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Xeroderma pigmentosum complementation group C (XPC) is the key recognition factor
of DNA damage in global genome nucleotide excision repair (NER). The disease
Xeroderma pigmentosum (XP) results from mutations leading to structural defects of the
encoding gene and in some instances trace to changes in a single nucleotide. The XPC
gene is highly polymorphic and while polymorphisms in general have no discernible
phenotypic effects, some can alter the structure and function of the encoded protein. To
date, the effect of single nucleotide polymorphisms (SNPs) in XPC have not been
properly characterized. Documented associations exist between only a few XPC SNPs
and cancer risk, leaving a majority of SNPs untested. My hypothesis is that specific XPC
SNP combinations (haplotypes) alter DNA repair capacity and levels of genetic damage
by altering transcriptional processes and/or protein function. 1 used bioinformatics to
conduct a comprehensive haplotype analysis of the entire genomic sequence of XPC and
characterize the effect of haplotypes on genetic damage in a population of smokers as an
environmentally exposed population. All genomic region XPC polymorphisms with a

minor allele frequency (MAF) >0.05, from the HapMap CEPH population were analyzed



using PHASE, generating a series of likely phylogenetically clustered haplotypes.
Cigarette smokers and matched non-smokers from a White, non-Hispanic population
residing in the Houston-Galveston area were genotyped and recoded for these haplotype
groups. Association between smoking status and DNA damage was determined using
chromosomal aberrations as a biomarker. To characterize the biological effects of the
XPC haplotypes, I determined how they affected DNA damage and repair capacity over
time (i.e. the genotype/phenotype relationship) using representative cell lines. I evaluated
the effect of these haplotypes on NER capacity using ELISA (Enzyme Linked
Immunosorbent Assay) following exposure to ultraviolet (UV) radiation. I characterized
the functional significance of XPC haplotypes by determining the effects of these
haplotypes on transcriptional processing and stability using real-time analysis, and
protein expression and stability with Western blot analysis. [ found that the haplotypes
not only conferred differential repair capacity, but that they did so through uniquely

different mechanisms.
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Chapter 1: INTRODUCTION

GENERAL BACKGROUND

Maintaining the integrity of cellular DNA is critical to the life cycle of the cell. As
the blueprint for creating proteins and regulating their function, the information needs to
remain readable and uncorrupted. Failure to do so can result in a number of potentially
harmful changes such as mutations, dysregulation, or genomic instability. Mutations can
cause mismade or total loss of a cellular component such as a protein, or it can be
misregulated such as misdirecting the protein to the wrong cellular compartment.
Dysfunction can result from changes to regulatory sites such as promoter regions or
regulatory components such as miRNAs or their target sequences. Genome instability
results in poorly replicated DNA, leading to broken or mutated daughter strands that are
passed on to new cells. These lesions have the potential to ultimately lead to the
development of cancer (Jackson and Bartek, 2009; Nowsheen and Yang, 2012).

Cells are exposed to several thousand DNA damaging agents daily, from both
endogenous and exogenous sources (Jackson and Bartek, 2009; Nowsheen and Yang,
2012). For example, endogenous byproducts of cellular respiration, such as hydrogen
peroxide and superoxide, are highly reactive and can damage the DNA molecule directly
resulting in damaged bases (e.g. 8-hydroxydeoxoguanosine) (Nohl et al., 2003;
Nowsheen and Yang, 2012) or indirectly (e.g. via acrolein accumulation, which itself is a
genotoxicant) (Wang et al., 2012). Exogenously, there are a wide range of chemicals and
physical agents that can damage DNA through a number of mechanisms. For example,
both car exhaust and smoking produce the aforementioned acrolein as well as other
compounds such as polycyclic aromatic hydrocarbons (PAH) (Wang et al., 2012, 2007).
Diet can also be a source of mutagens through consumption, not only of dietary

contaminates such as bioaccumulated pesticides (Alavanja et al., 2012; Aylward et al.,
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2013) and heavy metals (Tchounwou et al., 2012), but of natural byproducts such as
PAHSs found in charbroiled meats (Chien and Yeh, 2010; Hoelzl et al., 2008; Rothman et
al., 1990). Organisms are regularly exposed to other naturally occurring sources of
mutagenic agents such as UV radiation (Jackson and Bartek, 2009; Schuch and Menck,

2010). DNA damage needs to be faithfully repaired for normal healthy cellular processes.

SMOKING AS A GENOTOXICANT

Perhaps one of the best-studied genotoxicant is tobacco smoke. According to the
National Cancer Institute (www.cancer.gov), tobacco smoking is the leading cause of
preventable death in the United States, resulting in roughly 1 in 5 deaths each year.
Smoking is associated with high cancer risks at a number of different organ sites
(Boffetta et al., 2012; TARC, 1976; Peterson, 2010). This is due in part to the fact that
tobacco smoke is comprised of more than 5000 compounds, over 60 of which are
classified as carcinogenic (Klassen, 2001; Peterson, 2010). Upon inhalation into the
lungs, down the bronchi and bronchioals and into the aveoli, these compounds are
capable of diffusing or are transported through the cellular membrane to interact and
modify various cellular components such as proteins and DNA. These compounds not
only act on cells at the site of exposure such as the nose, throat, and lung, but are
distributed via the circulatory system to distant sites such as liver, pancreas, and colon
(Klassen, 2001). A number of epidemiological studies have shown that both immediate
and peripheral exposure is closely correlated with an increase in the risk of cancer when
exposed to tobacco smoke (Adlkofer, 2001; Caporaso and Landi, 1994; Gangwar et al.,
2009; Gao et al., 2011; Henriquez-Hernandez et al., 2009; Hirayama, 1981; Hsu et al.,
2009; Iodice et al., 2008; Ladeiras-Lopes et al., 2008; Liang et al., 2012; Lodovici and

Bigagli, 2009; Mohelnikova-duchonova et al., 2011; Morita et al., 2010; Mucha et al.,
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2006; Pryor, 1997; Sasco et al., 2004; Stern et al., 2009; Thorgeirsson and Stefansson,
2010; Veglia et al., 2003; Yan et al., 2009; Zeegers et al., 2000).

It is notable that not all smokers develop cancer (Boffetta et al., 2012). In fact,
while smoking closely correlates with cancer risk, the response to smoking is highly
variable between individuals. In a practical sense, there are a number of different possible
outcomes when a person smokes. This is not because the individuals responding using
innately different pathways, but rather the components within the pathways are highly
variable for metabolic production, detoxification, and the effect on the genetic level by
the chemical compounds. There is wide variation in the genes encoding metabolic
enzymes of tobacco carcinogens (Campayo et al., 2011; Lui et al., 2005; Russo et al.,
2011; Ter-Minassian et al., 2012), as well as significant association between reduced
DNA repair capacity (DRC) and an increased risk of tobacco-related cancers (Campayo
et al., 2011; Shen et al., 2003; Zhu et al., 2007). This interindividual variability makes
understanding complex disease processes such as cancer difficult. As more information
about the various genetic components become available, accurate mechanistic

understanding becomes more obtainable and outcome prediction viable.

SINGLE NUCLEOTIDE POLYMORPHISMS AND DNA REPAIR

Single Nucleotide Polymorphisms (SNPs) can heavily influence this individual
variation. SNPs are differences in a single base of a known genetic sequence. They are
inherited generationally and can be found in all DNA carrying cells, thus making them
attractive biomarkers as they are readily definable, stable, and common (Blitzblau and
Weidhaas, 2010; Calzone, 2012; Chen et al., 2012; Cordero and Ashley, 2012; Dandona
et al., 2012; Geenen et al., 2012; Herazo-Maya and Kaminski, 2012; Johnson et al., 2012;
Lam et al., 2010; Mir, 2009). Unlike mutations, which are extremely rare, SNPs typically

exist at a frequency of at least 1% (Brookes, 1999; Panagiotou et al., 2010) in a given
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population. Recent evidence points to SNPs having subtle but still defining functional
effects (Gorlov et al., 2011). However, while it is possible to link certain SNPs to a
certain phenotype (e.g. cancer risk), this does not elucidate the mechanisms by which
such SNPs can impart that phenotype (Chung and Chanock, 2011; Cooper and Shendure,
2011; Geenen et al., 2012; Keller et al., 2010; Parliament and Murray, 2010; Simonelli et
al., 2012; Weiss et al., 2012).

A number of studies link some DNA repair SNPs to cancer risk by associating
them with genetic damage or cancer risk. Table 1 is a brief summary of some reported
SNPs associated with cancer or genetic damage in epidemiological studies. The RS
(reference SNP) number nomenclature is used for SNP identification where possible, in
accordance with NCBI Entrez SNP  (ncbi.nlm.nih.gov/snp), NIEHS SNP
(egp.gs.washington.edu), and International HapMap Project (hapmap.ncbi.nlm.nih.gov)

databases. SNPs that do not follow this nomenclature are italicized in the table.

Table 1: Overview of SNP literature for DNA repair genes

association with

Pathway Gene Function SNP (rs#) Ref
cancer
BER ADPRT/PARP1  recruits ligase 1136410 head and neck, lung, 1.2
complex bladder 3,32
MUTHY glycosylates 34612342 head and neck
oxidized purines 28
0GG1 glycosylates 125701 bladder 3
oxidized purines 1052133 head and neck 28
1052134 liver 4
POLB gap filling 3136717 bladder
polymerase 3
XRCC1 ligase component 25487 colorectal, esophagus, 2,5,
lung 6,7,
32
1799782 bladder (protective),
mouth 8,9
Direct MGMT transfer methyl to 1625649 lung 10
alkylated DNA 12917 lung 32
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2308321 breast 11
12268840 esophagus 6
NER CSA core recruitment 60217257 PBL chromatid breaks
factor 12
60223979 PBL chromatid breaks 12
60236422 PBL chromatid breaks 12
60283572 PBL chromatid breaks 12
60289598 PBL chromatid breaks 12
CSB/ERCC6 core recruitment 50348723 PBL chromatid breaks
factor 12
50383065 PBL chromatid breaks 12
50401891 PBL chromatid breaks 12
50411435 PBL chromatid breaks 12
50427510 PBL chromatid breaks 12
50432753 PBL chromatid breaks 12
CSB/ERCC6 core recruitment 2228526, lung (additive)
factor 3793784, 13
4253160,
12571445
DDB2 damage recognition 830083 lung
and recruitment 14
ERCC1 incision complex 11615 esophagus
component 6
IVS5+33A>C bladder 15
ERCC2 nicks duplex DNA, 238406 bladder
recognizes sSDNA 15
ERCC4/XPF 5" endonuclease 1800067 pancreas 16
ERCC5/XPG 3' endonuclease 1047769 bladder 15
2296148 prostate 17
MMS19L helicase 872106 pancreatic (protective) o
1
2211243 pancreatic (protective) o
1
2236575 pancreatic cancer 18
Rad23B damage recognition  1VS5-15A>G bladder
complex 15
XPA damage recognition 1800975 esophagus
and core
. 19
recruitment
XPC damage recognition 2228000 colorectal
and core lung 20
recruitment 32
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2228001 esophagus, bladder 19,

21
XPD TFIIH component 1052559 bladder 8
1799793 bladder 8&
lung 22
32
13181 head and neck 28
NHEJBER XRCC2 nicks duplex DNA, 2040639 mouth
recognizes ssSDNA 9
C41657T esophagus 23
XRCC3 nicks duplex DNA, 861539 mouth
recognizes sSDNA 9
3212024  lymphoma 24
3212038 lymphoma 24
3212090 lymphoma 24
XRCC4 ligase/kinase 2075685 mouth
complex 9
6869366 bladder 25
DSB ATM phosphoinositide 3- 189037 lung
kinase 228597
228592
664677
609261 29
599558
609429
227062
664982
NHEJ/HR RAG1 5' endonuclease 2227973 bladder 22
Mismatch MSH2 damage 3732183 lung
Repair recognition 32
Cell cycle CCND1 G1 to S transition 9344 lung
signaling signal 678653 30
Inflammati  IL10 cytokine signal 1800871 multi-site
on 33
nucleotide MTH1/NUDT1 triphsphate 4866 lung
pools hydrolysis 26
MTHFR DNA methylation 1801133 prostate
1801131 31
post-repair  Rad18 ubiquiton 373572 colorectal
conjugating 97
enzyme

Table 1: Overview of SNP literature for DNA repair genes. “RS#” refers to the
Reference SNP number as designated in the NCI dbSNP database. References: 1=(Li et
al., 2007), 2=(Zhang et al., 2005), 3=(Figueroa et al., 2007), 4=(Peng et al., 2003),
5=(Stern et al., 2006), 6=(Doecke et al., 2008), 7=(Kiyohara et al., 2006), 8=(Andrew et
al., 2006), 9=(Yen et al., 2008), 10=(Hu et al., 2007), 11=(J. Shen et al., 2005), 12=(Leng
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et al., 2008), 13=(Ma et al., 2009), 14=(Hu et al., 2006), 15=(Garcia-Closas et al., 2006),
16=(McWilliams et al., 2008), 17=(Hooker et al., 2008), 18=(McWilliams et al., 2009),
19=(Guo et al., 2008), 20=(Huang et al., 2006), 21=(Fontana et al., 2008), 22=(Wu et al.,
2006), 23=(Wang et al., 2009), 24=(Smedby et al., 2006), 25=(Chang et al., 2009),
26=(Kohno et al., 2006), 27=(Kanzaki et al., 2007), 28=(Sliwinski et al., 2011), 29=(Lo
et al., 2010), 30=(Hsia et al., 2011), 31=(Wu et al., 2010), 32=(Kim et al., 2010),
33=(Ding et al., 2013).

CHALLENGES IN SNP STUDIES

While the work summarized in table 1 appears impressive, it only depicts
association between cancer or genetic damage with a few SNPs. However, each of the
studied genes carries over 100 SNPs, a vast majority of which have never been studied.
Additionally, each pathway listed consists of many proteins (Nelson and Cox, 2005),
each encoded by a number of genes with their own SNP complements. Many of these
SNPs do not segregate independently in the genome, but rather as combinations. These
combinations form defined groups (Browning and Browning, 2011). It is well known that
genetic variations in humans are not arrayed simply as independent SNPs but, rather, as
various combinations of SNPs or “haplotypes” (Gabriel et al., 2002). This is because
some of the individual SNPs, often those located in close proximity to one another, are
correlated and exist in degrees of linkage disequilibrium (LD). This creates identifiable
and unique haplotypes, comprising several SNPs (Gabriel et al., 2002; Huang et al.,
2011). Haplotypes are indicative of normal gene structure and are representative of the
actual biology, defined both within the gene and between genes of the same pathway.
Studying haplotypes enables functional analysis of genetic variation as it exists in nature,
as opposed to the artificial approach of studying isolated SNPs without regard to the rest
of the gene (Gulcher, 2012; Mir, 2009). Doing so will likely resolve many discrepancies
found between current epidemiological SNP studies, as full haplotype analysis may
reveal as yet unexplored SNPs and SNP combinations which drive functional effects

(Ding et al., 2013; Lee et al., 2005; H. Ma et al., 2012; J. Ma et al., 2012; Mahmoudi et
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al., 2011; Pereira et al., 2010; Qiu et al., 2011; Sakoda et al., 2012; Sharma et al., 2011;
Wang et al., 2007).

Additionally, different ethnic populations can have widely disparate frequencies
for the same SNP (Fu et al., 2011; Garcia-Martin, 2008; Nakai et al., 2007; Shriner et al.,
2011; Tian et al., 2009; Woo et al., 2009; Zabaleta et al., 2008). For example, for the
XPC gene, the HapMap project reports significantly different frequencies in the allele
rs2228000 for Europeans (0.300), Japanese (0.456), and Sub-Saharan Africans (0.058).
This variation in frequency influences the actual structure of the haplotypes within a
population. In fact, this is exacerbated in mixed populations, were the variable structure
complicates the matter further. The issues of admixtures (combinations from multiple
ethnic groups) can greatly change the LD of SNPs (Fu et al., 2011; Leng et al., 2012;
Pabalan et al., 2012; Schwartz et al., 2009; Seldin et al., 2011; Shriner et al., 2011).

As more information becomes available from the various builds (or versions of
total compiled genetic frequency data for the human genome project) at public databases
like dbSNP and HapMap, there is an increasing need to analyze this raw data in a
coherent and meaningful manner (Hollox, 2012; Huang et al., 2011). In the last few
years, many commercial enterprises have sprung up to support this research through
development of specialty probes from established companies to new sequencing
approaches and bioinformatics analysis programs (Ng and Kirkness, 2010). Additionally,
the research enterprise is still developing data mining and analysis techniques for this
data, which leaves the area open for new specialties (Cordero and Ashley, 2012; Hollox,
2012; Mir, 2009; Ng and Kirkness, 2010). Perusal of the NIH RePORT database (the
replacement database to CRISP, which lists both current and previous funding awarded
by the NIH) for grants awarded for SNP research in 2012 sits at 3355 grants funded, up
from 1168 in 2009, 513 in 2007, 324 in 2004, and from 40 grants in 1999
(projectreporter.nih.gov/reporter.cfm). The data generated from SNP and haplotype

results have many translational applications. Warfarin research, for example, has
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documented several key SNPs that effect blood clotting potential and side effect. Indeed,
various components of the bioactivation pathway have proven well-defined gene-drug
interaction. Current research is attempting to use genetic information in initial dosing
schemes, with the idea that patients should reach effective therapeutic dose faster and
with fewer possible side effects that with traditional dosing schemes alone (Gulseth et al.,
2009; Krynetskiy and McDonnell, 2007; Takeuchi et al., 2009; Thomas et al., 2004;
Wadelius et al., 2009). This idea can be extrapolated to many pathways, including the
DNA repair pathways affecting risk/response to environmental damage and responses to
chemotherapeutics (e.g. cisplatin, bleomycin, oxaliplatin) (de Haas et al., 2008; Kim et

al., 2009; Sun et al., 2009; Wu et al., 2011; Zhang et al., 2012; Zhu et al., 2010).

APPROACHES FOR SNP FUNCTIONALITY DETERMINATION

Researchers use several approaches including mutagen sensitivity (MS) to
evaluate the effect of SNPs in DNA repair genes. First proposed by Hsu in 1989, this
approach measures the accumulation of DNA damage in the form of chromosomal
aberrations (CAs) after in vitro exposure of cells to DNA damaging agents (Hsu et al.,
1989). Cytogenetic analysis of CAs in lymphocytes is an accepted indirect biomarker of
cancer risk (Abdel-Rahman and El-Zein, 2011; Bonassi et al., 2000; Decordier et al.,
2010; Hagmar et al., 1994). The mutagen sensitivity assay draws its credibility as an
epidemiological model from the link between CAs and cancer, whereby the repair of
DNA damage after exposure indirectly measures inherited susceptibility to cancer risk
(Abdel-Rahman and FEl-Zein, 2011). For one such mutagen sensitivity assay, in brief,
cells are grown in culture and exposed to a DNA damaging agent such as bleomycin,
cisplatin, or tobacco carcinogens such as benzo(a)pyrene diolepoxide (BPDE) or 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). After exposure, cells are spread

onto slides and chromatid breaks are counted. More exposed cells are maintained in
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culture and allowed to repair for a defined length of time before being spread and
subsequently the chromatid breaks are counted. Comparing the amount of chromatid
breaks before and after repair gives an indirect measure of the cells’ repair capacity,
which can act as an intermediate phenotype of cancer risk (Abdel-Rahman and El-Zein,
2011; Hsu et al., 1989; Mackawa et al., 2006; Spitz and Bondy, 1993; Spitz et al., 1995,
1989; Wu et al., 1995).

The MS assay has been used to evaluate the effect of SNPs on genetic damage
(Abdel-Rahman and El-Zein, 2011; Decordier et al., 2010). For example, previous studies
in this laboratory have used the MS approach to look at the effect of two nonsynonymous
SNPs each in the XRCC1 and XPD genes on repair of NNK damage in lymphocytes from
healthy individuals (Abdel-Rahman and El-Zein, 2000; Affatato et al., 2004). Other
laboratories have used the same assay to evaluate the effect of SNPs on DNA repair.
Leng et al. used the MS assay to test the NER capacity with different genotypes in CSA4
and CSB genes and smoking status using BPDE treatment. By measuring the number of
chromatid breaks in isolated lymphocytes, they were able to determine associations
between the 37 different SNPs and repair capacity. Additionally, associations between
smoking and repair capacity were determined for the various SNPs and SNP
combinations. Leng’s analysis showed 5 CS4 SNPs and 6 CSB SNPs correlated with
reduced repair capacity in smokers after BPDE treatment (Leng et al., 2008). Similar
studies were used by Aka et al. and Angelini et al. for XRCC3 with hydrogen peroxide
and XPD SNPs with bleomycin, respectively (Aka et al., 2004; Angelini et al., 2008).
The MS approach used in the initial studies of this project correlates the effect of multiple
SNPs (haplotypes) on CA accumulation after mutagen treatment.

To determine haplotypes for a gene, the LDs between SNPs are calculated from a
small population with known sequence information using computational methods. While
there are a number of algorithms available for determining haplotypes, PHASE analysis

is the preferred method for small genomic segments like a single gene (Browning and
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Browning, 2011). In 2003, Stephens and Donnelly published the current PHASE
program. PHASE is an iterative algorithm, generating a large number of probabilities that
are mathematically scored for likelihood based on a set of known sequences, ultimately
resulting in a list of haplotypes with estimated frequencies that are indicative of the whole
population (Stephens and Donnelly, 2003). These unique haplotypes can be assigned to
individual subjects of a population based on SNP sequencing.

A difficulty in haplotype functional analysis can be the potential number of real
combinations that can exist in a population. As human have a diploid genome, for n
number of haplotypes there are 2" possible haplotype combinations. Even as few as 20
hapltoypes can result in over a billion combinations, which can be very limiting to
analyze in a population. In an effort to increase statistical power, the relatedness of each
haplotype can be determined by phylogenetic analysis. Sequence similarity between
individual haplotypes can be calculated to create highly similar grouping of haplotypes
(clades, also called phylogenetically grouped haplotypes or PGHs). Phylogenies
constructed on the basis of sequence similarities between haplotypes provide an objective
tool for grouping haplotypes that share genealogical similarities. This similarly,
comparing haplotypes by group can highlight potential SNPs of interest, where a given
clade phenotype is likely to be governed by SNPs that exist as all variant (or all ancestral)
in the haploptypes within a given PGH. For example, a clade X may consist of
haplotypes that contain variants at position 5, 7, 14, and 20. Another clade Y may have
variants at positions 3, 5, 18, 19, and 20. If clade X responds twice as well to a treatment
than clade Y, it is likely that this difference is being driven by the SNPs at positions 3, 7,
15,18, and 19, with 3 and 7 enhancing the effect and 15, 18, and 19 lowering the effect in
comparison. Such clade assessments are useful for breaking down functional analysis
results and providing more detailed associations.

Again, like haplotype analysis, there are several algorithms available for

computing sequence similarity, the standard since the 1990s remains the MEGA analysis
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program. The molecular evolutionary distance is computed using assumptions encoded in
the MEGA method to determine the total divergence between haplotypes. This
divergence is determined for each SNP pair individually based on ‘“nucleotide
substitution parameters” (the mathematical predetermined likelihood of changing one
nucleotide to another) and added together for the total haplotype (Tamura et al., 2007).
The shorter the distance between two haplotypes, the greater their similarity and,
hypothetically, the greater the probability of sharing similar mechanistic traits. This
phylogenetic analysis increases the statistical power by reducing the total number of
comparisons made, while still capturing the unique sequence characteristics that
constitute related haplotypes (Bardel et al., 2009; Rzhetsky and Nei, 1992; Tamura et al.,
2007; Yang, 1997). These groups were used to evaluate the hypothesis of a haplotype

based differences in response to environmental mutagens.

NUCLEOTIDE EXCISION REPAIR PATHWAY

DNA repair is critical for day to day cellular maintenance. Many endogenous and
exogenous compounds are capable of entering the nucleus and causing DNA damage
throughout the genome, resulting in a variety of aberrations including adducts (polycyclic
aromatic hydrocarbons), methylation (arsenic), alkylations (nitrosamines), etc (Cornetta
et al., 2006; Klassen, 2001; Pryor, 1997; Veglia et al., 2003). To maintain genetic fidelity
during cellular replication, this damage must be fixed. To do so, cells have developed a
number of repair mechanisms that target different forms of damage. The most common of
these are Nucleotide Excision Repair (NER), Base Excision Repair (BER), Non-
Homologous End Joining (NEHJ), Homologous Recombination (HR), and Direct Repair
(Klassen, 2001).

BER occurs through removal of a damaged base itself by cleavage of the glycoyl

bond in the nucleotide, resulting in an abasic site. These abasic sights are recognized,
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removed, and repaired using the complimentary sequence in the same manner as NER.
Direct Repair is a repair that occurs at the site of damage without cleave or gap filing. A
common example of this is by methyltransferases detecting simple alkylation damage and
transferring a methyl group to the residue, which subsequent reactions use directly to
regenerate the correct base at the transfer site. Less common, but still important repair
mechanisms are NHEJ and HR. NEHJ allows for repair of double stand breaks, such as
those generated after replication when damage has not been repaired. Conversely, while
HR also occurs at double strand breaks, it has a recognizable strand inversion step that
can result in a crossing-over event at homologous sites in a pair of chromosomes.
Massive changes in double helical structure, such as adducts and dimers are corrected by
the NER. In this repair pathway, several bases surrounding the aberration site are
removed by exonucleases and the gap filled in by a repair specific polymerase using the
complementary sequence in the same manner as replication. This pathway is important in
maintaining long term chromosomal stability and genetic fidelity, as even untranscribed
sequences are repaired prior to replication of cellular division (Klassen, 2001; Nelson and

Cox, 2005).
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Figure 1: DNA damage structures
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Figure 1: DNA damage structures. UV-induced DNA dimers presented as: DNA
containing thymine (TpT), cyclopyrimidine dimers (CPD), and pyrmidine-6-4-
pyrimidone photoproducts (6,4-PP). Image created in ChemDoodle (Copyright © 2008-
2013 iChemLabs, LLC).

Each of these pathways is a multistep process involving a number of proteins and
enzymes whose actions must occur in a coordinated fashion, and often in large
conglomerate complexes that have well defined interactions. Incomplete activity,
binding, or interaction can result in loss of repair function, which in turn can lead to
accumulation of DNA damage. This damage can lead to larger defects in cellular
processes and loss of genetic fidelity in successive divisions, both of which can lead to

initiation and development of cancer (Bonassi et al., 2000).

32



NER is the most flexible of these repair pathways, capable of recognition of any
perturbation of the classical helical DNA structure regardless of transcriptional status
before it can be passed onto daughter chromosomes as breaks or mutations (Bunick et al.,
2006; Friedberg, 2001; Sugasawa et al., 1998; Wang, 2008). This critical pathway has
been shown to be involved in cancer risk when the DNA repair capacity is reduced
(Cheng et al., 1998; Cornetta et al., 2006; Decordier et al., 2010; Hsu et al., 1991; Langie
et al., 2006; Ming et al., 2012; Slyskova et al., 2011; Spitz and Bondy, 1993; Wei et al.,
1996; Zelle and Lohman, 1979). In NER DNA damage is recognized by the damage
recognition complex, which contains the xeroderma pigmentosum complementation
group C (XPC) protein complexed with hHR23B, CENT2, and several other proteins,
with XPC being the critical direct DNA binding protein (Araki et al., 2001; Bunick et al.,
2006; Craig et al., 2006; Dantas et al., 2012; El-Mahdy et al., 2006; Luijsterburg et al.,
2012; Maillard et al., 2007; Nishi et al., 2005; Park and Choi, 2006; Renaud et al., 2011;
Sugasawa et al., 1998; Trego and Turchi, 2006; You et al., 2003). The recognition of
DNA damage recruits the next set of repair components, XPA, XPG, RPA, and TFIIH to
the site of damage, displacing the XPC complex (Bunick et al., 2006; Park and Choi,
2006; Sugasawa, 2011; You et al., 2003). TFIIH unwinds the DNA at the site of
recruitment, ligases XPG and ERCCI1 nick the strand about 25 nucleotides apart,
allowing the repair polymerase complex to fill the gap, and ligases are recruited to seal

the nicks (Nelson and Cox, 2005).
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Figure 2: Nucleotide Excision Repair
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Figure 2: Nucleotide Excision Repair. Shown is a diagram of the nucleotide excision
repair pathway. XPC is the DNA binding protein recognizing DNA damage in the initial
step of the Global Genome Repair arm of the NER pathway. Image obtained from
WikiCommons under the Creative Commons attribute license (Fuss and Cooper, 2006).

