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PREFACE 
 My reason for this body of work is the same reason that education is so important 
to me.  I wanted to challenge my mind and push my abilities.  This study represents a 
continuation of the knowledge needed to achieve a better understanding of susceptibility 
among populations.  One important unknown for population health is understanding how 
genetic differences predispose individuals to certain undesirable outcomes, such as 
cancer.  This unknown stimulated my research.  The goals of my research are to acquire 
new insight about populations who are susceptible to increased cancer risk because of 
inherited genetic differences, and to identify mechanisms responsible for their 
susceptibility.  The hope is that this new insight will facilitate adoption of preventive 
measures that reduce risks due to susceptibilities. 
 This research has required me to push my abilities further and further, and could 
not have been accomplished without the help of numerous very important individuals.  I 
thank Dr. Mary Treinen-Moslen for her support and willingness to help me improve my 
communication skills.  I greatly appreciate the help of both Dr. Rodney Nairn and Dr. 
Randa El-Zein for their guidance in experimental design.  I also thank Dr. El-Zein for 
taking the time to teach me Fluorescent In Situ Hybridization.  I give my sincerest thanks 
to the Molecular Genomics and Recombinant DNA Core Facility, specifically Deborah 
Prusak and Richard Kanost, for help with mRNA quantitation and genetic sequencing, 
respectively.  I express my appreciation to Eugene Knutson, Dr. Michael Schmiederer 
and Dr. Thomas Albrecht at the Optical Imagining Core Facility, for their help with all 
the confocal fluorescent microscopy work, data analysis and general experimental design 
of that specific study.  I am grateful to both Dr. Michael Schmiederer and Dr. Jeffrey 
Wickliffe for their help with motivation, ideas and experimental design and I thank Ms. 
Mirtha S. Lopez for carefully scoring chromosome aberrations using classical 
cytogenetics.  I express my gratitude to Dr. Marinel Ammenheuser for working tirelessly 
with me to help improve my writing skills.  I appreciate Courtney Hill, Carla Kinslow 
and Adele Guerin for their motivation, support and help in lab. Last, but not least, I thank 
Dr. Sherif Abdel-Rahman for believing in me and giving me the opportunity to study 
under his tutelage.   
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Epidemiological studies have documented many associations between single 
nucleotide polymorphisms (SNPs) in the nucleotide excision repair gene XPD (ERCC2) 
and cancer risk. Little is known, however, about the underlying mechanisms for these 
associations. I used lymphocytes from healthy subjects to explore novel mechanisms 
which could explain the reported risk-modifying effects on disease susceptibility of three 
SNPs in the XPD gene, the synonymous C156A SNP in exon 6 and the nonsynonymous 
SNPs Asp312Asn in exon 10 and Lys751Gln in exon 23. Baseline and NNK-induced 
chromosomal aberrations (Ca) were assessed by cytogenetic analysis and then P values 
were calculated as estimates of sub-population differences for increased frequencies of 
CAs associated with the three XPD polymorphisms.  I found significant elevation in 
baseline frequencies of CAs among smokers with the variant 312Asn polymorphism 
(P=0.028). Elevations in NNK-induced aberrations were found among younger subjects 
(age<39 years) with the 156A or the 751Gln polymorphism, (P=0.025 and P=0.037, 
respectively) and in females compared to males with a combination of the 312Asn and 
the 751Gln polymorphisms (P=0.045). Application of real time PCR showed that each 
SNP, alone and in combination, significantly decreased constitutive XPD mRNA levels 
(P<0.003) in lymphocytes. Decreases in XPD mRNA levels were significantly higher in 
older subjects and in smokers.  Localized Mfold structure analysis of the mRNA 
sequence surrounding the studied SNPs were predicted to alter mRNA secondary 
structure, which indicated that these SNPs potentially affect local folding and mRNA 
stability.  UVC treatment of cells with wild type XPD produced a significant increase 
(P=0.03) in XPD protein levels by 30 min, which surprisingly coincided with a decrease 
in XPD mRNA transcript copy number (P=0.0002). Fluorescent confocal microscopy 
demonstrated that this increase in XPD protein appeared largely due to an increase in 
nuclear localization of XPD, which was evident at 30 min and persistent at 6 hrs.  New 
observations from this project provide possible mechanistic explanations for the 
association of polymorphisms in XPD with increased genetic damage (CAs) and cancer 
risk.   
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INTRODUCTION 
 DNA repair is a process that is critical for the survival of cells and organisms.  

The mechanism of DNA repair takes on many forms, and the type and extent of genetic 

damage that has occurred largely dictates which repair mechanism(s) or pathway(s) will 

be used for the repair of that damage.  In Yu et al. (1999), DNA repair is defined in a 

general sense as, “a range of cellular responses associated with restoration of the genetic 

instructions as provided by the normal primary DNA sequence”.  Research in the field of 

DNA repair has been pursued for many decades. However, human DNA repair has been 

most extensively studied through research devoted to understanding the cause of many 

human diseases associated with defects in DNA repair (Yu et al., 1999).  One of the most 

studied of these human diseases, which has led to numerous breakthroughs in the 

understanding of DNA repair, is Xeroderma pigmentosum (XP).  XP was the first human 

DNA repair deficiency disease identified (Jung and Bantle, 1971).  Two other human 

diseases closely related to XP that have been studied are Trichothiodystrophy (TTD) 

(Rebora and Crovato, 1987) and Cockayne syndrome (Poon et al., 1975).  

 People are constantly under threat from agents in their environment that can 

potentially damage their genomes.  DNA damaging agents, however, are not merely 

external. Our own bodies produce byproducts from metabolism and other cellular 

processes that can also cause damage to our genomes.  Internal agents include oxygen 

and nitrogen free radicals, and external sources of damage include ionizing radiation, UV 

radiation, and a diverse number of chemicals.  For these reasons mammalian cells have a 

number of mechanisms to combat DNA damaging agents and maintain genome stability.  

Some of these mechanisms include, (1) apoptosis to rid the body of extensively damaged 

cells, (2) initiation of cell cycle check points to halt the progress of DNA synthesis and 

replication until damage can be repaired, (3) transcriptional changes, to respond to the 

cell’s damaged state by manufacturing the necessary proteins to insure repair and 

survival, and (4) initiation of the appropriate DNA repair mechanism for the removal of 

DNA damage.  These processes do not act individually, but collectively, and are 

responsible for the fate of the cell (Madhusudan and Middleton, 2005).   
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 There are a number of different DNA repair pathways, and these pathways have 

overlapping responsibility for the repair of DNA damage.  Therefore, an understanding of 

all the mechanisms of DNA repair is crucial.  For example all DNA repair mechanisms 

(direct reversal repair, mismatch repair, homologous recombination, non-homologous 

end joining, base excision repair and nucleotide excision repair) play a role in repairing 

the damage from alkylating agents or secondary damage from compounds such as 

tobacco-specific nitrosamines (Drablos et al., 2004).  In the following sections each of 

the DNA repair pathways will be discussed with regard to its mechanism of action, 

related diseases, and issues of genetic susceptibility associated with single nucleotide 

polymorphisms in DNA repair genes.  The last section is devoted to the nucleotide 

excision repair pathway and to the XPD gene, which is the subject of the current 

dissertation project.     

