrow marks hyperplastic tissue. 
B & D Statistical evaluation of the MEICS. Data are presented as mean ± SEM (n ≥ 14). Statistical analysis was 

performed using student’s t-test. **p < 0.01, ***p < 0.001. 
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4.4.2 INFLUENCE OF PARP-1 ON THE ABUNDANCE OF THE INDUCIBLE 

CYCLOOXYGENASE COX-2 

Additionally, molecular markers were investigated to confirm the macroscopic observation. The 

cyclooxygenase COX-2 is selectively induced at the site of inflammation by the inflammatory master key 

regulator NF-κB and pro-inflammatory mediators (e.g. interleukin-1 beta (IL-1b)). COX-2 was analysed 

as molecular marker for the inflammation observed via mini endoscopy (4.4.1). Samples for 

immunohistochemical analysis of the inflammation marker COX-2 originated from the animals which 

were studied to assess the MEICS. Only animals challenged with 10 mg/kg bw AOM and 2.5 % DSS 

were examined. 
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First, one colon section of untreated animals of each genotype was qualitatively compared to assess 

the basal COX-2 levels (Figure 34). Only low intensity of COX-2 signal was visible in untreated animals. 

 

 

 
Figure 34: COX-2 abundance in untreated animals. Overview and detail pictures of colon sections of untreated 

animals. Nuclei were stained with TO-PRO-3 (blue); green signal shows COX-2. Samples were analysed with 
confocal microscopy; magnifications (20x (scan zoom 0.8) and 40x (scan zoom 2.0)) are indicated in the figure. 
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Next, COX-2 intensity in three treated animals per genotype was recorded. Figure 35 shows detailed 

pictures of the analysed samples. 

 

 
Figure 35: COX-2 signal intensity in colon sections after the first DSS cycle. WT and PARP-1-deficient animals 

were challenged with 10 mg/kg bw AOM and one 2.5 % DSS cycle. Nuclei were stained with TO-PRO-3 (blue); 
green signal shows COX-2. Samples were analysed with confocal microscopy; magnifications (20x (scan zoom 0.8) 
and 40x (scan zoom 2.0)) are indicated in the figure. 
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After the first DSS cycle, the mean COX-2 intensity in PARP-1-/- samples was about 60 % reduced 

compared to WT colon sections (Figure 36). 

Qualitative assessment of COX-2 abundance via IHC and confocal microscopy in untreated WT and 

PARP-1-/- animals showed slightly lower signal in absence of PARP-1. Statistical analysis of COX-2 in 

colon sections of animals after the first DSS cycle revealed a significantly lower abundance of the 

pro-inflammatory protein in PARP-1 k.o. mice. This supports the endoscopic analysis of gut inflammation 

(4.4.1), which already showed that PARP-1-/- mice exhibit a lower mucosal inflammation after treatment 

with AOM and one DSS cycle. 

 

4.4.3 PARP-1 MEDIATES INVASION OF IMMUNE CELLS OF THE INNATE 

IMMUNE RESPONSE AND CYTOKINE SECRETION 

4.4.3.1 DECREASED INNATE IMMUNE RESONSE FOLLOWING DSS TREATMENT IN 

PARP-1-DEFICIENT ANIMALS 

During inflammation, immune cells invade the site of inflammation. In the following chapter the presence 

macrophages and monocytes, which are part of the innate immune response, was analysed in colon 

tissue. In subsequent experiments, CD3-positive T-cells, which are part of the adaptive immune system, 

were studied. IHC (3.2.7) and confocal microscopy were used to visualise the immune cells after the 

first DSS cycle. Animals treated with the high DSS dose (10 mg/kg bw AOM and 2.5 % DSS) showed a 

stronger inflammatory response. To restrict the number of used animals, experiments were performed 

with the high DSS dose only. 

 

 

 
Figure 36: Statistical evaluation of COX-2 mean intensity. WT and PARP-1-deficient animals received 

10 mg/kg bw AOM followed by one cycle of 2.5 % DSS. Statistical analysis was performed using student’s t-test. 
Data are displayed as mean ± SEM (n = 3). ***p < 0.001. 
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First, the integrin cluster differentiation molecule 11b (CD11b), a widely-used marker for murine 

monocytes (Lai et al. 1998), was assessed via IHC and confocal microscopy in colon sections of three 

WT and PARP-1-/- mice. Selected pictures of colon sections of WT and PARP-1-deficient mice are 

presented in Figure 37. CD11b signal was visible in submucosa, muscularis, and serosa with stronger 

intensity in WT animals. 

 
Figure 37: CD11b-positive cells in WT and PARP-1-/- colon sections after the first DSS cycle. Selected pictures 

of the CD11b stained colon sections analysed with confocal microscopy. Animals were challenged with 
10 mg/kg bw AOM and 2.5 % DSS. Nuclei were stained with TO-PRO-3 (blue); green signal shows CD11b. 
Magnifications (40x (scan zoom 1.0 and scan zoom 2.0) are indicated in the figure. 
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Further statistical evaluation of the mean CD11b signal intensity per optical section is given in Figure 

38. Presented mean intensity of the CD11b signal was 1.2 for WT animals and 0.45 for 

PARP-1-/- animals. However, difference between the genotypes was not statistically significant due to 

variation of the CD11b signal intensity within the genotypes. 

Upon migration from blood vessels into the inflamed tissue, monocytes differentiate to macrophages. 

Thus, F4/80 was analysed via IHC as marker for murine macrophages (Austyn, Gordon 1981). Groups 

of three animals per genotype were challenged with 10 mg/kg bw AOM a subsequent 2.5 % DSS cycle. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 38: Statistical analysis of CD11b staining. Animals were challenged with a single exposure to 

10 mg/kg bw AOM and one 2.5 % DSS cycle. Data are presented as mean ± SEM (n = 3). Statistical analysis was 
performed with student’s t-test. n.s. = not significant. 
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Figure 39 presents selected detail pictures of F4/80 stained colon sections at 20x and 40x magnification, 

statistical evaluation was based on the latter. In contrast to the localisation of the CD11b signal (Figure 

37), murine macrophages were localised in the lamina propria of the animal’s colon and not in the tissue 

layers underneath. 

 
Figure 39: Microscopy pictures of F4/80 stained WT and PARP-1-/- animals after first DSS cycle. Mice 

received 10 mg/kg bw AOM and one 2.5 % DSS cycle. Pictures were analysed via confocal microscopy and 
recorded at 20x, (scan zoom 0.6) and 40x (scan zoom 0.6) magnification, as indicated in the figure. Nuclei were 
stained with TO-PRO-3 (blue); green signal visualised F4/80. 
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Statistical analysis of the microscopic assessment is given in Figure 40. AOM/DSS treatment led to an 

average of 17.4 F4/80-positive cells per crypt. PARP-1 k.o. animals showed a significantly lower number 

of 9.3 positive cells per crypt. Furthermore, increase of DSS dose raised the number of F4/80-positive 

cells significantly within the genotypes. 

IHC revealed a stronger invasion of monocytes and macrophages into the inflamed colon tissue of WT 

animals. PARP-1-deficient animals showed a similar pattern of immune cell invasion of monocytes and 

macrophages in response to the DSS-induced colitis, but in an attenuated manner. Differences between 

WT and PARP-1 k.o animals were noticeable, but without statistical significance for monocyte attraction 

and significant for macrophages localised in the lamina propria. Results obtained from analysis of 

immune cell infiltration correlated with the mucosal inflammation (Figure 33). 

 

 

 

 

 

 

 

 

 

 
Figure 40: Statistical analysis of F4/80 staining. Animals were challenged with 10 mg/kg bw AOM and one 

2.5 % DSS cycle. Data are presented as mean ± SEM (n = 3). Statistical analysis was performed via student’s 
t-test. ***p < 0.01. 
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4.4.3.2 RESPONSE OF THE ADAPTIVE IMMUNE SYSTEM FOLLOWING AOM/DSS TREATMENT 

Besides the unspecific innate immune response, the immune system is equipped with a slower but more 

specific adaptive response. The so called adaptive or acquired immune system is activated, when a 

pathogen-specific antigen activates dendritic cells. T-cells are part of the specific immune response and 

express the membrane-associated receptor CD3, which associates with the T-cell receptor (Smith-

Garvin et al. 2009). Therefore, CD3 served as marker for T-cells of the adaptive immune system. 

Animals were treated with 10 mg/kg bw AOM followed by one cycle 2.5 % DSS and the presence of 

CD3-positive cells in paraffin-embedded PFA-fixed colon sections was analysed via IHC and confocal 

microscopy (3.2.7). Figure 41 shows qualitative CD3-stained colon sections of untreated animals Both 

genotypes exhibited a comparable CD3 signal. 

 

 

 

 

 

 

 
Figure 41: Pictures of untreated WT and PARP-1-/- colon sections. Samples were stained via IHC and analysed 

by confocal microscopy at a magnification of 40x (scan zoom 0.6). Nuclei were stained with TO-PRO-3 (blue) and 
green signal visualises CD3. 
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The presence of CD3-positive cells was studied in three animals per group via IHC and confocal 

microscopy. AOM/DSS treatment did not increase the number of CD3-positive cells. Counting of 

CD3-positive cells per optical section (Figure 42 A) and subsequent statistical evaluation confirmed a 

similar amount of CD3 T-cells in colon of both genotypes after treatment (Figure 42 B). A mean of 

6.6 CD3-positive cells was found in WT animals compared to 6.3 in PARP-1-/- animals.  

 
Figure 42: Analysis of CD3-positive cells in WT and PARP-1-/- colon sections after challenge with AOM/DSS. 
Animals received 10 mg/kg bw AOM and one subsequent DSS cycle (2.5 %). A Confocal microscopy was used to 

analyse the samples and record pictures with 40x magnification (scan zoom 0.6). Nuclei were stained with TO-
PRO-3 (blue) and the green signal represents CD3. B Statistical analysis of CD3-positive cells in mouse colon 

sections. Data are expressed as mean ± SEM (n = 3). Statistical analysis was performed with student’s t-test. 
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Analysis of CD3 as marker for T-cells of the adaptive immune system failed to show a difference 

between the genotypes. Moreover, there was no clear induction of CD3-positive cells in the colon of the 

animals after treatment. 

 

4.4.3.3 CYTOKINE SECRETION 

Cytokines are secreted by invading immune cells and lead to activation of processes crucial for 

inflammation like invasion of immune cells and activation of inflammatory proteins. In this context, 

HMGB1 was studied due to its important role in the innate inflammatory response. The transcription 

factor HMGB1 is mainly secreted by macrophages and monocytes invading the inflamed tissue (Klune, 

JR et al. 2008). As described above, both cell populations were found in colon tissue of animals 

challenged with AOM and DSS, but more pronounced in WT animals. Additionally, HMGB1 is highly 

expressed in inflamed tissue. Upon activation of PARP-1, nuclear HMGB1 is PARylated and secreted 

by the cells after translocation into the cytoplasm (Ditsworth et al. 2007). To make use of IHC and 

confocal microscopy (3.2.7), colon sections of WT and PARP-1-/- animals were tested for their HMGB1 

abundance in terms of intensity and localisation. Untreated animals were analysed to determine basal 

HMGB1 levels and compared to animals of both genotypes treated with 10 mg/kg bw AOM and 

2.5 % DSS. Samples were, as in previous inflammation-related experiments, harvested after the first 

DSS cycle. 

