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CHAPTER 1 – Introduction and Objectives 

 

1.1 Introduction 

1.1.1 Ultraviolet light effects 

The ultraviolet light (UV) was one of the first environmental mutagen to be 

discovered. Since all living organisms are constantly exposed to UV via the sunlight, 

this discovery generated great interest in the scientific community. Experiments using 

UV light as a mutagen began in the 1930s, with works in Drosophila and maize. Years 

later, by using microorganisms as a model it was clearly demonstrated that the 

maximum absorption spectrum of nucleic acids match with the maximum harmful 

(mutagenic and killing), effects of UV radiation (DeMarini et al. 2020). At present it is 

already clearly established the relation of UV light to the development of skin cancer, 

the most common type of cancer around the world (de Gruijl et al. 1993, Armstrong & 

Kricker 2001, Matsumura & Ananthaswamy 2002). Therefore, in 2009 the UV radiation 

was included in the list of carcinogenic substances for humans, group 1 (El Ghissassi 

et al. 2009).  

Based on its spectral range and therefore on the energy it contains, the UV 

radiation can be divided in three main types: i) UVA, ultraviolet radiation type A or long 

wave (315-400 nm); ii) UVB, ultraviolet radiation type B or medium wave (280-315 nm) 

and; iii) UVC, ultraviolet radiation type C or short wave (200-280 nm). However, the 

relative importance of UV types in terms of exposure it is not directly proportional to 

their energy, since they are differently filtered by the stratospheric ozone layer that 

protects our planet, which only filters efficiently wavelengths below 300 nm. Thus, while 

ozone layer is able to filter completely (~100%) or almost completely (~95%) the UVC 

and UVB wavelengths, respectively. It is not able to filter efficiently the UVA (~ 5%). 

Although UVB light corresponds to a small fraction of the sunlight spectrum, this 

wavelength is much more energetic than UVA and it can penetrate the skin to the 

epidermis. Meanwhile, despite being less energetic, UVA light is epidemiologically 

more important as it corresponds to 95% of UV from sunlight and it penetrates more 

deeply in the skin, reaching the dermis (Anderson & Parrish 1981, Frederick et al. 

1989, Cadet et al. 2005, Matsumura & Ananthaswamy 2002, Schuch et al. 2012). 

The energy contained in the UV light is able to induce a variety of specific 

structural changes in the DNA double helix by direct or indirect means (Pfeifer et al. 

2005). Direct excitation of the molecule mainly causes cyclobutane pyrimidine dimers 



	
	

(CPDs) and pyrimidine (6,4) pyrimidone (6-4PPs) photoproducts, both generated at 

dipyrimidine sites and cause large distortions. In CPDs, the adjacent pyrimidines form 

a cyclobutane ring through a covalent bond between C5 and C6 carbon atoms of the 

nitrogenous bases (thymine, cytosine or 5-methylcytosine). In the case of 6-4PP, a 

non-cyclic covalent bond occurs between the C4 and C6 atoms (Rastogi et al. 2010). 

Although CPDs are formed in a higher proportion than 6-4PPs, their repair is slower, 

probably because 6-4PPs causes a stronger distortion, making it more easily detected. 

Therefore, it is believed that CPDs are mainly responsible for the mutations induced 

by UV light in mammals (Matsumura & Ananthaswamy 2004, Pfeifer et al. 2005). 

Unrepaired CPDs and 6-4PPs mainly generate transitions of the C>T type, as well as 

CC>TT tandem transitions and both are known as UVC and UVB signature mutations 

(Ziegler et al. 1993, Ikehata & Ono 2011). 

Indirect damage into the DNA is generated through photosensitization 

reactions, which can involve oxygen or other photosensitizer molecules, as NADPH, 

riboflavin and porphyrin, or even the DNA itself. These result in oxidized bases such 

as 8-oxoguanine (8oxoG) and thymine glycol (Ravanat et al. 2001, Pfeifer et al. 2005, 

Rastogi et al. 2010, Sage et al. 2012, Yagura et al. 2017). Apparently, due to the lower 

reduction potential of guanine, the 8oxoG is the most abundant oxidized base 

generated; however, it is also rapidly and efficiently repaired (Steenken & Jovanovic 

1997). When unrepaired, 8oxoG generates mainly transversions of the G>T (C>A) 

type, caused by the wrong pairing with an adenine, or A>C transversions, by the 

erroneous incorporation of oxidized guanine opposite to an adenine (Epe 1991, Cheng 

et al. 1992, Ikehata & Ono 2011). 

Direct damage into the DNA molecule has been traditionally related to UVB 

wavelength due to its higher energy, while indirect damage has been related to UVA 

wavelength, because direct absorption of UVA energy by DNA is low (Sutherland & 

Griffin 1981, Mouret et al. 2006, Nichols & Katiyar 2010). Therefore, the C>T transitions 

resulting from unrepaired pyrimidine dimers are related to the UVB portion of the solar 

UV radiation spectrum and the C>A transversions caused by oxidized guanine are 

attributed mainly to the UVA portion. However, it is controversial whether the mutations 

caused by UVA are just a consequence of oxidative generated damage, since different 

studies presented evidence of the CPD and even 6-4PP induction after UVA treatment 

(Douki et al. 2003, Rochette et al. 2003, Mouret et al. 2006, Schuch et al. 2009, Nichols 

& Katiyar 2010, Ikehata & Ono 2011, Cortat et al. 2013). Thus, the C>T transitions 



	
	

have been proposed as a characteristic signature of UV radiation in general, and not 

specifically of UVB and UVC wavelength (Pfeifer et al. 2005, Sage et al. 2012). This 

information clearly reveal that the mechanisms by which sunlight induces mutations 

and skin cancer remains a matter of debate (Sage et al. 2012, Rünger et al. 2012). 

 

1.1.2 Nucleotide Excision Repair (NER): an important and versatile pathway to 

remove photoproducts from the genome  

Genomic DNA is a highly reactive molecule due to its structure, so it is naturally 

subject to suffer damage, which are chemical alterations of the double helix that 

challenge the genomic stability and can compromise both replication and transcription. 

It is estimated that more than 20,000 lesions are induced daily in the DNA as a result 

of endogenous cell metabolism (Friedberg et al. 2006). Also, physical and chemical 

exogenous agents such as UV from sunlight, smoke, pollution, and natural or artificial 

drugs can interact and induce specific damage. Thus, cells have several repair 

mechanisms to deal with the different types of DNA lesions and try to maintain genomic 

stability. 

Nucleotide excision repair (NER) is a highly conserved and versatile DNA repair 

pathway, that recognizes and removes a wide range of DNA damage that cause 

structural distortions in the double helix. NER removes fragments containing lesions in 

several coordinated steps involving specialized proteins. The first step is damage 

recognition, followed by unwinding of the double helix around 30 bp at the site of the 

lesion. Then, cleavage occurs on both sides near the lesion and the damaged chain is 

excised. After this, the gap is filled by polymerases using the intact chain as a template 

and ends with a ligation (Sancar 1996, Laat et al. 1999, Menck & Munford 2014).  

