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Résumé 
L’exposition aux rayons ultraviolets (UV) est essentielle à la vie et bénéfique pour la santé humaine. 

Cependant, la surexposition aux UV solaires, en particulier aux UVB, rayons les plus énergétiques 

atteignant la surface terrestre, peut entrainer des cancers de la peau chez l’être-humain comme les 

cancers de la peau de type non-mélanome (NMSC). La capacité des UVB à initier des NMSC provient 

principalement de leurs habilités à causer des dommages directs à l’ADN, tels que les dimères 

cyclobutyliques de pyrimidine (CPD) et les produits pyrimidine-pyrimidone (6-4PP), qui sont pris en 

charge par le mécanisme de réparation par excision de nucléotide (NER). L’incidence croissante de 

NMSC chez les patients déficients pour l’une des protéines de la NER souligne l’importance d’un 

processus fonctionnel. Par conséquent, une meilleure compréhension des mécanismes moléculaires 

de la NER permettrait de mettre en évidence de nouvelles cibles thérapeutiques pour la prévention ou 

le traitement des cancers de la peau. 

L’une des premières réponses cellulaires aux dommages CPD/6-4PP induits par UVB dans la peau 

des mammifères est l’activation de l’enzyme nucléaire poly(ADP-ribose) polymérase-1 (PARP1) qui 

catalyse la formation de polymères d’ADP-ribose. Les précédents travaux de notre laboratoire et 

d’autres équipes ont démontré que PARP1 et son activité enzymatique facilitent la NER en 

collaboration avec la protéine UV-damaged DNA binding protein 2 (DDB2), qui va aussi s’accumuler 

rapidement aux sites CPD/6-4PP pendant la phase de reconnaissance des dommages à l’ADN de la 

NER. Cependant, plusieurs aspects des interactions de PARP1 avec DDB2 et avec les dommages 

directs à l’ADN sont inconnus. Ainsi, le premier objectif de mon projet de doctorat a été de 

caractériser précisément la nature de la liaison de PARP1 aux dommages CPD/6-4PP induits par UV 

vis-à-vis la protéine DDB2. Mes recherches ont mis en évidence l’empreinte asymétrique formée par 

PARP1 de -12 à +9 nucléotides de chaque côté des dommages CPD/6-4PP en présence ou en absence 

de DDB2. Nous avons également démontré que PARP1 augmente l'affinité de DDB2 pour les 

dommages CPD/6-4PP. De plus, les résultats de notre étude indiquent un rôle de PARP1 indépendant 

de DDB2 pendant la phase de reconnaissance des dommages à l’ADN.  

Cibler PARP1 et son rôle dans les voies de réparation des dommages à l’ADN est l’une des stratégies 

les plus efficaces développées ces dernières années pour le traitement des cancers des ovaires et du 

sein. L’application translationnelle de mon projet de doctorat a alors été de comprendre le rôle de 

PARP1 dans la NER dans le contexte des NMSC. À cet égard, nous avons développé un modèle 

PARP1-KO dans la lignée de souris SKH-1, qui est un modèle largement adopté pour étudier les 

NMSC induits par UVB. Puisque les souris SKH-1 développent principalement des carcinomes 

spinocellulaires (CSC) cutanés après une exposition chronique aux UVB, notre étude rapporte le rôle 
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de PARP1 dans le développement des CSC. En utilisant les souris nouvellement créées SKH-1 

PARP1-KO et les souris SKH-1 PARP1-WT avec ou sans application topique d’inhibiteurs de PARP, 

nous avons mis en évidence que l’absence de PARP1 ou de son activité dans la peau des souris SKH-

1 mâles et femelles réduit significativement le fardeau tumoral des CSC et prolonge la période de 

latence du développement tumoral. L’étude hebdomadaire de l’apparition et de la croissance de 

tumeurs tout au long du protocole révèlent aussi que cibler PARP1 est très efficace pour ralentir, à 

l’étape pré-maligne, le développement de CSC. Nos résultats sont surprenants à la lumière des 

propriétés onco-suppressives rapportées de PARP1 et de son activité catalytique dans des cas de 

cancérogenèse induits par des dommages à l’ADN causés par des agents alkylants, ainsi que de la 

susceptibilité croissante des souris knock-out pour d’autres protéines de la NER à développer des 

CSC induits par UVB. Le rôle de PARP1 dans les mécanismes cellulaires induits par UVB autres que 

la NER, comme la mort cellulaire et les modulations immunes, pourrait expliquer nos observations. 

Alors que d’autres analyses sont nécessaires pour comprendre le rôle de PARP1 dans ces mécanismes, 

notre étude met en avant l’utilisation potentielle d’inhibiteurs de PARP comme nouvel agent chimio-

préventif contre les CSC induits par UVB.  
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Abstract 
The exposure to solar ultraviolet radiation (UV) is essential to life and beneficial to human health. 

However, an overexposure to terrestrial solar UV, especially its most energetic component UVB, can 

cause skin cancers including the non-melanoma skin cancers (NMSC) in humans. The NMSC 

initiating properties of UVB arise predominantly from their ability to cause direct DNA damage such 

as cyclobutane pyrimidine dimers (CPD) and 6-4photoproducts (6-4PP), which are repaired via 

nucleotide excision repair (NER) pathway. The increased incidence of NMSC in patients with 

hereditary defects in NER pathway proteins underscores the importance of efficient NER in humans. 

Therefore, detailed understanding of the molecular operation of NER pathway can provide novel 

therapeutic targets for the prevention or treatment of skin cancers.  

One of the earliest responses of the mammalian skin cells to UVB-induced CPD or 6-4PP is the 

activation of the nuclear enzyme poly(ADP-ribose) polymerase-1 (PARP1), which catalyzes the 

formation of polymers of ADP-ribose (PAR). The previous work from other teams and our laboratory 

have shown that PARP1 and its enzymatic activity facilitate NER in collaboration with UV-damaged 

DNA binding protein 2 (DDB2), which also rapidly accumulates at the CPD/6-4PP site during the 

DNA damage recognition stage of NER. However, many aspects of interaction of PARP1 with DDB2 

and direct DNA damage are not understood. Therefore, the first aim of my doctoral project was to 

characterize the precise nature of binding of PARP1 vis-à-vis DDB2 at UV-induced CPD/6-4PP. My 

doctoral research demonstrates that PARP1 casts asymmetric footprint from −12 to +9 nucleotides 

on either side of the CPD/6-4PP in presence or absence of DDB2. We also demonstrated that PARP1 

facilitates the binding of DDB2 to CPD/6-4PP. Moreover, our study reports DDB2-independent role 

of PARP1 during the DNA damage recognition phase in NER. 

Targeting the role of PARP1 in DNA strand break repair pathways has emerged as one of the 

successful strategies for the treatment of ovarian and breast cancers in last decade. Consequently, the 

ultimate translational goal of my doctoral project was to understand the implication of NER 

facilitating role of PARP1 in NMSC. In this regard, we first developed a PARP1-KO model in the 

albino hairless SKH-1 mouse strain, which is a widely adopted mouse model to study UVB-induced 

NMSC. Since SKH-1 mice mainly develop cutaneous squamous cell carcinoma (SCC) upon chronic 

UVB-exposure, our present study reports the role of PARP1 in development of SCC. Using the newly 

developed PARP1-KO and PARP1-WT SKH-1 mice with or without topical application of PARP 

inhibitor, we report that the absence of PARP1 or its activity in skin of both male and female SKH-1 

mice significantly reduces the SCC tumor burden and prolongs the tumor latency period. The analyses 

of appearance and growth of individual tumors on a weekly basis during this protocol also revealed 



 

v 

that targeting of PARP1 was most effective in suppressing the premalignant stage of the SCC 

development. Our results are surprising in light of the reported onco-suppressive property of PARP1 

and its catalytic activity in alkylating DNA damage-induced tumorigenesis and the increased 

susceptibility of other NER protein knock-out mice to UVB-induced SCC. We reason that the roles 

of PARP1 in UVB-induced cellular processes other than NER, such as cell death and immune 

modulations, can account for our observation. While further studies are required to understand these 

roles of PARP1 in UVB-induced cellular processes, our study underscores the potential for use of 

PARP inhibitors as a novel chemopreventive agents against UVB-induced SCC. 
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Preface 
The previous work from our laboratory and other teams began to reveal a hitherto unsuspected role 

of PARP1 in global genome nucleotide excision repair (GG-NER) of the ultraviolet radiation (UV)-

induced direct DNA damage without strand breaks, namely cyclobutane pyrimidine dimers (CPD) 

and 6-4 photoproducts (6-4PP). It was reported that PARP1 facilitates repair of these DNA damage 

by participating from the initial DNA damage recognition to final post-incision steps of the GG-NER 

pathway. My doctoral project in the laboratory of Dr. Girish Shah was aimed at further characterizing 

the role of PARP1 in GG-NER of UV-induced direct DNA damage and in long-term biological 

consequence of unrepaired UV-induced direct DNA damage, that is cutaneous squamous cell 

carcinoma (SCC) development. These studies allowed me to contribute as ‘first’, ‘co-first’ and 

‘second’ author to the chapters 1-4 presented in this thesis. The research work in the present thesis 

was made possible with the help of many people, whose contributions are detailed in the preface of 

each chapter. 

In the present thesis, the first half of Introduction section describes the current knowledge on the 

solar UV-induced cellular processes, which contributes to the pathogenesis of SCC with the emphasis 

on NER pathway. The second half reports the current state of knowledge on the role of PARP1 in the 

UV-induced cellular processes with the focus on its novel role in the NER pathway. This section ends 

with context, hypothesis and objectives, which are addressed in the following chapters. 

The research in Chapter 1 uses two novel assays to characterize the binding of PARP1 to UV-induced 

direct DNA damage at the nucleotide level. This study accounts for the concurrent recruitment as 

well as interaction of PARP1 and DDB2 at the UV-damaged chromatin. It also envisions the 

mechanism by which DDB2 can stimulate the catalytic activity of PARP1 in the presence of UV-

damaged DNA. This research led to the publication of article titled « Characterization of the 

interactions of PARP-1 with UV-damaged DNA in vivo and in vitro » (Nupur K. Purohit, Mihaela 

Robu, Rashmi G. Shah, Nicholas E. Geacintov and Girish M. Shah) in Scientific Reports (2016). Its 

PDF version is available in Annexe 1 of this thesis. My research work in characterizing the DDB2-

independent role of PARP1 in NER was published as a research article titled « Poly(ADP-ribose) 

polymerase 1 escorts XPC to UV-induced DNA lesions during nucleotide excision repair » 

(Mihaela Robu#, Rashmi G. Shah#, Nupur K. Purohit, Pengbo Zhou, Hanspeter Naegeli et Girish M. 

Shah) in Proceedings of the National Academy of Sciences of the United States of America (2017). I 

contributed as second author for this publication and its PDF version is available in the Annexe 4. 



 

xxiii 

The chapter 2 and 3 are the by-products of my main project presented in chapter 4. They report the 

development, refinement, characterization and validation of the methods employed for the acquisition 

of weekly tumor data used in the measurement of severity of UVB-induced cancer severity, which is 

described in chapter 4. The research study in chapter 2 was published as a research article titled « 

Comprehensive Measurement of UVB-Induced Non-Melanoma Skin Cancer Burden in Mice 

using Photographic Images as a Substitute for the Caliper Method » (Marc Bazin, Nupur K. 

Purohit, and Girish M. Shah) in PLoS One (2017). Its PDF version is available in Annexe 2 of this 

thesis. The research study in chapter 3 was published as a research article titled « A panel of criteria 

for comprehensive assessment of severity of ultraviolet B radiation-induced non-melanoma skin 

cancers in mice » (Marc Bazin, Nupur Purohit, Marine Merlin, Girish Shah) in the Journal of 

Photochemistry & Photobiology, B: Biology Its PDF version is available in Annexe 3 of this thesis. 

The chapter 4 presents the major work carried out by me during my doctoral studies. For conducting 

this research, we transferred PARP1-KO genotype from the C57BL/6 mice to the SKH-1 strain of 

mice, which took around 3 years. Using this PARP1-KO and PARP1-WT SKH-1 mice with or 

without topical application of PARP inhibitor, we demonstrate the role of PARP1 in UVB-induced 

SCC. The manuscript titled « Decreased susceptibility of PARP1-knockout or PARP inhibitor-

treated SKH-1 mice to develop UVB-induced non-melanoma skin cancers» (Nupur K. Purohit, 

Marc Bazin, Marine A. Merlin, Julie Brind’Amour, Yulian Niu, Sabine Hombach-Klonisch, Girish 

M. Shah) is under preparation. 

Finally, the advances in the field as a result of my work described in the chapters 1-4 are discussed 

in chapter 5. The conclusion section of this thesis provides the working models for the role of PARP1 

in NER pathway and UVB-induced SCC based on my original contributions described here placed in 

the context of current literature. At the end, the perspectives describe the approaches for more in-

depth study towards the roles of PARP1 and PARylation in the NER and UVB-induced skin cancer. 

Apart from the studies described in the thesis, I also took a lead in examining the role of PARP1 in 

potentiating the peptide receptor radionucleotide therapy (PRRT) for the treatment of neuroendocrine 

tumors. This led to the publication of a research article titled « Potentiation of 177Lu-octreotate 

Peptide Receptor Radionuclide Therapy of Human Neuroendocrine Tumor Cells by PARP 

Inhibitor » (Nupur K Purohit, Rashmi G Shah, Samuel Adant, Michael Hoepfner, Girish M Shah, 

Jean-Mathieu Beauregard) in Oncotarget (2018). I contributed as first author in this manuscript and 

its PDF version is available in Annexe 5.  
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I also contributed as co-author in the publication of a review article titled « PARP Inhibitors in 

Cancer Therapy: Magic Bullets but Moving Targets » (Girish M Shah, Mihaela Robu, Nupur K 

Purohit, Jyotika Rajawat, Lucio Tentori and Grazia Graziani) in Frontiers in Oncology (2013). PDF 
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Introduction 
A. Skin 

From a histological point of view, the skin is composed of three superimposed layers, the epidermis, 

the dermis and the hypodermis (Fig. A) [1-3]. The outermost layer of the skin, the epidermis is a self-

renewing tissue, which is mainly (~90 %) composed of keratinocytes (KC) that are arranged in four 

distinct layers representing their stage of differentiation: the lowermost is basal cell layer (stratum 

basale), followed by the squamous cell layer (stratum spinosum), the granular cell layer (stratum 

granulosum) and the uppermost corneocyte or horny cell layer (stratum corneum). The KC originate 

from mitotic divisions of the stem cells in the basal layer and migrate through squamous and granular 

layers to the stratum corneum while undergoing morphological and biochemical differentiation into 

corneocytes, which are dead, enucleated, keratin-packed and flattened cells. The corneocytes are then 

shed from the stratum corneum (a process known as desquamation) every 12–14 days accounting for 

renewal of the epidermis. The outermost keratin-filled stratum corneum of the epidermis provides 

barrier function, which protects the internal milieu from the external environment. 

Epidermis also contains Merkel cells and melanocytes which together accounts for 5-10 % of 

epidermal cells. Merkel cells have mechanoreceptors, which are responsible for tactile sensation. 

Melanocytes are scattered throughout the basal cell layer of the epidermis and produce the melanin 

pigment, which is responsible for skin color. Melanocytes come into contact with as many as fifty 

neighboring KC through dendritic extensions to form an “epidermal melanin unit” and transfer the 

melanin to adjacent KC in cellular organelles called melanosomes.  

The basement membrane zone forms an interface between the epidermis and dermis, holds these two 

layers together and allows the exchange of fluids. The dermis, a connective tissue layer of skin, is 

mostly composed of an extracellular matrix produced by dermal fibroblasts scattered in this layer. It 

is divided into two layers, papillary and reticular with former having less and latter having high 

density of collagen fibers. The dermis harbors vascular plexus, lymph nodes, nerves, hair follicles, 

sebaceous glands and sweat glands. The blood vessels in the dermis also nourish epidermis, which is 

devoid of vasculature. Beneath the dermis lies the hypodermis, which is a layer of subcutaneous tissue 

containing adipocytes. 

Skin also serves as the primary immunological barrier of the body to the external environment. It is 

rich in immune cells, forming a complex network called the “skin immune system” (Fig. A) [4-7]. 

The immune cells residing in the epidermis are the antigen presenting cells (APC), Langerhans cells  

(LC) and the rare CD8+T cytotoxic (Tc) cells. Although the epidermal KC are not classical immune 
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cells, they serve as one of the main immune effector cells in skin in response to stimulus. The 

underlying dermis contains more diverse population of immune cells: (a) two types of APC, i.e., 

dermal dendritic cells (DC) and plasmacytoid DC (pDC), (b) T cell subsets such as CD4+ T helper 

(TH) 1, TH2 and TH17, γδT cells and natural killer T (NKT) cells, and (c) macrophages and mast cells. 

Moreover, distinct circulating immune cells such as, neutrophils, macrophages, mast cells, subsets of 

T- and B-cell, etc. are also recruited into skin by lymph nodes and blood vessels in dermis upon 

stimulus, as explained by the concept of skin associated lymphoid tissue [6, 8]. Taken together, all 

the three layers of the skin make a strong physical barrier and an immunological gatekeeper that 

protect the host from the harmful effects of surrounding environment such as solar ultraviolet 

radiations. 

 

Figure A. Histology and cellular composition of the skin  
Please refer to the section A for the full forms of the abbreviations. Figure modified from Nestle et 
al., 2009 [4]. 

 

B. Solar ultraviolet radiation (UV) 

The term ultraviolet means “higher than violet” and refers to solar electromagnetic radiation with a 

wavelength shorter than visible violet light but longer than X-rays (Fig. B) [9]. The non-ionizing solar 

UV (100-400 nm) can be subdivided into three components: UVA (320-400 nm), UVB (280-320 nm) 
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and UVC (100-280 nm). UVA has been further divided into UVA-I (340-400 nm) and UVA-II (320-

340 nm) [10]. The energy of each UV is inversely related to its wavelength with UVC being the most 

energetic, UVA the least energetic and UVB having energy in between UVC and UVA [2]. Since the 

stratospheric ozone and atmospheric oxygen absorb all the UV wavelengths below 310 nm, only 5 % 

of the solar UV reaches earth’s surface. Hence terrestrial UV mainly comprises UVA (90-95 %) and 

a part of UVB (5-10 %) [2, 9]. The intensity of these radiations varies with time and location and is 

dependent on a range of factors, including hour of the day, season, latitude, altitude weather and 

degree of surface reflection [10].  

The skin, being human’s primary interface with surrounding environment, hinders UV from 

penetrating into deeper tissues, thereby protecting the rest of the organism from the deleterious effects 

of UV. However, when UV photons strike the skin, part of its energy is reflected whereas another 

part is transmitted and finally absorbed in the layers of skin. UV penetrates the skin in a wavelength-

dependent manner (Fig. B), with UVA penetrating up to and absorbed by the deeper portion of the 

dermis (~1000 μm), and UVB absorbed by the epidermis and the upper part of the dermis (160-

180 μm) [11-13]. 

 

Figure B. The solar UV and its absorption in skin 
Figure created by Nupur Purohit. 
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Exposure to UV is essential to life and beneficial to human health. Solar UV is absolutely required 

for biosynthesis of vitamin D and endorphins in human body [14, 15]. Moreover, UV is used in the 

phototherapy of several skin disorders such as psoriasis, eczema and vitiligo [16, 17]. However, a 

fine line exists between adequate UV exposure for vitamin D synthesis and a risk of UV-induced 

harmful effects on the skin. Often the exposure to solar UV due to leisure or profession related outdoor 

activities is beyond what is required for vitamin D synthesis and causes clinically harmful effects on 

the human skin. These effects are either acute (such as sunburn, tanning and modulation of skin 

immune system) or chronic (such as ageing and skin cancer) [18]. The research work presented in 

this thesis focuses on the harmful effects of the most energetic component of terrestrial UV, namely 

UVB on the skin. 

C. Chromophores in skin that absorb UVB 

The harmful clinical effects of UVB on the skin are initiated when the epidermal chromophores, i.e., 

the regions of biomolecules, absorb the energy of UVB photons [19], resulting in transition of their 

electrons from ground state into an excited state. Upon UVB-absorption, some chromophores in the 

skin undergo direct structural alteration [19, 20], such as the conversion of trans-urocanic acid (trans-

UCA) to cis-UCA in the stratum corneum [21, 22], 7-dehydrocholestrol (7-DHC; the precursor of 

vitamin D) to 1,25(OH)2D3 (active form of vitamin D) in the epidermal cells [20] and dimerization 

of adjacent pyrimidines in the DNA [23]. Alternatively, some chromophores such as vitamins 

(riboflavin, nicotinic acid, vitamin E, D, A and K), heme groups in catalase and oxidase enzymes, 

lipids as well as aromatic amino acids (tryptophan and tyrosine) act as photosensitizers, which upon 

UVB-absorption, undergo photosensitization reactions or photoionization to generate reactive oxygen 

species (ROS) such as singlet oxygen (1O2), hydroxyl radical (•OH) and peroxyl radical [19, 24-27]. 

The ROS in turn cause DNA damage such as 8-oxo-7,8-dihydroguanine (8-oxoG) and single-strand 

breaks (SSB) [27], membrane lipid peroxidation-induced formation of platelet activating factors 

(PAF) and PAF-like lipid ligands [28, 29], formation of tryptophan photoproduct, i.e., 6-

formylindolo[3,2-b]carbazole (FICZ) [30], as well as oxidation of proteins [31]. Altogether these 

UVB-induced immediate products, of which most importantly UVB-induced DNA damage, cause 

harmful clinical effects on the skin.  

D. UVB-induced DNA damage 

The primary chromophore that absorbs UVB in the skin is DNA. Due to its penetration power, UVB 

can cause direct and indirect damage to DNA in the cells of epidermis and upper layer of the dermis 

(Fig. C) [27, 32, 33]. 
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Figure C. UV-induced DNA damage 
Please refer to the sections C and D for the full forms of the abbreviations. Figure created by Nupur 
Purohit. 

 

D.1. Direct DNA damage 

The direct DNA damage arise from the direct absorption of all the UV wavelengths by DNA (Fig. C, 

right). Owing to the maximum absorption of DNA at 260 nm (UVC) [27], the yield of direct DNA 

damage decreases from UVC to UVA. UV-absorption by DNA mainly results in dimerization of 

adjacent pyrimidines (thymine (T) and/or cytosine (C)) to form either cyclobutane pyrimidine dimers 

(CPD), pyrimidine (6-4) pyrimidone photoproducts (6-4PP) or Dewar valence isomers (DEW). In 

addition to these, formation of minor direct DNA lesions such as adenine dimer and adenine-thymine 

dimer have been reported [34-36]. Amongst these UV-induced direct DNA damage, the most frequent 

are the CPD and 6-4PP [37]. 

CPD are formed ~1 picosecond after UV excitation of the adjacent pyrimidines [38], and structurally 

consist of a cyclobutane ring with covalent double bond between the C4 and C5 carbons of the 
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DNA [43, 44]. Due to the high photoreactivation capacity of thymine base, the most frequent UVB-

induced CPD in the DNA of mammalian cells or skin is the TT, followed by CT, TC and CC [45-47]. 

CPD exhibit an absorption maximum in the UVC range, i.e., at 230 nm [48]. Since absorption of 

UVC by CPD results in its reversion to free adjacent pyrimidines with high efficiency, prolonged 

irradiation with high dose UVC leads to an equilibrium between the formation and reversion of CPDs, 

especially for C-containing CPD [41].  

Structurally, 6-4PP consist of single covalent bond between the C6 carbon of the 5’ pyrimidine and 

C4 carbon of the 3’ pyrimidine [49]. Like CPD, they can potentially be formed at each of the four 

bipyrimidine doublets with TC 6-4PP being the most frequent, followed by TT 6-4PP while CC and 

CT 6-4PP are hardly detectable [41]. Their formation requires 4 milliseconds, which is 1000 times 

slower than CPD [50], and they are produced at a ratio of 1:3-1:5 as compared to CPD [41, 45]. They 

have a maximum absorption at 320 nm and their subsequent exposure to UVA or UVB result in their 

photoisomerization into the DEW [51-53]. However, very low levels of DEW are detected in cells 

and skin at biologically relevant doses of UVB [54].  

The yield of all these direct DNA damage depends on the organization of DNA structure and medium 

in which the DNA is present during its exposure to UVB or UVC. The yield of all the three types of 

direct DNA damage is highest when DNA is in an aqueous solution, followed by their yield in cellular 

DNA and then that in skin DNA [46, 49]. In the skin, the distribution of UVB-induced CPD is 

homogenous throughout all the epidermal layers [55]. In the genome, the distribution of CPD and 6-

4PP is not homogeneous and they occupy different regions in chromatin [49]: CPD are distributed in 

the eu- and heterochromatin, while 6-4PP are mainly in the euchromatin regions and their formation 

is greatly reduced by DNA condensation in heterochromatin [56]. In nucleosomes, the 6-4PP are 

mainly formed in the linker region [57] whereas the CPD are formed in both, linker and intra-

nucleosomal regions, albeit with higher yield in linker region [58-60]. The telomeres are found to be 

more sensitive to UV-induced direct DNA damage than the bulk of the genome [61]. The local DNA 

sequences also affect the pyrimidine dimer formation [49]. CPD are more frequent within pyrimidine 

tracks [62, 63]. The flanking bases of a bipyrimidine site also drastically modify its photoreactivity. 

Formation of CPD at GTTG is much less efficient than in tetrads containing C at 5′- or 3′-end and 

that of 6-4PP is favored downstream C and upstream adenine (A) [48, 64]. The bipyrimidine sites 

containing 5-methylcytosine, such as those found in the CpG islands of the genome, are more prone 

to CPD formation [65, 66]. The pyrimidine dimers also distort the DNA double helix. The 6-4PP is a 

deforming lesion and bends DNA backbone by an angle of 44°, while the CPDs creates just a small 

distortion of 7° to 9° [67]. DNA distortion induced by 6-4PP is associated with a more permissive 
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chromatin environment, facilitating their recognition by DNA repair proteins, and hence their rapid 

repair. CPD are eliminated at a slower rate than 6-4PP and their repair efficiency is in the order of 

CT CPD> TC CPD/CC CPD> TT CPD [68]. Because the CPD persist longer than 6-4PP in DNA, 

they are more responsible for the harmful effects of UVB in the skin [49]. 

D.2. Indirect DNA damage 

UVB can also induce indirect oxidative DNA damage via the ROS generated by various endogenous 

photosensitizers (section C and Fig. C, left), albeit to a much lesser extent than that by UVA [27, 69]. 

The UV-induced ROS such as H2O2 and •OH can modify purines and pyrimidines indiscriminately, 

thereby resulting in formation of 8-oxoG, thymine glycol, 5'-hydroxycytosine and 2,6-diamino-4-

hydroxy-5-formamidopyrimidine [27, 49, 70]. The •OH can also attack the 2'-deoxyribose unit of 

DNA resulting in the formation of SSB [71], which are the discontinuities in one strand of the DNA 

double helix, usually accompanied by loss of a single nucleotide (nt) [72]. UVB-induced singlet 

oxygen (1O2) [24-26, 73-75] creates exclusively 8-oxoG in cellular DNA [76]. Owing to its lowest 

ionization potential, guanine (G) is the most susceptible target base, and hence 8-oxoG is the major 

type of UVB-induced oxidative DNA damage in mammalian cells and skin [77]. Notably, all these 

indirect DNA damage account for only 1 % of the UVB-induced DNA damage in the cellular DNA 

[37, 78]. The number of each type of lesions per 106 nucleobases per kJm-2 UVB are: 77 CPD, 0.31 

8-oxoG, 0.19 SSB and 0.18 oxidized pyrimidine bases [37].  

Interestingly, the ROS-induced oxidation of melanin and its precursors in melanocytes after UVB or 

UVA exposure can indirectly induce CPD by a process of chemisensitization [79]. These CPD are 

formed 2-4 h after UV exposure, and hence called dark CPD. Since this process is dependent on the 

presence of melanin, it can contribute to UVB-genotoxicity in KC [79, 80], which receives melanin 

from melanocytes (Section A). The direct formation of double-strand breaks (DSB) by UVB remains 

controversial [81-83]. However, unrepaired CPD could be converted to DSB during replication [84]. 

Notably, UVC rarely induce oxidative DNA damage [27].  

In conclusion, UVB can cause different types of DNA damage in the skin cells: to a major extent, 

direct DNA damage such as pyrimidine dimers (CPD, 6-4PP and DEW) and to a minor extent, 

indirect oxidative DNA damage (8-oxoG and SSB) [27]. These DNA damage can mediate both acute 

and chronic harmful effects (erythema, skin immune system modulation and skin cancer) of UVB on 

skin [33, 85-87]. In response to UVB exposure, the epidermal cells initiate a DNA damage response 

which involves molecular and cellular processes such as DNA repair (Section E), cell cycle arrest 

and cell death (Section F) [32]. 
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E. Repair of UVB-induced DNA damage 

Mammalian skin cells are equipped with evolutionarily conserved DNA repair mechanisms to remove 

all types of DNA damage induced by UVB. The base excision repair (BER) and single strand break 

repair (SSBR) eliminate UVB-induced oxidative DNA damage, whereas the nucleotide excision 

repair (NER) eliminates UVB-induced direct DNA damage. 

E.1. Repair of UVB-induced indirect DNA damage 

The major types of UVB-induced indirect DNA damage, 8-oxoG and SSB are repaired via BER and 

SSBR pathways, respectively (Fig. D). In general, depending on the cell cycle phase and the type of 

complementary base present opposite 8-oxoG, BER of this non-bulky lesion involves DNA damage 

recognition and processing by the specific DNA glycosylases and/or endonucleases, resulting in 

single nt gap or “SSB” in DNA [88, 89]. At this point, the classical BER converges with the SSBR 

pathway to repair SSB [90, 91]. The single nt gap is filled either via short-patch (SP) or long-patch 

(LP) repair sub-pathways, which involve direct insertion of a single nt in this gap or replacement and 

insertion of 2-12 nt, respectively [92]. 

E.1.1. Base excision repair (BER) of 8-oxoG  

ROS-induced oxidation of G in the context of C:G base pair (bp) in DNA results in C:8-oxoG, which 

are recognized in mammalian cells by the DNA glycosylase, 8-oxoG DNA glycosylase 1 (OGG1) 

(Fig. D.1a) [89, 93]. OGG1 serves two enzymatic functions: (i) its glycosylase activity cleaves N-

glycosyl bond to release 8-oxoG, thereby creating an abasic site and (ii) its apurinic (AP) lyase 

activity cleaves the abasic site resulting in the formation of a SSB containing α,β unsaturated aldehyde 

(PUA) at the 3′-end [94]. The 3′-PUA group is removed by the diesterase activity of apurinic- 

apyrimidinic endonuclease 1 (APE1) to form single nt gap with 3′-OH and 5′- phosphate (5′-P) 

moieties [95, 96]. The OGG1 initiated BER follows the SP-BER sub-pathway [97, 98] in which the 

OGG1 recruits the scaffold protein X-ray repair cross-complementing protein 1 (XRCC1). The latter 

protein recruits DNA polymerase β (Polβ) and DNA ligase IIIa (Lig IIIa) [99-102]. Polβ utilizes its 

polymerase activity to insert one nt into the gap and Lig IIIa ligates the resulting 3′OH of the newly 

inserted nt with the downstream 5′-phosphate (5’-P), thereby concluding the repair of 8-oxoG [103-

105]. 

If the C:8-oxo-G bp escapes recognition by OGG1 or the oxidation of G occurs in cells which are in 
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Figure D. Graphical outline of BER and SSBR pathways 
Please refer to the section E.1 for the full forms of the abbreviations. Figure created by Nupur 
Purohit. 

 

S-phase (Fig. D.1b), the replication of 8-oxoG can have two outcomes [89]. The error-free bypass of 

8-oxoG during replication results in C:8-oxoG bp, which is recognized by OGG1 and repaired as 

described above [106, 107]. On the contrary, the error-prone bypass of 8-oxoG results in insertion of 

an A opposite 8-oxoG (A:8-oxoG), which is a mispair [108-112]. If left uncorrected, it could result 

G
8-oxo

C

G
8-oxo

A

C

PPUA

C
G

C
G

C

POH

G
8-oxo

Abasic site

POH

G
8-oxo

G
8-oxo

C

G
8-oxo

C

P
P

PG

SSB

POH

PARP1

PNKP

2. SSBR

Lig IIIa

Error-free 
replication

Error-prone 
replication

MUTYH

Polλ

LigI

(a)

XRCC1

Polβ

1. BER of 8-oxoG

Short patch

Long patch

S-phase

XRCC1

G
8-oxo

C

OGG1

APE1
APE1

Flap

FEN1

APE1

Polδ/ε

5’ 3’

(b)

Short patch

LigI

XRCC1

Polβ



 

10 

in C:G → A:T transversion mutation during second round of replication. To remove the A from this 

mispair, cells utilize the adenine DNA glycosylase (MUTYH) [113]. It serves only one enzymatic 

function, i.e., the cleavage of N-glycosyl bond to release the A. The resulting apurinic site is then 

cleaved by APE1 to form SSB with 3′-OH and 5′-P ends, where DNA polymerase λ (polλ) can insert 

correct C opposite 8-oxoG [96, 109, 114, 115] and two or more correct nt via LP-BER sub-pathway 

[116]. This results in the displacement of the downstream DNA strand (flap), which is recognized 

and cleaved by flap endonuclease 1 (FEN1) [117, 118]. The resulting 5′-P end is ligated by DNA 

ligase I (LigI) to yield an intact ds-DNA containing C:8-oxo-G, which is then repaired via OGG1 

mediated SP-BER. 

E.1.2. Single strand break repair (SSBR) 

Unlike 8-oxoG, UVB-induced SSB pose greater threat to the cellular homeostasis because they can 

stall and collapse replication forks and create cytotoxic DSB in DNA [108, 119, 120]. The SSB are 

repaired via SSBR pathway (Fig. D.2) [121]. Two proteins key in orchestrating SSBR are poly(ADP-

ribose) polymerase 1 (PARP1) and XRCC1. The first step, detection and signaling of the SSB, is 

carried out primarily by PARP1 [122-125]. The binding of PARP1 at SSB stimulates its catalytic 

activity resulting in synthesis of polymer of ADP-ribose (PAR) that modify several proteins present 

at the site of damage, including PARP1 itself. The PAR formation is absolutely necessary for the 

recruitment of XRCC1 at the SSB site and thereby accelerates SSBR kinetics in cellular DNA [121, 

126-131]. The domain of XRCC1 that is PARylated, also mediates its interaction with DNA through 

separate and non-overlapping binding sites [131, 132]. The exact mechanism by which PARP1 plays 

a role in the repair of SSB generated during BER is under debate as described in section N.1.1. 

XRCC1 is a critical scaffold protein that coordinates and accelerates the repair of SSB by interacting 

with, and in some cases stabilizing and/or stimulating several downstream enzymatic components 

[133]. Most of the ROS-induced SSB in DNA contains 3’-P and 3’-phosphoglycolate (PG) termini 

[72], which are restored to 3’-OH by polynucleotide kinase-3'-phosphatase (PNKP) and APE1 

enzymes, respectively [134-141]. This is then followed by gap filling, which like BER proceeds either 

via SP- or LP-repair sub-pathways. To note, LP-repair in SSBR uses polymerases δ or ε (polδ/ε) for 

gap filling. The overlap in the repair of SSB arising via direct sugar disintegration in DNA and as 

intermediates of BER results in extensive intersection between the enzymes employed for SSB 

removal. Therefore, SSBR is considered as specialized sub-pathway of BER [142]. 
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E.2. Nucleotide excision repair pathway 

NER is a versatile DNA repair pathway that eliminates variety of structurally unrelated helix 

distorting DNA lesions including direct DNA damage induced by UV and bulky chemical adducts 

caused by environmental mutagens or chemotherapeutic agents such as benzo[a]pyrene and cisplatin 

[143]. Bacteria, yeasts, plants and marsupial mammals can eliminate UV-induced direct DNA 

damage via multiple mechanisms: NER, DNA photolyases which directly reverts CPD and 6-4PP or 

via UV DNA endonucleases that incise DNA adjacent to the CPD or 6-4PP [144]. In contrast, 

placental mammals including humans and mice rely solely on the NER pathway to eliminate UV-

induced CPD and 6-4PP lesions [23]. Studies have established that mammalian NER removes CPD 

and 6-4PP in a highly orchestrated fashion involving multiple proteins in following defined steps 

[145-148]: (I) DNA damage recognition, (II) DNA unwinding around the damage and its verification, 

(III) excision of a 26-30 nt fragment containing the damage, gap filling and ligation (Fig. E). For the 

sake of simplicity, the CPD and 6-4PP are referred as UV-lesion or UV-damage in this section. The 

research in the chapter 1 and Annexe 3 of this thesis requires the detailed understanding of NER 

pathway. 

E.2.1. DNA damage recognition 

The mammalian NER pathway begins with the recognition of UV-lesion in DNA by two distinct sub-

pathways (Fig. E-I): (1) the transcription coupled NER (TC-NER) that recognizes UV-lesions from 

the transcribed strands of transcriptionally active genes and (2) the global genomic NER (GG-NER), 

that identifies lesions throughout the genome [23, 149]. Even though TC-NER removes UV-lesions 

more rapidly from the actively transcribed DNA strands than that by GG-NER throughout the 

genome, it repairs < 10 % of the total UV-lesions, while > 90 % are repaired by GG-NER in the 

mammalian cells [150-154].  

(1) TC-NER: The proposed molecular events of DNA damage recognition during TC-NER in the 

mammalian cells can be summarized as follows (Fig. E.2) [23, 149, 153, 155-157]. The primary 

sensor of UV-lesion during transcription of mRNA coding genes is the elongating RNA polymerase 

II (RNAPIIo), which may loosely interact with Cockayne syndrome (CS) complementation group B 

(CSB) protein as well as with the complex of UV-stimulated scaffold protein A (UVSSA) and 

ubiquitin specific processing protease 7 (USP7) deubiquitinase (UVSSA/USP7) [158-161]. Upon 

encountering UV-lesion in the transcribed strand, RNAPIIo stalls at the UV-lesion site [162, 163], 

thereby stabilizing RNAPIIo-CSB and RNAPIIo-UVSSA/USP7 interactions [149, 155, 158, 164]. 

CSB is a SWI/SNF ATP dependent chromatin remodeler. It binds to the DNA upstream of RNAPIIo 



 

12 

and using its ATPase activity pulls DNA towards itself to verify if RNAPIIo is just paused or truly 

stalled at the lesion site, and also mediates chromatin remodeling either directly or via recruitment of 

Cockayne syndrome (CS) complementation group A (CSA) protein and histone acetyltransferase 

p300 (p330) [156, 157, 164-168]. As a part of an E3-ubiquitin ligase (CRLCSA) complex consisting 

of DNA damage-binding protein 1 (DDB1), Cullin 4A (Cul4A) and RING box protein 1 (Rbx1) 

proteins, CSA ubiquitinates itself, CSB, and RNAPIIo at the DNA damage site [169, 170]. The 

ubiquitination of CSB results in its degradation [171]. Therefore, to allow sufficient time for CSB to 

perform its functions, the CSB ubiquitination is counteracted by the deubiquitinase USP7 in 

UVSSA/USP7 complex [159, 160]. This complex can also be recruited by CSA [172]. The 

recruitment of factors such as transcription factor IIS (TFIIS), high mobility group nucleosome 

binding domain containing protein 1 (HMGN1) and XPA-binding protein 2 (XAB2) are dependent 

on both CSB and CSA [168]. Following the DNA damage recognition, the accessibility of the lesion 

by the core NER factors such as transcription factor IIH (TFIIH) and Xeroderma pigmentosum (XP) 

group A-complementing protein (XPA) is likely to be achieved by displacement of RNAPIIo from 

the damage site. Amongst the several proposed mechanisms for RNAPIIo displacement, the most 

accepted one is its back tracking, which is facilitated by TFIIS and/or TFIIH [153, 155, 157, 173] and 

the required sliding or disassembly of upstream nucleosomes is facilitated by various chromatin 

remodelers including CSB, p300 and HMGN1 [174-183]. The XAB2 is indispensable for TC-NER, 

but its exact role is yet unknown [184, 185]. To note, TC-NER but not GG-NER is absent in cell lines 

deficient in CSB, CSA, UVSSA, XAB2 or HMGN1 [159, 161, 172, 179, 184-188]. Since CSB is the 

master regulator of TC-NER, the CSB-deficient cells are often used as model cell line to study GG-

NER [157]. 

(2) GG-NER: The research presented in chapter 1 and annex 2 of this thesis involves GG-NER. The 

UV- damage recognition in GG-NER is mediated by the interplay between two DNA damage sensor 

complexes: UV-damaged DNA-binding protein (UV-DDB) and XPC-HR23B-Centrin2 (Fig. E.1) 

[189-192]. Since the recruitment of subsequent NER proteins to UV-lesion sites throughout the 

genome (except the transcribed strand of active genes) is abolished in XPC-deficient cells (XP-C 

cells), XPC (Xeroderma pigmentosum group C-complementing protein) is indispensable for GG-

NER. Hence XP-C cells are deficient in GG-NER and are used as a model cell line to study TC-NER 

[154, 193]. The XPC-HR23B-Centrin2 complex binds to UV-lesion via XPC [190-192]. HR23B (UV 

excision repair protein RAD23 homolog B) protects XPC from proteasomal degradation and 

stimulates DNA damage binding by XPC. However, HR23B dissociates from the complex after XPC 

binds to UV-lesion, possibly due to overlap of binding site in XPC protein for HR23B and DNA [194-
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198]. Centrin2 (C2) probably remains attached to XPC during the NER and stimulates damage repair 

but its exact biological role is yet unknown [199, 200]. 

 

Figure E. Graphical outline of nucleotide excision repair pathway 
Step I. DNA damage recognition: The protein complexes involved in damage recognition  are the 
UV-DDB (DDB2 and DDB1) and XPC-HR23B-centrin2 for the direct DNA damage located in the 
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entire genome (GG-NER) and the RNAPIIo-CSB for those on the strand of transcriptionally active 
genes (TC-NER). For GG-NER sub-pathway, 6-4PP can be directly recognized by XPC (a), whereas 
recognition of CPD by XPC requires UV-DDB (b). Once the damage has been recognized, the two 
sub-pathways of the NER converge to the following steps. Step II. DNA damage verification: The 
transcription factor TFIIH opens the DNA helix with its helicases XPB and XPD (step II. DNA 
damage verification). The blockage of XPD by the lesion allows the complete opening of the "bubble" 
and the recruitment of the XPA and RPA complex proteins which leads to the formation of the open 
complex. Step III. DNA damage incision, gap filling and ligation: The XPF protein is recruited by 
XPA via its partner ERCC1 and initiates the incision at 5 ’of the UV-lesion. This generates the 
formation of a free 3'OH group which acts as a primer for the δ/ε polymerases. The synthesis of the 
new strand is probably the signal which triggers the activation of XPG, which incises at 3’-end of the 
UV-lesion bearing strand. (step C). The repair is completed when the newly synthesized strand is 
ligated by ligases. Please refer to the section E.2  for the full forms of the abbreviations. Figure 
created by Nupur Purohit. 

 

XPC recognizes with a high affinity the DNA damage including UV-induced 6-4PP, which cause 

significant distortion of the DNA helix (Fig. E.1a) [201-204]. Recent studies with the yeast orthologue 

of XPC (RAD4), and UV-DNA bound XPC fragments or XPC-HR23B provide insight into the 

mechanism by which XPC can search and bind to the helix-distorting DNA damage [205-209]. While 

RAD4 scans DNA by both, 3D hopping and 1D sliding mechanisms [208], the human XPC does the 

same by only 1D hopping to avoid protein obstacles on the DNA [209]. By either mechanism, XPC 

tests the integrity of DNA by twisting/bending the DNA backbone resulting in formation of labile 

nucleoprotein intermediate [205, 207, 208, 210]. The presence of a damage-induced helical distortion 

allows longer retention of XPC at this site and lowers the energy barrier that has to be overcome to 

form a stable DNA-XPC complex [206]. At the damage site, XPC does not directly contact the UV-

lesion but binds to the junction of ds- and ss-DNA around the UV-lesion while interacting with the 

unpaired nt located on the strand opposite the UV-lesion [210-215]. In this interaction, the UV-lesion-

containing bases are dislocated from the duplex inducing a flipped-out configuration [198, 210]. This 

characteristic of XPC to employ indirect strategy to recognize damage based on the DNA double 

helix distortions explains the great variety of lesions recognized and repaired by GG-NER [201-204]. 

However, the same feature limits the ability of XPC to detect CPD, which cause minor distortion to 

the DNA double helix [67]. In vitro studies show that XPC has none or very little ability to initiate 

repair at the CPD-sites [201, 202, 216, 217]. Consistently, a recent single molecule visualization study 

showed that XPC identifies CPD inefficiently and binds to them with limited stability [209]. 

To recognize and repair CPD in the constrained chromatin environment of mammalian cells, XPC 

requires UV-DDB complex (Fig.E.1b) [218-222], a heterodimer of DDB1 and DDB2 proteins. DDB2 

(UV-damaged DNA binding protein 2) is encoded by the Xeroderma pigmentosum group E (XPE) 

gene and is absent in yeast. After UV-irradiation, it is one of the earliest proteins to co-localize with 
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UV-lesions [218, 219]. The UV-DDB complex searches for 6-4PP or CPD via 3D-diffusion by 

hopping from one DNA molecule to another, allowing it to scan the DNA quickly while avoiding the 

problems associated with DNA slippage due to the presence of other proteins and nucleosomes [223]. 