 The focus of this dissertation is on understanding the functional and biological 

significance of single nucleotide polymorphisms (SNPs).  SNPs are changes in the 

genetic sequence of a gene that occur in the general population at a prevalence greater 

then 1%.  This dissertation focuses on three of the major SNPs that occur in the coding 

region of the XPD gene.  As will be discussed in the last section of this introduction, the 

XPD protein is involved in the nucleotide excision repair pathway, which is important in 

DNA repair of large bulky adducts.  The central hypothesis is that polymorphisms in the 

XPD gene result in structural or functional changes that could lead to altered protein 

function and, therefore, altered nucleotide excision repair (NER) capacity. 

DIRECT REVERSAL DNA REPAIR. 

 Direct reversal DNA repair (DRR) in humans is largely centered on a single 

alklytransferase, O -methylguanine-DNA-methyl transferase, (MGMT).  This repair 

pathway utilizing MGMT is the main pathway for the repair of damage induced by 

alkylating agents.  Such exogenous compounds, through reacting with DNA, can add 

alkyl groups, such as methyl and ethyl groups, to the bases in DNA (Figure 1).  

6

Simple 

alkylating agents can also transfer such unmodified groups as methyl and ethyl groups to 



 

nucleophilic sites on proteins and RNA (Margison and Santibanez-Koref, 2002).  These 

alkylating agents can cause mutations, carcinogenesis, cell death, cell cycle arrest, and 

teratogenicity.   One of the most common adducts formed from alkylating agents is O6-

methylguanine (O6-meG). This adduct has the potential to mismatch with adenine or 

thymine, resulting in a GC-AT transition which is implicated in cellular oncogenesis 

(Margison and Santibanez-Koref, 2002). 
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Figure 1. Mechanisms of DNA damage
Mechanism by which DNA damage is caused by alkylating agents, and the resulting genotoxic 
effects that may occur, such as GC AT transitions and, DNA double strand breaks.  These may or 
may not be repaired later by the mismatch repair mechanism or the double strand break repair 
mechanism, respectively.  The left box shows the number of alkylating event required for genomic 
damage to occur as estimated from studies in Chinese hamster ovary cells.  Reprinted from 
BioEssays, vol 24(3), Margison GP., Santibanez-Koref MF., O6-alkylguanine-DNA 
alkyltransferase: role in carcinogenesis and chemotherapy, 255-266, copyright 2002, with 
permission from Wiley-Liss INC. 
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Mechanisms of direct reversal repair  
 A direct reversal repair system, such as that involving MGMT, was first theorized 

when it was observed that O6-meG adducts were removed faster than cell turnover 

following treatment of rats with the hepatocarcinogen N,N-dimethylnitrosamine 

(O’Connor et al., 1973).  Since that time, more extensive research has been conducted on 

the mechanism of action and importance of direct reversal on genome stability.  MGMT 

is a protein that belongs to a class of enzymes called alkyltransferases.  Alkyltransferases, 

such as MGMT, are important in the repair of alkylation damage in an irreversible 

reaction.  The alkyl group from the damaged site is directly transferred to a cysteine 

residue in the active site of MGMT (Hazra et al., 1997).  Once MGMT is used to transfer 

the alkyl group, it is inactivated and degraded via the ubiquitin proteolytic pathway 

(Srivenugopal et al., 1996).  Therefore, any further repair of DNA-alkyl adducts would 

require the continued production of active MGMT.  Alkyltransferases bind to DNA 

through a helix-turn-helix tertiary structure in the C-terminal.  The second helix of this 

structure houses an arginine that acts like a finger to flip out the alkylated base into the 

active site of the protein.  A histidine within the conserved active site and a proximal 

glutamic acid residue form a network of hydrogen bonds, with the active site cysteine 

thereby effectively transferring the alkyl group to the cysteine of MGMT.  This reaction 

results in an alteration of the DNA binding domain upon which the newly alkylated 

MGMT is released from the DNA and targeted for degradation by ubiquitination (Daniels 

and Tainer, 2000). The cost of this repair pathway is great, when the production of this 22 

kDa protein and the high energy consuming degradation pathway is taken into account.  

Although other less energy expensive means exists to repair alkylation damage, they are, 

however, slower (Yu et al., 1999).  Along with O6-methylguanine, MGMT also repairs 

O6-ethylguanine, O6-butylguanine and O4-methylthymine but at a lower efficiency 

(Sancar, 1995).   Recently, it was also shown that MGMT repairs other bulky adducts, 

such as pyridyloxobutyl adducts which are produced from tobacco specific nitrosomines 

such as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (Wang et al., 1997; 

Mijal et al., 2004) 



 

 There are enzymes other then MGMT that repair DNA using a direct reversal 

mechanism, although 

most are not as active 

in the mammalian 

system.  AlkB, a 

prokaryotic enzyme, 

was shown to repair 1-

methyladenine and 3-

methylcytosine with a 

direct reversal 

mechanism using 

molecular oxygen, 2-

oxogulerate and Fe(II) 

to oxidize the methyl 

group resulting in 

direct repair and 

release of 

formaldehyde (Figure 2).   Interestingly, eight human AlkB homologues (hABH) have 

recently been found.  Similar to AlkB, hABH2 and hABH3 can also repair 1-

methyladenine and 3-methylcytosine in a direct reversal 2-oxogluterate-dependent 

manner (Drablos et al., 2004), hABH2 and hABH3 also function in the repair of 1-

ethyladenine DNA adducts, resulting in the release of acetaldehyde (Duncan et al., 2002).  

Figure 2. DNA repair by ALKB and hABH 
The E. coli ALKB and human homologous hABH2 and hABH3 repair O6-
methyladenine and O6-methylcytosine in a direct reversal mechanism that 
results in the release of formaldehyde.  Reprinted from DNA Repair vol 3, 
Drablos F., Feyzi E., Aas PA., Vaagbo CB., Kavli B., Bratlie MS., Pena-
Diaz J., Otterlei M., Slupphaug G., Krokan HE. Alkylation damage in DNA 
and rna-repair mechanisms and medical significance. 1389-1407, copyright 
2004 with permission from Elsevier. 