In eukaryotes, damage recognition can occur by two sub-pathways depending 

on its locale. DNA damage throughout the genome is recognized by the global genome 

repair (GGR) sub-pathway. In this case, the primary damage detector is the 

XPC/HR23B protein complex. The XPE protein is also involved to the damaged DNA 

binding (DDB) complex and help to improve the efficiency of recognition and removal 

of some types of lesions, as CPD. On the other hand, DNA lesions in the transcribed 

strand of actively expressed genes are recognized by the transcription-coupled repair 

(TCR) sub-pathway. In this case, CSA and CSB proteins recognize lesions that cause 

blockage of RNA polymerase II during transcription, recruiting NER proteins to 



	
	

damaged DNA. After damage recognition, the following steps are the same for both 

sub-pathways (Gillet & Schärer 2006, Menck & Munford 2014).  

Once the lesion is recognized, the double helix is unwinded by the XPB (3´-5´) 

and XPD (5´-3´) helicases, which are part of the transcription factor IIH (TFIIH), a 

multiprotein complex. Then, the replication protein A (RPA) complex and XPA protein 

bind to protect the DNA single strand and ensure the stability and proper assembly of 

proteins involved in repair. A region of around 30 bp containing the lesion is cleaved 

by the ERCC1-XPF and XPG endonucleases, at the 5´ and the 3´ of the lesion, 

respectively. The next step is to fill the gap by the coordinated action of the DNA 

polymerases delta (δ) or epsilon (ε), with the help of several accessory factors of 

replication (as the RPA, RFC and PCNA proteins) by using the complementary strand 

as a template and the 3’-hydroxyl extremity generated by the ERCC1-XPF as a primer. 

Finally, the ligation of the 3´ recently synthesized fragment with the 5´ extremity 

(generated by XPG) is performed by the DNA ligase I or III and the repair process is 

completed in an error free manner (A general scheme of the NER mechanism is 

summarized in figure 1.1.) (Gillet & Schärer 2006, Menck & Munford 2014).  

 

1.1.3 XPC protein 

The main function of the XPC protein is to detect a variety of DNA lesions 

throughout the GGR sub-pathway of NER (Sugasawa et al. 1998). During this 

recognition process the double helix is thermodynamically destabilized, which is 

essential for the subsequent recruitment of NER factors in the pre-incision complex 

(Sugasawa et al. 1998, Min & Pavletich 2007).  

The XPC gene encodes a protein containing 940 amino acid residues with a 

predicted mass of 125 kDa, it is located on the short arm of chromosome 3 at position 

25.1 (3p25.1, NCBI gene ID:7508) (Legerski et al. 1994). The XPC protein was cloned 

by Legerski & Peterson in 1992 and then purified by Masutani and co-workers in 1994. 

Different research revealed that this protein shares limited similarity with the 

homologous product of the yeast DNA repair gene RAD4, and form a complex with the 

centrin 2 protein and the human homolog of the yeast ubiquitin-domain repair factor 

RAD23, designated HR23B (58KDa). The Centrin 2 is not essential in the NER repair 

pathway, but potentiates the damage recognition by XPC protein, while the HR23B is 

essential in this repair mechanism since it promotes the XPC protein stability. The XPC 

protein also has high affinity for ssDNA, is highly hydrophilic and has acid and basic 



	
	

domains, suggesting a possible interaction with chromosomal proteins and DNA. In 

vitro, it was established that the C-terminal portion of the XPC protein is responsible 

for the interactions with DNA, RAD23B, Centrin 2 and TFIIH, while the N-terminal 

portion of the protein interacts with XPA (Legerski & Peterson, 1992, Masutani et al. 

1994, Ng et al. 2003, Bunick et al. 2006, Nishi et al. 2005). 

 

Figure 1.1. Nucleotide excision repair (NER) pathway: Schematic representation of the 
NER steps for DNA lesion removal in an error-free manner: 1) damage recognition can occur 
by the Global Genome Repair (GGR) sub-pathway or the Transcription Coupled Repair (TCR) 
sub-pathway, depending on the damage localization. 2) opening of the double strand of DNA, 
3) excision of the region containing the lesion, 4) synthesis of a new error-free strand (figure 
from Menck & Munford 2014). 

Several studies presented evidence of additional roles for the XPC-HR23B 

protein complex, either as auxiliary protein in repair routes other than NER or in cellular 

processes not related to DNA repair. For example, XPC-HR23B complex can act as a 

co-factor in the base excision repair (BER) pathway, since it interacts with the human 

glycosylases OGG1 and TDG, which participate in the repair of 8oxoG and G/T 

mismatches, respectively (Shimizu et al. 2003, D´Errico et al. 2006). On the other 

hand, XPC protein also could act as transcriptional co-activator at the promoters of 



	
	

inducible genes in the absence of exogenous genotoxic attack and on embryonic stem 

(ES) cells (Le May et al. 2010, Fong et al. 2011). Additionally, XPC protein also seems 

to have an important role in cellular metabolic processes, since in his absence the 

balance between the mitochondrial respiratory complex I and II (CI and CII) is altered: 

the CI activity is diminished as long as the CII activity is increased (Mori et al. 2017).  

For the year 2010, forty-five different mutations had been characterized in the 

XPC gene sequence of xeroderma pigmentosum (XP) patients (for more details see Li 

et al. 1993, Cleaver 1999, Soufir et al. 2010). The study model used in this work is the 

human skin fibroblast XP4PA-SV40 (Daya-Grosjean et al. 1987). This cell line is 

homozygous for the most common mutation reported, a deletion of two nucleotides 

(TG) in exon 9 of the XPC gene (c.1643_1644delTG) that leads to a frameshift 

mutation and a premature stop codon (p.Val548AlafsX572), resulting in an inactive 

protein (Li et al. 1993, Ben Rekaya et al. 2009, Soufir et al. 2010). Thus, the XP4PA-

SV40 cell line is deficient on the GGR sub-pathway of the NER repair mechanism. As 

a result, unrepaired lesions can block the DNA replication and transcription processes, 

leading to fork collapse, DNA breaks and genomic instability, which may result in cell 

death and increased mutagenesis, what may result in the development of cancer 

(Setlow 1974, Pfeifer et al. 2005, Sugasawa 2008, Ikehata & Ono 2011, Menck & 

Munford 2014, Bowden et al. 2015).  

 

1.1.4 Xeroderma pigmentosum (XP), a syndrome related to defects in the NER 

repair pathway 

The cellular risk of accumulate potentially oncogenic mutations depends on the 

frequency with which DNA lesions occur and the ability of cells to deal with such 

lesions. Thus, to safeguard genomic integrity it is necessary to maintain a balance 

between damage induction and the efficient functioning of the multiple DNA repair 

pathways, damage tolerance processes and cell cycle checkpoints (Kawanishi et al. 

