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Δύσκολα εἶναι στὴν ἀρχή. 

Γιατὶ δὲν εἶναι, κοριτσάκι, 
νὰ μάθεις μόνο 

ἐκεῖνο ποὺ εἶσαι, 
ἐκεῖνο ποὺ ἔχεις γίνει. 

Εἶναι νὰ γίνεις 
ὅ,τι ζητάει 

ἡ εὐτυχία τοῦ κόσμου 

 

 

Στον μπαμπά μου  
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Περίληψη 

 

Ο ρόλος της γενωμικής αστάθειας στην εμφάνιση ιστο-ειδικής παθολογίας σε ασθενείς 

και ποντίκια που φέρουν μεταλλαγές στα γονίδια του μηχανισμού εκτομής νουκλεοτιδίων 

δεν είναι γνωστός και υποθέτουμε πως υπάρχουν ιστο-ειδικές αποκρίσεις κατά επιβλαβών 

καταστάσεων. Κάνοντας χρήση του Cre/LoxP γενετικού συστήματος και του Fabp4-aP2 

υποκινητή που εκφράζεται ειδικά στον λιπώδη ιστό, αναπτύξαμε έναν ποντικό μοντέλο 

με ιστο-ειδική απώλεια λειτουργίας για το Ercc1 γονίδιο στο λίπος. Τα aP2-Ercc1-/- 

ποντίκια αναπτύσσονται φυσιολογικά και δεν διαφέρουν από τα ποντίκια αναφοράς.  Από 

την ηλικία των τριών μηνών, τα aP2-Ercc1-/- ποντίκια έχουν λιγότερο βάρος, οι αποθήκες 

λίπους τους είναι σημαντικά μικρότερες και εμφανίζουν συνολική απώλεια του λιπώδους 

ιστού. Πειράματα ηλεκτρονικής μικροσκοπίας σάρωσης αποκάλυψαν έναν δραματικό 

εκφυλιστικό φαινότυπο που περιλαμβάνει ρήξη της βασικής μεμβράνης, απώλεια 

λιποκυττάρων και εκτενή ίνωση. Ο φαινότυπος αυτός συνοδεύεται από επιπλοκές στον 

μεταβολισμό που εμφανίζονται συνήθως όταν τα λιποκύτταρα είναι δυσλειτουργικά. 

Ανάλυση της γονιδιακής έκφρασης του λιπώδους ιστού από αγρίου τύπου και Ercc1-/- 

ποντίκια κατέδειξε 2200 διαφορικά εκφραζόμενα γονίδια που ανήκουν σε μονοπάτια 

όπως: απόκριση σε διπλές θραύσεις της DNA έλικας, προ-φλεγμονώδης σηματοδότηση 

και σηματοδότηση από πυρηνικούς υποδοχείς και αυξητικούς παράγοντες. Μια ομάδα 

γονιδίων που αποκρίνονται στις διπλές θραύσεις της DNA έλικας υπερεκφράζονται στον 

λιπώδη ιστό των aP2-Ercc1-/- ποντικιών και κάποια από αυτά συγκεντρώνονται σε 

πυρηνικές εστίες, η παρουσία των οποίων υποδηλώνει απόκριση σε DNA αλλοιώσεις. 

Στον λιπώδη ιστό των aP2-Ercc1-/- ποντικιών πολλά λιποκύτταρα πεθαίνουν μέσω 

νέκρωσης και γύρω τους σχηματίζονται στεφανιαίες δομές, που περιλαμβάνουν προ-

φλεγμονώδη λευκοκύτταρα. Η παρατήρηση αυτή σηματοδοτεί την in vivo συσχέτιση της 
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απόκρισης σε DNA αλλοιώσεις με τη φλεγμονώδη απόκριση. Χρησιμοποιώντας ένα in 

vitro σύστημα κυτταρικών καλλιεργειών, αποδείξαμε ότι η απώλεια της Ercc1, καθώς και 

οι ίδιες οι DNA αλλοιώσεις, δρουν με κυτταρικά αυτόνομο τρόπο, ώστε να επάγουν την 

ATM-εξαρτώμενη αντιστροφή της καταστολής υποκινητών που σχετίζονται με την προ-

φλεγμονώδη απόκριση, σε ινοβλάστες που έχουν υποστεί διαφοροποίηση προς 

λιποκύτταρα. Συνολικά, τα δεδομένα αυτά υποστηρίζουν την ύπαρξη ενός ενδογενούς 

σήματος που εξαρτάται από τις DNA αλλοιώσεις και επάγει μια αυτό-φλεγμονώδη 

απόκριση στον λιπώδη ιστό, η οποία τελικά οδηγεί στη λιποδυστροφία που παρατηρείται 

στη NER προγηρία.  
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Abstract 

 

How DNA damage triggers the onset of tissue-specific pathology in patients and mice 

carrying defects in nucleotide excision repair (NER) remains an intriguing question 

arguing for tissue-specific responses against deleterious threats. Using a Cre/LoxP 

strategy, we have generated an adipose tissue-specific Ercc1 knock-out mouse, employing 

the Fabp4-aP2 driver, which is specifically expressed in adipose. The aP2-Ercc1-/- mice 

develop normally into adulthood and are indistinguishable to their littermate controls. 

From three months of age onwards the aP2-Ercc1-/- mice fail to gain weight and the 

majority of their adipose tissue depots are smaller, ultimately presenting generalized fat 

depletion. Scanning electron microscopy revealed a gross degenerative phenotype, 

including basement membrane rupture, adipocyte depletion and extensive fibrosis, 

accompanied by metabolic abnormalities usually observed when adipocytes are 

dysfunctional. Comparison of gene expression data from wt and Ercc1-/- adipose tissues 

showed 2200 genes that are differentially expressed with over-represented pathways 

including: the double-strand break response, pro-inflammatory signalling, nuclear 

receptor and growth factor signalling. A number of DSB responsive genes are up-

regulated in the aP2-Ercc1-/- adipose and a subset forms nuclear foci, a hallmark of the 

DNA damage response. In the aP2-Ercc1-/- EWAT a large number of adipocytes undergo 

necrotic death and form crown-like structures with infiltrating pro-inflammatory 

leukocytes, establishing an in vivo link between DDR and the inflammatory response. 

Using an in vitro cell culture system, we document that the Ercc1 defect as well as DNA 

damage per se can act in a cell-autonomous manner and induce a pro-inflammatory 

response by de-repressing gene promoters, when mouse embryonic fibroblasts are 
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exposed to an adipogenic regime, a response that is not observed upon ATM inhibition. 

Collectively, these data support the idea of an endogenous DNA damage-dependent signal 

that induces an auto-inflammatory response in the adipose tissue, ultimately leading to 

lipodystrophy in NER progeria. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Key words: DNA repair, adipose, inflammation, promoter de-repression, metabolism 
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Introduction 

 

All macromolecules e.g. proteins, lipids or nucleic acids are subject to hazardous threats 

of endogenous – metabolic by-products – or exogenous origin – solar irradiation, 

chemical compounds – that alter their chemical structure resulting in their gradual 

degradation. Although this process is fundamentally indiscriminate in nature, chemical or 

structural alterations in the DNA are, in general, considered more adverse than those seen 

in proteins, lipids or RNA. Unlike DNA, all other macromolecules can be replaced once 

damaged, provided that the initial genomic information remains intact (Garinis et al. 

2008). Indeed, preservation of genetic information is of prime importance to all living 

systems. Nevertheless, the integrity of the genome is continuously threatened by a variety 

of environmental and endogenous agents that damage the DNA, as well as by intrinsic 

instability of chemical bonds in DNA itself. Both endogenous – reactive oxygen species 

or other secondary metabolites – and exogenous – UV light, chemical compounds in 

foods or smoke – sources generate numerous DNA insults, such as the DNA double 

strand breaks (DSBs), intra- or inter-strand DNA cross links (ICLs), base modifications or 

UV-induced photoproducts and bulky pyrimidine dimers (Hoeijmakers, 2001). 

Eventually, the effects of distinct types of lesions diverge with respect to helix distortion, 

ability to pause or obstruct DNA replication, block ongoing transcription or else hamper 

the battery of repair systems and other caretakers that continuously safeguard the genome. 

Mutagenic lesions, i.e. spontaneous deaminations, depurinations and certain oxidized 

bases, are predominantly responsible for mutations and contribute to carcinogenesis. On 

the other hand, cytotoxic or cytostatic lesions (e.g. double strand breaks, UV-induced 

lesions, DNA interstrand cross links [ICLs], uncapped telomeres and certain oxidized 
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bases) are thought to predominantly cause apoptosis or senescence, respectively, thereby 

contributing to aging. Alternatively, failure of the repair mechanisms to correct the 

damaged DNA strand leads to permanent cell cycle arrest or apoptosis (de Boer and 

Hoeijmakers, 2000; Citterio et al. 2000). DNA breaks are primarily repaired by 

homologous recombination (HR), a process that utilizes undamaged sister chromatids as 

template to correct the DNA strand that contains the break, or by a less accurate reaction, 

non-homologous end joining (NHEJ), which ligates the two ends of a DNA break (West, 

2003). ICLs are removed by ICL repair, a process that is coordinated by Fanconi Anemia 

(FA) proteins and leads to the excision of the DNA cross-link by endonucleases, such as 

Xeroderma Pigmentosum group F (XPF), Structure-specific endonuclease subunit SLX1 

or Crossover junction endonuclease MUS81 (Kottemann and Smogorzewska, 2013). 

Small structural base modifications are repaired by Base Excision Repair (BER), whereas 

Nucleotide Excision Repair (NER) removes bulky lesions that distort the double helix, 

such as UV-induced cyclobutane pyrimidine dimers (CPDs) and 6-4 photoproducts (6-

4PPs) (Friedberg, 2001). Despite being highly complex, DNA repair systems operate 

within constrains. Excessive DNA damage load exceeds their repair capacity and as a 

result, DNA damage accumulates with time. Mutations in genes that encode for DNA 

repair factors spur DNA damage accumulation, which results in genomic instability that 

ultimately leads to cancer or ageing (de Boer and Hoeijmakers, 2000). 

 

The Nucleotide Excision Repair pathway 

Nucleotide Excision Repair (NER) represents a highly conserved, complex pathway that 

is primarily involved in removing helix-distorting lesions from the DNA (Hoeijmakers, 

2001). NER employs approximately 30 protein factors which operate in a step-wise 
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manner to recognise, verify and correct the damaged nucleotides (Figure 1). Depending 

on how the damage is recognized, NER is divided into two sub-pathways. In Global 

Genome NER (GG-NER), XPC, in complex with RAD23B and Centrin 2 (CETN2), scan 

the genome for helix distorting lesions (Masutani et al. 1994; Nishi et al. 2005) and this is 

facilitated by the UV-damaged DNA-binding proteins 1 and 2 (UV-DDB1, 2) (Lagerwerf 

et al. 2011). In Transcription-Coupled NER (TC-NER), RNA polymerase II (RNA Pol II) 

itself activates the downstream pathway, when it is physically blocked by a lesion in the 

actively transcribed part of the genome (Hanawalt, 2002). Activation of TC-NER by RNA 

Pol II requires the NER factors Cockayne Syndrome group A and B proteins (CSA, CSB) 

(Spivak et al. 2002; Laine and Egly, 2006). CSB, a DNA-dependent ATPase, co-localizes 

with stalled RNA Pol II and is instrumental in recruiting chromatin remodelling factors, 

such as the histone acetyltransferase p300 and downstream NER proteins (Fousteri et al. 

2006). CSA participates in an E3-ubiquitin ligase complex together with DDB1, Cullin 

4A (CUL4A) and Ring-box protein 1 (RBX1), which has been implicated in 

ubiquitylating CSB, RNA Pol II, and proximal histones, upon UV-induced DNA lesions 

(Saijo, 2013). Recently, it was shown that an additional factor, UV-sensitive syndrome 

protein A (UV-SSA), is involved in stabilizing CSB by recruiting the de-ubiquitylase 

USP7 to the stalled RNA Pol II (Schwertman et al. 2012). Upon lesion recognition either 

by GG- or TC-NER, the general transcription factor TFIIH unwinds the double helix 

locally, with its helicase subunits XPB and XPD, and single-stranded DNA is stabilized 

by replication protein A (RPA), in conjunction with XPB and XPD (Oksenych et al. 