 

Polymorphisms and cancer susceptibility in direct reversal repair genes 
 Two important polymorphisms that have been discovered in the MGMT gene 

have been shown to be associated with genetic damage.  An in vitro study from our 

laboratory showed that polymorphisms in MGMT, specifically Leu48Phe and Ile143Val 

may increase the risk of chromosomal aberrations due to exposure to tobacco-specific 

nitrosamine carcinogens like 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) 
 5
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(Hill et al., 2005a).  Although the mechanism by which these polymorphisms lead to 

increased genetic damage is not well understood, it has been shown that loss or lowered 

expression of MGMT is linked to increased cancer risk and heightened sensitivity to 

methylating agents (Gerson, 2004).  With this knowledge, one could hypothesize that the 

possible consequences of these polymorphisms are either lowered enzymatic activity 

level, through misfolding of the active site of the MGMT protein, or possible decreased 

protein stability, resulting in less active protein available for damage repair.  A study of 

oral cancer prognosis showed that MGMT gene expression was significantly decreased in 

groups of patients with non-epithelial dysplasis, epithelial dysplasis and oral squamous 

cell carcinoma.  This study also showed a significant loss of MGMT gene expression in 

smokers with oral squamous cell carcinoma (Rodriguez et al., 2006). 

 

MISMATCH REPAIR 

 Mismatch repair (MMR) is a post-replicative DNA repair pathway and, as its 

name implies, repairs mismatched bases, those not conforming to the A:T, G:C base 

pairing of DNA. This repair pathway also repairs small insertion/deletion mutations 

(Scherer et al., 2005).  Mismatched base pairs can arise through a number of 

mechanisms, such as misincorporations during DNA replication, formation of 

hetroduplexes (Bishop et al., 1985), and deamination of 5-methylcytosine to uracil 

resulting in an G:T mismatch.  (Shen et al., 1994; Yu et al., 1999).  During DNA 

synthesis it has been shown that DNA polymerase has the tendency to incorporate an 

adenine where it doesn’t belong, resulting in an A/G mismatch (Kutchta et al., 1988; 

Eger and Benkovic, 1992).  Perhaps it is because of this, and the mutagenic effect of the 

resulting G:C A:T transition, that mismatch repair glycosylases, during the repair of 

either an A:G or T:G mismatch, have evolved to remove the adenine and thymine 

keeping the guanine intact  (Wiebauer and Jiricny, 1989; Yeh et al., 1991).   
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Mechanisms of mismatch repair. 
 MMR involves two distinct mechanisms: long patch and short patch mismatch 

repair.  Long patch repair removes a section of one of the DNA strands from an incision 

point 90 to 170 nucleotides beyond the mismatch (Fang and Modrich, 1993).  In short 

patch repair, only one or a few nucleotides are excised.  Three known enzymes are 

involved in this repair pathway (Wiebauer and Jiricny, 1989; Yeh et al., 1991).  Each of 

these enzymes has a specific cutting pattern for MMR.   The T/G specific enzyme, G/T-

specific thymine DNA gylcosylase, removes the thymine (Nedderman et al., 1996) which 

creates an AP site opposite the G (Wiebauer and Jiricny, 1989).  The A/G specific 

enzyme cuts at both the 5’ and 3’ phosphodiester bond flanking the mismatch pair.  On 

the other hand the third enzyme, also known as the “all type enzyme”, only cuts the 

phosphodiester bond 5’ to the mismatch. (Nedderman et al., 1996).  Following the 

excision step by any of these enzymes, the resulting gap is filled by polymerase β (Yu et 

al., 1999). 

 During long patch repair, MMR is initiated by the recognition of mispaired bases 

by MutS proteins followed by the recruitment of MutL proteins involved in base removal 

and resynthesis (Scherer et al., 2005).  In humans there are three different MutS 

homologs: MSH2, MSH3, and MSH6.  These proteins function as heterodimer 

complexes; MSH2-MSH6 are responsible for initiating repair of mispaired bases, and 

MSH2-MSH3 are responsible for initiating repair of larger insertion/deletion mispairs of 

2 to 4 bases (Marsischly et al., 1996; Genschel et al., 1998; Edelmann et al., 2000).  

Humans also have four MutL homologs: MLH1, PMS1, PMS2, and MLH3.  These, like 

the MutS homologs, also form heterodimeric complexes of MLH1-MLH3, MLH1-PMS1, 

and MLH1-PMS2.  The primary response in MMR is for the MLH1-PMS2 complex to 

interact with the MSH2-MSH6 or MSH2-MSH3 complex and, therefore, drive further 

MMR steps (Prolla et al., 1994; Li and Modrich, 1995; Wang et al., 1999).  



 

Unique among the DNA repair 

pathways, MMR does not repair the damage 

in modified bases.  Therefore, the difficult 

task in repairing DNA mismatches is 

determining which of the paired bases is the 

incorrect one that needs to be replaced.  

During MMR the base to be replaced is 

always on the newly synthesized strand.  

During long patch repair, MMR determines 

the newly synthesized strand by searching for 

the presence of gaps between Okazaki 

fragments on the lagging strand or by a free 

3’-terminus on the leading strand (Stojic et 

al., 2004).  During the process of MMR, 

mismatched bases must first be recognized 

by the human MSH2/MSH6 

(hMSH2/hMSH6) heterodimer (Scherer et 

al., 2005).  An ATP dependent 

conformational change transforms the 

hMSH2/hMSH6 heterodimer into a sliding 

clamp structure, which has the capability to 

translocate along the DNA strand (Blackwell 

et al., 1998; Gradia et al., 1999).   Another 

heterodimer complex, hMLH1/hPMS2, is 

recruited to the mismatch site prior to clamp 

migration, in another ATP dependent reaction 

(Li and Modrich, 1995).   This complex, 

hMSH2/hMSH6/ hMLH1/hPMS2, is now 

capable of traversing the DNA in the 5’ 

 

Figure 3. Long patch MMR 
Schematic representation of the protein 
complexes and mechanisms involved in long 
patch MMR.  Reprinted from DNA Repair, vol. 
3, Stojic L., Brun R., Jiricny J.  Mismatch repair 
and DNA damage signaling, 1091-1101, 
copyright 2004, with permission from Elsevier 
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direction in search of markers that identify the newly synthesized strand.  Once this 

strand discontinuity has been identified, the clamp complex recruits exonuclease 1 

(EXO1) 5’ to the mismatch on the new strand (Stojic et al., 2004)).  EXO1 has 5’ 3’ 

exonuclease activity and begins to degrade that newly synthesized strand at the point of 

strand continuity moving in the 3’ direction towards the mismatch site.  EXO1 requires 

constant stimulation from newly organized clamp complexes until it has reached the 

mismatch site.  At this point no more clamp complex can be organized, and the 

stimulation of EXO1 ceases.  During strand degradation, replication protein A is recruited 

to help stabilized the single stranded DNA (Genschel and Modrich, 2003).  At this point, 

DNA polymerase and PCNA can resynthesize the DNA strand, repairing the mismatch 

and leaving DNA ligase to close the final nick following synthesis (Stojic et al., 2004) 

(Figure 3).  