Figure 43 shows selected pictures of untreated animals. Almost no signal was discernible in untreated 

animals of both genotypes.  

 
Figure 43: IHC analysis of HMBG1 abundance in untreated WT and PARP-1 k.o. animals. IHC-stained colon 

sections were studied with confocal microscopy and pictures recorded at 20x magnification (scan zoom 1.0). Nuclei 
were stained with TO-PRO-3 (blue) and HMGB1 is represented by the green signal. 
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Detailed microscopy pictures of colon tissue after treatment, taken with 20x and 63x magnification, are 

presented in Figure 44. As it can be seen on the pictures with the lower magnification, HMBG1 was 

distributed all over the cells and parts of the colon and not locally limited like the invading immune cells. 

 

 

 
Figure 44: Representative pictures of abundance of HMBG1 in colon sections after AOM/DSS treatment. 

WT and PARP-1 k.o. animals were challenged with 10 mg/kg bw AOM and one 2.5 % DSS cycle. Pictures were 
recorded with confocal microscopy at a magnification of 20x (scan zoom 1.0) and 63x (scan zoom 0.6). Nuclei were 
stained with TO-PRO-3 (blue); HMGB1 is displayed as green signal. 
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Statistical appraisal of mean HMGB1 intensity in treated animals (three per group) revealed a significant 

difference of HMGB1 levels of both genotypes in response to inflammation. While WT showed a mean 

HMGB1 signal intensity of 6.6, PARP-1 k.o. samples had a significantly lower intensity of 3.5 (Figure 

45). 

HMBG1 mean intensity was significantly lower in PARP-1-deficient mice at the end of the first DSS 

cycle. This finding fits to the results presented in the previous chapters, in which data indicated less 

infiltration of monocytes and macrophages in PARP-1 k.o. mice (4.4.3.1). 

 

4.4.3.4 EXPRESSION OF INFLAMMATION-RELATED GENES IS ATTENUATED IN PARP-1 K.O. 

ANIMALS 

After the first DSS cycle (10 mg/kg bw AOM and 2.5 % DSS), mRNA expression of selected NF-κB 

target genes was further investigated with the help of qPCR. mRNA of three animals per group was 

isolated from colon section 1 (Figure 17) and transcribed into cDNA. Expression was normalised to the 

WT (x-fold). The qPCR was performed  

 

 

 

 

 

 

 

 
Figure 45: Evaluation of HMBG1 abundance in WT and PARP-1 k.o. animals after treatment. Animals received 

10 mg/kg bw AOM and 2.5 % DSS. Data are presented as mean ± SEM (n = 3). Statistical analysis was performed 
with student’s t-test. *p < 0.05. 
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Consistent with IHC analysis (Figure 36), mRNA expression levels of COX-2 trended to be lower in 

PARP-1-/- animals (0.7-fold). The small cytokine chemokine (C-X-C motif) ligand 2 (CXCL2), produced 

by macrophages and monocytes, and its receptor C-X-C motif chemokine receptor 2 (CXCR2) had a 

tendency to be decreased to 0.8-fold in the PARP-1-deficient mouse strain. The pro-inflammatory 

pyrogen IL-1b is expressed e.g. in macrophages and monocytes. In accordance with IHC of 

macrophages and monocytes in colon sections, IL-1b mRNA levels trended be lower expressed 

(0.42-fold) in animals lacking PARP-1. Expression of interleukin-6 (IL-6) is stimulated by IL-1b (Luo et 

al. 2003). Almost no IL-6 expression was visible in the PARP-1 k.o. genotype. Last, iNOS, which is 

expressed as direct consequence of inflammatory processes, was studied. The mRNA expression levels 

in PARP-1-/- colon tissue had a tendency to be lower compared to the WT.  

In general, expression levels of all examined genes tended to be reduced in PARP-1-deficient animals 

compared to the proficient WT. This tendency goes in line with the findings from the previous 

experiments analysing the inflammatory response (4.4). 

 

 

 

 

 

 

 

 
Figure 46: Relative mRNA expression in WT and PARP-1-/- colon tissue of NF-κB target genes. Expression is 

displayed normalised to the WT (x-fold). Samples were harvested after the first DSS cycle (10 mg/kg bw AOM and 
2.5 % DSS). Data are presented as mean ± SEM (n = 3). Statistical analysis was performed via one-way ANOVA 

and Tukey’s multiple comparison test. 
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4.4.4 TUMOUR FORMATION INCREASES WITH STONGER INFLAMMATORY 

STIMULUS 

Tumour formation was assessed in animals treated with the high DSS dose. Treatment scheme is 

described in 3.2.3 and tumour number as well as tumour score were determined as described in 3.2.5.1. 

Figure 47 shows selected pictures of WT and PARP-1 k.o. animals after 12 weeks. Both genotypes 

showed increased CRC formation in the distal part of the colon (compared to Figure 20). Data of the 

distal colon is comparable to the tumour data assessed via mini endoscopy. Since the proximal part of 

the colon cannot be examined with the rigid telescope, tumour data presented for this part of the colon 

cannot be compared with the results presented in 4.2. 

 

 

 

 

 

 

 

 

 

 

 
Figure 47: Exemplary pictures of explanted and flattened colon of WT and PARP-1-/- mice. Animals were 

treated with 10 mg/kg bw AOM and two cycles of 2.5 % DSS via the drinking water. Tumour formation was assessed 
after 12 weeks and pictures recorded with the camera of the mini endoscopy system. Colons were stained with 

0.5 % methylene blue. 
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Statistical evaluation of tumour number and tumour score was done separately for the distal and 

proximal part of the colon. Here, mean tumour number in the distal colon of WT animals (6.6) is slightly 

higher than the PARP-1 k.o. animals (5.2), but lacked significant difference (Figure 48 A). Accordingly, 

PARP-1-/- animals (15.4) showed a significantly lower tumour score compared to WT animals (22.5) 

(Figure 48 B). In contrast to the distal colon section, there was a lower tumour formation in the proximal 

part of the animal’s colon visible. A mean of 2.1 tumours was observed in WT animals and a significantly 

lower number of 0.4 tumours in PARP-1-/- mice (Figure 48 C). In line with tumour number, mean tumour 

score in PARP-1-deficient animals (0.7) was significantly reduced compared to the PARP-1-proficient 

WT (4.6) (Figure 48 D). 

Compared to animals challenged with 1 % DSS (4.2), CRC formation in the distal colon increased with 

the administered DSS dose. Challenge with 1 % DSS in combination with AOM caused no increase of 

 
Figure 48: Statistical analysis of tumours in WT and PARP-1-/- animals after 12 weeks. Animals were treated 
with 10 mg/kg bw AOM and received two cycles of 2.5 % DSS via the drinking water. A Tumour number and 
B tumour score of distal colon sections of both genotypes. C Mean tumour number and D tumour score of the 

proximal part of the animal’s colon. Data was collected after 12 weeks and is presented as mean ± SEM (n ≥ 14). 

Statistical analysis was performed using a student’s t-test. n.s. = not significant, *p < 0.05; **p < 0.01. 
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CRC formation in PARP-1-/- animals. whereas it caused a concentation-dependent increase in WT 

animals (Figure 21). The data cannot be directly compared, since the experiments investigating 

colorectal carcinogenesis after challenge with the high DSS dose was terminated 4 weeks earlier. Due 

to the different techniques used to assess tumour formation, the proximal colon was not studied in 

animals treated with AOM and 1% DSS. Tumour number and score in the proximal colon of WT animals 

was significantly higher as in PARP-1-/- mice after challenge with 10 mg/kg bw AOM and two cycles of 

2.5 DSS. In general, tumour formation was lower in the proximal colon. 
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4.4.5 SUMMARY: ROLE OF PARP-1 IN INFLAMMATION 

Table 25 summarises the results presented in this chapter, which addressed the tumour-promoting 

inflammatory response in PARP-1-proficient WT animals and PARP-1-deficient animals. 

Table 25: Summary of chapter 4.4 Role of PARP-1 in Inflammatory Response. 

PARP-1 k.o. Animals are Resistant to AOM/DSS-induced Colitis 

 significantly lower gut inflammation in PARP-1-/- animals 

- strength of gut inflammation correlated with the DSS dose 

- loss of colon crypt structure and hyperplastic tissue in WT animals 

  

Lack of PARP-1 is Linked with Lower Abundance of COX-2 in Colon Tissue 

 lower COX-2 signal in colon sections of PARP-1-deficient animals compared to WT animals 

after the first DSS cycle 

 

Attenuated Innate Immune Response in PARP-1-/- Animals 

 higher abundance of CD11b in WT animals in the outer layers of the colon 

 higher level of F4/80 in the lamina propria of WT animals 

 no evidence for invation of CD3-positive T-cells in both genotypes 

 

Lower Expression of Cytokines in PARP-1-deficient animals 

 significantly reduced abundance of HMGB1 in absence of PARP-1 

 tendency for lower expression of NF-κB target genes in colon tissue of PARP-1-deficient mice 

 

CRC Formation Correlates with DSS Dose 

 treatment with two cycles of 2.5 % DSS caused an increase of tumour number and tumour 

size in both genotypes 

 tumour formation was lower in the proximal colon and significantly reduced in PARP-1 k.o. 

animals compared to WT animals  
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4.5 PARP-1 FACILITATES TUMOUR PROGRESSION 

Thus far, this work addressed the role of PARP-1 in the context of initiating DNA damage induction and 

repair as well as the impact on chronic inflammation promoting tumourigenesis. The prior results confirm 

the initial observation: absence of PARP-1 mediates resistance to colitis-associated CRC in the murine 

AOM/DSS model (4.2), although the animals are prone to NOC-induced DNA damage (4.3.1). The lower 

tumour formation went in line with an attenuated inflammatory response (4.4). A dramatically increased 

sensitivity of MGMT-deficient mice challenged with the AOM/DSS model was recently reported by our 

group. Absence of MGMT led to an increased formation of O6-MeG adducts upon challenge with AOM, 

resulting in a higher tumour formation compared to WT animals. MGMT-/- animals showed a linear 

dose-dependent increase in tumour formation, which correlated with the initial DNA damage induction 

(Fahrer et al. 2015). A PARP-1/MGMT DKO strain was bred to further differentiate the role of 

tumour-promoting chronic inflammatory processes in combination with a high level of tumour-initiating 

primary DNA damage. 
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4.5.1 INHIBITION OF MGMT LEADS TO INCREASED CRC FORMATION IN 

PARP-1-/- ANIMALS 

Ahead of the experiments analysing the DKO mouse strain, an experiment with the MGMT inhibitor 

O6-BG was performed in PARP-1-/- mice. The inhibitor was applied i.p. before AOM injection and 

refreshed every 12 h up to 36 h to ensure stable MGMT inhibition during the time AOM respectively its 

alkylating metabolites were active (3.2.4). AOM was injected 2 h upon the first dose of 40 mg/kg bw 

O6-BG according to the AOM/DSS model described in 3.2.3. Animals received 10 mg/kg bw AOM and 

two cycles of 1 % DSS via the drinking water. Tumour number and score were assessed after 16 weeks 

as described in 3.2.5.1. 