2009). RPA-mediated stabilization of the DNA bubble around the lesion triggers the 

recruitment of structure-specific endonucleases that cleave the damaged strand to remove 

the damage-containing oligonucleotide. Excision Repair Cross-Complementing group 

protein 1 (ERCC1) in complex with XPF, incise the 5’ end of the DNA bubble, whereas  
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Figure 1 The Nucleotide Excision Repair pathway. Global genome NER (top left) recognizes and 

removes helix-distorting lesions throughout the genome and Transcription-coupled NER (top right) 

selectively removes similar lesions from the actively transcribed part of the genome. Following damage 

recognition, the two sub-pathways converge into a common mechanism that involves unwinding of the 

double helix around the lesion, stabilization and excision of the damage-containing DNA fragment and gap 

filling and ligation of newly synthesized DNA. Protein names colored in red depict the availability of mouse 

models carrying a defect in the corresponding gene. (Adapted from Kamileri et al. 2012) 
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at the 3’ end, the incision event is performed by XPG (Overmeer et al. 2011). The 

excision event creates a single-stranded gap that is filled by DNA polymerases δ and ε. 

Finally, DNA ligases I and III together with X-ray Repair Cross-Complementing group 

protein 1 (XRCC1) ligate the newly synthesized DNA fragment back to the DNA strand 

(Moser et al. 2007). 

 

NER syndromes and related mouse models 

DNA repair pathways are highly conserved since all cells need to employ them to 

counteract the adverse effects of a damaged genome. This, together with the fact that 

mutations in genes that code for repair factors cause severe defects and dramatic 

phenotypes to individuals that carry them, underscore the relevance of genome 

maintenance to a healthy lifespan (van Gent et al. 2001). Mutations in genes that code for 

NER factors cause three major, life-threatening human disorders: Xeroderma 

Pigmentosum (XP), Cockayne Syndrome (CS) and Trichothiodystrophy (TTD). XP 

patients carry mutations in Xp-a to g genes and develop skin cancer in a >1000 fold 

higher incidence (de Boer and Hoeijmakers, 2000). Mutations in Csa (Ercc8) and Csb 

(Ercc6) cause CS, whereas mutations in Xpb, Xpd and Ttd-a lead to the development of 

TTD syndrome. These mutations are not cancer-prone; they are related to the 

manifestation of a complex pathology that includes premature ageing (progeroid) 

symptoms in several organs. These are: sarcopenia, neurodegeneration, kyphosis and fat 

depletion (Andressoo et al. 2006). Although such cases are rare, patients with combined 

manifestation of XP/CS have also been described and have been linked to distinct 

mutations in Xpb, Xpd and Xpg genes (Laugel et al. 2010). More recently, Niedernhofer 

and colleagues described a Xpf-deficient patient that does not manifest XP symptoms, but 
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rather develops neurological, hematopoietic and musculoskeletal defects, which led them 

to describe a new progeroid syndrome, XFE (Niedernhofer et al. 2006). Even more, 

patients that carry identical mutations in the Csb or Xpb genes, but manifest distinct 

clinical symptoms have also been observed. In one case, siblings carried a silent C2830T 

and a non-sense C2282T point mutation in the Csb gene and manifested a variant form of 

XP, named DeSanctis-cacchione. The same mutant Csb allele had been described to cause 

the classical form of CS in another patient (Colella et al. 2000). Similar observations were 

made for a mis-sense mutation in the Xpb gene, which in one case caused the 

manifestation of mild XP/CS, whereas in two different patients, it led to manifestation of 

mild XP (Oh et al. 2006). It is apparent that NER defects, possibly due to their 

mechanistic complexity, can cause a wide range of symptoms and the manifestation of 

diverse syndromes that may develop in a congenital manner or at later stages in life. This 

remarkable genetic heterogeneity has made it difficult to clearly connect particular NER 

genes to symptoms observed in the clinic. The mouse mutants that have been developed 

for several of the NER factors (Figure 1; gene names in red) provide valuable tools 

towards understanding the mechanistic and phenotypic complexity of the abovementioned 

syndromes (Hasty et al. 2003). 

 

NER deficient mouse models have been studied for more than two decades and allowing 

us to gain insight into the molecular pathways affected by genomic instability, as well as 

the tissue-specific and systemic responses that are observed upon NER inactivation 

(Schumacher et al. 2008; Garinis et al. 2008). Several attempts to generate knock-out 

mouse models that bear null homozygous alleles for the TFIIH subunits XPD, XPB and 

TTD-A, which are involved in NER, resulted in early embryonic lethality (de Boer et al. 

1998; Andressoo et al. 2009; Theil et al. 2013). However, mouse models bearing non-
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lethal mutations in these genes (XpdTTD and XpdXPCS), and which mimic patients’ mutant 

alleles, were viable and presented disease symptoms greatly mimicking the corresponding 

syndromes (de Boer et al. 2002; Andressoo et al. 2006b). The XpdTTD mutant mice carry a 

XPD point mutation found in TTD patients and develop progeroid symptoms, including 

cachexia and kyphosis, as well as brittle hair, the hallmark of TTD patients (de Boer et al. 

2002). The XpdXPCS mouse model develops UV-induced skin cancer, but also shows mild 

developmental and neurological abnormalities, also observed in corresponding patients 

(Andressoo et al. 2006b). Mouse models bearing null homozygous mutant alleles for 

other NER factors also exist. The Ercc1-/- mice show severe growth retardation, both as 

embryos and postnatally, and develop a very complex pathology, including ataxia, liver 

and kidney defects, cachexia, kyphosis and sarcopenia, symptoms that resemble the 

Xpf/Ercc1-deficient patients (Weeda et al. 1997; Niedernhofer et al. 2006; Jaspers et al. 

2007). 

 

Growth and lifespan are regulated by anabolic pathways, such as the insulin-like growth 

factor 1/growth hormone (IGF1/GH axis) and the molecular target of rapamycin (mTOR) 

(Kenyon, 2010). Growth hormone is produced and secreted by the pituitary in response to 

hormonal signals from the hypothalamus. In an endocrine manner, it acts on peripheral 

organs, where it induces the expression of IGF1. IGF1 is mainly produced and is secreted 

into the blood stream by the liver. This in turn, triggers glucose uptake and growth in the 

soma (Clemmons, 2007). The somatotropic axis has been shown to regulate lifespan also 

in worms and flies (Kenyon, 2006). Microarray experiments in the livers of 15-day old 

Ercc1-/- compared to wild type mice revealed lower expression levels of genes that are 

associated with the three major hormonal axes of the animal, namely the somatotropic, 

lactotropic and thyrotropic axis, whereas genes that participate in glycogen and lipid 
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synthesis, as well as in oxidative stress response were overexpressed in the Ercc1-/- livers. 

IGF1, basal glucose and insulin were detected in lower amounts in the sera of these mice, 

further supporting the dampening of the growth axes observed in the transcriptome 

profile. However, the finding that glycogen and triacylglycerols are stored in the livers of 

these mice, while they are hypoinsulinaemic represents a paradox. It is possible that the 

Ercc1 defect in the liver induces energy storage in the form of lipids and glycogen 

independent of insulin action (Niedernhofer et al. 2006). Similar defects have been 

described in another growth-deficient model, the Csbm/m/Xpa-/- mouse, which also dies 

prematurely (van der Pluijm et al. 2007). Genetic deletion of Xpg (Harada et al. 1999) and 

Xpf (Tian et al. 2004) also resulted in growth retardation and premature death. The single 

mutant mice Csbm/m (van der Horst et al. 1997) and Xpa-/- (de Vries et al. 1995; Nakane et 

al. 1995) which are otherwise susceptible to UV-induced skin tumours, do not manifest 

growth defects or premature death. Collectively, these findings suggest that the DNA 

repair defect alone does not fully explain the phenotypic heterogeneity observed in NER 

deficient mouse models.  

 

In an attempt to link the DNA damage response to the down-regulation of the 

somatotropic axis, Garinis and colleagues (2009) showed that this effect is cell 

autonomous and can be recapitulated in vitro upon exposure of primary mouse embryonic 

fibroblasts and chondrocytes to exogenous DNA damaging agents. However, they did not 

manage to provide a mechanistic link between DNA repair factors and the down-

regulation of gene expression (Garinis et al. 2009). Following this, it was later shown that 

specific NER factors are recruited together with RNA Pol II and the general transcription 

factor TFIID on the promoters of genes that are important for postnatal murine 

development in the liver. This finding was supported by documenting a physical 
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interaction between ERCC1/XPF and subunits of the TFIID complex (Kamileri et al. 

2012b). The unexpected involvement of specific NER factors, apart from TFIIH, in 

transcriptional regulation was also reported in two additional studies, where the authors 

independently showed that these factors are important for transcriptional activation of 

retinoic acid-responsive genes upon cellular stimulation and that a XPC-containing 

complex acts as an Oct4/Sox2 co-activator to facilitate Nanog expression and 

pluripotency in embryonic stem cells (Le May et al. 2010; Fong et al. 2011). These recent 

observations suggest that NER factors function outside their canonical mode, DNA repair, 

to facilitate gene transcription in distinct instances (Kamileri et al. 2012; Fong et al. 

2013).  

 

Aim of the study 

White adipose tissue is a metabolically active organ, highly responsive to insulin that 

mainly serves as an energy storage depot by accumulating triacylglycerols, an inert form 

of lipids (Gesta et al. 2007). Lipids are stored in adipocytes, the most abundant cell type 

of the tissue. In rodents, white adipocytes are of mesenchymal origin and differentiate 

postnatally into fully functional cells (Han et al. 2011), when a transcriptional cascade co-

ordinated by the master regulator Peroxisome Proliferator-Activated Receptor γ (PPARγ) 

is activated in pre-adipocytes (Rosen and MacDougald, 2006). It is apparent that adipose 

tissue stores energy in a very efficient way. Hence, it becomes a central organ in 

regulating whole-body energy balance together with other organs, such as the liver, the 

pancreas and the brain. To do so, it produces and secretes hormones, the so called 

adipokines, which act both in an endocrine and a paracrine manner, mainly on the central 

and peripheral nervous system (Rosen and Spiegelman, 2006). Pathological conditions 
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that alter adipose tissue function impinge on metabolic homeostasis, mainly by altering 

the levels or pattern of hormone production and secretion by the organ. For example, 

obesity and lipodystrophy are characterized by adipose tissue dysfunction and lead to the 

manifestation of severe metabolic abnormalities that ultimately result in reduced lifespan 

(Hotamisligil, 2006; Fiorenza et al. 2011). Apart from leptin and adiponectin, which 

controls appetite and serves as systemic insulin sensitizer, respectively, adipocytes 

produce and secrete adipokines with a pro-inflammatory function, such as resistin and 

lipocalin 2 (Ouchi et al. 2011). These molecules have been shown to promote insulin 

resistance in obese rodents (Steppan et al. 2001; Wang et al. 2007). Additionally, 

adipocytes from mice that suffer from obesity produce tumour necrosis factor α (TNFα), a 

well-known pro-inflammatory cytokine (Hotamisligil et al. 1993). Its action has been 

shown to inhibit insulin receptor signalling in the adipocyte (Hotamisligil et al. 1994). On 

the other hand, lipodystrophic mouse models have also been observed to express pro-

inflammatory molecules either in their adipose tissue or systemically. However, their 

primary cellular source was not identified (Kim et al. 2007; Herrero et al. 2010). Besides 

obesity and lipodystrophy, adipose tissue also becomes dysfunctional during ageing 

(Tchkonia et al. 2010). In aged tissues and depending on the depot, pre-adipocytes lose 

their differentiation ability and acquire a more pro-inflammatory, senescent-like 

phenotype that affects whole-tissue function (Karagiannides et al. 2001; Karagiannides et 

al. 2006; Tchkonia et al. 2007).  

 

Although a senescent progenitor pool that drives age-related tissue dysfunction seems 

plausible, compromised mature adipocytes would also contribute to tissue ageing. 

Stochastic macromolecular damage accumulation, irrespective of the differentiation stage, 

could underlie age-related adipose tissue dysfunction (Kirkwood, 2006). In the present 
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study, we aim to delineate the impact of genomic instability in age-related adipose tissue 

pathology. To this end, we have employed a tissue-specific DNA repair defective Ercc1-/- 

mouse model that manifests a dramatic loss of adipose tissue. 

  

21 
 



PhD thesis  Ismene Karakasilioti 

Results 

 

Loss of adipose tissue in (aP2-Cre) Ercc1-/-animals  

Besides dwarfism, Cockayne Syndrome, Trichothiodystrophy and XPF-ERCC1 deficient 

patients are characterized by progeroid features, such as cachexia and loss of 

subcutaneous fat (Schumacher et al. 2008). Adipose tissue loss is also observed in normal 

aging (Sepe et al. 2011). To gain greater understanding into the role of unrepaired DNA 

damage relative to adipose tissue loss of these syndromes, we used the Ercc1-/- mouse 

model which closely mimics both the developmental and the progeroid features seen in 

XFE patients (Niedernhofer et al. 2006). Beginning postnatal day 5 (P5), Ercc1-/- animals 

fail to gain weight and display gradual reduction in epididymal, interscapular and 

subcutaneous white adipose tissue (WAT) depots. P15 Ercc1-/-mice show a ~50% 

decrease in epididymal WAT and a small -albeit not significant- reduction of brown 

adipose tissue (BAT, Figure 2A, B).  