 

Mutations, polymorphisms, and cancer susceptibility in MMR genes 
 Components of the MMR pathways not only play a role in DNA repair but have 

also been shown to be sensors for DNA damage that may regulate cell cycle progression 

and apoptosis (Bellacosa, 2001; Brown et al., 2003).  Because of its role in both DNA 

repair and cell cycle progression, cells defective in MMR show many signs of genome 

instability such as slippage mutations, chromosomal rearrangements, gene amplification, 

radio resistant DNA synthesis, and mutation in DNA repeat regions, which is known as 

microsatellite instability (MSI) (Surtees et al., 2004).  MSI has been associated with 

increased cancer risk.  The current mechanistic hypothesis is that the increased level of 

mutations that result in MSI is a genome-wide increase in mutation rate that, not only 

affects microsatellite regions, but also affects exonic coding regions of genes that play a 

role in cancer suppression (Chao and Lipkin, 2006).   Hofseth et al. (2003) have shown 

that over-expression of the base excision repair gene APE1 causes an increase in MSI.  In 

addition, Chang et al. (2005) have shown that the over-expression of APE1, which 

inhibits MMR activity, results in increased MSI.  Specifically, high levels of APE1 
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decrease protein levels of hMSH6, a key member of the MMR pathway that forms the 

hMUTSα complex (Chang et al., 2005).  

 Mutations in MMR genes have been identified in a large number of hereditary 

non-polyposis colon cancer (HNPCC) patients who are heterozygous mutant for at least 

one of the MMR genes (Lucci-Cordisco, 2003).  As many as 400 mutations in MMR 

genes may exist (Peltomaki, 1997).  Identification of these mutations may be especially 

important in cancer research and understanding cancer susceptibility.  HNPCC is an 

autosomal dominant cancer characterized by early onset of colorectal cancer, and it is 

estimated to be responsible for 5% of all colorectal cancers.  Some patients may also 

develop stomach, intestinal, ovarian, and endometrial cancers (Lynch, 1996).  The main 

sites of mutations are in the MSH1 and MSH2 genes, resulting in microsatellite 

instability, and reduced MMR activity (Aaltonen, 1993; Yuan et al., 2002).  These two 

genes account for most of the mutations identified in MMR.  The remaining mutations 

are accounted for by mutations in the MSH6, PMS1, and PMS2 genes (Peltomaki, 2001; 

Peltomaki, 2003).  Recent studies have also shown that each year, in the United States 

approximately 17,000 sporadic colorectal cancer cases (Gryfe et al., 2000; Gryfe and 

Gallinger, 2001), and approximately 10,000 endometrial cancer cases (Lynch, 1999) are 

attributed to MMR somatic mutations.    

 It is not only the case that these mutational events alter MMR function, but 

polymorphisms in some MMR genes have also been associated with modifying MMR 

activity and increasing susceptibility to cancer, such as breast cancer.  Three 

polymorphisms in the MMR gene PMS2 (i.e. Pro511Lys, Thr597Ser, and Met622Ile), 

have been shown to decrease the protein-protein interaction between PMS2 and MLH1.  

Although these polymorphisms do not lie within the MLH1 binding domain of PMS2, 

they do result in altering the protein structure to such a degree as to interrupt normal 

protein-protein interactions (Yuan et al., 2002).  The Gly322Asp polymorphism in the 

MMR gene hMSH2 may be a modifying factor in breast cancer occurrence.  Poplawisk et 

al. (2005) recently found that the Gly allele showed a strong association with increased 

risk of breast cancer.  To demonstrate the importance of proper mismatch repair, 



 

Campbell et al., (2006) reported that cells in an in vitro system that are deficient in 

MMR, specifically Msh2-/- cells, showed a significant increase in chromosomal 

abnormalities, mainly resulting in chromosomal aneuploidy.  This same group showed 

that this was due to an increase in the number of centrosomes formed during mitosis, 

resulting in multiple spindle formation which causes mis-segregation of chromosomes 

and, therefore, chromosomal aneuploidy (Campell et al., 2006). 

 

DOUBLE STRAND BREAK REPAIR  

 Double strand break repair (DSB) can arise from a number of circumstances, such 

as somatic recombination, overlapping excision repair (Lieber, 1991), ionizing radiation, 

alkylating agents and oxidative stress (Dizdaroglu, 1992; Demple and Harand, 1994).  

Due to the constant insult on the genome, it is estimated that double strand breaks occur 

at a rate of about 10 breaks per cell per day (Shin et al., 2004).  With this number of 

breaks accumulating in DNA of the human body during any given day, it is easy to 

understand why DNA repair is so vital to survival.  Two main pathways of double strand 

break repair exist, homologous recombination (HR) and non-homologous end joining 

(NHEJ).  These will be discussed in greater detail below.   

 

Double 
Strand 
break

Strand 
invasion

Branch
Migration and 
synthesis

Cross over
and rejoining

Double 
Strand 
break

Strand 
invasion

Branch
Migration and 
synthesis

 11

Figure 4. Double strand break repair by 
homologous recombination  
Double strand break (black) is followed by strand 
invasion.  The lost sequence is then resynthesized 
using the invaded strand as a template.  Finally the 
homologous strand undergoes cross over and 
rejoining.  Modified from Cytognet Genome Res, 
vol 104, Griffin CS., Thacker J.  The role of 
homologous recombination repair in the formation 
of chromosome aberrations, 21-27, copyright 2004, 
with permission from S. Karger AG 

Cross over
and rejoining



 

Mechanisms of double strand break repair 
As mentioned above, double strand break repair consists of two main pathways, HR and 

NHEJ.  Under the umbrella of HR there are two distinct pathways, a more conservative 

error-free pathways that is Rad51 

dependent (Figure 4) and a relatively non-

conservative pathways that does not 

require Rad51 (Figure 5).  The 

conservative pathway, also referred to as 

gene conversion, incorporates a homology 

search and strand invasion to repair DSB 

by copying an undamaged sequence.  This 

repair pathway forms the well-known 

Holliday junctions leading to HR.  That is 

the combining of the resected DNA ends 

with the homologous double-strand DNA 

template. Random cutting from nucleases 

involved in this mechanism may result in 

an equal number of crossover and non-

crossover events, potentially resulting in 

DNA-sequence exchanges (Griffin and Thacker 2004).  However, mammalian cells have 

been shown to have a negligible frequency of crossover events (Richardson et al., 1998).   