Statistical evaluation of colorectal tumours is presented in Figure 49. Inhibition of MGMT in PARP-1 k.o. 

animals resulted in a mean tumour number of 3 and a tumour score of 6.9. Tumour number and tumour 

score were significantly increased versus MGMT-proficient PARP-1-/- mice, which showed a tumour 

number of 1 and tumour score of 1.4. WT animals challenged with 10 mg/kg bw AOM and 1 % DSS 

exhibited a tumour number of 2.5 and tumour score of 6.3, both comparable to the tumour formation in 

PARP-1 k.o. animals. 

  

 
Figure 49: Colorectal carcinogenesis in WT, PARP-1-/- and PARP-1-/- animals pretreated with O6-BG.  

Colorectal carcinogenesis was assessed after 16 weeks via mini endoscopy. Animals received one initial injection 
of 10 mg/kg bw AOM followed by two 1 % DSS cycles. Numerical description of A tumour number and B mean 

tumour score per animal. Data are presented as mean ± SEM of n ≥ 15 animals. Statistical significance was 
calculated with a one-way ANOVA and Bonferroni’s multiple comparisons test. *p < 05. 
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4.5.2 PARP-1/MGMT DOUBLE KNOCK OUT ANIMALS ARE PRONE TO 

AOM-INDUCED TUMOURS BUT SHOW ATTENUATED TUMOUR 

PROMOTION 

DKO mice were challenged with the AOM/DSS protocol (10 mg/kg bw AOM and two cycles of 1 % DSS) 

and tumour formation was assessed after 16 weeks via mini endoscopy (3.2.5.1). The DKO strain 

showed outstanding sensitivity to the lethal effects of the AOM/DSS protocol during the first DSS cycle. 

Hence, animals were only challenged with 1 mg/kg bw AOM and 3 mg/kg bw AOM to prevent excessive 

toxicity and death of animals. PARP-1-/- mice experienced no increase in tumour formation after 

challenge with AOM/DSS in the previous experiments (Figure 21). Thus, colorectal carcinogenesis was 

not studied in doses of 1 mg/kg bw and 3 mg/kg bw AOM during this work in order to keep the number 

of animals low. Results of CRC formation in MGMT-/- and PARP-1-/-/MGMT-/- animals were correlated to 

the PARP-1-deficient genotype treated with the lowest AOM dose (5 mg/kg bw). PARP-1 k.o. animals 

in this group displayed a mean tumour number of 1.2 and tumour score of 1.3. 
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Tumour number and tumour score observed in DKO animals was significantly higher after challenge 

with AOM/DSS compared to WT animals and MGMT-deficient animals (Figure 50). Tumour number in 

WT (0.5) and MGMT k.o. animals (0.7) differed only slightly, whereas the tumour number in DKO animals 

was significantly increased compared to the other genotypes (3.2). Treatment with 3 mg/kg bw AOM 

resulted in 0.5 tumours in WT animals, which was significantly lower compared to MGMT-/- (1.5) and 

DKO mice (3.8). The difference between MGMT-deficient and DKO animals was significant (Figure 50 

A). The tumour score assessed after exposure to 1 mg/kg bw AOM and two cycles of 1 % DSS in 

WT mice (0.5) was lower compared to MGMT-deficient mice (1.85). DKO animals showed a significantly 

increased tumour score compared to WT and MGMT k.o. animals. The WT group receiving the high 

AOM dose displayed a tumour score of 0.5, which was significantly lower compared to the other 

genotypes. The tumour score of MGMT-/- animals (4.5) was significantly higher than in WT animals and 

only slightly lower compared to the DKO group (4.9) challenged with the high AOM dose. Moreover, 

only MGMT-deficient animals showed a dose-dependent increase of the tumour score (Figure 50 B). 

 
Figure 50: CRC formation in WT, MGMT k.o. and PARP-1/MGMT dko animals after 16 weeks. Animals received 
1 or 3 mg/kg bw AOM and two subsequent 1 % DSS cycles. Presented are A tumour number and B mean tumour 

score assessed by mini endoscopy. Data are shown as mean ± SEM of n ≥ 13 animals. Statistical significance was 
calculated by two-way ANOVA with Bonferroni’s multiple comparisons test. *p < 0.5, **p < 0.01, ***p < 0.001. 
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Additionally, the mean tumour size of the genotypes was compared (Figure 51). After challenge with 

the low AOM dose, the mean tumour size in WT animals (0.48) was significantly lower compared to 

MGMT-/- animals and DKO animals. MGMT k.o animals showed the highest mean tumour size of 2.6, 

which was significantly higher than the mean tumour size found in DKO animals (1.0). Treatment with 

3 mg/kg bw AOM and two 1 % DSS cycles did not increase the mean tumour sizes. Similar to the low 

AOM dose, WT animals exhibited the lowest mean tumour size (0.6), which was significantly lower 

compared to the other genotypes. The highest mean tumour size was found in MGMT-deficient animals 

(2.7), which was significantly higher as in DKO animals (1.2). 

Collectively, the mean tumour size in DKO animals was significantly lower compared to 

MGMT k.o. animals, whereas DKO animals displayed more tumours. This finding suggests a higher 

initiation of tumours in DKO mice but attenuated tumour progression. 

  

 
Figure 51: Mean tumour size of WT, MGMT k.o. and PARP-1/MGMT dko animals after 16 weeks. Treatment 
and assessment of data was performed as described in Figure 50. Data are presented as mean ± SEM of n ≥ 13 

animals. Statistical significance was calculated by two-way ANOVA with Bonferroni’s multiple comparisons test. 
*p<0.5, ***p < 0.001.  
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4.5.3 DKO ANIMALS ARE SENSITIVE TO AOM/DSS-INDUCED COLITIS 

Mucosal inflammation severity in MGMT-/- and PARP-1-/-/MGMT-/- mice, which received 3 mg/kg bw 

AOM and one subsequent cycle of 1 % DSS, was assessed via mini endoscopy (3.2.5.2). Figure 52 A 

shows representative pictures of the mini endoscopy and Figure 52 B the statistical analysis. 

MGMT-deficient mice showed a MEICS of 8.9 and DKO animals a slightly higher MEICS of 10.8. It 

should be noted that the gut inflammation of WT and PARP-1-/- mice was only studied at an AOM 

concentration of 10 mg/kg bw and one DSS cycle of 1 %. WT animals exhibited a MEICS of 1.5 and the 

PARP-1-/- mice a MEICS of 0.8 (Figure 33). Comparison with the WT and PARP-1-deficient animals 

confirmed that the additional loss of MGMT strongly increased sensitivity to the induced colitis. 

DKO animals displayed outstanding sensitivity towards the AOM/DSS-induced colitis, which was even 

slightly higher compared to the sensitive MGMT-/- genotype.  

 
Figure 52: Mucosal inflammation in MGMT-/- and PARP-1-/-/MGMT-/- animals after the first DSS cycle. Gut 

inflammation was assessed via mini endoscopy after challenge with 3 mg/kg bw AOM and one cycle of 1 % DSS. 
A Representative pictures of the mini endoscopy and B statistical evaluation of the MEICS. Presented are 

mean ± SEM of n ≥ 11 animals. Statistical significance was calculated using a student’s t-test. n.s. = not significant. 
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4.5.4 SUMMARY: PARP-1 FACILITATES TUMOUR PROGRESSION 

The results which are presented in this chapter are resumed in Table 26. 

Table 26: Results presented in chapter 4.5 PARP-1 Facilitates Tumour Progression. 

MGMT Inhibition Increases CRC formation in PARP-1 k.o. Mice 

 inhibition of MGMT with O6-BG in PARP-1 k.o. animals significantly increases tumour 

formation 

 

DKO Animals Display Higher Tumour Initiation but Slower Tumour Progression 

 significantly higher number of tumours in DKO animals compared to WT and MGMT-deficient 

animals 

 smaller mean tumour size in DKO animals compared to MGMT k.o. animals 

 

DKO Animals Show Outstanding Sensitivity to AOM/DSS-induced Colitis 

 DKO animals are slightly more sensitive than MGMT-/- to AOM/DSS-induced colitis 

 notably higher MEICS in DKO mice compared to WT and PARP-1 k.o. mice 
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5 DISCUSSION 

5.1 LOSS OF PARP-1 CRITICALLY INFLUENCES CRC FORMATION 

Assessment of CRC formation upon challenge with AOM/DSS revealed a strong dose-dependent 

induction of colorectal tumours in WT animals, whereas colorectal carcinogenesis in PARP-1-deficient 

mice did not increase (Figure 21). The resistance of PARP-1-/- towards AOM/DSS-induced CRC was 

surprising, as prior studies reported increased susceptibility of PARP-1 k.o. animals to the alkylating 

agent MNU and ionizing radiation. Mortality of PARP-1-deficient mice was significantly higher compared 

to WT animals upon challenge with single MNU injections of 25 mg/kg bw and 75 mg/kg bw and mortality 

correlated with the administered dose. Treatment with the high MNU dose lead to death of all 

PARP-1-/- animals, whereas only 43 % of the WT animals died after 4 weeks. In line with this, all 

PARP-1-/- animals died within 9 days after irradiation with 8 Gy of γ-radiation whereas 50 % of 

WT animals survived until day 15 post-irradiation. PARP-1-/- animals receiving with a single dose of MNU 

showed a dramatically increased rate of sister chromatid exchanges and slightly more chromosome 

breaks compared to WT animals. Challenge of mouse embryonic fibroblasts (MEFs), derived from 

PARP-1 k.o animals, with MNU caused a cell cycle arrest in G2/M, whereas cell cycle distribution in 

WT cells was hardly affected. (Murcia et al. 1997). Exposure of PARP-1-/- MEFs to 

methylmethanesulfonate (MMS) caused a severe decrease in growth rate as well as viability and 

confirmed a transient NOC-induced cell cycle arrest in G2/M after 24 h. Of note, alkaline comet assay 

revealed a severe BER deficiency in PARP-1-/- MEFs (Trucco et al. 1998). An BER deficiency of 

PARP-1-/- animals was also observed in an in vitro study investigating the interaction of PARP-1-/- MEF 

extracts with a DNA substrate holding an abastic site. Long-patch BER was markedly delayed, whereas 

short-patch repair was only partly affected (Dantzer et al. 1999). Prior studies of AOM/DSS-induced 

CRC formation in DNA repair deficient mice confirmed the important role of DNA repair mechanisms in 

protection against NOC-induced CRC (Wirtz et al. 2010). A recent study performed by in our lab 

demonstrated the sensitivity of MGMT-/- and the BER-deficient AAG-/- animals towards 

AOM/DSS-induced CRC (Fahrer et al. 2015). Since PARP-1 facilitates DNA repair, especially BER 

(Caldecott et al. 1996) and DNA strand break repair (Wang et al. 2006), a sensitivity of PARP-1-deficient 

animals towards AOM and the AOM/DSS protocol was expected. 