In vitro studies have shown that the affinity of UV-DDB complex for UV-lesions is 100 to 1000 times 

greater than that of XPC [221, 224]. The formation of a dimer with another UV-DDB complex via 

the N-terminal domain of DDB2 results in its immobilization at the UV-lesion site and increases its 

affinity for the damaged DNA [225]. Crystallography studies show that, unlike XPC, the UV-DDB 

complex binds directly to these lesions via the WD40 domain of DDB2 [169, 189, 225], which 

wedges itself into the DNA duplex at the lesion site causing CPD/6-4PP to flip out into its shallow 

binding pocket. DDB2 makes a footprint of 2 nt on the 5’-side of the lesion. Binding of DDB2 to UV-

lesion bends DNA at an angle of 40-45º [169, 189]. DDB2 can bind to UV-lesions not only in naked 

DNA but also in nucleosomes [169, 189, 226, 227]. Although DDB1 does not directly interact with 

DNA, its importance in GG-NER is underscored by the existence of XPE diseases caused by 

mutations affecting its interaction with DDB2 [228, 229]. 

The stable binding of DDB2 to UV-lesions stimulates the translocation of XPC from nucleoplasm to 

chromatin and facilitates the recruitment of XPC not only at CPD sites but also at 6-4PP sites [218, 

220-222]. This observation is supported by the fact that cells from individuals with mutations in the 

XPE gene do not repair CPD and slowly repair 6-4PP, most likely due to direct recognition of 6-4PP 

by XPC [218, 221, 230, 231]. DDB2 facilitates the recruitment of XPC at the UV-lesion site by either 

directly interacting with XPC [217, 232-234] or by UV-DDB complex mediated chromatin 

remodeling around the UV-damage site. Since distorted DNA is the substrate of XPC, DDB2 binding-

induced helix distortion at the site of UV-damage could be a signal to facilitate damage detection by 

XPC. It has been shown that the greater the distortion in DNA, the higher the number of XPC 

molecules bound to DNA [235]. The UV-DDB can open chromatin around the UV-lesion site directly 

via DDB2 [236], by recruitment of various chromatin remodeling factors [237-242] and by 

ubiquitination activity to facilitate the damage detection via XPC. 

In addition to UV-damage recognition, UV-DDB forms a ubiquitin ligase complex with Cul4A and 

Rbx1 proteins (CRLDDB2 complex) (Fig.E.1b), and ubiquitinates proteins within a radius of about 

100 Å around the UV-lesion site [169, 170, 189]. Its main targets for ubiquitination are histones, 

XPC, DDB2 and Cul4A [170, 217, 243-246]. The ability of HR23B to recognize ubiquitin chains of 

histones, can facilitate the recruitment of XPC-HR23B-centrin-2 complex to damage site [243, 247]. 

The ubiquitinated histones are displaced or evicted thereby giving XPC an access to damaged site 

[244, 246, 248]. The ubiquitination of XPC, following its recruitment at the UV-damage site, doubles 



 

16 

its affinity for intact or damaged DNA [217], and stabilizes it at this site. On the contrary, 

ubiquitination of DDB2 results in loss of its affinity for DNA and in its degradation [169]. This is 

important for handover of damage site to XPC for the subsequent repair [192, 249, 250]. Finally, 

XPC is also modified by SUMO (small ubiquitin-like modifier) residues, that target XPC for second 

round of ubiquitination mediated by the SUMO-targeted E3 ligase (STUbL) RNF11/Arkadia [251-

253]. These modifications have been shown to be important for the timely removal of XPC from 

damaged DNA and handover of damage to downstream NER factors to accomplish the subsequent 

repair steps [192, 246, 250]. 

E.2.2. DNA damage verification and open complex formation 

Once the damage is recognized by either TC-NER or GG-NER factors, both the pathways converge 

and follow common molecular mechanism until the final step of the repair [23]. The TC-NER and 

GG-NER DNA damage recognition factors, UVSSA and XPC recruit the TFIIH [148, 254-258], 

which in turn recruits XPA (Fig. E-II) [259]. TFIIH is a 10-subunit transcription factor which includes 

the two ATP-dependent helicases with opposite polarities, XPB and XPD along with other subunits 

[257]. In GG-NER, XPC, TFIIH and XPA collaborate to mediate DNA damage verification using the 

helicase activities of XPD and XPB subunits [192, 260-265]. This results in the formation of an open 

complex, which is an unwound structure of approximately 25-30 nt with ~22 nt on the 5’ and ~5 nt 

on the 3’of CPD, respectively [266, 267]. In TC-NER, TFIIH is also proposed to mediate RNAPII 

backtracking while forming an open complex [157]. XPA interacts with the eukaryotic ssDNA 

binding replication protein A (RPA), and their recruitment to damage site, either individually or as a 

pre-formed XPA–RPA complex promotes the dissociation of the XPC from the damage site [268, 

269]. Binding of RPA to undamaged DNA strand partially unwound by TFIIH, leads to a separation 

of the DNA strands around the lesion [270]. Altogether, these steps lead to the stabilization of open 

complex and formation of pre-incision complex in which the lesion site is demarcated by XPA and 

TFIIH binding. 

E.2.3. Excision of UV-lesion, Gap filling and ligation  

The incision of UV-lesion is mediated via two endonucleases that specifically cut at the junction of 

ds- and ss- DNA around the UV-lesion (Fig. E-III), but have opposite polarities: the DNA excision 

repair protein (ERCC1)-xeroderma pigmentosum group F-complementing (XPF) protein complex 

(ERCC1-XPF) cuts the DNA at 5’ of the lesion and the xeroderma pigmentosum group G-

complementing (XPG) protein at 3' [271]. The recruitment and proper positioning of ERCC1-XPF 

on the 5’ side of the damage is mediated via XPA [272-274], whereas that of XPG is via TFIIH 
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complex [275-277]. The first incision is made by ERCC1-XPF, which requires the presence but not 

the catalytic function of XPG [278]. The resulting 3'OH residue can be used by the polymerases to 

initiate the synthesis of a new strand. To do this, the endonuclease XPG recruits replication factor C 

(RFC)-proliferating cell nuclear antigen (PCNA) protein complex (RFC-PCNA), which is positioned 

at 5' of the damage by the RPA. Depending on the status of cell cycle, this is accompanied by the 

recruitment of polymerases δ, ε or κ and XRCC1 which begin the synthesis of the new strand [279, 

280]. In order to conclude the synthesis of the new fragment, XPG cleaves at the 3’-end of the UV-

lesion in the presence of the catalytic activity of XPF [281] to liberate a TFIIH bound fragment of 

~26-30 nt containing the UV-damage [282, 283]. The nicks are sealed by either DNA ligase I or III, 

which are recruited by PCNA or XRCC1 respectively, depending on the stage of the cell cycle [279, 

284]. 

F. UVB-induced signaling pathways decides the fate of epidermal cells 

The UVB-induced DNA damage and/or ROS activate a complex signal transduction network in 

epidermal cells that decides their fate: repair the damage and survive or undergo apoptosis (Fig. F) 

[285, 286]. DNA damage, either directly or indirectly via their repair pathways, triggers DNA damage 

checkpoints, which are mediated by ataxia telangiectasia and Rad3-related protein kinase (ATR) and 

ataxia telangiectasia-mutated (ATM). The ATR and ATM have overlapping functions and cross talk 

with each other [286-296]. The UVB-activated ATM and ATR initiate a signaling cascade that leads 

to the activation and stabilization of cellular tumor antigen p53 (p53) and inhibition of cell division 

cycle 25 homolog A (CDC25A) activity, which results in cell cycle arrest at G1/S and G2/M phases 

[286]. Alternatively, prolonged activation of ATM/ATR results in apoptosis as described below. The 

UVB-induced ROS also cause activation of mitogen-activated protein kinase (MAPK) family 

members, MAPKp38 (p38) and c-Jun N-terminal kinases (JNK) [285, 286] via oxidation-mediated 

inactivation of MAPK phosphatases (MKPs) [297] and activation of ATM/ATR pathway (Fig. F) 

[298-300]. These UVB-activated MAPK also use p53 dependent and independent signaling pathways 

to induce cell cycle arrest and apoptosis in UVB-damaged KC [301].  

p53 plays a central role in deciding the fate of UVB-damaged skin cells. The activated p53 mediates 

its transcriptional activity by binding to the enhancer/ promoter elements of downstream target genes 

in the nucleus [302, 303]. The UVB-activated p53 cause the upregulation of cyclin-dependent kinase 

inhibitor 1 (p21) in the cultured KC and mouse epidermis [32, 304, 305]. p21 mediates cell-cycle 

arrest at G1-phase [104, 306]. Simultaneously, activated p53 also promotes optimal NER and BER 

via its transcription-dependent and independent functions [307]. It facilitates NER by inducing the 

transcription of DNA damage recognizing proteins DDB2 and XPC [230, 308-312] as well as by 
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transcription-independent chromatin relaxation that facilitates the accessibility of NER machinery at 

the DNA damage site [313]. It also modulates BER in a cell cycle specific manner by enhancing BER 

during G1 phase of the cell cycle and inducing apoptosis in the G2-M phase [314]. It facilitates the 

BER of 8-oxoG by enhancing the transcription of OGG1 and MUTYH and also by transcription-

independent functions [315-319]. 

 

Figure F. UVB-induced signaling pathways  
Please refer to the section F, G and I.1 for the full forms of the abbreviations. Figure created by 
Nupur Purohit. 

 

The UVB-irradiated KC bearing high or persistent DNA damage die via apoptosis [304]. The 

apoptotic KC or sunburn cells (SBC) are identified in the epidermal layers of UVB-irradiated skin by 

their eosinophilic cytoplasm and a pyknotic nuclei [320]. UVB-induced apoptosis of KC is mediated 

primarily via intrinsic pathway initiated at the mitochondria, but can also be mediated via extrinsic 

death receptor-dependent pathway initiated at the plasma membrane (Fig. F) [286, 321]. The 

significant reduction in UVB-induced SBC in the epidermis of p53-/- mouse underscores the role of 
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p53 in UVB-induced apoptosis [322]. p53 mediates apoptosis by transactivating several genes 

involved in the extrinsic (Fas) and intrinsic (Bax, Bak, Bid, etc.) pathways [323], as well as via its 

transcription independent activities [324, 325]. Since UVB-induced SBC are reduced but not 

abolished in p53-/- mouse [322], it suggests the existence of p53-independent apoptotic pathways in 

KC [286, 321, 326]. These pathways are mediated via the members of tumor necrosis factor (TNF) 

superfamily and TNF receptor (TNFR) superfamilies: FAS-L/FAS [327], TNFα/TNFR [328, 329] 

and tumor necrosis factor related apoptosis inducing ligand (TRAIL)/TRAILR [330]. In addition, 

p53-independent intrinsic pathway of apoptosis can be mediated via UVB-activated ATR/ATM [331, 

332], p38 [333-335] and JNK [336, 337] signaling. 

The fate of UVB-damaged KC is decided by the level of DNA damage. Mice that are irradiated with 

high doses of UVB or those deficient in the repair of UVB-induced direct DNA damage show 

increased number of apoptotic cells in their skin [32, 86]. High or persistent DNA damage results in 

the prolonged activation of ATM/ATR, and hence increased levels of accumulated p53 [286]. It has 

been reported that the promoters/enhancers of p53-transcriptional target genes involved in cell cycle 

and DNA repair often have high affinity binding sites for p53, whereas those involved in the apoptosis 

have variable affinity that requires co-operative binding via tetramerization and therefore, higher 

amounts of p53 [338, 339]. Hence at low level of DNA damage after the low doses of UVB (50 J/m2), 

the level of p53 accumulated and activated is just enough to mediate cell cycle arrest and DNA repair 

but not apoptosis in the murine skin cells [304, 340, 341]. However, at the higher UVB doses (100-

400J /m2), excessive p53 accumulation directly corroborates with increased apoptosis. 

To conclude, UVB-induced DNA damage response in the skin results in cell cycle arrest that not only 

facilitates DNA repair but also provides enough time for the epidermal cells to repair the damaged 

DNA before its replication. Whereas, cell death via apoptosis eliminates the cells in which DNA 

damage is high or persistent. The p53 regulates this cell fate decision, and hence it is considered as 

guardian of the genome [342]. Following the DNA damage response, the regenerative and adaptive 

processes such as epidermal hyperplasia and tanning are initiated in the UVB-irradiated skin. 

G. UVB-induced epidermal hyperplasia 

Following the phases of UVB-induced cell cycle arrest, DNA repair and apoptosis, is the regeneration 

phase, i.e., increase in proliferation of KC resulting in epidermal thickening or hyperplasia [305, 343]. 

It is observed between 48 and 72 h after single exposure to UVB and is marked by increased cell 

layers [86], thickness of skin [344] or PCNA and Ki67 positive cells in the basal and suprabasal layers 

of the epidermis [305]. It is dependent on the activation via phosphorylation of epidermal growth 
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factor receptor (EGFR) [345, 346] in ligand-independent manner due to ROS-induced inactivation of 

protein tyrosine phosphatases (PTP) [347-350] in UVB-irradiated human KC [351] and murine skin  

(Fig. F) [345]. UVB-induced inflammatory mediators (Section I.1) result in ligand-dependent 

activation of EGFR [352]. The downstream effectors of EGFR activation include the MAPK family 

members: ERK1/2, p38 and JNK as well as phosphoinositide 3-kinase (PI3K)/protein Kinase B (PKB 

or AKT), which mediate proliferation as well as suppression of apoptosis [286]. The activated 

MAPKs subsequently lead to upregulation and activation of the transcription factor activator protein-

1 (AP-1) that is composed of Jun and Fos subunits. AP-1 promotes cell proliferation by increasing 

the transcription of cell cycle genes such as cyclin D1, cyclin A, cyclin E, etc., [353, 354]. ERK1/2 

[355] and AKT [356, 357] suppress apoptosis by inhibiting proapoptotic transcription factor Forkhead 

box protein O3a (FOXO3a) [358, 359] while p38 inhibits apoptosis by inducing expression of anti-

apoptotic cyclooxygenase-2 (COX-2) [360, 361]. UVB also induces translocation of activated EGFR 

to the nucleus [362, 363], where it transactivates the transcription of genes such as cyclin D1 [364] 

and COX-2 [365] as well as phosphorylates and consequently stabilizes chromatin-bound PCNA via 

its tyrosine kinase activity, contributing to prolonged cell proliferation [366]. The UVB-induced 

epidermal hyperplasia is not only a regenerative response which replaces the dead epidermal cells but 

also an adaptive response, because thickening of epidermis reduces the penetration of UVB during 

subsequent exposures [367]. 

H. Tanning 

In addition to its effects on KC, UVB also affects melanocytes in murine and human skin, thereby 

resulting in increased skin pigmentation or tanning. It causes delayed tanning in humans, which 

occurs 3-4 days after the exposure [368]. Tanning is mediated via p53-induced increased synthesis of 

alpha-melanocyte stimulating hormone (α-MSH) in KC (Fig. F), which upon its release, binds to its 

receptor, melanocortin 1 receptor (MC1R) on neighboring melanocytes [369-372]. The resulting 

signaling cascade leads to transcriptional upregulation of genes required for melanin synthesis and 

melanocyte proliferation, thereby resulting in increased melanin pigment in melanocytes and its 

eventual transfer to neighboring KC via melanosomes [373-378]. To note, the factors released from 

fibroblasts and endothelial cells also contribute to this UVB-mediated tanning response [376, 379]. 

The UVB-acquired tanning is a skin adaptive response, providing protection against subsequent UVB 

damage [372, 376, 380-382]. The melanin scatters or absorbs 50-70% of UV reaching the skin surface 

and reduces the extent of UV rays penetrating through the epidermal layers [383-385]. Within 

individual KC, melanosomes localize in the perinuclear area to form “supranuclear melanin caps” 

[386], which shield the nuclear DNA from UVB-induced damages [387]. Moreover, melanin provides 
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protection against oxidizing effects of UVB by quenching free radicals [388]. Owing to its 

photoprotective effects on skin, melanin is considered as “natural sunscreen” [2, 384]. 

Overall, these regenerative and adaptive processes restore the skin homeostasis after a single 

exposure to UVB and reduce the damages in skin during subsequent UVB exposures. 

I. Effects of UVB on skin immune system 

UVB affects the skin immune system (Section A), which encompasses both the innate and the 

adaptive immune systems [6, 389-393]. The innate immune responses are rapid, serve as first line of 

defense and are mediated in the skin via KC, neutrophils, macrophages, mast cells, LC, dDC and pDC 

[6]. In contrast, adaptive immune responses are slow, create immunological memory, serve as second 

line of defense and are mediated via T- and B-cell subsets [6]. The bridge between innate and adaptive 

immune responses are APC (LC, dDC, mast cells and macrophages, etc.), which process the antigens 

and present them to T- and B-cells to determine the development of active or tolerogenic adaptive 

immune response to particular antigen or stimulus [6]. It is now well established that UVB stimulates 

the innate immunity to initiate inflammatory response resulting in sunburn and modulate immune 

recognition directly or via inflammatory mediators, resulting in suppression of adaptive immune 

responses (photoimmunosuppression) [389, 390].  

I.1. UVB-induced stimulation of the innate immune response results in sunburn reaction 

Amongst all the innate immune cells in the skin, the epidermal KC act as primary pro-inflammatory 

effector cells in response to UVB [389, 390, 393]. Excessive UVB exposure results in formation 

and/or release of damage-associated molecular patterns (DAMPs) from the damaged KC [394-397]. 

These bind to and activate a signaling pathway through the pattern recognition receptors (PRR) such 

as Toll-like receptors (TLR) present on the neighboring KC and other innate immune cells in the skin  

(Fig. F) [6]. Moreover, UVB-induced immediate products (cis-UCA, 1,25(OH)2D3, PAF and PAF-

like lipid ligands and FICZ) in the skin bind to their receptors on the KC, LC, mast cells, etc., and 

initiate various pathways, which culminate in activation of EGFR signaling [389, 390]. Activation of 

transcription factors, nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), signal 

transducer and activator of transcription 3 (STAT3) and AP-1 as well as enzyme COX-2 [286, 389, 

398] are the combined downstream effects of TLR- and EGFR-signaling pathways (Fig. F). These 

transcription factors induce the expression of inflammatory mediators such as cytokines (TNFα, IL-

6, IL-10, IL-1β, etc.), chemokines and surface markers (RANK-ligand (RANK-L) and VEGF) 

whereas COX-2 increases the synthesis of prostaglandins (PGE2) [286, 361, 389, 398-403], 

altogether resulting in sunburn [389]. 
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Clinically, sunburn is characterized by perceptible erythema (redness), edema (swelling) and pain 

[404, 405]. The erythema results from the inflammatory mediators-induced local vasodilatation and 

increased blood flow in UVB-exposed skin [406, 407]. These mediators also mediate the perivascular 

infiltration of neutrophils, monocytes and macrophages [32, 408-410] in dermis and/or epidermis, 

resulting in edema [406, 411]. The infiltrating immune cells conclude the innate immune response 

and also mediate repair in the skin, such as, phagocytosis of sunburn cells by the macrophages [409, 

410]. Moreover, they prevent infections that might occur due to the penetration of bacteria through 

the UVB-compromised epidermal barrier of the skin [411-415]. The UVB-induced inflammation is a 

sterile inflammatory response because it is triggered in the absence of any microbial/pathogen 

infection [416]. The inflammatory transcription factors such as NFκB and STAT3 as well as 

inflammatory mediators also promote survival and proliferation of KC by regulating the expression 

and function of a number of genes that regulate cell cycle and cell death [356, 417]. 

Sunburn is the most conspicuous acute cutaneous response to UVB, particularly in fair-skinned 

individuals [418]. Hence, it is used to determine an individual’s skin sensitivity to UVB [406]. The 

minimum dose of UVB required to produce barely perceptible erythema (skin reddening) is termed 

as minimal erythemal dose (MED) and is variable amongst humans. It should be noted that a dose of 

UVB lower than 1 MED (sub-erythemal dose) can also induce upregulation of inflammatory 

mediators via epidermal chromophore mediated pathways [399].  

I.2. UVB-induced suppression of adaptive immunity 

The direct evidence that UVB acts as an immunosuppressant came from a classic series of 

experiments in mouse which showed that it prevents the immunologic rejection of transplanted highly 

immunogenic UVB-induced skin tumors [419, 420]. Since then extensive research has made it clear 

that UVB exerts immunosuppressive effects on skin via APC such as LC, dDC, mast cells and 

macrophages [389-392, 421, 422]. UVB-induced DNA damage in epidermal LC undermine their 

antigen presenting capacities or trigger their apoptosis-mediated depletion in epidermis [423]. In 

addition, UVB-induced immediate products from the epidermal chromophores and the inflammatory 

mediators also modulate the APC functions [389, 390]. UVB triggers the migration of these impaired 

APC to the draining lymph nodes, where they generate regulatory T- and B-cells (Treg and Breg) and 

natural killer T (NKT)-cells [389-392, 421, 422].  

Under normal circumstances, cutaneous exposure to antigens, such as contact allergens or tumor 

antigens expressed on skin cancers, results in the generation of antigen-specific effector T-cells and 

Treg [424]. While the effector cells promote an immune response against the antigen, the Treg 
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dampen the reaction and the overall magnitude of the immune response is a net result of these two 

responses. However, UVB modulates the skin immune system to favor the induction of adaptive 

immune cells (Treg, Breg and NKT cells) which have immunosuppressive activities via the release 

of IL-10 and IL-4 cytokines [389-392, 421, 422]. This is directly evident from the reported 

suppression of typical T- and B-cell mediated responses, contact hypersensitivity (CHS) and delayed 

type hypersensitivity (DTH) to specific antigens in the UVB-irradiated mouse skin [392, 425-429]. 

Furthermore, this UVB-induced immunosuppression was observed not only at the same site as the 

UVB-irradiation (local immunosuppression) but also at the distal non-irradiated site such as spleen 

(systemic immunosuppression) and is mediated via dermal lymph nodes [392, 430]. Since skin is 

directly exposed to the environment all the time, immunosuppression prevents allergic and 

autoimmune responses in it, post single or acute UVB-exposure [392].  

To conclude, a single exposure to UVB perturbs the skin homeostasis in multiple ways. The skin 

responds to these threats by launching multiple protective cellular processes to not only restore the 

homeostasis but also adapt changes that would reduce the damage during subsequent UVB 

exposures. However, repeated and long-term (chronic) exposure of skin to UVB overwhelms and 

deregulates these repair, regenerative and adaptive responses resulting in harmful consequences, 

such as photoaging and cancer. The present thesis emphasizes on the UVB-induced skin cancer. 

J. UVB-induced skin cancers 

Chronic solar UV exposure is one of the major risk factors for skin cancer, which is one of the most 

common malignancies among Caucasians [431, 432]. The skin cancers are classified into two types, 

melanoma and non-melanoma skin cancers (NMSC), depending on whether they arise from 

melanocyte or not, respectively [433]. Even though melanoma is the most aggressive type resulting 

in 75 % of all skin cancer-related deaths, the incidence of NMSC is highest [432-435]. NMSC 

comprise of various types of carcinoma, such as basal cell carcinoma (BCC), squamous cell 

carcinoma (SCC), baso-SCC, infiltrative carcinoma, Merkel cell carcinoma, adnexal tumors, 

cutaneous lymphoma, etc. [436]. However, the SCC and BCC are the two major types of NMSC that 

arise from the KC, and hence termed as keratinocyte carcinomas [437, 438]. Since the research in the 

chapters 2 to 4 uses a mouse model which mainly develops SCC in response to chronic UVB 

irradiation, the following sections introduce the mechanism by which chronic UVB-exposure induces 

SCC. 
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J.1. Cutaneous squamous cell carcinoma 

Among NMSC, BCC account for 70% incidence whereas SCC account for 20% incidence [439, 440]. 

However, unlike BCC that largely stay confined to skin, the SCC pose a greatest threat to metastasize 

and mortality rates are high in SCC patients [440, 441]. In fact, 20 % of the skin cancer deaths are 

attributable to SCC [442]. The epidemiological data show that SCC incidence is 15–35/100,000 

person-years [443]. 3–7 % of SCC patients develop metastasis, of which more than 70 % die from 

disease [444] and SCC incidence is expected to increase by 2–4 % each year [445]. However, 

epidemiologic data of SCC incidence is underrepresented because of dearth of their reliable 

registration due to its relatively low mortality rate and the practical difficulties in ascertaining the 

large number of NMSC cases [431]. Owing to its increasing worldwide incidence, NMSC including 

SCC carry a substantial economic burden with it being the costliest cancer in Australia [446]. In the 

USA, the estimated total annual NMSC-related expenditure is 650 million USD [447].  

Today, epidemiological studies have made it clear that one of the major risk factors for SCC in 

humans is the cumulative exposure to terrestrial solar UV [448]. The SCC incidence in humans is 

directly associated with factors such as stratospheric ozone depletion, geographical locations with 

lower latitudes (i.e. nearer to equator) or higher altitudes, increased occupational or recreational 

outdoor activities, increased popularity of tanning devices and increasing age, which contribute to 

increased UV exposure [443, 449-454]. Moreover, SCC arise on chronic sun-exposed skin areas, such 

as head, neck and dorsal aspects of the upper limb in ~90 % of cases [436, 455, 456] and these can 

be reduced by application of sunscreen [457, 458]. Finally, the direct experimental evidence of 

involvement of UV in SCC development comes from the fact that they can be produced in mouse by 

chronic UV irradiation [459, 460]. Since both UVA and UVB can cause SCC in humans, they are 

classified as “Group I carcinogens” by International Agency for Research on Cancer (IARC) [461, 

462]. Moreover, the UV-action spectrum for induction of SCC in mice and humans falls in UVB 

range [460].  

J.2. Pathogenesis of UVB-induced SCC 

The fact that SCC incidence is strongly linked to cumulative lifetime solar UV exposure and most 

common among elderly Caucasians indicate that development of SCC in response to chronic UVB-

exposure is a complex process involving stepwise accumulation of cellular and molecular changes in 

skin over years or decades [431, 432, 454, 463]. Consistently in humans, the multistep process of 

SCC formation is a continuum of precursors such as actinic keratosis (AK), Bowen’s disease (BD), 

and keratocanthoma (KA) [464-467]. AK are the well- established precancerous lesions, of which 5-
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10 % may progress to SCC [465, 467-469]. BD, also known as SCC in situ, represents the pre-

invasive stage of SCC, of which 3-5 % may progress to invasive SCC [464, 467, 468]. KA, the benign 

cutaneous squamous neoplasia, are arguably the genetically incomplete SCC and can regress after 3-

6 months [464, 466, 470]. Finally, the chronic UVB irradiation studies in mouse skin have been 

helpful in understanding the genetic and molecular changes during the UVB-induced SCC 

development and led to a proposal of the multistage carcinogenesis model for SCC development (Fig. 

G), which proceeds via three stages, namely initiation, promotion and progression [417, 471]. 

 

Figure G. Multistage carcinogenesis model of chronic UVB-induced SCC 
Please refer to the section J for the full forms of the abbreviations. Figure created by Nupur Purohit. 
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J.2.1. Initiation  

Initiation of SCC is an earliest and irreversible process by which UVB-irradiated KC acquire genetic 

mutations that trigger inactivation of their tumor suppressor genes and/or activation of their 

oncogenes (Fig. G) [13, 27, 417, 471]. The hallmark of UVB-induced mutagenesis is the high 

frequency of C → T (≥60 %) and CC → TT (≥5 %) transition mutations at the dipyrimidine sites 

where UVB induces direct DNA damage [472, 473]. These mutations are considered “UV signature” 

mutations, especially CC → TT, which are an absolute specific marker of UV signature [473]. 

Moreover, UVB can also induce other minor mutations such as triplet mutations at dipyrimidine sites 

[474-479] and G → T or A → G transversion mutations possibly due to unrepaired 8-oxoG [480-

482]. Since UVB mainly induces UV-signature mutations [480, 483] which play predominant role in 

initiating UVB-induced skin carcinogenesis, this section describes the mechanisms by which this 

mutation arise at unrepaired direct DNA damage site and initiate SCC (Fig. G). 

 (1) Accumulation of direct DNA damage in chronic UVB-exposed skin: After single exposure to 

UVB, the direct DNA damage are completely eliminated from the mouse and human skin by 2-4 days 

[32] and 10 days [484], respectively, whereas they accumulate in the mouse epidermis after chronic 

UVB exposure [485]. This reduced repair after chronic UVB exposure [485, 486] is due to the 

inhibitory effects of UVB-induced immediate products such as cis-UCA, PAF or ROS-mediated 

oxidation of proteins on the NER machinery [487-489]. Furthermore, the apoptosis of KC, a 

mechanism by which skin eliminates highly damaged cells after single UVB-exposure (Section F), 

also decreases very early (1st week) during chronic UVB-irradiation of the skin [490-493]. Thus, 

chronic UVB-induced repetitive DNA damage, impaired capacity to remove this damage and reduced 

death of damaged KC together results in persistence of KC with the accumulated direct DNA damage, 

which are the potential SCC progenitors or premutagenic cells in which “UV-signature mutations” 

can arise. Therefore, an efficient NER of UVB-induced direct DNA damage and the apoptosis of 

highly damaged cells are very important to prevent the SCC initiation. This is evidenced by the 

increased photosensitivity and susceptibility to solar UV-induced skin cancers including SCC in the 

xeroderma pigmentosum (XP) patients, who have hereditary defects in NER pathway protein [494-

496]. Similarly, mice deficient in NER [87, 497-500] and apoptosis [322] pathway proteins are also 

highly susceptible to UVB-induced skin cancer. 

(2) Formation of UV-signature mutations at direct DNA damage: The direct DNA damage in the 

template strand prevents the replicative DNA polymerases from passing, thereby stalling replication 

forks [501]. The mammalian cells employ translesion DNA synthesis (TLS), which uses TLS 

polymerases such as polη, polι and REV1 to restart the stalled replication forks across the direct DNA 
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damage [479, 502]. This TLS can be error-prone and eventually result in C → T or CC → TT 

transition mutations at the lesion site during the second round of replication [479]. Since the NER of 

CPD is slower than that of 6-4PP and DEW [503-505], the mutagenicity of CPD is highest [506] and 

is the principle cause of UV-signature mutations and skin tumorigenesis in mouse [507]. Nonetheless, 

few genetic studies have also established the significant involvement of 6-4PP and DEW in UV-

mutagenesis [508, 509]. Notably, the estimated mutation frequency per CPD in the mouse epidermis 

is very low, i.e., 1.82 x10-4 after single exposure to UVB [510]. This mutation frequency increases 

due to chronic UVB-induced accumulation of CPD and can affect the tumor suppressor genes or 

protooncogenes. 

(3) Formation of UV-signature mutations is an early event and primarily affects TP53 gene: 

During chronic UVB irradiation, the induction of UV-signature mutations is one of the earliest events 

that occurs well before the appearance of skin tumors in mouse and human skin [303]. The most 

frequent and one of the earliest targets of UVB-mutagenesis is TP53 (encodes p53 protein) gene [471] 

in which the UV-signature mutations have been detected as early as 1st and 6th week of chronic UVB 

irradiation in mouse and human skin, respectively [303, 490]. In addition to TP53, mutations in other 

genes, i.e., NOTCH1/2 can also be an early event as observed from the gene mutation analysis of sun-

exposed human skin [511-513].  

(4) The stem cells of epidermal basal layer: cells of origin of SCC: While SCC can arise from any 

keratinocyte in the epidermis, there is an emerging evidence that the stem cells in the basal layer of 

epidermis are the precursors of SCC [514-516]. The chronic UVB-induced accumulation of direct 

DNA damage in these stem cells in mouse [517, 518] provides the basis for UVB-induced 

mutagenesis in them. Consistently, it was shown that the repair of UVB-induced direct DNA damage 

specifically in the cells of epidermal basal layer reduces SCC formation to the similar level as that 

when the direct DNA damage are repaired from the KC of entire epidermis in mouse [519]. While 

the epidermal stem cells could be the prominent target for initiating chronic UVB-induced skin 

carcinogenesis and the cells of origin of SCC, more work is needed to fully understand and exploit 

their role in the initiation of SCC for diagnostic and therapeutic purposes. 

J.2.2. Promotion  

UVB-induced promotion entails the clonal expansion of initiated KC resulting in visible outgrowth 

of pre-malignant tumors, referred as AK or Bowen’s disease (BD) (Fig. G) [417]. Since this process 

can be reversed at many stages, not all initiated KC finally form SCC. The chronic UVB drives the 

clonal expansion of initiated KC in mouse and human skin [303]. In mouse, the patches of p53-
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mutated (initiated) KC were detected within 2-3 weeks of chronic UVB-irradiation [520-522]. These 

patches increased in size and density with continued UVB-irradiation but declined if the irradiation 

was ceased [521]. The patches of p53-mutated KC are also frequently present in the sun-exposed 

human skin [523, 524]. Since p53 plays an important role in mediating and/or facilitating cell cycle 

arrest and apoptosis in response to UVB (Section H), the p53-mutated KC are more resistant to these 

cellular processes as compared to normal KC [322, 474]. Therefore, p53-mutated KC have 

proliferative advantage to undergo chronic UVB-induced selective clonal expansion [303]. Indeed, 

single exposure to UVB stimulates the proliferation of p53-mutant cells whereas it induces apoptosis 

in normal KC [322, 521, 525]. Furthermore, clonally expanding p53 mutated KC were shown to 

colonize adjacent epidermal stem-cell compartments [522], during which the physical constraint for 

expansion of p53-mutated KC in epidermis is counteracted by UVB-induced apoptosis of normal 

neighboring KC [526, 527]. 

Successive UVB exposures result in the formation of visible skin tumors (outgrowth), which also 

have UV-signature mutation in TP53, suggesting that p53-mutated patches are precursor to AK [528, 

529]. However, only a small proportion of p53-mutated patches may progress to form visible tumors 

[530]. In mouse, the induction kinetics of epidermal p53-mutated patches directly correlate with that 

of tumors [521]. The human AK or BD also show UV-signature mutation in TP53 [322, 531-533] 

and all the cells within a single AK or BD have same TP53-mutation fingerprint [322, 531], further 

validating the clonal basis for SCC development. NOTCH1/2-mutated patches are also observed in 

sun-exposed normal human skin [511]. Moreover, other genes such as CDKN2A, NOTCH1/2, RAS, 

etc. are found to be mutated in the AK or BD from humans [511, 534] and mice [529]. To note, the 

mutations in CDNK2A gene is not reported in mouse AK or SCC [529] whereas the activating 

mutations in RAS protooncogene appears to be strain specific in mouse SCC [535-537]. Finally, the 

reversible nature of the promotion stage of SCC development is demonstrated by the observed 

reduction in p53-mutated patches in mouse skin when the UVB-irradiation is ceased [520, 521, 538] 

or by the regression of AK or BD in humans [465, 467-469]. 

J.2.3. Progression  

UVB-induced progression phase in SCC development involves increase in size, invasion in the 

dermal layers and malignant transformation of the premalignant tumors such as AK or BD to SCC  

(Fig. G) [417]. The clinical observation that some of the AK or BD may eventually progress to SCC 

with continued UVB-exposure is validated by the presence of identical mutated genes (TP53, 

NOTCH1/2, CDKN2A, RAS etc.) in AK or BD and SCC from humans [534, 539, 540] and mice [529]. 

In addition to the clonal evolution, the subclonal evolution of AK or BD from p53-mutated patches 
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and that of SCC from AK or BD is also demonstrated [534]. A histopathological study identified that 

~70 % of the tumors with >3 mm diameter are SCC whereas ~70 % of tumors with <2 mm diameter 

were found to be AK or BD in chronic UVB-irradiated mice, further suggesting that progression AK 

or BD to SCC is accompanied by increase in size of tumors [541]. Among the genetic changes that 

can mediate transition from AK or BD to invasive or metastatic SCC in humans are: an increase in 

frequency of mutations in TP53 [539], activating UV-signature mutations in promoter of TERT (a 

rate-limiting component of telomerase complex that replicates telomeres) [542] and loss of 

heterozygosity (LOH) in the chromosomes carrying TP53 and CDKN2A genes [543]. For the LOH 

of TP53, chronic UVB-induced carcinogenesis studies in p53+/- mouse demonstrated that allelic loss 

of p53 enhances progression to a higher grade of SCC malignancy [537]. Overall, UVB-driven 

progression of SCC involves multiple genetic mutations that might accumulate early or progressively 

during the course of cancer development [544]. 

J.2.4. UVB-induced ROS and inflammation drive the promotion and progression of SCC 

The observation that the topical application of antioxidants and anti-inflammatory agents on mouse 

skin during chronic UVB-irradiation reduces the tumor formation [545-552] highlights the role of 

UVB-induced ROS and inflammation in SCC development (Fig. G). Consistently, irradiation with 

dose of UVB higher than the MED results in a faster development and more number of tumors in 

mice [541]. Furthermore, enhanced tumor growth in mice is also associated with an influx of 

inflammatory cells and its proinflammatory mediators [553] and these cells are also present in the 

microenvironment of human SCC [554]. As explained earlier in sections G and I.1, UVB-induced 

ROS and inflammation drive regenerative proliferation of KC in the skin, resulting in epidermal 

hyperplasia post single UVB exposure [491]. However, this process is tightly regulated and epidermis 

returns to substantially normal structure by 2 weeks. On the other hand, chronic UVB-induced 

sustained ROS production and persistent inflammation dysregulates controlled regenerative 

proliferation [417, 491], thereby causing continuous proliferation of KC, especially of apoptosis 

resistant p53-mutated KC, in the skin.  

The main mediator of ROS and inflammation-induced proliferation is the EGFR signal transduction 

pathway (Fig. F). The important role of EGFR in the promotion and progression to SCC is directly 

corroborated by the mouse models in which deletion, pharmacological inhibition or expression of 

dominant negative form of EGFR [346], its downstream effector kinase p38 [555] and its downstream 

transcription factors AP-1 [556], STAT3 [557] or NFκB [558] suppressed UVB-induced skin tumors. 

The role of UVB-induced proinflammatory mediators in promotion and progression to SCC is 

evidenced by the reduced UVB-induced SCC development in mice with deletion or inhibition of 



 

30 

COX-2 [546, 559] or the receptors of TNFα and PGE2 [560, 561]. The UVB-induced 

proinflammatory mediators also upregulate the synthesis of matrix metalloproteinases (MMP) [562, 

563], which degrade collagen in the basement membrane and dermis. This is required not only for 

the invasion of SCC in underlying dermal connective tissue but also for the epithelial-mesenchymal 

transition of KC and metastases of invasive SCC to lymph nodes [564]. Consistently, the expression 

of MMP is found to be high in human SCC stroma [565]. Thus, chronic UVB-induced ROS and 

inflammation result in increased survival, proliferation, migration and invasion of mutated KC during 

promotion and progression stages of SCC development [286, 417, 566]. 

J.2.5. Photoimmunosuppression facilitates the promotion and progression of SCC  

The cancer cells are eliminated from the body by adaptive immunity [567]. However, UVB 

suppresses adaptive immunity (I.2), thereby allowing the persistence of cancer cells during the 

tumorigenesis. The role of UVB-induced immunosuppression in facilitating the UVB-induced SCC 

development was recognized very early in the photocarcinogenesis research [419, 420]. This is 

corroborated by the higher risk, incidence, metastatic potential and aggressive progression of UV-

induced SCC in people who receive immunosuppressive drugs such as organ transplant recipients 

[568-575] and patients with chronic lymphocytic leukemia, non-Hodgkin lymphoma or HIV [576-

580]. Furthermore, the mice lacking Treg, a key immune cell that mediates UVB-induced 

immunosuppression, shows reduced UVB-induced SCC development as compared to WT mice [581]. 

Conversely, the mice lacking the Tc cells, which are important for the antitumor immunity, shows 

increased chronic UVB-induced SCC development [581]. Moreover, there was a direct correlation 

between the aggressiveness of the SCC in humans and the intra-tumoral infiltration of Treg, high 

expression of immunosuppressive cytokine IL-10 and low Tc:Treg ratio [582-586]. Since UVB-

activated innate immune cells and proinflammatory mediators also contribute towards suppressing 

the adaptive immune response (Section I.2), the chronic UVB-induced sustained inflammation can 

also facilitate the SCC development by maintaining persistent immunosuppressive environment in 

the skin [587].  

K. SKH-1 hairless albino mouse: a widely adopted model to study UVB-induced SCC 

Since the availability of their outbred stock in 1960, the SKH-1 hairless mouse strain has been 

extensively used and proven to be well suited for experimental UV-skin carcinogenesis studies [460, 

588]. The existence and phenotype of SKH-1 mouse strain was first described in 1926 by H.C. Brooke 

[589]. Genotypically, they have autosomal recessive mutation in the Hairless (Hr) gene resulting 

from the insertion of murine leukemia virus pmv43 in exon 6 of hr allele (Hrhr) [590]. Hr encodes 
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HR protein that is necessary for normal hair growth but this mutation results in aberrant splicing of 

~95 % of Hr transcripts, which translates into hairless phenotype [591]. In SKH-1 mice, the first hair 

coat develops normally within 4-5 days of their birth. However, beginning 13-14 days after their birth, 

there is rapid hair loss, which progresses from the head to tail end [588, 592]. They become 

completely hairless by 3 weeks of age. 

Their hairless and albino phenotype makes them ideal subjects for the research associated with skin 

ailments such as physical wounding [593], photoaging [563, 594, 595] and photocarcinogenesis [460, 

588]. The furlessness allows better imaging via in vivo bioluminescence and florescence-based 

techniques [596, 597]. Use of these mice also compare favorably with that of other hairy mouse 

strains, such as C57BL/6, FVB/NJ which need to be frequently depilated with chemical or physical 

approaches in experimental protocols [593, 598, 599], because hair forms an impenetrable and 

inconvenient shield for skin treatments such as UV-irradiation or topical application of agents [460]. 

More importantly, the depilation procedures are time consuming, cause irritation and inflammation 

which can confound the results in the studies using hairy mice. The routine procedures such as 

breeding (repeated backcrossing) with transgenic mice [85, 556] or microinjection into the pronuclei 

of their fertilized oocytes [600], can be used to create SKH-1 mice with specific gene deletion or 

mutation. This allows study of the role of specific proteins in UVB-induced skin carcinogenesis as 

described in the chapter 4. 

SKH-1 mouse represents an ideal model for human photocarcinogenesis [460, 588]. Their repeated 

long-term (16-25 weeks) exposure to sub-erythematic or MED of UVB results in formation of skin 

tumors, which are mainly SCC [541, 601-603]. This further validates the role of cumulative solar UV 

exposure in human SCC development. Similar to that in humans, the UVB-induced tumorigenesis 

progresses from epidermal hyperplasia to AK or BD and finally to invasive SCC in these mice [541]. 

Moreover, cellular and molecular alterations such as UV-signature mutation in TP53 or NOTCH1, 

formation of p53-mutated patches and COX-2 upregulation during the UVB-induced SCC 

development in SKH-1 mice resembles that reported in human SCC [520-522, 529, 604, 605]. In 

contrast to the nude mice, their immune-competency enables UVB-induced immunological responses 

such as inflammation [32, 411] and immunosuppression [606, 607] in their skin, which are similar to 

those in human skin at cellular and molecular levels [588]. Hence SKH-1 mouse is by far the widely 

adopted model for studies of UVB-induced SCC development. 

Upon chronic UVB-irradiation, the SKH-1 mouse can bear more than 40 tumors depending on the 

cumulative dose of UVB by the end of the protocol [541]. These tumors are readily noticeable at very 

small sizes (<1 mm diameter) by a trained observer and can be followed in their progression 
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throughout the protocol to allow the quantification of tumor burden in terms of tumor incidence 

(proportion of mice with or without tumor) and multiplicity (number of tumors) [460, 541]. The tumor 

size (diameter, area and volume) can also be measured using vernier calipers [608] or more accurately 

via photography [609] as well as magnetic resonance [610] or ultrasound imaging [611]. These 

measurement criteria have allowed assessment and comparison of severity of UVB-induced SCC 

development in SKH-1 mice in presence or absence of genetic, pharmacological or other 

interventions [85, 546, 608, 612, 613]. 

To summarize, UVB acts as a complete carcinogen driving all three stages of SCC development in a 

complex process involving genetic mutations, chronic inflammation and immunosuppression in skin. 

Hence, identifying and understanding the function of proteins which play a critical role in these 

processes, can lead to discovery of novel targeted therapeutic approaches for SCC. The 

multifunctional mammalian nuclear enzyme, poly(ADP-ribose) polymerase-1 (PARP1) is one such 

protein, and the present thesis describes research on its role in the NER of UVB-induced direct DNA 

damage (Chapter 1) and SCC development (Chapter 4). 

L. Poly(ADP-ribose) polymerase-1  

PARP1 is a highly abundant (0.5 to 2 × 106 molecules per cell [614]) chromatin-associated enzyme 

found in all higher eukaryotes and absent in yeast [615]. It is the founding member of a 18 membered 

PARP family of enzymes that share a conserved catalytic core (“PARP signature”) [616]. Their 

enzymatic activity catalyzes the posttranslational modification (PTM) “ADP-ribosylation” in 

mammalian cells. Most of the PARP family members catalyze mono(ADP-ribosyl)ation 

(MARylation) reaction, i.e., the transfer and covalent attachment of the ADP-ribose (ADPr) moiety 

from nicotinamide adenine dinucleotide (NAD+) to specific amino acids (aa), thereby 

posttranslationally modifying substrate proteins with monomer of ADP-ribose (MAR) [616, 617]. In 

addition, subset of them including PARP1 catalyze poly(ADP-ribosyl)ation (PARylation) reaction, 

i.e., the successive transfer of multiple ADPr moieties to previously added ADPr on substrate 

proteins, thereby posttranslationally modifying substrate proteins with polymer of ADP-ribose 

(PAR). In mammalian cells, PARP1 is responsible for PARylation of 85-90 % proteins which are 

involved in multiple biological processes [618]. 