2001; Laval et al. 1998; Peltomäki 2001, Giglia-Mari et al. 2011). In this context, the 

importance of cellular responses to DNA damage is exemplified by various syndromes 

caused by mutations in genes that participate in any of the response pathways. Some 

of the clinical features include neurological abnormalities, premature aging and 

predisposition to cancer, among others (For detailed information, please refer to: 

Hoeijmakers 2009, Ghosal & Chen 2013, Bukowska & Karwowski 2018). Defects in 

the NER system, for example, can lead to a phenotypic diversity of disorders such as 



	
	

XP, trichothiodystrophy (TTD) and Cockayne syndrome (CS) (Menck & Munford 2014, 

Bukowska & Karwowski 2018). 

XP is a rare autosomal recessive and hereditary disease that promotes high 

sunlight sensitivity, especially by the ultraviolet (UV) spectrum. Individuals who suffer 

from XP have strong pigmentation, skin dryness, ten thousand more chance to develop 

skin cancer, ten times more chance to develop internal tumors and a short lifetime in 

relation to the unaffected population. Additionally, in approximately 25-30% of cases, 

patients also exhibit progressive neurological abnormalities and in 40% of cases 

ophthalmologic pathologies (Taylor 1994, Sugasawa 2008, Cleaver et al. 2009, Menck 

& Munford 2014, Bowden et al. 2015, Bukowska & Karwowski 2018). This syndrome 

was originally documented by the dermatologists Ferdinand von Hebra and Moriz 

Kaposi in 1874, but only in 1968 the molecular defects were identified (Cleaver 1968). 

By means of cell fusion experiments, seven complementation groups that affect genes 

encoding proteins (XPA to XPG) associated to the NER pathway were established. In 

addition, there is a variant group (XPV), that is NER proficient but deficient in DNA 

polymerase η (pol eta), involved with translesion synthesis (TLS) of DNA damage (De 

Weerd-Kastelein et al. 1972, Cleaver et al. 2009, DiGiovanna et al. 2012).  

XP patients have been identified around the world and in all ethnic groups. The 

XP estimated incidence in population range from 1:450,000 in Western Europe, 1: 

250,000 in USA and 1: 20,000 In Japan and North Africa (Ben Rekaya et al. 2009, 

Menck & Munford 2014). In Brazil, there are not official estimates, however, in the 

northwest region of Goiás (municipality of Faina, in the village of Araras), one of the 

highest frequencies of XP in the world is found, 1:410 inhabitants of Faina (Munford 

and Castro et al. 2017). This high frequency of the disease is explained by a high rate 

of consanguineous marriage and endogamy on some of those populations (Ben 

Rekaya et al. 2009, Munford and Castro et al. 2017). The complementation group C of 

XP patients (XPC) appears to be the most prevalent type of classical XP in the world. 

The most common clinical features include strong photosensitivity, early mortality 

mainly due to a high accumulation of skin cancers in body-exposed areas to sunlight 

(including basal cell carcinoma, squamous cell carcinoma, and malignant melanoma) 

and ophthalmological sings. The vast majority of patients do not have neurologic 

abnormalities so early diagnosis and full protection from sun-exposure are crucial 

(Soufir et al. 2010).  



	
	

As previously mentioned the XPC gene most common mutation 

c.1643_1644delTG (p.Val548AlafsX572) result in an incomplete protein unable to 

recognize cellular DNA damage on the non-transcribed regions of the genome (Li et 

al. 1993, Soufir et al. 2010), so XPC patients are specifically deficient in GGR, since 

they are unable to recognize the damage generated in the DNA. This mutation was 

mainly identified in XPC patients with severe clinical XP symptoms and is the most 

prevalent type in Western and Southern Europe and North Africa (Ben Rekaya et al. 

2009, Soufir et al. 2010). Locals for which haplotype analysis suggest a founder effect 

for this mutation, estimated in 50 generations or 1250 years (Ben Rekaya et al. 2009, 

Soufir et al. 2010). This mutation was also detected on USA, Honduras and Brazil 

(Khan et al. 2006, Leite et al. 2009, Soufir et al. 2010, Santiago et al. 2020).  

 

1.1.5 Analysis of somatic mutation patterns in cancer genomes: from 

fingerprints to Mutational Signatures 

Cancer is an aggressive and silent disease that causes about one in six deaths 

worldwide, being the second leading cause of death after cardiovascular diseases 

(American Cancer Society 2018). Efforts and resources have focused on prevention, 

early diagnosis and to improve treatment. However, its basic biology has not been still 

fully understood (Greaves 2015). Until now, it has been well established that the 

accumulation of mutations is related to cancer development and can contribute to the 

proliferation and survival of cancer cells (Tomasetti et al. 2015). 

Several studies have attempted to connect specific agents with particular 

molecular mutations that occur in the carcinogenic processes (or carcinogenesis) 

(Vogelstein & Kinzler 1992). The first studies were performed by analyzing somatic 

mutations in single oncogenes or in tumor suppressor genes, and revealed that a 

mutational process generated by a particular agent leads to specific molecular 

fingerprints. The first link was suggested for the G>T mutation at the codon 249 of the 

p53 gene of hepatocellular carcinomas from patients exposed to aflatoxin B1, but 

which is rarely found in tumors of other organs (Vogelstein & Kinzler 1992). However, 

although this strategy revealed valuable information that allowed to clarify some 

questions related to mutagenesis by establishing fingerprints for diverse mutagens, it 

is not enough to understand the complexity of the final catalog of mutations observed, 

since multiple mutational processes could be involved during the tumor development 

(Petljak and Alexandrov 2016). 



	
	

Then, the analysis of somatic mutation patterns found in the cancer genome 

was extended from a single gene to a group of genes. However, it was with the 

development and widespread use of the next generation sequencing (NGS) 

technology that the analyses of the exome and whole-genome sequences of tumors 

became possible. Several studies using this high-throughput technology confirmed 

patterns previously obtained in pioneering studies within p53 and, naturally, also 

revealed new patterns of characteristic mutations in different types of cancer, indicating 

that diverse mutational processes operate on different tissues (Rubin & Green 2009, 

Petljak and Alexandrov 2016).  

A large amount of cancer genomics data has been generated in the last decade 

by NGS, giving access to the ‘mutational record’ of a cancer genome. However, in 

addition to accessing and the ability to read the "mutational record", it is necessary to 

be able to organize and understand these data, which was made possible by the 

development of advanced mathematical models and computational tools (Petljak and 

Alexandrov 2016).  