The focus of this dissertation is on XPC. As the recognition factor, XPC has
significant influence on the repair capacity of the entire pathway. Loss of XPC function is
rare, and results in xeroderma pigmentosum type C disease (XP-C, OMIM 278720),
which is characterized by increased hypersensitivity to UV-induced genetic damage and
skin cancer predisposition (Friedberg, 2001; Klassen, 2001). Supporting XPC function
are studies involving XPC-null mice lacking the XPC protein. These deficient animals

have been shown to have significantly higher sensitivity to DNA damaging compounds
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(Wickliffe et al., 2006). The much more subtle changes in XPC function encoded by

SNPs in the XPC gene are significantly more common, though less understood.

SNPs IN XPC, HISTORICALLY

XPC is a 940 amino acid protein (Genbank Accession Number AC090645)
encoded by a highly polymorphic 33kB gene region on 3p25, with over 90 SNPs
currently listed in the dbSNP and HapMap databases. However, only a few of these
polymorphisms have been studied thus far. Of those, only 4 have been studied as
potential risk modifiers for cancer susceptibility: exon 16 (K939Q; rs2228001), exon 8
(A499V; 1s2228000), intron 11-5 splice site C/A (rs3729587), and intron 9 poly-AT
insertion. As stated earlier, there are many conflicting results from SNP epidemiological
studies, and XPC is no exception to this. An et al. reported an association between the
rs2228000 SNP and head and neck cancer risk, while Guo et al. did not find association
in esophageal squamous cell carcinoma (An et al., 2007; Guo et al., 2008). Hansen et al.
found a significant association between colorectal cancer risk and rs2228001 SNP, as did
Zhu et al. for DNA damage accumulation after BPDE exposure (Hansen et al., 2007; Zhu
et al., 2007), however, Vodicka et al. reported no effect for the same SNP in relation to
accumulation of DNA damage after -radiation (Vodicka et al., 2004). Similarly,
associations between SNPs in XPC and DNA repair capacity (DRC) are also
controversial. Cornetta et al. reported that the rs2228001 SNP was associated with
increased repair capacity in the heterozygous form, while both Slyskova et al. and
Vodicka et al. showed no change in DRC with this polymorphism (Cornetta et al., 2006;
Slyskova et al., 2011; Vodicka et al., 2004). Langie et al. showed that both rs2228000
and rs2228001 had no significant effect on DRC while Zhu did (Langie et al., 2010; Zhu

et al., 2008). Additionally, Qiao et al. found a significant effect on DRC with the intron 9
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insertion showing a decrease in DRC, yet Slyskova et al. did not (Qiao et al., 2002;
Slyskova et al., 2011).

These clear discrepancies are not surprising, given that each of these studies
looked at only individual SNPs. Without LD information for each of the SNPs, and all
the others not evaluated, it is plausible that these differences may be due to unevaluated
SNPs. These unevaluated SNPs may exist in variable LD with the SNPs that were
evaluated, or other unevaluated functional SNPs. Admixtures, sampling inconsistency, or
incomplete LD may not have captured SNPs with functional effects (Abdel-Rahman and
El-Zein, 2011; Keller et al., 2010). To avoid similar problems, I chose to evaluate the

haplotype effect of all reported common XPC SNPs comprehensively.

Figure 3: XPC gene
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Figure 3: XPC gene. Shown is a diagram of the total XPC genomic region under study.
The UTR regions are colored in blue, the introns in peach, and the exons in purple. The
downward hash-marks are the locations for each of the SNPs with a minor allele
frequency (MAF) of 0.05 in the as reported in the HapMap population. (Additional
details are given in Material and methods.)

OVERVIEW AND OBJECTIVES

The objective of the study was to address a number of significant gaps in
knowledge regarding the effect of XPC SNPs, in their biological context of whole gene
haplotypes, on genetic damage as well as their potential role in disease risk. This is the
first comprehensive analysis of the entire XPC genomic sequence and mechanistic
evaluation of the effect of XPC haplotypes on genetic damage. In addition, this work is

the first time the effects of XPC haplotypes on transcription or translation were evaluated.
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In order to understand the effect of XPC haplotypes on genetic damage, a
comprehensive haplotype map encompassing all common XPC SNPs reported to exist
with a minor allele frequency of <0.05 was created using bioinformatics. The HapMap
CEU population was used as a reference population of known genotypes. Using this
information, the first hypothesis tested was if certain XPC haplotypes have phenotypic or
functional effects, there would be a correlation between these haplotypes and genetic
damage in individuals exposed to environmental mutagens. To test this hypothesis, an
exploratory haplotype-phenotype study was performed using lymphocytes from a study
population composed of healthy individuals. Results from these studies guided additional
investigations to understand the mechanistic effects of XPC haplotypes on genetic
damage.

The mechanistic relationships were studied in vitro using cell lines representative
of each PGH, and evaluated the haplotype effect on DRC. The working hypothesis was
that XPC haplotypes influence levels of accumulated DNA damage by affecting DNA
repair capacity. To test this hypothesis, I exposed human lymphoblastoid cell lines
representing the different PGHs to low dose UV-B radiation, inducing the formation of
pyrimidine-6-4-purimidone photoproducts (6-4PPs) and cyclopyrimidine dimers (CPDs).
The rate of removal of these DNA damage adducts represents the DRC of the cells. The
haplotype effect was determined for both rate of repair and adduct preference.

The effects of the haplotypes on gene and protein expression were evaluated to
test the working hypothesis that XPC haplotypes influence DNA repair capacity through
transcriptional and/or translational differences. To test this hypothesis, I again exposed
human lymphoblastoid cell lines representing different PGHs to low dose UV-B
radiation, inducing the formation of UV adducts. I evaluated the changes in amount of
XPC mRNA over time as a measure of the induction of the gene. Changes in the rate of
nascent XPC production indicate sensitivity to DNA damage at a transcriptional level.

Additionally, I evaluated the changes in amount of XPC protein over time as another
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measure of induction and, therefore, sensitivity to DNA damage at a translational level.
Collectively, these results provide a mechanistic link between XPC haplotypes and
differences in DNA repair. From a public health prospective, this study provides a

mechanistic link between whole-gene variation and cancer susceptibility.
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Chapter 2: MATERIALS AND METHODS

Table: Chemicals

Chemical Company Location Product #

3,3°,5,5’-Tetramethylbenzidine Sigma-

(TMB) Aldrich St. Louis, MO | T0440

4-(methylnitrosamino)-1-(3-

pyridyl)-1-butanone (NNK: Midwest

CAS#64091-91-4, National Cancer | Carcinogen Kansas City,

Institute) Repository MO E0698

CAC-NM-

6,4-PP anti-mouse (64M-2) CosmoBio Tokyo, Japan | DND-002

7.5% SDS-PAGE Tris-HCI precast Bio-Rad

Ready Gels Laboratories Hercules, CA | 161-1100
Pierce
Thermo Fisher

BCA Assay kit Scientific Waltham, MA | 23225
Sigma-

Bovine Serum Albumin (BSA) Aldrich St. Louis, MO | A7906
Pierce
Thermo Fisher

BSA protein standard Scientific Waltham, MA | 23209
Gibco- Carlsbad,

Colcemid Invitrogen California 15212-012
Pierce
Thermo Fisher

Commassie Blue R250 Scientific Waltham, MA | 20279

CAC-NM-

CPD anti-mouse (TDM-2) CosmoBio Tokyo, Japan | DND-001
Sigma-

dimethylsulfoxide (DMSO) Aldrich St. Louis, MO | 472301

DNase/RNase-free water Invitrogen Carlsbad, CA | AM9937

Venlo,

DNase-I Qiagen Netherlands 79254
GE Little

ECL DualVVue Molecular Weight Healthcare Chalfont,

Marker Life Sciences | England RPN810
Pierce
Thermo Fisher

ECLplus Scientific Waltham, MA | 32132
Cayman Ann Arbor,

ELISA wash buffer Chemical MI 400062
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via UTMB

Ethanol pharmacy N/A N/A

Ethylenediaminetetraacetic acid Sigma-

(EDTA) Aldrich St. Louis, MO | E9884
Sigma-

Giemsa Aldrich St. Louis, MO | G9641
Sigma-

Glacial acetic acid Aldrich St. Louis, MO | A6283

glutamine (L) 2uM Invitrogen Carlsbad, CA | 205030-081
Sigma-

Glycine Aldrich St. Louis, MO | G8898
Sigma-

hydrochloric acid (HCI) Aldrich St. Louis, MO | 320331

hypotonic solution (0.075 M Minneapolis,

potassium chloride: KCI) Purgene MN 158902
Sigma-

Isopropanol Aldrich St. Louis, MO | 109827
Bio-Rad

Lammelli loading dye 2x Laboratories Hercules, CA | 161-0737
Sigma-

Methanol Aldrich St. Louis, MO | 32213

Penicillin/Streptomycin Invitrogen Carlsbad, CA | 205030-081
Sigma-

phosphate buffered saline (PBS) Aldrich St. Louis, MO | P3813

phytohemagglutinin (PHA, reagent

grade) Remel Lenexa, KS 3085271
Life

Picogreen Technologies Carlsbad, CA | P11495
Sigma-

PMSF Aldrich St. Louis, MO | P7626
Atlanta Lawrenceville,

premium fetal bovine serum (FBS) Biologics GA S11150
Sigma-

Protamine sulfate Aldrich St. Louis, MO | P4020

protease inhibitor complete cocktail Penzberg,

tablets Roche Germany 11836153001
Bio-Rad

PVDF membrane Laboratories Hercules, CA | 162-0177

Qiagen QiaAmp DNA isolation Venlo,

mini-Kit Qiagen Netherlands 51306
Zymo

rabbit anti-mouse HRP-conjugated Research Irvine, CA N/A

rabbit anti-mouse HRP-conjugated Invitrogen Carlsbad, CA | 61-6520
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GE Little
Healthcare Chalfont,
Rainbow Molecular Weight Marker | Life Sciences | England RPN8OOE
RIPA buffer 10x Cell Signaling | Danvers, MA | 9806
Zymo
RNA Direct-zol mini-prep kit Research Irvine, CA R2050
Carlsbad,
RPMI 1640 Gibco California 11875
Sigma-
Sodium Chloride (NaCl) Aldrich St. Louis, MO | S9888
Sigma-
Sodium dodecyl sulfaste (SDS) Aldrich St. Louis, MO | L3771
Sigma-
Sodium hydroxide (NaOH) Aldrich St. Louis, MO | S5881
Applied Foster City, various by
TagMan® genotyping primers Biosystems CA rsNumber
TagMan® high capacity RNA to Applied Foster City,
cDNA kit Biosystems CA 4387406
TagMan® R-actin specific VIC Applied Foster City,
fluorophore (ATCB) Biosystems CA 4326315E
Applied Foster City,
TagMan® universal master mix Biosystems CA 4304437
TagMan® XPC specific FAM Applied Foster City,
fluorophore (Hs01104206_m1) Biosystems CA 4331182
TE buffer RNase/DNase free 20x Invitrogen Carlsbad, CA | T11493
TRI reagent Invitrogen Carlsbad, CA | AM9738
Tris(hydrozymethyl)aminomethane | Sigma-
(Tris) Aldrich St. Louis, MO | T4661
Sigma-
Trypan Blue Aldrich St. Louis, MO | T8154
Sigma-
Tween-20 Aldrich St. Louis, MO | P1379
Sigma-
Urea Aldrich St. Louis, MO | U6504
UTMB
Protein
Chemistry
Core in the
Biomolecular
Resource
XPC Primary Antibody Facility N/A N/A
Bio-Rad
-mercapitoethanol Laboratories Hercules, CA | 161-0710
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Table: Special equipment and software

Special Equipment/Software Company Location

Alpha San

Innotech Leandro,
Alphalmager 2200 Corportaion CA
CelIBIND® Low Profile Corning flasks Fisher Hampton,
(13700433) Scientific NH
Chromo4 computerized real-time PCR detection | Bio-Rad Hercules,
system Laboratories | CA

MIT/Harvard

Broad Cambridge,
Haploview software (version 4.1) Institute MA

The

Biodesign
MEGA 4 (http://www.megasoftware.net/) Institute Tempe, AZ

Bio-Rad Hercules,
MJ Research DNA Engine thermocycler Laboratories | CA

Kaysville,

NCSS/PASS software Dawson Edition NCSS LLC uT

Nikon Melville,
Nikon 400 light microscope Instruments NY
PHASE ver. 2.1 software University of | Chicago,
(www.stat.washington.edu/stephens/phase.html) | Chicago IL

Systat Chicago,
SigmaPlot Software Inc | IL

Molecular Sunnyvale,
SoftMax Pro software Devices CA

Molecular Sunnyvale,
SpectraMax190 plate reader Devices CA

TIBCO Palo Alto,
S-Plus Software Inc | CA

IBM Endicott,
SPSS18 Statistics Corporation NY

MIT/Harvard
Tagger software Broad Cambridge,
(www.broad.mit.edu/mpg/tagger) Institute MA

Tecan Group | San Jose,
Tecan GENios Pro plate reader Ltd CA

Oriel Stratford,
UV Simulator Instruments CT

National

Biological Beachwood,
UV-B specific meter Corporation OH
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UV-transparent 96 well Corning plates Fisher Hampton,
(07200848) Scientific NH
Bio-Rad Hercules,
Wester mini-blot Laboratories | CA
OVERVIEW

To evaluate the effect of all the common XPC SNPs on DRC and levels of genetic
damage comprehensively, I determined all common XPC SNPs reported to exist with a
minor allele frequency of >0.05 and constructed unique and biologically viable
haplotypes. Phylogenetic analysis of these haplotypes created a small subset of groups
consisting of highly related haplotypes. I then used these groups to evaluate the effect of
XPC haplotypes on the accumulation of genetic damage after environmental exposure to
mutagenic agents, as well as the haplotype effect on accumulation of genetic damage and
DRC in cell culture after acute exposure to DNA damaging agents. I further investigated
the effect of XPC haplotypes on NER DRC mechanistically by changes of the various

PGHs on transcriptional and translational endpoints.

STUDY SUBJECTS AND BLOOD COLLECTION

The study involved a subset of blood samples obtained from a larger cohort of
subjects who were recruited without regard to age, sex, or ethnicity from the smoking and
non-smoking staff and student population of University of Texas Medical Branch
(UTMB). This cohort was comprised of individuals who had responded to posted notices
and advertisements requesting volunteers for studies aimed at understanding the
functional and biological significance of sequence variability in DNA repair genes. The
study protocol was approved by the Institutional Review Board (IRB 04-131), and all
study subjects signed a written consent form that described the purpose of the study. This

large cohort was recruited, characterized, and studied by other members of our laboratory
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(Hill et al., 2005). Individuals were defined as non-smokers if they had smoked less than
100 cigarettes during their lifetime or as smokers if they had smoked at least five
cigarettes per day for at least one year prior to enrollment in the study. Participants filled
out a questionnaire that provided demographic, occupational, general health information,
and smoking habits (number of cigarettes per day, number of years smoked, preferred
brand, duration of smoking, former tobacco use, and use of other tobacco products). To
control for possible confounders, exclusion criteria included a recent acute viral or
bacterial infection, a major chronic illness, a recent blood transfusion, treatment with
mutagenic agents, excessive alcohol consumption, defined as more than a 10 gram
serving per day (as determined by nationwide standard practices), and employment
involving exposure to potentially mutagenic agents (e.g. the petrochemical industry).

For the purposes of this study, I further limited the data to the ethnic population of
white-non-Hispanics as self-reported on the questionnaire. This population was chosen as
the focus because of the availability and completeness of the online data (HapMap online
database at www.hapmap.org data release 22 phase II NCBI assembly B36 dbSNP b126),
and to limit the impact of possible admixtures (Abdel-Rahman and El-Zein, 2011; Fu et
al., 2011; Garcia-Martin, 2008; Keller et al., 2010; Leng et al., 2012; Nakai et al., 2007;
Pabalan et al., 2012; Schwartz et al., 2009; Seldin et al., 2011; Shriner et al., 2011; Tian
et al., 2009; Woo et al., 2009; Zabaleta et al., 2008). The CEU population (Utah residents
from the CEPH population with ancestry from northern and western Europe) accurately
represents white non-Hispanics in HapMap. As such, my study included 123 individuals.

(Further information is available in the Results chapter of this dissertation.)
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DETERMINATION OF BACKGROUND AND MUTAGEN-INDUCED CHROMOSOMAL
ABERRATIONS

Data for background and mutagen-induced chromosomal aberrations (CAs) were
generated through a different study (Hill et al., 2005) and was readily available for this
project. In these studies, 10mL of blood was obtained from each study participant and
ImL was used to establish cytogenetic cultures of peripheral blood lymphocytes (PBLs)
according to standard procedures (Abdel-Rahman and El-Zein, 2000; Affatato et al.,
2004; Evans et al., 1975). Genotyping analysis used isolated DNA extracted from a
second SmL sample.

Each subject had two cultures established; the first provided a baseline in vivo CA
frequency and the second used for the determination of mutagen-induced CA levels. For
this assay, PHA stimulated cells PBLs were resuspended in serum-free media
supplemented with 0.24mM of the tobacco specific mutagen, 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK), for 1 hour. Following NNK treatment, the PBLs were
washed, transferred, and resuspended in the original growth medium until harvested 24
hours after NNK treatment. (Mutagen concentration and harvest times were previously
established to produce measurable genetic damage with low toxicity (Abdel-Rahman and
El-Zein, 2000; Affatato et al., 2004).) Cells were arrested in metaphase prior to harvest
with 0.1 pg/ml colcemid treatment for 1-hour. PBLs were resuspended in hypotonic
solution, fixed with Carnoy’s fixative (3 parts methanol to 1 part acetic acid), and stored
at 4-0°C. Fixed cells were spread on duplicate slides, coded, and stained with Giemsa.
One hundred metaphase cells per coded slide were scored for CAs in a blinded manner,
using mixed batches representing smokers and non-smokers on a Nikon 400 light
microscope, according to standard procedures (ISCN, 1985). Chromatid breaks were
scored as one break, chromosome breaks as two, and total aberrations were defined as

breaks per 100 cells. For quality control, 20% of the slides were randomly selected for
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blind rescoring, with agreement measured using Cohen’s kappa statistical test. The
results for both baseline and NNK-induced CAs were used for statistical comparisons.
For DNA isolation, red blood cells were lysed and the white blood cells separated
from the rest of the blood product by centrifugation. The white blood cells were lysed by
proteinase K digestion and the proteins removed by salting out. The released DNA was
cleaned using RNaseA digestion followed by alcohol precipitation. The precipitated
DNA was washed in ethanol solution and briefly air dried before redissolving in
hydration solution (TE buffer). The isolated DNA was stored at -80°C until genotyping

analysis.

XPC HAPLOTYPE-TAGGING SNPS AND POPULATION GENOTYPING

Using genotype data from the International HapMap Project database for the CEU
population (CEPH population Utah residents with ancestry from northern and western
Europe; data release #24 (October 2008) National Center for Biotechnology Information
Build 36 assembly (dbSNP b126)), I analyzed the full genomic region plus an additional
2kb both 5° and 3’ to cover any potential UTRs (chromosome 3, bases 14159650 to
14197142 on the minus strand). This population contains family trio genotypes, meaning
that the CEU population contains individuals that are mother, father, and offspring
families. Genotypes for all individuals were screened using Haploview to ensure that
only SNPs with a minimum allele frequency (MAF) of 0.05 or greater were used for
haplotype inference. This analysis revealed 35 SNPs, which were analyzed for this study.

To determine the genetic profile of the individuals, I used TagMan® based PCR
assay. This assay uses Forster (or Fluorescence) resonance energy transfer (FRET)
technology to detect individual SNPs using PCR amplification. In brief, the assay
contains a set of short oligonucleotides (oligo) with both a flourecent probe and the

matching florophore’s quencher attached. When the oligo is intact, any excitation energy
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that is absorbed by the florophore (probe) will pass it to a low energy dark molecule
(quencher) in close proximity instead of being emitted as a photon, thereby suppressing
the florescence. These oligos contain sequences specific for annealing to the region of the
gene containing the SNP site, one florophore for the variant and another for the ancestral
allele. Primers specific for the genetic region are also included. During the annealing
phase of the PCR reaction, one of the probe oligos will set down along with the primer
pairs. The forward primer is extended by the TagMan AmpliTaq Gold DNA polymerase,
which contains 5’exonuclease activity. During the extension phase, the primer is
extended by the polymerase and when the polymerase reaches the annealed SNP oligo,
the exonuclease portion of the polymerase cleaves the oligo to release the florophore.
Meanwhile, the quencher remains stuck to the DNA as it contains a minor groove binding
protein. Consequently, when the florophore is excited the energy is emitted as a photon,
which is detected at the emission wavelength. The emissions are read as an indicator of
the presence or absence of the variant SNP (or both, in the case of a heterozygote).

This genotyping can be very labor intensive and costly. While it would be optimal
to sequence the entire gene to determine unequivocally the SNP compliment, that is not
practical for many labs. Even rigorous MAF cutoffs can still result in a large number of
SNPs needing to be genotyped for each individual, resulting in many of the same
problems. To simplify the processes, researchers use haplotype tagging SNPs (htSNPs,
also called tag SNPs) to reduce the number of genotyping reactions required for
haplotype analysis. The use of htSNPs is based on linkage disequilibrium analysis, where
a program such as Haploview’s (Barrett et al., 2005) Tagger (de Bakker et al., 2005)
compares the genetic information at a series of given SNPs for a small population (or
reference panel) and determines which SNPs exist in [near] full disequilibrium. As a
consequence, one SNP (designated the htSNP) can be used to predict the genotype of
another SNP when in disequilibrium, reducing the number of genotyping reactions

needed to obtain all the SNPs (de Bakker et al., 2005; Gabriel et al., 2002). I used Tagger
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software (broadinstitute.org/mpg/tagger) to identify tagging SNPs (htSNPs), e.g. those
that are capable of determining all 35 SNPs without the need to genotype each SNP
individually (de Bakker et al., 2005). Genotypes for the 30 family trios at all 35 SNP
positions was run in Tagger to identify haplotype tagging htSNPs for assay design. I used
an aggressive multi-marker approach (up to 6 markers) with a conservatively set the r*
threshold to >0.8 (mean value 0.971) and coupled with a logarithm of odds score (LOD;
for estimating a recombination-frequency heterogeneity) threshold of 2 (de Bakker et al.,
2005; Goode et al., 2007; Nam et al., 2007).

Subsequently, I identified 11 htSNPs for the 35 evaluated SNPs in XPC. Using,
custom-designed real-time polymerase chain reaction (PCR)-based assays and the
TagMan® chemistry, assays were developed based on the sequences listed in the NCBI
dbSNP database. For each reference SNP (rs) number, either allele-specific probes
labeled with a FAM or a VIC fluorophore and an appropriate quencher were developed.
The PCR consisted of TagMan® universal master mix, template DNA isolated from the
study subjects (or water as a no template control), and TaqMan® target-assay mix in a
total reaction volume of 12 pl at concentrations recommended by Applied Biosystems.
Thermal cycling was carried out in our laboratory on a MJ Research DNA Engine
thermocycler equipped with a Chromo4 real-time PCR detection system under
recommended conditions (50°C, 2 min; 95°C, 10 min; and 40 cycles at 95°C for 15 sec
and 58-61°C for 1 min). Designation of referent and polymorphic forms was determined
by the FAM to VIC ratio. For quality control, I ran all PCR reactions in duplicate,
alongside both no-template negative controls and positive controls for each possible
genotypic combination (when possible). Samples were blind coded for smoking status,
and samples from smokers and non-smokers were run together in mixed batches, with
10% of the samples randomly selected and regenotyped. Genotypes for all htSNPs were
analyzed for deviations from Hardy-Weinberg equilibrium (HWE) on a locus-by-locus

basis.
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XPC HAPLOTYPE INFERENCE AND PHYLOGENETIC GROUPING

Haplotype analysis analyzes all the SNPs comprehensively, using linkage to
determine the number of real permutations possible for all the SNPs in aggregate, based
on the reference set. PHASE is a software package from the Stephans lab has been
considered a gold standard for haplotype analysis, and is still considered optimal for
small genomic regions such as a single gene (Browning and Browning, 2011; Stephens
and Donnelly, 2003). Very briefly, PHASE uses Baysian inference to score the likelihood
of random genotype combinations based on a known reference population. This
likelihood is calculated over multiple iterations and the final output is the combined sets
of real combinations possible based on the reference.

I inferred the haplotypes using the CEU population of the HapMap database. 1
used Bayesian statistics implemented in PHASE with the algorithm designed for family
trios. The number of iterations was increased to 10,000, the thinning interval was
increased to 10, and the burn-in was increased to 200 to improve the accuracy of the
inferred haplotypes. The real power of haplotype analysis is that it can extract the real
haplotypes that are present (or calculated to be present) in a population of similar
ethnicity (Browning and Browning, 2011; Srkar-Roy et al., 2011; Stephens and Donnelly,
2003). Family trios offer an advantage in this analysis, as the child is a valid
recombination of the parents, thus improving the accuracy of the algorithm. The PHASE
analysis generated 21 unique real haplotypes out of a possible 34,359,738,368 (2°°)
theoretical haplotypes.

To reduce the number of statistical comparisons (2,097,152 theoretical
combinations, or 2*') for the haplotype diplotypes, I used a phylogenetic grouping
approach to cluster evolutionarily related haplotypes together. Grouping of haplotypes,

based on genealogical or phenotypic relationships, previously has been used successfully
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by others (Mackawa et al., 2006; Rieder et al., 2005; Veenstra et al., 2005). Genetic
distances were computed among haplotypes using the maximum likelihood composite
model implemented in MEGA 4, then used to phylogenetically group the haplotypes
using the neighbor-joining method. Phylogenetically related haplotypes were given group
designations (phylogenetically grouped haplotype: PGH, groups A-F) for further
statistical comparisons and analysis. This analysis revealed 6 distinct clades (groups).
Much like haplotyping, grouping shared strong genealogically similar haplotypes
substantially increases the statistical power of analyses by reducing the number of
comparisons, in this instance dropping the potential number of haplotype combinations
from 2 million to 64 (2°). Genotyped individuals from the UTMB experimental
population were then coded into haplotypes and, subsequently into clades. To ensure
accuracy of reported results, I excluded from the analysis any individuals lacking defined
genotype data for more than one SNP, as well as any individuals lacking identification of

a single SNP that prevented the accurate assignment of full haplotypes.

ESTABLISHMENT OF CELL CULTURE FOR MECHANISTIC STUDIES

Due to the sheer number of cells required for mechanistic studies, it was
impractical to use primary lymphocytes collected from human subjects. Therefore it was
imperative to use cell lines representing the haplotypes evaluated. 1 used Epstein bar
transformed human lymphoblast cells from the Corielle Institute Biorepositiory. These
cells have the advantage of being originally obtained and sequenced for the HapMap
project and, therefore, not only have known genotypes, but are the same genotypes which
were used in the PHASE and haplotype grouping studies described previously. I chose
cell lines based on haplotype grouping (PGH) determined in PHASE and Mega analysis
as stated earlier. I used a recessive model for the determination of the effects of

haplotypes on DRC, where I chose only cells that are homozygous for a given PGH.
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Since the repository does not contain samples homozygous for either PGH-B or PGH-C,
these PGHs were not evaluated in this study. Table 2 shows the cell lines used in our
study. As a negative control, I used a cell line from a confirmed Xeroderma pigmentosum
patient, denoted as XP-C. XP patients are characterized by reduced DNA repair due to

mutation in XPC gene leading to a defective XPC protein.

Table 2: Corielle Insitute Biorepository cell lines

Lines PGH
GM12812 AA
GM10257 DD
GM12144 EE
GM11882 FF
GM02246 XP

Table 2: Corielle Insitute Biorepository cell lines. The cell lines used for the functional
analysis of the homozygous haplotypes. PGH lists the clade, Lines lists the designated
Corielle cell line by the catalogue “GM” number.