L.1. Structure of PARP1 

Human PARP1 is a 113 kDa protein composed of 1014 aa that are organized into six independently 

folded domains connected by flexible linkers [614]. In solution and in absence of DNA binding, its 

global structure is proposed to resemble modular ‘‘beads on a string’’ architecture (Fig. H.1) [619]. 
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Located at its N-terminus are the three zinc finger domains: Zn1 (6-91 aa), Zn2 (105-202 aa) and Zn3 

(224-360 aa). A bipartite nuclear localization signal (NLS; 207-209 and 221-226 aa) and a caspase-3 

cleavage site (DEVD214) are located in the linker between Zn2 and Zn3 domains. Following the Zn3 

domain, are the BRCA C-terminus (BRCT) fold (387-483 aa), WGR domain containing tryptophan 

(W)-glycine (G)-arginine (R) (530-645 aa) and C-terminal catalytic domain (CAT; 662-1014 aa). The  

 

Figure H. PARP1 and poly(ADP-ribosyl)ation  

3’ 5’

H.2. DNA damage binding

SSB + PARP1DSB + PARP1

H.1. Structure of PARP1

H.3. Mechanism of activation

H.4. Catalytic Activity

H
.6. Erasers of PA

R

H.5. Poly(ADP-ribosyl)ation.

a. Automodificationb. Heteromodification

Trans

i. 
C

ov
al

en
t 

PA
R

yl
at

io
n

Cis

ii.
 N

on
-c

ov
al

en
t 

PA
R

yl
at

io
n

P
P

Ade

Rib

Rib

P
P

Ade

Rib

Rib

P
P

Ade

Rib

Rib
Macro

 DII

PBZ

WWE

FHA/BRCT

OB-fold

P P

Ade
Rib Rib

P P

Ade
Rib Rib

P P

Ade
Rib Rib

PARG ARH3

PARG

P
P

A
de

R
ib

R
ib

P
P

A
de

R
ib

R
ib

Ar
g

Gl
u Se
r

P
P

Ade

Rib

Rib

Ly
s

P
P

Ade

Rib
Rib

PP

Ade
Rib

Rib

Macro DI

ARH3

ARH1

?

TARG1
MARylated PARP1

Other proteins
PARP1 PARP1

R
ea

de
rs

 o
f P

A
R

DSB + Zn1-Zn2

Rib

NH2

Rib
P P

N

N

N+

CONH2 N

N
Adenine 

(Ade)

Glu

E988

Y896

H862

Donor site

Accepter site

Accepter site

Glu Rib RibP P
Ade

ADPr=

E988

Y896
H862Rib

NH2

Rib
P P

N

N

N+

CONH2 N

N

Glu

E988

Y896

H862Rib

NH2

Rib
P P

N

N

N+

CONH2 N

N

Rib

Rib

P
P

Ade

a. Initiationb. Elongation c. Branching

Allosteric 
activation

NAD+

Reverse 
allostery

Zn1
Zn2 Zn3

BRCT
WGR

HD ART

CAT
N

C

6

91

105 202
224
224

360 387 483
530 645

662

1014

DNA binding 
Protein-protein 

interaction

Inter-domain contacts
DNA binding 

Auto-modification
Regulation

C
atalysis

NLS
Caspase-3 

cleavage site



 

34 

Please refer to the sections L.1-4 for the full forms of the abbreviations. Figure created by Nupur 
Purohit. 

 

CAT is composed of two subdomains, the helical (HD) and the ADP-ribosyl transferase (ART) 

subdomains. Functionally, Zn1 and Zn2 domains mediate the binding of PARP1 to DNA, while Zn3 

and WGR domains mediate interdomain contacts within PARP1 and also interact with DNA. The 

BRCT domain often mediates interaction of PARP1 with other proteins and the HD regulates the 

ART subdomain, which catalyzes the synthesis of PAR [620-623]. 

L.2. PARP1 binds to damaged and undamaged DNA 

PARP1 binds to damaged and undamaged DNA irrespective of the nucleotide sequence [624]. It binds 

to DNA damage with strand breaks, i.e., SSB (nicked or gapped) and DSB (blunt or with overhangs) 

with highest affinity [625-629] and also those without strand breaks, i.e., AP sites [630]. In 

undamaged DNA, it binds to altered DNA structures such as supercoil [629, 631], hairpin [632, 633], 

loop [633, 634] and cruciform [632, 633, 635, 636]. It is also shown to bind to the linker region of 

nucleosomes in undamaged chromatin [628, 637]. Moreover, the monomer [628, 638-642] or dimer 

[620, 643-647] of PARP1 is debated to bind to DNA.  

The mode of DNA damage sensing and binding by PARP1 is revealed by the recent X-ray 

crystallographic and NMR studies of the structures of single or multiple domains of PARP1 bound to 

SSB or DSB [619, 639, 644, 648, 649]. On DNA with DSB (Fig. H.2a), monomers of PARP1 domains 

(Zn1, Zn3 and WGR-CAT) bind with a footprint of 7 bp upstream of DSB [619, 639]. Zn1 binds to 

the DNA phosphate backbone spanning 3 nt upstream of DSB and stacks on to DSB while interacting 

with the exposed nucleotide bases [648]. Zn3 contacts DNA phosphate backbone spanning 4 nt 

upstream of Zn1 and WGR domain engages 5’ terminus of the DSB as well as DNA phosphate 

backbone spanning 3 nt on the opposite DNA strand. In the context of full length PARP1, this study 

proposed anchoring of Zn2 and BRCT domains away from DNA between the Zn1-Zn3 and Zn3-

WGR domains, respectively. In contrast to this, two studies showed that Zn2 domain either 

individually [648] or in tandem with Zn1 domain (Zn1-Zn2) [644] binds to DNA containing DSB in 

similar fashion as Zn1 domain (Fig. H.2b). Interestingly, in the presence of Zn2, Zn1 binds to the 

DNA phosphate backbone on the opposite strand and instead of engaging with DSB it interacts with 

Zn2. On the DNA with SSB (Fig. H.2c), the monomers of Zn1 and Zn2 bind to the DNA phosphate 

backbones spanning 3 nt on the either side of the SSB while interacting with the exposed nucleotide 

bases at the SSB ends [649]. In the context of full length PARP1, the Zn3 and WGR domains bind to 

the DNA phosphate backbone on the Zn1 binding side of SSB, thereby suggesting bilateral footprint 
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of PARP1 around SSB. A previous study using DNase I footprinting had also proposed a bilateral 

±7 nt footprint on the either side of the SSB, albeit for PARP1 as dimer [640]. 

Thus, Zn1 and Zn2 domains of PARP1 are the primary sensors of DNA strand breaks and recognize 

its two key features: the exposed nucleotide bases and the flanking continuous region of DNA 

phosphate backbone. This mode of interaction can also account for the ability of PARP1 to sense 

exposed or unpaired nucleotide bases without strand breaks and altered DNA structures in undamaged 

DNA present at the AP site, hairpins and cruciform [630, 632, 633, 635, 636]. Consistently, PARP1 

was shown to have footprint at the stem-loop boundaries in the hairpins of cruciform DNA [631, 633, 

636].  

L.3. Mechanism of catalytic activation of PARP1 

Binding of PARP1 to DNA strand breaks and other unbroken altered DNA structures results in 

activation of its enzymatic activity [625, 631, 633, 636, 643]. In the absence of DNA damage, HD 

restricts the access of NAD+ to ART via its specific local helical regions, thus limiting the catalytic 

activity of PARP1 to basal level [650] (Fig. H.1, HD). Binding of Zn1 and Zn2 domains to DSB or 

SSB triggers the self-assembly of PARP1 domains, thereby establishing three key interdomain 

contacts: Zn1-WGR-HD, Zn3-WGR-HD and Zn1-Zn3, which are mediated via WGR and Zn3 [619, 

639, 642, 649, 651]. This results in unfolding of restrictive helical regions within HD (Fig. H.3) 

allowing productive and non-restricted binding of NAD+ to synthesize PAR [650, 651]. Interestingly, 

the extent of unfolding within HD is directly correlated with the degree of catalytic activation of 

PARP1 [650]. This can possibly explain the variations in PARP1 activation observed with different 

DNA structures. To summarize, the binding of Zn1 and Zn2 to DNA strand breaks is allosterically 

signaled to the CAT domain via Zn3 and WGR domains [650, 651]. Notably, a recent study has also 

demonstrated reverse allostery within the PARP1 domains (Fig. H.3) in which binding of NAD+ 

analogue to the ART subdomain and the resulting unfolding within HD subdomain, increased the 

affinity of PARP1 for DNA containing SSB by 10-fold [652]. Alternatively, PARP1 catalytic 

activation can also be induced in absence of DNA, either via its physical interaction with another 

protein, e.g. phosphorylated ERK1/2 [653-655] or via its posttranslational modifications e.g. 

phosphorylation [656], acetylation [657] or MARylation [658]. It is anticipated that these DNA-

independent PARP1 activating signals may also either directly or indirectly engage WGR domain to 

perturb HD structure [650]. 
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L.4. Enzymatic activity of PARP1: PARylation 

Upon DNA dependent or independent activation, ART subdomain of PARP1 via its donor and 

acceptor sites binds to and processes NAD+ to catalyze the PARylation [659, 660]. This comprises of 

three chemical reactions [620]: (a) initiation, the covalent attachment of the first ADPr monomer to 

the acceptor aa in target protein (b) elongation, the formation of a (2’-1’’) ribose-ribose glycosidic 

bond and (c) branching, the formation of a (2’’-1’’’) ribose-ribose bond between ADPr units (Figs. 

H.4a-c) [661]. Since the ART subdomain can bind to ADPr of growing PAR chain in two orientations, 

PARP1 has dual specificity to catalyze both elongation and branching reactions [660]. However, 

elongation is preferred over branching and the latter has been predicted to take place every 20-50 

ADPr units in PAR chains [662, 663].  

L.5. PARP inhibitors 

The observation that the by-product of ADP-ribosylation reaction, nicotinamide causes modest 

inhibition of PARP1 catalytic activity formed the basis for the development of PARP inhibitors 

(PARPi) [664, 665]. Over ~50 years, three generations of PARPi have been developed, all of which 

inhibit the catalytic activity of PARP1 by competing with NAD+ for its binding site in the ART 

subdomain [666, 667]. Since all the PARP family members carry highly conserved ART subdomain, 

most of the PARPi inhibit the catalytic activity of at least two PARPs (PARP1 and PARP2) if not all 

of them [667, 668]. Notably, few PARPi with higher selectivity for either PARP1 or PARP2 have 

been identified [667]. While the first and second generation PARPi such as 3-aminobenzamide (3-

AB) and PJ-34, respectively, were relatively less efficacious and exhibited off-target activities, most 

of the third generation PARPi including olaparib, rucaparib, veliparib, niraparib and talazoparib are 

more potent and highly specific [665, 669]. PARPi can also trap PARP1 on the DNA via reverse 

allosteric mechanism described in Section L.3 [652, 670-672]. The development of PARPi has proved 

to be an important tool to study not only the biological role of PARP1 in higher eukaryotes but also 

therapeutic targeting of PARP1 in various pathological conditions including cancer in humans 

(Section P). 

M. PARylation: The post translational modification 

By the mechanism described in section L.4, the activated PARP1 catalyzes the covalent PARylation 

of target proteins, which represent the “ADP-ribosyl proteome” (Fig. H.5.i) [673, 674]. Alternatively, 

several DNA and RNA metabolism proteins which undergo non-covalent PARylation by interacting 

with the free or protein-bound PAR, make up the “ADPr interactome” [617, 623, 673-677] (Fig. 

H.5.ii). 
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M.1. Cellular targets of PARP1 mediated covalent PARylation: “ADP-ribosyl proteome” 

The ADP-ribosyl proteome studies show that the major target of PARP1-mediated covalent 

PARylation upon genotoxic stress is PARP1 itself, thereby resulting in its automodification (Fig. 

H.5.i-a), which occurs in cis (intramolecularly within the same PARP1 molecule) [647, 649, 651] and 

trans (intermolecularly in another PARP1 molecule) [645, 651, 678, 679]. PARP1 is automodified at 

multiple sites with prominent PARylation in the interdomain linker regions of BRCT-WGR and 

WGR-HD domains [680-688]. This can be structurally accounted for by close proximity of BRCT 

with CAT and the flexibility of these linker regions in DNA damage bound PARP1 [619, 639, 649, 

650]. In addition to itself, activated PARP1 PARylates other proteins (heteromodification) involved 

in various aspects of DNA and RNA metabolism (Fig. H.5.i-b) [620, 688-691]. Recently, in vitro 

studies showed that PARP1 ADP-ribosyl proteome includes 167 proteins, of which 43 are exclusively 

PARylated by PARP1 [692]. These studies have also identified Asp, Glu, Lys, Arg, Cys, Ser, Thr, 

pSer (phospho-ser, via phospho group), His and Tyr as the target amino acids that are covalently 

PARylated in various target proteins including PARP1 itself [688-691, 693-697]. Among these, the 

charged aa such as Glu, Asp, Lys and Arg are most commonly PARylated [689, 694]. Apart from 

protein PARylation, PARP1 also covalently PARylates the ends of recessed DNA duplexes in vitro 

[698].  

M.2. Readers of PAR undergo non-covalent PARylation: “ADPr interactome” 

The ADPr interactome consists of ~70 proteins (“readers”) that can recognize (“read”) and bind to 

the different structural features of PAR via their structurally distinct and evolutionarily conserved 

“PAR binding modules” (Fig. H.5.ii) [617, 623, 675-677, 691, 699]. The positively charged PAR 

binding module known as PAR binding motif (PBM) recognizes and binds to the negatively charged 

long and branched PAR chains possibly through electrostatic interactions [700, 701]. Similar mode 

of PAR binding could also be exhibited by other positively charged PAR binding modules such as 

RNA recognition motif (RRM), serine/arginine (SR) repeats and lysine and arginine (KR)-rich 

motifs, the PilT protein N-terminus (PIN) domains and glycine-arginine-rich (GAR) domains [677, 

691]. The PAR-binding zinc fingers (PBZ) recognize and bind to 2’-1’’-glycosidic bond, adjacent 

ADP groups and the adenine ring of the distal ADPr units [702]. The macrodomain type II and I 

(MacroD2 and D1) bind to the terminal ADPr of PAR or protein-bound MAR, respectively [703-

705]. The WWE domains [706], FHA/BRCT [707] and oligonucleotide/oligosaccharide-binding fold 

(OB-fold) [708, 709] recognize iso-ADPr of PAR. To note, a single protein can have more than one 

PAR binding modules [691] or can be both, covalently and non-covalently PARylated [690, 697, 

710]. 
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M.3. PARylation reprograms protein function 

Since the first report of the discovery of PAR formation in mammalian cells by P. Chambon in 1963 

[711], a great deal of work has been done to determine its structural and biochemical properties [615]. 

Structurally, PAR is a complex and branched polymer of up to 200-400 ADPr units [712-714]. It is 

postulated to form a secondary helical structure that is reminiscent of DNA and RNA [715]. 

Chemically, PAR bears two molecules of negatively charged phosphate groups per ADPr; therefore, 

is twice as negatively charged as DNA or RNA [716, 717]. Owing to these structural and biochemical 

characteristics, PARylation dramatically alters or “reprograms” the function of an acceptor/binding 

protein, thereby allowing them to respond appropriately to the stimuli [674, 677]. Indeed, PARylation 

sites in proteins often coincide with their functional domains including protein-protein interaction, 

DNA binding and nuclear localization domains [700]. Moreover, PARylation can also change 

protein’s topological features. Therefore, covalent and/or non-covalent PARylation can recruit 

important proteins for particular process, regulate intracellular transport of proteins, modulate 

protein-protein and protein-DNA/RNA interactions, modulate the biochemical/enzymatic activity of 

protein, and also influence other PTM of proteins such as phosphorylation and ubiquitination [623, 

674, 677, 706, 718-720]. In addition, the free PAR, that is generated by the enzymatic activities of 

PAR hydrolases (Section M.4), is proposed to diffuse out of nucleus [721] and modulate protein 

functions in the cellular compartments such as cytoplasm [718] and mitochondria [722]. The role of 

PARylation in reprogramming protein function is exemplified by PARP1 itself. The auto-PARylation 

of PARP1 eventually result in its release from DNA [622, 651, 723], possibly due to PAR induced 

charge repulsion with DNA [724, 725]. 

M.4. Erasers of PARylation  

As with any other PTM, PARylation is a transient event with the degradation of PAR starting 

immediately after the beginning of its synthesis [726]. In cells, the half-life of 85 % of PAR is ~40 

seconds and that of the remaining 15 % is ~6 minutes [727]. The main enzymes responsible for 

degrading most of the PAR in the mammalian cells are the PAR glycohydrolase (PARG) isoforms 

[726, 728-731]. PARG possesses both, the less effective endo- and highly effective exo-

glycohydrolase activities that catalyze the hydrolysis of the ribose-ribose glycosidic bond between 

internal and proximal ADPr units of PAR, respectively, thereby generating mostly free ADPr and 

some oligo-ADPr (Fig. H.6) [732-734]. However, PARG is unable to remove the ADPr linked 

covalently to accepter aa of the PARylated proteins, thereby leaving the proteins MARylated. 
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ADP-ribosylhydrolase3 (ARH3) can also hydrolyze free or protein-bound PAR via its exo-

glycohydrolase activity in mammalian cells, but exhibits only 10  % of PARG’s activity, (Fig. H.6) 

[730, 735-737]. ARH1, the isoform of ARH3, also mediates PAR catabolism [738]. As opposed to 

PARG, ARH1 and ARH3 can specifically remove the terminal ADPr linked to Arg [730, 739, 740] 

and Ser [740-742], respectively in MARylated proteins and thus complement PARG. Another PARG 

complementing enzyme is the terminal ADP-ribose protein glycohydrolase 1 (TARG1)/C6orf130, 

which hydrolyzes the Glu/Asp-ADPr ester bond to release MAR or entire PAR from the protein (Fig. 

1.8F) [684]. MacroD1/2 can also reverse MARylation at the Glu/Asp residues [743, 744]. Recent 

studies have identified additional enzymes such as nudix hydrolase 16 (NUDT16) and ectonucleotide 

pyrophosphatase/phosphodiesterase 1 (ENPP1) which can cleave the pyrophosphate bonds within 

PAR or protein linked ADPr in vitro, thereby generating ribose-5’-phosphate tags on proteins [745-

747]. While the enzymes that specifically cleave the Lys-ADPr or Cyst-ADPr bond have not yet been 

identified, NUDIX, NUDT16 and ENPP1 might be responsible for removal of ADPr from these aa 

[748]. 

Interestingly, PARG, MacroD1/2 and TARG1 utilize macrodomain not only to non-covalently 

interact with the PAR or MAR but also to exert ADP-ribosyl hydrolase activity [726]. These enzymes 

are present in nucleus (PARG, ARH3, TARG1 and MacroD1/2), mitochondria (PARG and ARH3) 

and cytoplasm (PARG, ARH1, ARH3, TARG1 and MacroD1/2) [617], thereby providing spatial 

control of PAR metabolism, and hence a mechanism for tight regulation of PAR-dependent 

downstream signaling events. The importance of PAR catabolism in the well-being of mammals is 

highlighted by the embryonic lethality of Parg-/- mice [749] and severe neurodegeneration in TARG1 

mutated patients [684]. 

N. Biological functions of PARP1: focus on its role in UVB-induced cellular responses 

Collectively, PARP1, its ADP-ribosyl proteome, ADPr interactome and PAR degrading enzymes 

constitute a signal transduction network that serves the cells in “peace” (normal physiological 

conditions) and in “war” (genotoxic stress) [750]. The normal physiological functions of PARP1 

include the chromatin organization [751-753], regulation of gene expression [618, 754-757], cell 

cycle progression and immunoglobulin class switching [758, 759]. However, PARP1 appears to be 

dispensable for these functions because knocking out PARP1 in mice (PARP1-KO mice) did not 

result in any embryonic lethality or any other severe abnormal phenotype under normal conditions 

[760-763]. On the contrary, PARP1-KO mice exhibited severe hypersensitivities to genotoxic and 

inflammatory stress [763] as well as accelerated aging and spontaneous carcinogenesis in old age 

[764], thereby suggesting that function of PARP1 in stress response is indispensable. Today, the role 
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of PARP1 and its catalytic activity in response to various stress signals including DNA damage is 

extensively recognized [618, 765-767]. During a stress response, they are implicated in DNA repair 

[123, 768], transcriptional regulation [618, 765], chromatin remodeling [755], inflammation [769-

771] and cell death [772, 773]. Since the research in this thesis focuses on role of PARP1 in UVB-

induced stress in the skin, the following sections describe the reported functions of PARP1 in various 

UVB-induced cellular processes involved in DNA damage response, immune modulation and skin 

carcinogenesis. 

N.1. Role of PARP1 in the repair of UVB-induced DNA damage 

Today, PARP1 and its catalytic activity are known to play multifaceted roles in the various DNA 

damage repair pathways, such as BER, SSBR, DSB repair (DSBR) via homologous recombination 

(HR), classical non-homologous end-joining (cNHEJ), alternative NHEJ and microhomology-

mediated end-joining, DNA mismatch repair and NER [123, 768, 774]. Briefly, the roles of PARP1 

in these repair pathways can be categorized as follows: (a) sensing of DNA damage; (b) chromatin 

remodeling at the DNA damage site; (c) recruitment of DNA repair proteins; and (d) modulation of 

biochemical activities of the DNA repair proteins [622, 775]. PARP1 is usually one of the first 

proteins to sense the DNA damage, which is often attributed to its sheer abundance and its capacity 

to bind to various types of DNA damage (Section L). Furthermore, two recent studies suggested that 

PARP1 can rapidly scan the otherwise intact genome for the DNA damage by 3D-diffusion across 

the DNA, possibly via “monkey bar” mechanism [641, 776]. Its catalytic activation at the DNA 

damage site and the resulting PARylation account for the rest of its roles. Recently, it was proposed 

that local PAR formed at the DNA damage site mediates liquid demixing and seeds the formation of 

subnuclear structures composed of proteins with low complexity domains interacting via their non-

covalent interactions with PAR [691, 777]. This phase separation phenomenon allows the selected 

repair factors to access the lesion and coordinates the DNA repair stages within nucleus. This section 

describes in detail the reported roles of PARP1 in the repair of UVB-induced direct and indirect DNA 

damage. 

N.1.1. Role of PARP1 in BER/SSBR  

Among various DNA repair pathways, the role of PARP1 in SSBR is the most explored and well-

established. PARP1 has been shown to accelerate SSBR in mammalian cells [126, 778]. It is the 

earliest protein to arrive at SSB in DNA [779], where PARP1 domains exhibit cooperative and 

stepwise self-assembly, resulting in destabilization of HD subdomain and activation of ADP-ribosyl 

transferase activity of PARP1 [649]. The activated PARP1 covalently PARylates itself, other proteins 
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such as histones and also possibly the ends of SSB [123, 698, 768, 780]. Recent study showed that 

upon SSB-induced auto-PARylation, PARP1 switches its interaction with DNA from 3D-diffussive 

search to a less stable 1D anomalous sub-diffusion along DNA before its eventual dissociation due to 

charge repulsion [724, 725], thereby suggesting the possibility for an intermediate state of 

automodification that allows PARP1 to mediate its function at SSB site [641]. This could be 

accounted for by a newly identified regulator of PARP1 activity, histone PARylation factor 1 (HPF1), 

which upon its PARP1-dependent recruitment at the SSB sites, promotes heteromodification of 

histones by PARP1 over the automodification of PARP1 [781-783]. Altogether, the covalently 

PARylated PARP1 and histones serve as a scaffold for recruitment of critical SSBR protein, XRCC1 

[125, 130, 131, 784, 785] and chromatin remodeling proteins such as amplified in liver cancer 1 

(ALC1) [786] and aprataxin-and-PNKP-like factor (APLF) [787, 788], which interact non-covalently 

with PAR. The PARylation of core histones and chromatin remodelers result in open chromatin 

around the SSB to allow the access to other SSBR proteins [780]. PARP1 also stabilizes XRCC1 at 

SSB [789], to accomplish subsequent steps of SSBR pathway (Section E.1.2). 

The role of PARP1 in BER of 8-oxoG (Section E.1.1) is less clear and controversial. Unlike SSB, 

PARP1 is not reported to sense and bind to 8-oxoG in DNA. However, the inhibition of PARP1 

activity reduced the removal of 8-oxoG in mammalian cells [790]. Furthermore, OGG1 was shown 

to interact with PARP1 and stimulate its catalytic activity in the presence of nicked DNA [791] 

whereas PARP1 reduced the glycosylase/AP lyase activity of OGG1. While the authors proposed that 

OGG1 may stimulate PARP1 activity by creating SSB which would serve to recruit XRCC1, they 

did not provide any functional significance for the PARP1-mediated inhibition of OGG1 activity. 

Furthermore, PARP1 can also bind to DNA with AP-sites [630, 641, 792, 793], which are generated 

as an intermediate during BER initiated via monofunctional glycosylases such as MUTYH. However, 

PARP1 is only weakly activated upon binding to DNA with AP-site, and requires strand incision by 

APE1 for its strong activation [630]. While PARP1 can stimulate strand incision activity of APE1 

[794], it also possesses AP lyase activity and can thus perform strand incision at the AP-site [630] to 

accomplish BER in the absence of APE1 [794]. Indeed, recent studies showed that PARP1 and APE1 

colocalize at AP-sites while interacting with each other directly [641], and APE1 can also be 

covalently and non-covalently PARylated [795]. In this case also, the functional role of APE1-

mediated stimulation of PARP1’s catalytic activity is proposed to be the recruitment of XRCC1 [641].  

However, the role of PARP1 and its catalytic activity in the recruitment of XRCC1 during BER of 8-

oxoG is contentious. While an earlier study showed that the recruitment of XRCC1 at the SSB 

intermediates during the BER of 8-oxoG is independent of PARP1 and its catalytic activity [785], a 
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recent study demonstrated the opposite [796]. Furthermore, it has been shown that SSB sensor role 

of PARP1 as described for SSBR of “direct SSB” (those generated by direct disintegration of DNA 

phosphate backbone) might have limited utility during BER because SSB are the scheduled 

intermediates of this pathway and are most likely channeled through the pathway until they are ligated 

[797]. However, PARP1 might be required if these SSB intermediates become uncoupled from the 

BER pathway. In the two sub-pathways of BER/SSBR, PARylated PARP1 interacts with Polβ to 

ensure the efficient polymerization during LP-repair [798-800]. In the final DNA ligation step, the 

required ATP was shown to be generated from PAR [801, 802]. 

N.1.2. Role of PARP1 in NER  

The participation of PARP1 in NER was not anticipated for a long time. Initially, multiple studies 

had reported the formation of PAR in human cells including skin fibroblasts in response to UVC 

irradiation [803-808], as well as human keratinocytes [809] and mouse skin [810] in response to 

UVB-irradiation. Since NER deficient XP-A or XP-C cells, which are unable to perform incision step 

of NER, failed to show increase in PAR formation in response to UVC [804], UV-induced PARP1 

activation was thought to be linked to the incision step of NER pathway [804, 807, 808]. Moreover, 

the depletion or knockout (KO) of PARP1 or inhibition of PARP catalytic activity in UVC-irradiated 

cells did not significantly affect their NER capacity (as measured by unscheduled DNA synthesis in 

UVC-irradiated cells) [760, 806, 807, 811, 812] or their growth and viability [813], thereby 

dismissing the requirement of PARP1 for efficient NER. Nonetheless, the reduced NER capacity of 

PARP1-KO mouse embryonic fibroblasts (MEF) was observed in reporter gene assay in one of these 

studies [760]. Subsequently, pre-treatment of UVB-irradiated rodent cells with PARPi was shown to 

reduce the repair of CPD and 6-4PP (as determined by quantifying the SSB generated by T4 

endonuclease V (T4NV) at these damages) [790]. However, it still remained unclear whether PARP1 

was activated by UV-induced CPD and 6-4PP or by the intermediate SSB and ssDNA gaps generated 

during NER of these DNA damage. 

This controversy was resolved by the colleagues from my laboratory [814] and is considered to be 

one of the initial convincing findings clearly suggesting the role of PARP1 and its activity in NER 

[775]. They showed biphasic activation of PARP1 in UVB-irradiated MEF, i.e., a very rapid first 

activation within few seconds in response to direct DNA damage followed by a second activation, 1-

2 h later in response to indirect DNA damage. The first activation was corroborated by the 

monophasic early (~15 seconds) activation of PARP1 in UVC-irradiated MEF. They also 

demonstrated that PARP1 binds to UVB-irradiated dsDNA in vitro and was enriched in chromatin 

containing TT CPD in UVB-irradiated cells. Using the local irradiation technique, which allows the 
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creation of 3-5 μm local irradiation zones surrounded by non-irradiated regions in the nuclei [815], 

they also showed that PAR colocalizes with the TT sites in the nucleus and pointed out the 

concurrence between the swiftness of PARP1 activation and that of DDB2 accumulation at this site 

[218, 816], thereby suggesting the involvement of PARP1 in the damage recognition phase of NER. 

In another study, they examined if the role of PARP1 was in GG-NER and/or TC-NER sub-pathways 

[817]. They used PARP1-depleted normal human fibroblast transfected with UVB- and UVC-

irradiated viruses containing reporter gene in host cell reactivation technique to show that PARP1 

facilitated repair in both, GG-NER deficient XP-C and TC-NER deficient CS-B cells and its depletion 

rendered these cells hypersensitive to UVC- and UVB-irradiation. 

Although these studies strongly indicated that PARP1 is required for efficient NER, they used 

“indirect techniques”, such as T4NV induced SSB at direct DNA damage [817] or host cell 

reactivation that measures the transcriptional consequences of the repair [790]. Moreover, a study 

that was able to demonstrate the reduced NER capacity of PARP-inhibited or PARP1-depleted cells 

using a “direct technique”, i.e., by specific antibodies-based detection of CPD or 6-4PP, used 

BRCA1-mutant triple-negative breast cancer (TNBC) cells [818], which are inherently defective in 

GG-NER [819]. In view of these confounding results, the colleagues from my laboratory used UVC-

irradiated NER proficient human skin fibroblasts and SKH-1 mouse skin to clearly show that PARP 

inhibition delays the repair kinetics of direct DNA damage, as measured by specific antibody-based 

detection of TT or 6-4PP [820]. Since the delay in TT repair kinetics for UVC-irradiated cells was 

similar for PARP1-depleted and PARP-inhibited human skin fibroblasts, my colleagues concluded 

that PARP1 is likely to be the main PARP implicated in this repair process. Nonetheless, a previous 

study did report inefficient CPD repair but not 6-4PP repair in PARP2-depleted TNBC cells [819]. 

Around the same time, two independent studies in human skin fibroblasts and human keratinocytes 

demonstrated similar effect of PARP inhibition or depletion on NER kinetics by direct technique 

[821, 822].  

These studies along with others also provided mechanistic insight into the roles of PARP1 in 

facilitating GG-NER [236, 820-823]. My colleagues showed that DDB2 and PARP1 arrive 

independently at the direct DNA damage site. At this site, DDB2 directly interacts with PARP1, 

stimulates its catalytic activity and get PARylated [820]. PARPi treatment decreased the interaction 

of DDB2 with both XPC and PARP1, increased its tendency to persist at the UVC-damaged 

chromatin and decreased level of XPC recruitment/ localization and modification at the UVC-lesion. 

Based on this, they suggested that catalytic activity of PARP1 could be involved in recruitment of 

XPC, promotion of chromatin remodeling by DDB2 and in ubiquitination activity of CRLDDB2 
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ligase complex [820]. Interestingly, it was shown that XPC has a putative PBM in silico [701] and 

XPC-HR23B were non-covalently and covalently PARylated in vitro, which was most efficient in 

the presence of UV-irradiated plasmid DNA [710]. In vivo covalent PARylation of XPC has also been 

reported, albeit in response to oxidative DNA damage [690, 697].  

Similar to the study from my laboratory, another group showed reduced XPC recruitment at the direct 

DNA damage sites in PARP-inhibited cells [236]. They demonstrated that PARylation promotes 

ATP-dependent chromatin decondensation function of DDB2 and proposed that DDB2 in concert 

with PARylation could facilitate the recruitment of chromatin-modifying factors, which eventually 

facilitates the recruitment of XPC to the DNA damage site. The subsequent study showed this 

chromatin modifying factor to be the ATP-dependent chromatin remodeler ALC1 [821], which was 

already known to possess PAR binding macrodomain [786, 824]. While corroborating with and 

further extending the findings of my laboratory [820], they showed that DDB2-stimulated PARylation 

by PARP1 at the UV-damaged site is involved in recruitment of ALC1. They also found that DDB2 

is PARylated. Additionally, they identified that it is PARylated within the first 40 N-terminal amino 

acids, which also include lysine residues that are targets of ubiquitination [169]. In contrast to that 

observed by my colleagues [820], they reported that PARylation of DDB2 increased its stability and 

prolonged its chromatin retention time. Based on their in vitro and in vivo data, they proposed that 

PARylation of DDB2 suppresses its ubiquitylation at the Lys residues in its N-terminal, and thus its 

degradation [169]. However, this still needs to be demonstrated experimentally. This study also 

reported the PARylation of DDB1 by PARP1. 

Thus, the working model for role of PARP1 during the DNA recognition step of GG-NER can be 

proposed as follows (Fig. I.1) [123, 775, 825]. Upon UV-induced direct DNA damage in the cells, 

PARP1, due to its sheer abundance [614], is likely to be one of the first proteins to arrive at the 

CPD/6-4PP [820] and be basally activated within seconds [814]. DDB2, in a CRLDDB2 complex 

also arrives at and binds to CPD/6-4PP in a similar time frame as PARP1 [218] and stimulates PARP1 

catalytic activity, resulting in PARylation of many proteins including PARP1 and DDB2. PARP1 

interacts with DDB2 via PAR at this site [820, 821]. The PARylation of DDB2 suppresses its 

ubiquitination, and hence rapid degradation to allow enough time for its subsequent functions 

including CRLDDB2-mediated ubiquitination of histones to promote chromatin remodeling at the 

damage site [244, 246, 248, 821]. Furthermore, DDB2 and PARylation collaborate to recruit ALC1, 

which opens the chromatin around the damage by nucleosome sliding [821]. Additionally, PARP1 

can PARylate the histones to disrupt the chromatin structure around the damage [821, 826]. 

Altogether, the chromatin remodeling around the damage site facilitates the recruitment of XPC [236, 
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821], which could be also further facilitated by the interaction of its putative PBM with the PAR 

chains at this site [701, 710]. Eventually, the degradation of PAR chain by PAR erasers allows the 

ubiquitination, and hence degradation of DDB2, resulting in the handover of the damage site to XPC. 

 

Figure I. Graphical outline of the proposed model for role of PARP1 in facilitating NER 
Figure created by Nupur Purohit. 

PARP1

DDB2

DDB1

CUL4ARbx1

RFC
Pol δ/ε

PC
N

A

3. Post incision

1. D
N

A dam
age recognition

UV

CPD/6-4PP

Ubiquitin
atio

n

PARylation ALC1

XPC
C2

HR23B
Histone degradation
Nucleosome sliding 
Chromatin remodeling

XPA

XPD

XPD

XPB

XPGERCC1-
XPF

2. Formation of preincision complex 

Repaired

Ligase

RPA

XPA

XPDStimulation

XPA

CRLDDB2
Stimulation

ALC1



 

46 

Two independent studies showed that PARP1-mediated PARylation is also required for the 

recruitment of XPA at direct DNA damage site in cells [822, 823]. XPA also has PBM that binds to 

long PAR chains with high affinity [700, 823, 827, 828]. The authors proposed that PARylation is 

important in the early phase of XPA recruitment at the damage site (Fig. I.2) [823]. The subsequent 

XPA-PARP1 interaction can further stimulate PARP1 activity and the resulting increased PAR 

synthesis can lead to dissociation of XPA from the damage site during the later course of NER. The 

observed second wave of PARylation at the post-incision stage of NER when ssDNA gaps are 

generated, suggest the involvement of PARP1 during this stage of NER (Fig. I.3) [821]. However, 

the function of this second PARylation wave remains enigmatic. While it was shown to recruit ALC1 

in DDB2 independent manner [821], it did not affect recruitment of the XRCC1–LigIII complex or 

the disassembly kinetics of NER complexes [284].  

To conclude, PARP1 facilitates the GG-NER of CPD and 6-4PP by participating during the DNA 

damage recognition, pre-incision complex formation and post-incision stages [123, 775, 825]. The 

participation of PARP1 in the latter two stages could also account for the observed reduced TC-NER 

capacity of PARP1-depleted XP-C cells [817] because these stages are common between GG-NER 

and TC-NER. However, its role in initial DNA damage recognition step during TC-NER merits 

further studies in the view of observed requirement of PARP1 and its catalytic activity for the 

transcription elongation by RNAPIIo [692] and cooperation between PARP1-mediated PARylation 

and CSB after oxidative stress [829]. 

N.2. Role of PARP1 in cell fate decision after UVB-induced DNA damage 

As a stress sensor protein, PARP1 has been suggested to function as a “cellular rheostat”, at least in 

response to oxidative stress-induced DNA damage [618, 765, 766]. Depending on the level of DNA 

damage, PARP1 can determine the outcome of cell fate via PARylation, similar to that exhibited by 

p53 in response to UV-induced DNA damage (Section G). The mild or moderate level of DNA 

damage results in adequate PARP1 activation, which is required to facilitate DNA repair and thus 

cell survival. If the DNA damage is irreparable, the apoptotic pathways are triggered, leading to the 

cleavage of PARP1 by the activated caspases [830]. On the other hand, severe or sustained DNA 

damage hyperactivates PARP1. This excessive PARylation, which either via PAR or due to PARP1 

hyperactivation-induced energy (NAD+/ATP) depletion triggers cell death via parthanatos or 

necrosis, respectively [772, 773, 831]. 

The role of PARP1 and its catalytic activity in facilitating the repair of UV-induced DNA damage in 

skin cells is clearly demonstrated by inhibiting PARP activity and/or silencing PARP1 (Section 
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N.1.2). However, a direct implication of this role of PARP1 in facilitating the survival of skin cells is 

controversial. Previous studies have reported both, the protective and sensitizing effects of PARP-

inhibition and/or PARP1 silencing on the UVB- and/or UVC-induced cytotoxicity in human skin 

fibroblasts [817, 821, 832], keratinocytes [833] and SKH-1 mouse skin [810, 834]. As described in 

section F, p53 plays a crucial role in determining the fate of UV-damaged cells. Our group showed 

that the topical application of PARPi in mice resulted in reduced number of p53-positive cells in the 

epidermal layer in response to single UVB-exposure [834], whereas other study reported that absence 

of PARP1 in MEF had no effect on the UVC-induced p53 accumulation [835]. Consistently, PARP1-

mediated PARylation of p53 promotes its UVC-induced stabilization in the human hepatoma cells 

[836] and its nuclear retention [837]. p53 has been reported to be both covalently and non-covalently 

PARylated [838, 839] and this enhanced p53 functions including transactivation of CDKN1A gene 

(codes for p21) expression [839]. Furthermore, PARP1 can also modulate and/or be modulated by 

the biochemical activities of the kinases such as ATM, AKT, JNK and p38, which are also involved 

in phosphorylation mediated stabilization and activation of p53 in response to UVB [624]. Altogether, 

these studies suggest that PARP1 can serve its stress sensing function to determine fate of UVB-

damaged cells. 

N.3. Role of PARP1 in UVB-related immunological modulations 

To date, only few studies have examined the role of PARP1 in UVB-induced immunological 

modulations (Section I). The role of PARP1 has not been examined for UVB-induced inflammation 

in the skin. However, there is an indirect indication for its role in UV-induced inflammation in the 

skin. It was suggested that UV-induced vitamin D synthesis results in anti-inflammatory effects on 

the skin possibly by inhibition of PARP1 activity [840], which is known to play proinflammatory role 

under different pathological conditions in different organs including skin [770, 833, 841-844]. 

Furthermore, activated PARP1 is shown to promote NFκB-dependent expression of proinflammatory 

cytokines such as TNFα, IL-6, IL-1β, etc. in various type of cells including innate immune cells [770]. 

Beyond NFκB, PARP1 was shown to enhance the DNA binding of other inflammatory transcription 

factors including AP-1 [845]. Furthermore, the PARP1 overactivation induced necrosis and 

parthanatos can also triggers inflammation [846, 847]. Interestingly, extracellular PAR is reported to 

be recognized as DAMP by the TLR on the macrophages [848]. These proinflammatory roles of 

PARP1 are further corroborated by the observed alleviation of lipopolysaccharide-induced 

inflammation in PARP1-KO mice [849]. 

Concerning role of PARP1 in UVB-induced immunosuppression, topical application or oral 

administration of nicotinamide, a weak PARPi, mitigated UV(B+A)-induced immunosuppression in 
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human skin [850] and chronic UVB-induced immunosuppression in BALB/c mouse skin [851, 852]. 

Paradoxically, nicotinamide is not only the inhibitor of PARP activity but also a precursor of PARP 

substrate NAD+, suggesting that it may prevent PARP hyperactivation rather than complete inhibition 

of PARP1 activity [853]. Additionally, reduced photoimmunosuppression due to nicotinamide is also 

suggested to be a consequence of its role in enhancing the repair of UV-induced DNA damage [853-

855]. Nonetheless, a different PARPi, BGP-1, is also shown to alleviate immunosuppression in SKH-

1 mouse skin within few hours of UVB irradiation [810], thereby indicating that PARP1 activity 

might facilitate photoimmunosuppression. However, this is in contrast to: (a) observed increase in the 

immunosuppressive Treg in spleen, thymus and the peripheral lymph nodes of PARP1-KO mice 

[856]; (b) role of PARP1 in easing immunosuppressive capacity of Tregs [857] and (c) relatively 

reduced oxazolone‑induced CHS (a T-cell mediated response) in the PARP1-KO mouse skin [858].  

O. Role of PARP1 in development of cancers including UVB-induced SCC  

Carcinogenesis is a complex and multistep process, which can be summarized as the acquisition of 

eight biological capabilities that are the hallmarks of cancer: sustaining proliferative signaling, 

evading growth suppressors, resisting cell death, enabling replicative immortality, reprogramming of 

energy metabolism, inducing angiogenesis, evading immune destruction and activating invasion and 

metastasis [859]. Genome instability and inflammation accelerate and foster the acquisition of these 

hallmarks during carcinogenesis [859]. Owing to their multifunctionality in various cellular responses 

to genotoxic stress [860] including that caused by UVB (Section N), PARP1 and its catalytic activity 

are implicated in all of the processes linked to the acquisition of these cancer hallmarks [861, 862].  

In general, PARP1 maintains the genetic stability of the normal cells by facilitating the DNA repair 

pathways [775], and hence protects against the formation of oncogenic genetic mutations [861]. 

Furthermore, excessive genotoxic stress-induced overactivation of PARP1 triggers the death of 

normal cells via PAR-induced parthanatos or the rapid energy depletion-induced necrosis  [772, 773, 

831], thereby eliminating potential premutagenic cells [863]. Consistently, PARP1-KO mice show 

increased susceptibility to spontaneous and/or alkylating agent induced mutagenesis and 

tumorigenesis as compared to WT mice [764, 861, 864-870]. On the contrary, in cancer cells, DNA 

repair function of PARP1 can be co-opted for their survival. Furthermore, PARP1, being a 

transcription regulator, modulates the expression of oncogenes, tumor suppressor genes and pro-

inflammatory genes, which are implicated in tumor promotion, progression, metastasis and 

angiogenesis [862, 871]. Moreover, PARP1-mediated cell death can paradoxically contribute to the 

tumor promoting inflammation [846, 847]. Interestingly, PARP1 and/or its catalytic activity have 

been reported to be upregulated in multiple cancer cell lines and in patient-derived tumors from 
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different tissues including skin [862, 872, 873]. In some of these cancers, it has been linked to 

malignant transformation, tumor aggressiveness and poor survival or resistance to therapy in patients 

[872]. Altogether, these findings indicate that PARP1 plays two paradoxical roles in cancer [872]: it 

acts as a barrier against the tumorigenesis by maintaining genomic stability in the normal cells 

whereas it promotes the survival, progression and metastasis of the established tumors. Recently, this 

was demonstrated for the alkylation-triggered colorectal cancer in mice, where DNA repair function 

of PARP1 protected against tumor initiation whereas its pro-inflammatory function promoted the 

tumor growth [874].  

In skin cancers, PARP1 overexpression has been linked to aggressive cutaneous malignant melanoma 

in humans [873]. In mice, depletion of PARP1 is shown to significantly compromise the tumorigenic 

potential of melanoma cells due to reduction in tumor-associated angiogenesis and inflammation 

[875]. This was subsequently validated by the use of PARPi, which suppressed angiogenesis, invasion 

and metastasis of melanoma in mice [876]. For NMSC, knocking out PARP1 increases the incidence 

and multiplicity of X-ray-induced BCC-like tumors in the BCC mouse model [877]. With respect to 

SCC, it was shown that the absence of PARP1 (PARP1-KO) or topical application of PARPi in mice 

reduces their susceptibility to the chemical carcinogen-induced skin papilloma [841, 842]. To date, 

only few studies have assessed the role of PARP1 in the development of UVB-induced SCC. The 

treatment of MEF with PARPi 3-AB inhibit their UVC-induced malignant transformation [878]. 

Conversely, topical application of 3-AB in SKH-1 mice increases the incidence and severity of UVB-

induced SCC [879]. While these studies show contradictory effects of PARP inhibition, to date, no 

studies have examined the effect of the absence of PARP1 protein on UVB-induced SCC 

development. 