 

Figure 2 Adipose tissue loss in the Ercc1-/- mouse model. (A). Photographs of epididymal, subcutaneous 

and brown adipose tissue depots of 15 days old WT (upper panels) and Ercc1-/- (lower panels) mice. (B). 

Weight of epididymal white adipose tissue (WAT) and brown adipose tissue (BAT) depots shown as % of 

body weight (BW) of 15 days old mice. Error bars indicate S.E.M. 

 

Although these mice represent a valid model for XFE syndrome, the complex nature of 

their phenotype, including developmental abnormalities, progeroid symptoms in several 
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organs and premature death before reaching sexual maturity, does not allow the 

comprehensive study of a specific feature. To test whether adipose tissue loss in Ercc1-/- 

mice is the consequence of defects in other organs or is cell-autonomous, we sought to 

generate tissue-specific Ercc1-/- mice by  intercrossing animals homozygous for the floxed 

Ercc1 allele (Ercc1F/F) (Verhagen-Oldenampsen et al., 2012) with those carrying the  

 

Figure 3 Generation of the adipose tissue-specific Ercc1-/- mouse.  
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adipose protein 2 (aP2)-Cre transgene in an Ercc1 heterozygous background (aP2-

Cre;Ercc1+/- mice); aP2 is a carrier protein for fatty acids that is primarily expressed in 

adipocytes (Jones et al. 2005). Crossing the aP2-Cre with Rosa YFPst/st transgenic animals 

confirmed the specificity of aP2-driven YFP expression to adipocytes at P30 but not at 

P15 (Figure 3A). The cell type-specific ablation of Ercc1 was already evident in 1.5 

months old aP2-Ercc1F/- WAT depots, both at the protein and at the mRNA level (Figure 

3B, C). Excision of the floxed Ercc1 allele was further confirmed by genomic PCR 

amplification on DNA derived from aP2-Ercc1F/+ and aP2-Ercc1F/- adipose tissues 

(Figure 3D, E). ERCC1 expression levels in aP2-Ercc1F/- organs and cells other than 

adipocytes remained normal (Figure 3F-I). aP2-Ercc1F/- mice were born at the expected 

Mendelian frequency and showed no developmental defects or other pathological 

features, including any visible defects in adipose tissue; the mRNA levels of Fabp4 and  

 

 

Figure 3 Generation of the adipose tissue-specific Ercc1-/- mouse. (A). Confocal imaging of aP2-driven 

YFP expression in adipocytes of 30 days old ROSA-YFP mice. (B). Confocal imaging of aP2-driven Ercc1 

ablation in 1.5 months old aP2-Ercc1F/- WAT depots. (C). Quantitative (q)PCR mRNA levels of Ercc1 

expression in 1.5 months old aP2-Ercc1F/- WAT depots. (D). Schematic representation of the targeted Ercc1 

locus.  The 3’ arm of the wild type (+) Ercc1 allele consisting of 5 exons (exons 6-10) was targeted to 

generate the conditional knock-out allele. LoxP sites were inserted 5’ to exon 7 and 3’ to exon 10, including 

a Neomycin positive selection cassette (Neo). An IRES-LacZ cassette was added 3’ to the second LoxP site. 

Adipose-specific cre-mediated recombination results in a floxed (F) Ercc1 allele that lacks exons 7-10. The 

mutated (-) Ercc1 allele was generated by substituting exon 7 with a Neo cassette and results in the excision 

of the Ercc1 gene. (E). PCR detection of the excised (0.5 kb) Ercc1 allele on adipose genomic DNA (left) 

from aP2-Ercc1F/+ and aP2-Ercc1F/- mice. Tail genomic DNA (right) from wt and full Ercc1-/- mice was 

used as a control indicating that the primer set does not amplify the mutated Ercc1 allele. Loading control: 

corresponding 1 kb band representing the Ercc1 3’ utr region that is not deleted upon Cre recombination. 

(F). Western blots of ERCC1 and XPF in liver, heart and lung of 1.5 and 2.5 months old aP2-Ercc1F/- and 

aP2-Ercc1F/+ mice. (G). Immunofluorescence detection of ERCC1 in isolated peritoneal 

macrophages of 2.5 months old aP2-Ercc1F/- and aP2-Ercc1F/+ mice. (H). Quantification of ERCC1-

positive cells expressed as % of total number of cells per optical field. (I). qPCR mRNA levels of Ercc1 

expression in isolated peritoneal macrophages of 2.5 months old aP2-Ercc1F/- and aP2-Ercc1F/+ mice. Error 

bars indicate S.E.M. 

24 
 



PhD thesis  Ismene Karakasilioti 

Adiponectin, an adipocyte-secreted hormone previously linked to insulin resistance and 

diabetes (Kadowaki et al. 2006), were comparable between 1.5 months old aP2-Ercc1F/- 

WAT tissues and control animals (Figure 4A). Beginning at 2.5 months, aP2-Ercc1F/- 

animals show a slow but steady loss of epididymal, interscapular and subcutaneous fat 

depots (Figure 4B) resulting in a ~30% reduction in body weight (Figure 4C), 

 

Figure 4 Adipose tissue loss in the aP2-Ercc1F/- mouse model. (A). Quantitative (q) PCR mRNA levels of 

Fabp4 and Adipoq genes in 1.5 months old aP2-Ercc1F/- and aP2-Ercc1F/+ white adipose tissues (WAT). 

(B). Photographs of epididymal, subcutaneous and brown adipose tissue depots of 4 months old aP2-

Ercc1F/+ (upper panel) and aP2-Ercc1F/- (lower panel) mice. (C). Total body weight (in grams) of aP2-

Ercc1F/- (ErF/-), aP2-Ercc1F/+ (ErF/+) and WT (Er+/+) mice across 150 days post birth. (D). Weight of 

epididymal WAT expressed as % of body weight (BW) of aP2-Ercc1F/- and aP2-Ercc1F/+ mice at 1.5 and 4 

months of age. (E). Weight of brown adipose tissue (BAT) expressed as % of body weight (BW) of aP2-

Ercc1F/- and aP2-Ercc1F/+ mice at 1.5 and 4 months of age. (F). Weights of liver, kidney, lung and heart 

organs expressed as % of body weight of 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ mice. (G). Size 

distribution of adipocytes derived from 1.5 and 4 months old aP2-Ercc1F/- (ErF/-) and aP2-Ercc1F/+ (ErF/+) 

mice. Error bars indicate S.E.M.  
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a >50% reduction in epididymal WAT (Figure 4D) and interscapular BAT depots 

(Figure 4E); the weight of other organs was comparable to that of control animals 

(Figure 4F). Unlike the 1.5 months old aP2-Ercc1F/- animals, computer image analysis 

revealed substantial differences in the size distribution of adipocytes of 4 months old aP2-

Ercc1F/- animals compared to age-matched controls (Figure 4G). Thus, adult mice 

lacking ERCC1 specifically in the adipose tissue exhibit marked WAT and BAT 

abnormalities; importantly, both adipose tissue depots develop normally in these mice 

with defects gradually appearing at later stages in life.  
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Adipose tissue morphological changes and metabolic abnormalities in aP2-Ercc1F/- 

mice 

Scanning electron microscopy of epididymal WAT and BAT derived from 15 days old 

Ercc1-/- and wt animals revealed no apparent differences (Figure 5A). Both Ercc1-/- and 

wt adipose depots, show areas of dense cilia formation characteristic of adipogenic 

differentiation during development (Satir et al. 2010) (Figure 5A; embedded 

magnification). Likewise, the 1.5 months old aP2-Ercc1F/- and aP2-Ercc1F/+ white 

adipocytes appeared healthy with spherical and unilocular lipid depots (Figure 5B). In 

contrast, the WAT of 4 months old aP2-Ercc1F/- animals showed areas of ruptured basal 

membrane (Figure 5C-i) and frequent loss of adipocytes (Figure 5C-ii); red blood cells 

were sporadically found to occupy empty adipocyte cavities, likely marking the former 

presence of adipocyte-associated capillaries (Figure 5C-ii; embedded magnification). 

Staining with Platelet/Endothelial Cell Adhesion Molecule 1 (PECAM-1) revealed a 

dense and well-structured vasculature in aP2-Ercc1F/- WAT samples compared to controls 

(Figure 5F). We also found areas of ciliae recurrence (Figure 5C-iii; embedded 

magnification) and extensive interstitial tissue deposition marking fibrosis at sites of 

tissue damage both in WAT and in BAT of 4 months old aP2-Ercc1F/- animals (Figure 

5C-iv and 5E). None of these pathological features were observed in the 4 months old 

aP2-Ercc1F/+ WAT or BAT depots (Figure 5D, E).  

 

These degenerative features of adipose tissue, also seen in lipodystrophic mice, prompted 

us to further characterize the metabolic profile of the aP2-Ercc1F/- animals. Due to the 

progressive nature of the phenotype, we focused our studies on 4 months old mice. Serum 

cholesterol levels were normal in 4 months old aP2-Ercc1F/- mice and triglycerides were 

elevated (Figure 6A). Serum and white adipose tissue (WAT) adiponectin levels 
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Figure 5 Progressive adipose tissue degeneration in aP2-Ercc1F/-- mice. (A). Scanning electron 

micrographs (SEM) of 15 days old WT and Ercc1-/- white adipose tissue (WAT) depots. Insert: higher 

magnification showing ciliae in both tissues. (B). SEM of 1.5 months old aP2-Ercc1F/+ and aP2-Ercc1F/- 

WAT depots. (C). SEM of 4 months old aP2-Ercc1F/- WAT depots showing: i. basement membrane rupture, 

ii. Adipocyte depletion (insert: higher magnification indicating capillary rupture), iii. ciliae recurrence 

(insert: higher magnification of ciliae), iv. fibrosis. (D). SEM of 4 months old aP2-Ercc1F/+ WAT depots. 

(E). SEM of 4 months old aP2-Ercc1F/+ and aP2-Ercc1F/- BAT depots. (F). Confocal imaging of 4 months 

old aP2-Ercc1F/- and aP2-Ercc1F/+ WAT depots showing normal vascular endothelium with anti-PECAM-1 

staining. 

 

were reduced compared to littermate controls (Figure 6B, J). Prior to glucose and insulin 

tolerance tests, 4 months old aP2-Ercc1F/- animals had basal plasma glucose levels 

comparable to wild-type mice after a 5 hour fast (Figure 6C, D). Upon intraperitoneal 

glucose infusion, the 4 months old aP2-Ercc1F/- mice had increased plasma glucose levels 

compared to controls (Figure 6C). However, aP2-Ercc1F/- and aP2-Ercc1F/+ animals had 

comparable serum glucose levels following intraperitoneal insulin infusion (Figure 6D). 
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Figure 6 Metabolic abnormalities in the lipodystrophic aP2-Ercc1F/- mice. (A). Serum cholesterol and 

triglycerides levels in 4 months old aP2-Ercc1F/- (ErF/-) and aP2-Ercc1F/+ (ErF/+) mice. (B). Serum 

adiponectin protein levels in 1.5 and 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ mice. (C). Glucose 

tolerance test in 4 months old aP2-Ercc1F/- (ErF/-) and aP2-Ercc1F/+ (ErF/+) mice. (D). Insulin tolerance test 

in 4 months old aP2-Ercc1F/- (ErF/-) and aP2-Ercc1F/+ (ErF/+) mice. Plasma glucose after infusion is 

indicated as % of basal plasma glucose levels (BGL). (E). Serum insulin levels in 1.5 and 4 months old aP2-

Ercc1F/- and aP2-Ercc1F/+ mice. (F). Hematoxylin-Eosin (H&E, upper panels) and insulin (lower panels) 

staining of 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ pancreata. Estimates of number per mm2 and area of 

insulin producing islets are shown in graphs. (G). Food and water intake (as indicated) of 2.5 months old 

aP2-Ercc1F/- and aP2-Ercc1F/+ mice. (H). Serum triglycerides levels in 1.5 months old aP2-Ercc1F/- and 

aP2-Ercc1F/+ mice. (I). Glucose tolerance test in 1.5 months old aP2-Ercc1F/- (ErF/-) and aP2-Ercc1F/+ 

(ErF/+) mice. (J). White adipose tissue adiponectin protein levels in 4 months old aP2-Ercc1F/- (ErF/-) and 

aP2-Ercc1F/+ (ErF/+) mice. Error bars indicate S.E.M., * p-value≤0.05, ** p-value≤0.01.   
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Basal serum insulin levels and staining of pancreata from fasted aP2-Ercc1F/- mice 

revealed hyperinsulinaemia followed by increased number and size of insulin producing 

foci compared to aP2-Ercc1F/+ controls (Figure 6E, F). Food and water intake 

measurements in 2.5 month old aP2-Ercc1F/- and aP2-Ercc1F/+ animals over a period of 

30 days revealed no significant differences (Figure 6G). None of the abovementioned 

metabolic abnormalities were observed in 1.5 months old aP2-Ercc1F/- mice (Figure 6B, 

E, H, I), further supporting the progressive nature of aP2-Ercc1F/- lipodystrophic 

phenotype. Oil Red O staining of 4 months old aP2-Ercc1F/- visceral organs revealed 

accumulation of triglycerides in heart and muscle, but not in liver, kidney or spleen 

(Figure 7A).  