Apart from that, PARP-1 is known as crucial coactivator of NF-kB. This transcription factor is a central 

mediator of the inflammatory response, which facilitates tumour-promoting inflammatory processes. 

PARP-1-/- mice display an impaired activation of NF-kB and target genes (Hassa, Hottiger 2002; Oliver 

et al. 1999). Therefore, the attenuated inflammatory response might be responsible for the lower tumour 

promotion in PARP-1 k.o. animals, which was addressed in 4.4. This suggestion is supported by a study 

of Greten and colleagues: Mice with a deletion of IKKβ, which is necessary for the activation of NF-κB, 

displayed a lower tumour formation after challenge with the AOM/DSS protocol. Interestingly, the 

authors did not link this to an attenuated inflammatory response but suggested an increased epithelial 

apoptosis during tumour promotion (Greten et al. 2004), which disagrees with the findings of this work. 

Another aspect, which might explain the lower tumour formation in PARP-1 k.o. animals, is the 

association of PARP-1 with the aetiology of CRC. Most human CRCs and precursors (e.g. intestinal 
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adenomas) display increased PARP-1 mRNA and protein levels (Idogawa et al. 2005; Nosho et al. 2006; 

Sulzyc-Bielicka et al. 2012), which is dependent on the tumour’s localisation and stage (Sulzyc-Bielicka 

et al. 2012). Furthermore, PARP-1 acts as coactivator of the β-catenin/TCF-4 complex (Idogawa et al. 

2005). The β-catenin/TCF-4 complex regulates genes involved in growth and differentiation (e.g. cyclin 

D1 and c-myc) and, thus, promotes the initiation of intestinal tumours (1.3.8.2). 

Animals of the control groups received no AOM but two cycles of 1 % DSS. PARP-1-/- control animals 

displayed a higher tumour number and score compared to the WT control group (Figure 21). 

Inflammatory processes are linked with the generation of reactive oxygen and nitrogen species (RONS). 

RONS induce DNA damage; e.g. DNA base oxidation, DNA base deamination, DNA base alkylation via 

lipid peroxidation (LPO), and etheno-modified bases by reaction of DNA with a LPO products. The 

RONS-induced DNA base damage is repaired by BER (Meira et al. 2008). As already mentioned above, 

PARP-1-deficient mice display a severe BER deficiency (Trucco et al. 1998), which might explain a 

higher tumour formation induced by the DSS-induced colitis without AOM. The higher tumour formation 

in the PARP-1 k.o. group could be further examined by comparison of basal tumour formation in 

untreated PARP-1-/- animals to the PARP-1-deficient control animals. 

In conclusion, assessment of tumour formation revealed a decreased tumour number and tumour score 

in PARP-1 k.o. animals compared to WT animals. 

 

5.2 ROLE OF PARP-1 IN NOC-INDUCED DNA DAMAGE 

Upon arrival of the i.p. applied AOM in the liver, it is hydroxylated by CYP2E1 to MAM (Delker et al. 

1998; Sohn et al. 1991), which spontaneously decomposes to a highly reactive alkylating 

methyldiazonium ion (NAGASAWA et al. 1972). Moreover, MAM can be conjugated with glucuronic acid 

by the phase II enzyme UDP-glucuronosyltransferase and the arising MAM-glucuronide is transported 

via the bile into the colon. The MAM-glucuronide is hydrolysed by bacterial and mucosal β-glucuronidase 

to MAM, which is subsequently metabolised by the gut flora (Fiala 1977; Reddy et al. 1974) or 

gastrointestinal CYP2E1 to the alkylating methyldiazonium ion (Thorn et al. 2005). Due to the specific 

activation of the ultimate carcinogen in liver and colon, DNA damage induction was analysed in both 

organs. 

 

5.2.1 LACK OF PARP-1 LEADS TO DRAMATICALLY REDUCED FORMATION OF 

PAR 

First, cellular PAR levels were determined via LC-MS/MS. As expected, absence of PARP-1 led to 

significantly decreased basal PAR formation in liver and colon (Figure 22). Residual PAR levels are 

likely attributable to other PARP species (e.g. PARP-2). Second, there was a big difference between 

PAR formation in liver and colon tissue with significantly lower levels in the latter. This goes in line with 

a recent publication of Rita Martello and colleagues (Martello et al. 2013), in which the variability of PAR 

levels in different mouse organs was assessed. Here, PAR levels of 7.5 pmol/mg R-Ado/DNA in mouse 
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liver tissue were reported; colon tissue was not analysed. This is about half of the basal R-Ado amount 

(15.7 pmol/mg R-Ado/DNA) observed in the liver of WT animals used in this work (Figure 22 A). Reason 

for the variance might be the fact that Martello analysed tissue from SJL mice, whereas this work is 

based on mice with C57BL/6 background. Challenge of WT animals with AOM caused a striking 

increase of R-Ado/DNA in liver tissue up to 24 h and subsequent decline. In contrast, 

PARP-1 k.o. animals displayed no increase in PAR levels (Figure 22 A). Analysis of colon tissue 

revealed a slight increase of R-Ado/DNA levels in WT animals after 6 h, which reached basal levels after 

24 h. Comparable to liver tissue, no AOM-induced increase of R-Ado/DNA was visible in 

PARP-1-deficient animals after 24 h (Figure 22 B). The transient formation of PAR upon challenge with 

AOM was previously demonstrated by Ethier and colleagues: The group analysed PAR formation in 

HeLa cells and HEK293 upon treatment with the alkylating agent methylnitronitrosoguanidine. Western 

blot analysis revealed a quick and transient PAR-induction after 5 min, which remained stable for 30 min 

and then gradually declined on control levels over a time of 3 h. Additionally, inhibition of PARP-1 with 

the PARP inhibitor PJ34 prevented PARP-1 overactivation and concomitant cell death (Ethier et al. 

2007; Ethier et al. 2012). This goes in line with absence of PAR induction in PARP-1-/- animals upon 

challenge with AOM. 

In contrast to our expectation, the highest PAR formation in liver tissue was 24 h after AOM injection 

compared to 6 h in colon tissue. Due to the pharmacokinetics of AOM activation, we expected a delayed 

PAR formation in colon tissue. However, AOM-induced PAR formation in colon tissue was not 

significant. It is possible, that the amount of AOM metabolites activated in the liver to the DNA damaging 

methyldiazonium ion is not sufficient to induce a significant amount of PARP-1. This notion is supported 

by the analysis of γH2AX induction as marker for DSBs (Figure 26 and Figure 27) and O6-MeG adduct 

formation (Figure 28). Both γH2AX and O6-MeG adducts were stronger induced in liver tissue compared 

to colon tissue of both genotypes. 

Collectively, the determination of PAR levels revealed higher basal PAR formation in WT animals and a 

clear time-dependent induction upon challenge with AOM, whereas PARP-1-deficient animals showed 

only low basal PAR levels and no induction upon exposure to AOM. 

 

5.2.2 PARP-1-DEFICIENT ANIMALS ARE PRONE TO NOC-INDUCED DNA 

STRAND BREAKS 

DNA strand break induction was analysed with the alkaline comet assay up to 48 h after exposure to 

AOM. Challenge with 5 mg/kg bw AOM induced DNA strand breaks in liver tissue after 24 h and 48 h. 

Due to the strong variation between the analysed animals, statistical significance was not reached. 

PARP-1-/- animals experienced a significant increase of DNA strand breaks after 24 h, followed by a 

reduction of about 40 % after 48 h. Differences between the genotypes did not reach statistical 

significance. Following, animals were challenged with 10 mg/kg AOM, which caused a significant 

time-dependent induction of DNA strand breaks in both genotypes after 24 h and slight decrease after 

48 h. The tail moment in PARP-1-deficient animals was significantly higher after 24 h and still slightly 

increased after 48 h, compared to WT mice. Moreover, DNA strand break induction in PARP-1 k.o. liver 
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tissue correlated with the AOM dose (Figure 24). Trucco and colleagues studied MSS-induced DNA 

strand breaks in WT and PARP-1-/- MEFs via alkaline comet assay and interpreted a delayed reduction 

of the tail moment compared in PARP-1-/- cells as BER deficiency (Trucco et al. 1998). Due to the 

standard errors of the analysed WT liver cells obtained from animals challenged with 5 mg/kg bw AOM, 

no save conclusion is possible. However, there is a higher DNA strand break induction in liver cells of 

PARP-1-/- mice after challenge with 10 mg/kg bw AOM. It should be noted, that the alkaline comet assay 

detects both SSBs and DSBs and alkali labile sites. Therefore, one should be careful to interpret this as 

sole effect of BER. Both MMS (Beranek 1990) and AOM induce DSBs, which are also detected by the 

alkaline comet assay. There is strong evidence for PARP-1’s important role during DNA strand break 

repair as DNA-damage-detecting molecule activating the appropriate DSB repair pathway (Shrivastav 

et al. 2008). PARP-1 interacts with the factors of HRR (MRN complex (Haince et al. 2008) and ATM 

(Aguilar-Quesada et al. 2007; Haince et al. 2007)), NHEJ (Ku70/80 (Wang et al. 2006) and DNA-PKcs 

(Ruscetti et al. 1998; Spagnolo et al. 2012)) and B-NHEJ (Iliakis 2009; Soni et al. 2014). Althought 

induction of γH2X induction upon AOM treatment was comparable in both genotypes (Figure 26 and 

Figure 27), further experiments necessary. DSB formation could be studied with the neutral comet 

assay, which only detects DBSs, and compared to the alkaline comet assay to determine the amount of 

SSBs and alkali labile sites. Additionally, a repair assays with liver and colon cell lysates could support 

a conclusion. 

Another important point, which must be discussed, is the alkaline comet assay itself. The alkaline comet 

assay is an assay prone variations. It was not possible to analyse all samples at once and slight 

variations might have critically influenced the assay. Apart from that, the sample material was snap 

frozen tissue obtained from in vivo experiments. It is possible that small differences in sample 

preparation might have caused DNA strand breaks during organ harvest or cell separation before 

performing the alkaline comet assay. A higher animal number might be suitable to reduce error bars and 

variations between single experiments. Unfortunately, it was not possible generate reproducible data 

from snap frozen colon tissue. This can be ascribable to inappropriate single cell separation from colon 

tissue. In contrast to liver, the colon tissue is more rigid containing several layers of muscle tissue (1.1.1). 

As discussed above (5.2.1), the results from the experiments analysing γH2AX induction and formation 

of O6-MeG adducts indicate, that the AOM-induced DNA damage in colon tissue is lower in colon tissue 

compared to liver tissue. Thus, the DNA strand break induction might range below the detection limit of 

the assay or stays below basal levels. 

In summary, PARP-1 k.o. animals are prone to AOM-induced DNA strand breaks. As already mentioned 

above, further experiments are necessary to determine whether this is due to a delay in BER. 