The concept of mutational signatures emerged in 2012 and refers to patterns 

generated by the mutational processes that cells during the tumor development 

suffer/endure, defined by the mechanisms of DNA damage (originated both from 

endogenous sources and exogenous factors) and DNA repair involved. Thus, the 

diversity of somatic mutations on cancers can be explained by one or more mutational 

signatures depending on the amount of mutational processes, and the strength and 

the duration of exposure to each one (Nik-Zainal et al. 2012). The mathematical 

algorithm used to extract mutational signatures, as well as the systematic 

computational framework that can be freely used to establish them, were published in 

2013 (Alexandrov et al. 2013a). 

The method developed by Alexandrov (2013a) is based on a matrix factorization 

algorithm and takes into consideration the six possible types of single base 

substitutions in a trinucleotide context (i.e. the mutated base and the immediately 5’and 

3’ sequence context, generating 96 different possible combinations). A total of 30 

independent mutational signatures were established by applying this method and after 

analyzing 12.000 cancer genomic data of 40 different cancer types (Alexandrov et al. 

2013b). Recently, this number was updated to 67 signatures (Alexandrov et al. 2020). 

The patterns of these mutational signatures and information about them, including 

prevalence in different cancer types and possible etiology, can be found in the 



	
	

catalogue of somatic mutations in cancer, COSMIC, database (available at: 

https://cancer.sanger.ac.uk/cosmic/signatures/SBS/). The mutational signatures 

analysis has been established as a very useful analytical tool that constitutes a 

breakthrough in the cancer research, since it is used to identify novel mutational 

signatures and to study the processes involved in different cancers and patients 

(Bayati et al. 2020).  

 

1.2 Objectives 

1.2.1 General objective 

• Establish and compare the mutagenicity profile, type and frequency of 

mutations, induced by UVA and UVB light in cells from XP-C patients. 

1.2.2 Specific objectives 

• Verify human cell survival after UVA and UVB irradiation; 

• Determine the effects of UVA and UVB irradiation on the cell cycle profile of XP-

C cells using flow cytometry; 

• Evaluate the induction of mutations in XP-C cells submitted to different doses 

of UVA and UVB irradiation; 

• Identify the type and frequency of mutations in XP-C cells using exome 

sequencing of the isolated clones of irradiated cells.
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CHAPTER 5 – General discussion and conclusions 

Since the discovery of UV irradiation as an environmental mutagen, numerous 

studies attempt to understand its effects by using different biological models (DeMarini 

et al. 2020). Each one with a particular focus but all with the intuition of trying to put 

the pieces together and understand the consequences of exposure to UV irradiation in 

human health as a whole. This work seeks to provide information about the mutagenic 

effects of the UV irradiation spectrum that reaches the Earth's surface, UVA and UVB. 

To get this, we took advantage from the NGS technology that allowed to access point 

mutations generated in the exome of human cells, and therefore revealed a more 

global approach of the mutagenic effects of UV irradiation in the human genome. Also, 

the use of cells deficient in the main repair pathway that recognizes and remove UV 

induced damages, the NER pathway, allows increasing the sensitivity of the model to 

detect the mutagenic effect of both UVA and UVB light wavelengths.  

Epidemiologically, it is important to study UVA since it corresponds to 95% of 

the UV-sunlight spectrum and penetrates deep in the dermis, which increases the 

amount and cellular types that it reaches. Also for a long time it was considered 

harmless and little studied compared to UVC and UVB, so less information is available 

(Sage et al. 2012). Meanwhile, studying UVB is also of great importance because 

although proportionally UVB corresponds to only a small fraction of the UV spectrum, 

it is much more energetic and generates 103 times more direct damage than UVA 

(Kuluncsics et al. 1999, Cadet et al. 2005). Therefore, small increases in UVB levels 

that reaches the Earth´s surface due to stratospheric ozone depletion translates into 

large effects on different ecosystems and consequently in a wide range of life forms 

(de Gruijl & van der Leun 2000). The implementation of Montreal protocol has 

improved the ozone levels by controlling the production of diverse ozone depleting 

substances (Williamson et al. 2014). However, to reach pre-industrial levels of UVB it 

is still a challenge, as UV incidence is also affected by the Earth´s complex climate 

systems and by non-stratospheric factors (Williamson et al. 2014, Chipperfield et al. 

2017). For those reasons, it is important to pay special attention to the consequences 

of both UVA and UVB exposure in human health, especially its effect on skin cancer 

(Bais et al. 2015).  

According to the literature, XPC deficient cells are more sensitive to UVB and 

UVC irradiation than proficient cells (Feraudy et al. 2010, Dupuy et al. 2013, Andrade-
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Lima 2015). Our data confirm this sensitivity to UVB light and reveal, for the first time, 

an elevated sensitivity also to UVA light, since XP-C cells showed a dose-dependent 

decrease on cell survival experiments, where higher doses were cytotoxic. In both 

cases, the XPC deficient cells were more sensitive than its isogenic control, COMP 

cells, obtained by complementation of the XP-C cells, in this work, with a lentiviral 

vector carrying the XPC gene.  

Based on cell survival experiments, irradiation doses for mutagenesis were 

determined, 60 kJ/m2 for UVA and 120 J/m2 for UVB. These doses can be considered 

environmentally relevant, as they correspond approximately to twenty minutes and one 

minute and a half, respectively, of the sunlight exposure at midday during summer in 

a tropical latitude (Schuch et al. 2012). At these doses, UVA and UVB irradiation 

induces genotoxic stress in XP-C cells, as indicated by the increased levels of γH2AX 

after irradiation, while in COMP cells the increase recorded was statistically irrelevant. 

This relationship between phosphorylation of H2AX as a consequence of UVB and 

UVC irradiation has been previously reported (Limoli et al. 2002, Revet et al. 2011, 

Quinet et al. 2014, Andrade-Lima et al. 2015). High levels of sub-G1 content in UVA 

and UVB irradiated XP-C cells were also detected, which indicates an increase in 

apoptosis levels. 

Our data showed that UVB-irradiation but not UVA-irradiation causes an S / G2 

arrest in XP-C cells. Previously an accumulation in S-phase 24 h after UVB-irradiation 

had already been reported. And similar to our results, cells that do not die by apoptosis 

recover and continue cycling (Andrade-Lima et al. 2015). Additionally, it was reported 

an arrest at late S and/or G2 phases, depending on the UVC dose used (Quinet et al. 

2014). These results suggest that although UVA generates sufficient damage to 

activate DDR it is not enough to affect cell cycle progression, at least not at the doses 

employed. An accumulation of single-stranded DNA (ssDNA) after UVC irradiation 

indicates that this response may be due to the persistence of 6-4PP lesions (Quinet et 

al. 2014). Also XP-V cells irradiated with double the dose of UVA used in this work 

suffer replication fork stalling and cell cycle arrest in the S-phase (Moreno et al. 2019). 

Then, the arrest in the cell cycle could be related to the amount of pyrimidine dimers 

caused by each type of UV radiation that were not repaired. 