 

 

Figure 7 Ectopic lipids accumulation in lipodystrophic aP2-Ercc1F/- mice. (A). Histological examination 

(H&E – hematoxylin and eosin) and Oil Red O staining of visceral organs of 4 months old aP2-Ercc1F/- and 

aP2-Ercc1F/+ mice. 
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Thus, similar to other lipodystrophic animal models, the aP2-Ercc1F/- animals exhibit 

metabolic abnormalities that are associated with type II diabetes mellitus. Together, these 

findings resemble the pathological abnormalities seen in progressive lipodystrophies 

ultimately leading to severe metabolic dysfunction (Hegele et al. 2007).  
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Transcriptome analysis of epididymal WAT depots in Ercc1-/-animals  

To further elucidate the role of ERCC1 in white adipose tissue (WAT) we scanned the 

transcriptome of 15 days old wt and Ercc1-/- epididymal WAT (n=4). Two-way analysis 

of variance of Affymetrix mouse genome arrays revealed 2254 genes with significantly 

changed expression patterns between the Ercc1-/- and wt fat depots (p≤0.05, ≥ ± 1.2 fold 

change, Table S1). Using the set of 2254 genes, we identified those GO-classified 

biological processes with a significantly disproportionate number of responsive genes 

relative to those printed on microarrays (false detection rate ≤0.01). This approach 

revealed five biological processes including the response to DNA interstrand crosslinks 

(ICLs) and double-strand breaks (DSBs), pro-inflammatory signaling, nuclear receptor 

and growth factor signaling as well as a response to oxidative and other stress (Figure 

8A). These transcriptional changes could represent genuine changes in gene regulation as 

well as reflect a decrease in the fraction of adipocytes relative to stromal cells in Ercc1-/-  

 

Figure 8 Overrepresented pathways in Ercc1-/- white adipose tissue. (A). Overrepresented biological 

processes in 15 days old Ercc1-/- WAT depots as compared to age-matched WT mice. p: -log of p-value, 

calculated by Fischer’s exact test (right-tailed); R: ratio of number of genes in the indicated pathway divided 

by the total number of genes that make up that pathway. 
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WAT depots. Pparγldi/+ animals carry a targeted allele that confers conditional dominant 

lipodystrophy in mice (Kim et al. 2007). We, therefore, compared the gene expression 

profiles of 10-week old Pparγldi/+ and P15 Ercc1-/- gonadal fat pads. Despite the big 

difference in age between the two different animal models, we found 768 genes that 

changed significantly in WAT of both Pparγldi/+ and Ercc1-/- mice relative to their wt 

counterparts. This reflects 34% of the significantly altered genes in Ercc1-/- WAT 

compared to wt mice. Of these, 456 genes (20%) in Pparγldi/+ gonadal fat depots also 

shared the same direction in expression (Figure 9A; Table S2). Interestingly, we find that  

 

Figure 9 Lipodystrophic gene expression signature in Ercc1-/- adipose tissue. (A). Venn diagram 

representing genes with shared expression changes between Pparγldy/+ and Ercc1-/- white adipose tissue 

(WAT). (B). Quantitative (q) PCR mRNA levels of Pparγ1 and Pparγ2 genes in 1.5 and 4 months old aP2-

Ercc1F/- WAT as compared to control mice. (C, D). Western blot (C) and quantification (D, average 

intensity in arbitrary units, a.u.) of PPARγ1/2 protein levels in 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ 

WAT. (E).Heatmap representation of significant gene expression changes between Ercc1-/- (e) and 

Pparγldy/+ (p) WAT depots. Error bars represent S.E.M., * p-value≤0.05. 
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PPARγ2, but not PPARγ1 protein and mRNA levels are reduced in the 4 months old aP2-

Ercc1F/- animals (Figure 9B-D). With the exception of the response to DNA ICLs/DSBs 

which was seen exclusively in Ercc1-/- mice, the set of 456 genes also found in Pparγldi/+ 

fat depots was associated with the same over-represented biological themes identified in 

Ercc1-/- fat pads (Figure 9E). Quantitative (q) PCR and protein immunofluorescence 

analysis confirmed the validity of these results (Figure 10A, B) in the aP2-Ercc1F/- mouse 

as well. Taken together, these findings reveal that a lipodystrophic gene expression 

signature is established early in the fat of Ercc1-/- progeroid mice. 
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A defect in Ercc1-/-WAT depots triggers accumulation of γ-H2AX, RAD51 and FANCI 

foci in aP2-Ercc1F/- gonadal fat pads 

During NER, XPF-ERCC1 makes a single-strand nick near the lesion, which is critical for 

excision of the damage and thought to play an analogous role in DNA ICL repair 

(Niedernhofer et al. 2004). In line with the up-regulation of genes associated with the 

repair of DNA ICLs and DSBs in 15 days old Ercc1-/-WAT depots, several genes 

associated with the repair of DNA ICLs and DSBs showed increased mRNA levels in 4 

months old but not in the 1.5 months old aP2-Ercc1F/- WAT depots (Figure 10A).  

 

Figure 10 DNA damage response in aP2-Ercc1F/- WAT depots. (A). Quantitative (q) PCR mRNA levels 

of genes associated with a response to DNA ICLs and DSBs in 1.5 and 4 months old aP2-Ercc1F/- white 

adipose tissue (WAT) depots as compared to controls. Black dotted line: WT mRNA levels. (B). 

Immunofluorescence detection and quantification of γ-H2A.X, FANCI, RAD51 and phospho-ATM foci in 

aP2-Ercc1F/- and aP2-Ercc1F/+ WAT depots. Numbers in lower left corner indicate average number of foci 

per nucleus ± s.e.m. Error bars indicate S.E.M., * p-value≤0.05, N=nucleus, C=cytoplasm, scale bar=5 μm. 

 

Phosphorylated histone H2A.X (γ-H2A.X)-containing foci accumulate at sites of DNA 

breaks (Fernandez-Capetillo et al. 2004). γ-H2A.X staining of aP2-Ercc1F/- adipocytes 

revealed a punctuate pattern of foci; γ-H2A.X gradually accumulated from 1-2 
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foci/nucleus in the 1.5 months old animals (~20% positive cells; data not shown) to 

approximately 3 or more foci/nucleus in the 4 months old gonadal fat depots (~56% 

positive cells; Figure 10B). Similarly, RAD51, a protein involved in the repair of DSBs 

by homologous recombination (HR) (Elliott and Jasin, 2002) and FANCI involved in the 

repair of DNA inter-strand cross-links (ICLs) (Sato et al. 2012) also formed foci that 

gradually increased from 1-2 foci/nucleus in the 1.5 months old mice to >10 foci/nucleus 

in 4 months old aP2-Ercc1F/- animals (Figure 10B). Similar to others, (Yang et al. 2011; 

Yang and Kastan, 2000), we found phosphorylated ATM to be predominantly 

cytoplasmic in adipocytes of 4 months old aP2-Ercc1F/- mice (Figure 10B). Staining with 

Caspase 3 revealed few, if any, apoptotic cells in 1.5 and 4 months old aP2-Ercc1F/- 

gonadal fat pads (data not shown). Instead, staining of non-fixed tissues with TO-PRO-3 

revealed a significant increase in necrotic cells (15.4%) in 4 months old aP2-Ercc1F/- 

WAT depots compared to age-matched controls or to 1.5 months old aP2-Ercc1F/- animals 

(Figure 11A). Damage-associated molecular pattern (DAMP) molecules are released 

 

Figure 11 Necrotic death and DAMPs in aP2-Ercc1F/- WAT depots. (A, B). Confocal imaging and 

quantification of 4 months old aP2-Ercc1F/- and control white adipose tissue (WAT) depots revealing 

necrotic death (A) and HMGB1 release (B). (C). Western blot and quantification (average intensity in 

arbitrary units, a.u.) of HMGB1 protein levels in 4 months old aP2-Ercc1F/- (ErF/-) and control (ErF/+) WAT 

depots. Bodipy: lipid droplet, Lectin: endothelia, Topro: necrotic cells/nuclei, scale bar=20 μm, error bars 

indicate S.E.M., * p-value≤0.05. 
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by stressed cells undergoing necrosis that act as endogenous danger signals to promote 

and exacerbate defense responses, including inflammation (Miyake and Yamasaki, 2012). 

In 4 months old aP2-Ercc1F/- WAT, we detected the release of high-mobility group 

protein B1 (HMGB1), a central mediator of senescent phenotypes (Davalos et al. 2013) 

that is associated with DAMPs and is known to initiate and perpetuate immune responses 

in the noninfectious inflammatory response at sites of injury (Figure 11B) (Miyake and 

Yamasaki, 2012). HMGB1 protein levels were elevated in 4 months old aP2-Ercc1F/- 

WAT depots compared to those from age-matched wt mice (Figure 11C). Thus, tissue-

specific ablation of Ercc1 gene triggers the gradual accumulation of persistent cytotoxic 

DNA damage, which in turn causes necrotic cell death and the release of DAMPs on the 

surface of damaged adipocytes in vivo.  
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Persistent DNA damage triggers chronic inflammation in adipose tissue 

Adipose tissue, as other metabolic organs, hosts macrophages, namely adipose tissue-

resident macrophages (ATMs), which contribute to maintaining organ metabolic 

homeostasis (Ouchi et al. 2011). In non-physiological conditions these cells accumulate in 

so-called ‘crown-like’ structures (CLS) surrounding necrotic adipocytes (Sun et al. 2011). 

Unlike the 4 months old wt or the younger 1.5 months aP2-Ercc1F/- animals, confocal 

imaging of whole-mount 4 months old aP2-Ercc1F/- WAT revealed the presence of BrdU+ 

cells in CLS (Figure 12A) and infiltrating cells expressing macrophage antigens 1 

(MAC1+) and 3 (MAC3+) that formed syncytia around dying adipocytes (Figure 12A).  

 

Figure 12 Leukocyte infiltration in the aP2-Ercc1F/- WAT depots. (A). Confocal imaging of 4 months 

old aP2-Ercc1F/- and aP2-Ercc1F/+ white adipose tissue (WAT) depots, marking the presence of BrdU- 

(upper panels), Mac1- (middle panels) and Mac3-positive (lower panels) infiltrating cells. Upper left 

numbers indicate average number of positive cells per focal plane ± s.e.m. (B). Number of total white blood 

cell (WBC) counts (left) and CD11b- or CD11c-positive cells, as determined by FACS (right), in the 

stromal-vascular fraction of 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ WAT depots. Bodipy: lipid 

droplet, Topro: nuclei, error bars indicate S.E.M., ** p-value≤0.01, scale bar=20 μm. 
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Both proteins are essential for leukocyte activation and MAC3 is a marker of 

differentiated macrophages (Khazen et al. 2005). Leukocyte infiltration of 4 months old 

aP2-Ercc1F/- WAT depots was further confirmed by total white blood cell (WBC) counts 

and FACS analysis, which revealed a significant increase in the number of WBCs and an 

increase of CD11b+ and CD11c+ stained cells in the stromal-vascular fraction, marking 

the presence of activated macrophages in these animals (Figure 12B). MAC1+ cells in 4 

months old aP2-Ercc1F/- fat depots expressed iNOS, a potent inducer of chronic 

inflammation and a marker of activated macrophages (M1-type), CD45 – a marker of 

leukocytes and two endothelial adhesion molecules ICAM-1 and VCAM, which are 

known to facilitate the accumulation of monocytes at sites of tissue injury (Figure 13A).  