P. Therapeutic targeting of PARP1 in cancer 

Killing cancer cells by inducing DNA damage is the basis for radiotherapy and chemotherapy of 

cancer [665, 880, 881]. However, the repair of DNA damage presents a mechanism by which cancer 

cells develop resistance to these therapies. Therefore, inhibiting the repair along with DNA damaging 

therapeutics became an attractive strategy to enhance the efficacy of these cancer therapies. The idea 

of targeting PARP1 to inhibit the DNA repair in cancer cells stems from the seminal work by Sydney 

Shall’s group in 1980, which demonstrated that the inhibition of PARP activity impedes the 

BER/SSBR of DNA damage caused by alkylating agent and enhances its cytotoxicity 

(chemosensitization) [882]. Subsequently, exploiting PARPi for radiosensitization of cancer cells was 

also suggested based on its similar mode of action in response to ionizing radiation-induced DNA 

strand breaks and cytotoxicity [883, 884]. Since then, multiple preclinical and clinical studies have 
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demonstrated the chemo- and radiosensitizing effects of PARPi in combination therapy with 

conventional cytotoxic or targeted chemotherapeutic drugs and radiations for different types of cancer 

[665, 860, 871, 880, 885-887]. The emerging insights into the immune functions of PARP1 have also 

resulted in implication of PARPi in combination therapy with immunotherapeutic drugs in clinical 

studies [888]. However, PARPi combination therapies in various clinical trials pose major challenges, 

such as complicated nature of combination regimens, severe side effects due to overlapping toxicities 

and difficulty in establishing biologically appropriate dosages [665, 860, 871, 880, 885, 886]. 

Nonetheless, the continued reports of the improved anti-cancer efficacy of PARPi in combination 

with various new generation cancer therapeutics in cellular and preclinical studies have kept the 

interest alive in the medical community as seen from the ongoing multiple clinical trials 

(https://www.clinicaltrials.gov). 

The major impetus for the use of PARPi in clinic as a monotherapy for cancer was provided by two 

seminal studies, which suggested that it can be utilized for the DNA repair deficient cancers such as 

HR repair (HRR)-defective BRCA1/2-mutated cancers [889, 890]. These studies reported that PARP 

inhibition exhibits synthetic lethal interaction with BRCA1/2 mutations. By definition, synthetic 

lethality, a concept first described by Dobzhansky in 1946, is a situation where an individual defect 

in two genes/proteins is compatible with cell viability but combination of both defects (synthesized) 

in the same cell results in death [891]. The mechanism by which PARP inhibition displays synthetic 

lethal interaction with BRCA1/2 mutations is not clearly understood, but proposed mechanisms 

include PARPi-induced suppression of BER/SSBR, PARP1 trapping at the DNA strand break site, 

replication fork collapse, defective recruitment of BRCA1 or activation of error prone NHEJ pathway 

[892-895]. Any one or all of these effects of PARPi in the background of BRCA1/2 mutation-induced 

defective HRR pathway, ultimately result in cell death. 

Since this ground breaking discovery, a decade of clinical studies and development of new PARPi 

have led the FDA to approve olaparib, rucaparib, niraparib and talazoparib as “fourth line of 

treatment” or maintenance therapy for somatic or germinal BRCA1/2-mutated breast and ovarian 

cancers as well as platinum-sensitive recurrent epithelial ovarian, fallopian tube or primary peritoneal 

cancers [896-903]. Olaparib and rucaparib have “breakthrough designation” from FDA for the 

treatment of BRCA1/2-mutated prostate cancers [904]. The application of PARPi as a monotherapy 

has also been extended for cancers with BRCAness [905], i.e., those with mutations in genes other 

than BRCA1/2 that show similar HRR defect (HRD) as germline BRCA1/2 mutated cancers [906]. 

More recent clinical trials suggest that PARPi monotherapy can also be used as “first line of 

treatment” for BRCA1/2 mutated cancers and also for those with BRCAness or HRD [907].  
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Q. Context, hypothesis and objectives 

The WHO reported cancer as the second leading cause of death accounting for estimated 9.6 million 

deaths globally in 2018 [908]. Underpins of cancer are the genetic mutations, which arise due to 

disruption of genomic integrity. The creation of PARP1-KO mouse models and their studies led to 

the realization that PARP1 is a “guardian angel” protecting the genome and thus suppressing 

tumorigenesis [909]. Since then, characterization of the roles of PARP1 in genome maintenance has 

kept the scientists busy (Sections N-P).  

One of the research areas of my laboratory is to study the role of PARP1 in mammalian NER [814, 

817, 820], which restores genomic integrity following solar UV-induced insults in DNA. In 2012-

2013, two other teams from Europe and colleagues from my laboratory resolved the ambivalence 

surrounding role of PARP1 in NER pathway [236, 820, 821]. They showed that PARP1 collaborated 

with DDB2 during the DNA damage recognition step of NER (Section N.1.2). However, this was not 

the only missing piece of the puzzle because many aspects of PARP1 participation during this step 

remained to be understood. One of them was the lack of nucleotide level information for the 

whereabouts of PARP1 binding on the DNA containing direct damage that could account for the 

observed similar time frame for its recruitment as DDB2 and their interaction at the UV-damaged 

chromatin [820]. Moreover, mechanism by which DDB2 was stimulating catalytic activity of PARP1 

in the presence of UV-damaged DNA was also unaddressed [820, 821].  

As described in section P, targeting the role of PARP1 in DNA strand break repair has emerged as 

one of the successful strategies for the treatment of HRR-deficient ovarian and breast cancer in last 

decade. The defects in NER pathway in Xeroderma pigmentosum patients renders them highly 

susceptible to solar UV-induced skin cancer including SCC [494-496]. Therefore, understanding the 

role of PARP1 in facilitating NER can have important implication in skin carcinogenesis and the use 

of FDA approved PARPi for therapy of solar UV-induced skin cancers. Few previous studies using 

PARPi to understand the role of PARP1 in UV-induced transformation of cells or SCC in mice have 

led to the contradictory observations ([878, 879] and Section O). Therefore, the only way to validate 

these reports is by the use of PARP1-KO mouse model. 

The absence of BER/SSBR function of PARP1 in PARP1-KO mice rendered them highly susceptible 

to alkylating agent-induced tumorigenesis. Since the mice deficient in NER pathway proteins also 

exhibited higher susceptibility to UVB-induced SCC [85, 87, 497-500], it was tempting to anticipate 

that PARP1-KO mice will be highly susceptible to UVB-induced SCC. However, in addition to DNA 

repair, PARP1 also plays roles in cellular processes such as cell death (Section N.2) and immune-
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modulation (Section N.3), which are also involved in pathogenesis of UVB-induced SCC (Section J). 

Therefore, I hypothesized that PARP1 can influence the outcome at multiple steps of UVB-induced 

skin carcinogenesis. 

The major problem in testing this hypothesis was that the available PARP1-KO mouse models were 

created in the background of C57BL/6 strain of mice. In addition to the problem posed by their hairy 

phenotype (Section K), these mice require non-physiological dose of UVB and prolonged periods of 

irradiation to develop skin tumors [497, 499, 500]. The most widely adopted model for studying 

UVB-induced SCC is SKH-1 hairless mouse (Section K). Since this type of study requires a large 

number of mice to obtain the statistically significant results and each SKH-1 mouse can develop up 

to more than 40 tumors during the protocol, it was important to develop a technique to accelerate the 

process of tumor data acquisition on weekly basis to allow accurate determination of cancer severity. 

Finally, the conventional tumor measurement criteria used to determine the cancer severity have some 

inherent limitations; therefore, they needed refinement to be able to provide more detailed biological 

insights for the observed skin cancer phenotype in response to specific genetic or chemical 

manipulation. To address these hypotheses and problems, the specific objectives of my doctorate 

studies were: 

1. To determine the precise nature of binding of PARP1 with respect to DDB2 at UV-induced 

CPD/6-4PP (Chapter 1). 

2. To create PARP1-KO SKH-1 mouse model by transferring the Parp1-/- genotype from the 

existing C57BL/6 strain to SKH-1 strain of mice (Chapter 4). 

3. To develop and/or refine methods and criteria for the acquisition of weekly tumor data and 

measurement of UVB-induced cancer severity, respectively (Chapters 2 and 3). 

4. To compare the susceptibility of PARP1-KO and PARP1-WT SKH-1 mice treated or not with 

PARPi to UVB-induced skin cancers (Chapter 4). 
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1.1. Preface 

In light of the previously reported role of PARP-1 in facilitating the DNA damage recognition step 

of NER (section N.1.2), research in this chapter (published in January 2016 in the journal Scientific 

Report and its PDF format is attached Annexe 1) further characterizes the interaction of PARP-1 with 

UVC-damaged DNA and DDB2 using two novel techniques. By developing and using the first 

technique, i.e., “in situ fractionation” in combination with immunocytochemistry and local UVC-

irradiation, an equal co-author of this article, Dr. Mihaela Robu demonstrated for the first time the 

recruitment of PARP-1 protein at the local UVC-damaged sites in the nucleus (Fig. 1.1e & 1.2a). 

Owing to the abundance of PARP-1 protein in the mammalian cells, this was otherwise nearly 

impossible to do using conventional immunocytological methods that are used for visualizing the 

recruitment of other NER proteins at these sites (Fig.1.1a-b). Using this novel technique, she also 

showed that the N-terminal Zn1 and Zn2 domains of PARP-1 are sufficient for its recruitment (Fig. 

1.2b). This technique as well as previous studies from others and our team (section N.1.2) had shown 

that, (i) PARP-1 binds to UVC-damaged large oligonucleotide (oligo) in vitro or to chromatin 

fragments containing T-T lesions in cells, (ii) PARP-1 interacts with DDB2 on the same DNA strand 

in UVC-irradiated cells and (iii) DDB2 stimulates catalytic activity of PARP-1 in the presence of 

UVC-damaged DNA. However, we still did not know whether PARP-1 was bound directly to the 

CPD/6-4PP or to any other base in those long pieces of DNA and whether PARP-1 and DDB2 have 

sufficient space to co-exist around UV- lesion. Therefore, I, in collaboration with the other equal co-

author of this article, Rashmi Shah, created and characterized the second tool, an oligo with defined 

and unique UVC-induced TT as well as with overlapping unique restriction sites (Fig. 1.3), which 

allowed us to determine the binding, footprint and catalytic activation of PARP-1 around T-T, alone 

or in presence of DDB2 (Fig. 1.4 & 1.5). I also took part in writing the manuscript, reviewing it and 

editing the figures. Another oligo containing unique chemically synthesized T-T or 6-4PP used in 

Fig. 1.5a was provided by Dr. Nicholas Geacintov.   
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1.2. Résumé 

Les méthodes existantes pour étudier les réponses de la poly(ADP-ribose) polymérase-1 (PARP-1) 
aux dommages à l’ADN de type cassures simple- ou double-brin sont souvent inadaptées pour 
examiner ses réponses plus subtiles face à de l'ADN altéré par rayonnement UV sans cassure. Nous 
présentons ici deux nouveaux outils avec lesquels nous avons caractérisé l'interaction de la PARP-1 
avec l'ADN endommagé par rayons UV in vivo et in vitro. En utilisant la technique de fractionnement 
in situ qui élimine sélectivement la PARP-1 libre tout en conservant la PARP-1 liée à l'ADN, nous 
avons démontré le recrutement direct de la PARP-1 endogène ou exogène sur le site de lésions 
induites in vivo par les UV après irradiation locale. De plus, en utilisant un modèle d’oligonucléotide 
portant une seule lésion causée par rayonnement UV, encadrée de plusieurs sites de reconnaissance 
d’enzymes de restriction, nous avons démontré in vitro que la protéine DDB2 et la PARP-1 peuvent 
se lier simultanément à l'ADN endommagé par les UV, et que la PARP-1 a une empreinte bilatérale 
asymétrique de -12 à +9 nucléotides de chaque côté du dommage. Ces techniques permettront de 
caractériser les différents rôles de la PARP-1 dans la réparation de l'ADN altéré par les UV et ses 
rôles constitutifs impliquant l'ADN non endommagé.   
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1.3. Abstract 

The existing methodologies for studying robust responses of poly(ADP-ribose) polymerase-1 (PARP-
1) to DNA damage with strand breaks are often not suitable for examining its subtle responses to 
altered DNA without strand breaks, such as UV-damaged DNA. Here we describe two novel assays 
with which we characterized the interaction of PARP-1 with UV-damaged DNA in vivo and in vitro. 
Using an in situ fractionation technique to selectively remove free PARP-1 while retaining the DNA-
bound PARP-1, we demonstrate a direct recruitment of the endogenous or exogenous PARP-1 to the 
UV-lesion site in vivo after local irradiation. In addition, using the model oligonucleotides with single 
UV lesion surrounded by multiple restriction enzyme sites, we demonstrate in vitro that DDB2 and 
PARP-1 can simultaneously bind to UV-damaged DNA and that PARP-1 casts a bilateral asymmetric 
footprint from -12 to +9 nucleotides on either side of the UV-lesion. These techniques will permit 
characterization of different roles of PARP-1 in the repair of UV-damaged DNA and also allow the 
study of normal housekeeping roles of PARP-1 with undamaged DNA. 
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1.4. Introduction 

The abundance of poly(ADP-ribose) polymerase-1 (PARP-1) in mammalian cells and its rapid 

catalytic activation to form polymers of ADP-ribose (PAR) in the presence of various types of DNA 

damages with or without strand breaks has made it an ideal first responder at the lesion site to 

influence downstream events [1, 2]. Apart from DNA damages, PARP-1 is also recruited to DNA 

during normal physiological processes such as transcription and chromatin remodeling [3], which do 

not involve overt DNA damage but just altered DNA structures. While we know much more about 

how PARP-1 rapidly recognizes and binds to single or double strand breaks in DNA, we know very 

little about how PARP-1 interacts with DNA damages or altered DNA structures without strand 

breaks. The key reason is that the existing methodologies that readily identify interactions of PARP-

1 with DNA strand breaks are not sufficiently sensitive to study the relatively weaker responses of 

PARP-1 to DNA damage without strand breaks. The response of PARP-1 to UVC-induced direct 

photolesions, such as cyclobutane pyrimidine dimers (CPD) that are formed without any DNA strand 

breaks exemplifies this problem.  

Recent studies from others and our team have shown the involvement of PARP-1 in the host cell 

reactivation [4] and specifically in the nucleotide excision repair (NER) of UV-damaged DNA 

through its interaction with early NER protein DDB2 [5-7]. Additional studies have shown that 

downstream NER proteins XPA [8, 9] and XPC [10] are PARylated. Thus, PARP-1 possibly has 

multiple roles in NER, but we do not yet fully understand its interactions with UV-damaged DNA or 

other NER proteins due to two major challenges. The first challenge is that unlike for many NER 

proteins, the abundance of endogenous PARP-1 in the nucleus makes it nearly impossible to visualize 

its dynamics of recruitment to UV-damaged DNA in situ using conventional immunocytological 

methods. To circumvent this challenge, the detection of its activation product PAR has been used as 

a proxy for PARP-1 recruitment at UV-lesion [5, 11]. However, PAR may underestimate the role of 

PARP-1 in response to UV-damage due to weak activation of PARP-1 by UV [4, 12], short half-life 

of PAR [2], and technical limitations in combining the detection of PAR with other proteins [13, 14]. 

PAR detection will also not reveal participation of PARP-1 in protein-protein interactions without 

formation of PAR. Thus, there is a need for methods that permit direct visualization of recruitment of 

PARP-1 to UV-induced DNA lesions. 

The second major challenge is that we do not know the exact footprint of PARP-1 at the UV-lesion 

site that could explain its interaction with different NER proteins. We have earlier shown that PARP-

1 binds to UV-damaged large oligonucleotide in vitro or to chromatin fragments containing T-T 

lesions in vivo [11]. We also showed that PARP-1 and DDB2 associate with each other on the 
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chromatin of UV-irradiated cells and that DDB2 stimulates catalytic activity of PARP-1 in the 

presence of UV-damaged DNA [7]. However, these assays lack the nucleotide level resolution to 

reveal whether PARP-1 was bound directly to the UV-damaged bases or to any other base in those 

long pieces of DNA and whether PARP-1 and DDB2 have sufficient space to co-exist around UV-

induced DNA lesion. To address these challenges, here, we describe two novel assays. The first assay 

is an in situ fractionation technique that allows a direct visualization of PARP-1 recruited to UV-

damaged DNA in vivo. The second assay involves use of model oligonucleotides with a defined UV-

damage surrounded by multiple restriction enzyme sites that reveals a bilateral asymmetric footprint 

of PARP-1 around the UV-lesion.  
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 1.5. Results and discussion 

1.5.1. Novel in situ fractionation protocol to reveal recruitment of endogenous PARP-1 to UV-

induced DNA lesion 

We first determined whether different permeabilization-fixation protocols conventionally used for 

PARP-1 could reveal a direct recruitment of PARP-1 to UVC-induced DNA photolesions in situ. 

There was no change in the pattern of abundant PARP-1 signal before or after global UVC-irradiation 

using formaldehyde-methanol protocol despite using three different antibodies to PARP-1 (Fig. 1.1a, 

left panel). Unlike global irradiation, local UVC-irradiation produces defined size subnuclear spots 

of UV-damaged DNA that could be identified either by immunodetection of T-T lesions or DDB2 

that is recruited very rapidly to these lesions (Supplementary Fig. S1.1a). Therefore, we examined 

whether the formaldehyde-methanol protocol could reveal localization of PARP-1 to subnuclear UV-

damaged DNA spots after local irradiation. Once again, we could not observe colocalization of 

PARP-1 with the subnuclear spots of DDB2 (Fig. 1.1a, right panel). Next, we tried previously 

described formaldehyde-Triton protocol [8] which was shown to display a punctate pattern of PARP-

1. However, we noted that this pattern did not correlate with recruitment of PARP-1 to UV-damaged 

DNA, because it was observed in both the unirradiated control and globally UVC-irradiated cells; 

and none of the spots of PARP-1 were co-incident with DDB2, i.e., UV-damaged DNA in the cells 

after local UVC-irradiation (Supplementary Fig. S1.1b). 

In view of these challenge in the immunocytological detection of PARP-1 bound to UV-damaged 

DNA due to the background “noise” created by rest of the nuclear PARP-1, we designed a novel in 

situ fractionation technique to selectively deplete unbound or “free” PARP-1 from the nuclei while 

leaving behind the PARP-1 that is bound and cross-linked to the UV-damaged DNA. We used CSK 

buffer (C) with Triton (C+T) as the basic conditions, which have been used earlier to extract majority 

of the cellular proteins without destroying the cellular architecture and permit visualization of NER 

and other repair proteins recruited to the damaged DNA [15-18]. To this buffer, we added 0.42 M 

NaCl (C+T+S), since we had earlier seen that 0.42 M NaCl retained chromatin-bound PARP-1 during 

cell fractionation in vitro [7] whereas 1.6 M NaCl was shown to strip almost all PARP-1 from cells 

[19]. We first compared the efficiency of these three protocols (i.e., C, C+T and C+T+S) for the 

extraction of PARP-1 and DDB2 from unirradiated control cells. The immunoblotting of cell pellet 

and supernatant from each protocol revealed that while C+T protocol could efficiently remove 

majority of the free DDB2, a significant extraction of the free PARP-1 from cell pellet required 

C+T+S protocol (Fig. 1.1c). Next, we compared the capacity of these three protocols for the in situ 

extraction of PARP-1 from control and global UVC-irradiated cells. The immunocytological 



 

60 

visualization confirmed that C+T+S buffer extracted most of the “free” PARP-1 from the control and 

UVC-irradiated cells, while leaving behind residual PARP-1 that would be interacting with DNA for 

normal physiological functions in control cells and relatively stronger punctate pattern of PARP-1 in 

UV-irradiated nuclei (Fig. 1.1d). 

When the three protocols were compared after local irradiation, we observed that the C+T+S protocol 

offered the best extraction condition for visualization of the recruitment of PARP-1 to the subnuclear 

spots of DDB2 (Fig. 1.1e, left panel). The pooled data from at least 100 subnuclear spots revealed 

that each additional step of extraction with detergent and salt improved our ability to discern 

colocalization of PARP-1 with DDB2 (Fig. 1.1e, left chart). Since the initial irradiation conditions 

were identical prior to extraction with each of the protocols, the improved detection of colocalization 

of PARP-1 with DDB2 could only be due to a more efficient removal of rest of the nuclear “free 

PARP-1” by the C+T+S protocol. This was evident when PARP-1 signal at the irradiated site was 

corrected for the background signal from an equivalent area of the unirradiated part of the same 

nucleus for all techniques (Fig. 1.1e, right chart).  

1.5.2. Validation of the in situ fractionation protocol with GFP-tagged exogenous PARP-1 or its 

N-terminal DNA binding domain 

We compared the efficiency of each of the three protocols in revealing the recruitment of exogenous 

GFP-tagged PARP-1 to UV-induced T-T lesion in locally UV-irradiated cells (Fig. 1.2a). The C 

protocol was inefficient in revealing the co-localization of GFP signal with T-T spots especially in 

the cells expressing higher levels of exogenous PARP-1. The C+T and C+T+S protocols increasingly 

resolved this problem by removing “free” PARP-1; thus giving a background-corrected signal for 

GFP-PARP-1 at T-T lesion that was 1.9 and 2.7 times better than the C protocol, respectively (Fig. 

1.2a, chart). The additional advantage was that this co-localization could be readily observed whether 

these cells initially expressed high or low levels of GFP-PARP-1. 

The N-terminal DNA binding domain (DBD) of PARP-1 containing first two zinc fingers was shown 

to be sufficient for its recruitment to different types of DNA damages caused by laser irradiation of 

cells [20, 21]. In the cells transiently transfected with GFP-DBD, the colocalization of DBD with T-

T was evident only in low DBD-expressers, as shown in low and high exposure panels of C-protocol 

(Fig. 1.2b). The ability to discern co-localization of GFP-DBD to T-T lesion sites was significantly 

improved by 1.5 and 2.1 times with C+T protocol and C+T+S protocol, respectively (Fig. 1.2b, chart). 

Immunoblotting for GFP-DBD and endogenous untagged PARP-1 in control cell pellets in these 

extraction protocols revealed that the extent of removal of exogenous GFP- DBD at each step was 
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similar to that of the endogenous cellular PARP-1 (Supplementary Fig. S1.1c). Our results show that 

the N-terminal DBD of PARP-1 is sufficient to recognize and bind to UVC-induced DNA damage.  

To assess the specificity of the new protocol, we examined the status of UV-induced colocalization 

of unrelated proteins, such as the exogenous tag protein GFP (Fig. 1.2c) or the cellular DNA double 

strand break-repair protein Rad51 (Fig. 1.2d) at UV-lesion spots after processing with all three 

protocols. Although C+T and C+T+S protocols progressively removed both of these proteins from 

the cells, neither GFP nor Rad51 colocalized with UV-induced T-T lesions. Thus, our results show 

that the C+T+S protocol does not cause an artifact of random colocalization of unrelated proteins 

with UV-damaged DNA. This simple yet selective in situ fractionation protocol to reveal PARP-1 at 

UV-lesion site would be useful in studying other NER-related roles of PARP-1 with or without its 

catalytic activation at the site of UV-damaged DNA. 

1.5.3. An oligo with defined UV-lesion for restriction mapping of PARP-1 

To determine the exact footprint of PARP-1 at the UV-lesion site, we created biotin-tagged 40mer 

oligonucleotides with or without a single defined UV-lesion surrounded by multiple unique restriction 

enzyme sites (Supplementary Fig. S1.2a). The UVC-irradiation of the top strand of the oligo, which 

has only one pair of adjacent Ts and no other adjacent pyrimidines (T or C), resulted largely in the 

formation of T-T rather than 6-4PP lesions (Supplementary Fig. S1.2b). The inability of restriction 

enzymes to digest through UV-induced CPD [22, 23] was exploited for purification of UV-DNA with 

VspI enzyme to remove all DNA molecules that did not form T-T at this site (Supplementary Fig. 

S1.2c). The biotin-tagged complementary strand for both control and UV-DNA allowed a common 

procedure for their immobilization to streptavidin beads (Fig. 1.3a). We reasoned that any protein 

bound at or around the UV-lesion site would prevent the restriction enzyme from digesting the DNA 

at that site; and thus decrease the quantity of non-biotinylated 5’-restriction fragment released from 

bead-bound DNA into the supernatant. This model allowed us to compare the extent of binding of 

proteins to control versus UV-DNA and also provide a non-isotopic method to footprint proteins on 

UV-DNA.  

1.5.4. PARP-1 and DDB2 bind more to UV-DNA than control DNA 

We had shown in the cells and in vitro that PARP-1 not only binds to UV-damaged DNA [11], but 

also interacts with DDB2 in the vicinity of UV-induced DNA lesions [7]. Using the model oligo 

described in Fig. 2.3a, we examined the extent of binding of PARP-1 and DDB2 to control and UV-

DNA at two different molar ratios of protein : DNA (Fig. 1.3b). The 2.1-2.2x fold higher binding of 

DDB2 to UV-DNA than the control-DNA at these two molar ratios is in agreement with a previous 
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report [24]. The binding of PARP-1 to UV-DNA was also 1.5-1.7x fold more than the control-DNA 

(Fig. 1.3b). We confirmed that PARP-1 did not bind to the beads per se unless DNA was attached to 

it (Supplementary Fig. S1.3a: left panel). To determine the site of PARP-1 binding to the control 

DNA without UV-lesion, we digested PARP-1-bound control DNA with VspI or NspI and noted that 

PARP-1 was attached more to the bead-bound 3’-end than to the 5’-end that is released after the 

restriction digestion (Supplementary Fig. S1.3a: right panel). This could be due to the linker attached 

biotin providing a pseudo-overhang at the 3’-end unlike blunt 5’-end, because PARP-1 has higher 

affinity for overhangs as compared to the blunt ends of DNA [25]. However, since the same 3’ and 

5’-ends exist in both control and UV-DNA, any increase in PARP-1 binding to UV-DNA as compared 

to control-DNA must be due to the interaction of PARP-1 with UV-lesion, which we footprinted 

using a series of restriction enzymes that digest on either side of the lesion.  

1.5.5. Restriction protection profile of PARP-1 is distinct from that of DDB2 on either side of 

the T-T lesion 

We established the optimal amount of DNA required in the assay for detection of DNA fragments 

released after digestion with restriction enzyme (Supplementary Fig. S1.3b) and also confirmed that 

both the control and UV-DNA without bound protein could be digested by all the restriction enzymes 

used in our footprinting assays (Supplementary Fig. S1.3c-d). Thus, any restriction protection offered 

to DNA after reaction with protein could be attributed to the footprint of the protein. During the 

restriction digestion by NspI and MslI that recognize sequences from -2 to -12nt on the 5’-side of the 

T-T lesion, PARP-1 offered more protection to UV-DNA than control DNA, as seen from a 

significant PARP-1 dose-dependent decrease in the corresponding 5’-fragments released by these 

enzymes (Fig. 1.4a). Thus, the footprint of PARP-1 on UV-DNA extended from 2-12nt upstream of 

the lesion site. In contrast, DDB2 failed to protect UV-DNA against NspI (-2 to -7 nt), indicating that 

its footprint stays within 2nt on the 5’-side of T-T, as reported earlier [26].  

PARP-1 has been shown to have a bilateral footprint of 7 nt on either side of DNA single strand 

breaks [27]. Therefore, we compared the protections offered by PARP-1 and DDB2 against the 

restriction enzymes ApalI and Bsp1286I that target from 3 to 9 nt on the 3’-side of the T-T lesion. 

The DDB2 did not offer any protection to control or UV-DNA against ApalI (Fig. 1.4b), indicating 

that its footprint does not exceed beyond 3nt on 3’-side of T-T, as reported earlier [26]. In contrast, 

PARP-1 offered a strong but equal protection to both UV and control oligos against both the enzymes, 

possibly due to PARP-1 bound to 3’-ends of both types of DNA, as noted earlier (Supplementary Fig. 

S1.3a: right panel). Thus using 40mer oligo, it was difficult to discern additional protection, if any, 
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offered by PARP-1 that is bound at or near T-T site from the protection offered by PARP-1 that is 

bound to the 3’-end of the oligo. 

To resolve this issue, we extended the size of 40mer oligo on either ends to create a 60mer, in which 

3’-end was significantly separated from these two restriction sites and added a new RsaI restriction 

site at +11 nt from T-T (Fig. 1.4c, top panel). PARP-1 significantly protected 60mer UV-DNA against 

digestion by Bsp1286I as compared to control DNA, confirming its footprint up to +9nt from T-T 

lesion. Moreover, the lack of any additional protection by PARP-1 to UV-DNA against digestion by 

RsaI defined that PARP-1 footprint does not reach up to +11nt from T-T site (Fig. 1.4c). Thus using 

restriction-mapping technique on our model oligo, we show that PARP-1 bound at or near the T-T 

lesion extends asymmetric bilateral protection against restriction digestion from -12 to +9nt around 

the lesion.  

Next, we examined whether PARP-1 and DDB2 can simultaneously bind to UV-DNA and whether 

DDB2 bound at the T-T lesion would alter the footprint of PARP-1 around the lesion. Using 60mer 

oligo, we noted that when incubated together, both DDB2 and PARP-1 could bind to UV-DNA (Fig. 

1.4d, left panel). We observed in two independent experiments that the presence of PARP-1 increased 

the binding of DDB2 to UV-DNA, whereas that of DDB2 reduced the binding of PARP-1. However, 

the presence of DDB2 did not affect the restriction footprint of PARP-1 on UV-DNA, because PARP-

1 offered identical protection to UV-DNA against restriction digestion on either side of the lesion site 

by MslI and Bsp1286I in the absence or the presence of DDB2 (Fig. 1.4d, right panel). Thus, the 

footprint of PARP-1 around the lesion was not compromised in the presence of DDB2 whereas DDB2 

was more stabilized in the presence of PARP-1. 

1.5.6. No effect of PARP-1 and DDB2 binding on CPD-photolyase mediated repair of T-T in 

UV-DNA 

Unlike restriction enzymes that cleave the DNA in the sugar phosphate backbone, the CPD photolyase 

directly removes the cross-linking of adjacent pyrimidines in the CPD photolesions such as T-T [28]. 

Structural studies have revealed that DDB2 has a protein fold that flips out and maintains contact with 

T-T [26], and our results indicate that PARP-1 also remains in the vicinity of T-T lesion. Hence, we 

examined whether binding of DDB2 or PARP-1 to UV-DNA could influence the repair of T-T by 

CPD photolyase (Fig. 4e). The immunodot-blot of DNA with or without photolyase treatment 

revealed that binding of DDB2 or PARP-1 to DNA could not inhibit the ability of photolyase to repair 

the T-T lesions, indicating that these two proteins do not exclude other repair proteins from accessing 
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the lesion. This is also in agreement with a previous report that binding of DDB2 to UV-DNA does 

not prevent CPD photolyase from repairing the UV-lesion [29]. 

1.5.7. Catalytic activation of PARP-1 is stronger with 6-4PP than T-T lesion 

We used the model oligos for further characterization of the interaction of PARP-1 with UV-damaged 

DNA. Since the catalytic activation of PARP-1 is more with damaged DNA than with undamaged 

DNA [14], we examined the extent of activation of PARP-1 with 40mer control or UV-oligo in vitro 

as an additional indicator of the extent of binding of PARP-1 to these DNA. A stronger PARP-1 

activation with UV-DNA was observed as compared to control-DNA at two different molar ratios of 

PARP-1 to DNA (Fig. 1.5a, left panel). Thus the binding of PARP-1 to UV-lesion caused stronger 

stimulation of its catalytic activity as compared to its binding to either the 3’ or 5’-ends of both the 

control and UV-DNA. To compare the capacity of different UV-induced direct damages for activation 

of PARP-1, we assessed the efficacy of 24mer oligo containing a single chemically synthesized T-T 

or 6-4PP lesion [28] in the PARP-1 activation assay in vitro (Fig. 1.5a, right panel). Both the DNA 

containing defined UV-lesions were stronger activator of PARP-1 than the 24mer control-DNA at 

two different molar ratios of PARP-1 to DNA. Moreover, 6-4PP, which is known to cause a higher 

degree of helical distortion, was a stronger stimulator of the catalytic activity of PARP-1 than T-T. 

1.5.8. Model for the interaction of PARP-1 and DDB2 with UV-damaged DNA 

Based on the current results of in situ visualization and footprinting of PARP-1 and DDB2 at UV-

induced DNA lesion site, we propose that DDB2 attaches directly at the UV-lesion site whereas 

PARP-1 makes an asymmetric bilateral contact from -12 to +9nt around the lesion (Fig. 1.5b). This 

footprint is compatible with either one or two PARP-1 molecules enveloping around the UV-lesion, 

similar to the reported binding of either one [29] or two [21] PARP-1 molecules binding at the site of 

DNA strand breaks. The N-terminal DNA binding domain of PARP-1 that is known to be recruited 

to DNA strand breaks [20] was also recruited to UV-lesions without strand breaks, indicating more 

general property of this domain of PARP-1 to bind to different types of DNA damages. Our model is 

also consistent with previously reported interactions of DDB2 and PARP-1 at the UV-lesion site [5, 

7]. We have earlier shown that PARP-1 and DDB2 co-immunoprecipitate at the UV-damaged 

chromatin in the presence of ethidium bromide, indicating their direct interaction on the same DNA 

strand [7]. Here, we confirm that PARP-1 and DDB2 can co-exist at the UV-lesion site and the 

presence of DDB2 does not alter the footprint of PARP-1 around the lesion. Our results do not exclude 

the possibility that PARP-1 footprint may vary when the damaged DNA is in the context of chromatin 

or when there are multiple UV-lesions in close proximity. We had earlier shown that PARP-1 is 
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weakly activated by UV in the DDB2-deficient XP-E cells, but introduction of DDB2 in these cells 

strongly stimulates PARP-1 catalytic activity in response to UV [7]. Moreover, we had also observed 

that DDB2 stimulates catalytic activity of PARP-1 in vitro with UV-damaged DNA that largely 

contains T-T lesions [7], and here we show that PARP-1 activation was much stronger with 6-4PP 

than with T-T. Since the 6-4PP by itself causes larger distortion of DNA as compared to T-T, whereas 

the binding of DDB2 to T-T increases the distortion of DNA [26], collectively these results indicate 

that the extent of DNA distortion could be the determinant for PARP-1 activation with UV-damaged 

DNA. Our results show that PARP-1 and DDB2 do not prevent access to the lesion site by other 

repair proteins such as CPD photolyase, and may even be more flexible and accommodating in vivo 

conditions as compared to our in vitro condition in which damaged DNA is anchored to beads and 

interacting proteins are cross-linked to the DNA. Together, these two novel assays will open new 

avenues to study the ever-expanding roles of PARP-1 in NER and housekeeping functions in which 

PARP-1 shows subtle interactions with DNA without strand breaks.  
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 1.6. Figures and legends  

 

Figure 1.1. In situ fractionation to reveal the recruitment of endogenous PARP-1 to UV-induced 
DNA lesion site 
(a-b) Unchanged pattern of nuclear staining for PARP-1 after global or local UVC-irradiation of cells 
processed with conventional immunocytological techniques. Human skin fibroblasts were exposed 
either to global (panel a) or local (panel b) irradiation with UVC, fixed with formaldehyde-methanol 
and probed for PARP-1 (global and local UVC) and DDB2 (local UVC) using specified antibodies. 
DAPI staining was carried out to define nuclei. (c) Efficiency of extraction of free PARP-1 and DDB2 
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from adherent control GMU6 cells. The pellets and supernatants obtained from equivalent cell 
numbers after extraction with CSK buffer (C), CSK+0.5 % Triton (C+T) or CSK + 0.5 % Triton + 
0.42 M NaCl (C+T+S) were immunoblotted for PARP-1 and DDB2. The * refers to non-specific 
signal in DDB2 probing and Ponceau S staining reflected the residual protein content in cell pellets 
and supernatant at the end of each protocol. (d) Comparison of the efficiency of three protocols for 
extraction of the endogenous PARP-1 from adherent control and UV-irradiated cells. The GMU6 
human skin fibroblasts were globally irradiated with 10 J/m2 UVC (or control), extracted 10 min later 
with the three protocols and probed for PARP-1 using polyclonal PARP-1 antibody. (e) 
Colocalization of endogenous PARP-1 with DDB2 at local UVC-induced DNA damage. GMU6 cells 
were irradiated locally with 100 J/m2 and after 10 min subjected to the three protocols (C, C+T and 
C+T+S) followed by visualization of PARP-1 (F1-23, red) and DDB2 (green). The left chart 
represents the percent of subnuclear PARP-1 spots that colocalize with DDB2. The right chart 
represents the quantification of the PARP-1 intensity at the DDB2 spots after subtraction of 
background signal intensity for PARP-1 from an equivalent area of unirradiated part of the same 
nucleus. Data of the charts are pooled from three experiments (n = 120 -150 spots, data points are 
mean ± s.e.). 

  



 

68 

 

Figure 1.2. In situ fractionation improves detection of exogenous GFP-PARP-1 or its DNA 
binding domain at local UV-irradiated spots  
(a-b) Recruitment of GFP-PARP-1 or its DBD to UV-induced T-T lesions. GMU6 cells were 
transfected with GFP- PARP-1 or GFP-DBD of PARP-1 for 24 h. The cells were locally irradiated 
and processed by C, C+T or C+T+S protocols. GFP-PARP-1 or GFP-DBD (green) and T-T (red) 
were visualized in DAPI-stained nuclei by immunofluorescence microscopy. The charts represent the 
quantification of GFP intensity for GFP- PARP-1 or GFP-DBD of PARP-1 at the T-T spots after 
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background correction. (n = 80–150 spots, data points are mean ± s.e.). (c-d) Specificity of in situ 
extraction protocol: unrelated nuclear proteins (GFP and Rad51) do not colocalize with UV-damaged 
DNA. GMU6 cells were locally irradiated with 100 J/m2 UVC and subjected 10 min later to in situ 
fractionation using the three protocols. For panel-c, the cells were transfected with GFP expressing 
plasmid 24 h before irradiation and protein extraction.  The cells were processed for 
immunofluorescence detection of GFP, Rad51 (green) and T-T (red). DAPI staining was carried out 
to define nuclei.  
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Figure 1.3. Strategy to study binding and footprint of proteins on UV-DNA 
(a) The experimental design for determining the extent of binding of proteins to UV-DNA and 
analyses of protection of DNA during restriction digestion. The control and UV-DNA were 
immobilized on streptavidin beads via their biotin tag and reacted with purified PARP-1 or DDB2. 
The unreacted proteins were removed and bound proteins were cross-linked. The beads were then 
either analysed for bound-proteins by eluting the protein in Laemmli buffer, followed by SDS-PAGE, 
transfer and probe with specific antibodies or they were subjected to restriction digestion followed by 
analyses of the released DNA fragments on 10-15 % native PAGE stained with gel red. (b) DDB2 
and PARP-1 bind more to UV-DNA than control DNA. PARP-1 and DDB2 were reacted with 50 ng 
of control or UV-DNA at 1:1 or 1:2 (DNA:protein) molar ratios. The proteins were eluted from the 
beads, resolved on SDS-PAGE and analyzed by immunoblotting as shown in Fig. 2.3a. The band 
intensities of protein bound to UV-DNA are shown as relative to signal for protein bound to control 
DNA. 
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Figure 1.4. Footprinting of PARP-1 and DDB2 at UV-lesion site 
(a) Restriction mapping of proteins on the 5’of the UV-lesion on 40mer DNA. 100 ng of bead-bound 
control or UV-DNA were reacted with DDB2 or PARP-1 at different DNA: protein ratios and 
digested at 37° C with NspI (30 min) or MslI (15 min). The released 5’-fragments were resolved on 
15 % native PAGE and band intensities were measured. Each data point derived from three 
independent experiments represents mean ± s.d. for relative band intensity from three experiments 
for the fragment released from protein-bound versus protein-free DNA, with P values shown in the 
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chart. (b) Mapping of proteins on the 3’-side of the UV-lesion on 40mer DNA. The protein-bound 
DNA was digested with ApalI (60 min) and Bsp1286I (20 min), and released 5’-fragments were 
resolved on 12 % native PAGE. The data derived from two independent experiments is represented 
in the chart as described in panel-a. (c) Top panel-Structure of 60mer oligo with defined UV-damage. 
The 60mer oligo sequence was based on 40mer oligo but with a new RsaI site near 3’-end. Bottom 
panels- Restriction mapping of proteins on the 3’-side of the UV-lesion on 60mer DNA. The protein-
bound DNA was digested with Bsp1286I (20 min) and RsaI (30 min) and released 5’-fragments were 
analysed by 12 % native PAGE. The data derived from three independent experiments is represented 
in the chart as described in panel-a. (d) Simultaneous binding and footprint of DDB2 and PARP-1 on 
60mer UV-DNA. PARP-1 and DDB2 were reacted either separately or together with bead-bound 
UV-DNA (50 ng), at 2:1 molar ratio of protein:DNA. The proteins bound to the beads were detected 
by immunoblotting (left panels), and footprint of proteins on DNA was examined by restriction 
digestion with Bsp1286I and Msll (right panels). (e) Repair of T-T by CPD photolyase despite binding 
of DDB2 or PARP-1 to UV-DNA. Bead-bound 40mer UV-DNA was reacted (or not) with DDB2 or 
PARP-1, and subjected to repair (or not) by CPD photolyase. The DNA was eluted and immunodot-
blotted for T-T. The data represents identical results obtained in three independent experiments. 
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Figure 1.5. Catalytic activation of PARP-1 with defined UV-damaged DNA and a model for 
footprint of PARP-1 and DDB2 on UV-lesion site 
(a) Stimulation of catalytic activity of PARP-1 by various defined UV-damaged DNA in vitro. PARP-
1 activation assay was performed using 40mer control or UV-DNA (left panel) or using 24mer DNA 
with no damage (control) or with a single defined T-T and 6-4PP (right panel) at 1:1 or 1:2 molar 
ratio of DNA:protein. After resolution on SDS-PAGE, immunoprobing for PARP-1 and PARylated 
PARP-1 (10H antibody) was carried out. The * refers to the cell extract containing H2O2-activated 
PARP-1. Panel represents one of three identical experiments. (b) Model for binding of PARP-1 and 
DDB2 to the UV-lesion site on 60mer oligo (see Results and Discussion section for details).  
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1.7. Supplementary figures 

 

Figure S1.1. Controls for in situ fractionation protocol 
(a) DDB2 colocalizes with T-T spots. GMU6 cells locally irradiated with 100 J/m2 UVC were probed 
after 10 min for DDB2 (green) and T-T (red) in DAPI stained cells. (b) PARP-1 spots after 
formaldehyde-Triton protocol do not colocalize with T-T. Human skin fibroblasts growing on 
coverslips were exposed either to global (10 J/m2) or local (100 J/m2) irradiation with UVC and 10 
min later fixed with formaldehyde for 10 min followed by 5 min permeabilization with 0.5 % Triton. 
The globally irradiated cells were probed for PARP-1 (green) and the locally irradiated cells for 
PARP-1 (red) and T-T (green). The nuclear DNA was stained with DAPI. (c) Verification of the in 
situ protocol for extraction of GFP-DBD and endogenous PARP-1 in control cells by Western blot. 
The GMU6 cells were transfected with GFP-DBD of PARP-1 and 24 h later extracted with C, C+T 
and C+T+S buffers. The cell pellets from equivalent number of cells for each of the three protocols 
were immunoblotted for GFP and PARP-1. Ponceau S staining reflected the residual protein content 
in cell pellets at the end of each protocol. 
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Figure S1.2. Preparation and characterization of double stranded (ds) 40mer DNA 
(a) Construction of biotinylated ds 40mer with and without defined T-T. The top single strand (ss) 
40mer sequence was designed to carry only one adjacent pair of Ts, and no other pair of pyrimidines, 
i.e., T or C. The complementary bottom ss 40mer contained a biotin tag at its 5’-end attached via a 6-
carbon linker chain. For UV-DNA with defined T-T, the top strand was irradiated in TE at 25,000 
J/m2 UVC at the fluence rate of 51.2 J/m2/sec in Spectrolinker XL1000. Where specified, top strand 
was also irradiated with lower UVC-dose (5,000 J/m2) at the fluence rate of 10 J/m2/sec. The control 
and UV-irradiated top ss oligos were annealed with biotin tagged complementary bottom strand to 
form control and UV ds 40mer oligos, respectively. (b) Top panel-The ss 40mer and ds 40mer were 
verified on agarose gel. Bottom panel- 25 ng of the individual ss and the resulting ds 40mer were 
spotted on charged nylon membrane, and probed for T-T, 6-4PP, biotin and stained with gel red (to 
indicate the loading of DNA). (c) Enrichment of 40mer UV-DNA using VspI. Top left panel- Control, 
5,000 and 25,000 J/m2 UVC irradiated DNA were digested (37˚ C for 1 hr) with VspI (or undigested) 
and resolved on 12 % native PAGE. Top right panel- Same as top left, but the native PAGE resolved 
DNA was transferred on charged nylon membrane for 75 min at 0.2 A (45-60V) and probed for T-T. 
Bottom left and right panel-Purification of T-T containing DNA using VspI digestion. The undigested 
and VspI-digested 25,000 J/m2 UV-DNA were run on 12 % native PAGE before (bottom left) and 
after purification (bottom right). 
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Figure S1.3. Optimization of protein binding and restriction assays with control and UV-DNA 
(a) PARP-1 binds to bead-bound 40mer control DNA mainly at 3’-end of oligo and does not bind to 
streptavidin beads per se. Left panel- PARP-1 was reacted with either free streptavidin beads or beads 
bound to control DNA. The bound-protein was immunoblotted for PARP-1. Right panel- Bead-bound 
control DNA was reacted with PARP-1 and the reaction mixture divided in three equal aliquots. One 
aliquot was not reacted with any restriction enzyme (bead-bound PARP-1) and other two aliquots 
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were digested with VspI or NspI. Immunoblotting was carried out to detect PARP-1 that was attached 
to the bead-bound undigested 40mer, the 5’-restriction fragment of DNA released in the supernatant 
and 3’-restriction fragment of DNA bound to the beads. (b) Optimization of DNA concentration in 
restriction digestion assay. The 50-200 ng control 60mer DNA were digested with RsaI and the 
resulting 3’ and 5’ DNA fragments were resolved on 15 % native PAGE and visualized using gel red. 
(c) Digestion of protein-free 40mer control or UV-DNA with different restriction enzymes. Both 
DNA were digested at 37˚ C with NspI for 30 min (top left panel), MslI for 15 min (top right panel), 
ApalI for 1h (bottom left panel) and Bsp1286I for 20 min (bottom right panel). The DNA or its 
fragments recovered from undigested and enzyme digested samples were resolved on native PAGE 
prior to detection with gel red. (d) Digestion of protein-free 60mer control or UV-DNA with different 
restriction enzymes. Both the DNA were digested at 37˚ C with Bsp1286I for 20 min (left panel) or 
RsaI for 30 min (right panel), followed by detection of DNA or its fragments as described above. 