Cell lines were shipped from the Repository as live cultures. After overnight
acclimation in the incubator (humidified 37°C with 5% CO, in dark conditions), I
cultured the cells under conditions optimized for doubling using CellBIND® Corning
100cm?” low profile tissue culture flasks with growth medium (RPMI 1640 supplemented
with Pen/Strep, with 15% heat inactivated premium fetal bovine serum and 2uM L-
glutamine). The FBS was heat inactivated at 65°C with rocking for 30 minutes, then
rapidly chilled on ice and prealiquoted for refreezing. FBS was refrozen no more than
once after heat inactivation. Cells were disaggregated by aggressive pipetting before
passage. Used media was removed by centrifugation at approximately 400g for 10
minutes at room temperature then decanted. Fresh culture media was added to cell pellet
and disaggregated by aggressive pipetting before cell density and viability was

determined using the Trypan blue exclusion assay. Cultures were maintained for 72 hours
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(the optimized doubling time) at cells densities between 1.11 x10° to 3.33 x10° cells per
mL (5-15 million cells per flask), with the higher end of the range preferred.

Low passage cells (passage number <15) were frozen for long term storage. I
collected each culture as above, but the cell pellet was instead resuspended in cold 100%
FBS at a 30 million per mL and 0.5mL per tube was transferred to individual cryotubes
using a wide mouthed pipette. The remainder (0.5mL per tube) of the freezing solution
was added on top of the cold cell mixture, which consisted of 90% FBS and 10%
dimethylsulfoxide (DMSO), and then gentely mixed by inversion. The cyrotube was
placed in a Nalgene “Mr. Frosty” freezing container containing isopropanol and allowed
to controlled freeze at a rate of 1°C per minute overnight (16 hours) at -80°C. The next
morning I transferred the cells to long term storage in liquid nitrogen.

Cells were cultured up to 50 passages or until viability fell below 80% by Trypan
Blue exclusion assay, at which point I started fresh cultures from the frozen
cyropreserved cells. Once cells were pulled from long term storage, they were thawed to
slush conditions and carefully transferred to a large (50mL) sterile polypropylene
centrifuge tube with 50x volume thawing media (RPMI 1640 with 20% FBS) using a
wide mouth pipette and then gently mixed with soft pipetting. This tube was incubated
overnight under culture condition with the cap cracked to allow air exchange and cells to

reacclimatize for 16 hours. The medium containing the diluted DMSO was removed.

UV-B EXPOSURE OF CELL CULTURE FOR MECHANISTIC STUDIES

The mutagen sensitivity (MS) assay has been used with a number of compounds
including the NNK. However, this is an indirect measure of DNA repair and does not
differentiate between the different repair pathways. While there are NNK derived DNA-
adducts that are repaired by NER (Brown et al., 2008; Peterson, 2010), there are a

number of forms of damage and, therefore, repair processes (Affatato et al., 2004; Brown

52



and Massey, 2009; Lacoste et al., 2007). Additionally, there are metabolic activation
and/or detoxification processes which also can confound the results (Smith et al., 1999)
making mechanistic endpoints difficult to quantify. To avoid this, I chose instead to use
ultraviolet (UV) radiation as my DNA damaging agent. Not only does UV-B (290-
320nm) produce DNA adducts that are preferential NER substrates (Trego and Turchi,
2006), but also lack any biotransformation requirements to either produce the damage,
damaging agent, or removal of the agent. This represents the cleanest system possible to
study NER activity.

To prepare cultures for exposure, I pooled cultured flasks at a cell density of 15
million cells per flask (3.33 x10° cells per mL) and then allowed the cells to recover for
16 hours under standard culture conditions. Immediately prior to UV exposure, I gently
resuspended the cells by pipetting the media within the flask. One flask was designated
for each individual time point per experiment, and cells were maintained in dark
conditions to minimize the amount of spontaneous dimer photoreversion after exposure.
Flasks containing the newly resuspended cells were placed under the exposure eye of an
Oriel Instruments UV simulator and were irradiated at 35mJ/cm® UV-B over 2 minutes.
monitored the dose intensity using a UV-B specific meter before and after exposures, and
adjusted the intensity to account wavelength absorption for the culture medium and 1 side
of the polystyrene flask.

UV-induced dimers were allowed to repair for designated times as depicted in
Figure 4 under standard culture conditions. I collected DNA from exposed cells to
measure the amount of UV-derived DNA adducts (CPDs and 6,4-PPs) and measure DRC.
I also collected RNA for real time analysis to determine the amount of XPC
transcriptional induction as well as protein to determine the total translational response to

the DNA damage.
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Figure 4: Endpoints after UV-induction

Split UV Time course endpoints

A A A A A A

-16hrs 0,1,5,15, 30min 60min  3hrs 6hrs 12hrs 24hrs 36hrs 48hrs

Figure 4: Endpoints after UV-induction. A diagram depicting the time points after
exposure for the cell-based experiments. Cells were split 16 hours prior to UV-B
(lightning bolt) exposure. UV was administered for 2 minutes, and time points ranging
from 0 minutes post-exposure to 48 hours were used for endpoint analysis.

At each designated time point, the corresponding flask was removed from the
incubator and rapidly chilled by immersion in wet ice for 15 minutes under dark
conditions. I then transferred the chilled media suspension to a pre-chilled centrifuge tube
and collected by centrifugation at 400g for 10 minutes at 4°C under dark conditions. The
culture media was removed by decanting and the pellet allowed to drip dry for 15
minutes inverted at 4°C under dark conditions for DNA and protein samples, while the
cell pellet was immediately snap frozen in liquid nitrogen for RNA samples. The pellets
were stored at conditions optimized for each cell product. Cells were stored at -20°C
under dark conditions for DNA isolation for adduct determination, at -20°C for protein
isolation for XPC quantification, and at -80°C for RNA isolation for mRNA
quantification. I exposed each cell line to UV in 3 separate experiments for all time points

for each endpoint (DNA, RNA, or protein).

DNA ISOLATION AND QUANTIFICATION

I maintained dark conditions of the samples for all DNA work, and all samples
were maintained on ice throughout all isolation and quantification experiments. Thirty
minutes prior to processing, cell pellets were thawed on ice, and then the DNA was

extracted using the QiaAmp DNA isolation mini-kit. In brief, I resuspended the cells in
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phosphate buffered saline (PBS) and added kit supplied lysis buffer. The mixture was
incubated for 15 minutes at 65°C with gentle rocking to lyse the cells, and protein was
precipitated from the nucleic acids using the kit buffer followed by centrifugation as per
manufacturer’s instructions. The various cellular debris were collected into the pellet and
the supernatant containing the DNA was transferred onto the membrane containing
column, using centrifugation as per manufacturer’s instructions. The DNA loaded
membrane was washed with a series of ethanol containing buffers and dried using
centrifugation as per manufacturer’s instructions. To elute the purified DNA from the
membrane, I centrifuged as per manufacturer’s instructions using the kit specific elution
buffer through the membrane, then transferred the eluent to a prelabled screw topped
microfuge tube with O-ring closure and stored the purified DNA at -20°C in a dark box
until adduct determination. All procedures were conducted under dark conditions to
minimize the amount of spontaneous dimer photoreversion post-exposure and for
consistency between assay batches.

Prior to adduct analysis, I determined the concentration (Pg/UL) of each DNA
sample directly from the 280nm absorbance measurement and the purity of the sample
from the 260/280nm absorbance ratio. Briefly, an aliquot of purified DNA was serially
diluted with DNase free 20mM Tris-EDTA (TE) buffer. The dilution series was plated in
duplicate into UV-transparent 96 well plates and read on SpectraMax190 plate reader

with SoftMax Pro.

ELISA STANDARD PREPARATION

I maintained dark conditions of the samples for all DNA work, and standards
were maintained on ice until plating. Standards of the UV-specific DNA adducts
cyclopyrimidine dimers (CPDs) and pyrimidine-6-4-pyrimidone photoproducts (6,4-PPs)

were synthesized at the University of Texas Medical Branch Molecular Biosynthesis

55



Core Facility. In brief, short 10-mer oligos containing the sequence 5’-CGTATTATGC-
3’ were synthesized and exposed to irradiation to produce oligos containing a single
dimer between positions 5 and 6. The CPDs and 6,4-PPs were separated from each other
and the parent oligo using a Beckman-Coulter HPLC system with a Phenomenex Jupiter
C18 reverse phase chromatography column. Purified dimers were dried completely and
stored in dark containers as a powder at -20°C until reconstitution into 20nM in DNAase-
free TE buffer at a concentration of 10uM oligo. The stock solution was aliquoted and
stored at -20°C. Stocks were thawed only once for dilution into standard curves.
Concentrations ranging from 0 to 20nM were made by diluting the stock oligo solution
with more DNase-free TE buffer. The concentration range was calculated based upon the

linear range of the ELISA assay as determined during antibody specificity testing.

ADDUCT DETERMINATION BY ELISA

Amounts of UV-induced 6,4-PPs and CPDs were determined using an enzyme
linked immunosorbent assay (ELISA), modified from CosmoBio’s protocol. I maintained
dark conditions of the samples for all DNA work, and all samples and standards were
maintained on ice until plating. I precoated high binding affinity flat bottom ELISA
plates with 0.003% protamine sulfate solution (SOUL per well dried completely at 37°C),
which were stored at room temperature until the start of the ELISA assay. Samples and
pre-aliquoted standards were thawed on ice and the samples were diluted with TE buffer
to 50ug per assay well. I prepared enough standards and samples (S0UL per assay well)
for plating in duplicate for each adduct to be tested, and boiled each for 15 minutes
immediately followed by rapid chilling with wet ice for 5 minutes to denature the DNA
and maintain the open conformation. Standards were loaded on the same plate as the test

duplicate samples for every experiment, and every experiment was repeated to limit
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variability. The loaded plates were once again dried completely at 37°C to adhere the
DNA.

Once dried, I washed the DNA 5 times with 3x sample volume of ELISA wash
buffer and blocked in 2x sample volume of 2%FBS for 30 minutes at 37°C with the
plates covered with microplate film. After another 5 washes, the plates were incubated at
2x sample volume of 1:5,000 dilution of primary monoclonal mouse antibody for either
6,4-PP or CPD (64M-2 or TDM-2, respectively) at 37°C covered in microplate film for
30 minutes. After another 5 washes, the plates were then incubated at 2x sample volume
of 1:10,000 dilution of rabbit anti-mouse secondary antibody at 37°C covered in
microplate film for another 30 minutes. After yet another 5 washes, the plates were
incubated with 3,3',5,5'-tetramethylbenzidine (TMB) at 37°C for 15 minutes and
development was rapidly stopped with the addition of 2 N hydrochloric acid (HCI). The
TMB and HCI were mixed by gently swirling the plate until all the blue was converted to
a uniform (per well) yellow. To quantitate the amount of adduct present in sample, the
plates were read at 420 nm on a SpectraMax plate reader with SoftMax software. I
plotted each standard curve and extrapolated the sample concentrations for each

corresponding plate.

PicoGREEN DNA DAMAGE ASSAY

The picogreen assay measures total DNA damage. As such, it is a florescence
assay which uses a picogreen florescent “dye” that preferentially interacts with double
stranded DNA. The positively charged nitrogen of the picogreen compound interacts with
DNA phosphate group (negative) of the DNA minor groove. The dye intercalates into the
DNA double strand uniformly. Using a method for alkaline denaturation of the DNA
helical strand followed by neutralization renaturation allows relative measurement of the

amount of DNA damage by florescence emission.
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Cells were exposed using the protocol listed above with the following changes: at
each time point an aliquot of cell culture was pipette into pre-chilled 15mL conical tubes
with additional media to dilute the cells to 3x10°cells/m, and the remaining cells were
returned to the incubator until the next time point. In a 96 well microtiter assay plate, 2x
sample volume TE buffer with 10% DMSO at pH7.4 was pre-plated into each well and
the chilled and diluted cells were added. To each well, 2x sample volume of lysis buffer
(9M urea, 0.1%SDS 0.2M EDTA at pH10.0) was added and mixed by careful pipetting.
The plate was covered and incubated in the dark for 40 minutes at 4°C, then 2x sample
volume denaturant solution (0.025M sodium hydroxide at pH 12.4) was added and mixed
by careful pipetting. The plate was covered and incubated in the dark for 20 minutes at
37°C. The plate was immediately read on a Tecan spectrophotometer at ~480nm
(excitation) (filter 485/20) and~ 520nm (emission) (filter 535/25).

Data was normalized to a blank for each plate and each well normalized to pg
protein as measured by Bradford assay. In brief, Bradford reagent was mixed 1:25 sample
to Ix Bradford reagent and the absorbance read at 595nm on the Tecan
spectrophotometer. Protein concentrations were extrapolated using a curve of absorbance
from the BSA standards on the same plate. DNA damage was calculated as treated

(sample) divided by untreated (control).

RNA ISOLATION

Approximately one hour prior to processing, snap frozen UV-treated cell pellets
were thawed on ice, and then the RNA was extracted using the RNA Direct-zol mini-prep
kit. In brief, I resuspended the cells by vortexing the pellets in TRI reagent for a final
concentration of no more than 1 x107 cells per mL. Cell debris were removed through
centrifugation at 12,000g for 1 minute and the supernatant transferred to clean tubes in

alliquotes of 350uL. Equal volumes of 100% ethanol were added to each sample and
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vortexed, and the RNA was loaded onto the Zymo-Spin IIC by centrifugation at 12,000g
for Imin. After discarding the eluent, the RNA was washed with the kit wash buffer by
recentrifugation, then the sample was treated for contaminating DNA with DNase-I
diluted in RNA wash buffer for 30 minutes at room temperature. The DNase solution was
cleared by centrifugation and all protein removed with a wash series from the kit (1 pre-
wash followed by 2 RNA wash sets) by centrifugation. The purified RNA was eluted
from the column in DNase/RNase —free water using centrifugation at 12,000g for 30
seconds. The RNA was aliquoted and stored at -80°C until real time analysis. No sample
was refrozen after freezing. Initial isolation samples were tested for concentration and
purity between samples and sample isolation batches by Agilent assay at the UTMB
Molecular Genomics Core. Subsequent tests used 260nm absorbance measurements for

concentration and 260/280/230 nm ratio measurements to determine purity as needed.

RNA REAL-TIME ANALYSIS

Immediately before testing, I thawed the isolated RNA and all assay components
on ice, and all reaction master mixes were made fresh immediately prior to use. I used a
2-step PCR process to quantitate the amount of XPC specific mRNA. To generate cDNA
template from the RNA, the PCR mix contained TagMan® high capacity RNA to cDNA
buffer, TagMan®™ high capacity reverse transcriptase enzyme, purified RNA template
samples (or water as a no template control), and water to a total reaction volume of 20uL
as per manufacturer’s instructions. Thermal cycling was carried out in our laboratory on a
MJ Research DNA Engine thermocycler equipped with a Chromo4 real-time PCR
detection system under recommended conditions (25°C, 5 min; 42°C, 30 min; and 85°C,
5 min). Once ¢cDNA was generated, it could be used immediately or frozen at -20°C

before the second strand reaction.
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I ran the second step of the 2-step real time analysis on the cDNAs generated by
the high-capacity kit using PCR-based assay kits using the TagMan®™ chemistry with
primers specific for XPC mRNA (FAM fluorophore and appropriate quencher) or -actin
control (VIC fluorophore and appropriate quencher). The PCR consisted of TaqMan®
universal master mix, template cDNA (or water as no template control), nuclease-free
water, and both sample and control TagMan” target-assay mixes in a total reaction
volume of 20 pl at concentrations recommended by Applied Biosystems. Thermal
cycling was carried out in our laboratory on a MJ Research DNA Engine thermocycler
equipped with a Chromo4 real-time PCR detection system under recommended
conditions (50°C, 2 min; 95°C, 10 min; and 40 cycles at 95°C for 15 sec and 60°C for 1
min). Cycle threshold (Ct) was set to the lowest linear range for all samples per plate for
both FAM and VIC together. I analyzed data using the comparative AACt method with [3-
actin as the endogenous control per well and the no treatment sample as the referent.
Each time point for each cell line was analyzed for fold-change (2*“") compare to the no

treatment control respective for the given experiment.

MFOLD RNA ANALYSIS

Folding bioinformatics was run using mFOLD (Zuker, 2003) online folding
prediction server. Each haplotype virtual pre-mRNA was created by hand using a
backbone sequence downloaded from NCBI Entrez database and the SNP positional
information from the dbSNP database. Each sequence was divided uniformly into five
sections for folding analysis due to the length limitations of the folding software. Current
limitations in software coding disallowed full pre-mRNA folding analysis by any online
server or desktop standalone application. For comparison, the lowest theoretical folding
energies for each of the individual sequences were compared as a measure of the folding

change.
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PROTEIN ISOLATION AND ANALYSIS

Frozen UV-treated cell pellets were slowly thawed on ice, and cells were
resuspended in fresh RIPA buffer plus protease inhibitors (1x protease inhibitor cocktail
plus ImM PMSF) with pipette mixing. I then sonicated each sample on ice for 1 minute
in short bursts, taking care to minimize foaming as much as possible. Samples were then
allowed to stand on ice 30 minutes to further reduce any foaming before centrifugation at
14,100g for 30 minutes at 4°C. Supernatant was stored at -20°C for further analysis. |
measured the concentration of total protein in these samples using the bicinchoninic acid
(BCA) assay. Briefly, samples are serially diluted with RIPA buffer plus protease
inhibitors and pipetted (25uL) in duplicate into clear 96 well assay plates alongside
bovine serum albumin (BSA) standards. A 10 point standard BSA curve ranging from
5ug to 2mg were pre-made by serial dilution and stored at -20°C (the 11™ point as Omg,
or 100% dilutent). An assay no protein blank of RIPA buffers plus protease inhibitors
was loaded onto each plate as well. BCA working reagent (200pL) was mixed into each
sample and incubated for 30 minutes at 37°C, and absorbance was read on a Tecan
GENios Pro plate reader. I determined the total protein concentration of the samples by
extrapolating from the linear regression analysis of the BSA standard curve in Excel and

subtracting the no protein blank.

XPC ANTIBODY PREPERATION

Due to inconsistency between preparations in commercial antibodies available for
XPC, I chose to develop an in-house antibody with the help of the UTMB Protein
Chemistry Core in the Biomolecular Resource Facility. In brief, a short —

(910)DEEKQKLKGGPKKTKREKKA(929) — 19 amino acid peptide in the C-terminal
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domain of XPC was synthesized and sent to a secondary facility where monoclonal
antibodies against the single epitope were raised in a research rabbit, and the XPC
antibody was affinity purified from the rabbit blood. The antibody was aliquoted and
stored at -20°C for short term use, while the remaining aliquots were stored long term at -
80°C. Western blot antibody concentrations were determined first by using standard dot
blot procedures then confirmed with test samples using the western blot protocol
described below. For the Dot Blot tests, the XPC antibody, and later protein samples, was
spotted as drops on PVDF membrane and developed with ECLplus reagent and
visualized using an Alpha Imager 2200. Both the primary and secondary antibody
concentrations and the total protein concentrations were determined using side-by-side

series dilution comparisons optimized for signal vs background intensities.

WESTERN BLOT PROTEIN ANALYSIS

I thawed the isolated protein, sample buffers, and molecular weight markers on
ice and warmed the SDS-PAGE precast gel to room temperature. Aliquotes of Sug of
total protein were diluted with fresh RIPA buffer plus protease inhibitors to 10uL total
volume, then the samples and markers (volumes as per manufacturer’s instructions) were
each mixed with equal volume of Lammelli loading dye and the samples only were
boiled for 10 minutes. Samples were then chilled for 10 minutes and both the samples
and the molecular weight markers were loaded into sample wells of the SDS-PAGE
precast gel in the BioRad mini-Protean Western blot system. I loaded the gel and ran it at
90V for approximately 110 minutes, or until the blue dye front reached the bottom of the
gel. The separated protein bands were then transferred to PVDF membranes using the
BioRad mini-Protean transfer apparatus at 100V for 1 hour at 4°C with constant stirring.
The transferred membrane was blocked with 5%BSA in TBS-T for 3 hours at room

temperature with constant rocking and the transfer was confirmed with Commassie Blue
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protein staining of the SDS-PAGE gel (destaining revealed no bands remained). Blots
were then incubated with 1:5,000 rabbit anti-XPC antibody and 1:10,000 mouse anti-3-
actin antibody in fresh blocking solution approximately 16 hours at 4°C with constant
rocking. The blots were then washed in tris buffered saline with tween (TBS-T) for 15
minutes and two 5 minute washes at 4°C with constant rocking. The blots were then
incubated with 1:7,500 anti-rabbit and anti-mouse HRP conjugated antibodies in TBS-T
for 1 hour at 4°C with constant rocking. The blots were then washed with TBS-T for 15
minutes, then for twice for 5 minutes each, then in TBS twice for 5 minutes each. Finally,
the blot was developed in the ECLplus (now known as ECL2) reagent system by
incubating the washed blot for 5 minutes at room temperature in ECL working reagent as
per manufacturer’s instructions. I then visualized the membrane on the Alpha imager
imaging system. XPC was visible at the expected 125kDa and the B-actin was visible at
the expected 42kDa. The band intensity of both were measured with the ImageQuant
software, and I analyzed the data as relative XPC concentrations using [3-actin as the
endogenous normalization control per lane and the no treatment sample as the referent.
Each time point for each cell line was analyzed for fold-change compare to the no

treatment control respective for the given experiment.

STATISTICAL ANALYSIS

In the prior study completed by other members of the laboratory (Hill et al.,
2005)., MS was evaluated using Cohen’s kappa statistical test A statistically significant
value of P < 0.001 was obtained for both baseline and mutagen-induced CA, indicating
that the agreement between the original and rescored data was not attributable to random
chance.

Genotypes generated for all XPC htSNPs were analyzed for deviations from

Hardy-Weinberg equilibrium (HWE) on a locus-by-locus basis using two methods
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implemented in Linkage Disequilibrium Analyzer: one a standard 2-sided Pearson chi-
squared test and the second a Monte Carlo permutation-based test. The chi-squared test is
rapid and computationally simple, while the Monte Carlo permutation-based exact test
estimates deviations from HWE. Any SNP failing these tests was excluded from any
further analysis.

Each sample used in this study was coded for the presence (+) or absence (-) of
each PGH. Using NCSS/PASS Dawson Edition software, I calculated the means and
standard error of the mean (SEMs) for continuous variables and frequencies for
categorical variables to characterize the study population. CA frequencies for each PGH
(present vs. absent) were compared using preliminary Student’s two-sample T-tests in
combination with a permutation test with 1000 replicates to calculate empirical P-values,
respectively for each PGH comparison, to account for multiple comparisons.
Permutations test corrections are robust and benefit from having a empirical P-value that
is constructed directly from experimental data (Cheverud, 2001). Comparisons were then
repeated with stratification by smoking status (non-smokers vs. smokers). Graphical data
is presented as means £ SEM. A general linear statistical model with final parameters
estimated from the comparison analysis was then fit to evaluate differences in CA
frequency involving interactions between each PGH, genetic damage, and smoking,
additionally adjusted for age and gender. Error-bar plots (depicting mean and 95%
confidence interval limits corrected for the numbers of comparisons) to graphically
visualize statistically significant interactions using SigmaPlot. P < 0.05 was defined as
statistically significant.

For adduct analysis, I used SPSS18 to test for outliers and normality. I analyzed
the amount of adduct for possible outliers within each time point for each cell line by
inner quartile analysis. The inner quartile range (IQR) was calculated as IQR=Q3-QlI,
with the first quartile (Q1) define as the 25" percentile and the third quartile (Q3) defined

as the 75" percentile. As such, outliers were determined for each time point for each cell
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line and were defined as any value that was outside the respective bounds [Q1-1.5 IQR,
Q3+1.5 IQR]. Any data point that was defined as an outlier by this test was omitted from
further analysis. Additionally, dataset normality was determined using the Shapiro Wilk
test, and any failures were analyzed using non-parametric tests.

I used the amount of dimers remaining after the given repair time as a direct
measure of the DRC, where comparisons between time points within a single cell line
show the relative repair of the cell line, while between cell lines within a single time
point show relative repair between haplotypes. I used linear regression within a cell line
to determine the rate of repair over time, and used the comparison of regression lines for
the impact of haplotype on rate. Again using SPSS18, I ran point-by-point comparisons
using the Independent Sample Kruskal-Wallis test, while comparisons between cell lines
or time points were determined using the Mann-Whitney U test. I ran the linear
regression in NCSS using full and reduced models of the median values while the log-
likelihood analysis was completed in S-PLUS. For all test, p values < 0.05 were
considered significant.

Similarly, I used the picogreen analysis to determine the total amount of DNA
damage remaining after the given repair time as a direct measure of the total DRC. The
relative repair of each cell line and between cell lines were calculated by the same
method as for the adduct analysis, and linear regression for the amount of repair of over
time. For all test, p values < 0.05 were considered significant.

I used real-time threshold comparative analysis to determine the changes in
transcription by measuring specific XPC mRNA against the control gene S-actin. The
fold-changes for each sample were calculated independently and I used SPSS18 to test
for outliers and normality. Specifically, I used the inner quartile analysis to test for
outliers and the Shapiro Wilk test to test for normality. Any data point that was defined as
an outlier was omitted from further analysis and any dataset failing the normality test was

subsequently analyzed using non-parametric tests. Comparisons between time points
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within a single cell line show the relative change in XPC expression over time, while
between cell lines within a single time point show the relative influence of haplotype on
XPC expression. Using SPSS18, I ran point-by-point comparisons using the Independent
Sample Kruskal-Wallis test, while comparisons between cell lines or time points were
determined using the Mann-Whitney U test. For all test, p values < 0.05 were considered
significant.

I used relative comparative analysis to determine the changes in translation by
measuring XPC intensity against the no treatment sample for each experiment. Each XPC
densitometry measurement was normalized independently to each sample’s respective 3-
actin intensity. I used SPSS18 again to test for outliers (using the inner quartile analysis)
and normality (with the Shapiro Wilk test). Any data point that was defined as an outlier
was omitted from further analysis. Graphical data is presented as means = SEM.
Comparisons between time points within a single cell line show the relative change in
XPC translation over time, while between cell lines within a single time point show the
relative influence of haplotype on XPC protein pools. Using SPSS18, I ran point-by-point
comparisons using the T-test, while comparisons between cell lines or time points were
determined using the ANOVA test. For all test, p values < 0.05 were considered

significant.

66



Chapter 3: RESULTS

OVERVIEW

The overarching goal of the study was to determine the biological significance of
XPC haplotypes on the repair of DNA damage. I evaluated the effect of XPC haplotypes
on DNA repair capacity (DRC) and levels of genetic damage, and the underlying
mechanisms involved. To achieve this goal, the naturally occurring haplotypes were first
established, their biological effect evaluated using a biomarker of cancer susceptibility on
a population level, and the impact of the haplotypes on DRC determined as a loss of
DNA damage over time after exposure. These haplotypes were analyzed for functional
changes by the differences between haplotypes in the amount of mRNA and protein over

time after exposure.

AIM 1: HAPLOTYPE DETERMINATION AND ASSOCIATIONS

The International HapMap Project is an open database available for download
(www.hapmap.org) that contains bulk sequencing variation data for SNPs carried by the
participating individuals, subdivided by population. The project officially began in 2002
and has since offered three unique builds that has integrated data sets from 2005, 2007,
and 2009; the current data release for HapMap3 (phases I+II+III merged) is #28. The
choice of using a reference population to run the haplotyping analysis stemmed from
logistical concerns, as the type of next-generation/deep sequencing that would be
required for this type of study was (and largely remains) cost prohibitive. Additionally,
the HapMap data is subdivided into distinct ethnic populations. This is necessary as SNP
frequencies can vary greatly between ethnicities (Fu et al., 2011). In an attempt to avoid
confounding the results by admixtures, I focused on the HapMap population that most

closely resembled the population of individuals previously tested in our laboratory, who
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self-identified primarily as White non-Hispanic (Hill et al., 2005). Therefore, the CEU
(Centre d'Etude du Polymorphisme Humain (CEPH) collection of Utah residents with
ancestry from northern and western Europe) population, was used as the reference
population as it represents a White non-Hispanic population. The CEU data was obtained
from HapMap2 Data Release #22 (April 2007 release of phase II data) which includes
NCBI B36 assembly of dbSNP b126. I focused on the data from chromosome 3 at base
14159650 to 14197142 on the minus strand. Of the 90+ SNPs documented in this region,
there were 35 common SNPs in the CEU population, defined as minor allele frequency
(MAF) of >0.05 (Table 3).