Resection 

Alignment, annealing

Trimming, ligation

Figure 5. Double strand break repair by 
single strand annealing 
For double strand breaks that occur within or near 
repeat sequences (black and gray boxes), 
hetrologous DNA strands can be used for direct 
annealing and ligation.  Reprinted from Cytognet 
Genome Res, vol. 104, Griffin CS., Thacker J., 
The role of homologous recombination repair in 
the formation of chromosome aberrations, 21-27, 
copyright 2004, with permission from S. Karger 
AG. 

The non-conservative pathway is also known as single strand annealing (SSA).  

This pathway requires the direct annealing of repeat sequences adjacent to the double 

strand break.  Since the broken strands are directly annealed, following a double strand 

break some microdeletions may arise (Griffin and Thacker 2004).  Therefore, SSA 

involves a homology search but no strand invasion.  Rad52 plays a role in promoting the 

annealing of DNA strands central to the process of SSA (Pfeiffer et al., 2004).  Sugawara 

et al. (2000) have shown that the repair efficiency is directly related to the length of the 
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homologous sequence.  They have determined that the optimum sequence length is 

approximately 200 base pairs.    

 Rad51-dependent HR involves three steps or phases.  Phase I is referred to as pre-

synapsis, and involves the preparation of DNA ends for proficient recombination, 

specifically the creation of a 3’ single strand over-hang.  This phase requires the Mre11 

complex (Mre11, Rad50, and NBS1) for DNA end processing.  Also required is RPA, a 

single stranded binding protein; Rad52 and Rad51, for recombinase loading; and Rad54, 

for the formation of a recombinase nucelo-protein filament and for stabilization.  Phase II 

is synapsis; this phase is characterized by the formation of holiday junctions.  Phase II 

requires Rad51 and Rad54 for strand invasions and holiday junction formation.  Phase 

III, post-synapsis and resolution, involves the synthesis of newly repaired DNA and 

separation of the recombined DNA molecules.  Phase III involves the proteins Rad54 for 

branch migration, and Mus8/EmwI and Rad51C/XRCC3 for resolution of combined 

DNA strands (Wyman et al., 2004). In Rad51-dependent HR, a number of Rad51 

monomers bind to the 3’-end of each single strand generated by a DSB, to form a 

nucleoprotein responsible for homologous duplex invasion (Eggler et al., 2002).  For this 

reason the catalytic activity of Rad51 is essential for initiating strand exchange (Pfeiffer 

et al., 2004).  Brca2 is another protein involved in HR and DSB repair.  This protein 

forms an inhibitory complex with Rad51, preventing Rad51 from binding to the DNA 

forming the nucleoprotein complex.  In this way Brca2 regulates the availability of Rad51 

and functions to prevent HR during periods of normal cell metabolism (Davies et al., 

2001). 

 During Rad51-dependent HR in E. coli, the RecBCD complex is responsible for 

generating the 3’ tail necessary for strand invasion and replication, by providing a 

priming site (Shin et al., 2004).  However, there is no eukaryotic homologue for this 

complex.  In eukaryotes, as depicted in Figure 6, Mre11, which contains N-terminal 

phosphoesterase motifs, as well as two DNA binding motifs, has a DNA 3’ 5’ 

exonuclease, a flap endonuclease, and hair-pin nuclease activities (Hopfner et al., 2001; 

D’Amours et al., 2002).  Rad50, which functions along side Mre11, contains an ABC 



 

ATPase with a coiled coil structure (Hopfner et al., 2000).  Upon the binding of ATP, the 

two Rad50 ATPase ends form a homodimer, effectively separating the DNA strands cut 

by Mre11 (Hopfner et al., 2000).  These 

two proteins, working in conjunction, 

allow for the cutting and separation of 

the damaged DNA strand for invasion 

(Figure 6).  A common essential 

complex required for HR, SSA, NHEJ, 

telomere maintenance, meiotic DSB 

repair, G2/M cell cycle regulation, and 

chromatin structure is the Rad50-Mre11-

Nbs1p complex (Haber et al., 1998; 

Kuschel et al., 2002).  The role of Mre11 

in this complex is as a nuclease involved 

in the generation of long DNA single 

strands from double-strand breaks which 

is essential for HR and SSA (Pfeiffer et al., 2004) 

Figure 6. DNA strand separation during 
double strand break repair 
One homodimer of Mre11 on both ends attracts two 
Rad 50 proteins, effectively separating the DNA ends 
twice the length of the coiled coil region of Rad 50 
(1200Å).  Following separation Rad 51 initiates 
strand invasion.  Reprinted from DNA Repair, Vol. 3, 
Shin DS., Chahwan C., Huffman JL., Tainer JA,  
Structure and function of the double-strand break 
repair machinery, 863-873, copyright 2004, with 
permission from Elsevier  

 Unlike Rad51-dependent HR, NHEJ is able to rejoin broken DNA ends directly.  

This can be accomplished in two ways.  Direct re-ligation of complementary DNA 

strands results in the restoration of the original sequence.  As an alternative option, if two 

non-complementary ends are used they must first be processed by a polymerase and 

nuclease to create ligatable ends.  However, the use of non-complementary ends leads to 

small alterations on the order of a few bases and may result in mutations and 

chromosomal alterations (Pfeiffer et al., 2004).  During NHEJ repair of double strand 

breaks a single Ku70/80 hetrodimer must bind to both free ends of the broken DNA 

strand.  This occurs because Ku70/80 recognizes blunt or short overhang DNA ends 

(Critchlow and Jackson, 1998).  This complex, plus the addition of the catalytic subunit 

of DNA dependent protein kinase (DNA-PKcs) that is activated by Ku70/80, forms a 

bridging structure between the two DNA ends (Smith and Jackson, 1999).  The addition 
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of DNA-PKcs recruits the Artemis protein, and endo- and exo-nucleases, which in return 

primes the damage site and recruits the heterodimer of XRCC4/DNA ligase IV to 

complete the repair process (Grawunder et al., 1997).  Essential proteins for NHEJ 

include XRCC4, XRCC7, and LIG4 (Jeggo et al., 1998).  Gene products XRCC5, 6, and 

7, along with the hetrodimer Ku70/Ku80, form the DNA-dependent protein kinase 

(DNA-PK) essential for NHEJ (Featherston and Jackson, 1999a, b)  The enzymatic 

subunit of DNA-PK (DNA-PKcs) functions in signal transduction following DNA 

damage and recruitment of further repair proteins to the DSB site (Jackson, 2002).  