  



 

78 

1.8. Material and methods  

Antibodies: For Western blotting: Monoclonal 6-4PP (KTM50) and T-T (KTM53) (1:5,000), 

polyclonal PARP-1 (1:5,000), PARP-1 monoclonal (F2, 1:500), GFP monoclonal (1:5,000), DDB2 

anti goat (1:500), PAR monoclonal (10H, 1:1,000), HRP-conjugated secondary antibodies (1:2,500). 

For immunocytology: T-T (KTM53, 1:2,000), polyclonal PARP-1 (1:5,000), PARP-1 monoclonal F2 

(1:500), PARP-1 monoclonal C2-10 (1:500), F1-23 monoclonal (1:500), DDB2 anti goat (1:200), 

Rad51 polyclonal (1:500) and secondary fluorescent antibodies (1:500).  

Cell culture: Cells were grown in 5 % humidified incubator at 37º C in �MEM medium 

supplemented with 10 % FBS, penicillin and streptomycin and 200 µg/ml hygromycin. The creation 

of GM637-derived PARP-1 replete GMU6 cells were described earlier [30].  

Expression Plasmids: The pGFP-hPARP-1 was a gift from V. Schreiber, pGFP-DBD of PARP-1 

was generated by subcloning the 0.7 kb SacI (blunted) and HindIII-fragment of PARP31 cDNA into 

NheI (blunt)/HindIII sites of pEGFP-N1 plasmid.  

Transfection and UVC-irradiation: GMU6 cells were transfected with pEGFP-hPARP-1, pEGFP-

DBD-PARP-1 and pEGFP-N1 plasmid using Turbofect reagent. After 24 h, cells were irradiated for 

global UVC (10 J/m2) or through polycarbonate filter with 5 µm pores for local (100 J/m2) UVC [11]. 

Indirect immunofluorescence detection in situ: The cells adherent on the coverslip were processed 

by one of the three protocols: C protocol: After washing with CSK buffer (100 mM NaCl, 300 mM 

sucrose, 10 mM PIPES pH 6.8, 3 mM MgCl2, 1 mM EGTA), cells were fixed with 3 % formaldehyde 

(10 min, ambient temperature), rinsed with PBS, permeabilized with 100 % methanol (-30º C, 10 

min), rinsed with PBS, blocked for 30 min with 5 % BSA in PBS-0.1 % Triton-X-100 followed by 

reaction with primary antibodies given below. C+T protocol: Cells were washed twice with CSK 

buffer, extracted with 0.5 % Triton in CSK buffer for 8 min at ambient temperature, fixed and blocked 

as in C protocol. C+T+S protocol: After C+T protocol fixation step, cells were washed and extracted 

with 0.5 % Triton in high salt CSK buffer (420 mM NaCl, 300 mM sucrose, 10 mM PIPES pH 6.8, 

3 mM MgCl2, 1 mM EGTA) for 20 min on ice. After DNA denaturation in 0.07 N NaOH for 8 min 

at ambient temperature, immunoprobing was carried out for all three protocols as follows: The cells 

were incubated for 1 h with primary antibodies in the blocking buffer, washed with PBS containing 

0.1 % Tween 20 and incubated for 30 min with Alexa 488 or 594-linked secondary antibodies. After 

washing with PBS-0.1 % Tween 20, coverslips were incubated in PBS-0.25 µg/ml DAPI for 5 min 

and mounted with ProLong Gold Antifade. Images were captured with Zeiss Axiovert 200 and 

AxioCam MRm and the brightness and contrast were uniformly adjusted across the panels with 
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Photoshop CS5.5. The fluorescent intensity of PARP-1 at the irradiated spots was analyzed with 

AxioVision 4.7 and corrected for background signal for similar area in the unirradiated zone of 

nucleus, where specified.  

Statistical analyses for immunocytology: Data for intensity of at least 100 foci from three 

independent experiments were pooled to create mean + s.e., and subjected to the unpaired two-tailed 

t-tests to determine the significance of difference. The significant P-values <0.05 are stated in the 

charts.  

Oligos: The ss-24mer oligos with T-T or 6-4PP were chemically synthesized and hybridized with the 

complementary ss-24mer to get 24mer ds oligo with T-T or 6-4PP lesions. The creation of 40 or 

60mer oligos are described in Figs. 2.3a, 2.4c, and Supplementary Fig. S2.2a.  

VspI-purification of 25 kJ/m2 UVC irradiated oligo: The UVC irradiated 40mer or 60mer ds oligos 

were digested with VspI for 1 h at 37° C, followed by VspI-inactivation at 65° C for 5 min. The VspI-

resistant 40 or 60mer UV-DNA were separated on 12 % PAGE from the digested fragments of DNA 

without UV-damage, cut from the gel and eluted with PAGE elution buffer (0.5 M ammonium acetate, 

10 mM magnesium acetate and 1 mM EDTA) overnight at 37° C. The eluted UV-DNA were cleaned 

by passage through ULTRAFREE–DA filter units, concentrated in Microcon YM-10 followed by 

purification in Zymo Research oligo clean and concentrator columns.  

The protein-DNA interactions, restriction mapping and CPD photolyase assays for bead-bound 

oligos with proteins: The control or UV-DNA with biotin tag was immobilized on Dynabeads 

MyOne streptavidin T1. (i) The binding of PARP-1 or DDB2 to control or UV-oligos immobilized 

on the magnetic streptavidin beads: The bead-bound oligos (50-100 ng) were reacted with PARP-1 

or DDB2 at 1:1 or 1:2 molar ratio. PARP-1 was reacted at 25° C for 15 min in 10 µL of Na-PO4 

reaction mixture (20 mM of Na-PO4 buffer pH 7.4, 5 mM MgCl2, 150 mM NaCl, 5 % glycerol, 1 mM 

DTT, 0.01 % Triton, 20 µM Zn-acetate and 1X protease inhibitor). DDB2 was reacted at 25˚ C for 

30 min in Tris reaction mixture (100 mM Tris buffer pH 8.0, 10 mM MgCl2, 10 % glycerol, 150 mM 

NaCl, 1.5 mM DTT and 1X protease inhibitor). The simultaneous binding of PARP-1 and DDB2 was 

carried out in Tris reaction mixture for 15 min at 25˚ C. The unbound proteins were removed and the 

bound proteins were crosslinked to oligo with 1 % formalin in Na-PO4 reaction mixture for 10 min at 

ambient temperature. After quenching formalin with 250 mM Tris-HCl pH 8.0, the beads were 

washed twice with Tris-reaction mixture and subjected to following steps.  

(ii) Assessment of binding of proteins with DNA: The proteins that were attached to bead-bound 

DNA were extracted with Laemmli buffer at 95° C for 10 min. The eluted proteins were resolved on 
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SDS-PAGE for immunoblotting of the protein. The band quantification for immunoblots was carried 

out with ChemiGenius 2 using SynGene software. 

(iii) Restriction protection assay of protein-bound oligos: For the restriction protection assay, the 

magnetic streptavidin beads bound control or UV-DNA with or without bound protein were digested 

with the specified Fast-digest or CutSmart restriction enzyme in 10 μL reaction buffer at 37° C for 

specified time. The DNA fragments released in the supernatant were resolved on 10-15 % native 

PAGE and stained with gel red for identification and quantification with ChemiGenius2 using 

SynGene software. The relative band intensities were derived by comparing the intensities of the 

fragments released from the protein-bound DNA with that from protein-free DNA. The significance 

was calculated by unpaired two-tailed t-test and the P values <0.05 were considered significant.  

 (iv) CPD photolyase repair assays: The bead-bound UV-DNA with or without attached proteins was 

split into two aliquots; one subjected to repair by CPD photolyase and the other was mock-treated. 

The CPD repair was carried out in 20 µL CPD photolyase binding mix (20 mM Tris buffer pH 7.5, 1 

mM DTT, 0.2 mg/ml BSA, 125 mM NaCl) with 0.2 µL Oryza sativa CPD photolyase and incubated 

for 15 min in dark at ambient temperature, followed by exposure for 15 min to UVA (Spectrolinker 

XL-1500, 363 nm, 15 watts). DNA was eluted with 95 % formamide, 10 mM EDTA pH 8.0 for 5 

min at 95° C, dot-blotted on the Hybond N+ and probed for T-T. 

PARP-1 activation assay in vitro : In a 10 μL reaction mixture containing 100 mM Tris-HCl pH 8.0, 

10 mM MgCl2, 10 % glycerol, 1.5 mM DTT, 1X protease inhibitor and 10 µM NAD, purified PARP-

1 was reacted at 25° C for 30 min with specified DNA for each reaction. After adding an equal volume 

of 2X Laemmli buffer, samples were resolved on SDS-PAGE and immunoblotted for PAR (10H) and 

PARP-1 [14]. 

Immuno-Dot-blot: DNA samples were heated at 95° C for 5 min, chilled on ice for 5 min and 

adjusted to final concentration of 6X SSC. Samples were dot-blotted on Hybond N+ membrane, 

baked at 80° C for 1-2 h and processed for antibody probing. 
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2.1. Preface 

Soon after the initiation of the protocol for studying the role of PARP1 in UVB-induced SCC 

tumorigenesis, I realized that it was not only important to carefully measure the number and the 

dimensions of the developing tumors on the mouse skin, but also to note the site of the tumor so that 

each of them can be individually followed throughout the protocol. Intuitively, I came up with a 

method of carefully mapping the site of tumors each week on the sheet of paper bearing mouse 

diagram while measuring the dimensions of tumor with vernier caliper. Later on, we realized that 

similar method was also employed by the pioneers of the photocarcinogenesis studies in the SKH-1 

mice. However, this method is tedious, time-consuming and stressful for the animals as well as the 

operator when used for measuring multiple tumors in a large number of animals, which was the case 

in our protocol. Upon explaining this problem to my physicist colleague and the first author of this 

article, Dr. Marc Bazin (published in January 2017 in the journal PLoS One, and is available in PDF 

format in Annexe 4), he devised a photographic technique that allowed us to not only record the 

course of tumor development on individual mice during the protocol but also measure the dimensions 

of tumors from this photographs. For this article, I contributed for the tumor data collection presented 

in the all the tables 2.1-3, supplementary tables S2.1-3 as well as in the graph of Fig. 2.2B. I also 

participated in editing manuscript and figures. This technique of Dr. Marc Bazin has allowed us to 

procure and analyze the tumor measurement data in various ways as presented in chapter 3 and 4 of 

this thesis. 
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2.2. Résumé 

Le vernier est la méthode de référence pour mesurer la longueur, la largeur et la hauteur de tumeurs 
cutanées afin de calculer leur surface et leur volume. Cette méthode simple pour collecter des données 
sur quelques tumeurs devient fastidieuse et stressante pour les animaux et le manipulateur quand il 
s’agit de mesurer un grand nombre de tumeurs sur de multiples animaux dans certains protocoles, 
comme celui des cancers de la peau de type non-mélanome chez les souris SKH-1. Dans cet article, 
nous avons démontré que les photographies de ces souris prises en condition optimale en quelques 
minutes peuvent être soumises à une analyse par logiciel pour déterminer le volume et la surface de 
tumeurs avec la même précision que la méthode vernier. A l’inverse du vernier, la méthode par 
photographie permet également de calculer l’incidence et la multiplicité des tumeurs permettant ainsi 
une mesure complète de la charge tumorale chez l’animal. La simplicité et l’aisance de cette méthode 
permet un contrôle plus fréquent de la charge tumorale tout au long du protocole, résultant en la 
création de données supplémentaires sur la progression du cancer ou l’efficacité des interventions 
thérapeutiques. Cette méthode photographique peut substituer la méthode vernier pour quantifier des 
pathologies cutanées. 
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2.3. Abstract 

The vernier caliper has been used as a gold standard to measure the length, width and height of skin 
tumors to calculate their total area and volume. It is a simple method for collecting data on few tumors 
at a time, but becomes tedious, time-consuming and stressful for the animals and the operator when 
used for measuring multiple tumors in a large number of animals in protocols such as UVB-induced 
non-melanoma skin cancer (NMSC) in SKH-1 mice. Here, we show that photographic images of 
these mice taken within few minutes under optimized conditions can be subjected to computerized 
analyses to determine tumor volume and area as accurately and precisely as the caliper method. 
Unlike caliper method, the photographic method also records the incidence and multiplicity of 
tumors, thus permitting comprehensive measurement of tumor burden in the animal. The simplicity 
and ease of this method will permit more frequent monitoring of tumor burden in long protocols, 
resulting in creation of additional data about dynamic changes in progression of cancer or the efficacy 
of therapeutic intervention. The photographic method can broadly substitute caliper method for 
quantifying other skin pathologies. 
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2.4. Introduction 

In mouse models that examine the causes and cures of chronic ultraviolet B (UVB)-induced non-

melanoma skin cancers (NMSC), the tumor burden is quantified as the incidence (proportion of mice 

with or without tumor), multiplicity (number of tumors), tumor area and tumor volume [1-7]. While 

the first two parameters are visually noted and recorded, the last two parameters are measured using 

the vernier caliper, which is a simple yet accurate instrument to manually measure the length, width 

and height of tumors. The use of digital calipers with 0.01 mm accuracy is perfect for collecting data 

for one or two tumors per animal and for few animals at a time. However, it becomes time-consuming 

and challenging for measuring dimensions of hundreds of tumors. For example, the chronic UVB-

irradiated SKH-1 albino hairless mice develop numerous papillomas, keratocanthomas, carcinomas-

in-situ and carcinomas over a period of 10-40 weeks; and caliper method would take 5-30 min per 

mouse and several days for each cycle of measurement for a large number of mice. Moreover, the 

repetitive and tedious nature of this work and stress-related movements of forcibly restrained mice 

increase the chances of errors in caliper measurement. Therefore, although frequent measurement of 

tumor dimensions throughout the NMSC protocol would provide valuable information about the 

dynamic state of the disease, few studies report weekly or biweekly measurement of tumor volume 

[2,3], while most studies measure tumor volume only at the end of the protocol [4-7]. Some studies 

do not measure smaller tumors [1,8] or height of the tumors [1,9], while others do not report any 

measurement of tumor size but only the incidence [10]. All these studies produced valid data, but 

availability of a convenient yet accurate and reproducible alternative to caliper method would permit 

frequent measurement of tumor area and volume revealing more information about the disease. 

In subcutaneous tumor models, the magnetic resonance imaging [11] or ultrasound imaging [12] were 

shown to be more accurate in measuring tumor volume than caliper method. However, these 

techniques would be expensive, require each mouse to be anesthetised and impractical for NMSC 

protocol with large number of mice. In studies related to healing of skin wounds, the area 

measurements are made with a foot-ruler or tracing of wound shapes on transparent sheets with a grid 

and scale-pattern, or by spectrophotogrammetry or spectrophotography methods that use multiple 

cameras or video-camera with customized software in a special equipment [13-16]. For NMSC 

measurement, the transparency method would not save much time over caliper method, and photo or 

videography-based methods would be costly and perhaps even more time consuming than caliper 

method. Nonetheless, the photographic methods were more accurate in measurement of wound area, 

and an earlier NMSC study reported use of photography to determine tumor area [9], although the 

technique was not validated with caliper method, and it did not report tumor volume possibly because 
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height could not be measured in their technique. Here, we provide detailed description of a fully 

validated simple photography method that allows measurement of area and volume of skin tumors as 

accurately as the caliper method, while avoiding potentially error-inducing limitations of the caliper 

method. This method also permits measurement of the incidence and multiplicity of tumors, thus 

providing a comprehensive method to measure tumor burden in UVB-induced NMSC protocols, and 

could broadly substitute caliper method for quantifying other skin pathologies. 
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 2.5. Results 

2.5.1. Photographic method accurately reflects caliper method for total tumor burden in terms 

of area and volume per mouse  

In a single mouse with 30 tumors of different sizes, the photographic and caliper methods were used 

for measuring length, width and height of each tumor (Fig 2.1A). Evidently, the top picture of the 

mouse enlarged on the computer screen allowed us to note the tumor incidence and identify and count 

tumor multiplicity. The three dimensions of each tumor were used for determining total tumor volume 

and area by each method. Both the methods produced statistically similar values for total tumor 

burden, measured as total area or volume of all the tumors in the mouse (Tables 2.1 and S2.1). To 

examine whether photographic method was accurate for all sizes of tumors, we sorted these tumors 

by volume as small (<2 mm3) or large (>2 mm3); and observed that the photography and caliper 

methods once again produced statistically similar total collective volume or area for small or large 

size tumors (Table 2.1, bottom panel). We noted that volume of individual smaller tumors often 

differed significantly between two methods because of differences in height rather than length or 

width values (S2.1 Table). This could be attributed to approximation of heights assigned to smaller 

tumors below 0.5 mm in caliper method (see Materials and Methods), whereas the photographic 

method using enlarged images allowed precise determination of heights below 0.5 mm. Nonetheless, 

the global impact of the differences in heights of smaller tumors by two methods was negligible to 

the total tumor burden on the mouse, which is mostly determined by larger tumors. Thus, 

photographic method allowed measurement of all four parameters of tumor burden, namely the 

incidence, multiplicity, area and volume, with last two parameters accurately reflecting the values 

obtained by the caliper method. 

The individual volume and area measurements of 30 tumors were derived from the data of all three 

dimensions of each tumor by both the methods as shown in S2.1 Table. The small and large tumors 

(2 mm cut-off by caliper volume) are separated by a double-line. The two methods were compared 

for measuring the total volume or area for all (n = 30), small (n = 24) or large (n = 6) tumors. The 

statistical significance of difference between two methods was calculated using Wilcoxon signed rank 

test.  

To confirm our observation that the tumor dimensions measured by photographic method are 

comparable to those measured by caliper; we examined total tumor area in five additional mice by 

both the methods. The mice had variable tumor area that ranged from 34 to 200 mm2. Once again the 



 

91 

photography method produced statistically similar tumor burden data as the caliper method for each 

mouse (Table 2.2 and S2.2 Table).  

Total tumor area for 6 mice was calculated from the length and width of all tumors measured by the 

caliper and photographic methods. The data for individual tumors in each mouse is shown in S2.2 

Table. The differences between two methods for total tumor burden varied from 0.05-6.5%, but it 

was statistically not different, as determined by Wilcoxon signed rank test. 

Finally, we compared the two methods for measuring the changes in total tumor burden in three mice 

over a period of six weeks (Fig 2.2B). Although the total tumor area changed in each mouse by 5-7 

fold from 20th to 25th week, both the methods produced similar values for total tumor burden at three 

different time-points in this period. Thus the photography method produced total tumor burden data 

similar to the caliper method in multiple mice carrying different sizes of tumors and for assessing 

growth of the same set of tumors over several weeks in a given mouse. 

2.5.2. Accuracy and precision of photography and caliper methods 

Next, we compared the accuracy and precision of photography and caliper method by taking 10 

replicate measures of the length of a small tumor (~1 mm) and a medium size tumor (~5 mm) by two 

methods (Table 2.3 and S2.3 Table). The average length from 10 measurements by photography 

method accurately reflected within 1% the average length derived by the caliper method. The 

precision of a method refers to the reproducibility of result in repeated measurements, and this is 

derived from relative standard deviation of replicate values (SD / mean ´ 100) with lower value 

showing greater precision. The relative standard deviation values revealed that measurements by both 

the methods were less precise with smaller tumors as compared to larger tumors. Interestingly, the 

photography method showed better precision than the caliper method for both 1 and 5 mm 

dimensions. In summary, if caliper is the gold standard for measurement of tumor dimensions, then 

photography method accurately and precisely measures the true dimensions of the tumors. 

The length of a small and medium size tumors were measured 10 times by the same operator under 

optimum conditions, and averages shown here were derived from the dataset shown in S2.3 Table. 

Accuracy of photography method was reflected in providing average length value that is very close 

to the mean obtained by the caliper method. The precision was derived from the relative standard 

deviation of repeat measures (SD as % of mean value), which decreases when precision increases.  
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2.6. Discussion 

Our results clearly show that the photographic method is simple, cheap and accurate alternative to the 

caliper method for measuring tumor burden in terms of area and volume of all sizes of NMSC. In 

addition, the photographs allow measurement of the incidence as well as multiplicity of tumors, thus 

providing a comprehensive measure of tumor burden in the animal. Most importantly, our 

photography method allows measurement of the tumor height and therefore the tumor volume. Since 

height of NMSC often indicates its degree of progression, measuring the actual height of each tumor 

has an advantage of integrating the severity of cancer in the volume data. The biggest advantage of 

photography method is that it splits the total task of caliper method in two distinct components. The 

first one involves handling of the animals to collect raw data in the form of pictures which are taken 

within few minutes; while the second task of tumor dimension measurement is handled away from 

the animals and using computerized methods which can be performed at any other time by the 

operator who handled the animal or by anybody else with computer skills. Thus, a quick photo session 

is less stressful to the animal and decreases the operator fatigue. Moreover, the photography method 

offers more reproducibility and accuracy than the caliper method in volume measurement of even 

smaller tumors with heights below 0.5 mm. In our experience, the operators who are properly trained 

in both the methods are able to generate unbiased data for total tumor volume or area from multiple 

tumors that differ by less than 5% between two methods for each mouse. Thus, while being as 

accurate as the caliper method, photographic method avoids major error-inducing factors of caliper 

method even when used for measuring the tumor burden in a large number of animals. 

The photography method offers additional advantages, such as reducing the cost associated with using 

the animal house facilities during long hours of caliper measurement in time-shared laminar flow 

cabinets. The splitting of tasks for animal handling for picture session and computerized measurement 

of tumor dimensions permits better work distribution and time-management among personnel with 

animal and computer skills. Most importantly, the photographs serve as a permanent record of data 

for regulatory purposes, and could be subjected to repeated analyses for verification or correction of 

data, as well as for any additional analyses in future. A series of weekly photographs during the 

protocol could provide useful data for determining the growth rate of tumors from pre-neoplastic foci 

to full tumors or for regression of tumors in response to therapy. Among few limitations of 

photography method is the need for a skilled photographer and a well-trained person in computer 

skills for dimension measurement, as well as the creation of simple photography set-up in the animal 

facility. In view of its simplicity, the photography method would also be suitable for quantification 
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of skin lesions in the models of melanoma, subcutaneous tumors, wound healing, inflammatory 

responses and other pathologies of skin. 
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2.7. Figures and legends 

 

Figure 2.1. The optimized photography set-up for imaging mice 
(A) The photography set-up. In a laminar flow cabinet with dual opening (a), illuminated by two 
additional fluorescent lights on the side (b), mice were placed one at a time on a frosted glass plate 
with a broad-grid fabric tape that was positioned above black paper and two scale bars (c). The remote 
shutter controlled camera (d) was positioned 130 mm above the glass plate on a telescopic support 
(e). (B) Representation of the imaging set-up with distances. The camera lens (O) was placed 130 
mm above the glass plate, which resulted in a height difference of 26 mm between the scale bar below 
the glass plate (BD) and tumor (AC) on the dorsal skin of the mouse from the camera lens. The length 
or width dimension of the tumor (AC) was calculated using Thales’ theorem to determine the scale 
factor of OA/OB =0.8=AC/BD. Since tumors were distributed broadly over the dorsal skin of the 
mouse, each tumor was carefully calibrated against the nearest portion of the scale bar for better 
accuracy of measurement. For example, the tumors in EC region of the skin were calibrated against 
FD segment of the scale. 
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Figure 2.2. Measurement of tumor dimensions and total tumor burden in mice by two methods 
 (A) Top and profile view pictures of a mouse with multiple UVB-induced skin cancers for 
photographic method of measuring tumor dimensions. The top views of the mouse with scale bars 
(top image) were used for detecting tumors (incidence) and for counting the tumors to determine the 
multiplicity. The magnified images of individual tumors from top view, as shown here for tumors # 
b and c, were used for measuring the length and width of tumors. The profile pictures of the mouse 
(bottom images) allowed measurement of heights of all tumors, as shown here for encircled magnified 
images of these two tumors in different profile images. The calibration of pixel to distance in profile 
pictures was achieved by comparing either the length or width dimension of a given tumor in both 
top and profile magnified images. The newly calibrated pixel distances in profile picture now allowed 
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accurate measurement of height of this tumor in profile images. The cysts such as the one seen 
between eyes were identified as described in the caliper method were excluded in tumor counts. (B) 
Comparison of time-course of increasing total tumor burden (area) in mice as measured by the caliper 
and photography methods. The total tumor burden (area) in three different mice was monitored from 
20 to 25 weeks of the protocol by caliper and photography methods. 
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 2.8. Tables 

 

Table 2.1. Comparison of tumor volume and area of 30 tumors by caliper and photographic 
methods 
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Table 2.2. Comparison of total tumor burden on 6 mice using photographic and caliper methods 
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Table 2.3. Accuracy and precision of the photography and caliper methods 
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2.9. Supplementary tables 

 

              
Volume (𝝅

𝟔
× 𝓛 ×𝓦×𝓗) 
mm³ 

Area (𝝅
𝟒
× 𝓛 ×𝓦×

𝓗) mm² 
 

Tumor 
ID 

Caliper Photography Volume-
Caliper 

Volume-
Photography 

Area-
Caliper 

Area-
Photography 

L W H L W H (Vc) (Vp) (Ac) (Ap) 

Le
ss

 th
an

 2
 m

m
³ 

v 1.5 0.7 0.1 1.2 0.6 0.2 0.05 0.08 0.82 0.57 
o 1.2 1.1 0.1 1.5 1.2 0.3 0.07 0.28 1.04 1.41 
j 1.6 1.1 0.1 1.5 1.2 0.1 0.09 0.09 1.38 1.41 
3 2 1.2 0.1 2.2 1.1 0.1 0.13 0.13 1.88 1.90 
r 1.2 0.9 0.25 0.9 0.8 0.1 0.14 0.04 0.85 0.57 

m 1.1 1.1 0.25 1.2 1.2 0.4 0.16 0.30 0.95 1.13 
9 0.8 0.8 0.5 1.1 1.1 0.3 0.17 0.19 0.50 0.95 
s 1.4 1 0.25 1.3 1.3 0.4 0.18 0.35 1.10 1.33 
i 1.5 1.1 0.25 1.8 1.1 0.3 0.22 0.31 1.30 1.56 
n 1.3 1.3 0.25 1 0.8 0.1 0.22 0.04 1.33 0.63 
p 1.6 1.3 0.25 1.8 1.2 0.4 0.27 0.45 1.63 1.70 
g 1.6 1.1 0.5 2.2 1.4 0.4 0.46 0.65 1.38 2.42 
e 0.9 0.9 1.3 1.2 1.2 1.2 0.55 0.90 0.64 1.13 
t 2 1.5 0.5 1.8 1.3 0.3 0.79 0.37 2.36 1.84 
a 2.7 2.4 0.25 2.5 2.3 0.4 0.85 1.20 5.09 4.52 
8 0.9 0.9 2.1 1.1 1.1 2 0.89 1.27 0.64 0.95 
l 3.4 2.2 0.25 3.3 2.6 0.3 0.98 1.35 5.87 6.74 
q 1.7 1 1.2 1.5 1.3 1.3 1.07 1.33 1.34 1.53 
f 1.8 1.3 1 1.7 1.5 0.6 1.23 0.80 1.84 2.00 
5 2.1 1.8 0.7 2.1 1.5 0.4 1.39 0.66 2.97 2.47 
h 2.1 1.5 1 2 1.7 0.8 1.65 1.42 2.47 2.67 
b 2.6 1.8 0.7 2.1 1.3 0.5 1.72 0.71 3.68 2.14 
d 2.2 1.7 0.9 2 1.6 1 1.76 1.68 2.94 2.51 
1 2.3 2.2 0.7 2.6 2 0.7 1.85 1.91 3.97 4.08 

M
or

e 
th

an
 2

 m
m

³ u 2.3 2 0.9 2.1 2 0.8 2.17 1.76 3.30 2.17 
6 1.8 1.6 1.5 1.7 1.8 1.5 2.26 2.40 2.40 2.26 
c 2 1.7 1.5 2.1 1.6 1.6 2.67 2.81 2.64 2.67 
k 3.3 2.3 0.8 3.4 2.1 0.9 3.18 3.36 5.61 3.18 
4 5.8 4.3 2.7 5.7 3.8 2.8 35.26 31.76 17.01 35.26 

@1 (2+7) 13.1 11.5 3.5 13.3 11.6 3.4 276.08 274.66 121.17 276.08 

Volume range (mm³) n (Vc) (Vp) (Ac) (Ap) 
Sum (All) 30 338.5 333.3 200.4 200.3 

Sum (0-2 mm³) 24 16.9 16.5 48.0 48.2 
Sum (> 2mm³) 6 321.6 316.8 152.4 152.1 

Table S2.1. Three dimensions of 30 individual tumors measured by the caliper and photography 
methods  
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Mouse # 1151 1152 1154 1157 1158 1680 

Method C P C P C P C P C P C P 
Tumor #             

1 1.4 1.5 116.5 128.8 5.9 5.6 1.8 2.7 0.8 0.8 0.5 1 
2 4.4 4.4 2.3 2.6 0.8 1 1.2 1.6 1.8 1.3 0.6 1 
3 1.2 1.3 6 6.5 2.4 3.8 4 4 1.3 1.4 0.6 1.1 
4 3.2 3.1 6.3 6.4 9.3 8.6 1.8 2.1 4.6 5.5 0.8 0.6 
5 4.8 4.4 3.8 4.5 0.8 1 2.1 2.4 1.9 1.7 0.9 0.6 
6 3 1.8 3.4 3.4 1.8 3.2 2.2 2.4 1.9 2.2 1 1.1 
7 11.8 11.2 4 3.5 13.7 14 1.2 1.4 2.2 3.3 1 1.4 
8 2.3 1.8 3.4 3.4 11.2 10.5 1.7 2.3 4 3.7 1.1 1.3 
9 2 1.7 3 2.4 0.9 0.8 10.7 12.5 1.2 1.9 1.3 1.6 

10 9.6 10.8 3.4 3.2 5 5.3 16.8 14.8 1.7 1.8 1.3 0.6 
11     1.9 2.7 2 2.7 2.1 2.1 0.5 1.3 1.3 1.5 
12     2.4 2.8 1.5 1.8 2.3 2 0.4 1.2 1.4 2.4 
13     3.2 1.7     2.9 3.6 3.8 3.5 1.4 1.4 
14     1.8 1.4     2.8 4.8 0.8 1 1.6 1.7 
15     3.2 3.1     2 3.2 1.8 1.8 1.8 2 
16     2.1 1.6     0.8 0.5 0.9 2 1.9 1.9 
17     1.8 1.4     11.2 7.8 2.7 2.2 2.3 2.4 
18             2.5 2.7 1 0.8 2.4 1.8 
19             4.4 3.2 4.4 4.6 2.5 2.7 
20             8.1 6.5 5.2 5.5 2.7 2.6 
21             1.7 2.3 40.2 39 2.9 2.5 
22             1.7 2.6 1.8 2.1 3 2.5 
23                 2.1 1.6 3.6 3.3 
24                 2 2.1 3.7 2.1 
25                     4 4.1 
26                     5.1 4.5 
27                     5.9 6.7 
28                     6 5.6 
29                     19.6 17 
30                     118.3 121.2 

Total 
area 34.3 33.0 132.3 140.9 43.4 45.8 67.5 68.7 69.9 72.5 200.5 200.2 

Number 
of tumors 10 17 12 22 24 30 

Mouse # Number of 
tumors 

Total area by 
caliper (mm²) 

Total area from 
photography (mm²) Wilcoxon test |photography-caliper|/caliper  

1151 10 34.3 33 0.3 3.90% 
1154 12 43.4 45.8 0.31 5.40% 
1157 22 67.5 68.7 0.36 1.70% 
1158 24 69.9 72.5 0.3 3.70% 
1152 17 132.3 140.9 1 6.50% 
1680 30 200.4 200.3 0.97 0.05% 

Table S2.2. The total tumor area (mm2) by the caliper (C) and photography (P) methods for six 
mice bearing 10-30 tumors  
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Supplementary Table S-III   
    Small Tumor Large Tumor 
Method Repeat # Length (mm) Length (mm) 

  1 0.8 5.1 

 2 0.9 5.1 
C 3 0.9 5.6 
A 4 1.0 5.6 
L 5 1.0 5.5 
I 6 1.1 5.5 
P 7 1.3 5.2 
E 8 0.9 5.3 
R 9 1.2 5.3 

  10 1.2 5.4 
  Mean 1.03 5.36 
  Standard deviation 0.16 0.19 
  Relative standard deviation 15.89 3.54 

  
P 
H 
O 
T 
O 
G 
R 
A 
P 
H 
Y 

  
  

1 1.0 5.5 
2 1.1 5.4 
3 1.1 5.3 
4 1.1 5.3 
5 0.9 5.3 
6 0.9 5.4 
7 1.0 5.1 
8 1.1 5.3 
9 1.2 5.3 

10 1.0 5.3 
Mean 1.04 5.32 

Standard deviation 0.10 0.10 
Relative standard deviation 9.29 1.94 

Table S2.3. Ten replicate measurements of length of a small and a medium size tumor to 
determine accuracy and precision of the photography and caliper methods  
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 2.10. Materials and Methods 

Chronic UVB-induced NMSC in SKH-1 hairless mice 

All animal studies were approved by the Animal Protection Committee of Laval University and were 

conducted by the personnel who were trained and certified for animal work. The 5-week old SKH-1 

albino hairless mice obtained from Charles River Canada were irradiated thrice a week for 20 weeks 

at 800 J/m2 UVB (280-320 nm). Five weeks after last irradiation, mice were sacrificed under 

anaesthesia with isoflurane followed by exposure to CO2 and cervical dislocation. The unrestrained 

mice were irradiated in an open cage placed in a Spectrolinker XL-1500 (Spectronics Corp.) equipped 

with six 15W UVB tube-lights, which delivered 800 J/m2 within 2 to 3 min at a flux of 5.9 J/m2/sec. 

During irradiation, the cages were covered from the top with Kodacel filter to remove the 

contaminating UVC radiations (230-280 nm) [17]. The UVA wavelengths (320-400 nm) accounted 

for 20% of the energy, as measured by UVX radiometer (UVP Inc.) equipped with UV-A, B and C-

specific probes. Mice were monitored weekly for tumor burden, as described below. 

Caliper method to measure tumor dimensions 

The tumors were visible from 12-15 weeks and all data presented in this study are from measurements 

between 20 to 25 weeks. The pre-neoplastic foci that persisted and progressed over time to form 

proper tumors were taken into account for the final tumor burden. In contrast, very few cysts that 

appeared on the skin were identified and excluded from data sets as they either did not change in 

appearance or disappeared in few weeks. Mice were held in hand for measuring all three dimensions 

of each tumor using the digital caliper with 0.01 mm precision (Mitutoyo). The length was measured 

along its longest linear dimension on the skin and the width was measured along the axis 

perpendicular to the length axis. The height was measured at the tallest point of the tumor. For the 

length and width that are measured along the flat skin, we could maintain the accuracy of 0.1 mm. 

However, the heights below 0.5 mm posed practical difficulties in judging accurate placement of the 

caliper jaws from skin to the top of the tumor; therefore using visual cues and caliper readout, the 

near-flat tumors were assigned 0.1 mm height and progressively raised tumors were assigned 0.25 or 

0.5 mm heights. All heights above 0.5 mm were actual caliper readouts. Assuming hemi-ellipsoidal 

shape of the tumors, the tumor burden was determined as the area (*
+
× 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ) and volume 

(*
5
× 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ × ℎ𝑒𝑖𝑔ℎ𝑡) [6]. The statistical difference in values by two methods was derived 

using Origin Pro 2015 with the Wilcoxon signed rank test. 

Photographic method to measure tumor dimensions 
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Photography set-up for mice in laminar hood. The measurement of tumor dimensions with 

photographs requires a set-up with known distances from the camera to the mouse skin and reference 

scale-bars, as well as an environment that keeps the mouse calm for few minutes to take the pictures 

of the tumors (Fig 1A). We used a laminar flow cabinet open on both sides for the ease of operations 

by two persons standing on either side of the cabinet. The cabinet was illuminated with diffused light 

from a top fluorescent lamp and two 5000 K fluorescent tubes from the sides. We designed a stand 

that permitted the camera to be steadily positioned so that the lens of the camera was exactly 130 mm 

above the frosted glass plate that was placed in the cabinet on top of a black paper and two rulers that 

would flank the mouse in the picture (Fig 1B). Since mouse becomes restless on the glass that does 

not provide any grip for their paws, we affixed a broad grid fabric tape on which mouse could obtain 

a secure grip and remain steady for the duration of the photography session. We used a reflex Canon 

EOS Rebel T5 camera equipped with a Canon EFS 24 mm lens having a fixed focal length and took 

all the pictures without flash. To avoid shaking the camera or alarming the mouse with hand 

movement, the pictures were taken using a commercially available remote shutter control cable for 

the camera.  

Photography of mice. The mouse was gently placed over the glass plate and the tail was slightly 

tugged, which resulted in a relatively stable posture of the mouse with a straight spine and nearly flat 

dorsal skin containing almost all the tumors. In this situation, the tumors on back of mouse were at 

an average distance of 104 mm from the camera, whereas the reference scales below the glass plate 

were at 130 mm from the camera; and these two values were taken into account for calculation of 

scale factor in images (Fig 1B). Within 30 seconds, 3-5 top view pictures were taken without 

flashlight that would allow measurement of length and width (Fig 2A, top image). The camera was 

then removed from the stand to rapidly take several profile pictures of the mouse within 2 min from 

various angles that would allow measurement of heights of tumors (Fig 2A, bottom images). For 

profile pictures, it was impractical to use vertical scales or keep a fixed distance between camera and 

the tumors, as this would unduly prolong picture session. Moreover, the distances in profile pictures 

could be calibrated against the top picture, as described below. 

Measurement of the length, width and height of tumors from the top and profile pictures. We 

used freely available AxioVision SE64-4.9.1 image analysis software (Zeiss) to process the pictures 

for determining the tumor dimensions, although any other image analyses software that allows 

correlation of pixel distances in the pictures with actual size based on a scale bar in the same picture 

is suitable for this analysis. For each mouse, the top picture with scale bars was analyzed first to 

establish the correlation of pixel to distance in mm using Scaling wizard function in the 
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“Measure/Scaling” menu of the software (Fig 3.2A, top image). A scale correction factor of 0.8 

was applied to account for the difference in the distance from camera to the tumors (OA = 104 mm) 

and the nearest scale bar (OB=130 mm) as per Thales' intercept theorem that OA/OB = AC/BD, where 

AC is the tumor dimension on the back of mouse and BD is distance on the scale below the glass 

plate (Fig 1B). The calibrated pixel distance in the picture allowed measurement of length and width 

of the tumor using the measure “length” menu of the software (Fig 2A). The photographic method 

with zooming of pictures on the computer screen allowed better definition of the tumor boundaries 

and more accurate measurement of distances. For profile pictures, since scale bars and distances were 

not fixed, we calibrated the pixel distance of either the length or width of the tumor in profile image 

with the known value of this parameter in the top picture and used the revised scale to measure height 

of the tumor in the profile picture (Fig 2A, circled images of tumors #b and c in top and profile 

images). For multiple tumors in close proximity, the calibration made with one tumor could be easily 

applied to measure dimensions of other tumors of similar size. The area and volume of tumors and 

statistical analyses were carried out as described for caliper method. The average time for measuring 

dimensions of a single tumor on the computer by the photography method was about 1-2 min, which 

is similar to the time required for the caliper method. However, for a mouse with 30 tumors, the actual 

photography session with mouse would take about 3 min and tumor measurements on computer 

would be about 30-60 min, whereas in the caliper method, the entire period of 30-60 min would have 

to be spent with a mouse in hand.   
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3.1. Preface 

The present manuscript is published in Journal of Photochemistry & Photobiology, B: Biology. 

During the analysis of the tumor measurement data obtained from the photographic images of the 

mice as described in the previous chapter, it was realized by Dr. Marc Bazin (the first author) and me 

(the second author) that the four conventional criteria (prevalence, multiplicity, area and volume of 

tumors) used for the measurement of severity of skin cancer present inherent limitations (Fig 3.1). 

Most importantly, Dr. Marc Bazin identified that the tumor size measured by area and volume either 

ignores or overcompensates the tumor height at the cost of planar dimensions, respectively, thereby 

introducing unintended bias in interpretation of the severity of cancer based on the tumor size. This 

problem was resolved by Dr. Marc Bazin by demonstrating and validating the use of the already 

known Knud Thomsen tridimensional surface formula (KT-3D surface) that apportions optimal 

weightage to three tumor dimensions (Fig. 3.2 and Suppl. Fig. S3.2). In addition to this, I also realized 

that the criteria such as tumor multiplicity and tumor size can be further adapted to determine the 

frequency of initiation of measurable tumors and changes in growth characteristic of the skin cancer 

with time. Upon explaining this problem to Dr. Marc Bazin, he came up with a mathematical solution 

to demonstrate the former by plotting the occurrence of only new tumors appearing each week during 

the protocol and the latter by measuring the change in KT-3D surface per week during different time 

frames (Fig. 3.3). Furthermore, we also understood that tumor-free survival is generally determined 

based on the appearance of the first tumor, but we surmised that appearance of a minimum of two 

tumors could be a better indicator of a stable disease for this criterion (Fig. 3.4). Overall, as a second 

author, I contributed to the conceptualization of this manuscript by identifying and explaining the 

specific problems and possible ways of interpretation of tumor data to Dr. Marc Bazin. I also 

participated in writing and reviewing the manuscript. Marine Merlin, the third author, was involved 

in the tumor data collection as well as in the correction and editing of the manuscript.   
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3.2. Résumé 

L’étude des cancers de la peau de type non-mélanome induits par le rayonnement ultraviolet B (UVB) 
a été grandement facilitée par l’utilisation des souris glabre albinos SKH-1. Ces souris développent 
de multiples tumeurs de différentes tailles, et la gravité du cancer est souvent mesurée à partir d’un 
ou plusieurs critères parmi les quatre généralement admis, à savoir la prévalence, la multiplicité, la 
surface et le volume des tumeurs. Cependant, il existe plusieurs limitations inhérentes à chaque 
critère : la prévalence et le nombre ne tiennent pas compte des différences de taille entre les tumeurs, 
la mesure de surface ignore la hauteur des tumeurs, alors que la mesure du volume néglige les 
dimensions planaires au profit de la hauteur. En utilisant les données de notre étude en cours sur les 
cancers de la peau de type non-mélanome, nous discutons ici des limitations de ces quatre critères et 
suggérons des améliorations pour la mesure de prévalence. Nous recommandons également 
l’utilisation de trois nouveaux critères. Il s’agit de la surface tridimensionnelle de Knud-Thomsen qui 
prend en considération les trois dimensions de la tumeur de manière optimale, le taux d’apparition 
hebdomadaire de nouvelles tumeurs, ainsi que le taux de croissance tumorale pour mettre en évidence 
l’initiation et la croissance des tumeurs dans le temps. L’utilisation combinée de ces sept critères 
conduit à une meilleure estimation de la sévérité des cancers de la peau de type non-mélanome et 
permet de vérifier si les manipulations expérimentales sur les souris ont affecté la phase d’initiation 
ou la croissance tumorale. 
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3.3. Abstract 

The study of causes and cures for ultraviolet B radiation (UVB)-induced non-melanoma skin cancers 
(NMSC) has been greatly facilitated by use of the albino SKH-1 hairless mice. These mice develop 
multiple tumors of different sizes and the severity of cancer is often measured by one or more of the 
four criteria, namely the prevalence, multiplicity, area and volume of tumors. However, there are 
inherent limitations of each criterion: the prevalence and number do not account for size differences 
among tumors, area measurement ignores the tumor height, and volume measurement 
overcompensates for the height at the cost of planar dimensions. Here, using our dataset from an 
ongoing NMSC study, we discuss the limitations of these four criteria, and suggest refinements in 
measuring prevalence. We recommend the use of three more criteria, namely the Knud Thomsen 
tridimensional surface that apportions optimal weightage to three tumor dimensions, weekly 
occurrence of new tumors and tumor growth-rate to reveal initiation and growth of tumors in early 
and late phase of NMSC development, respectively. Together, use of this comprehensive panel of 
seven criteria can provide an accurate assessment of severity of NMSC and lead to a testable 
hypothesis whether the experimental manipulation of mice has affected the early initiation or growth 
phase of NMSC tumors.  
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3.4. Introduction 

All studies that examine the genetic, pharmacological and other causes or cures for different cancers 

in animal models need to assess and compare severity of the disease with or without the proposed 

intervention. Unlike cancers that are within the body, skin cancers offer multiple options to physically 

measure its severity. As an example, the study of various factors influencing solar ultraviolet B 

radiation (UVB)-induced non-melanoma skin cancers (NMSC) has been greatly facilitated by use of 

the albino SKH-1 hairless mouse model [1-4]. This model results in mice carrying variable number 

of small to large, flat or raised tumors appearing at different time in the protocol, and severity of their 

cancer burden is routinely assessed by one or more of the following four criteria. The first criterion 

is the prevalence [5, 6] or the tumor-free survival fraction [7, 8] that represents the fraction of mice 

carrying tumors or free from tumors in a given group, respectively. Second criterion is the multiplicity 

or the average number of tumors per mouse [7, 9]. The last two criteria describe the size of the tumor 

burden in the form of average tumor area per mouse measured from the length and width [10] or 

diameter [5] of the tumors, or the average tumor volume per mouse derived from the length, width 

and height of the tumors [6, 8].  