Tagger software (broadinstitute.org/mpg/tagger) was used to analyze the extent of
linkage disequilibrium (LD) between the 35 SNPs for haplotype tagging SNP (htSNP)
determination (de Bakker et al., 2005). The aggressive multi-marker approach (up to 6
markers) was coupled with conservative thresholds (r* threshold mean value of 0.971 and
LOD of 2) (de Bakker et al., 2005; Goode et al., 2007; Nam et al., 2007), resulting in 11
htSNP (designated as 1-11 in the htSNP column of Table 3, and by RS# in Table 17-A
and B of supplementary data). The htSNPs that were chosen to represent each set of
SNPs in the LD group (1-11) are bold in Table 3. These bolded SNPs were used to design

the genotyping reactions.

Table 3: HapMap breakdown of XPC SNPs

RS# alleles ancestral htsNP site
8516 CIT T 9 3'UTR
10468 CIT T 9 3'UTR
1126547 | CIG G 1 3'UTR
2470352 | -IAIT* A 2 3'UTR
2229090 | C/G C 9 3'UTR
2228001 | A/C C 3 K939Q
2733532 CIT T 3 intron 15
2733533 A/IC C 11 intron 15
2733534 | CIG G 11 intron 15

68



2279017 GIT G 3 intron 12
2470353 | A/CIG** G 11 intron 12
2607734 A/G G 3 intron 11
2607736 AIG G 3 intron 11
2607737 (o7h) T 11 intron 11
3731149 AlC A 8 intron 10
3731146 GIT T 8 intron 10
9653966 GIT T 4 intron 10
1124303 GIT T 5 intron 10
3731143 CIT T 6 intron 10
2228000 CIT C 9 V499R
2227999 AIG A 6 H492R
3731127 CIT C 7 intron 8
3731125 AIG A 4 intron 7
3731124 AlC A 8 intron 7
13099160 AIG A 7 intron 7
1106087 GIT G 9 intron 5
3731108 CIT C 8 intron 5
3731106 A/G A 8 intron 5
3729587 C/IG G 8 intron 5
3731093 (o7a) T 4 intron 3
2733537 AIG A 10 intron 3
3731081 GIT G 8 intron 3
3731068 AlC C 8 intron 2
1350344 AIG G 11 intron 1
2607775 C/IG C 11 5'UTR

Table 3: HapMap breakdown of XPC SNPs. “RS#” is the designated Reference SNP
number as assigned by dbSNP NCI database, “alleles” are the respective Ancestral and
Variant bases at the SNP, “ancestral” is the designated ancestral form of the SNP as
assigned by the dbSNP NCI database, “htSNP” is the respective haplotype tagging SNP
as determined from linkage analysis, and “site” is the relative genetic region of the gene.
The bolded SNPs were the alleles chosen for Applied Biosystem assay development for
htSNP genotyping. (*Null allele of rs2470352 is not expected to exist in the sampled
population. It has not been reported for CEU population.)(**The A allele of 2470353 is
not expected to exist in the sampled population. It has not been reported for the CEU
population.)

Similarly, the CEU data also analyzed by PHASE analysis using the inference
calculations corrected for trio data, as the CEU population contains designated mother,

father, and child genotype data. The real power of haplotype analysis is that it can extract
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the

real haplotypes that are present (or estimated to be present) in a population of similar

ethnicity (Browning and Browning, 2011; Srkar-Roy et al., 2011; Stephens and Donnelly,

2003). Using the 35 SNPs, theoretically 233 (34,359,738,368) combinations could be

visualized. Using the CEU population data for PHASE inference analysis resulted in only

21 unique real haplotypes. These are listed in Table 4. The 21 haplotypes are shown as

rows, with columns as the allele (ancestral as black or variant as red) for each of the 35

positions.

Table 4: CEU inferred haplotypes for the XPC gene as determined by PHASE analysis

hap

1234567 8 91011121314151617181920212223242526272829303132333435

1

OO Ul WD

9
10
11
12
13
14
15
16
17
18
19
20
21

TTCACACCGGGGGCATGTTCGCGAAGCACCGGCGC
TTCACACCGGGGGCATGTTCGTGAGGCACCGGCGC
TTCACACACGCGGTCGTTTCGCACAGTGGTATCAG
TTCACACACGCGGTCGTTTCGCACAGTGGTATAAG
TTCACACACGCGGTCGTTTTGCACAGTGGTATAAG
TTCACACACGCGGTCGTGTCGCACAGTGGTATAAG
TTCACCCACGCGGTCGTTTCGCACAGTGGTATCAG
TTCACCTCGTGAGCATTTTCGCAAAGCACTAGCGC
TTCACCTCGTGAACATTTTCGCAAAGCACTAGCGC
TTCAGACCGGGGGCATTTTTGCAAATCACTGGCGC
TTCTCACCGGGGGCATGTTCGTGAGGCACCGGCGC
TTCTCACACGCGGTCGTGTCGCACAGTGGTATAAG
TTGACCCCGTGAACATTTTCGCAAAGCACTAGCGC
TTGACCTCGTGAACATTTTCGCAAAGCACTAGCGC
TCCACACACGCGGTAGTTTCGCAAAGCGGTAGCAG
CCCACACACGCGGTATTTCTACAAATCACTGGCAG
CCCAGACACGCGGTATTTTTGCAAATCACTGGCAG
CCCAGACACGCGGTATTTCTACAAATCACTGGCAG
CCCTGACCGGGGGCATTTTTGCAAATCACTGGCGC
CCCTGACACGCGGTATTTTTGCAAATCACTGGCAG
CCCTGACACGCGGTATTTCTACAAATCACTGGCAG

Table 4: CEU inferred haplotypes for the XPC gene as determined by PHASE
analysis. Haplotypes were coded into numbers 1-21 and are listed in rows. The columns

are
alle

the individual 35 SNPs, with ancestral alleles presented as black text and variant
les presented as red.
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However, humans are diplotype, and the theoretical number of diplotypes possible
given the 21 haployptes is 2*' (2,097,152). Again, the potential number of combinations
is problematic due to the large number. However, as SNPs are in LD with each other due
to recombination events, the haplotypes themselves share similarities. As such, these
haplotypes can be analyzed for their evolutionary relatedness and theoretically could be
grouped together using a phylogenetic approach. Mega works by grouping haplotypes
based on the likelihood estimates of genetic distance. In other words, the program groups
haplotypes together based on how many and what kinds of changes are required to
change from one haplotype to another. Using Mega 4 phylogenetic analysis, I was able to
calculate theoretical genetic distances between the haplotypes and group them as per
Figure 5. This distance is indicative of the number and complexity of the change. For
example, haplotype 1 has “fewer” changes than 8 to become haplotype 19, although both
less than what would be required for haplotype 14. As such, there is the least genetic
distance between 1 and 19, more between 9 and 19, and even more than 14 and 19.

This analysis revealed 6 distinct clades A through F (Phylogenetically Grouped
Haplotype: PGH). The percent genetic divergence within PGH clades (Table 5A) and
between PGH clades (Table 5B) are presented below. The percent genetic divergence
within groups was 8.6% or less (Table 5A), while between the PGHs ranged from 18.6%
to 57.3% (Table 5B and Table 21 of supplemental data). Objectively, there is no defining
limits for clade definition, yet the grouping of haplotypes, based on genealogical or
phenotypic relationships, previously has been used successfully by others (Maekawa et
al., 2006; Rieder et al., 2005; Veenstra et al., 2005). The natural groups as depicted in the
tree of Figure 5 were additionally supported by bootstrapping analysis (>90%). Much like
haplotyping, grouping shared strong genealogically similar haplotypes substantially
increases the statistical power of analyses by reducing the number of comparisons, in this
instance dropping the theoretical number of haplotype diplotype combinations down to 2°

(64), thereby increasing the likelihood of finding these groups in a smaller population.
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Table 6 shows the haplotypes in detail arranged by group. The red and black clusters

show the extent of sequence similarity between the groups.

Figure 5: Phylogenetic analysis of the 21 haplotypes

6
12
4
A
5
.
3 —
15 B
17 7
20
16 C
18
21
10
4— 0
19
2
11 |
1
8
9
F
13
14
—T
01

Figure 5: Phylogenetic analysis of the 21 haplotypes. The haplotypes listed by number
correspond to the designations listed in Table 4. The length of the line represents the
genetic distance between haplotypes
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Table 5: The percent genetic divergence between the 6 clades

A

Grp | distance

5.9
n/c
6.3
8.6
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18.6
44.1
55.7
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54.8

18.6 44.1
26.9

26.9

414 254
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429 52.6

55.7
41.4
25.4

25.2
30

57.3
44.8
48
25.2

30.5

54.8
42.9
52.6

30

30.5

Table 5: The percent genetic divergence between the 6 clades. A: The percent genetic
divergence within each PGH from figure 5 as computed by Mega analysis. B: The
percent genetic divergence between each PGH from figure 5 as computed by Mega

analysis.

Table 6: CEU inferred haplotypes for the XPC gene as determined by PHASE analysis
and clustered by haplotype
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Table 6: CEU inferred haplotypes for the XPC gene as determined by PHASE
analysis and clustered by haplotype. Haplotypes were coded into numbers 1-21 and are
listed in rows. The columns are the individual 35 SNPs, with ancestral alleles presented
as black text and variant alleles presented as red. “Site” is the gene region where the
SNPs are located, and “freq” is the percent frequency the haplotype occurs in the CEU
reference population after PHASE assignment.

The genotyping data broken down by study participant is listed in Table 18 of the
supplemental data. Each of the genotyped alleles were analyzed independently for Hardy-
Weinberg Equilibrium (HWE). Any SNP failing HWE testing was considered unstable
and was dropped from analysis. RS#2470352 failed HWE using both the 2-sided Pearson
chi-squared test and the Monty-Carlo permutation test. This htSNP was not found in LD
with any other SNP (see table 17 B of supplementary data), and was dropped without
effect on haplotype assignment.

The individuals in the population evaluated were coded for unambiguous
haplotype assignment and subsequently re-coded for clade assignment. (The individual
breakdown for haplotype and clade assignment is listed in Table 19 of the supplementary
data.) Any individuals lacking defined genotype data for more than one SNP, as well as
any individuals lacking identification of a single SNP that prevented the accurate
assignment of full haplotypes were excluded from any further analysis. Table 7 shows the
haplotype frequencies sex, and smoking status of the 99 studies individuals. The
haplotype frequency is given as a percentage of total chromosomes. For each study
subject, baseline as well as mutagen induced chromosomal aberration (CA) frequency

was determined.
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Table 7: Demographic breakdown of the UTMB experimental population

Characteristic N(%)
Total N 99 (100)
Sex

Male 21 (21.2)

Female 78 (78.8)

Smoking
Status

Non Smoker 49 (49.5)

Smoker 50 (50.5)

Haplotype
Frequency (%)

26
3
20
4
7
40
Mean
(SEM)
Age 39 (1.30)
Cigarettes/day | 17.6 (1.47)
Years smoked | 19.9 (1.81)

TMTmMmOO W >

Pack-years 18.2 (2.67)
CA (baseline) 0.79 (0.10)
CA (MS) 5.24 (0.29)

Table 7: Demographic breakdown of the UTMB experimental population.
Breakdown by sex, age, smoking use, haplotype, and cytogenetics. The haplotypes are
presented as a percentage of the total number of chromosomes (2 for each individual
therefore percentage is out of 198 chromosomes). Cytogenetic data is presented as the
mean for the total population (all 99 individuals) with chromosomal aberrations (CA) at
baseline and after mutagen sensitivity (MS) analysis.

I performed correlation analysis on the CA data using a dominant “haplotype
group copy”’(HGC) model whereby either one or two HGCs were counted as one
(presence; +) and zero HGCs were counted as none (absence; -). CA data was broken
down into baseline (no 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK)

treatment) or mutagen induced (72hours after NNK treatment). After adjusting for age
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and sex, a general linear model for the effect of either smoking or PGHs alone did not
show any correlation on CA frequencies. However, there was a statistically significant
interaction between haplotype and smoking for group C (p=0.046), with smokers
carrying PGH-C have increased CA frequencies at baseline. The lowest baseline level of
CAs were seen in non-smokers lacking PGH-C (mean = SEM = 0.53 + 0.192), which was
significantly lower than smokers carrying PGH-C (mean = SEM = 1.21 + 0.29).
Comparison of smoking status in the group C positive individuals showed a 3.5 times
higher CA frequency in smokers compared to non-smokers. The breakdown of CA data is
listed in table 20 of the supplementary data, as well as graphically represented in Figure
17 panel A (baseline) and panel B (mutagen induced) also in the supplementary data. For
clarity, I am presenting only the data that showed statistical significance. Figure 6 shows
the CA data at baseline for individuals with or without PGH-C. Individuals who self-
report smoking cigarettes (designated as “smokers”) are in red, while non-smokers are in

blue.

Baseline levels of CA are indicative of the long term DNA damage, but do not
reflect the short-term response to an acute exposure. For acute response, the mutagen
sensitivity assay was used. In this assay, isolated cells were exposed to NNK for 1 hour
and then allowed to repair for 72 after removal of the mutagen. Figure 7 shows the CA
data after mutagen treatment for individuals with or without PGH-D (panel A) and PGH-
F (panel B). Individuals who self-report smoking cigarettes (designated as “smokers”) are
in red, while non-smokers are in blue. There was a statistically significant interaction (P
values of > 0.05) between haplotype and smoking for both groups D (p=0.023) and F
(p=0.031), with smokers who had either group carrying a higher CA load after exposure.
Comparison of smoking status in PGH-D individuals showed that non-smokers had
significantly lower CA frequencies after MS exposure (mean + SEM = 3.75 + 0.85) than

smokers (mean + SEM = 8.75 + 2.43). PGH-D non-smokers had 2.3 times lower CA
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Figure 6: CA frequency divided by clade and smoking status at baseline
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Figure 6: CA frequency divided by clade and smoking status at baseline. Smokers
are in red, non-smokers in blue. Phylogenetically grouped haplotype (PGH)-C showed a
statistically significant interaction between haplotype and smoking, with smokers who
have PGH-C carrying a higher CA load at baseline. Smokers with C N=20, without C
N=69; Non-Smokers with C N= 16, without C N=68. Statistical significance was defined
as P values of <0.05 (*).

frequencies than smokers in the MS experiment. A similar comparison for group F
individuals showed that smokers had a 1.3 times higher frequency of mutagen-induced
CAs (mean = SEM = 6.03 £ 0.51) compared to non-smokers (mean £ SEM = 4.63 +

0.47).

To summarize, the data from Aim 1 revealed the presence of 21 haplotypes that
covered 35 the common SNPs (MAF>0.05) spanning the XPC genomic region.
Furthermore, these haplotypes were clustered together by their relatedness (as defined by

percent sequence divergence) into 6 distinct clades (PGHs A-F). Using CAs as a
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Figure 7: CA frequency divided by clade and smoking status after mutagen exposure
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Figure 7: CA frequency divided by clade and smoking status after mutagen
exposure. Smokers are in red, non-smokers in blue. A: PGH-D showed a statistically
significant interaction between haplotype and smoking, with smokers who have PGH-D
carrying a higher CA load after mutagen exposure. Smokers with D N=3, without D
N=86; Non-Smokers with D N= 4, without C N=80. B: PGH-F showed a statistically
significant interaction between haplotype and smoking, with smokers who have PGH-F
carrying a higher CA load at baseline. Smokers with F N=39, without F N=50; Non-
Smokers with F N= 26, without F N=58. Statistical significance was defined as P values
of <0.05 (*).
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biomarker, the data indicate a significant interaction between PGH-C and cigarette
smoking, while a significant interaction between PGHs D and F and cigarette smoking
was observed after mutagen exposure. The results suggest smokers (and possibly other
individuals undergoing chronic DNA insult) with PGH-C may have a higher risk of
developing genomic instability. Similarly, the results suggest that individuals with PGHs
D or F may also be predisposed to developing cancer in response to an acute genotoxic
dose, as reduced DRC predisposes cells to genomic instability. Together, the results
indicate a clear gene-environment interaction that can have implications in disease

predisposition and clinical health concerns.

AIM 2: DRC ANALYSIS

To determine the underlying mechanisms that drive this differential correlation
between mutagen-induced CAs and PGHs, I measured the DRC. A concern for using
cigarette smoking as a model of genotoxicity is the complexity of the mixture. Cigarette
smoke contains more than 5000 compounds, over 60 of which are classified as
carcinogenic (Klassen, 2001; Peterson, 2010). These mutagenic agents are aerosolized
and inhaled as a complex mixture, which has the potential to activate a number of DNA
repair pathways, among many others (Klassen, 2001). A good example of this is the
aforementioned NNK. While there are NNK derived DNA-adducts that are repaired by
NER (Brown et al., 2008; Peterson, 2010), the repair of NNK derived damage is not NER
specific, and repair is complicated by overlap of alternate forms of damage and,
therefore, repair processes such as BER or specific glycosylases (Affatato et al., 2004;
Brown and Massey, 2009; Lacoste et al., 2007). Additionally, there are various
biotransformation enzymes that act on NNK to produce additional metabolites or reduce

the active intermediates (Smith et al., 1999). To avoid confounding reactions of these
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other pathways, I focused on the NER pathway by using a mutagen that is repaired
predominantly by NER. Ultraviolet radiation, specifically in the region of 290-320nm
(UV-B), produces adducts that are preferentially repaired by NER (Trego and Turchi,
2006). Additionally, UV-B has the added benefit of lacking any biotransformation
requirements to either produce the damage, damaging agent, or removal of the agent.
This represents the cleanest system possible to study NER activity.

Furthermore, the large number of cells required for mechanistic studies made it
impractical to use primary lymphocytes collected from human subjects. To overcome this
limitation, I used lymphoblast cells derived from members of the CEU populations
(previously used as the reference population in Aim 1) that were transformed with
Epstein bar and cultivated by the Coriell Insititue Biorepositiory. The cell lines were
chosen to represent the homozygous forms of each PGH, to avoid confounding influences
of clade mixtures. This limited the analysis to 4 cell lines, designated AA, DD, EE, and
FF, as there were no homozygous forms for clades B or C present in the CEU population
due to the rarity of these haplotype groups. Table 8 panel A shows the percent genetic
divergence (%D) between the haplotypes within a designated PGH, while panel B shows
all the percent genetic divergences between all of the haplotypes in these cell lines. The
percent genetic divergence between PGHs ranged from 25.7% (DD haplotype 19 and EE
haplotype 1) up to 62.9% (AA haplotype 12 and EE haplotype 2). For comparison, the
full list of percent genetic divergences is given in Table 21 in the supplemental data

section.

Exposure conditions were determined using a dose response study whereby cells
for PGH AA and XP were exposed to UV-B for a total dose of 10-50mJ/cm?, and cut offs
of 90% viability (dashed black line) versus no treatment at 48 hours and 85% viability
(solid black line) versus no treatment at 72 hours was used to determine the optimal

damage causing dose that did not induce cell death. Figure 8 shows the relative viability
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Table 8: Percent genetic divergence between haplotypes comprising each PGH

A B

GM | Hapl PGH1 Hap2 PGH2 |%D | | %D | 7 1219 1 2 8

AA 7 A 12 A | 114 7 114 60.0 514 57.1 457

DD | 19 D 19 D na 12 114 60.0 57.1 629 57.1

EE 1 E 2 E 57 19 60 60 257 314 314

FF 8 F 8 F na 1 514 571 25.7 57 229
2 | 571 629 314 5.7 28.6
8 |45.7 57.1 314 229 28.9

Table 8: Percent genetic divergence between haplotypes comprising each PGH
represented by the tested cell lines. Numbers correspond to the haplotypes as listed in
table 6 figure 5. A: The percent genetic divergence between the haplotypes within a
given PGH listed by haplotype and clade for each cell line tested. B: The percent genetic
divergence between all haplotypes for each cell line tested.

over 24, 48, and 72 hours after exposure for both cell lines. The green bars represent the
PGH AA cell line. As a control, the cut off for the XP cell line (represented as the purple
bars) viability was 75% compared to no treatment control at 48 hours (dashed blue line)
and 70% compared to no treatment control at 72 hours (solid blue line). Using these
criteria, the optimal dose was estimated to be 35mJ/cm” total exposure (red line). An
additional cell line was obtained from Coriell (GM02246) that was derived from a
clinically diagnosed xeroderma pigmentosum group C patient. The patient has been
characterized as having a cDNA dinucleotide frameshift deletion in the XPC gene,
creating a premature stop codon, though the deletion has not been determined as
homozygous or hemizygous, which has been published as having repressed (but not
completely eradicated) repair as determined by UV-induced unscheduled synthesis (Khan
et al., 2006). Repair in these cells is expected to be weak and likely to be from
overlapping functions of other pathways, the XP cells were only used as a negative
control in the dose response viability studies to determine the optimal UV-B exposure

and not analyzed further.
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Figure 8: Cell Viability after UV-B treatment
Cell Viability after UV-B treatment
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Figure 8: Cell Viability after UV-B treatment. A dose response study for lines AA
(green) and XP (purple) at 24 hours (outline), 48 hours (hashed), and 72 hours (solid)
after UV-B treatment. Cut off viability criteria was set to AA at 48h of 90% (dashed
black), AA at 72h of 85% (solid black), XP at 48h of 75% (dashed blue) and XP at 72 h
of 70% (solid blue). The final exposure concentration was chosen to be 35mJ/cm? (red
line).

The dose was confirmed for each of the 4 haplotype cell lines by measuring
doubling time as seen in Figure 9 (corresponding data table is found in the supplemental
data section, Table 22). The solid color bars represent the exposed cells, while the hashed
bars represent the untreated cells. The solid line at 100 represents the initial baseline
amount of cells at seeding (cell split at 16 hours prior to exposure). The dashed line is the
doubling level. Untreated (hashed bars) cell lines were expected to have doubled by the

48h time point, while some of the treated (solid bars) showed delayed growth (AA and
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EE) and did not pass the doubling line until the 72h time point. This delay was not
unexpected, and may be explained given XPC’s role in cell cycle control (Melis et al.,
2011; Ray et al., 2013). Concurrently, the viability of these exposed cells were confirmed
to lose <30% viability as compared to unexposed cells of the same cell line (NT — no

treatment). (See Figure 18 and Table 23 of the supplemental data section.)

Figure 9: Cell growth after UV-B treatment
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Figure 9: Cell growth after UV-B treatment. Test of exposure concentration
(35m/cm?) was tested for all 4 PGHs at 24h, 48h, and 72h post UV-B exposure. PGH AA
in bright green, DD in light blue, DD in dark green, and FF in dark blue. The hashed bars
are untreated cells for the respective cell line, for comparison. The solid line at 100
represents the initial baseline amount of cells at seeding (cell split at 16 hours prior to
exposure). The dashed line is the doubling level. Untreated (hashed bars) cell lines were
expected to have doubled by the 48h time point, while treated (solid bars) showed
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delayed growth in some lines (AA and EE) and did not pass the doubling line until the
72h time point.

The amount of the two major UV-B DNA damage adducts — cyclopyrimidine
dimers (CPDs) and 6-4 Photoproducts (6,4-PPs) — were determined by ELISA analysis
using antibodies specific for each of the respective adduct dimers. Standard curves were
generated from the sequence 5’-CGTATTATGC-3’ and used for antibody specificity
testing. Figure 10 shows the specificity of the antibody against the expected oligo (CPDs
for panel A and 6,4-PPs for panel B), the alternative oligo (6,4-PPs for panel A and CPDs
for panel B), and the parent oligo (no adduct). The values for the standards were chosen
to be in the linear range and to have little to no cross reactivity. Due to the variability of
the biological samples, the data was analyzed using non-parametric methods. (The
Shapiro-Wilk normality test values are listed in Table 24 of the supplemental data
section.) As the medians are a better representation of the central tendency for non-
normal data, Table 9 shows the median values per time point after UV-B exposure for
each of the respective haplotype groups, with the error as the approximate 95% CI using
the formulas stated in the statistics section of the methods chapter. Panel A of Figure 10
shows the amount of CPD adduct as pmol dimer per 50ug DNA above the baseline (no
UV-B treatment) while panel B shows the 6,4-PP adduct as pmol dimer per 50ug DNA
above the baseline.

The haplotypes were tested for significant differences between each time point
both within the haplotypes (supplemental tables 25, panels A-H, significant p-values
(p<0.05) in italics) and between the haplotypes (supplemental tables 26, panels A and B,
significant p-values (p<0.05) in italics) using the Mann-Whitney test (non-parametric T-
test). For clarity, I am presenting the data as median only graphs. Figure 11 panel A
shows the amount of remaining CPD adduct in pmol/50ug DNA above baseline no

treatment for each haplotype as a function of time in minutes after UV-B exposure, while
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panel B shows the amount of remaining 6,4-PP adduct in pmol/50ug DNA above
baseline no treatment for each haplotype as a function of time after UV-B exposure. The
vertical line emphasizes the 15 minute time point that was used as the starting point for

the linear regression analysis.

Figure 10: Test of antibody specificity
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CPD adduct remaining (pmol/50ugDNA) above baseline (no treatment)

Time Point min AA DD EE

Test of antibody specificity. A: Test of CPD specific antibody against
UV-B exposure

isolated CPD adduct oligo in green, against 6,4-PP adduct specific oligo in purple, and

.
.

against parent/no adduct oligo in blue. B: Test of 6-4PP specific antibody against isolated
CPD adduct oligo in green, against 6,4-PP adduct specific oligo in purple, and against
parent/no adduct oligo in blue. Drop lines indicate the values chosen for the standards

with criteria determined to be in the linear range and have little to no cross reactivity.
Table 9: Measure of central tendency for CPDs and 6-4PPs at intervals of repair after

Figure 10
A

Oomin 0 | 1.581(0.246-5.896) 9.446 (3.732-14.302 -3.4035 (-7.535-10.6)
Imin 1 | 3.398(-0.625-12.543) |  6.999 (2.427-9.986) 0.5675 (-1.135-7.259)
5min 5 | -0.568(-2.894-6.222) | 5.221(-2.557-10.193) | -0.3995 (-0.719-6.803)
15min 15 | 0.9795 (-4.808-2.92) | 7.4575(-6.396-10.149) | 0.298 (0.021-9.642)
30min 30 | 4.975(2.381-7.963) 9.958 (5.103-13.279) | 0.7685 (0.399-10.916)
lhr 60 | 4.206 (2.117-6.599) | 15.414 (5.202-22.865) | 2.0745 (-0.295-4.11)
3hr 180 | 1.884 (-2.426-7.349) | 7.8615 (-13.065-12.18) |-0.6895 (-1.039-10.957)
6hr  360| 3.391(-7.481-7.558) | 4.7935 (-16.149-12.348) | 1.124 (0.593-6.18)
12hr 720 | 2.957 (-5.314-8.229) | 7.942 (1.272-11.524) 1.459 (0.186-3.908)
24hr  1440| 3.2235 (-1.811-14.898) | 5.2368 (-10.337-9.125) 1.367 (-0.09-4.93)
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FF

AAEE

DDFF

9.7985 (-2.167-
116.199)

3.103 (-20.641-21.205)

14.232 (3.048-93.503)

15.2045 (-1.508-
169.929)

16.734 (6.164-127.291)
39.202 (7-124.284)
13.351 (-1.21-195.291)

11.2675 (-7.575-18.303

22.1945 (1.806-

166.496)
48.6065 (2.282-

137.844)

1.131 (-3.729-5.896)
0.78 (-0.625-7.259)
-0.3995 (-0.854-6.115)
0.3445 (0.024-2.648)
2.959 (0.518-7.963)
3.4335 (1.799-4.67)
1.2185 (-0.821-3.788)
1.4235 (0.593-5.242)
1.5185 (0.077-5.407)
2.3235 (-0.082-4.93)

9.455 (2.632-17434)
6.786 (-0.323-9.986)
9.4795 (1.059-12.938)
8.394 (-1.231-16.153)
11.955 (7.334-16.042)
15.414 (8.299-23.544)
11.278 (-1.21-13.748)
5.757 (-7.575-12.348)
9.8075 (1.806-25.863)
7.866 (-0.469-21.991)
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6,4-PP adduct remaining (pmol/50ugDNA) above baseline (no treatment)

Time Point min

AA

DD

EE

Fr

Omin 0
1min 1
5min 5
15min 15
30min 30
1hr 60
3hr 180
6hr 360
12hr 720
24hr 1440

-1.7565 (-10.244-0.905)
4.68 (-15.988-28.607)
-4.438 (-49.326-7.842)
-4.162 (-27.976-6.754)
5.959 (-10.433-17.48)
-2.383 (2.718-14.245)
-5.78 (-41.607--1.312)
-9.302 (-16.418-6.668)
-2.867 (-14324-16.89)
-2.363 (-20.211-3.221)

30.9825 (11.096-69.791)
22.949 (-0.781-60.414)
8.605 (0.768-28.068)
11.955 (-2.184-23.63)
18.2995 (8.218-45.397)
-0.6505 (-18.882-86.404)
-10.1025 (-20.918--2.866)
-8.649 (-19.615--3.18)
-7.037 (-17.84-5.483)
-10.3705 (-19.359--6.655)

8.5355 (-8.35-18.4)
4.371 (-16.835-22.155)
3.156 (1.3-20.672)
7.0265 (-19.728-16.129)
5.063 (-2.22-21.797)
-6.467 (-23.743-0.807)
-5.814 (-23.743-9.59)
-4.2685 (-26.73-0.6)
-7.0035 (-24.656--0.311)
-8.747 (-19.428--1.185)

6.781 (-18.208-30.655)
1.361 (-6.43-14.36)
5.282 (0.839-8.936)

5.3565 (3.916-21.683)

11.6915 (-2.434-
23.967)

5.2255 (-1.377-19.013)
6.744 (-15.629-12.777)
1.417 (-4.245-10.318)
1.3855 (-6.401-19.182)
-0.724 (-2.949-8.662)
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Table 9: Measure of central tendency for CPDs and 6-4PPs at intervals of repair
after UV-B exposure. A: Median (~95%CI) CPD in pmol/50pg DNA above baseline. B:
Median (~95%CI) 6,4-PP in pmol/50ug DNA above baseline.