It has been shown that HR is predominantly active during specific cell cycle 

stages.  Cox (2001) has shown that this cell cycle specific activity is largely during the S 

and G2 phase.  This is because during these cell cycle phases the sister chromatid is 

available as a template.  This does not mean, however, that HR is not active during other 

cell cycle phases.  For example, during G1 when no sister chromatid is available as a 

template, the homologous chromosome or sequence repeats on heterologous 

chromosomes, which make up approximately 50% of the human genome, can be utilized 

as a template (Griffin and Thacker,.  2004).  On the other hand, NHEJ is the predominant 

form of DSB repair during cell cycle phase G0/G1, and requires the heterodimer 

Ku70/80, the DNA-dependent protein kinase catalytic subunit (DNA-PKcs), and DNA 

ligase IV/XRCC4 (Takata et al., 1998; Essers et al., 2000; Rothkamm et al., 2003) 

 A study by Iliakis et al. (2004) that examined DSB repair, following infrared 

radiation in DNA-PK deficient and wild-type cells, found that, although repair was 

slower in DNA-PK deficient cells, after 24 hr the total repair reached levels close to the 

wild-type cells, suggesting close to complete repair.  This fast component of DSB repair 

is both a DNA-PK and DNA ligase IV dependent mechanism of NHEJ.  Based on kinetic 

studies, approximately 78% of DSBs induced by IR are repaired through this DNA-PK-

dependent fast NHEJ pathway, and only about 22% are repaired through the slow 

mechanism of end joining, suggested to be a backup mechanism of NHEJ (Iliakis, 2004).  

It is hypothesized that homologous-dependent recombination (Rad51-dependent)  is used 
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in higher eukaryotes only to repair critical DNA sequences at a later time after NHEJ has 

taken care of the majority of double strand breaks (Iliakis, 2004). 

 

Polymorphisms and cancer susceptibility in DSB repair genes 
 DNA repair is a vital part of maintaining genome stability.  Not only do inherited 

mutations in important DNA repair genes result in specific diseases such as atexia 

telangiectasia, atexia telangiectasia-like disorder, Nijmegen breakage disorder, and ligase 

IV syndrome, but some single nucleotide polymorphism in these genes may also result in 

cancer susceptibility.  In the pathway of HR, polymorphisms in the XRCC3 gene have 

been associated with breast cancer risk (Kuschel et al., 2002; Benhamou et al., 2004).  

The XRCC3 IVS5 A17893G heterozygous and homozygous G allele show a significant 

protective effect over the A allele.  However, another polymorphism, XRCC3 

Thr241Met, is associated with a significant increase in breast cancer incidence with 

inheritance of the homozygous 241Met allele (Kuschel et al., 2002).  In a study of 250 

oral cancer cases, the XRCC3 Thr241Met polymorphism has been associated with a 

reduced risk of supraglottic cancer.  In this same study the XRCC2 Arg188His 

polymorphism has been associated with an increased risk of pharyngeal cancer 

(Benhamou et al., 2004), and the inheritance of the heterozygous 188His polymorphism 

presents a nearly 3-fold increase in the risk of non-small cell lung cancer (Zienolddinh et 

al., 2006).  Another study showed that the XRCC2 Arg188His polymorphism may have a 

dose response protective association with risk of epithelial ovarian cancer, in that 

individuals heterozygous for 188His had a 20% risk reduction, and individuals 

homozygous for 188His had a greater than 50% risk reduction (Auranen et al., 2005).  

 Other genes in the NHEJ repair pathway have also been implicated in cancer 

susceptibility.  For example, Roddam et al. (2002) has shown from a case-control study, 

that the presence of the heterozygous genotype (CT) of either LIG4 Ala3Val or Thr9Ile 

polymorphisms confers a 1.5-fold reduced risk of multiple myeloma.  Inheriting the 

homozygous variant genotype (TT) confers a four-fold risk reduction.  Another 

polymorphism in LIG4, Ile658Val, has also been associated with cancer risk.  Sakiyama 
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et al. (2005) have shown this polymorphism to be significantly protective against 

squamous cell carcinoma of the lung.  Both the Ku70 C61G and XRCC4 T1394G intron 

polymorphisms showed significant increases in the risk of breast cancer incidence (Fu et 

al., 2003).  When polymorphic genes were examined as a complex, more significant odds 

ratios were observed.  The DSB end-binding complex, consisting of Ku70, Ku80 and 

DNA-PKcs, showed a significant increase in breast cancer prevalence with two or more 

polymorphic variants.  The same was observed when NHEJ genes (Ku70, Ku80, DNA-

PKcs, LIG4, and XRCC4) were examined together (Fu et al., 2003).  Another 

polymorphic gene involved in NHEJ that has also been associated with cancer is ATR. 

The Thr211Met polymorphism in this gene has been associated with a significant 

decrease in risk of non-small cell lung cancer (Zienolddiny et al., 2006). 

 The key defining gene in HR, Rad51, is a suspected modifier of breast cancer 

risk.  The Rad51 G135C 5’-UTR polymorphism, when assessed alone, does not show an 

association with increased breast cancer risk.  However, the Rad51 135C allele does 

modulate the effect in BRCA2 carriers.  Kadouri et al. (2004) has shown that among 

Ashkenazi Jews carrying the BRCA2 mutation the inheritance of the Rad51 135C 

polymorphism increases the risk of breast cancer development two-fold and lowers the 

age of onset significantly by 7 years.  It has also been shown that the Rad51 135C 

polymorphism may modify the risk of breast cancer associated with the presence of the 

BRAC2 Met1915Thr polymorphism (Sliwinski et al., 2005).     

BASE EXCISION REPAIR 

 Base excision repair (BER) is a multi-protein, multi-step pathway responsible for 

the repair of so called non-bulky adducts, such as those formed from methylation, 

oxidation, reduction, or the results of ionizing radiation or oxidative stress (Yu et al., 

1999; Tuteja and Tuteja, 2001).  Consequently, with its role in repair of methylation 

adducts it overlaps to some degree with the repair mechanism of MGMT.  The basic steps 

involved in BER include: (1) the release of the damaged base from DNA by a DNA 

glycosylase, (2) following the removal of the damaged base, AP lyase incises 3’ to the 
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damage site while AP hydrolase incises 5’ of the apurinic site (formerly the damaged 

site), (3) DNA polymerase then fills in the gap due to the removal of the damaged base 

beginning at the exposed 3’OH end, (4) The final step involves the sealing of the new 

base within the DNA structure by DNA ligase.   