 

5.2.3 AOM-INDUCED DDR IN WT AND PARP-1-/- ANIMALS 

After detection of a DSB by the DNA damage sensing MRN complex, histone H2AX is phosphorylated 

on Ser139 by members of the PIKK family (ATM, ATR, DNA-PK). The phosphorylated histone H2AX, 

also known as γH2AX, is a well described marker for DSBs (Kuo, Yang 2008). 
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It should be noted, that γH2AX levels of WT and PARP-1 k.o. animals were not assessed in one 

experiment. Different exposure times of the photographic films might have negatively influenced the 

comparability of γH2AX induction in WT and PARP-1-/- animals. 

AOM-induced formation of γH2AX was analysed in liver and colon tissue of WT and PARP-1-/- animals 

via western blot. Animals were challenged with 5 mg/kg bw AOM or 10 mg/kg bw AOM up to 48 h. For 

both concentrations, induced γH2AX levels were higher in liver tissue, whereas higher basal levels were 

observed in colon tissue (Figure 25). This goes in line with a study of Wang and colleagues, which 

reports a frequency of 8.4 ± 1.7 % γH2AX foci-positive cells in hepatocytes, whereas colon crypts 

displayed a frequency of 26.7 ± 1.9 % γH2AX foci-positive cells (Wang et al. 2009a). The difference in 

basal γH2AX levels of colon and lifer tissue is explainable by their span of life and exposure to exogenic 

noxae. Liver hepatocyte cells have a turnover time of 0.5-1 year compared to a life span of 3-4 days of 

gastrointestinal colon crypt cells (Rogakou et al. 2000). 

Surprisingly, the induction of γH2AX after 24 h and 48 h in WT liver tissue was stronger compared to 

PARP-1 k.o., but the differences missed statistical significance. Treatment with 5 mg/kg bw led to quite 

similar moderate induction of γH2AX in colon tissue of both genotypes after 24 h, which subsequently 

declined to almost basal level. (Figure 26). Based on the stated higher sensitivity of PARP-1-deficient 

models in vitro and in vivo, an increased induction of γH2AX was expected (Murcia et al. 1997; Trucco 

et al. 1998). The involvement of PARP-1 in DSB repair was already mentioned above and is outlined in 

chapter 1.3.5. PARP-1 promotes DNA strand break repair by its function as DNA-damage-detecting 

molecule (Shrivastav et al. 2008) and interacts with important players of the subsequent DNA repair 

pathways (Haince et al. 2007; Haince et al. 2008; Soni et al. 2014; Spagnolo et al. 2012). 

Aguilar-Quesada and colleagues studied the interaction of PARP-1 and ATM in detail: The group found 

a defective ATM-kinase activity concomitant with reduced γH2AX foci formation in PARP-1-deficient 

cells after γ-irradiation (Aguilar-Quesada et al. 2007). This might be an explanation for the lower 

induction of γH2AX in PARP-1-/- liver tissue. Consequently, γH2AX might not be a suitable endpoint for 

the assessment of NOC-induced DSBs in a PARP-1-deficient model. The alkaline comet assay is a 

method which directly assesses the formation of induced DNA strand breaks and is therefore not 

influenced by the activity of PARP-1. The lower γH2AX formation in colon tissue fits to the lower 

NOC-induced formation of PAR (Figure 22) and O6-MeG adducts (Figure 28). 

The high AOM dose (10 mg/kg bw AOM) led to a significant induction of γH2AX levels after 24 h and 

subsequent decrease after 48 h in liver tissue. The time-dependent induction was comparable in both 

genotypes and furthermore, γH2AX-induction in liver tissue correlated with the AOM dose. The γH2AX 

levels observed in colon tissue of both genotypes were comparable to the levels assessed after 

challenge with 5 mg/kg bw AOM (Figure 27). The DNA damage induced by the high AOM dose might 

have exceeded the capacity of the PIKK family proteins and therefore, differences in strand break 

induction might not be correctly assessed by analysis γH2AX. The neutral comet assay might represent 

a more appropriate endpoint. 

Assessment of AOM-induced γH2AX induction was comparable in both genotypes. The experiments 

should be repeated and γH2AX induction of WT and PARP-1-deficient animals directly compared on 



DISCUSSION 

111 

the same western blot. Further experiments, e.g. neutral comet assay, should be performed to elucidate, 

if phosphorylation of H2AX is an appropriate endpoint for DSB formation in absence of PARP-1. 

 

5.2.4 PARP-1 HAS NO INFLUENCE ON FORMATION OF AOM-INDUCED O6-MeG 

ADDUCTS AND MGMT ACTIVITY 

Treatment with AOM induces O6-MeG adducts, which were formed in a time-dependent manner in tissue 

of both genotypes. The amount of induced O6-MeG adducts was significantly higher in live tissue (Figure 

28), in accordance with NOC-induced PAR formation (Figure 22) and γH2AX levels (Figure 26 and 

Figure 27). As stated before, the suggested amount of ultimate carcinogen reaching the colon might be 

lower, which is reflected by these findings. Since there is no known connection between PARP-1 and 

MGMT, the strong variation of O6-MeG adducts in liver tissue of both genotypes is explainable by 

variation of the MGMT expression within the probed individuals/organs. Interindividual variation of 

MGMT expression in liver and colon of healthy individuals was already reported in the literature (Gerson 

et al. 1986; Grafstrom et al. 1984) as well as longitudinal variation along the colon (Lees et al. 2002; 

Lees et al. 2007). 

Next, the activity of MGMT, which is exclusively responsible for the reversal O6-MeG DNA adducts, was 

assessed. During repair, the methyl group is transferred from O6-MeG onto MGMT, which leads to its 

inactivation and subsequent proteasomal degradation (Fahrer et al. 2015; Kaina et al. 2007). Analysis 

of liver tissue revealed a comparable pattern of MGMT activity in PARP-1-proficient and 

PARP-1-deficient animals. 24 h after AOM injection, MGMT was almost completely depleted. Animals 

receiving the low AOM dose showed a recovery of MGMT activity after 48 h to about 50 %, whereas the 

depletion persisted in mice challenged with the high AOM dose (Figure 29). The low AOM dose 

(5 mg/kg bw AOM) led to a time-dependent reduction in WT colon tissue below 50 % after 48 h, whereas 

a recovery of MGMT activity was visible in PARP-1 k.o animals after 48 h (Figure 29 A). The high AOM 

dose (10 mg/kg bw) caused a complete depletion of MGMT activity in both animal strains after 48 h and, 

in line with the previous results, a small recovery in PARP-1-deficient animals at the same time point 

(Figure 29 B). The variation of MGMT activity in colon tissue between the mouse strains might be due 

to the different interindividual expression of MGMT within the colon (Gerson et al. 1986; Grafstrom et al. 

1984; Lees et al. 2002). 

The reduction of MGMT activity and formation of O6-MeG DNA adducts was stronger in liver tissue and 

correlated with the AOM dose. This confirms the results obtained from analysis of AOM-induced PAR 

and γH2AX formation. Further, the time-dependency of O6-MeG adduct formation and depletion of 

MGMT activity after challenge with AOM was observed in prior studies published by our group (Fahrer 

et al. 2015). 

Collectively, WT and PARP-1-deficient animals showed a comparable trend of time-dependent induction 

of O6-MeG adducts and depletion of MGMT activity after exposure to AOM. 
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5.2.5 CELL PROLIFERATION AND APOPTOSIS INDUCTION ARE NOT 

INFLUENCED BY PARP-1 

Besides DNA repair, PARP-1 is involved in a plethora of cellular processes like cell cycle and cell death 

(1.3.7). The S-phase related protein PCNA, a well-established marker for colonic cell proliferation 

(Kubben et al. 1994), was analysed with the help of IHC. Untreated colon samples of both genotypes 

displayed a similar amount of PCNA-positive cells (Figure 30). This result goes in line with a study of 

Trucco and colleagues, which reports a comparable cell cycle distribution of PARP-1-deficient MEFs to 

WT MEFs in absence of DNA damage (Trucco et al. 1998). However, PARP-1 detects stalled or 

collapsed replication forks arising during replication and facilitates subsequent repair by interaction with 

the MRN complex (Bryant et al. 2009; Jones, Petermann 2012). Both PARP-1 and PARP-2 are known 

to interact with the centromere proteins and the spindle check points (Kanai et al. 2000; Kanai et al. 

2003; Kanai et al. 2007; Saxena et al. 2002a; Saxena et al. 2002b). Therefore, an altered proliferation 

rate of colon cells in PARP-1-/- mice was expected to be possible. PARP-1-/- MEFs show a cell cycle 

arrest in G2/M upon exposure to MMS (Trucco et al. 1998). Analysis of PCNA-positive cells after 

treatment with AOM might reveal a decreased proliferation in colonic crypts of PARP-1 k.o. animals. 

AOM-dependent induction of apoptosis in colon tissue was assessed via TUNEL staining 48 h after 

injection (Figure 31). Contrasting to the expectations, WT and PARP-1-/- animals exhibited comparable 

levels of apoptotic cells in colonic crypts (Figure 32). In line with the previous results, the induction of 

apoptosis was correlating with the applied AOM dose. Prior studies showed the sensitivity of 

PARP-1-/- MEFs towards the cytotoxic effects of the NOCs NMU and MMS (Murcia et al. 1997; Trucco 

et al. 1998). Compared to WT animals, a higher apoptosis induction in PARP-1-/- splenocytes was 

observed 2-6 h after MNU treatment. This was concomitant with a rapid accumulation of p53. The 

authors suggested an increased p53 and cell death induction due to delayed DNA repair (Murcia et al. 

1997). The comparison of WT MEFs to PARP-1-/- MEFs upon exposure to MMS revealed a significant 

decrease in doubling time, dose-dependent decrease in viability and cell cycle arrest in G2/M (Trucco et 

al. 1998). As already discussed previously, the AOM-induced damage in colon tissue was relatively low 

compared to liver tissue. The chosen assay might not be sensitive enough to detect differences in colon 

tissue. TUNEL analysis of liver tissue could reveal differences in cell death induction. Additionally, cell 

death induction in colon tissue could be studied via flow cytometry (e.g. Annexin V/PI). This would also 

allow evaluation of the cell cycle distribution after challenge with AOM. 

PARP-1-proficient WT and PARP-1-deficient mice displayed a comparable basal cell proliferation and 

AOM-induced cell death in colon crypts. The latter should be detailed with additional experiments; e.g. 

Annexin V/PI staining or analysis of cell cycle distribution via flow cytometry. 
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5.3 ROLE OF PARP-1 IN INFLAMMATORY RESPONSE 

5.3.1 PARP-1-DEFICIENT ANIMALS ARE PROTECTED AGAINST DSS-INDUCED 

COLITIS 

Mini endoscopic assessment of the MEICS after the first DSS cycle (1 %) of mice receiving 

15 mg/kg bw AOM unveiled a significantly attenuated level of inflammation in PARP-1-deficient animals 

compared to the WT (Figure 33 A & B). Further histological analysis with the help of HE staining did 

not show a difference between the colonic tissue of both genotypes (Figure 33 A). According to Becker 

and colleagues, the MEICS observed in animals treated with 1 % DSS was within a range (0-3) which 

can be found in healthy animals (Becker et al. 2006a). Thus, the DSS dose was increased to 2.5% to 

provoke a clearly pathological colitis (Figure 33 C & D). Of note, the AOM dose was reduced to 

10 mg/kg bw to ensure survival of the mice. As expected, the MEICS in WT animals dramatically 

increased, whereas PARP-1-/- animals displayed a moderate rise.  