The DNA repair capacity (DRC) was determined for each haplotype by the loss of
adducts over time using liner regression analysis starting from 15 minutes. The slope of
the line was taken as a measure of the DRC. The relationship between PGHs and DRC by
adduct is presented in Table 10 panel A. The haplotypes were tested for significance of
adduct remaining over time within each line by the Kruskal-Wallis test (non-parametric
ANOVA). Similarly, Table 10 panel B presents the p-values by haplotype across times,
with significance at p<0.05. All haplotypes showed statistical significance in the level of
DNA damage over time for CPD adducts, while only DD and EE showed statistically
significant differences in the level of DNA damage over time for the 6,4-PP adducts

(significant p-values (p<0.05) in italics).
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Figure 11: Amount of adduct remaining over time after UV-B exposure
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Figure 11: Amount of adduct remaining over time after UV-B exposure. The dark
blue line represents remaining adduct in line AA, the purple line the amount of adduct
remaining in DD, the light blue line the amount of adduct remaining in EE, and the grey
line the amount of adduct remaining in FF. Time after exposure is presented in minutes.
A: The amount of CPD remaining in pmol/50pg DNA after normalization to no UV
baseline. B: The amount of 6,4-PP remaining in pmol/50pug DNA after normalization to
no UV baseline.

Table 10: Measure of significance for CPDs and 6-4PPs over the time course of repair
after UV-B exposure

A B
PGH\Adduct CPD  6,4-PP PGH\Adduct CPD  6,4-PP
AA -0.0019 -0.0099 AA 0.025 0.170
DD 0.0014 -0.0145 DD 0.002  0.000
EE -0.0038 -0.0135 EE 0.031  0.006
FF 0.0296 -0.0052 FF 0.038  0.346

Table 10: Measure of significance for CPDs and 6-4PPs over the time course of
repair after UV-B exposure. A: Linear regression slopes for each haplotype by adduct.
B: Kruskal-Wallis p-values, with significance at p<0.05, of each haplotype over time for
each adduct. All haplotypes showed statistical significance for CPDs, while only DD and
EE showed statistically significant differences over time for the 6,4-PPs (significant p-
values in italics).

Taken together, the data shows that the relative rate of repair for CPDs, in
descending order, are
PGHE >PGHA>PGHD>PGHF.
Similarly, the relative rate of repair for 6,4-PPs are (also in descending order)
PGHD>PGHE >PGH A >PGHF.
Comparison of the calculated DRC rates by the likelihood ratio test resulted in a p-values
of 3.2x10” for CPDs and <1x107 for 6,4-PPs. This indicates that the trend across time
points is significantly different between the haplotype clades (PGHs). It is interesting to
note that the orders listed above are different depending on the specific adduct being

repaired, indicating a haplotype preference for the adducts being repaired.

93



Consistent with the mutagen sensitivity experiments of aim 1, the PGHs that
showed significant differences were D and F. The repair order for CPDs reflect this
relationship. However, the 6,4PPs do not. Consequently, I hypothesized that “sensitive”
(haplotypes that show good repair) and “insensitive” (haplotypes that show poorer repair)
haplotypes have clear differences in specificity for the type of adduct, as opposed to a
weak spectrum, and consequently would show clear differences in the rate of repair when
combined into a sensitivity-based grouping. Table 11 shows the DRC rates (as
determined by the loss of adduct over time) of these sensitivity-based groupings, which
were designated as sensitive or insensitive by the individual DRC rates for each adduct.
Sensitive haplotypes for CPDs were clades A and E, while haplotypes sensitive for 6,4-
PPs were clades D and E. Consequently, the insensitive haplotypes for CPDs were clades
D and F, while insensitive haplotypes for 6,4-PPs were clades A and F. Again using the
likelihood ratio test to show differences between those relative rates of repair, the p-
values for the sensitive compared to the insensitive haplotype groups were <I1x10™ for
both CPDs and 6,4-PPs. For comparison, graphical representations have been presented
in figure 12 below, and p-values are presented in Table 27 of the supplementary data

section.

Table 11: Measure of significance for CPDs and 6,4-PPs over the time course of repair
after UV-B exposure of the combined PGHs

A B
sensitive line slope sensitive line pvalue
AA+EE CPD | -0.0009 AA+EE CPD 0.004
DD+EE | 6,4-PP -0.0018 DD+EE | 6,4-PP 0
insensitive  line slope insensitive  line pvalue
DD+FF CPD  0.0058 DD+FF CPD 0
AA+FF  6,4-PP -0.0123 AA+FF | 6,4-PP  0.213

Table 11: Measure of significance for CPDs and 6,4-PPs over the time course of
repair after UV-B exposure of the combined PGHs. Sensitive (upper level) and
insensitive (lower level) cell lines were determined from regression analysis of the
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individual haplotypes as shown in Table 10. A: Linear regression slopes for each
haplotype combination by adduct. B: Kruskal-Wallis p-values, with significance at
p=<0.05, for each combined haplotype over time by adduct.

Figure 12: Amount of adduct remaining over time after UV-B exposure
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Figure 12: Amount of adduct remaining over time after UV-B exposure. Time after
exposure is presented in minutes. A: The amount of CPD remaining in pmol/50ug DNA
above baseline no treatment. The blue line represents remaining adduct in the sensitive
lines (AA+EE), while the pink line represents remaining adduct in the insensitive lines
(DD+FF). B: The amount of 6,4-PP remaining in pmol/50ug DNA above baseline no
treatment. The green line represents remaining adduct in the sensitive lines (DD+EE),
while the purple line represents the remaining adduct in the insensitive lines (AA+FF).

The adduct data shows clear differences between types of adducts, but the
question as to what this means to total damage was not directly addressed. I hypothesized
that the haplotypes, regardless of the form of damage, would show clear differences in
repair rates of total DNA damage. To confirm this, I ran a series of picogreen
experiments to measure the overall (non-specific) amount of DNA damage that is
repaired over time. Individual time points are presented graphically in figure 13 and in
table 28 of the supplemental results section. Tablel12 shows the linear regression results
by haplotype along with the respective p-values. Since this is a general measure of total
DNA damage, other possible sources of DNA damage may be measured such as UV-
induced ROS DNA damage (Cadet et al., 2005; D’Errico et al., 2006; Melis et al., 2013;
Nagira et al., 2002; Rastogi et al., 2010) or alternative adducts such as the Dewar form
(Cadet et al., 2005; Sinha and Hader, 2002).

In summary, the data from Aim 2 indicate that DRCs are significantly different
for each haplotype over time after exposure. DRC differences calculated for total (using a
picogreen-based assay) and adduct specific repair (using the ELISA method) show
similar haplotype responses to the epidemiological study. Furthermore, the repair
efficiency for the haplotypes is dependent on the type of adduct repaired. Overall, the

data indicates haplotypes influence DRC.
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Figure 13: Amount of DNA damage remaining over time after UV-B exposure
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Figure 13: Amount of DNA damage remaining over time after UV-B exposure. The
dark blue line represents remaining adduct in cell line AA, the light blue line the amount
of adduct remaining in EE, and the grey line the amount of adduct remaining in FF. Time
after exposure is presented in minutes. Data was normalized to pg of protein using
Bradford analysis.

Table 12: Measure of significance for total damage over the time course of repair after
UV-B exposure of the combined PGHs

F slope p-value
AA | -1.09E-03 0.003
EE | 1.11E-03 0.002
FF | -1.47E-04 0.672

Table 12: Measure of significance for total damage over the time course of repair
after UV-B exposure of the combined PGHs. Slope is the linear regression of the
amount of picogreen signal lost over time, normalized to the amount of signal in the
untreated no exposure of the same haplotype.
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AIM 3: MRNA AND PROTEIN ANALYSIS

The differences in DRC rates and the relative preference for different types of
adducts depicted in results from the damage studies indicate differences in the underlying
mechanisms by which XPC exerts its effect. For example, a rapid change in repair may
be due to an induction of either mRNA or protein production. Therefore, to further
elucidate the mechanisms driving these DRC differences, I measured the levels of XPC
mRNA and XPC protein by relative real-time analysis and western blot analysis,
respectively.  Additional studies such as immunocytochemistry, microRNA,
immunoprecipitation, and pull down analysis are currently in progress in our laboratory
and will not be presented in this dissertation.

XPC mRNA was measured using Applied Biosystem’s real time assay
(Hs01104206 _m1), which recognizes a bridging region that spans ~90 nucleotides over
the junction of exons 15 and 16. Thus, the assay measures mature transcripts only, as the
intron 15 region splicing removes ~1.1kB and conditions are not optimized for
amplifying a product the size of an unspliced region, nor does the reaction test for other
common splicing variants at other introns (Khan et al., 2002). Given these caveats, the
amount of XPC mRNA should be a measure of the functional RNA pool available for
translation into theoretically functional protein. The amount of XPC transcript was
normalized with a control transcript (B-actin). Table 29 of the supplemental data section
shows the values of the Shapiro-Wilk normality test. Due to the variability inherent with
biological samples, the data was analyzed using non-parametric methods. As the medians
are a better representation of the central tendency for non-normal data, Table 13 shows

the median values per time point after UV-B exposure for each of the respective
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haplotype groups, with the error as the approximate 95% CI using the formulas stated in

the statistics section of the methods chapter.

Table 13: Fold change over the time course of repair after UV-B exposure of the

combined PGHs

Fold Change from no treatment after UV-B exposure

Time min AA DD EE FF
Omin 0 |0.83(0.35-1.55) 4.03 (0.10-36.25) | 0.10 (0.00-2.23) | 1.53 (0.49-4.63)
Imin 1 |7.14(0.26-103.25) | 3.25 (0.63-5.94) 1.09 (0.03-1.91) | 2.55 (0.58-6.87)
5min 5 |18.41(1.04-65.34) | 5.45 (1.31-83.29) | 0.38 (0.02-1.87) | 3.61 (0.41-99.73)
15min 15 | 3.01(0.08-22.01) | 0.87 (0.33-33.20) | 1.00 (0.01-3.94) | 3.70 (1.43-9.65)
30min 30 | 1.33(0.28-199.47) | 2.77 (0.34-12.21) | 2.36 (0.05-7.26) | 1.90 (0.14-6.63)
lhr 60 | 1.04 (0.10-3.94) 4.02 (1.21-9.65) 1.01 (0.22-3.92) | 8.46 (3.61-22.94)
3hr 180 | 6.63 (3.89-58.08) | 0.55 (0.37-17.27) | 0.79 (0.02-6.54) | 2.15 (0.65-5.17)
6hr 360 | 1.03(0.30-14.22) |5.66 (1.26-19.70) | 1.13(0.00-7.52) | 3.41 (0.95-16.45)
12hr 720 | 1.02 (0.29-3.01) 2.81 (0.31-5.31) 0.93 (0.03-4.69) | 9.79 (0.14-11.71)
24hr 1440 | 0.95 (0.43-5.39) 4.76 (NA) 1.66 (0.00-4.11) | 8.17 (0.66-143.01)
36hr 2160 | 0.45 (0.02-1.28) 0.44 (0.43-0.79) 0.38 (0.00-5.31) | 1.28 (0.55-18.00)
48hr 2880 | 1.21 (0.47-65.80) | NA 1.75 (0.00-5.21) | 8.88 (0.57-88.03)

Table 13: Fold change over the time course of repair after UV-B exposure of the
combined PGHs. Median (~95%CI) fold change from baseline for XPC mRNA by real
time analysis.

The haplotypes were tested for significance between each time point both within

the haplotypes (supplemental tables 30, panels A-D, significant p-values (p<0.05) in

italics) and between the haplotypes (supplemental table 31, significant p-values (p<0.05)

in italics) using the Mann-Whitney test (non-parametric T-test). For clarity, I present the

data as median only graphs. Figure 14 shows the fold change from baseline of the XPC

mRNA as a function of time in minutes after UV-B exposure.
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Figure 14: Fold change in XPC mRNA above baseline over time after UV-B exposure
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Figure 14: Fold change in XPC mRNA above baseline over time after UV-B
exposure. The dark blue line represents remaining adduct in line AA, the purple line the
amount of adduct remaining in DD, the light blue line the amount of adduct remaining in
EE, and the grey line the amount of adduct remaining in FF. Time after exposure is
presented in minutes.

The data shows clear and statistically significant (Tables 30 and 31 of the
supplemental data section) changes in the amount of XPC mRNA over time in response
to UV-B exposure that is dependent on the haplotype. Cells from the haplotype AA group
responded very quickly, returning to baseline rapidly, while cells from the FF group were
slow to respond but did reach statistical significance at later time points. Additionally,
cells from the DD group showed a response that was slower than the AA cells but more
rapid than the FF cells, for both longer than the AA cells but shorter than the FF cells.
Additionally, the DD cells XPC mRNA fold change peaked at approximately 5.5 fold
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median value, while the cells from FF peaked at about 10.0 fold and the cells from AA
peaked as high as approximately 18.5 fold. These changes were not observed with EE
cells, where the mRNA barely peaked at any point above 2 fold. As such the relative rate
of response (that is, rapidity of the fold change in mRNA) can be ranked, in descending
order as
PGHA>PGHD>PGHF >PGHE.
Additionally, the intensity (maximal fold change) can be ranked in descending order as
PGH A>PGH F>PGHD >PGHE.
It is interesting to note that these rankings do not directly follow either patterns for the
CA or DRC data. These differences appear to indicate that the haplotypes have very
different mechanisms driving the clear differences in repair response.

These differences in both rate and intensity may indicate mechanisms that are
driven by changes in mRNA context, such as changes in folding, splicing, transport, or
degradation (Berman et al., 2004; Gorlov et al., 2011; Komar, 2007; Park et al., 2010;
Qiao et al., 2011a; Rouzaud et al., 2010; Rukov and Shomron, 2011; Zhang et al., 2009).
For the purposes of this dissertation, I used computational methods to focus on the initial
step of pre-mRNA folding, which is the folding of the nascent mRNA strand immediately
after transcription but before processing. The web-based program mFOLD from the
University of Albany is the gold standard among the many folding sites online. Due to
the nucleotide length limit imposed on submissions, I virtually “cut” each of the
haplotypes uniformly to yield five shorter sequences per haplotype, designated a-e. While
this is less than the ideal folding parameters, it is an acceptable approximation on
localized effects of partial XPC haplotypes on pre-mRNA folding structures. Table 14
lists the mFOLD calculated lowest folding free energies, given as kcal/mol, by haplotype

of each segment.
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Table 14: The mFOLD free energies for each virtual segment of each haplotype

Hap | PGH a b c d e
3 A -2412.41  -2073.50 -2304.45 -2592.75 -2692.42
4 A -2412.41  -2074.92  -2304.45 -2597.35 -2692.42
5 A -2412.41  -2074.92 -2304.45 -2592.75 -2692.42
6 A -2412.41  -2074.92  -2304.45 -2598.84 -2692.42
7 A -2412.41  -2073.50 -2304.45 -2592.75 -2692.24
12 A -2412.41  -2074.92  -2304.45 -2598.84 -2690.84
15 B -2412.41  -2076.46 -2306.85 -2596.65 -2692.42
16 C -2412.41  -2076.46  -2298.37 -2597.15 -2692.42
17 C -2412.41  -2076.46  -2298.37 -2597.35 -2695.59
18 C -2412.41  -2076.46  -2298.37 -2597.15 -2695.59
20 C -2412.41  -2076.46  -2298.37 -2597.15 -2694.01
21 C -2412.41  -2076.46  -2298.37 -2597.15 -2694.01
10 D -2422.97  -2076.46  -2298.37 -2597.35 -2700.79
19 D -2422.97 -2076.46 -2393.28 -2484.70 -2699.21
2 E -2422.97  -2078.90 -2307.22 -2599.85 -2701.62
11 E -2422.97 -2078.90 -2307.22 -2599.85 -2693.72
1 E -2429.57  -2078.90 -2305.43 -2600.78 -2697.62
8 F -2422.97 -2076.46 -2305.43 -2581.63 -2694.04
9 F -2422.97  -2076.46  -2305.43 -2583.32 -2694.04
13 F -2422.97 -2076.46 -2305.43 -2583.32 -2697.54
14 F -2422.97  -2076.46  -2305.43 -2583.32 -2698.04

Table 14: The mFOLD free energies for each virtual segment of each haplotype.
Haplotypes are organized by PGH, and each segment listed as a-e.

Comparing the range of free energies within the segments shows that greater
differences in free energies can indicate greater differences in predicted structures at
those locations. Comparing across the haplotypes, the data shows that segment a (bases
1-8000; includes two SNPs, rs2607775 - rs1350344) has a range of 10.56 kcal/mol, b
(bases 8001-16200; includes four SNPs rs3729587 — rs3731125) a range of only 5.4
kcal/mol, ¢ (bases 16201-24300; includes seven SNPs rs3731127 — rs2607736) a range of
94.91 kcal/mol, d (bases 24301-32640; includes ten SNPs rs3731127 — rs2607736) the
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largest range of 116.08 kcal/mol, and e (bases 32641-40526; includes twelve SNPs
rs2607734 — rs8516) a range of 9.95 kcal/mol. It is interesting to note that the difference
in free energy is not dependent on the number of SNPs. As expected, the highest free
energies show the largest changes in structure (Figure 15). For clarity, I am presenting
only the two extremes of the differences in folding, the remainder of the structures can be

found in the Supplemental Data 2 section.

Figure 15: MFOLD structures for virtual segments
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Figure 15: MFOLD structures for virtual segments. Representative structures show
low free energy differences are indicative of small changes in mRNA folding while larger
differences in free energy are indicative of larger changes in folding structures. A: Small
changes separate the a segments of haplotypes 2 and 3 are circled in red. B: Large
changes separate the d segments of haplotypes 6 and 7.

Given the clear differences in XPC mRNA, the next logical step was to determine
the amount of XPC protein present in the cells at these various time points.
Unfortunately, the available commercial antibodies available for XPC proved to have
limited specificity and reproducibility, so in collaboration with the Biothysesis and
Biomarker Core Laboratory in the Biomolecular Resource Facility, we generated an in-
house antibody from a synthesized polypeptide. As part of XPC’s function is to not only
recognize damage on the DNA strand, but to also recruit other components of the NER
machinery to the site, I chose to focus on the TFIIH binding region as a partial indicator

of XPC functionality. The alternative, which was the DNA binding region, showed
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extensive sequence homology using NCBTI’s BLAST analysis
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (Altschul et al., 1997). The short C-terminal
polypeptide (910)DEEKQKLKGGPKKTKREKKA(929) BLAST results returned
smaller E-values (that is, the calculated false positive value, or p-value) and higher
similarity scores for XPC specific hits. The polyclonal antibody generated in rabbit and
serum isolated was used for western blot analysis. Additional studies, such as localization
by immunocytochemistry and confocal microscopy or binding assay analysis by co-
immunoprecipitation and gel-shift analysis are ongoing but are beyond the scope of this
dissertation.

XPC protein was measured using standard western blot analysis of total protein
preparations from cells. As there was no enrichment for XPC, there was no
differentiation between cytocolic or nuclear XPC, nor mature, immature, or degraded
XPC proteins. Thus, the amount of XPC measurable by this analysis is the total protein
pool and any changes to that total would represent either an increase in translation and
therefore nascent proteins (if increased) or an increased degradation (if decreased). The
XPC data was normalized against B-actin for each sample. The data was analyzed using
parametric tests, as the samples passed the Shapiro-Wilk test of normality. Mean data
with standard error of mean is presented in Table 15.

Comparison of the data as a function of time is shown graphically in Figure 16
below. ANOVA analysis is presented in Table 16, with panel A showing the difference
between time points for each haplotype group and panel B showing the difference
between cell lines at each time point. Interestingly there was only significant difference
over the course of the repair in haplotype EE, while there was no statistically significance
difference over time for haplotypes AA, DD, or FF. (The corresponding t-tests p-values
are given in table 32, panels A-D of the supplemental data section.) However,
comparison between the lines at the individual time points revealed significant

differences between the haplotypes at the early time points — that is from baseline (no
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treatment) out to 6 hours after UV-B exposure. (The corresponding t-test p-values are

given in table 33 of the supplemental data section.)

Table 15: Amount of XPC protein over the time course of repair after UV-B exposure of

the combined PGHs

time |AA  SEM DD

SEM

EE

SEM FF SEM

NT 1.550 0.292 2.099
Omin | 1339 0.296 1.712
1hr |1.213 0.193 1.588
6hr |1.138 0.198 1.296
12 hr | 0.996 0.095 1.084
24 hr | 1190 0.091 1.112
36 hr | 0.833 0.050 1.490
48 hr | 1.215 0.060 1.402

0.586
0.077
0.184
0.034
0.093
0.092
0.188
0.129

0.609
0.547
0.514
0.531
0.545
0.597
0.546
0.629

0.197 0.764 0.157
0.182 0.739 0.128
0.153 0.670 0.113
0.153 0.676 0.139
0.156 0.847 0.226
0.190 0.943 0.335
0.202 0.827 0.211
0.285 0.843 0.181

Table 15: Amount of XPC protein

over the time course of repair after UV-B
exposure of the combined PGHs. Mean and standard deviations of XPC specific protein
from western blot analysis by haplotype. Time is presented in hours.

Figure 16: Arbitrary densitometry units verses (3-actin over time after UV-B exposure
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Figure 16: arbitrary densitometry units verses B-actin over time after UV-B
exposure. The dark blue line represents remaining adduct in line AA, the purple line the
amount of adduct remaining in DD, the light blue line the amount of adduct remaining in
EE, and the grey line the amount of adduct remaining in FF. Time after exposure is
presented in minutes.

Table 16: Statistical significance in the amount of XPC protein over the time course of
repair after UV-B exposure of the combined PGHs

A B

Line Densitomitry Time (hr) Densitomitry

AA 0.293 NT 0.032

DD 0.181 0 0.023

EE 0.045 1 0.010

FF 0.223 6 0.038

12 0.200

24 0.305

36 0.052

48 0.105

Table 16: Statistical significance in the amount of XPC protein over the time course
of repair after UV-B exposure of the combined PGHs. ANOVA analysis of the
densitometry analysis presented in Figure 16. Time is presented in hours, significant p-
values are italicized. A: Statistical significance of each haplotype group over the course
of the experiment. B: Statistical significance at each time point between the haplotypes.

It is clear that further analysis is needed to understand the underlying mechanisms
of these correlations. While there are clear differences in the DRC both dependent on the
haplotype and the type of damage, there is no clear mechanism for this, as the XPC
specific mRNA levels determined from real time analysis do not directly correlate,
though they are statistically significant. Oddly, there is a lack of change for the amount of
protein over the course of the experiment, which does not correlate with the changes in
the mRNA levels. Further confounding the situation is the weak but statically significant

difference that exists between the amount of XPC protein and the different hapltotypes.

107



Chapter 4: DISSCUSION AND CONCLUSIONS

Since SNPs exist in combination, evaluation of their joint effects is more
biologically relevant than individual SNP assessment. Full gene haplotype analysis is a
new, largely unexplored comprehensive evaluation that has only recently become
possible due to freely available genotype information from programs such as the Human
Genome Project, HapMap, and the 1000 Genomes Project (Browning and Browning,
2011; Mir, 2009; Ng and Kirkness, 2010). Given this, I wanted to evaluate the effect of
haplotypes of the common (MAF>0.05) XPC SNPs.

HAPLOTYPE ANALYSIS AND CA EVALUATION

To determine the relationship between haplotypes present in the entire genomic
region of the XPC gene and genetic damage, I evaluated a small subset of individuals
from a larger cohort of individuals (Hill et al., 2005) for haplotype effects on background
levels of CA as well as mutagen-induced CA levels. CAs, were used as an endpoint for
this analysis as they are a substantially validated (by prospective studies) as human
cancer risk biomarker (Bonassi et al., 2000, 1995; Hagmar et al., 1998, 1994). Mutagen
sensitivity uses CA frequency as an indirect measure of the repair capacity and an
indirect measure of cancer risk (Abdel-Rahman and El-Zein, 2011). While there have
been studies that use the MS assay to evaluate the effect of a few isolated SNPs on
genetic damage (Aka et al., 2004; Angelini et al., 2008; Leng et al., 2008), this is the first
study to comprehensively evaluate whole-gene haplotypes in this context. Haplotype
association, with both background and mutagen-induced CAs, shows a statistically
significant interaction with smoking status. Specifically, the PGH-C clade is associated
with increased CA frequency, which supports other association studies linking XPC SNPs

to smoking associated cancer risk (An et al., 2007; Guo et al., 2008; Hansen et al., 2007).
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This suggests that individuals with PGH-C are at greater risk of developing genomic
instability from damage caused by tobacco-smoke carcinogens, likely via decreased
repair capacity of genetic damage. The fact that this association is lost after MS analysis
indicates that the baseline mechanistic difference is being driven by a component that
changes in response to an acute challenge. For example, this mechanism may be
abnormally low levels of a repair signal or component, such as XPC protein, which can
be induced by a significant bolus of a toxic agent causing a high level of DNA damage.
Prior published association studies have addressed only a small number XPC
polymorphisms, with inconsistent results. Positive association with cancer risk was
reported for SNP 152228000 (A499V) in some studies (An et al., 2007; D’ Amelio et al.,
2012; de Verdier et al., 2010; He et al., 2013; Sak et al., 2006; M. Shen et al., 2005; Song
et al., 2013; Stern et al., 2009) but not others (Doherty et al., 2011; Guo et al., 2008; Ji et
al., 2012; Liu et al., 2013; Roberts et al., 2011; Wang et al., 2010; L.-E. Wang et al.,
2013; Weiss et al., 2006). Two studies showed a statistically significant increase in
survival of cancer patients following chemotherapy with rs2228000 (Alvarez-larra et al.,
2010; Dong et al., 2012), which would indicate a possibly decreased repair capacity as
well. Conversely, another study shows a statistically significant decrease in survival after
chemotherapy treatment in acute-myeloid-leukemia patients carrying the variant SNP
(Strom et al., 2010), while a third study showed no effect (Fleming et al., 2012).
Interestingly, a study in a Polish population showed a decrease in cancer risk for
individuals carrying this SNP (Paszkowska-Szczur et al., 2013). An association of intron
12 SNP rs2279017 with bladder cancer risk was reported in one study, yet these results
still remain unconfirmed (Sak et al., 2006). Reported associations between the exon 16
variant rs2228001 (K939Q) and cancer risk were shown for esophageal, colorectal, lung,
and liver cancers (Campayo et al., 2011; Guo et al., 2008; Hansen et al., 2007; Long et
al., 2010b; Vogel et al.,, 2005). The rs2228001 was also associated with increased

survival of patients in one hepatocellular carcinoma study (Long et al., 2010b). However,
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others reported no association for rs2228001 and cancer risk (An et al., 2007; Engin et
al., 2011; Long et al., 2010a; Millikan et al., 2006; Zhu et al., 2008). Interestingly, one
paper reported an increased risk of cancer reoccurrence and eventual mortality in ovarian
cancer patients after chemotherapy with the variant form of rs2228001. This suggests the
poor chemotherapeutic response of the patients with the variant form have less
chemotherapy induced DNA damage due to an increase in repair capacity (Kang et al.,
2013).