 

Figure 13 Pro-inflammatory signalling in the aP2-Ercc1F/- WAT depots. (A). Confocal imaging of 4 

months old aP2-Ercc1F/- white adipose tissue (WAT) depots, marking the presence of iNOS, CD45, VCAM 

and ICAM-1 molecules in the MAC1-enriched crown-like structures. (B). Protein (left) and mRNA (right) 

levels of pro-inflammatory IL6, TNFα and KC molecules in 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+   
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ELISA assay on fat tissue revealed elevated IL-6, TNF-α, and KC (murine homologue to 

IL-8) protein levels in the 4 months old aP2-Ercc1F/- WAT depots compared to controls 

(Figure 13B). Similarly, Il6, Tnfα, and Kc mRNA levels were increased in the adipose 

tissue of 4 months old aP2-Ercc1F/- animals compared to younger mice of the same 

genotype (Figure 13B; as indicated).Circulating TNF-α and KC protein levels were also 

markedly elevated, as measured in the sera of 4 months old aP2-Ercc1F/- animals; IL-6 

was undetectable (Figure 13C). As activated infiltrating macrophages also express pro-

inflammatory cytokines, we further analyzed the expression of Il6, Tnfα, and Kc mRNA 

levels both in the stromal-vascular and the adipocyte-rich fractions of 4 months old aP2-

Ercc1F/- and aP2-Ercc1F/+ WAT depots. Increased expression of pro-inflammatory 

cytokines was confirmed for the stromal-vascular fraction of aP2-Ercc1F/- WAT depots. 

Importantly, the Il6, Tnfα, and Kc mRNA levels were substantially elevated in the 

adipocyte-rich fraction of aP2-Ercc1F/- WAT depots as compared to aP2-Ercc1F/+ controls 

(Figure 13D). Similar data were obtained from an additional mouse model, the Ercc1Δ/- 

animals which carry a seven amino acid carboxyl terminal deletion in Ercc1 gene (Weeda 

et al. 1997). Nine-week old Ercc1Δ/- animals showed a substantial loss of WAT depots 

(n=9); we also find increased IL6, TNFα, and ΚC protein levels in the 9- and 20-week old 

Ercc1Δ/- WAT depots as well as at the mRNA level of 20-week old Ercc1Δ/- WAT depots 

relative to control animals (n=4; Figure 14A-D).  

 
 

 

Figure 13 (WAT) depots. Red dotted line: wt levels. (C). Circulating TNFα and KC protein levels in 1.5 

and 4 months old aP2-Ercc1F/- and aP2-Ercc1F/+ sera. (D). Quantitative (q) PCR mRNA levels of Il6, Tnfα 

and Kc genes in the stromal-vascular (SVF) and adipocyte-rich (Ad.F) fractions of 4 months old aP2-

Ercc1F/- WAT. Red dotted line: wt levels. Topro: nuclei, error bars indicate S.E.M., * p-value≤0.05, ** p-

value≤0.01, scale bar=20 μm.  
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Figure 14 Adipose tissue loss and pro-inflammatory signalling in the Ercc1Δ/- mouse model. (A). 

Weight of white adipose tissue (WAT) depots of 9-week old Ercc1Δ/+ and Ercc1Δ/- mice shown as % of body 

weight (BW). (B). Quantitative (q) PCR mRNA levels of Il6, Tnfα and Kc genes in WAT of 20-week old 

Ercc1Δ/- mice. Red dotted line: wt levels. (C, D). IL6, TNFα and KC protein levels of 9-week (C) and 20-

week (D) old Ercc1Δ/- and Ercc1Δ/+ WAT depots. Error bars indicate S.E.M., ** p-value≤0.01. 

 

Together, our findings show that the formation of DNA damage foci correlates with the 

onset of pro-inflammatory signals in aP2-Ercc1F/- fat depots; the pro-inflammatory 

response is cell-autonomous as it is initiated by adipocytes rather than by infiltrating 

macrophages to necrotic adipocytes. The latter possibly contribute to the onset of a 

systemic pro-inflammatory response and the accompanied metabolic abnormalities 

observed in 4 months old aP2-Ercc1F/- mice.  
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ICLs induce a pro-inflammatory response in adipocytes 

Next, we sought to investigate whether DNA damage directly contributes to pro-

inflammatory cytokine production in adipocytes. To this end, we used an ex vivo 

adipogenesis assay in which naive primary wt and Ercc1-/- embryonic fibroblasts (MEFs) 

were exposed to an adipogenic stimulus for 13 days. This led to de novo lipid 

accumulation marking the differentiated, functional adipocytes expressing adipocyte-

specific markers, including Cebpα, Fabp4, Adiponectin and Adipsin genes (Figure 15A). 

Unlike the wt adipocytes or undifferentiated Ercc1-/- MEFs, Ercc1-/- adipocytes showed a 

dramatic accumulation of spontaneous γ-H2AX, pATM and FANCI, but not RAD51 foci 

(Figure 15Β). In addition, Ercc1-/- adipocytes showed increased Tnfα, Il6 and Kc mRNA 

levels compared to wt adipocytes when compared to corresponding undifferentiated 

controls (Figure 15C; as indicated). Thus, irreparable DNA lesions in otherwise 

unchallenged Ercc1-/- adipocytes trigger the production of pro-inflammatory factors. To 

further test this, we treated wt adipocytes with mitomycin C (MMC), a potent inducer of 

DNA cross-links. This led to an increase in Tnfα, Il6 and Kc mRNA levels (Figure 15C; 

as indicated); similar to our previous findings, the increase in pro-inflammatory cytokine 

mRNA levels was substantially higher in MMC-treated adipocytes than MEFs relative to 

corresponding untreated controls. As the aP2 promoter selected in our work has been 

reported to be expressed also in macrophages (Mao et al. 2009), we tested whether Ercc1 

expression is compromised in macrophages at the origin of the phenotype observed in 

aP2-Ercc1F/- WAT depots. We found Ercc1 levels in macrophages to be comparable at 

both the mRNA and the protein levels in 2.5 months old aP2-Ercc1F/- compared to aP2-

Ercc1F/+ animals (Figure 3G-I). Taken together, our findings suggest that the up-

regulation of pro-inflammatory genes is cell autonomous; it requires the presence of 

persistent DNA damage foci and is exacerbated in adipocytes compared to  
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Figure 15 Pro-inflammatory signalling is cell-autonomous in Ercc1-/- adipocytes. (A). Quantitative (q) 

PCR mRNA levels of genes marking the differentiation status of WT and Ercc1-/- adipocytes. Red dotted 

line: undifferentiated controls. (B). Immunofluorescence detection and quantification of γ-H2A.X-, 

phospho-ATM- and FANCI-containing foci in unchallenged WT and Ercc1-/- adipocytes. Numbers in lower 

left corner indicate average number of foci per nucleus ±S.E.M. (C). qPCR mRNA levels of Tnfα, Il6 and 

Kc genes in WT, Ercc1-/- or MMC-treated WT adipocytes (as indicated). Red dotted line: undifferentiated 

controls (left) or untreated controls (right). Topro: nuclei, error bars indicate S.E.M., * p-value≤0.05. 

 

undifferentiated MEFs. The macrophage pro-inflammatory gene expression observed in 4 

months old aP2-Ercc1F/- WAT depots rather reflects their activation state and not an 

Ercc1-dependent DNA damage response. 
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DNA damage signalling triggers histone changes associated with active pro-

inflammatory gene transcription 

To gain further mechanistic insight into how the accumulation of persistent DNA damage 

foci leads to the transcriptional activation of Tnfα, Il6 and Kc in Ercc1-/- adipocytes, we 

carried out a series of chromatin immunoprecipitation (ChIP) assays to examine the status 

of Il6, Tnfα and Kc promoters. Our analysis revealed substantial loss of repressive histone 

H3K9 and H3K27 trimethylation marks and a concomitant increase in activating 

acetylated histone H3K9 and H3K4 trimethylation marks in Ercc1-/- adipocytes compared 

to Ercc1-/-  MEFs and in MMC-treated wt adipocytes compared to untreated controls 

(Figure 16A, B). Wt adipocytes also displayed an increase in activating histone marks 

compared to undifferentiated MEFs; however, unlike the Ercc1-/- adipocytes, repressive 

histone H3K9 and H3K27 trimethylation marks were maintained or increased in these 

cells (data not shown), possibly marking their potential to trigger a similar response upon 

DNA damage signalling. Thus, spontaneous DNA damage due to a DNA repair defect or 

exposure of adipocytes to the genotoxin MMC triggers histone post-translational 

modifications associated with active transcription in Il6, Tnfα and Kc gene proximal 

promoters.  
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Figure 16 DNA damage in adipocytes triggers activating histone marks in pro-inflammatory gene 

promoters. (A). ChIP signals (shown as percent of input) of repressive H3K9me3, H3K27me3 and 

activating H3K9Ac, H3K4me3 histone marks on Il6, Tnfα and Kc proximal promoters  in Ercc1-/- 

adipocytes and undifferentiated controls. IgG: control immunoglobulin signal. (B). ChIP signals (shown as 

fold enrichment) of repressive H3K9me3, H3K27me3 and activating H3K9Ac, H3K4me3 histone marks on 

Il6, Tnfα and Kc proximal promoters in MMC-treated wt adipocytes. ChIP signals were normalized to input 

and expressed as fold enrichment over those obtained from untreated controls. Red dotted line: IgG control 

signal set to 1. Error bars indicate S.E.M., * p-value≤0.05, ** p-value≤0.01. 
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Persistent DNA damage signalling triggers the transcriptional de-repression of Il6, 

Tnfα and Kc 

There is mounting evidence that at least some pro-inflammatory cytokines are in a poised, 

yet repressed transcriptional state. Repression of active transcription is mediated by the 

recruitment of a co-repressor complex containing the nuclear receptor co-repressor 

(NCoR1) or the related silencing mediator of retinoic acid and thyroid hormone receptors 

(SMRT) on promoters (Perissi et al. 2010). PPARγ, whose protein and mRNA levels 

were substantially decreased in aP2-Ercc1F/- WAT depots, recruits SMRT and NCoR1 in 

the absence of ligand and these co-repressors are capable of down-regulating PPARγ-

mediated transcriptional activity. In addition, NCoR1 and SMRT mediate active 

repression of their respective target genes through the recruitment of additional co-

repressor molecules, including the histone deacetylase HDAC3 (Perissi et al. 2010). 

Importantly, exposure of wt adipocytes to MMC led to the suppression of Pparγ2 but not 

Pparγ1 mRNA levels (Figure 17A). This and the up-regulation of Il6, Tnfα and Kc pro-

inflammatory cytokine mRNA levels in Ercc1-/- fat depots prompted us to examine  

 

Figure 17 DNA damage triggers pro-inflammatory gene promoter de-repression. (A). Quantitative (q) 

PCR mRNA levels of Pparγ1/2 genes in MMC-treated wt adipocytes. Red dotted line: untreated controls. 

(B). ChIP signals (shown as fold enrichment) of co-repressors NCoR1, SMRT and HDAC3 on Il6, Tnfα and 

Kc proximal promoters in Ercc1-/- adipocytes. ChIP signals were normalized to input and expressed as fold 

enrichment over those obtained from undifferentiated controls. Red dotted line: IgG control signal set to 1. 

(C). ChIP signals (shown as fold enrichment) of co-repressors NCoR1, SMRT and HDAC3 on Il6, Tnfα and 

Kc proximal promoters in MMC-treated wt adipocytes. ChIP signals were normalized to input and 

expressed as fold enrichment over those obtained from untreated controls. Red dotted line: IgG control 

signal set to 1. Error bars indicate S.E.M., * p-value≤0.05. 
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whether the co-repressor complex NCoR1-SMRT-HDAC3 is released from promoters in 

Ercc1-/- adipocytes or upon exposure of wt adipocytes to MMC. With the exception of 

NCoR1 for Tnfα promoter in Ercc1-/- adipocytes, we found substantially lower ChIP 

signals for the NCoR1, SMRT and HDAC3 on Il6, Tnfα and Kc promoters in Ercc1-/- 

adipocytes or MMC-treated wt adipocytes relative to corresponding controls (Figure 17B, 

C). These findings, together with the down-regulation of Pparγ2 mRNA levels in MMC-

treated wt adipocytes, suggest a functional link between DNA damage and the 

transcriptional down-regulation of nuclear receptors in adipocytes. Thus, defective DNA 

repair or exposure of wt adipocytes to a cross-linking agent triggers the transcriptional de-

repression of pro-inflammatory cytokines.   