The attenuated inflammation in absence of PARP-1 confirms the results from prior studies: 

PARP-1-deficient animals are immune to inflammation-related pathologies such as ischemic infarction, 

collagen induced arthritis, and LPS-induced septic shock (Chevanne et al. 2007; Hassa, Hottiger 2002). 

In vivo studies investigated the effect of PARP inhibitors (3-Aminobenzamide and 

1,5-Dihydroxyisoquinoline) on a trinitrobenzene sulfonic acid (TNBS)-induced colitis in Wistar rats. 

Colitis-induction with TNBS is characterised by activation of NF-κB, infiltration of immune cells, synthesis 

of prostaglandins, expression of COX-1 and COX-2 and mucosal damage (Sanchez-Fidalgo et al. 2007; 

Zingarelli et al. 2003). Hence, the TNBS-induced colitis shares features with the DSS-induced colitis 

(1.4). Inhibition of PARP successfully reduced theTNBS-mediated muscosal damage. Importantly, the 

DNA binding of NF-κB in colon cells was reduced. This went in line with reduced activity and abundance 

of inflammatory targets (e.g. prostaglandins and COX-2) (Sanchez-Fidalgo et al. 2007; Zingarelli et al. 

2003). These results confirm the role of PARP-1 as critical driver of NF-κB-mediated colitis, which was 

studied in this thesis. Moreover, inflammatory bowel disease (ulcerative colitis and Crohn’s disease) is 

an important driver of human colorectal carcinogenesis (Eaden et al. 2001; Roon et al. 2007). Both 

duration and inflammation severity correlate with risk for CRC (Itzkowitz, Harpaz 2004).  

The profound inflammation in WT mice went in line with hyperplastic cell growth and loss of the crypt 

structure in colon tissue (Figure 33 C). Hyperplastic tissue is likely to progress into neoplastic lesions 

(Cooper 1992). Distortion of the colonic crypts was also observed in other studies utilising the murine 

AOM/DSS model (Paradisi et al. 2009; Tanaka et al. 2003). 

In conclusion, lack of PARP-1 resulted in an attenuated mucosal inflammation after treatment with the 

AOM/DSS protocol. 
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5.3.2 INFLUENCE OF PARP-1 ON THE ABUNDANCE OF THE INDUCIBLE 

CYCLOOXYGENASE COX-2 

The DSS-mediated colitis was further investigated via IHC staining of colon sections. First, the inducible 

COX-2 was analysed as downstream target of the inflammation cascade. COX-2 is specifically induced 

by inflammatory cytokines and chemokines (Kuwano et al. 2004). Comparison of untreated mice 

indicated a slightly higher abundance of COX-2 in PARP-1-proficient WT animals (Figure 34). COX-2 

was localised in the cytoplasm of the colonic cells. Quantitative evaluation of WT and 

PARP-1 k.o. animals, which received 10 mg/kg bw AOM and one cycle with 2.5 % DSS, revealed a 

significantly lower abundance of COX-2 in PARP-1-/- mice (Figure 36). Similar to the COX-2 localisation 

in untreated samples, COX-2 was primarily found in the cytoplasm of the colonic cells.  

As induction of COX-2 is often implicated in inflammatory pathologies including inflammatory bowel 

disease and CRC (Wang, DuBois 2010), the higher induction of COX-2 in the animals with higher 

mucosal inflammation confirmed our expectation. In the context of colitis, the cytokines IL-1b and TNFα 

secreted by immune cells as well as the proto-oncogenes Ras promote COX-2 expression (DuBois et 

al. 1998; Wang et al. 2005). Among others, the inflammatory master key regulator NF-κB can induce 

COX-2 on the transcriptional level (Young et al. 2009). The involvement of NF-κB indicates the link 

between PARP-1, which plays an important role in its activation, and COX-2. On the other hand, genetic 

studies showed that COX-2 deficiency increases the sensitivity towards DSS-induced colitis in a mouse 

model implying a central role of COX-2 in the defence of the colonic mucosa (Morteau et al. 2000). 

Furthermore, loss of COX-2 is linked with lower tumour formation in an ApcMin/+ model of CRC (Chulada 

et al. 2000) as well as in ApcΔ716 mice (Oshima et al. 1996). Overexpression of COX-2 in transgenic 

mice did not influence the rate of spontaneous tumour formation but was sufficient to enhance tumour 

promotion upon challenge with AOM compared to WT mice (Al-Salihi et al. 2009). The decreased 

abundance of COX-2 in absence of PARP-1 was also observed in In vivo studies investigating the effect 

of PARP inhibitors on a TNBS-induced colitis model (Sanchez-Fidalgo et al. 2007; Zingarelli et al. 2003). 

A large body of evidence confirms a significantly decreased risk for colorectal carcinogenesis in humans 

through permanent inhibition of COX-2 (Chan et al. 2008; Flossmann, Rothwell 2007; Rostom et al. 

2007) and improves overall survival in CRC patients whose tumours overexpress COX-2 (Chan et al. 

2009). 

In summary, the lower abundanceof COX-2 in PARP-1-/- animals can be linked to an attenuated 

NF-κB-mediated inflammatory response. This suggestion could be further strengthened by analysis of 

NF-κB activation via IHC or western blot analysis. Another experimental approach could focus on the 

inhibitory IκB proteins, which prevent the translocalisation of NF-κB into the nucleus. The lower induction 

of COX-2 is likely contributing to lower CRC formation and tumour progression. 
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5.3.3 PARP-1 MEDIATES INVASION OF IMMUNE CELLS OF THE INNATE 

IMMUNE RESPONSE AND CYTOKINE SECRETION 

5.3.3.1 DECREASED INNATE IMMUNE RESONSE FOLLOWING DSS TREATMENT IN 

PARP-1-DEFICIENT ANIMALS 

The innate immune system is the first line of defence against pathogens. Immune cells invading the site 

of inflammation secrete chemo- and cytokines thus modulating the subsequent response (Janeway 

2005). IHC analysis of CD11b, an established marker for murine monocytes (Lai et al. 1998), in colon 

sections of animals treated with 10 mg/kg bw AOM after the first cycle with 2.5 % DSS confirmed a 

dramatically reduced invasion of CD11b positive cells. Monocytes were located in submucosa, 

muscularis, and serosa (Figure 38). 

F4/80, a marker for murine macrophages (Austyn, Gordon 1981), was examined after treatment with 

10 mg/kg bw AOM and 2.5 % DSS at the same time point as the experiments described previously. In 

accordance with the CB11b analysis, PARP-1-/- animals displayed a lower level of F4/80-positive cells 

in the colonic crypts (Figure 40). 

Prior studies of the innate immune response with the AOM/DSS protocol reported signs of diffuse 

inflammation in line with high numbers of inflammatory cells in the colonic mucosa (Paradisi et al. 2009; 

Tanaka et al. 2003). Colitis-induction with DSS in mice is associated with invasion of macrophages in 

the colonic mucosa (Okayasu et al. 1990). Yet, the role of PARP-1 in the innate immune response is 

poorly understood. First evidence confirming the involvement of PARP-1 in the innate immune response 

and immune-mediated diseases was obtained from murine rheumatoid arthritis model. In contrast to 

WT mice, PARP-1-deficient mice experienced only a mild rheumatoid arthritis concomitant with lower 

expression of IL-1b and monocyte chemoattractant protein 1 in arthritic joints (Garcia et al. 2006). 

Moreover, PARP-1 is required for the expression of chemoattractant chemokines (IL-8, macrophage 

inflammatory proteins 1 and 2, monocyte chemoattractant protein 1), inhibition or gene knock down of 

PARP-1 results in a weakened migration of immune cells to inflammatory sites (Sharp et al. 2001; Ullrich 

et al. 2001; Zingarelli et al. 1998). In vivo studies using a TNBS-induced colitis model in rats also 

reported an attenuated inflammatory response after inhibition of PARP compared to animals which 

received no inhibitor (Sanchez-Fidalgo et al. 2007; Zingarelli et al. 2003). 

In accordance with the literature and the prior experiments performed during this work and the literature, 

the response of the innate immune system to AOM/DSS-induced colitis is weaker in the 

PARP-1-deficient mouse strain. 

 

5.3.3.2 RESPONSE OF THE ADAPTIVE IMMUNE SYSTEM FOLLOWING AOM/DSS TREATMENT 

The adaptive immune system is a slower but more specific response which involves T-cells targeting 

pathogens and infected cells (Janeway 2005). CD3 was used as marker for T-cells. As expected, 

untreated colon sections of both WT and PARP-1 k.o. animals exhibited only little CD3 signal (Figure 

41). Surprisingly, signal intensity did not increase after exposure to 10 mg/kg bw AOM and one cycle 
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with 2.5 % DSS (Figure 42). Statistical evaluation of treated animals did not reveal any difference 

between the two genotypes. 

An elevated level of CD3 positive T-cells was suggested, as DSS-induced colitis in rats leads to an 

increase of activated T-cells in colon tissue (Shintani et al. 1997; Takizawa et al. 2004). It is possible, 

that the adaptive immune response had not reached their full potential at the time of necropsy. The 

adaptive immune system is known to take up to 7 days to develop its full potential (Janeway 2005). 

During the experimental procedure, it was observed that the colitis did develop a few days after first 

DSS administration and samples were taken 7 days after first administration of the colitogen DSS. 

Therefore, a later time point (probably 10 days after start of the DSS cycle) might reveal a stronger 

response of the adaptive immune system. 

Investigation of the adaptive immune response upon challenge with AOM/DSS in WT and 

PARP-1 k.o. animals showed no difference between the genotypes, later time point should be studied 

in other experiments. 

 

5.3.3.3 CYTOKINE SECRETION 

During the inflammatory immune response, cytokines are secreted by the diseased tissue and immune 

cells. The chemokine HMGB1 is secreted by leukocytes (Klune, JR et al. 2008), especially macrophages 

and monocytes (Tang et al. 2007), and the inflamed tissue (Ditsworth et al. 2007). First, the basal 

HMGB1 levels in untreated colon tissue of WT and PARP-1 k.o. animals were studied. Almost no 

HMGB1 signal was observed with the help of qualitative IHC analysis in both animal strains (Figure 43). 

After the first 2.5 % DSS cycle, HMGB1 was clearly visible in colon tissue of both mouse strains. 

Statistical evaluation confirmed a significantly lower level of HMGB1 in the animals lacking PARP-1 

(Figure 45). This goes perfectly in line with the literature. HMGB1 translocates from the nucleus into the 

cytoplasm and is secreted into the surrounding tissue to attract immune cells (Zhang et al. 2013). 