Such inconsistencies between XPC polymorphisms and cancer risk have been
reported for other genes, with a number of possible explanations ranging from differences
of study design (such as population sizes and ethnicities) to linkage disequilibrium (LD)
between other SNPs (Au et al., 2004; Kang et al., 2013; Manuguerra et al., 2006; Vogel
et al., 2005). It is likely that a combination of these factors play a role in the discrepancies
seen in the literature — variable degrees of linkage disequilibrium exist both between
ethnic populations and between SNPs within a population (Fu et al., 2011; Gazdar and
Boffetta, 2010; Tian et al., 2009; Zabaleta et al., 2008). Incomplete LD, coupled with
possible admixture, can confound association studies such that it is possible that
polymorphism(s) linked with the SNP of interest could drive the effect under study.
Differences in the ability to capture all of the variants involved can result in the
differences between the investigations. Conceivably, all the evaluated SNPs could have
little to no biological effect individually but could present a phenotypic effect in the
context of a haplotype of combined polymorphisms as either a direct contributor or
coincidental member. Such a hypothesis has been shown with polymorphisms of the
NEIL?2 gene, where the rs56037884 SNP had no independent effect on expression of the
gene but showed a statistically significant reduction of 69% when found in conjunction
with rs8191518 (Kinslow et al., 2008).

Haplotype analysis can be coupled with phylogenetic analysis to highlight

similarities and provide a robustness of analysis that can be limited when studying
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individual haplotypes. Phylogenetic analysis compares the relatedness of multiple
haplotyopes, measuring the mathematical divergence as shared genealogical similarities
(Tamura et al., 2007). Grouping haplotypes by phylogenetic analysis is an objective tool
for capturing unique sequence characteristics that may underlie shared mechanistic traits
(Bardel et al., 2009; Rzhetsky and Nei, 1992; Tamura et al., 2007; Yang, 1997). For the
current XPC haplotype analysis, linkage differences resulted in the distinct clades (A-F).
The percent divergence (%D) between the haplotypes within each PGH ranged from 4.8-
8.6 (table 5A), although the differences for all haplotypes ranged from 2.9-62.9 %D
(table 21). The %D between each PGH ranged from 25.4-57.3 (table 5B). This variability
is due to incomplete penetrance of the linkage (<100%) between several of the SNPs. The
relatively low divergence within the clades generates confidence that the aggregate
(PGH) is a good representative of the individual haplotypes that comprise it.

PGH-C data indicates an interaction between genetic damage and smoking. This
is consistent with the reported associations of increased cancer risk for the rs2228000
variant, which is uniformly present in the clade (see table 6) (An et al., 2007; D’ Amelio
etal., 2012; de Verdier et al., 2010; He et al., 2013; Sak et al., 2006; M. Shen et al., 2005;
Song et al., 2013; Stern et al., 2009). Subsequently, the idea that the clade has lower
DNA repair capacity (DRC) resulting in higher background CAs is also supported by the
report that the same rs2228000 SNP is associated with decreased DRC (Slyskova et al.,
2012; Zhu et al., 2008). Somewhat expectedly, rs2228000 showed no association with
DRC in another study (Slyskova et al., 2011). Whether the effect seen with PGH-C is due
to this SNP (alone or in combination) remains to be determined by future experiments. A
likely explanation for this haplotype-smoking interaction is that the reduced repair
capacity differences are exacerbated in the presence of exposure, and is consistent with
data from other polymorphisms in other DNA repair genes (Abdel-Rahman and El-Zein,
2000; Affatato et al., 2004).
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The data from the mutagen sensitivity assay showed increased mutagen induced
CAs with PGHs D and F in smokers, suggesting that smokers with these haplotypes have
reduced DRC and therefore are likely to be predisposed to an increased risk of
developing cancer, given the well establish correlation between decreased DRC and
cancer risk (An et al., 2007; Cheng et al., 1998; Spitz et al., 1995; Wang et al., 2007). A
possible explanation for the MS data lies in the underlying mechanistic differences
inherent in the effect of the haplotypes. For example, individuals carrying PGH-C may
have a high risk of genomic instability with low chronic DNA insults due to poor
recognition of damage with subsequently poor induction of DNA repair, yet may have
efficient repair after an acute insult results in significant levels of DNA damage to
activate repair pathways. Conversely, individuals carrying either clades D or F may have
efficient recognition and repair with lower and/or chronic exposures, but a high acute
exposure may show an increased risk of genomic instability due to slow induction or poor
recruitment, resulting in inefficient repair of the significant DNA damage.

While the mechanisms by which certain haplotypes affect DRC are not fully
understood, there are good indicators for some of the potential effects on protein structure
and/or function. The rs2228000 variant found in all haplotypes of PHGs C and D (and
haplotype 5 of PGH-A) is located at the 5’ end of the hHR23B binding region. Any
alteration in this domain could potentially change the function of XPC by modifying it’s
interaction with its binding partner. Alternatively, rs2228000 is found in consistently in
conjunction with rs8516, rs10468, and rs1126547 in clade C and in half of clade D, while
rs2229090 is uniformly found in clade D and in all but one member of clade C. All four
of these SNPs are in the 3’UTR region of XPC, which can affect mRNA half-life and
folding stability or translocation rates (George Priya Doss et al., 2008). Other SNPs in
LD with these include rs1350344 (intron 1) in clades A, B, and C; rs2733537 (intron 3) in
D, E, and F; rs1106087 in C and D and rs3729587 in C, D, E, and, F (both in intron 5);
rs2607737 in D, E, and F and rs2607734 in F (both in intron 11); and rs2470353 (intron

112



12) in A, B, and C. Intronic SNPs like these seven can effect translation via exon
skipping and alternative splicing, aberrant mRNA folding or stability, or modified
epigenetics (e.g. microRNA interaction or generation) (Blankenburg et al., 2005; Cheng
et al., 2006; Duan et al., 2007; Kinslow et al., 2008; Law et al., 2007; Lin et al., 2006;
Martin et al., 2012; Mittal et al., 2012; Qiao et al., 2011a; Song and Chen, 2011; Zhou et
al., 2011). Finally, SNPs in the 5’ region (such as rs2607775 found in clades A, B, and C)
can affect promoter modulation and subsequent gene expression (Bai et al., 2007; Cheng
et al., 2006). It is likely that a combination of these effects are dictated by the haplotypes,
and those combines effects account for the differences in repair as determined by CA
levels.

To summarize, the data indicates haplotypes found in PGHs C, D, and F have
decreased repair efficiency as determined by background CA and by the MS assay.
Although the sample size of the population is small (99 individuals after haplotyping) and
larger studies are warranted to confirm these findings, mechanistic investigation into the
underlying effects of haplotypes on DRC (and therefore disease risk) is necessary and

ongoing.

HAPLOTYPE AFFECTS ON DRC

Given the correlation between mutagen-induced CAs and specific XPC
haplotypes, I needed to measure directly DRC without confounding factors such as
complex mixtures, effects of metabolism and/or clearance, or heterozygous haplotype
effects. While a dominant model was useful for correlation studies, a mixture of
haplotypes (especially from different clades) would complicate mechanistic analysis by
diluting the haplotype affects. This necessitated using a recessive genetic model for cell-
based mechanistic studies. All cells were homozygous for a given PGH. Due to the lack

of homozygous PGHs B or C available from the HapMap biorepository (Coriell), the
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analysis was restricted to clades A, D, E and F. Future experiments will include
heterozygous forms for the purpose of analyzing both gene-dose effects and evaluating
the effects from clades C and B.

To simplify the exposure model, I used a low dose UV-B radiation model to
create adducts that are primarily repaired by the NER pathway. UV-B has a number of
advantages over 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) used previously
in the MS assay to generate DNA damage. While NNK is a powerful mutagen (Hecht et
al., 1983; Lacoste et al., 2007; Peterson, 2010), it produces multiple forms of DNA
damage that are not primarily repaired by NER (Peterson, 2010; Rastogi et al., 2010).
Indeed, the NNK derivatives repaired by NER are the pyridyloxobutyl DNA adducts
formed on guanine (N”, N* and O%), cytosine (O*), and thymine (O*) (Brown et al.,
2008; Peterson, 2010). UV-B radition induces the formation of cyclopyrimidine (CPD)
and 6,4 pyrimidine-pyrimidone (6,4-PP) dimers without bioactivation or metabolism, do
not produce any toxic metabolites, and are predominantly repaired by the NER pathway
(Jhappan et al., 2003; Ona et al., 2009; Pfeifer, 1997). The advantage of using UV is it
avoids any cofounding effects from differences in phase I or phase II enzymes, from
damage accumulation by secondary metabolites, and from other metabolic
polymorphisms. Furthermore, as helix distorting bulky adducts, CPDs and 6,4-PPs are
considered classical NER substrates and are primarily repaired by the NER pathway
(Rastogi et al., 2010).

Cell viability studies were used to determine the optimal dose of UV-B irradiation
that resulted in genetic damage but did not significantly affect cell viability (defined as
>80% viability by trypan blue exclusion assay). Interestingly, the 35mJ/cm” dose chosen
for this study represents the physiological exposure UV-B dose of natural sunlight
(Diffey, 1991). Using the recessive genetic model, cell lines homozygous for the
designated PGH were evaluated for persistent levels of CPDs or 6,4-PPs over time.

Clades D and F, who showed increased levels of genetic damage induced by tobacco
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mutagens, were expected to show increased levels of both CPDs and 6,4-PPs. Linear
regression analysis of the picogreen data supported this as a measure of overall genetic
damage and its repair over time, although it should be noted that the method is a measure
of all DNA damage. UV radiation is known to not only generate bulky helix distorting
dimers, but also other forms of damage such as oxidation products, which have many
other (often overlapping) repair pathways (Melis et al., 2013). It is for this reason that the
ELISA data is considered a better measure for the mechanisms of UV-induced DNA
damage repair. However, looking at specific adduct quantification by ELISA analysis
showed that this clade difference (poor D and F repair versus good A and E repair) was
only partially the case.

Consistent with previous reports, overall, 6,4-PPs were repaired faster than CPDs
(Nakagawa et al., 1998), likely due to the requirement of DDB2 protein colocalization
and subsequent ubiquitination-directed removal of DDB2 that greatly enhances CPD
removal but is less sensitive for 6,4-PP dimer repair (Ford, 2005). However, XPC
haplotypes affected not only the rate of repair but that rate was differentially dependent
on which adduct is being repaired. In fact, all haplotypes showed statistical significance
within the PGH over time for the amount of CPD adduct while only DD and EE showed
statistical significance for 6,4-PP adducts. Linear regression analysis for PGHs DD and
FF showed preferential repair for 6,4-PPs compared to CPDs, as opposed to PGHs AA
and EE which did not have a clear preference for either adduct. There was an increased
haplotype effect (differences between PGHs) in the early time points for CPDs as seen by
the Mann-Whitney tests, with statistical significance as early as 15 minutes. Contrast this
to the 6,4-PPs’ haplotype effect, which became pronounced at 180 minutes (3 hours) and
this statistical significance between haplotypes remained for the rest of the experiment. In
short, ordering the relative rates of repair illustrates the haplotype effect. In descending

order of DRC by clade: E > A > D > F for CPDs while D > E > A > F for 6,4-PPs.
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There are a number of possible mechanisms that can drive such a preferential
difference in repair of the type of damage. By dividing the caldes into either sensitive or
insensitive groups, I attempted to clarify what SNPs overlapped in the haplotypes which
could be working together to produce the gradient of effects seen in the ELISA analysis.
“Sensitive” (good repair) grouping for CPDs consists of PGHs AA and EE and for 6,4-PP
PGHs DD and EE. “Insensitive” (poor repair) grouping for CPDs consisted of PGHs DD
and FF and for 6,4-PPs AA and FF. Differences between sensitive and insensitive groups
showed statistical significance for CPDs at earlier time points as compared to 6,4-PPs,
which were later and continued to the end of the experiment. This was expected based on
the individual clade analysis, so I attempted to determine what, if any, clear SNP
combinations that existed unique to the haplotype members of the PGH combined
groupings.

Looking at the clustering of SNPs for the CPD sensitive haplotypes, EE and AA
share rs1126547 in the 3° UTR, [rs2228001 (all but haplotype #7 of PGH A) at K939Q)],
rs2733532 in intron 15, and rs2227999 at H492R. Additionally, they uniformly lack
variants at rs8516, rs10468, and rs2229090 in the 3°’UTR; rs2279017 in intronl2; and
rs1106087 in intron 5. Therefore, it appears that three (rs1126547, rs2733532, and
1s2227999) variants and five (rs8516, rs10468, 152229090, rs2279017, and rs1106087)
ancestral SNPs are necessary for effective CPD repair.

For 6,4-PP sensitive haplotypes DD and EE, they share variants at rs1126547 in
the 3’UTR, rs2228001 at K939Q, rs2733532 in intron 15, rs2607737 in intron 11,
rs2227999 at H492R, rs3729587 in intron 5, and rs2733537 in intron 3. Additionally,
they uniformly lack variants at rs8516 and rs10468 in the 3’UTR; rs2733533 and
rs2733534 in intron 15; rs2279017 and rs2470353 in intron 12; rs2607734 and rs2607736
in intron 11; 13731149, rs3731146, rs1124303 and rs3731143 in intron 10; rs3731124 in
mtron 7; rs3731108 and rs3731106 in intron 5; rs3731081 in intron 3; rs3431068 in
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intron 2; rs1350344 in intron 1; and rs260775 in the 5’UTR. Therefore, it appears that
seven variants and 19 ancestral SNPs are necessary for effective 6,4-PP repair.

Thus, identifying the overlapping aspects, group E+A do not show any unique
variants that do not also exist in the E+D group. The E+D group, however, share three
additional intronic variants (rs2607737, rs3729587, and rs2733537) that are good
potential candidates for the driving mechanisms for the damage preference of 6,4-PPs
over CPDs. Additionally, there are 18 ancestral forms of the SNPs that are present in the
sensitive groups — two for the E+A CPD sensitive grouping and 16 for the D+E 6,4-PP
sensitive grouping. It is likely the lack of SNP variants at these locations also contribute
to the overall sensitive phenotype.

Interestingly, the CPD insensitive grouping of D+F share only three variants
(rs2607737 in intron 11, 152227999 at H492R, and rs3729587 in intron 5), yet have a
larger ancestral requirement than the relative sensitive (E+A) grouping, with 19 of the 35
in agreement for the ancestral form between PGHs D and F. These include rs2733533
and rs2733534 in intron 15; rs2470353 in intron 12; rs3731149, rs3731146, rs9653966,
rs1124303, and rs3731143 in intron 10; rs3731127 in intron 8; rs3731125, rs3731124,
and rs13099160 in intron 7; rs3731108 and rs3731106 in intron 5; rs3731093 and
rs3731081 1n intron 3; rs3731068 in intron 2, rs1350344 in intron 1; and rs2607775 in the
5’UTR. Therefore, it appears that three variants and 19 ancestral SNPs are necessary for
less effective CPD repair.

The 6,4-PP insensitive grouping of A+F have only one SNP in total agreement
between the two, located at rs2227999, which encodes for H492R. It also has ancestral
agreement in ten positions (rs8516, rs10468, and rs2229090 in the 3°’UTR; rs9653966 and
rs3731143 in intron 10; rs3731127 in intron &; rs3731125, rs3731124, and rs13099160 in
intron 7; and rs3731093 in intron 3). Therefore, it appears that only one variant and ten

ancestral SNPs are necessary for less effective CPD repair.
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Similarly identifying the unique SNPs for the insensitive grouping shows that
there are no variants that are unique to the insensitivity of A+F group, while the D+F
group shares two intronic SNP variants at rs2607736 and rs3729587. Again, it seems like
these are good possible candidates for acting as a driving mechanism for less efficient
DNA repair, but the ancestral forms of the SNPs are likely to play a role as well.
Comparing the overlapping ancestral SNP constituents of the both groups show D+F
have 12 of the 10 intronic ancestral SNPs unique to grouping while A+F have three
unique ancestral SNPs exclusively in the 3’UTR. These clustering analysis help to focus
on potential critical areas of the XPC gene that are likely driving these repair phenotypes;
in these cases, later introns and the 3’UTR.

At this time, there are no studies investigating the effect of haplotypes on any
mechanism, but there is some limited information available on individual XPC SNPs.
One study (Qiao et al., 2011b) attempted to probe the mechanism for the variant A499V
(rs2228000) allele’s effect on bladder cancer risk. In silico analysis predicted this SNP to
have no functional effect alone, but the SNP is found in high LD with two 3’UTR SNPs
(rs2470352 and rs2470458). The authors used a plasmid-based assay to characterize the
3’UTR region and measure mRNA stability and both mRNA and protein expression.
They found that each of the variants could independently reduce expression of both
mRNA and protein, concluding that the 3’UTR SNPs drove the rs2228000 association
with bladder cancer risk. Similarly, other studies by the same group linked four other rare
SNPs (152470353, rs121965090, rs121965091, and rs121965092) with rs2228000 as well
(Qiao et al., 2011a). Interestingly, rs2470353 1s found consistently in PGH A, B, and C of
the CEU population, but was not well linked to rs2228000 for clade A or B. This
association is maintained with PGH C, but rs2228000 is part of all clade D haplotypes
without the rs2470353 SNP. The discrepancy is likely due to the differences in

population, where the bladder cancer association study samples were obtained from
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Leeds Teaching Hospitals in Leeds, England as opposed to the Utah population with
northern and western European ancestry.

Despite this lack of predicted effect for rs2228000, it is one of the many SNPs
who have the potential to play a part of the haplotype effect. The SNP is located in the 5°
end of the hHR23B binding domain of XPC and could effect this protein-protein
interaction, possibly explaining at least some of the insensitive effect of PGH DD on
CPD repair. Whether this same interaction could account for the increased repair
sensitivity seen for the 6,4-PPs is still uncertain. Unfortunately, the applicability of in
silico analysis in predicting the effects of SNPs on protein function is very limited.
Computationally, these algorithms rely on evolutionary conservation scores, which
themselves are mostly based on rare Mendelian disease mutation studies. This limits the
application of characteristics more suited to analyzing pathologic as opposed to
physiologic mechanisms (Nakken et al., 2007). Consequently, the impact of SNPs like
rs2228000 likely have physiologic meaning despite the lack of predictive effects,
particularly in conjunction with others of the same haplotype.

This haplotype-adduct interaction is still poorly understood. The data suggest the
intrinsic structural differences between CPDs and 6,4-PPs can interact with the haplotype
differences, exacerbating them. It is known that NER capacity can be affected by the
structure of the adducts being repaired (Gunz et al., 1996). Additionally, the intrinsic
differences in XPC expression, translation, or post-translational modifications can impact
XPC interaction with not only the adducted DNA itself, but also other NER proteins.
XPC binds not only to damaged DNA, but also hHR23B, CENT2, and TFIIH — all of
which map to the C-terminus (residues 492-940) end of the protein — and XPA — which
has been mapped to the N-terminal side of protein (residues 156-325) (Bunick et al.,
2006; Popescu et al., 2003; Uchida et al., 2002). The striking differences seen in the data

and the potential positional effects are all consistent with the central hypothesis of XPC
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haplotypes influence levels of accumulated DNA damage via differences in the DRCs by
unique intrinsic mechanisms.

In summary, lymphoblastoid cell lines representing different XPC haplotypes
were exposed to UV-B radiation and the DNA repair capacity was analyzed by
measuring the amount of DNA damage repair over time. The rate of removal of the UV
dimers was indicative of the intrinsic DRC. These differences in DRC were dependent
both the haplotype and on the type of damage to be repaired, indicating multiple
mechanisms at work to create the differences seen in both preference and rate of repair.
Further detailed mechanistic studies investigating into the underlying differences intrinsic

to the haplotypes is warranted.

RNA AND PROTEIN ANALYSIS

Not only do XPC haplotypes exert differential correlation with CAs induced by
tobacco mutagens, but also direct damage repair preference and timing for UV radiation
induced DNA dimers (CPDs and 6,4-PPs). Together these data indicate that unique
mechanisms encoded in the XPC haplotype underlie these differences in repair. To
determine if these mechanisms are dependent on either transcriptional or translational
changes, I needed to measure XPC specific mRNA and XPC protein over time after UV-
induction. The goal was to correlate differences in mRNA or protein with the differences
in adduct accumulation.

As SNPs in LD may contribute to the observed phenotypic effect of altered DRC,
the changes in mRNA after UV exposure were a starting point, as a number of effects can
be at play in a given haplotype. For example, SNPs in the 3’'UTR can effect mRNA
stability and half-life as well as folding directed rates of translation (George Priya Doss et
al., 2008), while 5’UTR SNPs can modulate promoter activity and gene expression

(Kinslow et al., 2008; Musunuru et al., 2010; Rouzaud et al., 2010). Perhaps some of the
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most versatile are the intronic SNPs. When located at or near exon boundaries, SNPs can
direct alternative splicing or aberrant mRNA folding events (Duan et al., 2007; Law et
al., 2007). These intronic SNPs can also direct epigenetic mechanisms, which has been
reported for other genes. Such epigenetic mechanisms can include protein regulation
though changes in mRNA folding (that is, stabilizing mRNA in optimal or sub-optimal
pre-translation configurations) (Martin et al., 2012), or through miRNA changes either by
creating (or losing) binding sites for other existing miRNAs or by generating (or losing)
novel miRNAs derived from the spliced introns (Cortez et al., 2010; Lin et al., 2006;
Rukov and Shomron, 2011). An exhaustive comparison of each of these possibilities is
beyond the scope of this dissertation.

Comparative real time analysis of XPC mRNA at each time point after UV-
exposure shows the XPC mRNA dynamic changes resulting from a rapid insult and the
response to acute DNA damage. Each haplotype responded to the UV exposure in a
different manner. The PGH AA cells, which were able to repair DNA damage from
tobacco mutagens, sensitive to CPDs yet less sensitive to 6,4-PPs, showed a rapid
induction of XPC specific mRNA, increasing over 15 fold within the initial 10 minutes
after UV exposure, then quickly returning to baseline. This was in contrast to the effect
observed with the PGH EE cells, which were sensitive to all forms of damage (tobacco
mutagens and UV induced CPDs and 6,4-PPs) yet did not increase the amount of mRNA
above baseline after UV treatment. Between these two responses were the PGH DD and
PGH FF cells. The PGH DD cells (poor repairers of DNA damage from tobacco
mutagens, sensitive to 6,4-PPs but not CPDs) responded to UV induced damage with
increased mRNA production transiently, increasing just over 5 fold rapidly (within the
first 10 minutes) and maintained that induction for several hours, returning to baseline
after 12 hours. Interestingly, the worst repair group (FF, which was insensitive to all

forms damage be it tobacco mutagens or UV adducts) showed slow but steady increase in
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XPC specific mRNA over the initial 30 minutes up to nearly 10 fold induction, which
was maintained over the course of the experiment.

Differences in the rate of expression change as well as the intensity of the change
may yield clues to the underlying mechanism at work. The rapid yet short lived burst of
intense XPC mRNA induction found in AA cells could be an indicator of a rapid
response to damage but perhaps less efficient actual repair as indicated by the less
sensitive 6,4-PP DRC. The lack of XPC mRNA induction in the EE cells may reflect an
opposite situation, with an effective repair scheme that is not as sensitive to the acute
damage at this dosage. Although the FF cells do eventually respond to the insult, the
actual repair in these cells is less, despite persistent mRNA expression. This seems to
indicate that the mRNA response is not the driving force for the DRC for this haplotype.
The DD cells fall mid-way between all the other cell types in terms of sensitivity,
response, and DRC, indicating that the mechanism is likely a blend of the others.

Haplotypes can effect mRNA folding in a number of ways, including stabilizing
alternative conformations that may or may not be conducive for stability or translation
(Martin et al.,, 2012). Bioinformatics also suggests that there are small but clear
differences in the potential folding states of the pre-mRNA (unmodified by splicing, etc)
of these haplotypes. The analysis is somewhat limited due to the nature of the folding
algorithms available, so the sequences were compared as five sections of near uniform
length. It 1s expected that the differences would be even more pronounced if compared as
a single molecule, but such a comparison is currently beyond the computational abilities
of the available programs and systems at this time (unpublished communication). Of
particular note are the numerous small stem loop structures that are predicted to vary
between haplotypes. This is of particular interest due to the origin of intronic miRNA
biogenesis. This could indicate changes in the miRNA intracellular pools, if new stem
loops from these introns are processed accordingly (Lin et al., 2006; Z. Wang et al.,

2013).
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MicroRNAs can be generated from intronic mRNA with stem-loop structures, as
pre-miRNAs, which are then processed into functional miRNAs in the cytoplasm. The
problem in predicting if an intron can generate a miRNA is that it is currently beyond the
scope of bioinformatics — the generated miRNA is only 18-25bases long, with the “seed”
region of the guiding sequence only 2-8 bases long, and this region does not require
perfect complementarity (Lin et al., 2006; Song and Chen, 2011). In light of this
imperfect matching, of which no thermodynamic guiding parameters are currently
identified, SNPs can only increase the number of potential miRNAs and their targets
(Song and Chen, 2011). Others have shown miRNA SNPs can modify transcription of
targeted genes and, ultimately, alter disease risk (Glinskii et al., 2011). For example, one
experiment showed UV induced DNA damage (the UV type is not reported) triggers
rapid damage induced both intercellular stress response and miRNA upregulation,
whereby subsequent miR-16 knockdown resulted in S-phase accumulation of cells.
Consequently, the authors suggest loss of miR-16 drives a blunted DNA damage
response, halting the cell cycle (Adimoolam and Ford, 2002).

Western blot analysis determined if the significance in fold differences seen in the
real time experiments were reflected in the protein levels. Interestingly, the amount of
protein did not significantly change within a haplotype over time, however there were
difference between the haplotypes at nearly every given time point. Haplotypes AA and
DD had statistically significant increases for XPC specific protein over haplotypes EE
and FF. Haplotype EE is particularly striking, given that these cells had the least amount
of XPC. While this does fit with the unchanging XPC mRNA, it does not explain the
enhanced repair capacity seen in the other experiments. One possible explanation for this
would be significant differences in the protein folding that is directed by the mRNA
allows the protein enhanced binding efficiency or stability, or perhaps increased

localization to the nucleus leading to efficient repair with less protein. These same
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explanations could account for the relative DRC insensitivity of the FF haplotypes. These
experiments are a future direction of this research.