The deficiency in the XPC protein is responsible for the sun-sensitivity 

phenotype of the XP-C cells as demonstrated in the survival and cell cycle 

experiments. XP-C cells were more sensitive to UVA and UVB irradiation when 
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compared to control cells. This higher sensitivity of XP-C cells is certainly due to its 

incapacity to recognize and remove the UV- induced DNA damage in the global 

genome (not affecting TCR repair responsible for the repair in actively transcribed 

regions). Thus, the XP-C + UV light model allows to study directly the relationship 

between DNA damage, mutation and cancer, which could help to clarify the 

mechanisms involved in this process.  

UVA and UVB light increased the mutation frequency (SNVs per million base 

pair sequenced) on XP-C cells from 1.4 to 5.2 and 8.1, respectively. However, there 

were no significant changes in the irradiated controls. Interestingly, the absence of the 

XPC protein also leads to an significant increase in the basal mutation frequency of 

the deficient cells compared to the complemented ones, from 0.9 to 1.4. This seems 

to be explained by a significant increase in the C>T transition, that maybe related to 

the spontaneous deamination of cytosine, one of the most common mutation in human 

cells. The presence of COSMIC ́s signature 1 in all of our experimental groups 

supports this idea. 

The data clearly demonstrate that for both types of UV light evaluated, the 

mainly induced mutations were the C>T transitions. Also, it was observed a significant 

increase in the CC>TT tandem mutations, considered as the UV light hallmark. By 

using the mutation spectrum and motif analysis, it was demonstrated that more than 

95% of the C>T mutations induced by UVA or UVB occur preferentially in potential 

sites for the pyrimidine dimer formation, within the TCN and CCN sequence context 

and with a predilection for the non-transcribed strand, which is consistent with these 

cells being able to remove pyrimidine dimers by TC-NER. Interestingly, for cells with 

functional NER, this mutation was mainly found at CC dimers, without preference for 

mutation at the first or the second cytosine. In XP-C cells, without functional GG-NER, 

the pyrimidine 3’ of the dimer was the most mutated and TC was the most mutagenic 

dimer. Then, the analysis of the sequence context where the C>T transition occurs 

exhibits an enrichment bias for pyrimidine-rich sequence context, revealing almost 

exactly the same logo for both the UVA and the UVB light, C(T/C)(T/C)C(Y)NC. The 

difference is in the +1 position, so for UVA is C followed by T, while for UVB is T 

followed by C, however in both cases the preference is for a pyrimidine base. Finally, 

our data point out that a unique dose of UVA- or UVB-irradiation recapitulate 

experimentally the typical mutation pattern of skin cancer, signature 7 of the COSMIC 

catalog, established by the analysis of more than 12.000 genomic data of 40 different 
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cancer types (Alexandrov et al. 2013b, 2020). 

The C>A (G>T) transversion was the second most increased type of mutation 

in XP-C cells after both UVA- and UVB-irradiation. This base substitution is known as 

the mutagenic hallmark of the 8oxoG, generated by oxidation of guanines (Epe 1991, 

Cheng et al. 1992). However, after exploring these mutations within the RGR motif it 

was not possible to relate them with oxidized guanines. It is important to remark that 

the RGR motif was established in E. coli and maybe it is not the best one to explore 

mutations induced by oxidized guanine in eukaryotes. Thus, the induced mutations in 

G base should be analyzed more carefully, in fact according to the logo analyses it 

could be interesting to explore a motif that consider a purine either on the 3’ or 5’ of 

the oxidized guanine. Additionally, mutations in the other four types of base 

substitutions were also significantly increased by UVA- and UVB- irradiation, and could 

be consequences of base oxidation processes. Interestingly, this work indicates that 

the induction of C>G transversions is specific for UVA, while T>G transversions seems 

to be specific for UVB. Probably, this result is related to the oxidative damage induced 

by each type of light. 

The results together, provide evidence that pyrimidine dimers are the main type 

of lesion contributing both to UVA and UVB induced mutagenesis in NER deficient 

cells and support the idea that both types of UV light generates the same mutational 

signature: the C>T transition at C-containing pyrimidine dimers, considered the UV 

signature since it is commonly found in skin cancer, but not in other types of cancers. 

Other types of mutations (including the more common C>A transversions) were also 

detected, probably due to lesions induced by oxidative stress. The data evidenced that 

not only UVB light but also UVA are highly mutagenic and in XPC patients this is 

exacerbated. Thus, this work discloses the UVA light participation in the high sunlight 

sensitivity and the elevated rate of skin carcinogenesis, in the complementation C 

group patients. The information generated in this work may be used for comparison 

with the mutational profiles of skin tumors obtained from XP patients, but also from the 

general population, since it has been suggested that mutations or loss of the XPC gene 

may be an early event during skin carcinogenesis (Feraudy et al. 2010). Thus, it is 

expected that these findings may help to understand the mutational processes of skin 

tumors in general. Finally, our results highlight the importance of photoprotection 

against solar UV radiation and other artificial sources of UVA radiation, since UVA is 

clearly not innocuous.  



18	
	

	

 

REFERENCES 

ALEXANDROV, L.B. et al. Deciphering Signatures of Mutational Processes Operative in 
Human Cancer. Cell Reports, v. 3, p. 246–259, 2013a.  

ALEXANDROV, L.B. et al. Signatures of mutational processes in human cancer. Nature, v. 
500, p. 415-421, 2013b. 

ALEXANDROV, L.B. et al. The Repertoire of Mutational Signatures in Human Cancer. Nature, 
v. 578, p. 94-101, 2020. 

American Cancer Society. Global Cancer Facts & Figures 4th Edition. Atlanta: American 

Cancer Society, 2018. 

ANDERSON, R.R. AND PARRISH, J.A. The Optics of Human Skin. Journal of Investigative 

Dermatology, v. 77, p.13–19, 1981. 

ANDRADE-LIMA, L.C., ANDRADE, L.N., MENCK, C.F.M. ATR suppresses apoptosis after 
UVB irradiation by controlling both translesion synthesis and alternative tolerance pathways. 
Journal of Cell Science, v. 128, p.150–159, 2015. 

ARMSTRONG, B.K., KRICKER, A. The epidemiology of UV induced skin cancer. Journal of 

Photochemistry and Photobiology B: Biology, v. 63, p. 8–18, 2001. 

BAIS, A.F. et al. Ozone depletion and climate change: impacts on UV radiation. 
Photochemical and Photobiological Sciences, v. 14, p.19-52, 2015.  

BAYATI, M. et al. CANCERSIGN: a user-friendly and robust tool for identification and 
classification of mutational signatures and patterns in cancer genomes. Scientific reports 

nature research, v. 10, p. 1-11, 2020. 

BEN REKAYA, M. et al. High frequency of the V548A fs X572 XPC mutation in Tunisia: 
implication for molecular diagnosis. Journal of human genetics, v. 54, p. 426-429, 2009. 