Each criterion provides key information about the severity of the disease, but inherently contains 

limitations that restrict its capacity to represent the full picture of tumor burden. The prevalence and 

multiplicity account for the presence of a tumor but ignore the difference in size of tumors. The area 

measurement ignores height, whereas volume measurement places more emphasis on height at the 

expense of contributions from length and width of tumor, although clinically all three dimensions 

contribute significantly to the severity of NMSC. Since most published papers with this model do not 

provide all four criteria of tumor burden, it is a significant challenge to compare conclusions drawn 

from studies that use different criterion for measuring the severity of cancer. Hence, it is important to 

assess the advantages and limitations of each of these criteria and improve the panel to more 

accurately reflect the status of disease. 

Here, using selected dataset from our ongoing experiments with UVB-induced NMSC model, we 

highlight the problem that each of these four routinely used criteria may not always lead to an identical 

conclusion about the severity of tumor burden. We demonstrate that a more accurate estimate of 

tumor size can be obtained by using a fifth criterion, namely Knud Thomsen three-dimensional (KT-

3D) tumor surface area, which is used in many other disciplines but not in NMSC research. We also 

show that analyzing the weekly appearance of new tumors during the protocol and a modified version 

of a rarely used criterion of tumor growth-rate [5] together should be used to measure the frequency 

of initiation of measurable tumors and changes in the growth characteristics of cancer with time. 
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Together, the four old and three new criteria can provide not just a numerical but a more 

comprehensive picture of the UVB-induced NMSC.  
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3.5. Results and discussion 

3.5.1. Discordance among assessment criteria for determining the severity of NMSC 

We first examined whether all four conventionally used assessment criteria, i.e., prevalence, 

multiplicity, area and volume, would provide an identical conclusion regarding differences in the 

severity of tumor burden among different groups that were chosen from our large ongoing 

experimental dataset using this model. We selected five groups of 9-12 mice that had a predominance 

of small (groups 1 and 2), medium (group 3), large and flat (group 4) or large and raised (group 5) 

tumors (Suppl. Fig. S3.1). For each group, the weekly tumor data for all four criteria were collected 

using our photographic method [11]. We divided these five groups of mice in three pairs for 

comparison, namely pair A (groups 1 and 2), pair B (groups 2 and 3) and pair C (groups 4 and 5). For 

each pair, we compared the difference in severity of cancer by each of the four criteria. 

In pair A containing groups 1 and 2 with mainly small tumors, all four criteria revealed an identical 

conclusion that there was no significant difference in severity of cancer in these two groups (Fig. 3.1, 

pair A). In pair B, when we compared the group 2 mice with smaller tumors to group 3 mice with 

moderate size tumors, once again all four criteria unequivocally identified that group 3 had 

significantly more severe cancer as compared to group 2 (Fig. 3.1, pair B). Thus, if there are two 

groups with either very similar or distinctly different size tumors, all four conventional criteria would 

provide an identical conclusion about severity of cancer in these groups.  

In contrast, when we compared group 4 mice carrying mainly large flat tumors with group 5 mice 

having largely tall tumors with small footprint on the skin (Fig 3.1, pair C), the four criteria produced 

three different conclusions regarding which group had more severe cancer burden. The prevalence 

criterion indicated no significant difference with the mean tumor-free survival period around 13.5 

weeks for both the groups. The multiplicity criterion at week 20 revealed that average number of 

tumors per mouse was 2.6 times more in group 4 (19.7 tumors) than in group 5 (7.6 tumors). The area 

criterion also gave similar indication that group 4 (45.1 mm2) had significantly higher (1.6 times) 

average area of tumors per mouse than group 5 (28.6 mm2). In contrast, the tumor volume criterion 

produced a diametrically opposite result that group 5 (29.1 mm3) had almost 3.5 times more severe 

cancer burden than group 4 (8.4 mm3). 

This discrepancy among four commonly used criteria in the estimation of severity of cancer poses a 

significant challenge in drawing an accurate conclusion about the influence of genes and other 

interventions on the susceptibility to NMSC that tend to generate situation such as that described in 

pair C. As we described earlier [11], this problem is even more acute since many studies do not report 
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all four criteria but report the results with only prevalence and number of tumors, whereas other 

studies report area and that too after excluding tumors below an arbitrary cut-off dimension, and very 

few studies report volume of tumors. Thus, reporting of results based on only one or two criteria could 

introduce an unintended bias in the interpretations of results. In addition, even the use of all four 

conventional criteria does not guarantee a uniform conclusion for at least some of the data in NMSC 

studies, such as pair C. Hence, there is a need for additional criteria for a more reliable and consistent 

estimate of severity of cancer burden. 

3.5.2. Knud Thomsen three-dimensional surface as a fifth criterion of tumor burden  

The formulae for area and volume measurement are made with an assumption of a hemi-ellipsoidal 

shape for NMSC tumors. However, for such a shape, the KT-3D formula to calculate the 

tridimensional surface area strikes an optimum balance between the contributions by the length and 

width against its height. This formula, developed by Knud Thomsen [13] through optimization of the 

original formula of Klamkin [12] for ellipsoid shapes, is extensively used in many different 

disciplines ranging from medicine [14-16], veterinary medicine [17], medical imaging [18], cell 

biology [19, 20], immunology [21], plant biology [22], plant pathogen interactions [23, 24], 

evolutionary ecology [25], biophysics [26], oceanography [27], physical chemistry [28], engineering 

and applied sciences [29], aeronautics [30], geology [31], hydrodynamic [32], and thermodynamics 

[33]. More specifically in the above studies, the KT-3D formula was used for calculating the three-

dimensional surface area of a vast variety of ellipsoid or hemi-ellipsoid objects, such as osteosarcoma, 

retinal myocytes, zone affected by mitral valve regurgitation, areas of brain, dendritic cells in brain, 

bacterial shape during cell-cycle, insect puparium, beetles, plasma membrane of plant cells that 

transport nutrients, rhodolith beds of algae in marine sediments, and gas-filled airships. 

In view of the widespread acceptance of KT-3D formula as a true measure of tridimensional surface 

area of a hemi-ellipsoid object, we used it as a fifth criterion for measuring NMSC tumor burden in 

the same three comparison groups (Fig. 3.2). First of all, this criterion validated the observations 

described in Fig. 3.1 that there was no significant difference between groups 1 and 2 (Fig. 3.2A); and 

that group 3 had a significantly higher tumor burden than group 2 (Fig. 3.2B). On the other hand, KT-

3D surface measurement revealed no statistically significant difference between groups 4 and 5 (Fig. 

3.2C), an assessment of tumor burden that was a compromise between two opposite results observed 

with area and volume criteria in Fig. 3.1C. In view of the limitations of the formulae used for area 

and volume, we propose that conclusion drawn by KT-3D surface criteria is a more reasonable 

comparison of tumor burden between these two groups. 
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To more clearly demonstrate how each of the three dimensions of tumor influence the estimation of 

severity of burden as measured by area, volume and KT-3D surface, we compared the severity of 

cancer burden in two mice, one (mouse #1) carrying multiple small and near-flat tumors and another 

(mouse #2) carrying one very large and few small tumors (Suppl. Fig. S3.2). The mouse #1 had 4.9 

times more tumor burden by area but 11.4 times less burden by volume than mouse #2, whereas KT-

3D surface once again moderated between these two criteria to indicate that mouse #1 had 1.9 times 

more severe tumor burden than mouse #2. Thus, the area measurement undervalues the importance 

of a large and tall tumor with small footprint on the skin, whereas volume measurement undervalues 

contribution of numerous small but flat tumors to tumor burden. Since all three dimensions are 

clinically important determinants of severity of cancer, and since KT-3D surface criterion is 

universally recognized to apportion optimal weightage to all three dimensions of ellipsoid and hemi-

ellipsoid structures, we propose that KT-3D surface represents the most accurate estimation of the 

severity of cancer in this model. 

3.5.3. Occurrence of new tumors and growth-rate of tumors as two additional criteria 

The net increase in tumor burden over time is due to two distinct factors, the number of new tumors 

added each week which represents continuing cancer initiation events, and weekly increase in size of 

tumors which represents growth of tumors at different stages after initiation. However, these two key 

aspects of cancer burden are not readily discernible in the cumulative weekly data for different 

criteria, as presented in Figs. 3.1 and 3.2. The presentation of weekly multiplicity data in Fig. 3.1 

reveals a total number of tumors each week, irrespective of whether they were pre-existing tumors 

from earlier weeks or new tumors that appeared in that week. Similarly, weekly tumor area and 

volume data shown in Fig. 3.1 or weekly KT-3D surface area curves shown in Fig. 3.2 provide an 

average growth rate of newly formed tumors during that week pooled with that of the tumors that had 

appeared weeks earlier in the protocol.  

Here, we propose two more criteria to measure occurrence of new tumors and growth rate of new 

versus old tumors by mining our exhaustive weekly dataset on multiplicity and KT-3D surface area 

as shown in Figs. 3.1 and 3.2. The weekly data for the multiplicity in pair C was transformed to 

determine the occurrence of new tumors each week during the protocol (Fig. 3.3, left panel). While 

both groups developed ~1-2 new tumors each week up to 16th week, the occurrence of new tumors 

jumped significantly from week 17 for group 4 but not for group 5. These results suggest that the 

experimental intervention in group 4 had influence over tumor initiation events, as compared to 

intervention in group 5. 
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The variation in growth-rate of cancers after their initial appearance on the skin was determined by 

analyses of tumor dimension data collected on weekly basis, as suggested by Gruijl et al. [5]. We 

used KT-3D surface data to determine the average tumor growth-rate per week in entire period of 13-

20 weeks, or only in the initial (13-16 weeks) or late (17-20 weeks) phase of tumor growth (Fig. 3.3, 

middle panel). The global average growth-rate for the tumors from their first appearance in 13th week 

to the last week of the protocol (week 20) showed no significant difference between groups 4 and 5. 

However, stratification of this data into early (13-16 weeks) and late (17-20 weeks) phases revealed 

that tumors in group 5 had a significantly higher growth-rate than group 4 tumors only in the late 

phase but not in the initial phase.  

Next, we examined if initial 4-week growth-rate of tumors would be same in a given group whether 

tumors appeared either early (13th week) or late (17th week) period of the protocol (Fig. 3.3, right 

panel). The main difference between these two tumors would be that late appearing tumors would 

have received four extra weeks of irradiation before they first appeared as tumors in the 17th week. 

The initial growth-rate of early and late tumors was not significantly different in group 4, but for 

tumors in group 5, growth-rate of late tumors was significantly higher as compared to early tumors. 

Collectively, these two new criteria revealed key mechanistic differences in development of NMSC 

in these two groups of mice. Mice in group 4 had tendency to promote more frequent appearance of 

new tumors but not alter the growth-rate of tumors over time. In contrast, mice in group 5 exhibited 

stable occurrence of new tumors throughout the protocol, but accelerated the growth of tumors at later 

stage of the protocol. Thus, use of these two new criteria could reveal experimentally testable 

hypothesis for explaining the differences in NMSC development in groups 4 and 5. 

3.5.4. Improved method to calculate tumor-free survival fraction 

Gruijl et al. had earlier shown a mathematical relationship between the prevalence and multiplicity in 

UVB-induced NMSC in SKH-1 mice [34]. In Fig. 3.1, this correlation of higher prevalence and 

multiplicity was evident for comparison pairs A and B. However, for pair C, although prevalence was 

not different, the multiplicity was more in group 4 than in group 5. Normally, prevalence is based on 

the appearance of the first tumor, but we noted that appearance of a minimum of two tumors is a 

better indicator of a stable disease. Therefore, we recalculated the prevalence based on the presence 

of two tumors in a mouse rather than the first tumor (Fig. 3.4). This revised method of calculating 

prevalence or tumor-free survival correlated very well with multiplicity in all three pairs described in 

Fig. 3.1. Thus, our results indicate that tumor-free survival fraction based on two-tumor cut-off could 

serve as a better criterion for prevalence that is more aligned with multiplicity measure of tumor 

burden. 
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The SKH-1 mouse model has been very useful to study solar UVB-induced NMSC despite its 

limitations. These experiments are time-consuming, expensive and require a significant manpower. 

As a result, it is understandable that many studies do not analyze tumor burden each week and report 

only few criteria to assess and compare severity of cancer in different groups. Earlier, we have shown 

that the use of a simple yet accurate photographic method to capture weekly three-dimensional tumor 

data for measuring tumor burden on an ongoing basis can solve most of the manpower and time 

problem in collecting the weekly tumor data from a large number of mice in this protocol [11]. Here, 

we show that our combined panel of seven criteria can provide a comprehensive picture of NMSC 

severity and lead to further studies to understand mechanistic explanations for the influence of 

experimental treatment on development of NMSC. Our panel could also be applied for the study of 

NMSC in other mouse strains, if they develop UVB-induced NMSC because not all mouse strains 

have similar photosensitive response to UVB [35]. Finally, our panel can be more broadly used for 

measuring changes in other skin lesions such as psoriasis or wound or for other cancers in internal 

organs, as long as they can be counted and measured by any means for calculating area, volume and 

KT-3D surface with formulae suitable for the shape of the lesion or tumor.  
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 3.6. Figures and legends 

 

Figure 3.1. Four commonly used criteria for assessment of severity of NMSC 
The severity of cancer burden mice from five groups is presented as comparison pair A (groups 1 and 
2), pair B (groups 2 and 3) and pair C (groups 4 and 5). The results are presented as pairwise 
comparison of two selected groups with p-values (p), medians (50%) and means (x¯ ). Multiple 
comparison results are annotated with * for significant, ** for very significant, and *** for highly 
significant difference. Error bars are means ± SEM.  
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Figure 3.2. Assessment of cancer burden by KT-3D surface area 
The severity of tumor burden was measured as KT-3D surface area for five groups of mice divided 
in three comparison pairs (A, B and C) described in Fig. 3.1.  
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Figure 3.3. Weekly occurrence and growth-rate of tumors 
Left panel: Weekly occurrence of new tumors per mouse for groups 4 and 5. The group description 
and p-value for difference between two groups are same as described for Fig.3.1. Middle panel: 
Growth-rate in initial and late phase of tumors. For the tumors in groups 4 and 5 that appeared in 
week 13, their growth-rates in two groups were compared for the periods of 13-20 week (total period), 
13-16 weeks (initial growth) and 17-20 weeks (late growth). Right panel: Growth-rate of early and 
late appearing tumors within a group. Comparison within each group for only the initial growth-rate 
of tumors over first four weeks after their first appearance in either 13th week (early tumors) or in 
17th week (late tumors). The p-value indicates the significance of the occurrence group comparison. 
The * indicates statistically significant difference.  
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Figure 3.4. Tumor survival graphs with two-tumor cut-off  
For same three comparison pairs described in Fig. 3.1.  
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3.7. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3.1. Morphology of tumors from mice in the 5 groups used in Fig. 3.1 
Group differences in term of tumor size are illustrated in each column for groups 1 to 5. In the first 
row, yellow arrows show an example of the tumor location on the mouse back. The inset pictures are 
tumor profiles where tumor height is clearly visible.  

1 2 3 4 5 
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Criterion of tumor 
burden 

Mouse #1

 

Mouse #2

 

Difference in tumor burden 
between mice #1 and #2 

Prevalence: week of 
first tumor 14 14 no difference 

Prevalence: week of 
first two tumors 14 17 3 weeks earlier 

Multiplicity (number 
of tumors) at week 20 46 19 2.4× more severe 

Total tumor area at 
week 20 (mm2) 497 101 4.9× more severe 

Total tumor volume at 
week 20 (mm3) 38 432 11.3× less severe 

Total KT-3D surface 
area (mm2) 511 275 1.9× more severe 

 
Figure S3.2. Discrepancy in assessment of tumor burden by different criteria in two mice with 
heterogeneity in number and size of NMSC tumors.  
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3.7. Materials and Methods 

Chronic UVB-induced NMSC in the albino hairless SKH-1 mice and weekly measurement of 

tumors 

All animal studies were approved by the Animal Protection Committee of Laval University and were 

conducted by the personnel who were trained and certified for animal work. The animal protocol was 

carried out as described earlier [11]. Briefly, the 5-week old SKH-1 albino hairless mice were 

irradiated thrice a week with 800 J/m2 of UVB filtered through Kodacel (to remove UVC) for 20 

weeks. Mice were photographed weekly at the same time to build a database of weekly tumor 

appearance as well as the length, width, and height of each tumor over the 20-week protocol. The 

transient lesions that did not last for the entire protocol were excluded and merger of adjacent tumors 

was accounted for to determine the multiplicity of tumors. This database was subjected to analyses 

by OriginPro 2015 software (OriginLab Corp.) for assessment of severity of cancers by seven 

different criteria, as described below. Similar analyses could be conducted using more commonly 

used software for statistical and linear regression analyses, such as Microsoft Excel, R and 

LibreOffice Calc. 

Measurement of prevalence of tumors or tumor-free survival fraction 

The tumor prevalence (P) is the proportion of mice with at least one or two (as improved criterion 

described here) tumors at a given time. The tumor-free survival fraction was calculated as 1-P. The 

tumor-free survival graphs were analyzed using a Kaplan-Meier estimator with a log-rank test to 

calculate mean time when a mouse group develops the first or first two tumors and the median time 

when 50% of the mice in a group are affected. 

Measurement of multiplicity, area and volume of tumors 

Multiplicity of tumors was determined as average number of tumors per mouse. The area and volume 

were derived from length, width and height of the tumors using following formulae: 

𝐴𝑟𝑒𝑎 =
𝜋
4 × 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ 

𝑉𝑜𝑙𝑢𝑚𝑒 =
𝜋
6 × 𝑙𝑒𝑛𝑔𝑡ℎ × 𝑤𝑖𝑑𝑡ℎ × ℎ𝑒𝑖𝑔ℎ𝑡 

The tumor burden per mouse for each criterion was calculated from the sum of all tumor values for 

each mouse in the group in a given week, and presented as time-course of the burden value over the 

duration of the protocol. 
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Knud Thomsen’s tri-dimensional tumor surface area  

The three-dimensional tumor surface area was determined by KT-3D formula:𝐾𝑇–3𝐷	𝑠𝑢𝑟𝑓𝑎𝑐𝑒 =

𝜋 J
KLMNOPQPLRNPOQSTRUOPQPLRNPOQS V

WQKLMNOP
QTRUOPQ

X
Y

V
Q
 

where p = 1.6075. From Klamkin’s mathematical expression of the boundaries of an ellipsoidal 

surface [12], Knud Thomsen identified the best optimization to approximate this surface (with 

1.061% error) [13]. In this formula, the two first terms in the numerator are the height contribution 

and the last term is the base area (length and width) contribution. The collective tumor burden by KT-

3D surface area for each group was measured in the same way as described in section 2.3 for area 

and volume criteria. 

Weekly occurrence of new tumors and tumor growth-rate 

The occurrence of new tumors in a given week was derived by deducting multiplicity number of the 

previous week from the given week. Since tumor grows exponentially with cell division, its growth-

rate was defined by the exponent of the exponential growth. The KT-3D surface data for each tumor 

at each time was log-transformed to generate linear data from which the slope represents the growth-

rate of the given tumor. The growth-rates of the merged tumors were not assessed and corresponding 

tumors were excluded from this analysis. The average growth-rates of tumors appearing at week 13 

were calculated for three periods: 13-20 weeks (total period); 13-16 weeks (initial phase) and 17-20 

weeks (late phase). We also calculated growth-rate of tumors appearing at week 17 for the period of 

17-20 weeks (early phase of late appearing tumors). The statistical differences were calculated using 

a two-sample t-test. 

Statistical analyses for comparisons of groups 

For each group, the data are presented as the mean burden per animal with standard error of the mean 

(SEM). The tumor burden data are calculated from the week where at least one mouse in any of the 

experimental groups developed a tumor. The tumor burden curves for different groups were compared 

with the ANOVA 2 factors test for repeated measures using OriginPro 2015 software where the 

factors are the group treatment and time (week) of the protocol. To determine the significance of 

difference between two groups at any given time, data were transformed to obtain a linear response 

of each factor with time. First, the data were converted by small numerical values when null, 

otherwise by a root function: square root for areas and KT-3D surfaces, and cubical root for volumes. 

Next, these quantities as well as the multiplicity and new tumor numbers were transformed by a 
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natural logarithm function. Multiple linear regression method was performed on the transformed data 

to check the normality distribution. The data sphericity was calculated using the Greenhouse-Geisser 

and the Huynh-Feldt corrections to estimate the factor interaction. The multiple comparisons, if 

required, were done with a Holm-Bonferroni post-hoc test. In all the statistical tests, the p-value below 

0.05 was considered as a statistically significant difference.  



 

129 

3.8. References 

[1] F. Benavides, T.M. Oberyszyn, A.M. VanBuskirk, V.E. Reeve, D.F. Kusewitt, The hairless mouse 
in skin research, J Dermatol Sci, 53 (2009) 10 - 18. 

[2] A.Y. Voigt, M. Michaud, K.Y. Tsai, J. Oh, J.P. Sundberg, Differential Hairless Mouse Strain-
Specific Susceptibility to Skin Cancer and Sunburn, J Invest Dermatol, 139 (2019) 1837-1840 e1833. 

[3] S. Chilampalli, X. Zhang, H. Fahmy, R.S. Kaushik, D. Zeman, M.B. Hildreth, C. Dwivedi, 
Chemopreventive effects of honokiol on UVB-induced skin cancer development, Anticancer Res, 30 
(2010) 777-783. 

[4] C.K. Singh, C.A. Mintie, M.A. Ndiaye, G. Chhabra, P.P. Dakup, T. Ye, M. Yu, N. Ahmad, 
Chemoprotective Effects of Dietary Grape Powder on UVB Radiation-Mediated Skin Carcinogenesis 
in SKH-1 Hairless Mice, J Invest Dermatol, 139 (2019) 552-561. 

[5] F.R. de Gruijl, J.B. Van Der Meer, J.C. Van Der Leun, Dose-time dependency of tumor formation 
by chronic UV exposure, Photochem Photobiol, 37 (1983) 53-62. 

[6] M. Vaid, T. Singh, R. Prasad, S.K. Katiyar, Intake of high-fat diet stimulates the risk of ultraviolet 
radiation-induced skin tumors and malignant progression of papillomas to carcinoma in SKH-1 
hairless mice, Toxicol Appl Pharmacol, 274 (2014) 147-155. 

[7] J.M. Thomas-Ahner, B.C. Wulff, K.L. Tober, D.F. Kusewitt, J.A. Riggenbach, T.M. Oberyszyn, 
Gender differences in UVB-induced skin carcinogenesis, inflammation, and DNA damage, Cancer 
Res, 67 (2007) 3468-3474. 

[8] Y.R. Lou, Q.Y. Peng, T. Li, C.M. Medvecky, Y. Lin, W.J. Shih, A.H. Conney, S. Shapses, G.C. 
Wagner, Y.P. Lu, Effects of high-fat diets rich in either omega-3 or omega-6 fatty acids on UVB-
induced skin carcinogenesis in SKH-1 mice, Carcinogenesis, 32 (2011) 1078-1084. 

[9] R.B. Cope, C. Loehr, R. Dashwood, N.I. Kerkvliet, Ultraviolet radiation-induced non-melanoma 
skin cancer in the Crl:SKH1:hr-BR hairless mouse: augmentation of tumor multiplicity by 
chlorophyllin and protection by indole-3-carbinol, Photochem Photobiol Sci, 5 (2006) 499-507. 

[10] D.M. Euhus, C. Hudd, M.C. LaRegina, F.E. Johnson, Tumor measurement in the nude mouse, J 
Surg Oncol, 31 (1986) 229-234. 

[11] M. Bazin, N.K. Purohit, G.M. Shah, Comprehensive measurement of UVB-induced non-
melanoma skin cancer burden in mice using photographic images as a substitute for the caliper 
method, PLoS One, 12 (2017) e0171875. 

[12] M.S. Klamkin, Elementary approximations to the area of N-dimensional ellipsoids, American 
Mathematical Monthly, 78 (1971) 280-283. 

[13] L. Cao, Biological model representation and analysis, in:  Thesis of mathematics and natural 
science, Leiden University, Section Imaging & BioInformatics, Leiden Insitute of Advanced 
Computer Science, Faculty of Science, Leiden University, 2014. 

[14] E. Ashikhmina, D. Shook, F. Cobey, B. Bollen, J. Fox, X. Liu, A. Worthington, P. Song, S. 
Shernan, Three-dimensional versus two-dimensional echocardiographic assessment of functional 
mitral regurgitation proximal isovelocity surface area, Anesth Analg, 120 (2015) 534-542. 

[15] S.L. Cotter, V. Klika, L. Kimpton, S. Collins, A.E. Heazell, A stochastic model for early 
placental development, J R Soc Interface, 11 (2014) 20140149. 



 

130 

[16] J.J. Tukker, B. Lasztoczi, L. Katona, J.D. Roberts, E.K. Pissadaki, Y. Dalezios, L. Marton, L. 
Zhang, T. Klausberger, P. Somogyi, Distinct dendritic arborization and in vivo firing patterns of 
parvalbumin-expressing basket cells in the hippocampal area CA3, J Neurosci, 33 (2013) 6809-6825. 

[17] R.A. Sternberg, H.C. Pondenis, X. Yang, M.A. Mitchell, R.T. O'Brien, L.D. Garrett, W.G. 
Helferich, W.E. Hoffmann, T.M. Fan, Association between absolute tumor burden and serum bone-
specific alkaline phosphatase in canine appendicular osteosarcoma, J Vet Intern Med, 27 (2013) 955-
963. 

[18] D. Xu, J. Cui, R. Bansal, X. Hao, J. Liu, W. Chen, B.S. Peterson, The ellipsoidal area ratio: an 
alternative anisotropy index for diffusion tensor imaging, Magn Reson Imaging, 27 (2009) 311-323. 

[19] M.K. McGahon, J.M. Dawicki, A. Arora, D.A. Simpson, T.A. Gardiner, A.W. Stitt, C.N. 
Scholfield, J.G. McGeown, T.M. Curtis, Kv1.5 is a major component underlying the A-type 
potassium current in retinal arteriolar smooth muscle, Am J Physiol Heart Circ Physiol, 292 (2007) 
H1001-1008. 

[20] J.M. Monteiro, P.B. Fernandes, F. Vaz, A.R. Pereira, A.C. Tavares, M.T. Ferreira, P.M. Pereira, 
H. Veiga, E. Kuru, M.S. VanNieuwenhze, Y.V. Brun, S.R. Filipe, M.G. Pinho, Cell shape dynamics 
during the staphylococcal cell cycle, Nat Commun, 6 (2015) 8055. 

[21] S.L. Harwood, A. Alvarez-Cienfuegos, N. Nuñez-Prado, M. Compte, S. Hernández-Pérez, N. 
Merino, J. Bonet, R. Navarro, P.M.P. Van Bergen en Henegouwen, S. Lykkemark, K. Mikkelsen, K. 
Mølgaard, F. Jabs, L. Sanz, F.J. Blanco, P. Roda-Navarro, L. Alvarez-Vallina, ATTACK, a novel 
bispecific T cell-recruiting antibody with trivalent EGFR binding and monovalent CD3 binding for 
cancer immunotherapy, in:  OncoImmunology, 2017. 

[22] D. Pugh, C. Offler, M. Talbot, Y.-L. Ruan, Evidence for the role of transfer cells in the 
evolutionary increase in seed and fiber biomass yield in cotton, Molecular Plant, 3 (2010) 1075-1086. 

[23] S.A. Broski, B.H. King, Drilling-in and Chewing-out of Hosts by the Parasitoid Wasp Spalangia 
endius (Hymenoptera: Pteromalidae) When Parasitizing Musca domestica (Diptera: Muscidae), 
Environ Entomol, 44 (2015) 1116-1124. 

[24] B. Mori, H. Proctor, D. Walter, M. Evenden, Phoretic mite associates of mountain pine beetle at 
the leading edge of an infestation in northwestern Alberta, Canada, Can Entomol, 143 (2011) 44-55. 

[25] A. Ansart, A. Guiller, O. Moine, M.C. Martin, L. Madec, Is cold hardiness size-constrained? A 
comparative approach in land snails, Evolutionary Ecology, 28 (2014) 471-493. 

[26] C. Ihueze, C. Okafor, P. Ogbobe, Finite Design for Critical Stresses of Compressed Biomaterials 
under Transportation, in:  Proceedings of the World Congress on Engineering (WCE) July 3-5 2013, 
SSRN, London, U.K. Available at SSRN, 2013. 

[27] K. Millar, P. Gagnon, Mechanism of stability of rhodolith beds: sedimentological aspects, 
Marine Ecology Progress Series, 594 (2018) 65-83. 

[28] S. Manet, A.S. Cuvier, C. Valotteau, G.C. Fadda, J. Perez, E. Karakas, S. Abel, N. Baccile, 
Structure of Bolaamphiphile Sophorolipid Micelles Characterized with SAXS, SANS, and MD 
Simulations, J Phys Chem B, 119 (2015) 13113 - 13133. 

[29] Noerhidajat, R. Yunus, Z.A. Zurina, S. Syafiie, T.S. Chang, Modeling and Simulation of Heat 
and Mass Transfer in Oil Palm Fruit Digestion Process, J Emerging Trends in Engineering and 
Applied Sciences, 6 (2015) 136 - 143. 



 

131 

[30] M. Bonnici, A. Tacchini, D. Vucinic, Long permanence high altitude airships: the opportunity 
of hydrogen, Eur Transp Res Rev, 6 (2014) 253-266. 

[31] Z. Jin, Z.Y. Yin, P. Kotronis, Y.F. Jin, Numerical investigation on evolving failure of caisson 
foundation in sand using the combined Lagrangian-SPH method, Marine Georesources and 
Geotechnology, 37 (2018) 23-35. 

[32] P.M. Mwasame, N.J. Wagner, A.N. Beris, On the macroscopic modelling of dilute emulsions 
under flow, J Fluid Mechanics, 831 (2017) 433 - 473. 

[33] F.E. Benedetto, H. Zolotucho, M.O. Prado, Critical Assessment of the Surface Tension 
Determined by the Maximum Pressure Bubble Method, Materials Research, 18 (2015) 9-14. 

[34] F.R. de Gruijl, P.D. Forbes, UV-induced skin cancer in a hairless mouse model, Bioessays, 17 
(1995) 651-660. 

[35] N. Gyongyosi, K. Lorincz, A. Keszeg, D. Haluszka, A. Banvolgyi, E. Tatrai, S. Karpati, N.M. 
Wikonkal, Photosensitivity of murine skin greatly depends on the genetic background: clinically 
relevant dose as a new measure to replace minimal erythema dose in mouse studies, Exp Dermatol, 
25 (2016) 519-525.  



 

132 

3.9. Acknowledgements 

We are thankful to Mihaela Robu and Rashmi G. Shah for help in measurement of tumor dimensions. 

This work was supported by the Discovery Grant (RGPIN 2016-05868) and the Discovery 

Accelerator Supplement Grants (RGPA-492875-2016) to GMS from the Natural Sciences and 

Engineering Research Council of Canada. NKP received a graduate student scholarship from the 

CHU de Quebec Research Centre as well as a foreign student supplemental fee waiver from Quebec 

Government and the Shastri Indo-Canadian Institute. 

Conflict of interest 

Authors have no conflict of interest to declare. 

  



 

133 

Chapter 4. Decreased susceptibility of PARP1-knockout or 
PARP inhibitor-treated SKH-1 mice to develop UVB-induced 

non-melanoma skin cancers 
Nupur K. Purohit1,3, Marc Bazin1,3, Marine A. Merlin1,3, Julie Brind’Amour4, Yulian Niu5, Sabine 

Hombach-Klonisch5 and Girish M. Shah1,2,3* 

1CHU de Quebec-Laval University Research Center, Neuroscience and Cancer Axes, Laboratory for 

Skin Cancer Research, 2705, Boulevard Laurier, Quebec (QC), Canada  

2Department of Molecular Biology, Medical Biochemistry and Pathology, Faculty of Medicine, Laval 

University, Quebec (QC), Canada 

3Université Laval Cancer Research Center, Quebec (QC), Canada 

4Department of Medical Genetics, Life Sciences Institute, The University of British Columbia, 

Vancouver, BC V6T 1Z3, Canada 

5Department of Human Anatomy and Cell Science, Max Rady College of Medicine, University of 

Manitoba, Winnipeg, Canada 

* Correspondence should be addressed to: girish.shah@crchul.ulaval.ca  



 

134 

4.1. Preface 

This chapter, which is due to be submitted for publication, accounts for the major part of my doctoral 

work. I carried out genotyping over a period of 3 years for the creation of PARP1-KO SKH-1 mice 

(Fig 4.1A and Suppl. Fig. S4.1). I was actively involved in planning and execution of the chronic and 

acute UVB-induced SCC protocol, harvesting skin and tumor samples as well as analyzing the tumor 

data. I also contributed to the experiment and analysis required for the Figs. 4.1B, 4.1F, 4.3C, 4.7 and 

Suppl. Fig. S4.4B. Dr. Marc Bazin (second author on this manuscript) also participated in the 

execution of these experiments, tumor measurements and harvesting of skin and tumor samples. Dr 

Bazin and I also actively collaborated to develop a new photographic method to measure skin tumor 

burden in these mice (Chapter 2) and described a comprehensive list of seven criteria to measure 

severity of tumor burden in these mice (Chapter 3). Consequently, majority of the tumor burden data 

in this chapter was collected and analyzed using techniques described in chapters 2 and 3. Dr. Bazin 

also created the graphs from the data using Origin software, and developed a new program linked to 

the Image J software for automated machine-based extraction and analyses of the data from the 

immunohistological images of CPD and in situ TUNEL (Fig. 4.7). Marine Merlin, the third author of 

the manuscript, participated in the experiments for Fig. 4.1B, 4.1F, 4.3C and Suppl. fig. S4.4B. The 

PARP activation immunoblots in Fig. 4.1E were generated by Dr. Julie Brind’Amour (fourth author) 

during her Masters study in our lab. All the H&E staining (Fig. 4.3A, 4.3C and Suppl. Fig. S4.4B) as 

well as immunohistological staining for CPD and in situ TUNEL (Fig. 4.8) were carried out by Yulian 

Niu under the guidance of Dr. Sabine Hombach-Klonisch at her histology laboratory facility in 

University of Manitoba, Winnipeg, Canada. The histopathology of harvested tumors was analyzed 

by Dr. Sabine Hombach-Klonisch (Fig. 4.3A). Being the first author, I prepared the first draft of this 

manuscript and all the subsequent versions of it with the help of input from my advisor Dr. Girish M. 

Shah as well as the co-authors, Dr. Marc Bazin and Marine Merlin.  
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4.2. Résumé 

Le carcinome spinocellulaire cutané (CSC) causé par le rayonnement ultraviolet B (UVB) solaire est 
le deuxième cancer de la peau de type non-mélanome le plus fréquent, avec le taux de développement 
de métastases le plus élevé et représente la majorité du taux de mortalité induit par cette catégorie de 
cancers. Parmi les multiples mécanismes cellulaires impliqués dans les CSC induits par UVB, il y a 
les voies de réparation des dommages à l’ADN, les réponses immunologiques et la mort cellulaire 
des kératinocytes endommagés. La poly(ADP-ribose) polymérase 1 (PARP1), une protéine nucléaire 
abondante dans les cellules de mammifères, est impliquée dans ces mécanismes dans plusieurs types 
cellulaires. PARP1 a donc le potentiel d’influencer l’effet cancérigène des UVB sur les kératinocytes 
mais les quelques études antérieures existantes n’ont montré que des résultats contradictoires sur le 
rôle des inhibiteurs pharmacologiques de PARP1 sur les CSC induits par UVB. Aucun de ces effets 
n’a été confirmé sur un modèle animal PARP1-knockout ou KO, probablement car le seul modèle 
PARP1-KO disponible était dans des lignées de souris dont la peau sombre les rend hautement 
résistantes au développement de CSC induits par UVB. Pour contourner cette limitation, nous avons 
créé une souris PARP1-KO dans la lignée de souris glabres albinos SKH-1, un modèle largement 
utilisé dans l’étude des CSC induits par UVB. Les souris PARP1-KO nouvellement créées ainsi que 
les souris SKH-1 de type sauvage avec ou sans inhibiteur de la PARP ont été soumises à un protocole 
d’exposition chronique aux UVB permettant le développement de CSC. Nous rapportons ici que 
l’absence ou la suppression de l’activité de PARP1 dans la peau des souris SKH-1 mâles et femelles 
réduit significativement la charge tumorale des CSC et prolonge le temps de latence des tumeurs. Les 
analyses hebdomadaires de l’apparition et de la croissance tumorale ont également révélé que le stade 
précancéreux du développement de CSC était réprimé chez les souris déficientes pour PARP1 à cause 
d’une augmentation de l’apoptose des kératinocytes pré-mutagènes de l’épiderme. Notre étude met 
en évidence l’utilisation potentielle des inhibiteurs de la PARP comme nouvel agent de 
chimioprévention contre les CSC induits par UVB.  
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4.3. Abstract 

Solar ultraviolet B radiations (UVB)-induced cutaneous squamous cell carcinoma (SCC) are the 
second most common and fastest growing non-melanoma skin cancer (NMSC) with highest 
metastatic rate and account for a majority of NMSC-induced mortality. Among various cellular 
mechanisms implicated in UVB-induced SCC are the DNA repair pathways, immunological 
responses and death of damaged keratinocytes. Poly(ADP-ribose) polymerase-1 (PARP1), an 
abundant nuclear protein in mammalian cells, is implicated in some of these pathways in different 
cell types. Therefore, PARP1 has the potential to influence the carcinogenic effect of UVB on skin, 
but few earlier reports produced discordant conclusions regarding the effect of pharmacological 
inhibitors of PARP1 on UVB-induced SCC. None of these studies employed PARP1-knockout or 
KO mouse model to confirm their results, possibly because PARP1-KO was available only in the 
mouse strains with dark and hairy skin background, which are highly resistant to developing UVB-
induced SCC. To overcome this limitation, we created PARP1-KO mice in the albino SKH-1 hairless 
background, a widely adopted model to study UVB-induced SCC. We exposed PARP1-KO SKH-1 
mice or its wild type counterpart with or without topical application of PARP inhibitor to chronic 
UVB-irradiation for development of SCC. Here, we report that the absence or suppression of PARP1 
activity in both the male and female SKH-1 mice significantly reduces the UVB-induced SCC tumor 
burden and prolongs the latency period for tumor growth. The weekly analyses of occurrence and 
growth-rate of tumors also revealed that the premalignant stage of the SCC development is suppressed 
in PARP1-impared mice due to increased apoptosis of premutagenic keratinocytes from their 
epidermis. Our study reveals a potential use of PARPi as a chemopreventive agent against UVB-
induced SCC.  
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4.4. Introduction 

The squamous cell carcinoma (SCC) arising from epidermal keratinocytes (KC) are the fastest 

growing non-melanoma skin cancer (NMSC) with the highest metastatic rate and cause majority of 

death due to NMSC [1, 2]. Cumulative exposure to terrestrial solar ultraviolet (UV) radiation, 

composed of UVA (400-320 nm) and UVB (320-280 nm) [3], is a major environmental risk factor 

for SCC development in humans [4]. More specifically, the exposure to UVB is closely associated 

with UV-induced SCC in mice and humans [5]. Consistently, the trend for recreational exposure to 

UVB in the past decades has resulted in an upsurge in worldwide incidence of SCC [6-8]. Chronic 

UVB exposure can mediate all the three stages of UVB-induced SCC development, namely initiation, 

promotion and progression; thus, making it a complete carcinogen when tested in multistage 

carcinogenesis model of mouse skin [9, 10].  

Initiation of SCC is an early and irreversible process by which KC acquire the capacity to form tumors 

due to UVB-induced genetic mutations [11, 12]. The tumor initiating properties of UVB arise 

predominantly from its ability to cause direct DNA damage such as cyclobutane pyrimidine dimers 

(CPD) and 6-4 photoproducts (6-4PP) at dipyrimidine sites in the DNA [12]. The replication of DNA 

with unrepaired damage results in C→T transitions or CC→TT tandem mutations, which are referred 

to as “UV-signature mutations” [11]. These mutations can trigger inactivation of tumor suppressor 

genes and/or activation of oncogenes in KC, and hence initiation of SCC [11, 12]. Approximately 

80% of SCC harbor the “UV-signature mutations” at the dipyrimidine sites. The repair of direct DNA 

damage by the nucleotide excision repair (NER) pathway [13, 14], which uses multiple proteins 

including the Xeroderma pigmentosum family of proteins, is the first and critical line of defense 

against solar UV-induced SCC. Consistently, Xeroderma pigmentosum (XP) patients, who have 

defects in NER pathway, have an increased susceptibility to develop sunlight-induced skin cancers 

including SCC [15]. In addition to direct DNA damage, UVB irradiation also results in intracellular 

formation of  reactive oxygen species (ROS) that cause indirect DNA damage, such as 8-oxo-7,8-

dihydroguanine (8-oxoG) and single strand breaks (SSB) [12]. The indirect DNA damage is repaired 

via base excision repair (BER) and SSB repair (SSBR) pathways [13, 14]. The UVB-induced 8-oxoG 

account for minor type of UVB-induced mutations such as G → T or A → G [16-18], which may 

also contribute to SCC initiation [19, 20]. The second line of defense against UV-induced SCC is 

death of KC with unrepaired DNA damage. 

Promotion of the initiated KC is a reversible process, which entails clonal expansion of initiated cells 

resulting in visible outgrowth of pre-malignant tumors referred to as papilloma or actinic keratosis 

(AK) [10]. Initially UVB, via ROS and mediators of inflammation, triggers proliferation of all the 
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cells in epidermis [10]. However, initiated KC eventually outgrow normal cells due to advantages 

offered via their genetic mutations, such as resistance to death or loss of cell cycle control [9]. The 

increase in size of premalignant outgrowth and their malignant transformation to SCC mark the 

progression phase of SCC tumorigenesis, which involves formation of secondary mutations. 

Moreover, UVB-induced chronic inflammation as well as damage to epidermal and dermal immune 

cells compromise the skin’s adaptive immune response resulting in immunosuppression that 

facilitates promotion and progression stages of SCC [21]. Thus, chronic UVB-induced genetic 

mutations, chronic inflammation and immunosuppression trigger initiation, promotion and 

progression of SCC in the mammalian skin in a complex multistage process. Hence, understanding 

the role of different proteins which are critical for one or more of these cellular processes could lead 

to novel targeted therapeutic approaches for SCC. 

Poly(ADP-ribose) polymerase-1 (PARP1), an abundant genotoxic stress-responsive nuclear protein 

in mammalian cells, could be implicated in development of UVB-induced SCC based on its reported 

roles in multiple cellular processes associated with this carcinogenesis. One of the earliest responses 

of mammalian cells to UVB-induced DNA damage is the biphasic catalytic activation of PARP1 [22]. 

We showed that in the UV-irradiated cells, PARP1 rapidly accumulates at the subnuclear sites of 

local UV irradiation and is catalytically activated within seconds to form polymers of ADP-ribose 

using the substrate nicotinamide adenine dinucleotide (NAD+) at the lesion site [22, 23], whereas its 

second phase activation is in response to indirect DNA damage [22]. Studies from our lab and others 

have shown that PARP1 and its catalytic activity improve the efficiency of mammalian NER [24-28]. 

Similarly, PARP1 and its activity are also required for the efficient BER/SSBR of indirect DNA 

damage [29-32]. Multiple studies with PARP1-knockout (KO) mice have shown that BER/SSBR 

function of PARP1 protects against the carcinogenesis [33].  

In view of the importance of NER in preventing formation of SCC in UV-irradiated skin and the 

known role of PARP1 in promoting efficiency of NER, it is reasonable to presume that PARP1 could 

offer protection against the initiation of UVB-induced SCC development. Few earlier studies 

addressed this question but failed to offer a definitive conclusion as to whether PARP1 promotes or 

suppresses UVB-induced SCC. The treatment of mouse embryonic fibroblasts (MEF) with first 

generation PARPi 3-aminobenzamide (3-AB) inhibited their UVC-induced malignant transformation 

[34]. However, topical application of 3-AB was shown to increase the incidence and severity of UVB-

induced SCC in SKH-1 mice [35]. None of these studies used PARP1-KO mice to validate their 

results with PARPi, possibly because the existing PARP1-KO mice were generated in dark and hairy 

C57BL6/129Sv strain [36-38] that is resistant to developing UVB-induced SCC and require very high 
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non-physiological doses of UVB with a very long latency time to develop SCC [39]. On the other 

hand, albino SKH-1 hairless mice develop SCC upon chronic exposure to physiological doses of 

UVB [40]. Since the morphology and the molecular mechanisms underlying the development of 

UVB-induced SCC in these mice are similar to that in humans [41], they are a widely adopted in vivo 

model to study the causes and cures of SCC [40]. Therefore, we have created PARP1-KO in SKH-1 

hairless mouse model and report here that the absence or inhibition of PARP1 results in a significant 

suppression of UVB-induced SCC in SKH-1 mice. 
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4.5. Results 

4.5.1. Characterization of PARP1 impaired SKH-1 mice for their use in UVB-indiced SCC 

protocol 

PARP1-KO SKH-1 mice (KO mice), which were created by transferring the Parp1-/- genotype from 

PARP1-KO mice in C57BL6/129Sv background [36] to SKH-1 mice in albino hairless background 

(Suppl. Fig. S4.1A-B). In the skin samples of these mice, the disruption of PARP1 gene was verified 

by PCR (Fig. 4.1A). The absence of even a trace of active PARP1 protein or PAR formation in their 

epidermis was confirmed by in situ catalytic activation of immobilized PARP1 on the membrane (Fig. 