 

The accumulation of phosphorylated ATM in the cytoplasm of 4 months old aP2-Ercc1F/- 

adipocytes prompted us to test whether ATM is required for the DNA damage-driven 

transcriptional de-repression of Il6, Tnfα and Kc in adipocytes. Inactivation of ATM by 

exposing MMC-treated adipocytes to KU-55933 inhibitor known to ablate DNA damage-

induced phosphorylation of ATM substrates (Ding et al. 2006) significantly abrogated the 

release of repressor complexes from promoters and abolished the transcriptional induction 

of Il6, Tnfα and Kc mRNA levels in these cells (Figure 18A, as indicated). We also 

exposed MMC-treated adipocytes to ATR/CDK inhibitor (i.e. NU6027) known to inhibit 

ATR kinase without interfering with irradiation-induced auto-phosphorylation of DNA-

PK or ATM. Inactivation of ATR led to similar results with those seen upon ATM 

inactivation, albeit to a smaller magnitude (Figure 18A). Thus, while ATR may 

contribute to the transcriptional de-repression of promoters, ATM is essential in linking 

the nuclear DDR signaling to the transcriptional activation of pro-inflammatory cytokines 

in aP2-Ercc1F/- WAT depots. Similarly, activation of the anti-inflammatory PPARγ by  
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Figure 18 ATM/ATR inhibition abrogates the DNA damage-induced pro-inflammatory signalling. 

(A). ChIP signals (shown as percent of input) of co-repressors NCoR1, SMRT and HDAC3 on Il6, Tnfα and 

Kc proximal promoters (as indicated) upon ATM or ATR inhibition in MMC-treated wt adipocytes or not 

and quantitative (q) PCR mRNA levels of Il6, Tnfα and Kc genes upon ATM/ATR inhibition or PPARγ 

activation in MMC-treated wt adipocytes or not. IgG: control immunoglobulin signal. Red dotted line: 

untreated controls. (B). qPCR mRNA levels of Il6, Tnfα and Kc genes upon ATM inhibition or PPARγ 

activation in Ercc1-/- adipocytes. Red dotted line: untreated controls. Error bars indicate S.E.M., * p-

value≤0.05. 

 

exposing MMC-treated adipocytes to Rosiglitazone, a PPARγ agonist, significantly 

abrogated the transcriptional induction of Il6, Tnfα and Kc mRNA levels (Figure 18A, as 

indicated). To test whether ATM and PPARγ play similar roles in Ercc1-/- adipocytes, we 

inhibited ATM or activated PPARγ in Ercc1-/- adipocytes; importantly, treatment of 

Ercc1-/- adipocytes with KU-55933 inhibitor or Rosiglitazone significantly abrogated the 

transcriptional induction of Il6, Tnfα and Kc mRNA levels compared to untreated controls 
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(Figure 18B), a finding that was also confirmed in ATMi-treated adipocyte culture media 

for TNF-α protein levels (data not shown). Finally, we observe a similar response in 

naturally aged tissues, where Ercc1 mRNA levels are significantly decreased whereas Il6, 

Tnfa and Kc mRNA levels are significantly increased when 110 week old wt fat depots 

are compared to 6-week old ones (Figure 19A). Thus, our findings provide a model in 

which persistent DNA damage in aP2-Ercc1F/- fat depots in vivo and in adipocytes ex vivo 

triggers the induction of pro-inflammatory cytokines by promoting transcriptionally active 

histone marks and the dissociation of nuclear receptor co-repressor complexes from 

promoters.  

 

Figure 19 Pro-inflammatory signalling in naturally aged white adipose tissue. (A). Quantitative (q) 

PCR mRNA levels of Il6, Tnfα, Kc, Ercc1 and Xpf genes in the white adipose tissue of 110 weeks old mice. 

Red dotted line: young 6 weeks old tissues. Error bars indicate S.E.M., * p-value≤0.05. 
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Discussion 

 

ERCC1 deficiency results in the manifestation of a great variety of symptoms in patients 

and accompanying mouse models (Weeda et al. 1997; Niedernhofer et al. 2006; Jaspers et 

al. 2007). Until recently, it has proved difficult to decipher how DNA damage 

accumulation, in view of the NER defect, leads to the manifestation of tissue-specific 

pathology. In view of the random nature of DNA damage that indiscriminately affects all 

cell types, it also remains unclear how mutations in Ercc1 results in distinct phenotypic 

outcomes with prominent pathological features in some, but not all tissues (Andressoo et 

al. 2006). Apart from the growth defect, which has been attributed to an ERCC1/XPF-

dependent transcriptional defect in genes that regulate the somatotroph, lactotroph and 

thyrotroph axes in the liver (Kamileri et al. 2012b), other symptoms that resemble 

premature ageing phenotypes lack a mechanistic explanation. In the present study, we 

uncover a causative link between irreparable DNA lesions in adipocytes, persistent DNA 

damage signalling and the dramatic loss of adipose tissue that is observed upon Ercc1 

deletion. Using the Ercc1-/- mice, we show that already at P15, the white adipose tissue 

(WAT) mass is significantly reduced in all the depots examined. However, these mice fail 

to develop normally, present several progeroid symptoms and die before weaning, 

possibly of liver failure (Neidernhofer et al. 2006). To exclude the possibility of an 

indirect, systemic effect that leads to adipose tissue loss, we generated a tissue-specific 

Ercc1-/- mouse model, by restricting Ercc1 deletion only in adipose tissue (aP2-Ercc1F/- 

mice). Importantly, the aP2 gene promoter is active in the mature adipocyte (Tang et al. 

2008), allowing us to study the role of irreparable DNA lesions in a functional adipose 

tissue, without interfering with its differentiation. In line, the adipose tissue-specific ko 
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mice develop normally, are fertile and show no gross phenotypic abnormalities up to two 

months of age, in contrast with the growth-defective, short-lived Ercc1-/- mice. Beginning 

at 3 months of age, however, the mice appear thinner; their adipose tissue depots are also 

visibly reduced compared to littermate controls. Scanning electron microscopic 

observation of their WAT depots at 4 months of age revealed a gross degenerative 

phenotype, including basement membrane rupture, adipocyte depletion, extensive fibrosis 

and ciliae reappearance (Figure 5). The degenerative features observed in the tissue-

specific ko mice, which resemble lipodystrophy, support the hypothesis that Ercc1 

deletion in adipocytes alone is sufficient to cause fat depletion.  

 

The aP2-Ercc1F/- mouse as a model of lipodystrophy  

The aP2-Ercc1F/- mice develop metabolic abnormalities that have been described in other 

lipodystrophic animal models and include severe defects in glucose and lipid homeostasis 

(Fiorenza et al. 2011). The 4 months old aP2-Ercc1F/- mice show hypertriglyceridaemia, 

ectopic lipid accumulation in skeletal muscle and heart, higher insulin production in the 

pancreas and hyperinsulinaemia, lower levels of the adipokine adiponectin and glucose 

intolerance, features that are observed in type II diabetes mellitus and the metabolic 

syndrome often related to obesity (Baker et al. 2011). In order to identify the 

transcriptional responses that are elicited upon Ercc1 deletion in white adipose tissue 

(WAT), we scanned the WAT transcriptional profiles of 15-day old Ercc1-/- mice. This 

led to the detection of five over-represented biological processes, namely a response to 

DNA double-strand breaks, pro-inflammatory and nuclear receptor signalling, growth 

factor signalling and an oxidative stress response. Comparison of the Ercc1-/- WAT gene 

expression profiles to those derived from the PparγLdi/+ mouse, a known lipodystrophic 
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model, revealed that a lipodystrophic signature is established early in Ercc1-/- mice. The 

Ppargldi/+ mouse was generated by substituting the Pparγ gene with a tetracycline-

inducible Flag-Pparγ1 cDNA transgene (Kim et al. 2007). This transgene conferred 

dominant lipodystrophy in mice, which could be reversed upon doxycycline treatment. 

The PparγLdi/+ mouse exhibited a marked loss of WAT depots, fibrosis and leukocyte 

infiltration in adipose tissue, accompanied by dyslipidaemia, insulin resistance and 

pancreatic islet hypertrophy, abnormal metabolic features which are often associated with 

lipodystrophy (Kim et al. 2007). Thus, two disparate animal models such as the Ercc1-/- 

and PparγLdi/+ mice, share 450 commonly misexpressed genes. Within this shared gene 

set, our analysis revealed a number of pathways previously reported to be affected during 

lipodystrophy that were commonly over-represented, including the TNF/NFκB, 

PI3K/AKT pathways, HMGB1 signalling, transcriptional repression and activation by the 

Retinoic Acid receptor (RAR). Confirmation of these findings in the tissue-specific ko 

mice (Figures 10-13), in parallel with the degenerative loss of adipose tissue and the 

accompanying metabolic abnormalities that they present, suggests that the aP2-Ercc1F/- 

mice represent a valid model to study lipodystrophy. Cachexia has been identified as a 

prominent feature of NER-deficient patients and corresponding mouse models (de Boer et 

al. 2002; Niedernhofer et al. 2006; Kamenisch et al. 2010). However, evidence linking 

this phenotype to metabolic syndrome (MetS) and the development of diabetes is 

currently lacking. MetS refers to a cluster of conditions often associated with obesity and 

includes elevated plasma triglyceride levels, increased blood pressure or increased fasting 

plasma glucose levels (Kennedy et al. 2010). MetS may result from over-nutrition, insulin 

resistance and/or chronic low-grade inflammation of adipose tissue (Baker et al. 2011) 

and it is associated with increased risk of developing diabetes or suffering from heart 

attack or stroke (Kennedy et al. 2010). However, lipodystrophy has also been associated 
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with MetS (Fiorenza et al.2011). Lipodystrophic mouse models provide evidence towards 

this direction: they develop hyperlipidaemia, hepatic steatosis, insulin resistance or 

hypertension (Kennedy et al. 2010). The aP2-Ercc1F/- mice develop a similar pathology 

and represent the first NER-deficient mouse model linking genomic instability in adipose 

tissue to the manifestation of metabolic complications. In previous studies, the Werner 

helicase (WRN), which is implicated in telomere maintenance and irradiation-induced 

DNA repair, and the laminA (LMNA)/metalloproteinase ZMPSTE24 genes, which are 

involved in DSB repair, have been shown to cause the progeroid syndromes Werner and 

Mandibuloacral dysplasia (MAD), respectively and have also been linked to the 

manifestation of metabolic abnormalities in patients or mouse models (Schumacher et al. 

2008; Ciccia and Elledge, 2010). These factors affect both genomic stability and 

metabolic homeostasis and thus provide an additional link between DNA damage and 

MetS. However, the molecular mechanisms linking genomic instability to the 

development of metabolic complications remain unclear. In the aP2-Ercc1F/- mice, 

metabolic abnormalities arise later in life, well after persistent DDR is evident in their 

adipose tissue. Thus, it is likely that they represent a secondary, systemic effect of adipose 

tissue dysfunction due to DNA damage accumulation in mature adipocytes. The recently 

identified role of ERCC1/XPF in facilitating transcription (Le May et al. 2010; Kamileri 

et al. 2012b) could provide additional insight. For instance, involvement of these factors 

in regulating transcription of adipokines, such as adiponectin, or other factors that are 

instrumental in maintaining adipose tissue-mediated metabolic homeostasis could also 

explain the development of metabolic abnormalities upon Ercc1 ablation. Although our 

study provides a causative link between persistent DNA damage and adipose tissue 

inflammation that leads to metabolic complications, it cannot exclude the possibility of an 

additional, ERCC1-mediated transcriptional problem that contributes to the phenotype. It 

53 
 



PhD thesis  Ismene Karakasilioti 

would be interesting to see whether Ercc1 deletion in other cell types that are instrumental 

in regulating the body’s energy balance would result into similar phenotypic 

abnormalities. 

 

Persistent DDR triggers a cell-autonomous auto-inflammatory response in the 

adipose tissue 

Not surprisingly, the aP2-Ercc1F/- mice induce a DNA damage response in their adipose 

tissue, as exemplified by the accumulation of nuclear DNA damage/repair foci formed by 

phosphorylated H2A.x (γ-H2A.x), FANCI and RAD51. Activated ATM (phospho-ATM) 

was also detectable in these tissues with a predominantly cytoplasmic localisation. 

Shuttling of phosphorylated ATM to the cytoplasm upon genotoxic stress has been 

previously linked to NEMO-mediated IκB degradation and NF-κB gene target 

transcriptional activation (Wu et al. 2006). The presence of DNA repair foci together with 

the transcriptional up-regulation of several DNA repair genes mark the existence of 

persistent DNA damage signalling in the adipose tissue of the aP2-Ercc1F/- mice. 