Although the XPC protein has been reported at ~105kDa based on the amino acid
content, the functional protein has been reported at 132kDa or higher. After UV
irradiation, the size of the XPC protein has been reported at a number of varying sizes
from 150kDa and larger. This shift in mobility has been attributed to post-translational
modification in response to damage, most especially to rapid (five minutes to one hour)
ubiquitination (Sugasawa et al., 2005). XPC requires ubiquitination (and possibly
sumoylation) for activity, as well as ubiquitination of other members of the repair
complex (hHR23B) and cascade (DDB2), which was shown by proteosome inhibition
and p53 dysregulation (reducing the amount DDB2) (Ford, 2005). A UV-C based
experiment using fibroblasts and higher levels of radiation reported only a modest 4.6
fold maximal induction of XPC which was dependent on p53 activation, meanwhile p53-
independent induction of XPC was much less (Adimoolam and Ford, 2002). It is possible
that the UV-B dose used in my experiment is too low to induce p53, which in turn
abrogates the XPC induction. Other experiments have shown that a lack of p53 induction
is also a limiting factor for colocalization partners of XPC, such as DDB2, which has
been shown to greatly enhance CPD repair (Ford, 2005). It should be noted, however,
that p53 is not only involved in NER, but other repair pathways (e.g. BER, MMR, HJ,
NHE]J...) and cellular processes (G1/S checkpoint control, apoptotic signaling, etc.)
(Sengupta and Harris, 2005). Perhaps crosstalk between other systems can account for the
variable repair seen in the AA haplotype cells, especially when coupled with the rapid,
intense, and short lived XPC mRNA induction that does not correlate with any protein
changes, yet still allows for repair of tobacco mutagens and is sensitive for CPD DRC
(but not 6,4-PP). Coupled with the miRNA signaling, crosstalk mechanisms could easily

play a role in the differences in repair seen for the different haplotypes.
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Functional XPC can respond very rapidly, as was shown in a functional
overexpression mutation study. In fact, localization to the sites of damage has been
reported to occur within 15 seconds of irradiation, with a steady-state of <l minute
(Clement et al., 2011) confirming the speed of XPC’s localization reported by others
(Ford, 2005). This rapid response poses an interesting conundrum, as the locally high
dose was administered with extreme precision (confocal based multiphoton fiber laser
emission). It is possible that the physiological dose administered in the experiments
presented in this dissertation are low enough to be within the capacity for the XPC and,
lacking other intercellular signals to induce XPC, is the reason for a lack of detectable
protein induction despite significantly increased mRNA in most of the haplotypes. Also,
it appears that this signaling is more important for repair of CPDs as opposed to 6,4-PPs,
which may be a mechanism for the apparent insensitivity of DD despite high sensitivity
and repair of 6,4-PP. This may, in turn, account for the sustained increase in XPC mRNA
induction over the longer time frame. The persistent damage may signal persistent XPC
mRNA.

In summary, the same lymphoblastoid cell lines used to determine DRC of UV
induced adducts were analyzed for induction of XPC specific gene products (mRNA and
protein) over time. The haplotypes showed statistically significant differences in mRNA
induction patterns, yet no significant changes in protein levels were observed. There were
some statistically significant differences in protein levels between the haplotypes, which
may provide some clues to the underlying mechanistic differences seen in the repair,
however these differences may not be biologically significant. These clues provide a

basis for further detailed analysis.
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CONCLUSION

Haplotype analysis revealed clearly defined clusters of haplotypes present in a
white non-Hispanic population of European ancestry. These haplotypes show differences
in the repair response of tobacco mutagens. Mechanistic analysis shows these differences
are persistent with other forms of damage, specifically UV-induced damage, but the
relative DRC is dependent on the type of damage analyzed. Further analysis of XPC
mRNA for these haplotypes shows unique patterns in mRNA induction that do not
directly correlate to changes in XPC specific protein. These response patterns may
contain further clues to specific mechanisms of action encoded within the haplotype. In
short, this analysis shows that coding and non-coding SNPs of the XPC gene in LD with
each other forming specific haplotypes act collectively to influence repair capacity by
different mechanisms.

Future analysis will build on these studies to elucidate the individual driving
mechanisms for the haplotypes. Clade A’s results show variable DRC sensitivity, rapid
and intense yet transient mRNA induction, and slightly higher protein levels, suggesting a
possible mechanism based on a short term mRNA induction with long term effect. Such a
mechanism might involve miRNA, as an example. All of the PGHs can be broken down
in a similar manner. Clade E’s results show variable DRC sensitivity, low but significant
mRNA induction that is moderately sustained, and a slightly higher XPC protein content.
A mechanism governing this would drive a weak mRNA change with no protein effect
other than some inherent insensitivity, such as a change in XPC localization or binding
partner interaction. Clade E results show high DRC sensitivity that has no corresponding
mRNA induction and lower protein content. Lacking mRNA changes and having only a
possible weak protein effect, the possible mechanism for this PGH may include
conformational changes in XPC that enhance the DNA-protein interaction. Clade F, by

comparison, shows low DRC sensitivity with a slow but moderately intense mRNA
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induction that is sustained yet shows only low XPC protein content, suggesting a possible
mechanism based on a sustained mRNA induction signal without protein changes such as
lowered stability or higher turn-over of the mRNA signal. These various mechanisms are
going to be probed using splicing and stability analysis, immunocytochemistry
localization and colocalization of protein binding partners and damaged DNA,
immunoprecipitation and coimmunoprecipiation, and miRNA analysis. Additionally,
future analysis should include analysis of the individual haplotypes and unique SNP
contributions by whole gene transgenetic analysis and DNA mutation analysis. From
here, biomarker evaluation, prognostic analysis, and individualized treatment are ultimate
goals.

The future of this work should have a number of possible implications to human
health. With the current push towards individualized medicine, comprehensive
biomarkers of risk are needed. Additionally, after disease development, treatment options
can be evaluated in light of expected phenotypes. For example, an individual with a
strong repair haplotype (such as one from clade E) is less likely to respond to a
chemotherapeutic like cisplatin, whose adduct is likely to be effectively repaired via the
NER pathway and thus mitigate the treatment. Understanding the mechanisms that drive
each haplotype should allow for the development of more effective treatments or those
with fewer side-effects. These are just some of the long reaching applications for this

work.
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SUPPLEMENTAL DATA

The following figures and tables are additional information for this dissertation.
They have been included for the purposes of additional information and clarification for

the reader if desired. Summaries and key data are included in the main body of the text.

Table 17: Haplotype SNP (htSNP) analysis by tagger software

A
#captured 35 of 35 alleles at r"2 >=0.8
#captured 100 percent of alleles with mean r*2 of 0.971
#using 11 Tag SNPs in 11 tests.

Allele Best Test "2 witest

rs8516 rs1106087 0.921
rs10468 rs1106087 0.845
rs1126547 rs1126547 1
rs2470352 rs2470352 1
rs2229090 rs1106087 0.951
rs2228001 rs2228001 1
rs2733532 rs2228001 0.901
rs2733533 rs2607775 1
rs2733534 rs2607775 1
rs2279017 rs2228001 0.966
rs2470353 rs2607775 1
rs2607734 rs2228001 0.966
rs2607736 rs2228001 0.958
rs2607737 rs2607775 1
rs3731149 rs3731124 1
rs3731146 rs3731124 0.903
rs9653966 rs9653966 1
rs1124303 rs1124303 1
rs3731143 rs2227999 1
rs2228000 rs1106087 0.961
rs2227999 rs2227999 1
rs3731127 rs3731127 1
rs3731125 rs9653966 1
rs3731124 rs3731124 1
rs13099160 rs3731127 1
rs1106087 rs1106087 1
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rs3731108 rs3731124 1
rs3731106 rs3731124 0.906
rs3729587 rs3731124 0.9
rs3731093 rs9653966 1
rs2733537 rs2733537 1
rs3731081 rs3731124 1
rs3731068 rs3731124 0.806
rs1350344 rs2607775 1
rs2607775 rs2607775 1

B

Test Alleles Captured

rs3731124 | rs3731124  rs3729587 rs3731149 rs3731146 rs3731108 rs3731081 rs3731106 rs3731068

rs2607775 | rs2470353  rs2733533 rs2607775 rs2607737 rs1350344  rs2733534

rs2228001 | rs2279017 rs2733532 rs2607736 rs2228001 rs2607734

rs1106087 | rs1106087  rs10468 rs2229090 rs8516 rs2228000

rs9653966 | rs3731093  rs9653966 rs3731125

rs3731127 | rs13099160 rs3731127

rs2227999 | rs3731143 rs2227999

rs1126547 | rs1126547

rs2733537 | rs2733537

rs2470352 | rs2470352

rs1124303 | rs1124303

Table 17: Haplotype SNP (htSNP) analysis by tagger software. A: SNPs paired for
tagging my rs number and R* value of correlation. Threshold analysis of allele capture
was set to R?=0.8. 100% of alleles were captured with a mean R*= 0.971. B: The list of
the SNPs captured by the htSNP alleles as determined by tagger analysis.

Table 18: Genotyping of the htSNPs allels by study participant for the UTMB White non-

Hispanic cohort of the experimental population
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ID | SNP3 | SNP4 | SNP6 | SNP17 | SNP18 | SNP21 | SNP22 | SNP24 | SNP26 | SNP31 | SNP35
S126| cc AT AC TT GT GG CC AA GT AG CG
S132| cG AT AC TT TT GG CC AA GT AG CG
S13| cc AA cc TT TT GG CC AA GG AA  CC
S140| cc AA AC GT TT GG CC AA GG AG CC
s142| cc TT AA TT TT GG CC AA TT GG GG
s144| cc AT AA GT TT GG CC AA GT GG CG
S147| cc AA  AC TT GT GG CC AC GG cG
s148| cc AA AC TT TT GG CC AC GG AA  CG
S156| CG AA cCc TT TT GG CC AA GG AA  CC
s157| c6 TT AA TT TT AG CC AA TT GG GG
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S614 CcC AA cC TT TT GG CcC AA GG AA cC
S635 cC AT AA TT GT GG cC AC GT AG CG
S636 CcC AA AC TT n n n n n AA n

S654 CcC AA CcC TT TT GG cC AA GG AA CcC
S655 CcC AT AA GT GT GG CT AC GG AG CG
S658 cC AT AC TT TT GG cC AA GT AG CG
S661 CcC TT AA TT GT AG cC AC GT AG GG
S664 GG n AA TT n cC AA GT GG n

S666 CG n AA n n CcC AA TT GG n

S667 cC TT AA GT GG CT AA GT GG CG
S672 CcC TT AA TT GG cC AC GT AG GG
S677 CG AA AA GT GT GG cC AC GG AG CG
S682 GG AT AC TT GT AG CT AA GT AG CG
S687 cC AA AA GT n n CT AC GG AG n

S688 CcC AA AC TT n GG ccC AC GG AA CG
S692 CcC AT AC TT TT GG CcC AA GT AG CG
S700 CcC AT AC TT GT GG ccC AC GG AA CG
S701 CcC TT AC TT GT GG CcC AA GG AG CG
S704 CcC AT AC GT TT GG CT AA GG AG cC
S705 CcC AA AC TT TT GG CcC AC GG AA CG
S710 CG AT AA TT TT AG cc AC GT AG GG
S715 CG AT AA TT TT GG cC AC GT AG GG
S726 CcC AT AC TT TT GG ccC AA GG AA cC
S728 cC AT AC TT TT GG cC AA GT AG CG
S733 cC AT CcC TT n GG cC AA GG AA CcC
S754 CG TT AC TT TT GG cC AA GT AG CG
S785 CG AA AC TT GT GG cC AC GG AA CG

n
n
n
n

Table 18: Genotyping of the htSNPs allels by study participant for the UTMB White
non-Hispanic cohort of the experimental population. Each participant was designated
by an S number as listed in column one corresponding with a larger population as
previously described. SNPs are listed by their position number in the larger haplotype of
35. Alleles are listed by nucleotide base, with A= adenine, C= cytosine, G= guanine, and
T= thymine. An “n” denotes a non-callable genotype by Tagman analysis.

Table 19: Assignment of haplotype by study participant for the UTMB White non-
Hispanic cohort of the experimental population

ID Sex ‘ Age ‘ Smoking Status | Baseline ‘ NNK | Haps
S-126 | M 55 Smoker 0 5
S-132 | M 73 Smoker 0 4 CF
S-136 | F 67 Smoker 0 5 F.F
S-140 F 42 non 2 7 F,F
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S-144
S-147
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S-156
S-157
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40
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35
35
68
51
65
51
46
72
28
25
53
42
40
53
48
23
40
28
23
47
36
27
30
33
28
23
24
54
70
39
24
37
27
44
29
44
48
41
42

Smoker
Smoker
non
Smoker
non
non
Smoker
non
non
non
Smoker
Smoker
Smoker
non
Smoker
Smoker
Smoker
non
Smoker
non
Smoker
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non
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non
smoker
non
non
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S-593 F 38 smoker 0 6 D,F
S-607 | F 24 non 0 2 C,F
S-610 | F 30 smoker 0 5 CF
S-612 | F 46 non 1 6

S-614 | M 23 smoker 0 4 F.F
S-635 | F 25 non 1 4 AD
S-654 | F 24 non 0 2 F.F
S-655 | M 47 non 4 AE
S-658 | M 37 non 6 C,F
S-661 | F 26 non 0 4 AC
S-667 | F 28 smoker 1 3 C,E
S-672 | F 47 non 0 9 AC
S-677 | M 69 non 1 5 AF
S-682 F 21 smoker 0 5

S-688 F 21 non 0 2 AF
S-692 F 23 smoker 0 2 C,F
S-700 | F 29 smoker 0 4 AF
S-701 F 29 smoker 0 1

S-704 F 28 non 0 3 E,F
S-705 | F 24 non 1 4 AF
S-710 | M 33 non 0 8 AC
S-715 | F 39 smoker 1 7 AC
S-726 F 20 non 1 3

S-728 | F 37 non 1 7 CF
S-733 F 46 non 1 7 F,F
S-754 | F 28 smoker 2 6 C,F
S-785 | F 58 smoker 0 3 AF

Table 19: Assignment of haplotype by study participant for the UTMB White non-
Hispanic cohort of the experimental population. Each individual is listed by S number,
and the corresponding haplotype assignment is given in the Haps column. For individuals
with no haplotype listed, they were dropped from the study. Demographic breakdown is
listed for age, gender, and smoking status. Chromosomal aberration (CA) data is given as
baseline (no in vitro exposure) and NNK (72 hours after NNK exposure) of isolated
primary lymphocytes.

Table 20: Raw CA stats by haplotype for both baseline and 24 hours after in vitro NNK
treatment of isolated primary lymphocytes for the UTMB White non-
Hispanic cohort of the experimental population

| BASELINE
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smoking hap presence mean SEM Cl 95%
no A y 0.74 0.174 0.341
yes A y 0.78 0.207 0.406
no A n 0.7 0.206 0.404
yes A n 0.91 0.208 0.408
no B y 0.25 0.25 0.49
yes B y 0 0 0
no B n 0.77 0.141 0.276
yes B n 0.9 0.155 0.304
no C y 0.43 0.173 0.339
yes C y 1.21 0.292 0.572
no C n 0.85 0.169 0.331
yes C n 0.65 0.158 0.31
no D y 0.75 0.479 0.939
yes D y 1.75 0.629 1.233
no D n 0.72 0.139 0.272
yes D n 0.78 0.152 0.298
no E y 0.86 0.34 0.666
yes E y 0.43 0.202 0.396
no E n 0.7 0.144 0.282
yes E n 0.93 0.171 0.335
no F y 0.88 0.211 0.414
yes F y 0.82 0.184 0.361
no F n 0.55 0.143 0.28
yes F n 1 0.246 0.482
NNK
smoking hap presence mean SEM Cl 95%
no A y 4.46 0.516 1.011
yes A y 3.89 0.62 1.215
no A n 4 0.512 1.004
yes A n 5.12 0.56 1.098
no B y 5 1.826 3.579
yes B y 2.5 1.5 2.94
no B n 4.2 0.37 0.725
yes B n 4,77 0.438 0.858
no C y 54 0.533 1.045
yes C y 4.47 0.735 1.441
no C n 3.76 0.449 0.88
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yes C n 4.81 0.53 1.039
no D y 3 0.408 0.8
yes D y 7 2.041 4
no D n 4.38 0.392 0.768
yes D n 4.48 0.425 0.833
no E y 4 0.886 1.737
yes E y 3.86 1.28 2.509
no E n 4.32 0.405 0.794
yes E n 4.81 0.454 0.89
no F y 3.77 0.478 0.937
yes F y 5.21 0.493 0.966
no F n 4.83 0.547 1.072
yes F n 3 0.674 1.321

Table 20: Raw CA stats by haplotype for both baseline and 24 hours after in vitro
NNK treatment of isolated primary lymphocytes for the UTMB White non-Hispanic
cohort of the experimental population. The presence or absence of hapltoypes were
determined using a dominante model. Smoking status was designated as either non-
smoker or cigarette smoker. Data is compiled as mean with standard error of mean and
the 95% confidence interval (CI) is listed for each combination. A. Baseline CAs. B. CAs
after NNK treatment.

Figure 17: Comparison of CA data by clade

A
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Figure 17: Comparison of CA data by clade. Individual haplotype designations are
presented as presence (X) or absence (NotX). Cigarette smokers are presented in red bars,
while non-smokers are presented in blue. Statistical significance (*) was determined as a
p-value <0.05 for associations between smoking status and hapltoype. Data values are
presented in table 20. PGHs A: smokers N=18, non-smokers N=27; notA: smokers N=71,
non-smokers 57; B: smokers N=2, non-smokers N=4; notB: smokers N=87, non-smokers
N=80; C: smokers N=20, non-smokers N=16; notC: smokers N=69, non-smokers N=68;
D: smokers N=3, non-smokers N=4; not D: smokers N=86, non-smokers N=80; E:
smokers N=7, non-smokers N=7; notE: smokers N=82, not-smokers N=77; F: smokers
N=39, non-smokers N=26; notF: smokers N=50, non-smokers N=58.A: CA data at
baseline by smoking status for each haplotype designation. Haplotype group C was the
only haplotype determined to show statistical significance at baseline, with presense of C
showing an interaction with smoking for increased CAs. B: CA data at 72 hours after
NNK exposure by smoking status for each haploypte designation. Haplotypes D and F
were the only haplotypes determined to show statistical significance at 72 hours after
NNK exposure, with presense of D or F showing an interaction with smoking for
increased CAs.
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Table 21: Percent genetic divergence between all 21 haplotypes as determined by PHASE

analysis

Hap#

10
11
12
13
14
15
16
17
18
19
20

21

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21
57 486 514 543 543 514 229 257 171 86 571 257 286 40.0 429 40.0 457 257 429 486
5.7 543 571 600 600 571 286 314 229 29 629 314 343 457 486 457 514 314 486 543
48.6 54.3 29 57 57 29 486 514 486 571 86 514 543 143 400 371 429 571 400 457
514 571 29 29 29 57 514 543 514 600 57 543 571 171 429 40.0 457 60.0 429 486
543 600 57 29 57 86 543 571 486 629 86 57.1 60.0 20.0 40.0 371 429 57.1 40.0 457
543 600 57 29 57 86 543 571 543 629 29 571 600 200 457 429 486 629 457 514
514 571 29 57 86 86 457 486 514 600 114 486 514 171 429 40.0 457 60.0 429 486
229 286 486 514 543 543 457 29 229 314 571 86 57 40.0 486 457 514 314 486 543
257 314 514 543 571 571 486 29 257 343 600 57 29 429 514 486 543 343 514 571
171 229 486 514 486 543 514 229 257 257 571 257 286 400 314 229 286 86 257 314
86 29 571 600 629 629 600 314 343 257 60.0 343 371 486 514 486 543 286 457 514
571 629 86 57 86 29 114 571 600 571 60.0 60.0 629 229 486 457 514 600 429 486
257 314 514 543 571 571 486 86 57 257 343 600 29 429 514 486 543 343 514 571
286 343 543 571 600 600 514 57 29 286 371 629 29 457 543 514 571 371 543 60.0
400 457 143 171 200 200 17.1 40.0 429 40.0 486 229 429 457 257 229 286 429 257 314
429 486 400 429 400 457 429 486 514 314 514 486 514 543 257 86 29 286 114 57
400 457 371 400 371 429 400 457 486 229 486 457 486 514 229 86 57 200 29 86
457 514 429 457 429 486 457 514 543 286 543 514 543 571 286 29 57 257 86 29
257 314 571 600 571 629 600 314 343 86 286 600 343 371 429 286 200 257 171 229
429 486 40.0 429 400 457 429 486 514 257 457 429 514 543 257 114 29 86 171 5.7
486 543 457 486 457 514 486 543 571 314 514 486 571 600 314 57 86 29 229 57

Table 21: Percent genetic divergence between all 21 haplotypes as determined by

PHASE analysis. Numbers correspond to the haplotypes as listed in table 6 figure 5.

Values for the haplotypes chosen for each cell culture and mechanistic analysis are

highlighted for emphasis. The percent genetic divergence between PGHs ranged from
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25.7% (DD haplotype 19 and EE haplotype 1) up to 62.9% (AA haplotype 12 and EE
haplotype 2).

Table 22: Raw growth counts for each of the haplotype lines over time

Growth

Counts |[NT(AA) AA | SD |[NT(DD) DD : SD |NT(EE) EE : SD |NT(FF) FF SD
24hr 99.26 103.40(14.33| 153.85 182.05| 70.12 | 180.00 157.06|45.64|141.91 180.50| 57.89
48hr 210.48 111.67(12.41| 307.69 280.77|63.32 | 232.94 192.35|22.04|264.71 243.53|97.19
72 hr 272.98 244.03 91.46| 273.08 374.36 112.62| 259.41 245.29.79.47|492.16 420.00:117.95

Table 22: Raw growth counts for each of the haplotype lines over time. Raw data for
the total number of cells present by cell line after 35mJ/cm? UV-B exposure at 24, 48,
and 72 hours as determined from trypan blue exclusion. NT designates the amount of
cells in a matched unexposed culture from the same cell line/haplotype. All haplotypes
showed at least the expected doubling of total cells within 72 hours post-exposure.

Figure 18: Percent viability for each of the haplotype lines over time
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Figure 18: Percent viability for each of the haplotype lines over time. Comparison of
the percent viability of cells present by cell line after 35mJ/cm” UV-B exposure at 24, 48,
and 72 hours. An ideal target of 100% is shown with a solid line, while a minimal
viability cutoff is represented with a dashed line. Viability was calculated as alive verses
dead cells as determined by trypan blue exclusion analysis, and each time point was
normalized to the respective viability of the untreated culture at the corresponding time
point. Bright green representes haplotype AA, light blue DD, dark green EE, and blue FF.
All haplotypes were above the 70% threshold, with many peaking over the 100%
expected values.

Table 23: Raw viability data for each of the haplotype lines over time

viability | AA SD DD SD EE SD FF SD
24hr 93.99 2494 | 11382  7.56 84.20 6.61 90.27  10.96
48hr 78.78 2150 | 10454 6.14 71.36 5.57 89.41  18.22
72 hr 73.90 5.78 90.91 1.81 96.62 10.71 | 86.75 10.11

Table 23: Raw viability data for each of the haplotype lines over time. For
comparison, the percent viability of cells present by cell line after 35mJ/cm® UV-B

exposure at 24, 48, and 72 hours.

Table 24: Shapiro-Wilk normality data for each of the haplotypes over time by adduct

A
minPE AA p DD p EE p FF p AA+EE p DD+FF p
0 0.957 0.786 0.970 0.916 0.779 0.005 0.870 0.100 | 0.913 0.074 0.701  0.000
1 0.920 0428 0.952 0.692 0.795 0.008 0.930 0483 | 0.876 0.018 0.912 0.080
5 0.839 0.074 0.882 0.094 0.741 0.004 0.807 0.025 | 0.820 0.004 0.629 0.000
15 0.865 0.134 0.931 0.392 0.682 0.001 0.810 0.012 | 0.793 0.001 0.663 0.000
30 0.955 0.750 0.954 0.696 0.705 0.001 0.710 0.001 | 0.855 0.008 0.521  0.000
60 0.986 0.988 0.942 0.545 0.889 0.114 0.831 0.021 | 0.950 0.313 0.660 0.000
180 0.929 0.508 0.848 0.056 0.673 0.000 0.865 0.057 | 0.812 0.001 0.746 0.000
360 0.926 0517 0.840 0.031 0.736 0.002 0.696 0.001 | 0.918 0.104 0.629 0.000
720 0.953 0.746 0.870 0.101 0.856 0.043 0.786 0.007 | 0.955 0.442 0.610 0.000
1440 | 0.885 0.208 0.927 0.354 0.852 0.039 0.834 0.024 | 0.845 0.004 0.720 0.000
B
minPE AA p DD p EE p FF p AA+FF p DD+EE p
0 0.846 0.087 0.859 0.047 0.945 0570 0.923 0.385 | 0.920 0.130 0.870 0.005
1 0.934 0553 0.917 0.334 0955 0.710 0.937 0.547 | 0.966 0.747 0.930 0.141
5 0.832 0.062 0.854 0.041 0.886 0.180 0.949 0.679 | 0.704 0.000 0.851  0.004
15 0.887 0.219 0.983 0.992 0910 0.213 0.840 0.028 | 0.919 0.096 0.965 0.548
30 0.927 0451 0917 0.292 0930 0.449 0971 0.898 | 0.952 0431 0916 0.073
60 0.957 0.747 0.794 0.008 0960 0.781 0.899 0.154 | 0976 0.835 0.751  0.000
180 0.761 0.011 0.913 0.300 0.959 0.768 0.921 0.295 | 0944 0.281 0976 0.851
360 0.866 0.171 0.941 0.530 0935 0431 0925 0401 | 0948 0430 0.960 0.473
720 0.926 0.480 0.961 0.800 0.955 0.716 0.789 0.007 | 0.854 0.006 0.981  0.927
1440 | 0.888 0.226 0.972 0.931 0.968 0.887 0.879 0.085 | 0.938 0.222 0.970 0.662
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Table 24: Shapiro-Wilk normality data for each of the haplotypes over time by
adduct. Time is presented in minutes after UV-B exposure (minPE). Failure of the test is
indicated by statistical significance, or p-value <0.05. A: Normality tests by haplotype for
CPD ELISA analysis. B: Normality tests by haplotype for 6,4-PP ELISA analysis.