4.1B). The KO mice had a small but significant reduction in litter size (7.7 ± 0.6 pups) as compared 

to WT-SKH-1 mice (9.4 ± 0.4 pups; Fig. 4.1C), which is in agreement with earlier study of PARP1-

KO in C57BL6/129Sv strain [37]. Unlike previous reports [37, 42], we did not find any significant 

change in growth rate (body weight) of our KO mice over a 14-week period (Fig. 4.1D). We also did 

not observe any macroscopic skin lesions in our KO mice until the age of 6 months (Suppl. Fig 

S4.2A), unlike that reported earlier in another strain of mice [36]. 

Next, we examined the status of PARP1 activation in the skin of KO and PARPi (PARP1 impaired) 

mice up to 72 h following acute irradiation with 4000 J/m2 UVB. The PAR-immunoblotting of 

epidermis of UVB-irradiated WT mice revealed multiple phases of PARP1 activation peaking at 

around 5 min, 1 h and from 6-48 h (Fig. 4.1E and F, left panels). The time frame of the first two 

phases of PARP1 activation are in agreement with our previous observation in UVB-irradiated 

cultured mammalian cells [22]. A single topical application of PARPi (PJ-34), 1 h prior to irradiation 

significantly suppressed formation of PAR in epidermis of WT mice up to 24 h, but not at 48 h after 

irradiation (Fig. 4.1F, middle panel), indicating pharmacodynamic turnover of topically applied PJ-

34 over 2 days. As expected, we did not observe any trace of PAR signal at all the time points in 

immunoblotted KO epidermis, which suggested that PARP1 activation is the major cause for 

formation of the PAR-modified proteins in UVB-irradiated WT epidermis (Fig 4.1F, right panel).  

4.5.2. PARP1-KO or PARP inhibition increased latency and decreased burden of UVB-induced 

skin cancers in mice  

Next, we compared the development of SCC for 24 weeks among male and female WT, PARPi-

treated WT (PARPi mice) and KO mice subjected to chronic low-dose UVB irradiation (800 J/m2 

UVB, 3× by week for first 20 weeks). To compensate for the pharmacodynamic turnover of topically 

applied PJ-34 (Fig. 4.1F, middle panel), PARPi was applied 1 h prior to each irradiation during first 

20 weeks, and thereafter each two days in post-irradiation period of 21-24 weeks. No spontaneous 
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skin tumors were observed until 24 weeks in unirradiated control mice of all three groups (Suppl. Fig. 

S4.2A). In UVB-irradiated mice, although tumors in all three experimental groups appeared 

macroscopically similar, the majority of tumors in KO and PARPi mice were smaller in size and less 

in number as compared to those in WT mice (Suppl. Fig. S4.2B).  

To quantify the difference in susceptibility of these mice to develop tumors, we used our newly 

developed photographic method to collect weekly data on tumors appearing in these mice [43] and 

our recently described panel of criteria [44] to assess the severity of tumor burden. The prevalence or 

fraction of mice surviving with less than two tumors revealed a modest but statistically significant 

increase in median time by 1 week for KO and 2 weeks for PARPi-treated WT mice, as compared to 

WT mice (16 weeks; Fig. 4.2A). By 18 weeks, only 68 % KO and 60 % PARPi mice had developed 

at least two tumors unlike 100% mice in WT group. Moreover, 3.0 % of mice in both PARP1 impaired 

groups did not develop two tumors until the end of the protocol at 24 weeks. The multiplicity criterion 

revealed a significant reduction in the average number of tumors per mouse in KO (15th week 

onwards) and PARPi (13th week onwards) mice as compared to WT mice (Fig. 4.2B). Next, we 

compared tumor area, volume and Knud-Thomsen tri-dimensional (KT-3D) surface area [44] in these 

three groups, and noted that PARP1 impaired mice had tumors with significantly smaller average 

KT-3D surface area (Fig. 4.2C), area and volume (Suppl. Fig. S4.3A and B) as compared to WT mice. 

Furthermore, there was no significant difference between PARPi and KO mice for all the above 

described criteria (Fig. 4.2A-C). Since the topical application of PARPi on WT mice skin inhibits the 

catalytic activation of other PARP family members in addition to PARP1 [45], we examined the role of 

activity of other PARPs in UVB-induced SCC by topical application of PARPi in KO mice (PARPi + KO 

mice). We observed that there was no significant difference between PARPi + KO and KO mice for all 

the above described criteria (Suppl. Fig. 4.3C-E). Similar to that observed with KO mice, PARPi + KO 

mice showed significant delay in median time of appearance of first two tumors (19 weeks; Suppl. Fig. 

4.3C), lesser average number (17th week onwards; Suppl. Fig. 4.3D) and smaller average KT surface area 

of tumor (14th week onwards; Suppl. Fig. 4.3C) as compared to WT mice. Thus, our data indicate that 

although PARPi can inhibit other PARPs [45], the observed resistance to carcinogenesis is largely 

due to suppression of the catalytic activity of PARP1. 

4.5.3. Decreased UVB-induced SCC and its premalignant precursor actinic keratosis (AK) in 

KO and PARPi mice 

A previous histopathological study identified majority of tumors with ≥ 3 mm in diameter as SCC, 

≤ 2 mm diameter as AK and with 2-3 mm diameter (intermediate size) as the mixed population of 

AK and SCC. The histopathological examination of multiple tumors with ≥ 3 mm in diameter 
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harvested from WT, KO and PARPi mice in our study also confirmed that all of them were SCC 

showing hyperkeratosis and infiltrative growth, with no histological differences among different 

groups (Fig. 4.3A). This allowed us to classify all the tumors in these groups by diameter criteria. We 

observed that both KO and PARPi mice had fewer total (Suppl. Fig. S4.4A) and average (Fig.4.3B) 

number of tumors with less than 2 mm (AK), 2-3 mm (AK+SCC) and more than 3 mm (SCC) 

diameters as compared to WT mice. However, the average number of tumors per mouse was 

significantly different for tumors with less than 2 mm and 2-3mm diameter (Fig. 4.3B). Our results 

suggest that PARP1 impaired mice have reduced burden of both the SCC and AK. 

4.5.4. Impairing PARP1 in mice reduces chronic UVB-induced epidermal hyperplasia 

Apart from the induction of SCC, chronic UVB also causes epidermal hyperplasia in the non-tumor 

bearing parts of the skin [10, 46]. To analyze the influence of PARP1 on this response, we performed 

epidermal morphometry of the non-tumor bearing skin from WT, KO and PARPi mice and their 

unirradiated counterparts. The epidermis of UVB-irradiated WT mice was 1.8 times thicker than that 

of the unirradiated WT counterparts (Fig. 4.3C). On the other hand, the epidermal thickness in KO 

and PARPi mice significantly increased 1.4 and 1.1 times, respectively as compared to their 

respective unirradiated controls. Thus, absence of PARP1 or its catalytic activity also significantly 

reduced chronic UVB-induced epidermal hyperplasia in the non-tumor bearing skin. 

We also noted that chronic topical application of PARPi on unirradiated mice for ~6 months did not 

result in any apparent macroscopic changes as compared to the WT mice (Suppl. Fig. S4.2A). 

Furthermore, no significant difference in the epidermal thickness was observed between the 

unirradiated mice in WT and PARPi groups (Fig. 4.3C). Thus, topical application of PARPi on WT 

mice is non-toxic for at least 6 months. On the contrary, the epidermis of unirradiated KO mice was 

significantly thinner than that of WT mice. Since these mice were ~6 months old when these skin 

samples were harvested and thinning of epidermis is observed with ageing [47], we compared the 

epidermal thickness measured in the skin from unirradiated young (~1 month) WT and KO mice with 

that in the skin from their older (~6 months) counterparts (Suppl. Fig. S4.4B). While no difference in 

the epidermal thickness was observed between the skin from young WT and KO mice, the age-related 

epidermal thinning was slightly but significantly more in KO mice than in WT mice. Thus, our data 

of increased age-related epidermal thinning in KO mice is in agreement with previously reported 

accelerated ageing in these mice [42]. 

4.5.5. Decreased susceptibility to develop UVB-induced SCC in PARP1 impaired mice is 

independent of the sex and UVB-dose 
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The above described data on the influence of PARP1 on SCC development was derived from pool of 

male and female mice in each group. Since sex could be a critical variable in development of SCC, 

we examined the influence of PARP1 in each sex in this model. Stratifying tumor burden data 

according to sex in each group revealed that the median time for fraction of mice surviving with less 

than two tumors was significantly longer in both male and female KO and PARPi mice as compared 

to WT counterparts of the same sex (Fig. 4.4A and B). While 7 % of male KO and PARPi mice did 

not develop at least two tumors until 24 weeks (Fig. 4.4A), all female KO and PARPi mice developed 

at least two tumors by 21-22 weeks (Fig. 4.4B), which was still a significantly delayed response as 

compared to female WT mice (18 weeks). We also observed that both male and female KO and 

PARPi mice developed significantly lesser number (Fig. 4.4C and D) and smaller size tumors (Fig. 

4.4E and F) as compared to their WT counterparts. To note, there was no significant difference in the 

tumor-free survival as well as average number and KT-3D surface area of tumors between male and 

female populations within WT, KO and PARPi groups (Suppl. Fig. S4.5). Thus, our data indicate that 

reduction in UVB-induced tumor burden in KO and PARPi mice is independent of sex. 

To study the effect of higher dose of UVB on the SCC development in absence of PARP1 in WT 

mice, we carried out a high-dose chronic UVB study in which male and female WT and KO mice 

were exposed to 2240 J/m2 UVB; 3× per week for 16 weeks and observed for another 8 weeks post 

UVB irradiation (total 24 weeks). Analogous to low-dose UVB study, we observed that median time 

of appearance of first two tumors was delayed (Fig. 4.5A), average number was less (Fig. 4.5B) and 

average tumor size was smaller (Fig. 4.5C) in KO mice as compared to WT mice in the high-dose 

UVB study. Furthermore, diameter specific classification of tumors for this study also showed 

reduced total (Suppl. Fig. S4.6B) and average (Fig. 4.5D) number of AK and SCC in KO mice as 

compared to WT mice. Thus, our data indicate that effect of absence of PARP1on UVB-induced SCC 

development in mice was similar at both the low- and high-dose UVB. 

4.5.6. Initiation and/or promotion of UVB-induced SCC is reduced in KO and PARPi mice 

To further examine the stage at which the UVB-induced SCC was reduced, we used the measurement 

criteria such as occurrence of new tumors and growth-rate of tumors, as described by Bazin et al. 

[44]. In low-dose UVB studies, we observed a significant reduction in the occurrence of new tumors 

from 15th and 16th week onwards in KO and PARPi mice, respectively as compared to WT mice (Fig. 

4.6A). Similarly, we also observed significant difference in the occurrence of new tumors week 14th 

week onwards in KO mice as compared to WT mice from the high-dose UVB studies (Fig. 4.6B). In 

both low and high-dose UVB protocols, the average growth-rate of tumors arising during and after 

chronic UVB irradiation were not significantly different in the WT, KO and PARPi mice (Suppl. Fig. 
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S4.7A and B). Hence, this allowed us to compare the average growth-rate of tumors between these 

three groups throughout the protocol irrespective of their occurrence during or after chronic UVB 

irradiation. When we compared the average growth-rate of tumors, which were classified as SCC in 

low-dose (Suppl. Fig. S4.4A) and high-dose (Suppl. Fig. S4.6B) UVB protocols between the 

indicated groups of mice over a period of 8 weeks, we observed no significant difference (Fig. 4.6C 

and D). The occurrence of new tumors represents initiation and/or promotion stage of SCC because 

it accounts for every new visible outgrowth of at least ~0.4 mm diameter that could have arisen from 

the clonal expansion of initiated KC [10]. On the other hand, the average growth-rate of tumor 

represents progression because it accounts for change in size of existing tumors. Therefore, our data 

indicate that initiation and/or promotion of UVB-induced SCC development is reduced in PARP1 

impaired mice. 

4.5.7. Increased apoptosis eliminates the premutagenic KC in the epidermis of UVB-irradiated 

KO and PARPi mice  

Initiation of SCC tumorigenesis is marked by the formation of KC with UV-signature mutations in 

tumor suppressor genes or oncogenes [10]. Since these mutations arise from unrepaired UVB-induced 

direct DNA lesions [11], optimal functionality of NER pathway is required for the removal of these 

potential mutagenic CPD after each UVB exposure. A previous study from our lab showed that the 

topical application of PARPi on WT mice resulted in reduced removal of UVB-induced thymine 

dimers from their epidermis [26]. To determine the NER capacity in the epidermis of KO mice skin, 

we did IHC staining of CPD in the 5 µm skin sections up to 72 h after single UVB exposure (Fig. 

4.7A). We observed a significantly higher absorbed intensity of CPD signal per CPD positive nucleus 

in KO epidermis at 24 h, indicating a delay in their removal as compared to that in WT mouse 

epidermis. This is in agreement with the previously reported role of PARP1 in facilitating NER in 

skin cells including transformed human KC [25, 26, 48, 49]. Intriguingly, this absorbed intensity was 

significantly lower as compared to that in WT mice at 48 h, thereby suggesting faster removal of CPD 

from the KO epidermis. 

Previous studies showed that PARPi treated or PARP1-depleted transformed and/or primary human 

KC exhibit higher level of death by apoptosis as compared to their control counterparts [49, 50]. To 

verify if this was also the case in PARP1 impaired epidermis, we carried out in situ TUNEL analysis 

in skin sections of KO, PARPi and WT mice up to 72 h after single UVB exposure. In UVB-treated 

WT mice epidermis, we observed that the density of TUNEL positive cells and absorbed intensity 

per TUNEL positive nucleus were highest at 6 h and returned by 24 h to the similar background level 

as in untreated WT mice epidermis (Fig. 4.7B). On the other hand, in the epidermis of KO and PARPi 



 

145 

mice the density of TUNEL positive cells and the absorbed intensity per TUNEL positive nucleus 

continued to increase until 24 h and returned to the background level only at 72 h. Interestingly, the 

density of TUNEL positive cells and the absorbed intensity per TUNEL positive nucleus coincided 

with the reduced absorbed intensity per CPD positive nuclei in KO mice at 48 h. Altogether, our data 

indicates that PARP1 impaired mice exhibit higher level of apoptosis in their epidermis as compared 

to that in WT mice and, indirectly suggest that CPD positive cells, which are the potential SCC 

progenitors or premutagenic cells in which UV-signature mutations can arise, are eliminated by 

apoptosis in PARP1 impaired mice.  
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4.6. Discussion 

SCC, for which one of the major risk factors is solar UVB, account for 20 % of skin cancer deaths 

and its ability to metastasize makes preventative measures and curable treatment options a priority 

[1]. PARP1 serves multiple functions in response to UVB-induced DNA damage including its 

recently discovered role in facilitating the NER of UV-induced direct DNA damage [22-28]. 

Therefore, we aimed at understanding the role of PARP1 in the development of chronic UVB-induced 

SCC by creating and using PARP1-KO mice in SKH-1 background, as well as by inhibiting PARP1 

catalytic activity in SKH-1 mice by topical application of PARPi. Consistent with our previous 

observation in cultured cells [22], PARP1 activation was observed to be one of the earliest events 

after UVB exposure in the skin of WT mice. We further demonstrate that impaired PARP1 activation 

in the skin of PARPi and KO mice reduced their susceptibility to UVB-induced tumorigenesis 

irrespective of the sex as well as the dose of UVB. The analysis of the tumor burden data showed that 

the reduced susceptibility to SCC development in these mice is due to the reduced initiation and/or 

promotion of SCC tumorigenesis. Since we did not observe any difference between the 

susceptibilities of the KO and PARPi mice to UVB-induced SCC, we conclude that catalytic activity 

of PARP1 is co-opted for the initiation and/or promotion of UVB-induced SCC in SKH-1 mice. 

Our results are surprising with respect to the reported roles of PARP1 as onco-suppressive and a 

barrier against spontaneous as well as alkylating DNA damage-induced tumorigenesis in majority of 

studies using PARP1-KO mice or PARPi treated mice [33, 51]. This anti-cancer property of PARP1 

has generally been linked to its role in repair of alkylated DNA via BER/SSBR pathway and thus in 

maintaining the genome stability [33]. The occurrence of UVB-induced SCC is associated with the 

defective NER pathway, as demonstrated by the increased susceptibility of the knockout mouse 

models of key NER pathway proteins to SCC tumorigenesis [52-56]. Recently, PARP1 was shown 

to facilitate NER of UV-induced direct DNA damage and its depletion or inhibition resulted in 

delayed NER kinetics [25, 26]. While our results challenge the widely accepted role of PARP1 in 

suppressing tumorigenesis [51], they are in agreement with the previous study showing reduced 

susceptibility of PARP1-KO and PARPi treated mice (C57BL6/129Sv background) for chemical-

induced development of skin papillomas [57, 58]. Notably, the molecular changes occurring during 

the chemical-induced skin carcinogenesis are different from that during chronic UVB-induced SCC 

tumorigenesis [59]. 

The phenotype of our newly created PARP1-KO mouse model is in agreement with the reported 

dispensability of PARP1 for the development of mouse in the absence of deliberate stressors [60]. 

Nonetheless, when PARP1-KO C57BL/6 mice were maintained under normal physiological 
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conditions up to 24 months, they exhibited accelerated aging and reduced life span [42]. Considering 

that thinning of skin epidermis represents ageing [47], our epidermal morphometry data showing 

relatively increased thinning of unirradiated KO mice epidermis with age (Suppl. Fig. S4.4B) is in 

agreement with the previous report of accelerated aging due to the absence of PARP1 [42]. Since our 

conclusions for the KO mouse development are based on the observations made until 6 months, we 

do not rule out that they might differ at older age, as reported previously for PARP1-KO C57BL/6 

mice [42]. 

The absence of difference in any of the cancer severity criteria between KO and PARPi mice despite 

the different level of PAR in their skin indicated that the inhibition of catalytic activity of PARP 

enzymes was enough to reduce UVB-induced SCC tumorigenesis in mice. Since topical application 

of PARPi in KO mice did not change their susceptibility to UVB-induced SCC, we conclude that the 

catalytic activity of PARP1 and not any other PARP family member is implicated in UVB-induced 

SCC development. However, the reduced susceptibility of PARPi mice to SCC observed in our study 

with PJ-34 as a PARPi is in contrast to the previous study which used 3-AB [35]. This discrepancy 

could be due to the PARP1-independent protection of the KC from UVB-induced cell death by 3-AB 

[50]. In the same study, treatment with other PARPi including PJ-34 potentiated UVB-induced 

keratinocyte death in PARP1-dependent manner.  

In cancer cells, functions of PARP1 are co-opted for their survival and promote the growth of 

established tumors [51]. This has led to the therapeutic targeting of PARP1 in cancers using PARPi, 

with FDA approval of several PARPi to use in clinic for the treatment of ovarian, breast and prostate 

cancer [61]. However, our experimental set up in this study involving PARPi application even before 

the UVB-induced skin tumor development does not allow us to comment on chemotherapeutic effect 

of PARPi. Hence, it is required that tumors, which are developed without any impairment of PARP1 

and its activity, are treated with PARPi to examine its chemotherapeutic effect. Nonetheless, we did 

observe that following their occurrence, the tumors in KO and PARPi mice grow with the same speed 

as that in WT mice.  

On the contrary, the reduced initiation and/or promotion of SCC in PARPi mice suggests that 

inhibiting the catalytic activity of PARP1 can have chemopreventive effect on UVB-induced SCC. 

To the date, only one study has demonstrated prophylactic function of PARPi in cancer based on the 

observed delay in mammary tumor development and increased life span of PARPi treated BRCA1-

deficient mice [62]. This study suggests that the use of PARPi could be a promising chemopreventive 

option for women with BRCA mutation because they have a 50-80 % risk of developing breast cancer 

by age of 70 years. Similarly, elderly Caucasian population is highly susceptible to UV-induced 
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NMSC including SCC [63]. Despite growing awareness and use of sunscreens, studies have shown 

only a modest reduction in AK and SCC of the skin [64], thus presenting the need for better 

chemoprevention strategies. Hence, further studies validating the use of PARPi as a novel and 

targeted chemoprevention strategy for the UV-induced SCC are warranted. 

The major issue which was raised with the long-term use of PARPi as a chemopreventive agent is 

their toxicity in the normal tissues [65]. Addressing this in our study, we did not find any macroscopic 

as well as microscopic changes in the skin of PARPi mice as compared to WT mice. Assuming that 

topical application of PARPi on mice results in PARP inhibition only in skin, our results suggest non-

toxic effect of PARPi in WT mice after 26 weeks of its topical application. Hence, further studies 

validating the long-term use of PARPi as a novel chemoprevention strategy for the UV-induced SCC 

are warranted. 

The chronic UVB-induced concomitant reduction in NER [66] and cell death capacity [67] results in 

formation of premutagenic KC. Therefore, our data of the CPD repair and cell death in PARP1 

impaired mice epidermis post single exposure to UVB suggest that even though NER capacity is 

compromised, the increased elimination of the cells via apoptosis could reduce the number of 

premutagenic KC during chronic UVB protocol. Earlier studies have also associated the increased 

KC death post UVB with the reduction in development of chronic UVB-induced SCC [68, 69] and 

vice versa [68, 70]. Moreover, PARPi exerted its chemopreventive effect against breast cancer in 

BRCA1-deficient mice by inducing apoptosis in the mammary glands [62]. Increased elimination of 

premutagenic KC results in reduced formation of mutated (initiated) KC. To this front, a recent study 

demonstrated reduced UVB-induced mutagenesis in PARPi treated CHO cells [49]. Therefore, we 

propose that impaired PARP1 function could perturb the initiation of SCC tumorigenesis by 

promoting the death of UVB-damaged keratinocyte, thus eliminating potential premutagenic cells, 

and hence the frequency of mutated KC in the PARP1 impaired mice epidermis. This could also be 

responsible for the observed reduced chronic UVB-induced epidermal hyperplasia in non-tumor 

bearing part of the PARP1 impaired mice skin as compared to WT mice skin. Nonetheless, further 

studies are required to determine the frequency of mutated cells in the epidermis of chronic UVB-

irradiated PARP1 impaired mice.  

Since PARP1 is required for the inflammatory response in the skin [57, 58] and UVB-induced pro-

inflammatory mediators provide signal for KC proliferation [10], it cannot be ruled out that 

abrogation of chronic UVB-induced inflammation in PARP1 impaired mice skin can reduce 

promotion of SCC. Since UVB-induced inflammatory mediators trigger immunosuppression in the 

skin [71], our proposal of reduced inflammatory response in PARP1 impaired skin is further 
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supported by previously reported reduced UVB-induced immunosuppression in PARPi treated mice 

skin [72]. The growth of tumors during progression phase is also facilitated by UVB-induced pro-

inflammatory mediators. However, our tumor data suggest no difference in the progression of SCC. 

Further studies examining UVB-induced immune responses in the skin of PARP1 impaired mice will 

allow to determine whether the promotion stage of SCC tumorigenesis is also affected. 

Solar UV cause different types of skin cancers including melanoma, the most dangerous type and 

basal cell carcinoma, the most common type of NMSC [73]. Interestingly, it has been shown that 

PARP1 facilitates the metastasis of melanoma tumors in mice [74]. Thus, further studies examining 

the role of PARP1 in the development of these cancers can allow to include PARPi as 

chemopreventive agent in sunscreens in the era when several PARPi are being approved from FDA 

as chemotherapeutic drug for selected cancer therapies [75]. 
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4.7. Figures and legends 
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Figure 4.1. Characterization of PARP1 impaired mice 
(A-D) Characterization of PARP1-KO mice (A) The DNA from ear punched skin biopsies were 
genotyped by PCR to validate the presence of homozygous mutant Parp1 gene in the KO mice, which 
were generated by crossing male and female Parp1+/- mice. The figure represents the Parp1 genotype 
of 12 mice that were used for subsequent outbreeding to create the colony of PARP1-KO SKH-1 
mice. (B) PARP1 activity-western blotting. The epidermal protein extracts from untreated WT and 
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KO mice were used to examine the catalytic activity of PARP1 by activity western blotting technique. 
(C) Litter size of KO mice. The number of babies per breeding pair was determined from four to ten 
breeding pairs of KO and WT mice that were used in five different batches of breeding over a time 
of two to three years and their means ± SEM were plotted. The statistical significance was determined 
by Student’s t-test and asterisk (*) indicates p-value ≤ 0.05. (D) Body weight of KO mice. The 
weighing scale (Sartorius ED2201), which is calibrated once a year in the animal facility, was used 
to determine the body weight of twenty KO and WT mice each week for 11 weeks. Mean ± SEM of 
body weight during each week were plotted. (E-F) Absence or suppression of UVB-induced catalytic 
activation of PARP1 in the skin of KO and PARPi treated WT mice (E) Detection of PARylated 
proteins in the WT mice epidermis at indicated time points after single exposure to 4000 J/m2 UVB 
by western blotting. (F) Detection of PARylated proteins in the epidermis of WT mice treated or not 
with PARPi (PJ-34) as well as KO mice. Four mice per time point in each treatment group were 
irradiated (or not) with 4000 J/m2 UVB and skin epidermis was harvested at the indicated time points. 
Their protein extracts were immunoblotted for detection of PAR.  
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Figure 4.2. Increased tumor latency and decreased tumor burden on the skin of chronic low-
dose UVB-irradiated KO and PARPi mice 
The tumor measurement data from the combined population of male and female WT (n = 30), KO 
(n = 31) and PARPi (n = 31) mice, from chronic low-dose UVB irradiation protocol, are used for the 
following analyses. (A) Tumor latency. The analysis of fraction of mice surviving with less than two 
tumors shows significantly (p ≤ 0.001) late tumor development in KO and PARPi mice compared to 
that in WT mice. (B-C) Tumor burden. The violet and yellow arrows indicate the UVB-irradiation 
and no UVB-irradiation phases, respectively. The tumor number (B) and KT-3D surface area (C) 
were determined from the acquired photographs of KO, PARPi and WT mice during each week until 
24th week of the protocol and their mean ± SEM were plotted against time. The red and grey colored 
asterisks (*) indicate the statistical significance of KO and PARPi mice, respectively as compared to 
WT mice during the same week. The asterisks ***, ** and * indicate p-value ≤ 0.001, ≤ 0.01 and 
≤ 0.05, respectively relative to WT group.  
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Figure 4.3. Decreased UVB-induced premalignant AK and cancerous SCC in KO and PARPi 
mice 
(A) Histology of tumors. The H&E stained 5 µm sections of tumors (> 3 mm diameter) were 
harvested at week 26 from WT, KO and PARPi mice and determined to be squamous cell carcinoma 
(SCC) by pathologist. 30-60 tumors per treatment group were analysed. (B) Diameter specific 
classification of tumors. The tumors of WT, KO and PARPi mice at 24th week of the protocol were 
classified into three groups based on their diameter as indicated and the tumor number per 
mouse ± SEM of each indicated size in all the three groups of mice were plotted. The indicated 
percentages of tumor number per mouse in KO (n = 31) and PARPi (n = 31) mice groups are relative 
to WT mice (n = 30). The asterisks ***, ** and * indicate p-value ≤ 0.001, ≤ 0.01 and ≤ 0.05 
respectively for KO and PARPi mice relative to WT group. (C) Epidermal morphometry. 10-15 20× 
images of H&E stained whole skin from unirradiated mice (n=4) and non-tumor bearing whole skin 
from chronic low-dose UVB irradiated mice (n=5) from each, WT, KO and PARPi groups were used 
for the measurement of epidermal thickness as explained in materials and methods section. The mean 
± SEM of epidermal thickness were plotted and statistical significance between all the groups was 
determined by Student’s t-test. Asterisk (*) represents the statistical significance between the 
indicated groups. The symbols ***, ** and * indicate p-value ≤ 0.001, ≤ 0.01 and ≤ 0.05, respectively.  
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Figure 4.4. UVB-induced tumorigenesis in WT, KO and PARPi mice is independent of sex 
The tumor measurement data of male and female WT (male- n = 14 & female- n = 16), KO (male- n 
= 15 & female- n = 16) and PARPi (male- n = 15 & female- n = 16) mice from chronic low-dose 
UVB-irradiation protocol were compared separately for the following analyses. (A-B) Tumor latency 
in male (A) and female (B) WT, KO and PARPi mice. The analysis of fraction of mice surviving with 
less than two tumor shows significantly (p ≤ 0.02 for male and p ≤ 0.001 for female) late tumor 
development in KO and PARPi mice with median time of 17 and 18 weeks, respectively as compared 
to that of 16 weeks for WT mice. (C and E) Tumor burden in male WT, KO and PARPi mice. The 
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mean ± SEM of tumor number (C) and KT-3D surface area (E) were plotted against time. The red 
and grey colored asterisks (*) indicate the statistical significance of KO and PARPi mice, respectively 
as compared to WT mice during the same week. (D and F) Tumor burden in female KO, PARPi and 
WT mice. The tumor burden data was plotted, and the statistical significance was determined as 
described for male KO, PARPi and WT mice in C and E. The asterisks ***, ** and * indicate p-value 
≤ 0.001, ≤ 0.01 and ≤ 0.05, respectively relative to WT group.   
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Figure 4.5. Delay of skin tumorigenesis in KO mice at high-dose UVB 
The tumor measurement data from the male and female WT (n=12) and KO (n=12) mice, from 
chronic high-dose UVB irradiation protocol, were used for the following analyses. (A) Tumor latency 
in WT mice versus KO mice from high-dose chronic UVB protocol. The survival analysis of fraction 
of mice surviving with less than two tumors shows significantly (p ≤ 0.001) late tumor development 
in KO mice with median time of 17 weeks as compared to that of 14 weeks for WT mice. (B-C) 
Tumor burden. The mean ± SEM of the tumor number (B) and KT-3D surface area (C) were plotted 
against time. (D) Size specific classification of tumors. The tumors of WT and KO mice at 24th week 
of the high-dose UVB protocol were classified into AK, SCC or other tumor sets based on their 
diameter and their number per mouse in each group were plotted. The indicated percentages of total 
tumor or average number in KO and PARPi mice groups are relative to WT mice. The symbols ***, 
** and * indicate p-value ≤ 0.001, ≤ 0.01 and ≤ 0.05, respectively relative to WT group during the 
same week.   

10 12 14 16 18 20 22 24
0.0

0.2

0.4

0.6

0.8

1.0

Su
rv

iv
al

 fr
ac

tio
n 

w
ith

le
ss

 th
an

 2
 tu

m
or

s

Time (week)

 WT
 KO

Median

10 12 14 16 18 20 22 24

0

25

50

***

***
***

***
***

***
***

***

 WT
 KO

M
ul

tip
lic

ity
 / 

m
ou

se

Time (week)

***
***

*****

UVB No UVB

10 12 14 16 18 20 22 24

0

200

400

***

***

***
***

******

*****************

 WT
 KO

K
T-

3D
 su

rf
ac

e a
re

a
(m

m
²/m

ou
se

)

Time (week)

UVB No UVB

Total AK
(< 2 mm)

Intermediate
(2 to 3 mm)

SCC
(> 3 mm)

0

25

50

N
um

be
r 

of
 tu

m
or

s /
 m

ou
se  WT

 KO

32%
30%

33%
42%

***
*** **



 

157 

A.      B. 

 

 

 

 

 

 

 

C.      D. 

 

 

 

 

 
 

 
Figure 4.6. UVB-induced tumorigenesis is delayed at initiation and/or promotion stage in KO 
and PARPi mice 
The tumor measurement data from the combined population of male and female mice, from chronic 
low-dose as well as high-dose UVB irradiation protocol, are used for the following analyses. (A-B) 
New tumor number per mouse. The mean ± SEM of the new tumor number were plotted against time 
for the KO, PARPi and WT mice from low-dose UVB protocol (A) and KO and WT mice from high-
dose UVB protocol (B). The red and grey asterisks (*) indicate the statistical significance of KO and 
PARPi mice as compared to WT mice during the same week. (C) Growth rate of SCC from low-dose 
UVB protocol. In the WT, KO and PARPi groups, the populations of SCC (diameter specific 
classification of tumors in Fig. 4.3B) which developed at week 17 were compared and found to be 
statistically non-significant. (D) Growth rate of SCC from high-dose UVB protocol. In the WT and 
KO groups, the populations of SCC (diameter specific classification of tumors in Fig. 4.5D), which 
developed at week 17 were compared and were found to be statistically non-significant.  
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Figure 4.7. Delayed NER and increased apoptosis in the epidermis of UVB-irradiated KO and 
PARPi mice 
(A) The CPD repair in the epidermis of KO and WT mice following single acute exposure to UVB. 
Left, The representative 200× microscopic images for the level of CPD (brown nuclei) at the indicated 
timepoints. The CPD in epidermis were detected by anti-CPD IHC. and right, The graph represents 
the change in mean ± SEM of absorbed intensity of CPD signal per CPD positive nucleus at indicated 
time points relative to that at initial 2 h damage time point. 20 images per skin sample harvested from 
2 mice per time points were analyzed. (B) Apoptosis in the skin of KO and WT mice skin following 
single acute exposure to UVB. Left, The representative 200× microscopic images for the level of 
TUNEL positive nuclei (blue) at the indicated timepoints. The apoptotic cells in epidermis were 
detected by in situ TUNEL assay and right, the mean ± SEM of absorbed intensity per TUNEL 
positive nuclei (Top graph) as well as average density of apoptotic cells (bottom graph) were plotted 
against time. 10 images per skin sample harvested from 2 mice per time points were used. The 
symbols ***, ** and * indicate p-value ≤ 0.001, ≤ 0.01 and ≤ 0.05, respectively relative to WT group 
during the same time point.  
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4.8. Supplementary figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Figure S4.1. Creation of PARP1-KO mice in SKH-1 background 
(A) Strategy to create PARP1-KO albino SKH-1 (KO) mice. (B) Genotyping of mice for Parp1 and 
Hr gene during the course of Parp1-/- genotype transfer from C57BL6/1292V background to SKH-1 
background. The DNA from ear punched skin biopsies were genotyped by PCR to select F1 female 
mice with Parp1+/- and Hr+/- genotype for BC-1 and female mice with Parp1+/- and Hr-/- genotype for 
subsequent back crosses.   
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PARP-1-KO male mice carried significantly lower tumor burden than PARP-1-WT 

male mice 
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Figure S4.2. Unirradiated or UVB-irradiated WT, KO and PARPi mice at week 24 of the 
chronic low-dose UVB protocol 
(A) Unirradiated WT, KO and PARPi mice. PARPi was applied three times per week in the PARPi 
group of mice until the end of the protocol at 26th week. (B) UVB-irradiated WT, KO and PARPi 
mice. The chronic low-dose UVB exposure results in reduced tumor burden in KO and PARPi mice 
as compared to WT mice.  
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Figure S4.3. Reduced susceptibility of KO, PARPi and PARPi+KO mice to UVB-induced skin 
tumorigenesis 
The tumor measurement data from the combined population of male and female mice, from chronic 
low-dose UVB irradiation protocol, are used for the following analyses. (A-B) The area and volume 
of tumors in WT (n = 30), KO (n = 31) and PARPi (n = 31) mice. The tumor area (A) and tumor 
volume (B) were determined from the acquired photographs of WT, KO and PARPi mice during each 
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week until 24 weeks of the protocol and their mean ± SEM were plotted against time. The red and 
grey colored asterisks (*) indicate the statistical significance of KO and PARPi mice, respectively 
relative to WT mice during the same week. (C-E) Role of catalytic activity of other PARPs in UVB-
induced NMSC. (C) Tumor latency. The analysis of fraction of mice surviving with less than two 
tumors shows significantly (p ≤ 0.001) late tumor development in KO (n = 31) and PARPi+KO 
(n = 12) mice with median time of 17 and 19 weeks, respectively as compared to that of 16 weeks for 
WT mice (n = 30). On the other hand, no statistical significance between KO and PARPi+KO mice 
is observed. (D and E) Tumor burden. The violet and yellow arrows indicate the UVB-irradiation and 
no UVB irradiation phases, respectively. The tumor number (D) and (KT-3D surface area (E) were 
determined from the acquired photographs of WT, KO and PARPi+KO mice during each week until 
24 weeks and their mean ± SEM were plotted against time. The red and purple colored asterisks (*) 
indicate the statistical significance of KO and PARPi+KO mouse groups, respectively relative to WT 
mouse group during the same week. No statistical significance between KO and PARPi+KO groups 
was observed for these parameters of tumor burden. The asterisks ***, ** and * indicate p-value ≤ 
0.001, ≤ 0.01 and ≤ 0.05, respectively relative to WT group. 
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Figure S4.4. Decreased AK, SCC and epidermal thickness in PARP1 impaired mice  
(A) Diameter specific classification of tumors. The tumors of WT (n = 30), KO (n = 31) and PARPi 
(n = 31) mice at 24th week of the low-dose UVB protocol were classified into AK, SCC or other 
tumor sets based on their diameter and the total tumor number in each group were plotted. The 
indicated percentages of total tumor number in KO and PARPi mice groups are relative to WT mice. 
(B) Epidermal thickness in young and old WT and KO mice. Ten to fifteen 200× images of H&E 
stained whole skin from three to four unirradiated young (~1 month) and old mice (~6 month) from 
each WT and KO groups were used for the measurement of epidermal thickness as explained in 
materials and methods section. The mean ± SEM of epidermal thickness was plotted and statistical 
significance between all the groups was determined by Student’s t-test. The asterisks ***, ** and * 
indicates p-value ≤ 0.001, ≤ 0.01 and ≤ 0.05, respectively between the compared groups as indicated 
in the figure.  
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Figure S4.5. No difference in UVB-induced skin cancer severity between male and female 
populations within WT, KO and PARPi groups 
The tumor measurement data of male and female WT (male- n=14 & female- n=16), KO (male- n=15 
& female- n=16) and PARPi (male- n=15 & female- n=16) mice from chronic low-dose UVB-
irradiation protocol were compared within each group separately for the tumor latency (A, B and C), 
multiplicity (D, E and F) and KT-3D surface area (G, H and I). 
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Figure S4.6. Chronic high-dose UVB-induced tumorigenesis is reduced in KO mice as 
compared to WT mice 
(A) UVB-irradiated WT and KO mice at 24th week. (B) Size specific classification of tumors. The 
tumors of WT and KO mice at 24th week of the high-dose UVB protocol were classified into AK, 
SCC or other tumor sets based on their diameter and their total tumor number in each group were 
plotted. The indicated percentages of total tumor or average number in KO and PARPi mice groups 
are relative to WT mice. 
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Figure S4.7. Growth rate of tumors  
(A) The growth rate of tumors during and after chronic low-dose UVB irradiation phases. The growth 
rate of all the new tumors that appeared during UVB irradiation phase on week 17 in all the three 
groups of mice (WT, KO, and PARPi) were calculated over four weeks, i.e., until week 20. The mean 
growth rate of all the new tumors that appeared after UVB irradiation phase on week 21 in all the 
three groups of mice (WT, KO, and PARPi) were calculated over four weeks, i.e., until 24th week. 
The mean ± SEM of these growth rates were plotted and were not statistically significant. (B) The 
growth rate of tumors during and after chronic high-dose UVB-irradiation phases. The growth rate of 
all the new tumors that appeared on week 17 in all the three groups of mice (WT, KO, and PARPi) 
were calculated over eight weeks, i.e., until 24th week of the protocol and their mean ± SEM of these 
growth rates were plotted and were not statistically significant. 
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4.9. Materials and methods 

Chemicals and other reagents 

The chemicals used in preparing the buffers and other fine chemicals were purchased from Sigma. 

Nitrocellulose ECL membrane was from Amersham, and Immobilon western chemiluminescent HRP 

substrate (WBKLS0500) was from Millipore. PARP inhibitors, 1,5-dihydroxyisoquinoline (DHQ) 

was from Sigma and 2-(dimethylamino)N-(6-oxo-5H-phenanthridin-2-yl)acetamide (PJ-34) was 

from Alexis Biochemicals. Primers for genotyping were obtained from Integrated DNA 

Technologies. 

Development of PARP-KO mice in SKH-1 hairless albino background 

To create PARP1-KO albino SKH-1 mice, we used the strategy shown in Suppl. Fig. S4.1A. Briefly, 

the F1 generation was created by mating male inbred hairless SKH-1 mice (Charles River Labs) with 

female inbred PARP1-KO mice (Jackson Labs, C57 black6 background). Note that in the SKH-1 

background, the “Hr” gene is homozygous mutant (hr/hr) and not a knockout (Hr-/-). However, 

because both mutant hr and knockout Hr-/- have the same hairless phenotype, we have designated our 

homozygous hr/hr mutants as Hr-/- for the sake of simplicity. Similarly, in PARP1-KO mice, the 

Parp1 gene is disrupted by replacing its exon 2 with neo gene, resulting in the alleles Parp1tm1Zqw 

(https://www.jax.org/strain/002779). For simplicity we have designated as Parp1-/-. The F1 

littermates were all heterozygous for the two genes Parp1 and hairless (Hr), as determined by PCR 

of DNA from ear punch skin sample (Suppl. Fig. S4.1B). Selected females from F1 generation were 

backcrossed to male SKH-1 mice to create backcross-1 (BC-1) generation, which contained mice 

with albino hairless or black skin. Only those females of BC-1 generation with hairless albino skin 

were subjected to genotyping and mice that were Parp1+/- and Hr-/- were retained for the second 

backcross (BC-2) with parental male SKH-1 mice (Suppl. Fig. S4.1). The female albino hairless BC-

2 progeny was all Hr-/-. Those females, which carried Parp1 wild type genotype (+/+), were discarded 

and only those females that were Hr-/- and Parp1+/- were selected for subsequent backcrosses until 

BC-7. The MAX-BAX (Charles River Laboratories, Troy, NY) background strain characterization 

procedure was used to identify BC-7 Parp1+/-; Hr-/- breeders that were at least 99.9% of SKH-1 

background. The outbreeding of BC-7 mice, that were selected based on MAX-BAX analysis, 

resulted in Parp1-/-; Hr-/- mice (KO mice). The outbreeding was carried out by using four independent 

founder male-female pairs of KO mice from each outbred generation to create the colony of outbred 

KO mice. The KO mice that were used in the experiments were obtained from six or more generations 

of outbreeding.  
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Genotyping 

For genotyping, the DNA was isolated from the ear punched skin samples. PCR (30 cycles) was 

performed using primers for wild type (WT) Parp1 (112 bp), mutant Parp1 (350 bp), WT Hr (350 

bp) and mutant Hr (250 bp) genes and the PCR samples were separated on agarose gel. Primers for 

WT Parp1: forward- 5’ CCAGCGCAGCTCAGAGAAGCCA 3’ and reverse- 5’ 

CATGTTCGATGGGAAAGTCCC 3’. Forward primer for mutant Parp1 was same as WT Parp1 

and the sequence for reverse primer for mutant Parp1 is 5’ AGGTGAGATGACAGGAGATC 3’. 

Primers for WT Hr : forward- 5’ TGTAGCCTGTGGTCGCATAG 3’ and reverse- 5’ 

CTCCTGTTTGCTTGGTCATC 3’. Forward primer for mutant Hr was same as WT Hr and the 

sequence for reverse primer for mutant Hr is 5’ GCGTTACTGCAGCTAGCTTG 3’. 

Animal experiment 

All animal studies were approved by the Animal Protection Committee of Laval University and were 

conducted by the personnel who were trained and certified for animal work. The colony of SKH-1 

mice (WT) which has Parp1+/+  genotype was expanded in our animal house facility by using eight 

breeding pairs of SKH-1 mice, which were purchased from Charles River Canada. For the experiment 

four experimental groups of mice (male and female) were used: WT mice, KO mice, WT mice treated 

with topical application of PARPi on skin to inhibit PARP activity (PARPi mice) and KO mice treated 

with topical application of PARPi on skin to inhibit PARP activity (PARPi+KO mice). All the mice 

used in the present study were between 4 and 5 weeks of age.  

Chronic UVB irradiation: Two sets of chronic UVB experiments using two different UVB doses 

were performed to induce skin carcinogenesis in these mice. For low dose UVB studies, 16 male and 

16 female mice from all the four experimental groups were dorsally irradiated with 800 J/m2 UVB 

three times a week for 20 weeks. Since, the minimal erythematic dose (MED) of UVB for SKH-1 

mice is ~2240 J/m2 [40], our 800 J/m2 UVB (~0.4 MED) can be considered sub-erythematic. For 

studies with erythematic dose of UVB, 2240 J/m2 (1 MED) UVB was used to irradiate 6 male and 6 

female WT as well as KO mice 3 times a week for 16 weeks. Five animals in total or maximum 2 

animals in a group died during the protocol for unknown reason. The tumor development was 

followed up to 4 and 7 weeks after last irradiation in low dose and high dose UVB studies, 

respectively. All the animals were sacrificed by 26th week from the start of both the protocols and 

the samples such as whole skin from unirradiated mice and tumors and non-tumor bearing skin from 

irradiated mice were harvested. The harvested samples were either fixed in 4% paraformaldehyde or 

frozen at -80 ºC. 
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Acute UVB irradiation: To study events after single UVB exposure, the WT, KO and PARPi mice 

were irradiated with 4000 J/m2 UVB (acute dose) and the animals were sacrificed for harvesting 

epidermis and whole skin at indicated time points in figures up to 72 h after the UVB-exposure. To 

harvest epidermis, the whole skin with dermis side up was placed on the dry ice frozen glass plate 

and the dermis was scraped out using a blade. The harvested epidermis was either fixed in 4% 

paraformaldehyde or frozen at -80 ºC. 