Persistent DDR coincides with the release of HMGB1, a chromatin-associated factor that 

serves as an activator of Toll-like receptors (Park et al. 2004), and is closely followed by 

pro-inflammatory molecule expression and the infiltration of adipose tissue by innate 

immune cells (Figures 10-13). Permanently arrested i.e. senescent cells are known to 

trigger a response called senescence-associated secretory phenotype (SASP); senescent 

cells secrete pro-inflammatory molecules that likely signal their compromised state to 

surrounding cells and alter their microenvironment (Coppe et al. 2008). However, it has 

been shown that persistent DNA damage signalling by means of activated ATM, CHK2 

and the presence of several DNA repair factors in chromatin structures that persist in the 
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nucleus is indispensable for the secretion of pro-inflammatory molecules (Rodier et al. 

2009, Rodier et al. 2011). Additionally, the expression of a cyclin-dependent kinase 

inhibitor p16INK4a, which is known to cause cellular senescence, did not cause induction of 

pro-inflammatory molecule secretion, although detection of other senescence markers was 

evident (Rodier et al. 2009). Persistent DDR and pro-inflammatory cytokine production 

irrespective of senescence in the adipose tissue of the aP2-Ercc1F/- mice further supports 

these studies, as we were unable to detect any senescent adipocytes in these mice. 

Collectively, these data suggest that, unlike senescence, it is the DNA damage response 

signalling that triggers the release of pro-inflammatory molecules. In the context of a 

particular tissue, DNA damage, unequivocally induces a protective response that is 

directed inwards by arresting the cell cycle and engaging the respective DNA repair 

machinery to faithfully restore the compromised genome (Dasika et al. 1999; D’ Amours 

and Jackson, 2002). Interestingly, the same DNA damage response seems to also trigger a 

response that is directed outwards and is aimed at alerting the surrounding environment of 

cellular damage. This notion is also supported by the recent finding that in the C. elegans 

germline, genotoxic stress induces the expression of putative pro-inflammatory peptides 

which activate an innate immune response in the worm soma (Ermolaeva et al. 2013). In 

keratinocytes, UV-mediated activation of the inflammasome, a cytoplasmic multi-protein 

innate immune complex, leads to the release of pro-inflammatory IL1β (Feldmeyer et al. 

2007). Additionally to secreted pro-inflammatory molecules, genotoxic stress has been 

shown to induce the expression of ligands recognized by the NKG2D (Gasser et al. 2005) 

or the DNAM-1 receptor (Soriani et al. 2009) of the Natural Killer (NK) cells, in an 

ATM/ATR-dependent manner. Together with HMGB1, which activates tissue-resident 

macrophages expressing Toll-like receptors (Medzhitov, 2010), these immunomodulatory  

55 
 



PhD thesis  Ismene Karakasilioti 

 

Figure 20 DNA damage and immunity. DNA damage detection by specific complexes (MutS, 

XPC/RAD23B/CETN2, DNA-PK, MRE11/RAD50/NBS1 – MRN) or signaling by ATM (Ataxia 

Telangiectasia Mutated) and ATR (ATM and Rad3-related) following lesion recognition in the nucleus, can 

activate innate immune cell responses in several ways. Cells exposed to DNA damaging agents express cell 

surface ligands for the NKG2D and DNAM-1 receptors (1), which are found on NK (Natural Killer) and γδ 

T cells. DDR (DNA damage response) can also trigger the formation of a cytoplasmic structure, the 

inflammasome, and the release of cytokines in the extracellular space (2), which are perceived as activating 

signals by several innate immune cells. In (3), within the nucleus, activated ATM associates with NEMO 

(NF-κB Essential Modulator) and triggers its ubiquitylation and nuclear export. In the cytoplasm, NEMO 

phosphorylates IκB (Inhibitor of κΒ), which is subsequently degraded and released NF-κΒ (Νuclear Factor 

kappa-light-chain-enhancer of activated B cells) moves to the nucleus to activate expression of target genes. 

NF-κB targets can activate innate immunity through macrophages (Mφ) and dendritic cells (DC). N: 

nucleus, C: cytoplasm. 
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factors serve as potent inducers of an innate immune response that aims at counteracting 

noxious stimuli (Figure 20). 

 

Adipose tissue is a potent inflammatory organ harbouring a large number of tissue 

resident macrophages and other innate and adaptive immune cells. It is thus considered a 

tertiary lymphoid organ (Chawla et al. 2011), able to initiate a pro-inflammatory response 

which can become systemic, often with adverse metabolic effects. In insects, metabolism 

and immunity are tightly correlated and they are regulated by the fat body, an organ 

analogous to the mammalian liver and adipose tissue (DiAngelo et al. 2009; Clark et al. 

2013). In mammals, these organs remain distinct and have evolved specialized functions. 

However, both liver and adipose tissues contain resident macrophages, facilitating a 

continuous and dynamic interaction between metabolism and immune homeostasis 

(Hotamisligil, 2006). Conceivably, a stressor, such as the DNA damage response, will 

activate an inflammatory response faster and in a more efficient way in adipose tissue, 

merely due to cellular proximity. Under physiological conditions, innate immune 

responses attempt to restore homeostasis by triggering cell clearance and regeneration 

(Medzhitov, 2010). However, in view of the DNA repair defect in the aP2-Ercc1F/- mice 

and the persistent DDR that is initiated in the adipose tissue, this beneficial role triggers a 

chronic inflammatory response that ultimately leads to tissue degeneration. Chronic 

immune cell infiltration destroys the tissue microenvironment and can also lead to 

exhaustion of progenitor cell pools, as pro-inflammatory molecules can trigger their 

differentiation as well as the degeneration of their niche by extensive extracellular matrix 

deposition (Freund et al. 2010). 
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At the molecular level, pro-inflammatory genes must be actively repressed in cell types 

that should not express them, but at the same time retain the ability of a rapid induction, 

upon proper stimulation. Such a function can be carried out by transcriptional co-

repressors. Factors such as NCoR/SMRT (Nuclear receptor Co-Repressor 1/Silencing 

Mediator of Retinoic acid and Thyroid hormone receptor) and related histone deacetylases 

associate with the anti-inflammatory PPARγ (Peroxisome Proliferator-Activated Receptor 

γ) to suppress pro-inflammatory gene transcription (Straus and Glass, 2007). In an Ercc1-

deficient background or in wt adipocytes exposed to an exogenous DNA damaging agent, 

pro-inflammatory gene promoters are de-repressed; NCoR1/SMRT/HDAC3 are released 

from the promoters in an ATM-dependent manner, together with a concomitant increase 

in activating and a decrease in suppressive histone post-translational modifications 

(Figures 16-18). The finding that activating histone PTMs are enriched in pro-

inflammatory gene promoters of wt adipocytes, although suppressive histone PTMs and 

the co-repressor complex are still present, supports the idea of a poised chromatin state in 

these cells, awaiting a relevant stimulus to trigger the release of repressors and allow the 

transcription of pro-inflammatory molecules. In Drosophila, genome-wide analysis of 

RNA Pol II promoter occupancy revealed several clusters of genes which dynamically 

respond to environmental or developmental stimuli to be in a poised state, awaiting 

relevant stimuli to engage productive transcription (Muse et al. 2007). Thus, the default 

state of pro-inflammatory genes could be towards expression in an inflammatory organ 

like adipose tissue, but in the absence of an intrinsic or extrinsic insult, they would rather 

be kept repressed, so as to avoid untimely activation of an innate immune response. 
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Concluding Remarks 

In the present study, we show that Ercc1 deletion induces a persistent DDR leading to 

pro-inflammatory gene promoter de-repression in adipocytes and an auto-inflammatory 

response that ultimately leads to adipose tissue degeneration as well as the development 

of secondary adverse metabolic effects in the aP2-Ercc1F/- mice. These findings provide 

direct in vivo link between DNA damage accumulation and adipose tissue-specific 

pathology that is observed in prematurely as well as naturally aged individuals (Figure 

21). A number of additional studies have uncovered a causal link between genotoxic 

stress and the activation of innate immune responses (Gasser et al. 2005; Wu et al. 2006; 

Tilstra et al. 2012; Ermolaeva et al. 2013). Triggering such responses requires signalling 

through ATM/ATR and MAP kinases (Ermolaeva and Schumacher, 2014). However, if 

local innate immune activation is the underlying cause of other progeroid features and 

how these processes resemble normal ageing is still unknown. In order to be able to 

intervene with particular nodes to prevent or delay age-related disease onset, we need to 

uncover the mechanistic details that regulate such responses in a tissue-specific manner. 

The use of high-throughput techniques coupled with sophisticated mouse models could 

help towards this direction. Recently, we have made use of an efficient in vivo tagging 

method (de Boer et al. 2003) and have developed a knock-in mouse model by targeting a 

short sequence tag at the C-terminus of XPF, the heterodimeric partner of ERCC1 

(Karakasilioti, Kosteas and Garinis, unpublished results). The short tag is specifically 

recognized and biotinylated by a bacterial biotin ligase (de Boer et al. 2003; Kamileri et 

al. 2012b). This powerful genetic tool allows us to isolate and characterize the protein 

complexes that are formed by ERCC1/XPF in vivo in several tissues and cell types, under 

different stress conditions and treatments that activate persistent DNA damage responses 

or upon natural ageing. Comparison of proteomic profiles from treated and untreated   
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Figure 21 DNA damage triggers a chronic auto-inflammatory response leading to fat depletion in 

NER progeria. Tissue-specific Ercc1 ablation from adipose tissue induces a persistent DNA damage 

response and transcriptional de-repression of pro-inflammatory gene promoters. Overexpression of these 

genes leads to an auto-inflammatory response, infiltration of adipose tissue by innate immune cells and a 

chronic propagation of this signalling, which ultimately leads to adipose tissue degeneration, lipodystrophy 

and metabolic syndrome observed in these mice. 

 

(naive) relevant cell types, such as adipocytes or macrophages, could reveal cell-type 

specific complexes that are formed or dissociate upon exposure to DNA damaging agents 

or due to intrinsic DNA damage accumulation that occurs during ageing. Discrete nuclear 

complexes could be coupled with information from additional high-throughput 

approaches, such as ChIP-sequencing data to identify the genome-wide occupancy of 

these factors. Whether ERCC1/XPF also has a direct role in transcriptionally regulating 
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tissue-specific factors that are associated with disease progression could be answered by 

this approach. Several outcomes of the DDR could be controlled at the post-

transcriptional level. Also, the activation of innate immune or other systemic responses 

happens through inter-cellular communication mediated by secreted factors. Thus, 

complementary approaches towards the characterization of cell-type specific secreted 

factors could also contribute to understanding the networks that are perturbed during 

disease progression. The combination of click chemistry with pulsed stable isotope 

labelling in cell culture (SILAC) could be used towards this direction (Eichelbaum et al. 

2012). Understanding the molecular pathways that link NER factors to inflammation or 

other tissue-specific responses in the mouse will provide insight into tissue-specific 

pathology and systemic responses that are observed both in progeroid patients and 

naturally aged individuals. This knowledge could help towards developing new 

interventions for a healthier lifespan.  
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Materials and Methods 

 

Mice 

The generation of Ercc1-/- mice was previously described (Niedernhofer et al. 2006). 

Ercc1F mice containing a floxed allele (exons 7-10) of the Ercc1 gene (Verhagen-

Oldenampsen et al. 2012) were backcrossed to C57Bl/10 background. Ercc1F homozygote 

mice were crossed with Fabp4 (aP2)-Cre; Ercc1+/- mice to obtain inactivation of the Ercc1 

gene in adipocytes. Rosa26-YFPst/st mice were crossed with Fabp4 (aP2)-Cre transgenic 

mice to obtain YFP expression in adipocytes. Pups were genotyped for the respective 

alleles using standard procedures and primer pairs outlined in Table 1. 

Table 1. Genotyping primers sequences. 