HMGB1 translocation correlates with PARP-1 activation (Ebrahimkhani et al. 2014). Recent publications 

link HMGB1 expression to aging (Huang et al. 2015) and inflammation-associated diseases (Andersson, 

Tracey 2011; Harris et al. 2012). The pro-inflammatory function of HMGB1 is mediated by receptors, 

e.g. receptors for advanced glycation end products (RAGE) (Hori et al. 1995), TLRs (Park et al. 2004; 

Tian et al. 2007), as well as endocytic HMGB1 uptake (Kang et al. 2014; Xu et al. 2014). The master 

key regulator NF-κB, interferon regulatory factor-3, and PI3K are activated by HMGB1 (Lotze, Tracey 

2005). Although the mechanisms regulating HMGB1 release and activity vary depending on context, 

experimental studies suggest that oxidative stress is likely involved in modulation of HMGB1 (Green et 

al. 2009; Linkermann et al. 2014; Tang et al. 2011). 

The increase in PAR polymer formation through BER activation goes in line with extracellular release of 

HMGB1 (Ebrahimkhani et al. 2014). Interestingly, this finding supports the notion that HMGB1 is 

involved in DNA repair and primary damage induction. Of note, an impaired BER by loss of AAG is 

associated with an attenuated PARP-1 activation and HMGB1 release (Ebrahimkhani et al. 2014). A 

co-staining of HMGB1 and PARP-1 or PAR might allow further insight in the interplay between HMGB1 

and PARP-1. Beside its role in inflammation, the nuclear factor HMGB1 sustains chromosomal stability. 
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Absence of HMGB1 results in genomic instability (Giavara et al. 2005), abnormal gene transcription 

(Rowell et al. 2012), impaired DNA damage response (Lange et al. 2008) and genome chromatinisation 

(Celona et al. 2011). In this context, the interaction of PARP-1 and HMGB1 could be further investigated. 

Analysis of HMBG1 abundance/localisation upon challenge with AOM alone might reveal valuable 

details of the DNA damage-induced activation of HMGB1. 

Assessment of HMGB1 in colon sections confirmed a lower intensity in PARP-1-/- animals, which is likely 

to result from absence of PARP-1. The interplay of PARP-1 and HMGB1 should be further investigated 

in the context of NOC-induced DNA damage and AOM/DSS-induced colitis. 

 

5.3.3.4 EXPRESSION OF INFLAMMATION-RELATED GENES IS ATTENUATED IN PARP-1 K.O. 

ANIMALS 

The expression of pro-inflammatory NF-κB target genes was compared between WT and 

PARP-1-/- animals via qPCR (Figure 46). In line with the results from IHC analysis of COX-2 expression 

(Figure 36), mRNA expression levels of COX-2 tended to be lower expressed in PARP-1-deficient 

animals. Expression of the small cytokine CXCL2, which is produced by macrophages and monocytes, 

as well as expression of the related receptor CXCR2 had a tendency to be decreased in absence of 

PARP-1. Expression levels of the pyrogen IL-1b, which is secreted by macrophages and monocytes, 

showed a trend to be reduced in PARP-1-/- animals. Expression of IL-6 , which is stimulated by IL-1b 

(Luo et al. 2003), was almost not present in absence of PARP-1. mRNA levels of iNOS, expressed as 

direct consequence of inflammatory processes, trended to be lower in PARP-1-/- colon tissue compared 

to WT colon tissue. Expression levels of all examined genes had a tendency to be were lower in 

PARP-1 k.o. animals but the differences did not reach statistical significance. A higher number of 

analysed animals might reduce the variation of the expression levels and thus statistical difference 

between the genotypes might be reached. 

Larmonier and colleagues compared the mRNA expression levels of pro-inflammatory genes between 

WT and PARP-1-deficient mice. The latter displayed significantly reduced expression of TNFα, 

interferon gamma (IFNγ) and IL-17 (Larmonier et al. 2016). NF-κB promotes the expression of TNFα 

and IFNγ (Rovetto et al. 1975), IL-17 is able stimulate the inflammatory response via NF-κB (Hata et al. 

2002). TNFα, which is mainly secreted by monocytes/macrophages, and IFNγ, which is secreted by 

leukocytes, are critically involved in the aetiology of human CRC (Slattery et al. 2011; Stanilov et al. 

2014). Interestingly, IL-17 is produced by T-helper cells (Miossec et al. 2009). This supports the notion, 

that the adaptive immune response in involved in DSS-induced inflammatory processes. In addition, 

Basilia and colleagues observed a decreased DNA binding of NF-κB after inhibition of PARP in a 

TNBS-induced colitis model (Zingarelli et al. 2003).  

Analysis of mRNA expression levels of pro-inflammatory genes provided further evidence of the 

involvement of PARP-1 in the activation of the tumour-promoting NF-κB-mediated inflammatory 

response. 
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5.3.4 TUMOUR FORMATION INCREASES WITH STONGER INFLAMMATORY 

STIMULUS 

In addition, colorectal carcinogenesis was studied after challenge with 10 mg/kg bw AOM and two cycles 

of 2.5 % DSS. The dramatically increased size and number of the arising colorectal tumours blocked 

the colon. Thus, tumour data was assessed with a new methodical approach. The experiment was 

terminated after 12 weeks due to the strong tumour formation and health of the animals. The colon was 

harvested, longitudinally opened and tumours recorded with the camera of the mini endoscopy system 

(3.2.5.1). In contrast to mini endoscopy, this altered experimental setup allowed to investigate tumour 

formation in the whole colon, not only the distal part. Confirming previous studies concerning the 

AOM/DSS protocol of colorectal carcinogenesis (Robertis et al. 2011), majority of tumours was located 

in the distal colon. Statistical evaluation of tumour formation in the distal colon revealed a slightly lower 

tumour number (Figure 48 A) and significantly decreased tumour score (Figure 48 B) in PARP-1-/- mice 

compared to the WT. Besides the generally lower CRC formation in the proximal colon on both animal 

strains, tumour number (Figure 48 C) and score (Figure 48 D) were significantly lower in this colon part 

of PARP-1 k.o. animals.  

Tumour number and tumour size of distal colon tumours correlated with the administered DSS dose but 

were still attenuated in PARP-1-deficient mice compared to the WT. In line with the literature, the tumour 

formation was significantly lower in the proximal part of the colon. 

 

5.4 PARP-1 FACILITATES TUMOUR PROGRESSION 

The last part of this thesis addressed the particular impact of primary damage induction and the tumour 

promoting inflammatory processes on the genesis of CRC in the used murine AOM/DSS model. As 

confirmed by the initial experiments, absence of PARP-1 is linked with an attenuated inflammatory 

response (4.4) and lower tumour formation (4.2). Our group recently reported the sensitivity of DNA 

repair-deficient MGMT-/- mice to the AOM/DSS protocol. Compared to the WT, MGMT-deficient animals 

were prone to primary AOM-induced DNA damage and showed a dramatically increased tumour 

formation (Fahrer et al. 2015). Therefore, a PARP-1/MGMT DKO strain was generated in the context of 

this work to study the role of inflammatory tumour promotion in combination with high primary DNA 

damage induction. 

 

5.4.1 INHIBITION OF MGMT LEADS TO INCREASED CRC FORMATION IN 

PARP-1-/- ANIMALS 

Prior to experiments with DKO animals, PARP-1-/- mice were i.p. injected with O6-BG to deplete MGMT 

repair activity. Subsequently, animals were challenged with the AOM/DSS protocol and the tumour 

formation assessed via mini endoscopy after 16 weeks. The AOM-metabolite MAM is reported to 

possess a maximum half-life of 12 h under physiological conditions (Feinberg, Zedeck 1980), therefore 

MGMT inhibition with O6-BG was maintained for at least 48 h after AOM injection. The adequate O6-BG 
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concentration and injection intervals to maintain MGMT inhibition over the desired time-period were 

tested in advance with a small group of animals (data not presented). As expected, inhibition of MGMT 

lead to an increase of colorectal tumours in PARP-1-/- animals. Tumour number and tumour size in the 

PARP-1-deficient mice dramatically increased after inhibition of MGMT with O6-BG (Figure 49). 

This interesting result confirms the critical impact of primary DNA damage induction on the risk for CRC. 

 

5.4.2 PARP-1/MGMT DOUBLE KNOCK OUT ANIMALS ARE PRONE TO 

AOM-INDUCED TUMOURS BUT SHOW ATTENUATED TUMOUR 

PROMOTION 

The newly generated genotype lacking both PARP-1 and MGMT was treated with an initial dose of 

1 mg/kg bw AOM and 3 mg/kg bw AOM and two subsequent cycles of 1 % DSS. Unfortunately, it was 

not possible to treat the mice with a higher AOM dose. Application of higher doses caused death in 

almost all animals during the first DSS cycle. Notably, experiments with the PARP-1 k.o. animals were 

only performed with doses of 5 mg/kg bw AOM and above due to their insensitivity to the 

AOM/DSS protocol. Colorectal tumour formation in DKO animals was assessed after 16 weeks and 

compared to WT as well as MGMT-/- animals. For both AOM doses, the mean tumour number was 

dramatically higher in the DKO animals with clear statistical significance (Figure 50 A). Also, the tumour 

score was increased in DKO animals compared to WT and MGMT-deficient animals. The difference 

between DKO and MGMT k.o. mice did not reach statistical significance (Figure 50 B). Of note, the 

mean tumour size in DKO animals was significantly smaller compared to MGMT-/- animals (Figure 51). 

The findings, especially the reduced mean tumour size, indicate a lower tumour progression in 

DKO animals compared to the MGMT-/- genotype due to the attenuated inflammatory response. 

However, the number of induced tumours was significantly higher in DKO animals compared to the other 

genotypes. Considering the literature, the increased number of tumours in DKO animals might be 

attributable to the higher susceptibility to AOM-induced DNA damage in absence of PARP-1 (4.3.1). 

Sensitivity to the genotoxic effects of NOCs in absence of PARP-1 was also reported by previous in vitro 

and in vivo studies (Aguilar-Quesada et al. 2007; Dantzer et al. 1999; Murcia et al. 1997; Trucco et al. 

1998). The higher DNA damage induction could increase the number of tumours, whereas the 

attenuated NF-κB-mediated inflammatory response slows tumour progression. 

The AOM-induced DNA damage should be addressed in further experiments. Especially, the role of 

PARP-1 in BER and HRR is of interest. DNA repair defects should be examined with BER and HRR 

repair assays and the concomitant DNA damage induction via neutral and alkaline comet assay. 

TUNEL analysis of colon sections would be suitable to study cell death induction and confirm the 

sensitivity of animals lacking both PARP-1 and MGMT towards AOM. Furthermore, AOM/DSS-induced 

CRC formation should be compared to PARP-1-deficient animals treated with 1 mg/kg bw AOM or 

3 mg/kg bw AOM and two 1 % DSS cycles. 

Interestingly, study of AOM/DSS-induced CRC formation in DKO animals revealed a higher sensitivity 

of DKO animals to AOM-induced tumours in line with a slower progression of tumours. The slower 
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tumour progression is attributable to the weakened inflammatory response in absence of PARP-1, which 

was demonstrated in the previous parts of this work. 