BOWDEN, N.A. et al. Understanding xeroderma pigmentosum complementation groups using 
gene expression profiling after UV-light exposure. International Journal of Molecular 

Sciences, v. 16, p.15985–15996, 2015. 

BUKOWSKA, B., KARWOWSKI, B.T. Actual state of knowledge in the field of diseases related 
with defective nucleotide excision repair. Life Sciences, v. 195, p. 6-18, 2018. 

BUNICK, C.G., MILLER, M.R., FULLER, B.E., FANNING, E., CHAZIN, W.J. Biochemical and 
Structural Domain-Analysis of XPC. Biochemistry, v. 45, p. 14965-14979, 2006. 

CADET, J., SAGE, E., DOUKI, T. Ultraviolet radiation-mediated damage to cellular DNA. 
Mutation Research, v. 571, p. 3–17, 2005. 

CHENG, K.C., CAHILL, D.S., KASAI H., NISHIMURA, S., LOEB, L.A. 8- Hydroxyguanine, an 

abundant form of oxidative DNA damage, causes G→T and A→C substitutions. The Journal 

of biological chemistry, v. 267, p.166–172, 1992. 

CHIPPERFIELD, M. P. et al. Detecting recovery of the stratospheric ozone layer. Nature, v. 
549, p. 211–218, 2017. 



19	
	

	

CLEAVER, J.E. Defective repair replication of DNA in xeroderma pigmentosum. DNA repair, 
v. 218, p.652–656, 1968. 

CLEAVER, J. E., THOMPSON, L. H., RICHARDSON, A. S., STATES, J. C. A summary of 
mutations in the UV-sensitive disorders: xeroderma pigmentosum, Cockayne syndrome, and 
trichothiodystrophy. Human Mutation, v. 14, p. 9-22, 1999. 

CLEAVER, J.E., LAM, E.T., REVET, I. Disorders of nucleotide excision repair: the genetic and 
molecular basis of heterogeneity. Nature reviews. Genetics, v. 10, p.756–768, 2009. 

CORTAT, B. et al. The relative roles of DNA damage induced by UVA irradiation in human 
cells. Photochemical & Photobiological Sciences, v. 12, p.1483-1495, 2013. 

DAYA-GROSJEAN, L., JAMES, M.R., DROUGARD, C., SARASIN, A. An immortalized 
xeroderma pigmentosum, group C, cell line which replicates SV40 shuttle vectors. Mutation 

Research DNA Repair Reports, v. 183, p.185–196, 1987. 

DeGRUIJL, F.R., VAN DER LEUN, J.C. Environment and health: 3. Ozone depletion and 
ultraviolet radiation. Canadian Medical Association Journal, v. 163, p. 851–5, 2000.  

DeGRUIJL F.R. et al. Wavelength dependence of skin cancer induction by ultraviolet 
irradiation of albino hairless mice. Cancer research, v. 53, p. 53–60, 1993. 

D’ERRICO M, et al. New functions of XPC in the protection of human skin cells from oxidative 
damage. EMBO J, v. 25, p. 4305–15, 2006. 

DELINASIOS, G.J., KARBASCHI, M., COOKE, M.S., YOUNG, A. Vitamin E inhibits the UVAI 
induction of “light” and “dark” cyclobutane pyrimidine dimers, and oxidatively generated DNA 
damage, in keratinocytes. Scientific reports, v. 8, p. 423-435, 2018.  

DeMARINI, D.M. The Mutagenesis Moonshot: The Propitious Beginnings of the Environmental 
Mutagenesis and Genomics Society. Environmental and Molecular Mutagenesis, V. 61, p. 
8-24, 2020. 

DE WEERD-KASTELEIN, E. A., KEIJZER, W., BOOTSMA, D. Genetic heterogeneity of 
xeroderma pigmentosum demonstrated by somatic cell hybridization. Nature New Biology, v. 
238, p. 80–83, 1972. 

DIGIOVANNA, J.J., KRAEMER, K.H. Shining a light on xeroderma pigmentosum. Journal of 

Investigative Dermatology, v. 132, p. 785–796, 2012. 

DOUKI, T., REYNAUD-ANGELIN, A., CADET, J., SAGE, E. Bipyrimidine photoproducts rather 
than oxidative lesions are the main type of DNA damage involved in the genotoxic effect of 
solar UVA radiation, Biochemistry, v. 42, p. 9221–9226, 2003. 

DUPUY, A. et al. Targeted gene therapy of xeroderma pigmentosum cells using meganuclease 
and TALENTM. PLoS ONE, V.8, pp.1–8, 2013. 

EL GHISSASSI, F. et al. A review of human carcinogens-Part D: radiation. The Lancet 

Oncology, v. 10, p. 751–752, 2009. 

EPE, B. Genotoxicity of singlet oxygen. Chemico-Biological Interactions, v. 80, p.239– 260, 
1991. 

FERAUDY, S. et al. The DNA damage-binding protein XPC is a frequent target for inactivation 
in squamous cell carcinomas. The American Journal of Pathology, v. 177, p.555–562, 2010.  



20	
	

	

FONG, Y.W., INOUYE, C., YAMAGUCHI, T., CATTOGLIO, C., GRUBISIC, I., TJIAN, R. A 
DNA repair complex functions as an Oct4/Sox2 coactivator in embryonic stem cells. Cell, v. 
147, p. 120-131, 2011. 

FRIEDBERG, E.C., WALKER, G.C., SIEDE, W., WOOD, R.D., SCHULTZ, R.A., 
ELLENBERGER, T. DNA repair and Mutagenesis, 2nd Edition. 2nd. ASM Press, v. 2, p. 1118, 
2006. 

GHOSAL, G.; CHEN, J. DNA damage tolerance: a double-edged sword guarding the genome. 
Translational Cancer Research, v. 2, p. 107–129, 2013. 

GIGLIA-MARI, G., ZOTTER, A., VERMEULEN, W. DNA Damage Response. Cold Spring 

Harbor Perspectives in Biology, v. 3, p. 1-19, 2011. 

GILLET, L.C.J., SCHÄRER, O.D. Molecular Mechanisms of Mammalian Global Genome 
Nucleotide Excision Repair. Chemical Reviews, v.106, p. 253-276, 2006. 

GREAVES, M. Evolutionary Determinants of Cancer. Cancer Discovery, v. 5, p. 806-820, 
2015.  

HOEIJMAKERS, J.H.J. DNA damage, aging, and cancer. The New England Journal of 

Medicine, v. 361, p. 1475–1485, 2009. 

IKEHATA, H., ONO, T. The Mechanisms of UV Mutagenesis. Journal of Radiation Research, 
v. 52, p.115–125, 2011. 

KARRAN, P., BREM, R. Protein oxidation, UVA and human DNA repair. DNA Repair, v. 44, 
p. 178–185, 2016.  