Table 25: Mann-Whitney test of significance data for each of the haplotypes over time by
adduct

A

AA(CPD) 0 1 5 15 30 60 180 360 720 1440

0 0.844 0.623 0.976 0.188 0.251 0.984 0.757 0.713 0.915
1]0.844 0.953 0.680 0.543 0.507 0.616 0.442 1.000 0.794
510.623 0.953 0.208 0.013 0.031 0.345 0.522 0.188 0.256

15| 0.976 0.680 0.208 0.018 0.023 0.557 0.481 0.188 0.201
30 0.188 0.543 0.013 0.018 0.903 0.467 0.267 0.620 0.493
60 | 0.251 0.507 0.031 0.023 0.903 0.567 0.419 0.795 0.585
180 | 0.984 0.616 0.345 0.557 0.467 0.567 0.966 0.517 0.591
360 [ 0.757 0.442 0.522 0.481 0.267 0.419 0.966 0.479 0.549
720 0.713 1.000 0.188 0.188 0.620 0.795 0.517 0.479 0.585

1440 1 0.915 0.794 0.256 0.201 0.493 0.585 0.591 0.549 0.585

AA

(6,4-PP) 0 1 5 15 30 60 180 360 720 1440

0 0.011 0.008 0.020 0.001 0.106 0.931 0.716 0.425 0.853

1/0.011 0.854 0.792 0.223 0.826 0.240 0.405 0.753 0.312

51 0.008 0.854 0.032 0.002 0.085 0.358 0.275 0.177 0.467

15| 0.020 0.792 0.032 0.002 0.188 0.896 0.685 0.367 0.901

30 | 0.001 0.223 0.002 0.002 0.660 0.117 0.117 0.365 0.102

60 | 0.106 0.826 0.085 0.188 0.660 0.605 0.970 0.839 0.649

180 | 0.931 0.240 0.358 0.896 0.117 0.605 0.132 0.037 0.184

360 | 0.716 0.405 0.275 0.685 0.117 0.970 0.132 0.111 0.386

720 1 0.425 0.753 0.177 0.367 0.365 0.839 0.037 0.110 0.820
1440 | 0.853 0.312 0.467 0.901 0.102 0.649 0.184 0.386 0.820

C

DD(CPD) | O 1 5 15 30 60 180 360 720 1440

0 0.010 0.025 0.017 0.103 0.173 0.410 0.004 0.046 0.032
1 0.010 0.244 0.222 0.853 0.635 0.346 0.087 0.324 0.191
5 0.025 0.244 0.934 0.311 0.476 0.894 0.543 0.888 0.935
15 0.017 0.222 0.934 0.654 0.837 0.790 0.344 0.852 0.671
30 0.103 0.853 0.311 0.654 0.215 0.074 0.007 0.057 0.041
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60
180
360
720

1440

0.173
0.410
0.004
0.046
0.032

0.635
0.346
0.087
0.324
0.191

0.476
0.894
0.543
0.888
0.935

0.837
0.790
0.344
0.852
0.671

0.215
0.074
0.007
0.057
0.041

0.005
0.000
0.007
0.004

0.005

0.417
0.888
0.756

0.000
0.417

0.767
0.870

0.007
0.888
0.767

0.266

0.004
0.756
0.870
0.266

D

DD
(6,4-PP)

15

30

60

180

360

720

1440

0

1

5

15
30
60
180
360
720
1440

0.003
0.000
0.001
0.021
0.001
0.000
0.000
0.000
0.000

0.003

0.011
0.031
0.204
0.026
0.001
0.005
0.012
0.001

0.000
0.011

0.187
0.962
0.096
0.001
0.004
0.017
0.001

0.001
0.031
0.187

0.974
0.129
0.005
0.016
0.050
0.004

0.021
0.204
0.962
0.974

0.005
0.000
0.000
0.001
0.000

0.001
0.026
0.096
0.129
0.005

0.164
0.521
0.777
0.266

0.000
0.001
0.001
0.005
0.000
0.164

0.029
0.005
0.032

0.000
0.005
0.004
0.016
0.000
0.521
0.029

0.010
0.075

0.000
0.012
0.017
0.050
0.001
0.777
0.005
0.010

0.536

0.000
0.001
0.001
0.004
0.000
0.266
0.032
0.075
0.536

E

EE(CPD)

15

30

60

180

360

720

1440

0

1

5

15
30
60
180
360
720
1440

0.214
0.038
0.110
0.160
0.040
0.189
0.407
0.139
0.180

0.214

0.397
0.561
0.024
0.076
0.606
0.813
0.326
0.433

0.038
0.397

0.231
0.012
0.040
0.740
0.735
0.213
0.360

0.110
0.561
0.231

0.044
0.189
0.803
0.973
0.533
0.935

0.016
0.024
0.012
0.044

0.241
0.765
0.826
0.708
0.987

0.040
0.076
0.040
0.189
0.241

9.470
0.987
0.391
0.423

0.189
0.606
0.740
0.803
0.765
0.947

0.946
0.391
0.423

0.407
0.813
0.735
0.973
0.826
0.987
0.946

0.585
0.857

0.139
0.326
0.213
0.533
0.708
0.436
0.391
0.585

0.612

0.180
0.433
0.360
0.935
0.987
0.612
0.423
0.857
0.612

EE
(6,4-PP)

1

5

15

30

60

180

360

720

1440

15
30
60
180

0.813
0.238
0.552
0.499
0.311
0.024

0.813

0.738
0.761
0.108
0.696
0.158

0.238
0.738

0.894
0.217
0.309
0.033

0.552
0.761
0.894

0.098
0.912
0.203

0.499
0.108
0.217
0.098

0.538
0.041
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0.311
0.696
0.309
0.912
0.538

0.582

0.024
0.158
0.033
0.203
0.041
0.582

0.046
0.157
0.014
0.447
0.065
0.223
0.335

0.148
0.319
0.047
0.715
0.171
0.107
0.189

0.021
0.075
0.004
0.266
0.024
0.472
0.567




360 | 0.046 0.157 0.015 0.447 0.065 0.223 0.335 0.130 0.452
720 1 0.148 0.319 0.048 0.715 0.171 0.107 0.189 0.130 0.327
1440 1 0.021 0.075 0.004 0.266 0.024 0.472 0.567 0.452 0.327

G

FF(CPD) 0 1 5 15 30 60 180 360 720 1440
0 0.129 0.237 0.202 0.471 0.493 0.252 0.084 0.291 0.267
110.129 0.530 0.680 0.543 0.495 0.953 0.992 0.659 0.692
510.237 0.530 0.024 0.060 0.082 0.029 0.007 0.037 0.038
151 0.202 0.680 0.024 0.114 0.121 0.044 0.015 0.064 0.056
30 | 0.471 0.543 0.060 0.144 0.008 0.002 0.000 0.003 0.002
60 | 0.493 0.495 0.082 0.121 0.008 0.005 0.001 0.007 0.007
180 | 0.252 0.953 0.029 0.044 0.002 0.005 0.050 0.156 0.120
360 | 0.084 0.992 0.007 0.015 0.000 0.001 0.050 0.522 0.434
7201 0.291 0.659 0.037 0.064 0.003 0.007 0.156 0.520 0.017

1440 | 0.267 0.692 0.038 0.056 0.002 0.007 0.120 0.434 0.017

H
FF
(6,4-PP) 0 1 5 15 30 60 180 360 720 1440
0 0.359 0931 0.722 0.132 0.927 0.356 0.587 1.000 0.444
10.359 0.870 0573 0.064 0.837 0.099 0.156 0.378 0.039
5|0.931 0.870 0.909 0.133 0.483 0.080 0.032 0.103 0.009
15|0.722 0573 0.909 0.440 0.145 0.008 0.004 0.015 0.001
30|0.132 0.064 0.133 0.440 0.164 0.009 0.013 0.067 0.006
60 | 0.927 0.837 0.483 0.145 0.164 0.026 0.033 0.126 0.011
180 | 0.356 0.099 0.080 0.008 0.009 0.026 0.187 0.444 0.132
360 | 0.587 0.156 0.032 0.004 0.013 0.033 0.187 0.471 0.042
720 | 1.000 0.378 0.103 0.015 0.067 0.126 0.444 0.471 0.027
1440 | 0.444 0.039 0.009 0.001 0.006 0.011 0.132 0.042 0.027

Table 25: Mann-Whitney test of significance data for each of the haplotypes over
time by adduct. Time is presented in minutes after UV-B exposure. Statistical
significance is presented as a p-value <0.05, listed in italics. A: Mann-Whitney test by
time point for CPD ELISA analysis of haplotype AA. B: Mann-Whitney test by time
point for 6,4-PP ELISA analysis of haplotype AA. C: Mann-Whitney test by time point
for CPD ELISA analysis of haplotype DD. D: Mann-Whitney test by time point for 6,4-
PP ELISA analysis of haplotype DD. E: Mann-Whitney test by time point for CPD
ELISA analysis of haplotype EE. F: Mann-Whitney test by time point for 6,4-PP ELISA
analysis of haplotype EE. G: Mann-Whitney test by time point for CPD ELISA analysis
of haplotype FF. F: Mann-Whitney test by time point for 6,4-PP ELISA analysis of
haplotype FF.
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Table 26: Mann-Whitney test of significance data for the haplotypes at each time by

adduct
A
CPD

0 min AA DD EE FF
AA 0.172 0.260 0.092
DD 0.172 0.000 0.769
EE 0.260 0.000 0.002
FF 0.092 0.769 0.002

1 min AA DD EE FF
AA 0.569 0.183 0.158
DD 0.569 0.005 0.282
EE 0.183 0.005 0.022
FF 0.158 0.282 0.022

5 min AA DD EE FF
AA 0.020 0.138 0.015
DD 0.020 0.418 0.042
EE 0.138 0.418 0.007
FF 0.015 0.042 0.007

15 min AA DD EE FF
AA 0.036 0.829 0.031
DD 0.036 0.259 0.082
EE 0.829 0.259 0.065
FF 0.031 0.082 0.065

30 min AA DD EE FF
AA 0.596 0.010 0.261
DD 0.596 0.000 0.590
EE 0.010 0.000 0.111
FF 0.261 0.590 0.111

60 min AA DD EE FF
AA 0.297 0.027 0.172
DD 0.297 0.000 0.612
EE 0.027 0.000 0.023
FF 0.172 0.612 0.023

180 min AA DD EE FF
AA 0.105 0.319 0.780
DD 0.105 0.196 0.079
EE 0.319 0.196 0.013
FF 0.780 0.079 0.013

360 min AA DD EE FF
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AA 0.080 0.914 0.048
DD 0.080 0.452 0.041
EE 0.914 0.452 0.074
FF 0.048 0.041 0.074

720 min AA DD EE FF
AA 0.100 0.962 0.026
DD 0.100 0.010 0.265
EE 0.962 0.010 0.051
FF 0.026 0.265 0.051

1440 min AA DD EE FF
AA 0.624 0.175 0.208
DD 0.624 0.000 0.040
EE 0.175 0.000 0.020
FF 0.208 0.040 0.020

6,4-PP

0 min AA DD EE FF
AA 0.146 0.315 0.006
DD 0.146 0.000 0.000
EE 0.315 0.000 0.276
FF 0.006 0.000 0.276

1 min AA DD EE FF
AA 0.881 0.372 1.000
DD 0.881 0.001 0.006
EE 0.372 0.001 0.887
FF 1.000 0.006 0.887

5 min AA DD EE FF
AA 0.043 0.147 0.032
DD 0.043 0.003 0.055
EE 0.147 0.003 0.363
FF 0.032 0.055 0.363

15 min AA DD EE FF
AA 0.117 0.362 0.017
DD 0.117 0.009 0.079
EE 0.362 0.009 0.862
FF 0.017 0.079 0.862

30 min AA DD EE FF
AA 0921 0.214 0.777
DD 0.921 0.000 0.000
EE 0.214 0.000 0.758
FF 0.777 0.000 0.758

60 min AA DD EE FF
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AA 0.337 0.934 0.275
DD 0.337 0.410 0.797
EE 0.934 0.410 0.004
FF 0.275 0.797 0.004

180 min AA DD EE FF
AA 0.006 0.021 0.000
DD 0.006 0.010 0.000
EE 0.021 0.010 0.031
FF 0.000 0.000 0.031

360 min AA DD EE FF
AA 0.044 0.173 0.005
DD 0.044 0.020 0.000
EE 0.173 0.020 0.007
FF 0.005 0.000 0.007

720 min AA DD EE FF
AA 0.195 0.523 0.035
DD 0.195 0.223 0.007
EE 0.523 0.223 0.002
FF 0.035 0.007 0.002

1440 min AA DD EE FF
AA 0.085 0.260 0.006
DD 0.085 0.000 0.000
EE 0.260 0.000 0.001
FF 0.006 0.000 0.001

Table 26: Mann-Whitney test of significance data for the haplotypes at each time by
adduct. Time is presented in minutes after UV-B exposure. Statistical significance is
presented as a p-value <0.05, listed in italics. A: Mann-Whitney test by haplotype for
CPD ELISA analysis by each time point. B: Mann-Whitney test by haplotype for 6,4-PP
ELISA analysis by each time point.

Table 27: Mann-Whitney test of significance data of grouped sensitive verses insensitive

haplotype by adduct

Grouping by Regression Analysis Data

sensitive insensitive  Omin

CPD AA+EE DD+FF 0.002

6,4-PP DD+EE AA+FF 0.001

sensitive insensitive  1min

CPD AA+EE DD+FF 0.285

6,4-PP DD+EE AA+FF 0.151

sensitive insensitive  5min

CPD AA+EE DD+FF 0.017
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6,4-PP DD+EE AA+FF 0.021
sensitive insensitive  15min
CPD AA+EE DD+FF 0.073
6,4-PP DD+EE AA+FF 0.248
sensitive insensitive  30min
CPD AA+EE DD+FF 0.000
6,4-PP DD+EE AA+FF 0.231
sensitive insensitive  60min
CPD AA+EE DD+FF 0.000
6,4-PP DD+EE AA+FF 0.281
sensitive insensitive  180min
CPD AA+EE DD+FF 0.085
6,4-PP DD+EE AA+FF 0.205
sensitive insensitive  360min
CPD AA+EE DD+FF 0.351
6,4-PP DD+EE AA+FF 0.038
sensitive insensitive  720min
CPD AA+EE DD+FF 0.004
6,4-PP DD+EE AA+FF 0.019
sensitive insensitive 1440min
CPD AA+EE DD+FF 0.109
6,4-PP DD+EE AA+FF 0.002

Table 27: Mann-Whitney test of significance data of grouped sensitive verses
insensitive haplotype by adduct. Time is presented in minutes after UV-B exposure.
Statistical significance is presented as a p-value <0.05, listed in italics.

Table 28: Raw data for picogreen analysis of the haplotypes by time after UV-B exposure

Time AA EE FF
0| nd. 2869 0.891
10170 0.636 0.201
5| nd. 0.789 0.753
15| 0.698 0.769 0.712
30| 0977 3.031 1475
60 | 1421 1.363 1.583
180 | 0.329 -0.309 1.238
360 | 0.992 1.848 1.256
720 | 0.406 1.109 0.604
1440 | 0.572 0.516 0.776
2160 | -5.881 6.563 0.300
2880 | 0.480 2.884 0.715
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Table 28: Raw data for picogreen analysis of the haplotypes by time after UV-B
exposure. Time is presented in minutes after UV-B exposure. Arbitrary florescence data
has been normalized to amount of protein in pg using Bradford analysis and matched
untreated (no UV-B exposure) controls. Florescence data not detected is designated as
n.d.

Table 29: Shapiro-Wilk normality data for each of the haplotypes over time for fold
induction of XPC mRNA by real time analysis

PEmin AA p DD p EE p FF p
0 0.974 0.921 0.984 0.923 0.733 0.014 0.847 0.186
1 0.925 0.546 1.000 0.995 0.829 0.105 0.797 0.056
5 0.866 0.209 0.694 0.010 0.860 0.189 0.940 0.666
15 0.903 0.390 0.869 0.261 0.886 0.298 0.915 0.472
30 0.670 0.005 0.861 0.230 0.880 0.271 0.884 0.290
60 0.867 0.214 0.854 0.171 0.825 0.098 0.866 0.250

180 0.871 0.272 0.817 0.111 0.804 0.063 0.864 0.205
360 0.751 0.021 0.818 0.113 0.826 0.099 0.918 0.517
720 0.882 0.317 0.914 0.506 0.837 0.124 0.781 0.039

1440 0.792 0.049 NA NA 0.892 0.330 0.789 0.066
2160 0.950 0.740 0.787 0.084 0.796 0.075 0.762 0.038
2880 0.843 0.205 NA NA 0.823 0.093 0.805 0.089

Table 29: Shapiro-Wilk normality data for each of the haplotypes over time for fold
induction of XPC mRNA by real time analysis. Time is presented in minutes after UV-
B exposure (minPE). Failure of the test is indicated by statistical significance, or p-value
<0.05. Undetermined values are presented as NA (not available).

Table 30: Mann-Whitney test of significance data for each of the haplotypes over time for
fold induction of XPC mRNA by real time analysis

AA 0 1 5 15 30 60 180 360 720 1440 2160 2880
0.230 0.184 0.125 0.311 0.084 0.427 0.064 0.440 0.058 0.917 0.301
0.230 0.398 0.190 0.148 0.327 0.123 0.470 0.192 0.568 0.062 0.273
0.184 0.398 0.042 0.023 0.050 0.015 0.078 0.020 0.097 0.004 0.128
15| 0.125 0.190 0.042 0.068 1.000 0.484 0.892 0.629 0.836 0.254 0.831
30 | 0.311 0.148 0.023 0.068 0.622 0.979 0482 0.851 0.419 0.603 0.786
60 | 0.084 0.327 0.050 1.000 0.622 0.513 0.161 0.515 0.213 0.876 0.503
180 | 0.427 0.123 0.015 0.484 0.979 0.513 0.079 0.600 0.119 0.003 0.083
360 | 0.064 0.470 0.078 0.892 0.482 0.161 0.079 0.735 0.468 0.378 1.000
720 | 0.440 0.192 0.020 0.629 0.851 0.515 0.600 0.735 0.094 0.954 0.277
1440 | 0.058 0.568 0.097 0.836 0.419 0.213 0.119 0.468 0.094 0.484 0.715
2160 | 0.917 0.062 0.004 0.254 0.603 0.876 0.003 0.378 0.954 0.484 0.114
2880 | 0.301 0.273 0.128 0.831 0.786 0.503 0.083 1.000 0.277 0.715 0.114
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DD

1

5

15

30

60

180

360

720

1440

2160

2880

15
30
60
180
360
720
1440
2160
2880

0.975
0.669
0.608
0.542
0.860
0.517
0.955
0.583
0.844
0.237
0.699

0.975

0.667
0.738
0.567
0.917
0.678
0.894
0.642
0.938
0.237
0.784

0.669
0.667

0.171
0.127
0.250
0.068
0.254
0.106
0.264
0.023
0.278

0.608
0.738
0.171

0.788
0.312
0.640
0.269
0.707
0.326
0.644
0.634

0.542
0.567
0.127
0.788

0.517
0.243
0.482
0.197
0.644
0.073
0.415

0.860
0.917
0.250
0.312
0.517

0.053
0.416
0.111
0.351
0.020
0.330

0.517
0.678
0.068
0.640
0.243
0.053

0.021
0.188
0.021
0.525
0.221

0.955
0.894
0.254
0.269
0.482
0.416
0.021

0.041
0.273
0.024
0.308

0.583
0.642
0.106
0.707
0.197
0.111
0.188
0.041

0.793
0.358
0.877

0.844
0.938
0.264
0.326
0.644
0.351
0.021
0.273
0.793

0.212
0.509

0.237
0.237
0.023
0.644
0.073
0.020
0.525
0.024
0.358
0.212

0.235

0.699
0.784
0.278
0.634
0.415
0.330
0.221
0.308
0.877
0.509
0.235

EE

15

30

60

180

360

720

1440

2160

2880

15
30
60
180
360
720
1440
2160
2880

0.014
0.018
0.024
0.032
0.013
0.036
0.019
0.053
0.026
0.147
0.128

0.014

0.176
0.136
0.192
0.069
0.243
0.114
0.412
0.108
0.795
0.273

0.018
0.176

0.027
0.043
0.018
0.040
0.015
0.060
0.023
0.233
0.114

0.024
0.136
0.027

0.311
0.129
0.455
0.125
0.372
0.195
0.959
0.429

0.032
0.192
0.043
0.311

0.744
0.779
0.512
0.923
0.468
0.378
0.903

0.013
0.069
0.018
0.129
0.744

0.401
0.190
0.530
0.133
0.795
0.465

0.036
0.243
0.040
0.455
0.779
0.401

0.136
0.412
0.178
0.756
0.465

0.019
0.114
0.015
0.125
0.512
0.190
0.136

0.664
0.378
0.133
0.938

0.053
0.412
0.060
0.372
0.923
0.530
0.412
0.664

0.133
0.938
0.394

0.026
0.108
0.023
0.195
0.468
0.133
0.178
0.378
0.133

0.856
0.563

0.147
0.795
0.233
0.959
0.378
0.795
0.756
0.133
0.938
0.856

0.174

0.128
0.273
0.114
0.429
0.903
0.465
0.465
0.938
0.394
0.563
0.174

FF

15

30

60

180

360

720

1440

2160

2880

15
30
60
180
360
720
1440

0.522
0.914
0.841
0.914
0.517
0.815
0.547
0.747
0.525

0.522

0.595
0.557
0.288
0.744
0.316
0.892
0.334
0.836

0.914
0.595

0.564
0.485
0.795
0.364
0.940
0.420
0.862

0.841
0.557
0.564

0.134
0.363
0.500
0.343
0.082
0.351

0.914
0.288
0.485
0.134

0.641
0.762
0.651
0.595
0.717

0.517
0.744
0.795
0.363
0.641

0.010
0.042
0.018
0.119
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0.815
0.316
0.364
0.500
0.762
0.010

0.557
0.866
0.622

0.547
0.892
0.940
0.343
0.651
0.042
0.557

0.283
0.729

0.747
0.334
0.420
0.082
0.595
0.018
0.866
0.283

0.351

0.525
0.836
0.862
0.351
0.717
0.119
0.622
0.729
0.351

0.326
0.066
0.166
0.011
0.254
0.003
0.162
0.040
0.049
0.028

0.812
0.503
0.684
0.273
0.951
0.077
1.000
0.455
0.260
0.197




2160 | 0.326 0.066 0.166 0.011 0.254 0.003 0.162 0.040 0.049 0.028 0.946
2880 | 0.812 0.503 0.684 0.273 0.951 0.077 1.000 0.455 0.260 0.197 0.946

Table 30: Mann-Whitney test of significance data for each of the haplotypes over
time for fold induction of XPC mRNA by real time analysis. Time is presented in
minutes after UV-B exposure. Statistical significance is presented as a p-value <0.05,
listed in italics. A: Mann-Whitney test by time point for real time analysis of haplotype
AA. B: Mann-Whitney test by time point for real time analysis of haplotype DD. C:
Mann-Whitney test by time point for real time analysis of haplotype EE. D: Mann-
Whitney test by time point for real time analysis of haplotype FF.

Table 31: Mann-Whitney test of significance data for the haplotypes at each time for fold
induction of XPC mRNA by real time analysis

fold change

0 min AA DD EE FF
AA 0.201 0.337 0.201
DD 0.201 0.055 0.327
EE 0.337 0.055 0.144
FF 0.201 0.327 0.144

1 min AA DD EE FF
AA 0.302 0.078 0.631
DD 0.302 0.197 0.796
EE 0.078 0.197 0.055
FF 0.631 0.796 0.055

5 min AA DD EE FF
AA 0.831 0.006 0.273
DD 0.831 0.019 0.462
EE 0.006 0.019 0.045
FF 0.273 0.462 0.045

15 min AA DD EE FF
AA 0.465 0.262 0.749
DD 0.465 0.855 0.068
EE 0.262 0.855 0.037
FF 0.749 0.068 0.037

30 min AA DD EE FF
AA 0.465 0.855 0.715
DD 0.465 0.465 0.361
EE 0.855 0.465 1.000
FF 0.715 0.361 1.000

60 min AA DD EE FF
AA 0.055 0.873 0.018
DD 0.055 0.078 0.273
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EE 0.876 0.078 0.018
FF 0.018 0.273 0.018

180 min AA DD EE FF
AA 0.009 0.018 0.018
DD 0.009 0.855 0.045
EE 0.018 0.855 0.337
FF 0.018 0.045 0.337

360 min AA DD EE FF
AA 0.144 0.631 0.465
DD 0.144 0.144  0.465
EE 0.631 0.144 0.361
FF 0.465 0.465 0.361

720 min AA DD EE FF
AA 0.327 1.000 0.201
DD 0.327 0.286 0.286
EE 1.000 0.286 0.078
FF 0.201 0.286 0.078

1440 min AA DD EE FF
AA 0.317 0.873 0.144
DD 0.317 0.134 0.770
EE 0.873 0.134 0.201
FF 0.144 0.770 0.201

2160 min AA DD EE FF
AA 0.796 1.000 0.055
DD 0.796 0.655 0.053
EE 1.000 0.655 0.175
FF 0.055 0.053 0.175

2880 min AA DD EE FF
AA NA 1.000 0.142
DD NA NA NA
EE 1.000 NA 0.100
FF 0.142 NA 0.100

Table 31: Mann-Whitney test of significance data for the haplotypes at each time for
fold induction of XPC mRNA by real time analysis. Time is presented in minutes after
UV-B exposure. Statistical significance is presented as a p-value <0.05, listed in italics.

Table 32: T-test analysis of significance data for each of the haplotypes over time for
XPC protein by Western blot analysis

A

AA NT 0 1 6 12 24 36 48
NT 0.639 0.390 0.308 0.145 0.304 0.073 0.324
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0.639 0.738 0.602 0.330 0.654 0.167 0.702
0.390 0.738 0.800 0.369 0.919 0.130 0.991
0.308 0.602 0.800 0.551 0.824 0.210 0.727
12 1 0.145 0.330 0.369 0.551 0.213 0.205 0.121
241 0.304 0.654 0.919 0.824 0.213 0.026 0.826
36 | 0.0/3 0.167 0.130 0.210 0.205 0.026 0.008
48 10.324 0.702 0.991 0.727 0.121 0.826 0.008

o~ O

DD NT 0 1 6 12 24 36 48
NT 0.579 0.492 0.304 0.229 0.238 0.426 0.365

01]0.579 0.597 0.038 0.035 0.038 0.389 0.203
0.492 0.597 0.260 0.135 0.147 0.746 0.496

6| 0.304 0.038 0.260 0.165 0.202 0.417 0.510
121 0.229 0.035 0.135 0.165 0.853 0.193 0.183
24 10.238 0.038 0.147 0.202 0.853 0.213 0.209
36 | 0.426 0.389 0.746 0.417 0.193 0.213 0.737
48 10.365 0.203 0.496 0.510 0.183 0.209 0.737

[

EE NT 0 1 6 12 24 36 48
NT 0.830 0.722 0.770 0.289 0.967 0.835 0.955

0]0.830 0.894 0.948 0.993 0.860 0.996 0.822
0.722 0.894 0.941 0.892 0.750 0.905 0.738

6|0.770 0.948 0.941 0.951 0.800 0.955 0.775
121 0.289 0.993 0.892 0.951 0.844 0.997 0.807
24 10967 0.860 0.750 0.800 0.844 0.864 0.928
36 | 0.835 0.996 0.905 0.955 0.997 0.864 0.823
48 1 0.955 0.822 0.738 0.775 0.807 0.928 0.823

[

FF NT 0 1 6 12 24 36 48
NT 0.908 0.654 0.699 0.778 0.654 0.822 0.757
0]0.908 0.709 0.758 0.698 0.600 0.739 0.662
1|0.654 0.709 0.973 0.523 0.484 0.548 0.463
6|0.699 0.758 0.973 0.555 0.504 0.583 0.505
12 1 0.778 0.698 0.523 0.555 0.824 0.951 0.990
24 1 0.654 0.600 0.484 0.504 0.824 0.785 0.807
36 | 0.822 0.739 0.548 0.583 0.951 0.785 0.956
48 | 0.757 0.662 0.463 0.505 0.990 0.807 0.956
Table 32: T-test analysis of significance data for each of the haplotypes over time for
XPC protein by Western blot analysis. Time is presented in hours after UV-B
exposure. Statistical significance is presented as a p-value <0.05, listed in italics. A: T-
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test analysis by time point for western analysis of haplotype AA. B: T-test analysis by
time point for western analysis of haplotype DD. C: T-test analysis by time point for
western analysis of haplotype EE. D: T-test analysis by time point for western analysis of
haplotype FF.

Table 33: T-test analysis of significance data for the haplotypes at each time for XPC
protein by Western blot analysis

Densitometry
NT AA DD EE FF
AA 0411  0.056  0.077
DD 0.411 0.060  0.069
EE 0.056  0.060 0.572
FF 0.077  0.069 0.572
0 hr AA DD EE FF
AA 0.406  0.085 0.136
DD 0.406 0.017  0.011
EE 0.085  0.017 0.439
FF 0.136  0.011  0.439
1hr AA DD EE FF
AA 0.280 0.047 0.072
DD 0.280 0.021  0.020
EE 0.047  0.021 0.457
FF 0.072  0.020 0.457
6 hr AA DD EE FF
AA 0582 0.072 0.129
DD 0.582 0.031  0.042
EE 0.072  0.031 0.520
FF 0.129  0.042 0.520
12 hr AA DD EE FF
AA 0572  0.069 0577
DD 0.572 0.085  0.487
EE 0.069  0.085 0.333
FF 0577  0.487 0.333
24 hr AA DD EE FF
AA 0.606  0.048 0.516
DD 0.606 0.136  0.725
EE 0.048  0.136
FF 0516 0.725 0.420 0.420
36 hr AA DD EE FF
AA 0.024  0.239 0.978
DD 0.024 0.050  0.119
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EE 0.239  0.050 0.390
FF 0978 0.119 0.390

48 hr AA DD EE FF
AA 0.227 0.114  0.123
DD 0.227 0.135 0.114
EE 0.114  0.135 0.561

FF 0.123 0.114 0.561
Table 33: T-test analysis of significance data for the haplotypes at each time for
XPC protein by Western blot analysis. Time is presented in hours after UV-B
exposure. Statistical significance is presented as a p-value <0.05, listed in italics.
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