 

Mechanisms of base excision repair. 
 The BER pathway can be divided into four major steps: (1) base removal by a 

DNA glycosylase; (2) creation of the 3’-OH end; (3) nucleotide synthesis to fill in the 

gap; and (4) ligation to seal the DNA strands (Figure 7, pathway II).  The first step is 

identifying and removing damaged bases by DNA glycosylases.  Because of the varying 

substrates that the BER pathway is responsible for repairing, it is no surprise that there 

are many DNA glycosylases with different substrate specificities.  All characterized 

glycosylases are small monomeric proteins that do not require factors for either of their 

two functions: DNA damage recognition or enzymatic activity (Yu et al., 1999).   

 A highly mutagenic and common reactive oxygen species generated adduct is 8-

oxoguanine (8-oxoG).  It can cause GC TA or TA GC transversions if not repaired 

(Tajiri et al., 1995).  In humans the enzyme responsible for cleaving this damaged base is 

8-oxoG DNA glycosylase (OGG1) (Figure 7).  Once the enzyme has cleaved the 

glycosylic bond at 8-oxoG, the protein can either be released, acting as a mono-functional 

glycosylase generating an AP site (Figure 7, pathway II, step 1), or it can further process 

the damage site acting as a bifunctional glycosylase and generating a 3’-α, β-unsaturated 

aldehyde end (3’-PUA) (Izumi et al., 2003; Wiederhold et al., 2004) (Figure 7, pathway 

I, step 1).  Since OGG1 is inhibited by its own β-elimination products, OGG1 has been 

shown to mainly generate AP sites at 8-oxoG (Hill et al., 2001).  Another important DNA 

glycosylase is E. coli endonuclease III homolog 1 (NTH1).  NTH1 is a bifunctional 

glycosylase that removes thymine glycol damage with an associated AP lyase activity 

that will remove the resulting AP site by β-elimination generating the 3’-PUA end (Bailly 

et al., 1989) (Figure 7, pathway I, step 1).  A third unique family of DNA glycosylases 

are the E. coli nei homologs, NEIL1, NEIL2 and NEIL3, of which NEIL1 and NEIL2 



 

have been most extensively studied.  NEIL1 mainly excises 5’-hydroxyuracil, 
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Figure 7. Three pathways of BER 
Pathway I shows the repair of DNA damage by BER using bi-functional glycosylases, such as OOG1 and 
NTH1.  Pathway II shows the pathway of BER from damage repaired by mono-functional glycosylases.  
Pathway III shows BER by way of NEIL1 and NEIL2.  Reprinted from Molecular Cell, vol. 15, 
Wiederhold L., Leppard JB., Kedar P., Karimi-Busheri F., Rasouli-Nia A., Weinfeld M., Tomkinson AE., 
Izumi T., Prasad R., Wilson SH,  AP endonuclease-independent DNA base excision repair in human cells, 
209-220, copyright 2004, with Elsevier. 
 
 
 5’-hydroxycystosine, 5,5’-dihydroxyuracil, and formamidopyrimidines (Hazra et al., 

2000a).  Whereas NEIL2 cleaves mainly 5’-hydroxyuracil, and 5’-hydroxycystosine 

adducts (Hazra et al., 2000b).  NEIL1 and NEIL2 differ form the other mentioned 
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glycosylases because, unlike them, they do not require APE1 to create the 3’OH end from 

an AP site or require a 3’PUA for DNA polymerase action.  Both NEIL1 and NEIL2 

have β,δ-elimination activities that generate 3’ and 5’-phosphate ends that DNA 

polymerase β can synthesize past (Izumi et al., 2003; Wiederhold et al., 2004) (Figure 7, 

pathway III, step 1). 

 Thus, the apurinic sites, or lesions formed from the removal of the damaged base, 

are usually removed by one of two classes of endonucleases.  The class I endonucleases, 

such as NTH1 have a dual 

function both as a glycosylase 

and an AP lyase, and they 

cleave the bond 3’ to the abasic 

sugar.  Class II AP, 

endonucleases such as APE, 

cleave the bond 5’ to the abasic 

sugar (Yu et al., 1999).  AP-

endonucleases, of which only 

one has been characterized in 

humans (APE1), generates the 

3’OH end from both AP sites 

and 3’PUA ends, following 

removal of the damaged base 

by a glycosylase (Izumi et al., 

2003) (Figure 7, pathway I and 

II, step 2). 
Figure 8. Long patch BER

Following cleavage of 

the phosphodiester bond the 

BER pathway may take one of 

two routes, short patch repair or 

long patch repair.  The result of adduct removal through the BER pathway is the 

Long patch BER can be initiated following cleavage of the 
phosphodiester and generation of the 3’OH end.  It is characterized 
by an overhanging flap of 2-7 nucleotides that must be cleaved by 
FEN1.  Modified from Biochimie, vol 85,  Fortini P., Pascucci B., 
Parlanti E., D'Errico M., Simonelli V., Dogliotti E,  The base 
excision repair: Mechanisms and its relevance for cancer 
susceptibility, 1053-1071, copyright 2003, with permission from 
Elsevier. 
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generation of a 1-7 nucleotide gap.  In short patch repair, resynthesis of a single 

nucleotide by pol β takes place.  DNA polymerase β is the optimal polymerase to fill in 

these short gaps (Randahl et al., 1988) (Figure 7, step 3).  Polymerase β has an intrinsic 

AP lyase activity that can remove the remaining 5’-abasic site following DNA 

glycosylase action, prior to DNA synthesis (Srivastava et al., 1998).  In long patch repair 

the resynthesis of 2 to 7 nucleotides occurs by either Pol β or Pols δ/ε (Figure 8).  This 

route requires the use of flap endonuclease 1 (FEN1) and some accessory proteins not 

required for short patch repair to cleave the nucleotide flap that is generated by synthesis 

of more than one nucleotide (Fortini et al., 2003).  Flap endonuclease 1 (FEN1) actually 

cleaves the 5’-phosphodeoxyribose end 2-6 nucleotides down from the AP site to 

generate a larger gap which can then be filled in by pol β (Kim et al., 1998).  This FEN1 

pathway is more important for the repair of oxidized or reduced AP sites (Xu et al., 

2003).  The concluding step in BER is sealing the DNA strand (Figure 7, step 4) using 

DNA ligase, of which there are four types (DNA ligase I, II, III, and IV).  Although they 

show different substrate specificity, all have a common conserved lysine residue at the 

active site (Tomkinson et al., 1991).  