KAWANISHI, S., HIRAKU, Y., OIKAWA, S. Mechanism of guanine-specific DNA damage by 
oxidative stress and its role in carcinogenesis and aging. Mutation Research/Reviews in 

Mutation Research, v. 488, p. 65-76, 2001. 

KHAN, S.G. Reduced XPC DNA repair gene mRNA levels in clinically normal parents of 
xeroderma pigmentosum patients. Carcinogenesis, v. 27, p. 84-94, 2006. 

KULUNCSICS, Z., PERDIZ, D., BRULAY, E., MUEL B., SAGE, E. Wavelength dependence of 
ultraviolet-induced dna damage distribution: involvement of direct or indirect mechanisms and 
possible artefacts. Journal of Photochemistry and Photobiology B: Biology, v. 49, p. 71–
80, 1999.  

LAAT, W.L., Jaspers, N.G.J., Hoeijmakers, J.H.J. Molecular mechanism of nucleotide excision 
repair. Genes & Development, v. 13, p. 768–785, 1999. 

LAVAL, J., JURADO, J., SAPARBAEV, M., SIDORKINA, O. Antimutagenic role of base-
excision repair enzymes upon free radical-induced DNA damage. Mutation Research, v. 402, 
p. 93–102, 1998. 

LEGERSKI, R. J., PETERSON, C. Expression cloning of a human DNA repair gene involved 
in xeroderma pigmentosum group C. Nature, v. 359, p. 70-73, 1992. 

LEGERSKI, R.J., LIU, P., LI, L., PETERSON, C.A., ZHAO, Y., LEACH, R.J., NAYLOR, S.L., 
SICILIANO, M.J. Assignment of xeroderma pigmentosum group C (XPC) gene to chromosome 
3p25. Genomics, v. 21, p. 266-269, 1994. 

LEITE, R.A. et al. Identification of XP complementation groups by recombinant adenovirus 



21	
	

	

carrying DNA repair genes. Journal of Investigative Dermatology, v. 129, p. 502-506, 2009. 

LE MAY, N., MOTA-FERNANDES, D., VÉLEZ-CRUZ, R., ILTIS, I., BIARD, D., EGLY, J.-M. 
NER factors are recruited to active promoters and facilitate chromatin modification for 
transcription in the absence of exogenous genotoxic attack. Molecular Cell, v. 38, p. 54- 66, 
2010. 

LI, L., BALES, E.S., PETERSON, C.A., LEGERSKI, R. J. Characterization of molecular defects 
in xeroderma pigmentosum group C. Nature Genetics, v. 5, p. 413-417, 1993. 

LIMOLI, C.L. et al. UV-induced replication arrest in the Xeroderma Pigmentosum variant leads 
to DNA double-strand breaks, gamma -H2AX formation, and Mre11 relocalization. 
Proceedings of the National Academy of Sciences of the USA, v. 99, p. 233–238, 2002.  

LINDAHL, T. Instability and decay of the primary structure of DNA. Nature, v. 362, p. 709-
715,1993. 

MARIONNET, C., PIERRARD, C., GOLEBIEWSKI, C., BERNERD, F. Diversity of Biological 
Effects Induced by Longwave UVA Rays (UVA1) in Reconstructed Skin. PLOS ONE, v. 9, p. 
e105263, 2014.  

MASUTANI, C., SUGASAWA, K., YANAGISAWA, J., SONOYAMA, T., UI, M., ENOMOTO, T., 
TAKIO, K., TANAKA, K., VAN DER SPEK, P. J., BOOTSMA, D. Purification and cloning of a 
nucleotide excision repair complex involving the xeroderma pigmentosum group C protein and 
a human homologue of yeast RAD23. The EMBO Journal, v. 13, n. 8, p. 1831-1843, 1994. 

MATSUMURA, Y., ANANTHASWAMY, H.N. Molecular mechanisms of photocarcinogenesis. 
Frontiers in Bioscience, v. 7, p. 765-783, 2002. 

MATSUMURA, Y., ANANTHASWAMY, H.N. Toxic effects of ultraviolet radiation on the skin. 
Toxicology and Applied Pharmacology, v. 195, p. 298-308, 2004. 

MENCK, C.F., MUNFORD, V. DNA repair diseases: what do they tell us about cancer and 
aging? Genetics and Molecular Biology, v. 37, p. 220–233, 2014. 

MIN, J.H., PAVLETICH, N. P. Recognition of DNA damage by the Rad4 nucleotide excision 
repair protein. Nature, v. 449, p. 570-575, 2007. 

MORENO, N. et al. The key role of UVA-light induced oxidative stress in human xeroderma 
Pigmentosum Variant cells. Free Radical Biology and Medicine, v. 131, p. 432-442, 2019.  

MORI, M.P. et al. Lack of XPC leads to a shift between respiratory complexes I and II but 
sensitizes cells to mitochondrial stress. Scientific reports, v. 7, p. 1-15, 2017. 

MORLEY, N., CURNOW, A., SALTER, L., CAMPBELL, S., GOULD, D. N-acetyl-L-cysteine 
prevents DNA damage induced by UVA, UVB and visible radiation in human fibroblasts. 
Journal of Photochemistry and Photobiology B: Biology, v. 72, p. 55–60, 2003. 

MOURET, S., BAUDOUIN, C., CHARVERON, M., FAVIER, A., CADET, J., DOUKI, T. 
Cyclobutane pyrimidine dimers are predominant DNA lesions in whole human skin exposed to 
UVA radiation. Proceedings of the National Academy of Sciences of the USA, v. 103, 
p.13765–70, 2006. 

MUNFORD, V., CASTRO, L.P. et al. A genetic cluster of patients with variant xeroderma 
pigmentosum with two different founder mutations. British Journal of Dermatology, v. 176, 
p. 1270-1279, 2017. 



22	
	

	

NG, J. M. Y., VERMEULEN, W., VAN DER HORST, G.T.J., BERGINK, S., SUGASAWA, K., 
VRIELING, H., HOEIJMAKERS, J. H. J. A novel regulation mechanism of DNA repair by 
damage-induced and RAD23-dependent stabilization of xeroderma pigmentosum group C 
protein. Genes & Development, v. 17, p. 1630-1645, 2003. 

NICHOLS, J., KATIYAR, S.K. Skin photoprotection by natural polyphenols: anti- inflammatory, 
antioxidant and DNA repair mechanisms. Archives of dermatological research, v. 302, p. 
71– 83, 2010. 

NIK-ZAINAL, S. et al. Mutational processes molding the genomes of 21 breast cancers. Cell, 
v. 149, p. 979–993, 2012. 

NISHI, R., OKUDA, Y., WATANABE, E., MORI, T., IWAI, S., MASUTANI, C., SUGASAWA, K., 
HANAOKA, F. Centrin 2 stimulates nucleotide excision repair by interacting with xeroderma 
pigmentosum group C protein. Molecular Cell Biology, v. 25, p. 5664-5674, 2005. 