Primer  Sequence Allele 

F25732 TCAAAGTATGGTAGCCAAGGCAGC Ercc1 

432E TGCAGAGCCTGGGGAAGAACTTCGC Ercc1 

Cre F GCGGTCTGGCAGTAAAACTATC Cre 

Cre R GTGAAACAGCATTGCTGTCACTT Cre 

Rosa LC GCTCTGAGTTGTTATCAGTAAGG YFP 

Rosa R2 GCGAAGAGTTTGTCCTCAACC YFP 

Rosa R3 GGAGCGGGAGAAATGGATATG YFP 

 

Animal studies 

For food and water intake studies, 1.5-month old aP2-Ercc1F/- and wt littermate controls 

(n=5 per genotype) were allowed to standard chow (Certified standard diet 4RF21, 

Mucedola) and water ad libitum. Animals were monitored daily for 4 weeks and their 

62 
 



PhD thesis  Ismene Karakasilioti 

food and water consumption was measured once per day, morning hours. For insulin 

tolerance tests (ITT), glucose tolerance tests (GTT), total serum cholesterol, triglyceride 

and insulin measurements, mice were fasted for six hours prior to injections or serum 

isolation. For ITT, mice were injected intraperitoneally with 0.75 Units/kg of body weight 

insulin (Humulin, Ely Lili). For GTT, mice were injected intraperitoneally with 1 g/kg of 

body weight 35% dextrose solution. Blood glucose levels were determined using a 

glucometer (Bayer Pharmaceuticals). Serum total cholesterol (Infinity cholesterol, 

Thermo Scientific) and triglyceride (LabAssay triglyceride, Wako Chemicals) content 

were determined with colorimetric assays. Serum insulin levels were measured by elisa 

(Millipore). For BrdU incorporation studies, mice were injected intraperitoneally with 30 

mg/kg of body weight BrdU (Sigma) in 1x PBS and sacrificed 48 hours later. For 

macrophage isolation, macrophages were elicited for four days using 4% thioglychollate 

broth (DIFCO Laboratories), isolated by peritoneal lavage with 10 ml dMEM per mouse 

and seeded on coverslips for immunofluorescence or left to adhere and used for RNA 

isolation. Animals were maintained in grouped cages in a temperature-controlled virus-

free facility on a 12-h light/dark cycle, fed by standard chow diet and water ad libitum. An 

independent Animal Ethical Committee at the IMBB-FORTH approved the animal 

studies.  

 

Scanning electron microscopy 

For scanning electron microscopy (SEM), fresh adipose tissue was cut into small blocks. 

Briefly, tissue was fixed for 2 hours with 2% paraformaldehyde – 2% glutaraldehyde in 

0.1 M sodium cacodylate buffer. Samples were post-fixed overnight in 1% osmium 

tetroxide (OTO method) and dehydrated in a graded series of ethanol. Specimens were 
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coated in gold, mounted on aluminum stubs and examined with a JEOL JSM6390 LV 

scanning electron microscope (Peabody, MA) using an accelerating voltage of 15 kV.  

 

Histology 

Tissues were embedded in OCT compound or fixed in 4% paraformaldehyde and 

paraffin-embedded by standard procedures. For lipids staining, OCT-embedded tissues 

were cryosectioned using a Leica CM 1850 cryostat, fixed in 10% formalin, stained with 

Oil Red O (Sigma) and counterstained with Harris’s Haematoxylin (Sigma). For insulin 

production, paraffin-embedded pancreata were sectioned using a Leica RM 2125 

microtome, de-paraffinized and re-hydrated, boiled in 10 mM Sodium Citrate buffer for 

antigen retrieval, stained with anti-insulin antibody (Cell Signaling Technology) and 

visualized with DAB chromogen (Sigma). 

 

Microarrays and quantitative real-time PCR analysis 

Standard procedures were used to obtain total RNA (Qiagen) from the adipose tissue of 

wt and Ercc1-/- animals (n=4). For genome-wide expression analysis, double stranded 

cDNA and biotin labelled cRNA were produced according to the instructions of the 

manufacturer (Affymetrix, USA). Fragmented cRNA preparations were hybridized to full 

mouse genome oligonucleotide arrays (430 V2.0; Affymetrix, USA). Initial data 

extraction and normalization within each array was performed by means of the GCOS 

software (Affymetrix). Microarrays complied with the Minimum Information for 

Microarray Experiments (MIAME) and are available at ArrayExpress (E E-MEXP-3930). 

All qPCR reactions were performed at least in triplicates using SYBR GreenI (Sigma) and 
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Platinum Taq polymerase (Invitrogen). Generation of specific PCR products was 

confirmed by melting curve analysis. Primer pairs were tested with a logarithmic dilution 

cDNA to generate a linear standard curve (crossing point (CP) plotted versus log of 

template concentration), which was used to calculate the primer pair efficiency (E 

10(−1/slope)). For data analysis, the second derivative maximum method was applied, 

and induction of target cDNA was calculated according to the following formula: (Etarget 

ΔCP(cDNAuntreated cDNAtreated)target)/ (EcontrolΔCP(cDNAuntreated-

cDNAtreated)control).  

 

Gene Ontology Classification and Overrepresentation of Biological Themes 

All significant gene entries were subjected to GO classification 

(http://www.geneontology.org). Significant overrepresentation of GO-classified 

biological processes was determined by comparing the number of genes in a given 

biological process that were significantly differentially expressed in a particular mouse 

strain to the total number of the genes relevant to that biological process printed on the 

array (Fisher exact test, p≤0.01 False discovery rate (FDR) ≤0.1) using the publicly 

accessible software Ease and/or DAVID (http://david.abcc.ncifcrf.gov/summary.jsp). 

Due to the redundant nature of GO annotations, we employed kappa statistics to measure 

the degree of the common genes between two annotations and heuristic clustering to 

classify the groups of similar annotations according to kappa values 

(http://david.abcc.ncifcrf.gov/summary.jsp). Significant overrepresentation of pathways 

and gene networks was determined by DAVID 

(http://david.abcc.ncifcrf.gov/summary.jsp; through BBID, BIOCARTA and KEGG 

65 
 

http://david.abcc.ncifcrf.gov/summary.jsp
http://david.abcc.ncifcrf.gov/summary.jsp


PhD thesis  Ismene Karakasilioti 

annotations) as well as by means of the ingenuity pathway analysis software 

(www.ingenuity.com). 

 

Data analysis 

Data mining, statistical and bioinformatics analysis was performed by means of the 

statistical software IBM SPSS Statistics 19 (IBM, NY, USA), Spotfire (Tibco, CA, USA), 

Partek (Partek Incorporated, MO, USA) and R-statistical package (www.r-project.org/).  

 

Immunostainings 

Immunofluorescence experiments were performed as previously described (Garinis et al. 

2005; Nishimura et al. 2007) and visualized with a Leica TCS SP2 SE confocal 

microscope. Briefly, cells were seeded on coverslips and cultured as needed, fixed in 4% 

formalin and post-fixed in methanol. Non-specific binding was blocked with 1% BSA. 

Cells were incubated with primary antibodies overnight and secondary antibodies and 

nuclear couterstain (TO-PRO-3, Molecular Probes) for 1 hour 30 minutes. Adipose tissues 

were cut in small blocks, fixed in 10% formalin with 1% BSA for 30 minutes, 

permeabilized with 0.1% saponin and blocked with 3% bovine serum and 1% BSA for 1 

hour. Tissue fragments were incubated with primary antibodies overnight in the presence 

of 0.1% saponin/1% BSA and with secondary antibodies and nuclear and/or lipid droplet 

counterstains (BODIPY, Molecular Probes) for 1 hour 30 minutes, in the presence of 

0.1% saponin/1% BSA. For necrotic cell death detection, tissue fragments were stained 

with isolectin, bodipy and to-pro-3 (Molecular Probes) for 1 hour without prior fixation, 

in the presence of 1% BSA to avoid adipocyte rupture. For brdU incorporation detection, 
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fixed tissue fragments were incubated in 0.1N HCl for 1 hour at 37 ˚C, prior to blocking 

and permeabilization. 

 

ChIP assays and antibodies 

For ChIP assays, cells were crosslinked with 1% formaldehyde. Isolated chromatin was 

sonicated on ice using an Ultrasonic homogenizer Labsonic (Startorius Stedim biotech). 

Samples were immunoprecipitated with antibodies and protein G Sepharose beads 

(Millipore) at 4oC overnight and washed sequentially. Crosslinking was heat reversed and 

purified DNA fragments were analyzed by qPCR using sets of primers targeting different 

regions of Il6, Tnfα and Kc genes. Antibodies against TFIIB (C-18), NCoR (C-20), 

SMRT (H-300), HDAC3 (H-99), ERCC1 (D-10), XPF (M-16), FANCI (H-102) and beta-

ACTIN (H-196) were from SantaCruz Biotechnology, p-H2AX Ser139, RAD51, p-ATM, 

H3K9me3 and H3K27me3 were from Millipore, H3K4me3 and H3K9Ac were from 

Abcam, anti-BrdU, MAC3 and iNOS-FITC from BD Pharmingen, HMGB1 from 

BioLegend and MAC1, CD45, ICAM-1, VCAM and PECAM-1 were from DSHB. IB4 

isolectin, BODIPY®, TO-PRO®-3 iodide and secondary anti-mouse, anti-rabbit, anti-rat 

and anti-goat AlexaFluor-conjugated antibodies were from Molecular Probes. Secondary 

anti-mouse and anti-rabbit HRP-conjugated antibodies were from Millipore and 

secondary anti-goat HRP-conjugated antibody was from SantaCruz Biotechnology. The 

CD11b, CD45, ICAM-1, VCAM and PECAM-1 antibodies were obtained from the 

Developmental Studies Hybridoma Bank developed under the auspices of the NICHD and 

maintained by The University of Iowa, Department of Biology, Iowa City, IA 52242. 
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Protein Extraction 

For detection of nuclear protein levels, adipose tissues from 3 mice were pooled together, 

homogenized in Sucrose A buffer (15 mM Hepes-KOH pH=7.9, 0.32 M Sucrose, 60 mM 

KCl, 2 mM EDTA, 0.5 mM EGTA, 0.5% BSA, 0.1% NP-40, 0.5 mM DTT, 0.5 mM 

PMSF, 0.15 mM spermine, 0.5 mM spermidine) to extract nuclei and incubated in RIPA-

like buffer (50 mM Tris-Cl pH=8.0, 0.5% NP-40, 0.25% Na-deoxycholate, 400 mM KCl, 

1 mM EDTA, 10% glycerol, 1 mM PMSF) for 1 hour to extract nuclear proteins. Nuclear 

extracts were analysed with SDS-polyacrylamide gels, blotted on nitrocellulose 

membranes and incubated with corresponding primary and HRP-conjugated secondary 

antibodies. For Elisa protein detection, whole tissue extracts were prepared by 

homogenizing adipose tissues from two mice in RIPA buffer (50 mM Tris-Cl pH=8.0, 1% 

SDS, 0.5% NP-40, 0.25% Na-deoxycholate, 150 mM KCl, 1 mM EDTA, 10% glycerol, 1 

mM PMSF) and removing the lipid fraction by centrifugation at 13000 rpm for 15 

minutes. 

 

Inflammatory cell counts and FACS analysis 

Epididymal adipose tissue was harvested and chopped into fine pieces. Tissue fragments 

were incubated in 1x HBS buffer supplemented with 2 mg/ml Collagenase (Sigma) for 1 

hour at 37 ˚C. The Stromal Vascular fraction was collected by centrifugation and cells 

were filtered via a 70 nm cell strainer (BD Biosciences) to obtain single cell suspensions. 

Red blood cells were removed from the cell suspension using ammonium chloride lysis 

buffer (Sigma). Total white blood cell (WBC) counts per mouse were estimated in the 

microscope using Kimura stain (Kimura et al. 1973). To estimate adipose tissue 

inflammatory cells by FACS analysis, cells were stained with either FITC-CD11b 
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antibody (BD Biosciences) or FITC-CD11c antibody (BioLegend). The proper isotype 

controls were used in each case. The flow cytometry events were acquired with a MoFlo 

Legacy Cell Sorter (Beckman Coulter) and analyzed using the Summit Software. 

 

Cell culture and ex vivo adipogenesis assays 

Primary MEFs were derived from E13.5 animals and cultured in standard medium 

containing Dulbecco modified Eagle medium (DMEM) supplemented with 10% Fetal 

Bovine Serum (FBS), 50μg/ml streptomycin-50 U/ml penicillin (Sigma) and 2mM L-

glutamine (Gibco). For the ex vivo adipogenesis assay, two-days post confluent primary 

MEFs were induced for adipocyte differentiation with standard medium supplemented 

with 1μM dexamethasone (Sigma), 10μg/ml insulin (Sigma) and 0,5mM 3-isobutil-1-

methylxanthine (Sigma) (DIM). Fresh adipogenic medium was replenished every other 

day for 9 days (ChIP) or 13 days (mRNA levels). Adipocytes and undifferentiated MEFs 

were treated with 10 μg/μl mitomycin C (AppliChem) for 2 hours in serum-free DMEM 

to induce ICLs and were recovered for 6 hours in standard medium. For ATM or ATR 

kinase inhibitor assays, cells were pre-treated for 1 hour with 10 μM inhibitor (Millipore), 

followed by the addition of MMC in the presence of the inhibitor. Ercc1-/- MEFs were 

treated with ATMi for 48 hours prior collection and with 0.5 μΜ Rosiglitazone 

(SantaCruz Biotechnology) throughout differentiation.  
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