UVB source 

The unrestrained mice were irradiated in an open cage placed in a Spectrolinker XL-1500 

(Spectronics Corp.) equipped with six 15W UVB tube-lights, referenced BLE 1T158, which delivered 

800 J/m2 (within 90 s) for low dose UVB studies and delivered 2240 J/m2 (within 4 min) for high 

dose UVB studies. During irradiation, the cages were covered from the top with a Kodacel filter 

(K6805 cellulose triacetate, Eastman Kodak) to remove the contaminating UVC radiations (230–280 

nm). 

PARPi treatment 

We used two different PARPi in our experiments: DHQ and PJ-34. Both the PARPi were diluted to 

100 μM concentration in acetone and applied on the dorsal skin of SKH-1 WT mice 1 h before each 

irradiation. For chronic UVB irradiation protocol, only PJ-34 was used and was applied three days 

by week during the 20 weeks of UVB irradiation phase as well as after the UVB irradiation phase 

until the animals were sacrificed. For acute UVB irradiation protocol, either DHQ or PJ-34 was used 

as specified and applied topically on mice 1 h before UVB irradiation.  

Tumor data collection and analysis 

Tumor measurement method: We used our newly validated simple photographic method to record the 

development of tumors each week during the chronic UVB-irradiation protocol as described in our 

previous publication [43]. The acquired images were analyzed using AxioVision SE64-4.9.1 software 

(Zeiss) to measure length, width and height of each tumor on the mouse skin. All the tumors 

developed on the dorsal irradiated part of the mouse skin including face of mice. The visible skin 

lesions like wounds, cysts or other skin lesions which do not persist up to the end of the protocol were 

ignored in the analysis. 

Tumor data analysis: A panel of seven criteria, (1) tumor free survival fraction or survival fraction 

with less than 2 tumors, (2) multiplicity of tumors, (3) tumor area, (4) tumor volume, (5) Knud 

Thomsen’s three-dimensional (KT-3D) tumor surface area, (6) occurrence of new tumors and (7) 
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growth-rate of tumors, were used to determine and compare the cancer severity in the PARP1 

impaired and WT mice. The definition and the mathematical formulae for these criteria are described 

in detail in chapter 3. In addition to these criteria, we also classified tumors based on their diameters. 

The base of a tumor on the skin is modelized by an elliptical shape having its axis defined by the 

tumor length and width. The mean diameter of an ellipse is the geometrical mean of the length and 

the width. The majority of tumors having a mean diameter lesser than 2 mm were identified as actinic 

keratosis (AK), and the tumors having a mean diameter greater than 3 mm were identified as 

squamous cell carcinomas (SCC) [76]. All the tumors with intermediate diameters (between 2 and 

3 mm) were identified as a mixed population of AK, SCC and other (keratocanthoma, Bowenoid 

tumor and Seborrheic keratosis) tumors. 

Statistical analysis: To determine the statistical significance, the quantifications such as average 

tumor number, average new tumor number and average tumor size (area, volume and KT-3D surface 

area) were converted by a root transformation followed by a logarithm transformation in order to get 

a linear response (cubical root for volume response, square root for area/KT-3D surface area response 

and no root for number response). ANOVA 2-way test with repeated measures with time and Holm-

Bonferroni post-test was used on these transformed data to determine the p-values between the groups 

for these quantifications Multiple linear regression method was performed on the transformed data to 

check the distribution normality. The data sphericity was calculated using the Greenhouse-Geisser 

and the Huynh-Feldt corrections to estimate the factor interaction. For the tumor free survival fraction 

quantifications, a log-rank test on the Kaplan-Meier estimator was performed to calculate the p-values 

between experimental groups. Student’s t-test was used to compare the litter size of two mouse 

populations. Depending on the number of independent factors (UVB irradiation and PARP1 

treatments- KO or PARPi) implicated, the ANOVA 1-way or 2-way were used to determine the 

statistical significance for the average growth rate between the experimental groups. All statistical 

tests were done under OriginLab 2015 software. 

Western blotting 

The frozen epidermis samples were sonicated in 1X Laemmli SDS-PAGE buffer (Tris pH 6.8 

62.5 mM, urea 6 M, glycerol 10%, SDS 2%, bromophenol blue 0.003% and 850 mM β-

mercaptoethanol). The protein concentration of each sample was analysed with the Bradford method 

using foetal calf serum as a reference (Sigma-Aldrich, St. Louis, MI, USA). Epidermal protein extract 

from two to five mice were combined at each time point. An equal amount (10, 15 or 20 μg) of 

proteins was deposited on 6, 10 or 15% SDS polyacrylamide gels and then transferred, after 

electrophoresis at 100 V, onto a nitrocellulose membrane (Amersham Protran, GE Healthcare, United 
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Kingdom). The equality of the deposits was verified with Ponceau S (5% acetic acid, 0.5% Ponceau 

S powder). The membranes were blocked with a solution of 5% milk powder (Biorad, Hercules, CA, 

USA) and 0.1% Tween 20 (Sigma-Aldrich, St. Louis, MI, USA) in PBS for one hour. The reaction 

was carried out for 16 hours at 4 °C with antibodies: anti-PARP1 (C-2-10, 1:1000, Trevigen, 

Gaithersburg, MD, USA), anti-PAR (LP-96-10, 1:5000, Trevigen, Gaithersburg, MD, USA) and 10H 

(1:500, purified from the culture medium of 10H hybridoma obtained from Dr. M. Miwa, National 

Cancer Center Research Institute, Tokyo, through the Riken cell bank). The reaction with peroxidase-

conjugated anti-mouse or anti-rabbit secondary antibodies (1:2500) was carried out for 30 min at 

room temperature. Western blotting was repeated two to three times for this study. 

PARP1 activity-western blot 

The PARP1 activity-western blot was carried out as described before [77]. Briefly, the epidermal 

protein extracts of the untreated WT and KO mice from acute studies were separated on the 6% SDS 

polyacrylamide gels along with the colored molecular weight markers for proteins. The gel was then 

soaked in running buffer with 5% 2-mercaptoethanol to renature proteins followed by overnight 

transfer of the separated proteins on the gel to a nitrocellulose membrane. Post transfer, the membrane 

was soaked in renaturation buffer with Zn acetate, MgCl2 and activated DNA (Sigma #D-4522) for 

45 min. The membrane was then incubated with the same but fresh buffer with 100 µM NAD for 1 h 

for PAR synthesis, washed with renaturation buffer and then in SDS-wash buffer and followed by the 

processing of membrane for PAR immuno-probing with 10H antibody as described for Western 

blotting. 

Histology and immunohistochemistry 

The paraformaldehyde fixed harvested skin samples (whole skin and tumors) were embedded in 

paraffin. The 5 µm sections of the paraffin embedded tissues were cut and hematoxylin and eosin 

(H&E) staining were performed in collaboration with Dr. Sabine Hombach-Klonisch laboratory 

(Section Head Gross Anatomy, Department of Human Anatomy and Cell Science, Max Rady College 

of Medicine, Rady Faculty of Health Sciences, University of Manitoba, Winnipeg, Canada). For each 

experiment, skin samples from two to five mice were selected for analysis.  

H&E staining: The slides with 5 µm sections of the paraffin embedded whole skin were immersed in 

xylene, followed by immersion in first 100% ethanol and then in 95% ethanol twice for 5 min in each 

solution. The slides were then washed with water and stained in a bath of hematoxylin (Harris 

hematoxylin) for 7 min. They were then immersed successively in water, acid alcohol (1% HCl in 

70% ethanol), water and saturated lithium carbonate (1 g lithium carbonate, 100 ml water purified). 
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The slides are then counter-stained with eosin phloxine for 2 min soaked in water and then dehydrated 

by immersing successively in 70, 95 and 100% ethanol baths.  The H&E stained sections on slides 

were then immersed in xylene twice for 5 min each and then mounted using paramount and coverslip. 

Hematoxylin, basic dye, will give a bluish color to acidic substances such as the chromatin of the 

nuclei. In contrast, eosin is a dye targeting basic substances like collagen fibres in connective tissue 

to stain them a pinkish-red color. These stains make it possible to discriminate the epidermis from 

the dermis since the high concentration of KC in the epidermis will give it a purplish color while the 

dermis, rich in connective tissue, will be colored in pale pink. 

Epidermal morphometry: The epidermal morphometry of skin was determined in the 200× 

microscopy images of H&E stained skin sections and ImageJ software. With the color contrast 

between epidermis and dermis, ImageJ software was able to select epidermal layer of the skin and 

determine the parameters such as area (A), perimeter (P), and lengths of the ends (L1 and L2). The 

average thickness of the epidermis could thus be calculated by using these parameters as follows: 

Average thickness = 	 Z	×	[	
\	]	^_	]	^Z

		 

The Origin 2015 software (OriginLab, Northampton, MA, USA) or Microsoft excel was used to 

generate the graphs and statistics.  

Immunohistological detection of PAR: The PAR modified proteins were detected in the whole skin 

sections from acute UVB dose experiment by IHC analysis of poly (ADP-ribose) using 10H antibody 

as described before [77]. Briefly, the harvested whole skin from WT and PARPi mice were incubated 

in 10% trichloroacetic acid for one hour followed by fixing them with paraformaldehyde. The fixed 

samples were embedded in paraffin blocks and cut in 5 µm sections and placed on microscope slides 

by the histology department of Université Laval. Paraffin sections on microscope slide were 

preheated at 60 °C, deparaffinized in toluene and rehydrated in alcohol-graduated baths (100%, 90% 

and 70%). The endogenous peroxidase activity was removed by incubation in 3% peroxide in 

methanol. The antigens were retrieved by boiling the slides for 15 min in 0.1 M Na-citrate buffer 

pH 6.0. Microscope slides used for immunohistochemical analyses were blocked with phosphate 

buffered saline (PBS) containing 10% normal goat serum (Wisent Inc.) and 0.01% Tween 20. 

Reaction with the primary anti-poly antibody (ADP-ribose) 10H (1:25) was performed for 16 h at 

4 °C with the same blocking solution and in a humid medium (sealed box containing wet towels). 

The reaction with the peroxidase-conjugated anti-mouse secondary antibody (1:200) was carried out 

in a humid medium for 2 h at 21 °C. The antibody binding was revealed by incubation in 0.2 mg of 

DAB/ml of PBS. After counterstaining with hematoxylin, the slides were dehydrated by successive 
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baths of alcohol (70%, 90% and 100%) and then assembled with a cover glass and Paramount 

mounting medium. Epithelial cells with brown staining were considered as positive for 10H antibody. 

The counterstain (hematoxylin) gives a blue color. The IHC slides were imaged with a Nikon Eclipse 

E800 microscope at 600× magnification (10× eyepiece and 60× objective) and an Optronics digital 

camera and Picture Frame. 

CPD IHC: The 5 µm sections of the paraffin embedded skin harvested from KO and WT mice of 

acute UVB-irradiation protocol were processed for CPD IHC, as described before for TT-IHC. The 

CPD were detected using 1:500 anti-CPD monoclonal antibody (Cosmo Bio Co., clone TDM-2) 

overnight, followed by 1:250 biotinylated goat anti mouse IgG (H+L) (Abcam, ab6668), secondary 

antibody and 1:500 peroxidase-conjugated streptavidin (Jackson, 016-030-084) at room temperature 

for 1 h and 30 min, respectively. The revelation of antibody binding at CPD was performed by using 

3,3-diaminobenzidine (Thermo scientific, PI34002) for 3 minutes. The slides were counterstained 

with hematoxylin.  

In situ TUNEL staining: For detection of apoptotic epidermis cells, the 5 µm sections of the paraffin 

embedded skin harvested from KO, PARPi and WT mice of acute UVB-irradiation protocol were 

processed for TUNEL by using the TACS•XL® Blue Label Kit (Trevigen, Gaithersburg, MD, United 

States). The assay was performed as per the company’s protocol. The TUNEL positive cells were 

stained blue by TACS Blue LabelTM and the slides were counterstained pink with Nuclear Fast Red. 

Quantification of CPD and TUNEL positive cells in epidermis and their statistical analysis: To 

quantify the CPD and TUNEL positive cells in epidermis, we first divided the acquired 200× 

microscopic images of skin sections into epidermis and dermis using ImageJ software. We wrote a 

program under the free ImageJ software that uses a modified version of IHCToolBox plugin to 

analyse series of hundreds of images containing only epidermis. Our program performs automatic 

detection of all the stained nuclei, stain color unmixing, automatic measurement of background stain 

intensity as well as automatic detection and intensity measurements of all the positive nuclei. Also, it 

parses all images in a folder and produces statistics, i.e., nucleus count, mean positive intensity and 

standard error of mean (SEM) recorded in a spreadsheet. Because it is a program executed by a 

computer, the analysis process is performed by refining the input parameters in our program as per 

the necessity. Objective analyses are done uniformly, i.e., without subjective technician assessments, 

on all images showing CPD in nuclei or apoptotic cells and therefore, they allow precise and statistical 

group comparisons of images. ANOVA 2-way test and Holm-Bonferroni post-test was used on these 

data to determine the p-values between the indicated mice groups for these quantifications.  
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Chapter 5. General discussion 
Since its discovery, PARP1 has continued to amaze the scientific community with the diversity of its 

functions in mammalian cells. In recent past, studies from our group and others have decisively ended 

the debate about whether PARP1 has any role in the NER of DNA damage that is devoid of strand 

breaks, i.e., CPD and 6-4PP (Section E.2). These DNA damage (Section N.1.2) are frequently caused 

in human skin by solar UV exposure (Section D.1) and PARP1 is implicated from DNA damage 

recognition to post-incision steps of their repair via GG-NER sub-pathway. In the present thesis, we 

further unravel the DNA binding characteristics of PARP1 at the direct DNA damage site and provide 

structural basis for the reported interaction of PARP1 with DDB2 during the DNA damage 

recognition step of GG-NER sub-pathway by using two novel assays (Chapter 1), as discussed further 

in section 5.1. 

Defective NER of direct DNA damage is associated with increased susceptibility to UVB-induced 

SCC in knockout mouse models of key NER pathway proteins such as DDB2, XPC and XPA [87, 

497-500]. Consistently, enhanced repair of UVB-induced CPD in transgenic mice expressing CPD 

photolyase significantly reduced UVB-induced SCC development [519]. However, despite defective 

NER in the skin, PARPi [820] and KO (Fig. 4.8A) mice exhibited reduced UVB-induced SCC 

development (Figs. 4.3, 4.5 and 4.6). In view of the oncosuppressive role of PARP1 in spontaneous 

and/or alkylating agent-induced de novo tumorigenesis [861, 910], our observation was a bolt from 

the blue. To rationalize this result, we discuss the mechanism which could account for the reduced 

UVB-induced SCC development in PARPi and KO (PARP1-impaired) mice vis a vis NER protein-

KO mouse models in section 5.2. We also discuss the possibility for the application of PARPi as a 

chemopreventive agent for cancer in Section 5.3. 

5.1. Development of two novel assays to characterize PARP1-DDB2 interaction at the DNA 

damage 

Several questions about the binding of PARP1 at direct DNA damage site during DNA damage 

recognition step of GG-NER need to be addressed. No prior study had clearly shown that the PAR 

formation coinciding at UV-lesion site is mediated by PARP1. Nonetheless, based on the indirect 

evidence that both, PARP1-depleted and PARP inhibited cells exhibited absence of UVC-induced 

PAR and a similar delay in NER kinetics, our study suggested that PARP1 is the main PARP 

implicated in facilitating NER [820]. In view of this, we developed an “in situ fractionation” 

technique, which uses detergents and salt to extract free cytoplasmic and nucleoplasmic proteins, 

while retaining the chromatin-bound proteins (Chapter 1). Combining this technique with an 
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immunocytological method, we reduced the background noise of the abundant unbound PARP1 in 

the nuclei of locally UVC-irradiated cells to be able to visualize the co-localization of PARP1 at the 

TT CPD lesion sites (Fig.1.2a). This technique also allowed us to demonstrate the co-localization of 

PARP1 and DDB2 in locally irradiated cell nuclei (Fig.1.1e), which was in agreement with the 

previously observed association between them at the UVC-damaged chromatin [820, 821].  

My colleagues had shown that PARP1 and DDB2 co-immunoprecipitated in the chromatin-bound 

extract from UVC-irradiated cells in the presence of ethidium bromide [820], thereby indicating that 

PARP1 and DDB2 interact with each other on the same DNA strand. Earlier crystallographic studies 

have shown that DDB2 directly binds to CPD or 6-4PP while making a footprint of 2 nt upstream of 

these lesions [169, 189, 225]. Therefore, PARP1 must be binding somewhere nearby DDB2 to 

account for their interaction on the same strand. Our lab earlier showed that PARP1 binds to UVB-

irradiated dsDNA in vitro and is enriched in chromatin fragments containing TT CPD isolated from 

UVB-irradiated cells [814]. However, since these larger DNA fragments could contain multiple 

adjacent dipyrimidines, it was difficult to determine with the nucleotide level resolution whether 

PARP1 and DDB2 bound to the same lesion or to different but nearby CPD lesions on DNA. 

Therefore, we created a model biotin-labelled 40 mer or 60 mer oligos with (UV-DNA) or without 

(control-DNA) a single defined UV-lesion surrounded by multiple unique restriction enzyme sites. 

The top strand of these DNA contained a single adjacent pyrimidine pair, i.e., thymine, which upon 

UVC-irradiation largely resulted in formation of TT CPD rather than TT 6-4PP (Suppl. Fig.S1.2b). 

This was in agreement with the previous report that 6-4PP are induced 1000 times slower and 3-5 

times lesser as compared to CPD by UVC [41, 45, 50]. We validated the use of our model oligos for 

the protein binding and footprinting assays by demonstrating that DDB2 exhibited similar binding 

affinity (Fig.1.3b, top panel) and footprint (Figs.1.4 a-b) on UV-DNA, as reported earlier [169, 189, 

225, 911]. The UV-DNA bound DDB2 permitted the access of CPD photolyase to the damage 

(Fig.1.4e), thereby indicating that the binding mode of DDB2 to our model UV-oligo was similar to 

that observed in the cells in an earlier study [232]. 

The subsequent protein binding studies revealed that PARP1 bound 1.5-1.7 times more to UV-DNA 

than the control-DNA (Fig.1.3b, bottom panel), which is in agreement with previously reported 

affinity of PARP1 for the DNA containing altered structures without any strand breaks [629, 631-

636]. PARP1-DBD (Zn1-Zn2) was sufficient to recognize the direct DNA damage (Fig.1.2b), 

possibly via the ability of Zn1 and Zn2 to interact with the unpaired bases opposite the TT/6-4PP or 

any other exposed nucleotide in the vicinity, as demonstrated for SSB and DSB [648, 649]. The 

footprinting studies of PARP1 on the UV-DNA revealed that PARP1 has -12 to +9 nt asymmetric 
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bilateral footprint around the defined UV-damaged site (Figs.1.4a-c). This footprint of PARP1 around 

TT/6-4PP is reminiscent of its bilateral footprint around SSB [640, 649]. While PARP1 footprint 

around CPD/6-4PP site in our model is compatible with previously reported monomeric [628, 638-

642] or dimeric [620, 643-647] binding of PARP1 at DNA strand breaks, further studies are required 

to determine if one or two molecules of PARP1 can bind simultaneously around CPD/6-4PP site. In 

this regard, our most recent study does indicate the possibility of co-existence of two PARP1 

molecules at the CPD/6-4PP site, one alone whereas other is recruited in complex with XPC 

(Appendix 3) [912].  

We further analyzed the simultaneous binding of PARP1 and DDB2 to UV-DNA (Fig.1.4d, left 

panel). The observed no change in the footprint of PARP1 on UV-DNA in presence of DDB2 suggests 

that they have non-interfering binding sites on the UV-DNA (Fig.1.4d, right panel), which can allow 

their independent recruitment at the damage site, as reported earlier [820, 821]. Moreover, the 

proximity of PARP1 (-12 to +9 nt) and DDB2 (-2 nt) footprints on UV-DNA (Figs. 1.4 a-b and Fig. 

1.5b) accounts for their previously reported association in the vicinity of the damage [820, 821] and 

co-localization in locally UVC-irradiated cell nuclei (Fig.1.1e). We also observed that the binding of 

DDB2 to UV-DNA increased 2.4 times in presence of PARP1 as compared to that in absence of 

PARP1 (Fig.1.4d, left panel), thereby suggesting that an early arrival of PARP1 at the CPD/6-4PP 

site can facilitate the binding of incoming DDB2 at this site,. On the contrary, the presence of DDB2 

on UV-DNA reduced the binding of incoming PARP1 by half (Fig.1.4d, left panel). Since PARP1 

(0.5-2×106 molecules per cell [614]) is much more abundant than DDB2 (~1×105 per cell [913]) in 

mammalian cells, it is highly possible that PARP1 encounters the direct DNA damage prior to DDB2 

[223, 641]. This possibility was also proposed in previous studies including one from my laboratory 

[820, 821]. While further studies are required to gain insight in this aspect of PARP1 and DDB2 

recruitment at CPD/6-4PP site, it is reasonable to assume that DDB2 can access CPD in presence of 

PARP1 since CPD photolyase has been shown to repair TT-CPD that is bound to PARP1 (Fig.1.4e).  

The binding of PARP1 to UV-DNA resulted in stronger activation of PARP1 as compared to control-

DNA (Fig.1.5a, left panel), similar to that observed for PARP1 activation with DNA containing 

altered structures without strand break [631, 633, 636]. Moreover, activation of PARP1 was stronger 

when it bound to 24 mer oligo containing TT 6-4PP as compared to that containing TT CPD (Fig. 

1.5, right panel). Higher helical distortion of DNA induced by the 6-4PP as compared to CPD [67] 

can result in greater extent of unfolding of restrictive helical regions within HD subdomain of PARP1 

which can account for this increased activation. While this proposed model is based on a recent study 

which associated the extent of unfolding within HD with the degree of catalytic activation of PARP1 
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[650], it needs to be demonstrated experimentally. This mechanism can also indirectly account for 

the observed stimulation of PARP1 activity by DDB2 in presence of DNA that largely contained TT 

CPD in vitro in our previous study [820] because binding of DDB2 at CPD site bends the DNA at an 

angle of 40-45º [169, 189]. However, this also needs to be verified experimentally. 

In conclusion, the co-existence of PARP1 and DDB2 on UV-DNA can be accounted for by proposed 

model (Chapter 1) in which DDB2 attaches directly to the CPD/6-4PP whereas PARP1 makes an 

asymmetric bilateral contact from -12 to +9 nt around the CPD/6-4PP site. However, we do not rule 

out the possibility that the PARP1 footprint at CPD/6-4PP site may vary when it binds to them in 

complex with XPC in presence or absence of DDB2 [912], in the context of chromatin or when there 

are multiple UV-lesions in close proximity. 

5.2. Why PARP1-impaired mice exhibit reduced UVB-induced SCC development despite 

defective NER in their skin? 

Two enabling characteristics of carcinogenesis are the genomic instability and inflammation [859]. 

PARP1 can act as both, a friend and a foe of carcinogenesis due to its proinflammatory and genomic 

stability maintenance functions, respectively (Section P). Intriguingly, we observed that despite 

delayed NER of UVB-induced direct DNA damage (Fig.4.8A and [820]), the initiation and/or 

promotion of UVB-induced SCC development was reduced in PARP1-impaired SKH-1 mice 

(Chapter 4). This is in contrast to not only the known oncosuppressive role of PARP1 in 

carcinogenesis (Section P), but also to the observed increase in UVB-induced SCC development in 

NER protein-KO mouse models such as XPA [87], XPC [498] and DDB2 [499].  

This discrepancy between PARP1-impaired mice and NER protein-KO mice for UVB-induced SCC 

development can be partially explained by the difference in the level of UVB-induced apoptosis 

observed in their epidermis (Table 5.1). The epidermis of GG-NER defective XPC-KO and DDB2-

KO mice exhibited resistance to apoptosis as compared to the WT mice in response to single [86, 

914] or chronic UVB exposure [915, 916]. Consistently, the epidermis from XPC-KO mice [915] and 

DDB2 deficient hamster cell line V79 [231] exhibited increased UV-induced mutagenesis. 

Conversely, we demonstrated increased apoptosis in the epidermis of PARP1-impaired mice as 

compared to WT mice in response to single UVB exposure (Fig.4.8B). Since the UVB-damaged KC 

are the potential progenitors of SCC (Section J.2.1.1), their increased apoptosis can reduce the 

frequency of mutated KC, and hence the initiation of UVB-induced tumorigenesis in the PARP1-

impaired epidermis. Our proposed mechanism is supported by a recent study, which showed that 

inhibition of PARP1 activity reduced UVB-induced mutagenesis in CHO cells [917]. Nonetheless, 
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the frequency of UVB-induced mutations in the epidermis of chronic UVB-irradiated PARP1-

impaired mice remains to be determined. 

Mice Defective 
NER Apoptosis 

Frequency of 
UVB-induced 
mutagenesis 

Inflammati
on 

(erythema) 

Immuno-
suppression 

SCC 
development 

XPC-KO ✓ 
Reduced 

[86, 915] 

Increased 
[915] 

No change 
[918] 

No change 
[918] 

Increased 
[498] 

DDB2-KO ✓ 
Reduced 

[914, 916] 

Increased* 
[231] 

No change 
[914] 

? 
Increased 

[499] 

XPA-KO ✓ 
Increased 

[86] 

Increased (low 
UVB dose) 

or 

No change 
(high UVB 

dose)# 

[919] 

Increased 
[918, 920] 

Increased 
[918, 920] 

Increased 
[87, 497, 921] 

PARP1-
KO or 

PARPi-
treated 

✓· Increased• 
Decreased* 

[917] 
? 

Reduced in 
PARPi mice 

[810] 
Reduced• 

Table 5.1. UVB-induced responses in the skin of NER protein-KO mice and PARP1-impaired 
mice relative to WT mice.  
* indicates the observation made in cultured cells, # indicates that the observation changes with the dose of 
UVB, • indicates observation made in chapter 4, and ? indicates yet to be examined in response to UVB. 

 

Our proposed model of increased apoptosis induced reduced SCC development in chronic UVB 

irradiated PARP1-impaired mice is contradicted by the observed increase in UVB-induced SCC 

development despite increased apoptosis in the epidermis of NER defective XPA-KO mice [86, 87, 

497, 921]. Interestingly, epidermis of XPA-KO mice had a higher frequency of UVB-induced 

mutations compared to WT mice but only at low UVB dose (50 J/m2), whereas at high dose, mutation 

frequency between them was similar [919]. The authors suggested that the latter observation could 

be explained by the observed increase in apoptosis in the epidermis of XPA-KO mice as compared 

to that in the epidermis of WT mice at higher dose of UVB. However, the apoptosis in the epidermis 

of XPA-KO mice was determined only after single exposure to UVB [86]. Since apoptotic capacity 

of KC reduces with chronic UVB exposures as compared to that after single UVB exposure [490, 

491], it is important to examine the level of apoptosis in epidermis post chronic UVB irradiation of 

these mice including our PARP1-impaired mice.  
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The increased SCC in XPA-KO mice despite lack of difference in UVB-induced mutagenesis can be 

explained by the factors facilitating SCC promotion and progression, such as UVB-induced 

inflammation and immunosuppression (Table 5.1) (Section J.2.4 and J.2.5). XPA-KO mice, which 

have abrogation of both the NER sub-pathways, exhibit increased UVB-induced inflammation and 

immunosuppression as compared to the WT mice [918, 920]. This suggests that despite same 

mutation frequency in the epidermis of XPA-KO and WT mice, the enhanced UVB-induced immune 

modulations facilitate increased SCC development in XPA-KO mice. Notably, GG-NER-deficient 

XPC-KO and TC-NER deficient CSB-KO mice exhibit no significant difference in these UVB-

induced immune modulations in their skin as compared to their WT counterparts [918]. In contrast, 

the skin of PARP1-impaired mice exhibit reduced inflammatory response after topical application of 

chemical carcinogen [841, 842] and reduced immunosuppression in response to single UVB exposure 

[810]. Since inflammatory mediators also foster progression stage of SCC (section J.2.5), our data of 

no difference in progression phase between PARP1-impaired and WT mice (Figs. 4.7C-D) suggests 

that UVB-induced inflammation does not contribute to this phase of SCC. While we do not rule out 

the possibility for their role during promotion stage of SCC development, further studies are 

warranted on how PARP1 impairment affects the UVB-induced inflammation and 

immunosuppression in mouse skin.  

5.3. Can PARPi be used for chemoprevention of cancer? 

The reduced initiation and/or promotion of UVB-induced SCC development in PARPi mice suggest 

chemopreventive role of PARPi. To our knowledge, only one other study has pointed out a 

chemopreventive application of PARPi for spontaneous de novo mammary tumorigenesis in BRCA1-

deficient mice [922]. Interestingly, this study also related the reduced mammary tumorigenesis to 

increased apoptosis observed in the mammary glands of BRCA1-deficient mice. Yet another study 

has reported reduced number of diethyl-nitrosamine-induced preneoplastic foci formation in the liver 

of C57BL/6 mice injected with the PARPi DPQ [923]. Even though the authors attributed this to 

chemotherapeutic effect of PARPi in hepatocellular carcinoma, it could also be explained as a 

chemopreventive role for PARPi, similar to that reported in our study. 

The chemopreventive use of PARPi for the solar UV-induced SCC will be the translational 

application of our study. Furthermore, reduced UVB-induced mutagenicity in PARPi-treated CHO 

cells [917] that are deficient in DDB2 suggests that the PARPi can be exploited for the 

chemoprevention of UV-induced SCC in XP patients [494-496], which exhibit high susceptibility to 

these cancers. Hence, further studies are warranted to examine the susceptibility of PARPi-treated 

NER protein-KO mice to UV-induced SCC.  
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Conclusion 
a. “Updated” model for role of PARP1 during the DNA damage recognition step of GG-NER 

sub-pathway 

The “updated” working model that encompasses the results in the chapter 1 and annex 4 of the present 

thesis, for the role of PARP1 during the DNA damage recognition step of GG-NER sub-pathway is 

as follows (Fig. a). In undamaged mammalian cells, PARP1 either exists in unbound state in 

nucleoplasm or nucleosome-bound state in chromatin [628]. Since number of molecules of PARP1 

(0.5-2×106/cell [614]) are much higher than that of XPC (∼3×104/cell [275]), nucleoplasmic PARP1 

can be either free or in complex with XPC (PARP1-XPC) [912]. Owing to their affinity for DNA, 

PARP1 or PARP1-XPC can constantly scan otherwise intact DNA. PARP1 scans DNA for damage 

three dimensionally via monkey bar mechanism [641, 776] whereas XPC scans one-dimensionally 

by hopping [209]. Their mode of DNA scanning when they are in complex still needs to be 

determined. 

Upon UV-induced direct DNA damage in the mammalian cells, PARP1 or PARP1-XPC complex 

could be the first ones to arrive and bind around the CPD/6-4PP lesions in the chromatin due to the 

abundance of PARP1 [614], its swiftness in scanning DNA [641, 776] and its association with 

chromatin [628]. The capacity of its Zn1 and Zn2 to interact with the unpaired nucleotide bases could 

be exploited by PARP1 for the recognition of CPD/6-4PP (Section 5.1), similar to that shown for 

PARP1 at SSB or DSB [648, 649]. Binding of PARP1 at this damage can result in its basal activation 

and formation of PAR in the vicinity of damage [820].  

While the footprint of PARP1 in the chromatin context or in complex with XPC is yet to be 

determined, free PARP1 casts asymmetric and bilateral footprint around CPD or 6-4PP sites on the 

naked DNA [924]. Since this mode of PARP1 binding also allows access at CPD/6-4PP site by other 

proteins, the binding of DDB2 (in UV-DDB ligase complex) could either accompany or follow the 

PARP1 binding at lesion site [924]. In the latter case, PARP1 can facilitate DDB2 binding at CPD/6-

4PP site [924]. The resulting DNA distortion around CPD site due to DDB2 binding [169, 189] can 

further stimulate the activity of PARP1 (Section 5.1), which in turn can prolong the retention time of 

DDB2 at the CPD/6-4PP site [821]. As explained in section N.1.2, the catalytic activity of PARP1 

has been shown to facilitate the recruitment of XPC by mediating chromatin remodeling around 

CPD/6-4PP by directly PARylating histones, DDB2 and recruiting “PAR-readers” such as ALC1. 

In our most recent study, we showed that this PARylation activity by PARP1 (“first” PARP1) 
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Figure a. “Updated” working model for the roles of PARP1 during DNA damage recognition 
phase of GG-NER sub-pathway  
Figure created by Nupur Purohit. 
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facilitates the recruitment of the PARP1-XPC complex at CPD/6-4PP site; thus the arrival of “second” 

PARP1 [912]. It still needs to be determined if two PARP1 are present at the same time at the CPD/6-

4PP site. In view of the known PAR-reading capacity of both PARP1 and XPC [701, 710], we propose 

that PARP1-XPC complex arrives at the site of damage as PAR-seeking molecules [912]. The 

functional relevance of preformed PARP1-XPC complex in nucleoplasm is that PARP1 can facilitate 

the damage search by XPC by escorting and depositing it preferably at the CPD/6-4PP sites that are 

bound by UV-DDB ligase complex [912]. At CPD/6-4PP sites, PARP1 facilitates XPC recruitment 

even in absence of DDB2 as demonstrated by using PARPi-treated XP-E cells which are devoid of 

DDB2 [912]. To conclude, PARP1 facilitates XPC recruitment by mediating DDB2-dependent and 

independent chromatin remodeling activities at the CPD/6-4PP sites and by escorting XPC to these 

sites. 

b. “Proposed” mechanisms for the reduced initiation and/or promotion of UVB-induced SCC 

development in PARP1-impaired mice. 

Our study in PARP1-impaired mice indicates that PARP1 functions are co-opted for the initiation 

and/or promotion of UVB-induced SCC development and that PARPi could be a potential 

chemopreventive agent for the SCC development (Chapter 4 and Sections 5.2–5.3). Based on our 

results placed in the context of previous studies, I propose that delayed NER of UVB-induced direct 

DNA damage sensitizes PARP1-impaired KC to UVB-induced apoptosis [820, 822, 833, 917]. This 

results in increased elimination of premutagenic KC from the epidermis, and hence reduces the 

number of mutated KC and initiation of SCC development in PARP1-impaired mice (Fig.b.1). 

Furthermore, chronic UVB-induced inflammation could also be alleviated in PARP1-impaired mice 

skin (Section O). Since inflammatory mediators trigger survival and proliferation of initiated KC 

during the promotion stage (Section J.2.4 and Fig.b.2), this could be another potential mechanism by 

which the UVB-induced SCC development is averted in PARP1-impaired mice. Finally, since PARPi 

decreases the extent of UVB-induced immunosuppression in the skin of SKH-1 mice [810], PARP1-

impaired mouse skin may be capable of launching a robust immune response to eliminate cancer cells 

and thus decrease the susceptibility to develop NMSC. While it is intriguing that the genome integrity 

maintenance function of PARP1 (via NER pathway) does not protect against the occurrence of SCC 

in our study, our hypothesized tumor promoting pro-inflammatory role of PARP1 is in agreement 

with the previous reports. 
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Figure b. Proposed model for reduced UVB-induced SCC development in PARP1-impaired 
mice 
Figure created by Nupur Purohit. 
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Future perspectives 
The discovery of the role of PARP1 in facilitating the repair of UV-induced direct DNA damage 

opened the door to explore its implication in the development of UV-induced skin cancers. My 

doctoral study demonstrates that impairing PARP1 in SKH-1 mice reduces their susceptibility to 

UVB-induced SCC development due to increased death of premutagenic KC from the skin of PARP1-

impaired mice. Moreover, previous studies indicate that immune functions of PARP1 could also be 

implicated in the reduction of UVB-induced SCC development in PARP1-impaired mice. However, 

these mechanisms are based on the observations made after single exposure to UVB (Chapter 4 and 

[810, 820]) or that made in the cultured keratinocytes [833, 917]. Therefore, further studies are 

required to validate them in vivo in response to chronic UVB-exposure. In addition to UVB, the 

terrestrial solar UV also constitutes UVA, which can also contribute to SCC development, albeit at 

much higher dose than UVB. Therefore, it is important to validate reduced susceptibility in PARPi 

mouse to SCC development in response to solar simulated UV (SSUV), which mimics the terrestrial 

solar UV. Since we used second generation PARPi (PJ-34) in our study (Chapter 4), validating our 

data of SCC development using FDA-approved PARPi such as olaparib and talazoparib merits further 

studies. Moreover, examining the effect of PARPi on UV-induced skin cancer susceptibility of mouse 

models with KO for XP family of genes could allow us to treat the XP-patients [494-496] with PARPi 

to reduce their susceptibility to cancer. Bearing in mind that terrestrial solar UV is also one of the 

factors that can cause melanoma and BCC, determining the role of PARP1 in de novo development 

of these cancers can open up additional avenues for use of PARPi as a chemopreventive agent in 

sunscreens. 

Identifying the mechanism by which PARP1-impaired mice exhibit reduced initiation and/or 

promotion of UVB-induced SCC development in vivo 

As proposed in section b, reduced initiation and/or promotion of UVB-induced SCC development in 

PARP1-impaired SKH-1 mice could be via one or more of the three proposed mechanisms, which 

can be validated as follows. 

First proposed mechanism: Reduced occurrence of SCC in PARP1-impaired mice is due to increased 

death of UVB-damaged or premutagenic KC from their skin. To test whether the increased level of 

cell death in the epidermis of PARP1-impaired mice alleviated the occurrence of tumors in them (Fig. 

1.b), the adjacent non-tumor bearing skin samples collected from the KO, PARPi and WT mice at the 

end of chronic UVB protocols (Section 4.9) can be used for TUNEL staining assay. The reduced 

UVB-mutagenesis in the PARPi treated CHO cells [917] can be validated in the epidermis of PARP1-
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impaired mice by the immunohistochemical (IHC) assessment of the mutant p53 in the adjacent non-

tumor bearing skin samples using monoclonal p53 antibody PAb240, which recognizes only mutant 

p53 protein [528]. The mutation frequency in these three groups of mice can be determined by 

calculating the number of mutant p53-positive cells per unit epidermal area. The NER capacity of the 

PARP1-impaired epidermis following chronic UVB irradiation can be determined by IHC assessment 

of CPD in the skin samples harvested at 3 time points (0 h, 36 h and 72 h) after the last chronic UVB 

irradiation at 5-week intervals until 20 weeks of irradiation.  

Alternatively, in vitro progression model of UVB-induced skin carcinogenesis, which uses 

transformed human keratinocytes (HaCaT cells), can also be used to assess the NER capacity and 

level of cell death [925]. For this, the PARP1-KO (using CRISPR Cas9 technique), PARPi treated 

(PARPi) and WT HaCaT cells irradiated with 300 J/m2 UVB can be used to create the 3, 8, 12 and 

16 week sublines as described by Tyagi et al [925]. To assess the NER capacity of each subline, CPD 

levels at the various time points (0, 2, 6 and 24h ) post last UVB-irradiation can be determined by 

using immunofluorescence technique as described previously by us [820, 912]. Determining the cell 

viability by trypan blue cell count method or CellTiter-Blue® Cell Viability Assay can be employed 

to assess the cell death capacity of PARP1-KO, PARPi and WT sublines following the last UVB-

irradiation. Various apoptosis markers such as cleaved caspase-3 and -7 can be analyzed by Western 

blotting in the extracts of PARP1-KO, PARPi and WT HaCaT cells at the appropriate time points 

after the last UVB irradiation for each sublines. To examine that the premutagenic CPD bearing KC 

are the ones that are undergoing apoptosis, the CPD dot blot can be performed using the DNA isolated 

from the floater cells harvested from the UVB-irradiated PARP1-KO, PARPi and WT HaCaT cells. 

Second and third proposed mechanisms: Reduced occurrence of SCC in PARP1-impaired mice can 

also be due to abrogation of UVB-induced inflammation and reduction in UVB-induced 

immunosuppression. The Luminex method with mouse cytokine array allows quantification of the 

levels of pro-inflammatory cytokine such as IL-1β, IL-6 and TNFα as well as immunosuppressive 

cytokines such as IL-10 and IL-4 in the protein extracts of harvested tumor and adjacent non-tumor 

bearing part of the skin from KO, PARPi and WT mice of the chronic UVB-irradiation protocol 

(Section 4.9). Other parameters for UVB-induced inflammation and immunosuppression are the 

infiltration of pro-inflammatory macrophages and neutrophils as well as the generation of Treg, 

respectively (Sections I and J.2.5). The macrophages and neutrophils can be detected in the above 

mentioned samples via IHC using antibodies (Ab) against Ly6g and F4/80 [926], respectively [926]. 

Treg can also be detected via double IHC analysis using Ab against Foxp3 and CD25 in these samples 



 

193 

[582]. Furthermore, examining the intratumoral infiltration of Tc cells using Ab against CD8+ can 

allow to determine immune effectiveness in PARP1-impaired mice [582]. 

To determine the susceptibility of olaparib or talazoparib treated WT and NER protein-KO 

mice to SSUV-induced SCC development 

To do this, chronic SSUV irradiation of XPC-KO, DDB2-KO, XPA-KO and WT mice treated or not 

with olaparib or talazoparib can be carried out as described in previous report [927]. The tumor data 

acquisition and cancer severity analysis as described in chapter 2 and 3 will allow determination of 

the susceptibility of PARPi (olaparib or talazoparib)-treated mice as compared to non-treated mice to 

SSUV-induced SCC development. Olaparib and talazoparib have been reported to exhibit toxic side 

effects when injected in the human cancer patients [902, 928]. Therefore, it is important to examine 

whether their prolonged topical application has any toxic effects on the skin and other internal organs. 

To do this, they can be topically applied to the various strains of mice until their natural death and 

several harvested tissue samples including skin can be analysed and compared with respective 

untreated mice. 

Examining the susceptibility of PARPi-treated mice to the development of UV-induced 

melanoma and BCC 

While previous studies have demonstrated that PARP1 promotes the tumorigenic potential of 

melanoma cells in mice [875, 876], till date, no study has examined the role of PARP1 in the de novo 

melanoma tumorigenesis. To do this, BrafV600E transgenic mouse model for SSUV-induced de novo 

melanoma tumorigenesis can be used. Chronic SSUV irradiation of adult BrafV600E mice topically 

treated or not with olaparib or talazoparib before each irradiation can be carried out as described 

before [929]. The epidemiological data suggest that malignant melanoma may arise as a consequence 

of intense and intermittent exposure of the skin to solar UV in childhood [930]. To address the role 

of PARP1 in this, single SSUV-irradiation of neonatal BrafV600E mice topically treated or not with 

olaparib or talazoparib before and after irradiation can be carried out [931]. Unlike melanoma, the 

role of PARP1 in de novo BCC tumorigenesis was studied in Ptch1+/- transgenic mouse model, albeit 

with X-rays [877]. However, chronic UV has also been shown to induce BCC tumorigenesis in 

Ptch1+/- transgenic mice [932]. To examine the susceptibility of PARPi-treated mice to UV-induced 

BCC, chronic SSUV irradiation of Ptch1+/- transgenic mice treated or not with olaparib or talazoparib 

can be carried out. Since the Ptch1+/- transgenic mice develop SCC and fibrosarcoma type of tumors 

in addition to BCC [932], the histological assessment of each tumor will be required to determine the 

susceptibility for each type of skin cancer. In these cancer models, the tumor data acquisition and the 
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cancer severity analysis as described in chapter 2 and 3 will determine the susceptibility of PARPi-

treated mice to SSUV-induced melanoma.  

To conclude, the research in the present thesis opens a newer avenue, where PARPi can be potentially 

exploited as chemopreventive agent against UV-induced non-melanoma skin cancers in addition to 

its well-known clinical application as chemotherapeutic agent for specific cancers. It will be 

interesting to test whether PARPi can be included as a chemopreventive agent in sunscreens to 

increase their efficacy for the prevention of SCC. Further studies are also required to explore whether 

PARPi can show a chemopreventive effect against the development of other types of cancers. 
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Annexe 1: Characterization of the interactions of PARP-1 with 

UV-damaged DNA in vivo and in vitro 

  



 

258 

 



 

259 



 

260 



 

261 



 

262 



 

263 



 

264 



 

265 



 

266 



 

267 



 

268 

 

 

 



 

269 

 

 

 

 

 

 

 

Annexe 2: Comprehensive measurement of UVB-induced non-

Melanoma skin cancer burden in mice using photographic 

images as a substitute for the caliper method 
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Annexe 3: A panel of criteria for comprehensive assessment of 

severity of ultraviolet B radiation-induced non-Melanoma skin 

cancers in SKH-1 mice 
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Annexe 4: Poly(ADP-ribose) Polymerase 1 escorts XPC to UV-

induced DNA lesions during nucleotide excision repair  
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Annexe 5: Potentiation of 177Lu-octreotate peptide receptor 

radionuclide therapy of human neuroendocrine tumor cells by 

PARP inhibitor  
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Annexe 6: PARP inhibitors in cancer therapy: magic Bullets but 

moving targets  
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