PELTOMÄKI, P. DNA mismatch repair and cancer. Mutation Research/Reviews in Mutation 

Research, v. 488, p. 77-85, 2001. 

PETLJAK, M., ALEXANDROV, L.B. Understanding mutagenesis through delineation of 
mutational signatures in human cancer. Carcinogenesis, v. 37, p. 531–540, 2016.  

PFEIFER, G.P., YOU Y.H., BESARATINIA, A. Mutations induced by ultraviolet light. Mutation 

Research/Fundamental and Molecular Mechanisms of Mutagenesis, v. 571, p.19–31, 
2005. 

QUINET, A. et al. Gap-filling and bypass at the replication fork are both active mechanisms for 
tolerance of low-dose ultraviolet-induced DNA damage in the human genome. DNA Repair, v. 
14, p.27–38, 2014.  

RASTOGI, R.P., RICHA, KUMAR, A., TYAGI, M.B., SINHA, P. Molecular mechanisms of 
ultraviolet radiation-induced DNA damage and repair. Journal of nucleic acids, v. 2010, p. 
1-32, 2010. 

RAVANAT, J.L., DOUKI, T., CADET, J. Direct and indirect effects of UV radiation on DNA and 
its components. Journal of Photochemistry and Photobiology B: Biology, v. 63, p. 88–
102, 2001. 

REVET, I. et al. Functional relevance of the histone gammaH2Ax in the response to DNA 
damaging agents. Proceedings of the National Academy of Sciences of the USA, v. 108, 
p. 8663–8667, 2011.  

RIDLEY, A.J., WHITESIDE, J. R., MCMILLAN T. J. & ALLINSON, S.L. Cellular and sub-cellular 
responses to UVA in relation to carcinogenesis. International Journal of Radiation Biology, 
v. 85, p. 177-195, 2009.  

ROCHETTE, P.J. et al. UVA-induced cyclobutane pyrimidine dimers form predominantly at 
thymine-thymine dipyrimidines and correlate with the mutation spectrum in rodent cells. 
Nucleic Acids Research, v. 31, p. 2786–2794, 2003. 

RUBIN, A.F., GREEN, P. Mutation patterns in cancer genomes. Proceedings of the National 

Academy of Sciences, v. 106, p. 21766–21770, 2009. 

RUNGER, T.M., FARAHVASH, B., HATVANI, Z., REES, A. Comparison of DNA damage 
responses following equimutagenic doses of UVA and UVB: A less effective cell cycle arrest 
with UVA may render UVA-induced pyrimidine dimers more mutagenic than UVB- induced 



23	
	

	

ones. Photochemical & Photobiological Sciences, v. 11, p. 207-215, 2012. 

SAGE, E., GIRARD, P.M., FRANCESCONI, S. Unravelling UVA-induced mutagenesis. 
Photochemical & Photobiological Sciences, v. 11, p.74–80, 2012. 

SANCAR, A. DNA Excision Repair. Annual Review of Biochemistry, v. 65, p. 43–81, 1996. 

SANTIAGO, K.M. et al. Comprehensive germline mutation analysis and clinical profile in a 
large cohort of Brazilian xeroderma pigmentosum patients. Journal of the European 

Academy of Dermatology and Venereology, (submitted). 

SCHUCH, A.P., GALHARDO, R.S., LIMA-BESA, K.M., SCHUCH, N.J., MENCK, C.F.M. 
Development of a DNA-dosimeter system for monitoring the effects of pulsed ultraviolet 
radiation. Photochemical & Photobiological Sciences, v. 8, p.111– 120, 2009. 

SCHUCH, A.P. et al. DNA damage profiles induced by sunlight at different latitudes. 
Environmental and Molecular Mutagenesis, v. 53, p.198–206, 2012. 

SCHUCH, A.P., MORENO, N.C., SCHUCH, N.J., MENCK, C., GARCIA, C.C.M. Sunlight 
damage to cellular DNA: focus on oxidatively generated lesions. Free Radical Biology & 

Medicine, v. 107, pp. 110–124, 2017.  

SETLOW, R.B. The wavelengths in sunlight effective in producing skin cancer: a theoretical 
analysis. Proceedings of the National Academy of Sciences of the USA, v. 71, p. 3363–
3366, 1974. 

SHIMIZU, Y., IWAI, S., HANAOKA, F., SUGASAWA, K. xeroderma pigmentosum group C 
protein interacts physically and functionally with thymine DNA glycosylase. The EMBO 

Journal, v. 22, p. 164-173, 2003. 

SOUFIR N. et al. A prevalent mutation with founder effect in xeroderma pigmentosum group 
C from North Africa. Journal of Investigative Dermatology, v. 130, p.1537- 1542, 2010. 

STEENKEN, S., JOVANOVIC, S.V. How easily oxidizable is DNA? One-electron reduction 
potentials of adenosine and guanosine radicals in aqueous solution. Journal of the American 

Chemical Society, v. 119, p.617–618, 1997. 

SUGASAWA, K., et al. Xeroderma pigmentosum group C protein complex is the initiator of 
global genome nucleotide excision repair. Molecular Cell, v. 2, p. 223-232, 1998. 

SUGASAWA, K. Xeroderma pigmentosum genes: Functions inside and outside DNA repair. 
Carcinogenesis, v. 29, p. 455–465, 2008. 

SUTHERLAND, J.C., GRIFFIN, K.P. Absorption spectrum of DNA for wavelengths greater 

than 300 nm. Radiation research, v. 86, p. 399-409, 1981. 

TAYLOR, J.S. Unraveling the Molecular Pathway from Sunlight to Skin Cancer. American 

Chemical Society, v. 27, p.76–82, 1994. 

TOMASETTI, C., MARCHIONNI, L., NOWAK, M.A., PARMIGIANI, G., VOGELSTEIN, B. Only 
three driver gene mutations are required for the development of lung and colorectal cancers. 
Proceedings of the National Academy of Sciences, v. 112, p. 118-123, 2015. 

TOMKOVA, M., SCHUSTER-BÖCKLER, B. DNA Modifications: Naturally More Error Prone?. 

Trends Genetics, v. 34, p. 627–638, 2018. 



24	
	

	

VOGELSTEIN, B., KINZLER, K.W. Carcinogens leave fingerprints. Nature, v. 355, p. 209-
2010, 1992. 

WILLIAMSON, C.E., et al. Solar ultraviolet radiation in a changing climate. Nature Climate 

Change, v. 4, p. 434–441, 2014. 

YAGURA, T., MAKITA, K., YAMAMOTO, H., MENCK, C.F.M., SCHUCH, A.P. Biological 
Sensors for solar ultraviolet radiation. Sensors, v. 11, p. 4277-4294, 2017. 

ZIEGLER, A. et al. Mutation hotspots due to sunlight in the p53 gene of nonmelanoma skin 
cancers. Proceedings of the National Academy of Sciences of the USA, v. 90, p.4216–20, 
1993. 

 