 

5.4.3 DKO ANIMALS ARE SENSITIVE TO AOM/DSS-INDUCED COLITIS 

Mini endoscopic assessment of the colitis severity after the first DSS cycle revealed a slightly higher 

MEICS in DKO animals (10.8) compared to MGMT k.o. (8.9) (Figure 52). A direct comparison to WT 

and PARP-1-/- animals was not possible as colitis severity in these genotypes was only investigated at 

higher AOM doses. The MEICS of WT (1.5) and PARP-1 (0.8) animals challenged with 

10 mg/kg bw AOM and 1 % DSS was much lower. These findings differ from the initial expectation that 

the colitis severity and tumour formation might be lower in animals lacking both repair enzymes. The 

stronger acute colitis is likely attributable to the higher cyto- and genotoxic effects of AOM in animals 

lacking PARP-1, thereby leading to increased cell death induction cell death (Murcia et al. 1997; Trucco 

et al. 1998). 

Besides the already mentioned analysis of DNA damage induction and DNA repair capacity in DKO 

animals, the cell death induction during the first DSS cycle should be studied so strengthen the data. 

The inflammatory response in DKO and MGMT-/- after the first DSS cycle should be compared to 

PARP-1-deficient animals. Importantly, the chronic inflammatory response in PARP-1 k.o., 

MGMT-deficient and DKO animals must be compared to make a certain conclusion about the chronic 

inflammatory response which drives tumour promotion. 
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5.5 CONCLUSION AND PERSPECTIVES 

This work bears significant implications for the role of PARP-1 in the aetiology colitis-associated CRC. 

Absence of PARP-1 is associated with a sensitivity to NOC-induced DNA damage and an attenuated 

NF-κB-mediated inflammatory response. This results in a decreased tumour formation in 

PARP-1-deficient animals challenged with the AOM/DSS protocol compared to WT animals. MGMT is 

responsible for the repair of NOC-induced O6-MeG DNA adducts, a critical lesion driving colorectal 

carcinogenesis. PARP-1-/-/MGMT-/- animals display a higher number of induced tumours compared to 

animals deficient for MGMT only but show a slower tumour progression. The latter is likely to be a result 

of the attenuated inflammatory response in absence of PARP-1. In conclusion, PARP-1 is crucial an 

efficient DNA repair and, moreover, facilitates tumour progression due to its role as co-activator of 

NF-κB. 

Future studies should on one hand examine the DDR/DNA repair in PARP-1-/- animals and compare 

genotoxic endpoints to WT animals. On the other hand, the inflammatory response could be investigated 

in greater detail with a focus on the PARP-1-dependent activation of NF-κB and target genes. The 

chronic inflammatory response is of particular interest as it critically influences the promotion and 

progression of tumours. Analysis of AOM-induced cell death and DNA damage in DKO animals should 

be further analysed and compared to WT, PARP-1-/- and MGMT-deficient mice. Both points can be 

compared to human CRC or patients suffering from inflammatory bowel disease. COX-inhibitors are in 

use to decrease the risk for CRC in patients with chronic inflammatory diseases like inflammatory bowel 

disease (Chan et al. 2008; Flossmann, Rothwell 2007; Rostom et al. 2007) and, moreover, enhance 

overall survival in CRC patients whose tumours overexpress COX-2 (Chan et al. 2009). Here, PARP 

inhibitors bear the potential to inhibit not only downstream targets of the inflammatory response but 

attenuate the activation of the inflammatory master key regulator NF-κB. 
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7 APPENDIX 

7.1 ABBREVIATIONS 

AA .................................................... Amino acid 

AAG ............... 3-alkyladenine DNA glycosylase 

ACF ...................................... Aberrant crypt foci 

ADH ............................. Alcohol dehydrogenase 

Ado ...................................................Adenosine 

AIF ............................ Apoptosis inducing factor 

ALKBH .................................... AlkB homologue 

AOM ........................................... Azoxymethane 

AP site ....................... Apurinic/apurimidinic site 

APC ...................... Adenomatous polyposis coli 

ARH3 ........................... ADP ribosylhydrolase 3 

ART ............................. ADP-ribosyl transferase 

ATM ................... Ataxia telangiectasia mutated 

BAX ................................... BCL-2-associated X 

BER .................................. Base excision repair 

B-NHEJ ... Backup non-homologous end-joining 

BSA ............... Bovine serum albumin fraction V 

bw .................................................. Body weight 

CBP ................................ CREB-binding protein 

CD ........................................... Catalytic domain 

CD11b ....... Cluster differentiation molecule 11b 

CD3 .......................... Cluster of differentiation 3 

Cdk4 ....................... Cyclin-dependent kinase 4 

c-Myc ................... Myelocytomatosis oncogene 

COX-2 .................................. Cyclooxygenase-2 

CpG .................................. 5'-C-phosphate-G-3' 

CRC ...................................... Colorectal cancer 

CSB .................... Cockayne syndrome group B 

CT ................................. Computed tomography 

CXCL2 ........ Chemokine (C-X-C motif) ligand 2 

CXCR2 ........ C-X-C motif chemokine receptor 2 

CYP2E1 ........................ Cytochrome P450 2E1 

DBD ................................. DNA binding domain 

DDB2 ............................. DNA binding protein 2 

ddH2O ............................. Double-distilled water 

DDR ............................. DNA damage response 

DKO ...................................... Double knock out 

DMH ............................... 1,2-dimethylhydrazine 

DMSO .................................. Dimethyl sulfoxide 

DNA................................ Deoxyribonucleic acid 

DNA-PKcs ........ DNA dependent protein kinase 

catalytic subunit 

DNase .................................Deoxyribonuclease 

DNAse .................................Deoxyribonuclease 

DNMT ........................... DNA methyltransferase 

DSB ........................... DNA double strand break 

dsDNA ............................ Double-stranded DNA 

DSS .............................. Dextran sodium sulfate 

DTT ............................................... Dithiothreitol 

EDTA.............. Ethylenediaminetetraacetic acid 

EpCAM .......... Epithelial cell adhesion molecule 

ERK ....... Extracellular-signal regulated kinases 

EtOH ..................................................... Ethanol 

FAP ................ Familial adenomatous polyposis 

GIT ................................... Gastrointestinal tract 

GSK-3β .............. Glycogen synthase kinase-3β 

HCA...................... Heterocyclic aromatic amine 

HD ........................................ Helical subdomain 

HE stain ............. Haematoxylin and eosin stain 

HMGB1 .................... High mobility group box 1 

HNPCC ....... Hereditary non-polposis colorectal 

cancer 

HRP............................. Horseradish peroxidase 

HRR ............ Homologous recombination repair 

i.p. .............................................. Intraperitoneal 

IFNγ.................. Interferon gamma, Interferon-γ 

IHC ................................ Immunohistochemistry 

IKK .................................................... IκB kinase 

IL-1 ................................................ Interleukin-1 

IL-1b ...................................... Interleukin-1 beta 

IL-6 ................................................ Interleukin-6 

IκB ............................................... Inhibitor of κB 
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JNK .............................. c-Jun N-terminal kinase 

k.o. .....................................................Knock out 

LC-MS/MS .......... HPLC-coupled tandem mass 

spectrometry 

LPO ....................................... Lipid peroxidation 

MAM ............................... Methylazoxymethanol 

MAPK ............ Mitogen-activated protein kinase 

MEF ...................... Mouse embryonic fibroblast 

MEICS ........ Murine endoscopic index of colitis 

severity 

MGMT ............................ O6-methylguanin-DNA 

methyltransferase 

MHC ...............Major histocompatibility complex 

MMR ............................... DNA mismatch repair 

MMS .......................... Methylmethanesulfonate 

MNU ........................................ Methylnitrosurea 

MPG .............. N-methylpurine DNA glycosylase 

N1-MeA ................................ N1-methyladenine 

N3-MeA ................................ N3-methyladenine 

N3-MeC ............................... N3-methylcytosine 

N7-MeG ............................... N7-methylguanine 

NAD+ .......... Nicotinamide adenine dinucleotide 

NER ......................... Nucleotide excision repair 

NF-κB ............ Nuclear factor 'kappa-light-chain-

enhancer' of activated B-cells 

NHEJ .................. Non-homologous end-joining 

NMN ................... Nicotinamide mononucleotide 

NMNAT ........................ NMN adenyltransferase 

NMR ..................... Nuclear magnetic resonance 

NOC .................................. N-nitroso compound 

NOS ................................. Nitric oxide synthase 

O6-BG ................................... O6-benzylguanine 

O6-CMG ................... O6-carboxymethylguanine 

O6-MeG ................................. O6-methylguanine 

PAH ............... Polycyclic aromatic hydrocarbon 

PAMP .. Pathogen-associated molecular pattern 

PAR ........................................ Poly(ADP)ribose 

PARG ............. Poly(ADPribose) glycohydrolase 

PARP ................. Poly(ADP-ribose) polymerase 

PARP-1 ........... Poly(ADP-ribose) polymerase-1 

PARylation .................... Poly(ADP-ribosly)ation 

PBM ..................................... PAR binding motif 

PBS ......................... Phosphate buffered saline 

PBZ ............................. PAR-binding zinc finger 

PCNA ............. Proliferating cell nuclear antigen 

PCR......................... Polymerase chain reaction 

PEG 400 ..................... Polyethylene glycol 400 

PI Propidium iodide 

PIKK Phosphatidyl inositol 3 like protein kinase 

PMSF ................. Phenylmethylsulfonyl fluoride 

PRR....................... Pattern recognition receptor 

R2-Ado ................................. Diribosyladenosine 

R-Ado .................................... Ribosyladenosine 

RAGE ....Receptors for advanced glycation end 

products 

RNA......................................... Ribonucleic acid 

RNAse A .................................. Ribonuclease A 

RONS ... Reactive oxygen and nitrogen species 

ROS .......................... Reactive oxygen species 

RPA .................................. Replication protein A 

RT ....................................... Room temperature 

SASP........... Senescence-associated secretory 

phenotype 

SDS .............................. Sodium dodecyl sulfate 

SDS-PAGE ................. SDS-polyacrylamide gel 

electrophoresis 

SNP ................ Single-nucleotide polymorphism 

SSB ............................ DNA single strand break 

ssRNA .............................. Singe stranded RNA 

TCF ................................................ T-cell factor 

TEMED ................ Tetramethylethylenediamine 

TGFBR2 Transforming growth factor β receptor 

II 

TGF-β .................. Transforming grwoth factor-β 

TLR ......................................... Toll-like receptor 

TMZ ............................................ Temozolomide 

TNB ..................... Trinitrobenzene sulfonic acid 

TNF .............................. Tumour necrosis factor 

TNFα .................... Tumor necrosis factor alpha 

TNKS................................................ Tankyrase 

UICC .... Union for International Cancer Control 

WRN....... Werner syndrome RecQ like helicase 
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WT ...................................................... Wild type 

XPA ............................ Xeroderma pigmentosus 

γH2AX ............... Phosphorylated histone H2AX 
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