 Proper BER function also requires many accessory proteins that do not have a 

specific enzymatic activity.  XRCC1 has been shown to interact with pol β, DNA lig IIIα, 

PNK, APE1, and PARP (Caldecott et al., 1996; Kubota et al., 1996; Whitehouse et al., 

2001), as well as with NTH1 and NEIL2 (Campalans et al., 2005).  Like XRCC1, XPG is 

another structural or scaffolding protein involved in BER that interacts with many 

proteins, such as NTH1 and APE1 (Izumi et al., 2003).  Two other accessory proteins are 

poly(ADP-ribose) polymerase 1 (PARP1) and BRCA1.  It has been suggested that 

PARP1’s affinity for SSBs may play a role in sequestering SSBs until other BER proteins 

are recruited to the site, and that BRCA1 may be the basis for forming a platform for the 

recruitment of other BER proteins at the site of a stalled RNA pol II complex located on 

the damaged strand (Izumi et al., 2003).   
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Polymorphisms and cancer susceptibility in BER genes  
Since the human genome experiences thousands of damaging events per day that 

require repair initiated by DNA glycosylases, it may stand to reason that deficiencies in 

these DNA glycosylases may be modifiers for the development of human disease, such as 

cancer.  Some evidence of this is shown by BER failure in E. coli (Duncon and Weiss, 

1982), yeast (Impellizzeri et al., 1991) and rodents (Klungland et al., 1995) that have 

shown an increase in mutations.  But deficiencies in DNA glycosylases are not the only 

concern among BER genes.  For example, DNA ligase deficiency has been shown in both 

lymphoblastic leukemic cells (Rusquet et al., 1988) and in Fanconi’s anemia (Schwaiger 

et al., 1982).  Also, over-expression of APE can cause frame-shift mutations in human 

cell lines (Hofseth et al., 2003) and has been shown in Chinese hamster ovary (CHO) 

cells to result in a 40% increase in micronuclei frequency and a 30% increase in sister 

chromatid exchanges (Sossou et al., 2005).  Three polymorphisms in APE1 (Leu104Arg, 

Glu126Asp, Arg237Ala) have also been extensively studied and have been shown to 

exhibit a 40-60% decrease in AP-endonuclase activity (Hadi et al., 2000). 

In a large meta-analysis of previous case control studies, Hung et al. (2005) found 

that the Ser326Cys polymorphism in the OGG1 gene is a risk factor for lung cancer.  

Subjects inheriting the homozygous 326Cys variant genotype had a significantly 

increased risk of lung cancer, which is consistent with previous work that showed 

decreased BER capacity with this genotype (Kohno et al., 1998).  Zienolddiny et al. 

(2006) also showed that the OGG1 Ser326Cys polymorphism and the PCNA A1876G 

intron polymorphism were associated with an increased risk of non-small cell lung cancer 

(NSCLC).  Interestingly, Zienolddiny et al. (2006) also presented evidence that the APE1 

Ile63Val polymorphism was significantly protective against NSCLC.  However, Ito et al. 

(2004) have shown that the APE1 homozygous 148Glu polymorphism in combination 

with smoking significantly increases the risk of lung cancer.  It was also observed that 

subjects who have the XRCC1 Arg194Trp genotype had lowered sensitivity to mutagens 

using a mutagen sensitivity assay in which their lymphocytes were challenged with 

bleomycin and benzo[a]pyrene-diol-epoxide (BPDE) (Wang et al., 2003), which may 
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explain the observed association with tobacco-related cancers (Hung et al., 2005). 

Another polymorphism, XRCC1 IV10+141G>A, in the intronic region of XRCC1 has 

been shown to be associated with altered gene expression, apoptosis and a significant 

increase in familial breast cancer risk (Bu et al., 2006).  Interestingly, the XRCC1 

Arg399Gln polymorphism has been shown to be a significant risk modifier for prostate 

cancer (Chen et al., 2006), colorectal carcinoma (Abdel-Rahman et al., 2000; Skjelbred 

et al., 2006), and alcohol induced liver cirrhosis (Rossit et al., 2002).  It has also been 

shown that the 399Gln polymorphism in XRCC1 is associated with increased genetic 

damage as measured by chromosome aberration frequencies following challenge with 

NNK (Abdel-Rahman and El-Zein, 2000). 

 

NUCLEOTIDE EXCISION REPAIR  

Similar to BER, nucleotide excision repair (NER) is a multi-protein repair system.  

Unlike BER and the other repair pathways, most of the steps in NER require a significant 

amount of protein interaction within large protein complexes.  NER is the major repair 

pathway for the repair of large bulky adducts, such as cisplatin-guanine, thymine 

dimmers, cyclobutane pyrimidine dimers and 6-4 photoproducts, that are accumulated 

due to exposure to UV irradiation or exogenous chemicals (Figure 9A).  The NER 

pathway involves four steps: (1) damage recognition by a complex of bound proteins 

including XPC; (2) unwinding of the DNA by XPD and XPB in the transcription factor 

IIH (TFIIH) complex; (3) removal of the damaged single-stranded fragment by the 

ERCC1/XPF complex; and (4) synthesis of new nucleotides by DNA polymerases (see 

above and Friedberg, 2001 for details on NER).    

 

Mechanisms of nucleotide excision repair. 
NER consists of two distinct pathways: (1) transcription coupled repair (TCR), 

which preferentially repairs DNA damage that has occurred in the transcribed strand of 

actively transcribed genes to eliminate transcription blockage, and (2) global genome 



 

repair (GGR), which repairs DNA damage throughout the entire genome including the 

non-transcribed strand of actively transcribed genes (Hoogervorst et al., 2005).  Within 

TCR, damage recognition and removal is initiated by the presence of a stalled RNA 

polymerase II that cannot bypass the lesion, in conjunction with CSA and CSB proteins.  

Damage recognition in GGR is accomplished by the XPC-hHR23B and XPE-DDB 

complexes.  This damage recognition step in NER is believed to be the rate limiting step 

(Thoma and Vasquez, 

2003) (Figure 9B).  In the 

most widely accepted and 

documented model of 

NER, termed the 

sequential assembly model 

(Figure 10), it is 

hypothesized that protein 

components are recruited 

to the site of damage based 

on their task and then, 

upon completion of that 

task, are either removed 

from the area or remain if 

their participation in repair 

is further required (Guzder 

et al., 1996; Thoma and 

Vasquez, 2003). 

It was initially 

hypothesized that the 

damage recognition role in 

NER is played by the 

complex of replication 

Figure 9. NER recognition/preincision and verification
A) occurrence of DNA damage. B) Damage recognition by XPC-
hHR23B. C) Recruitment of TFIIH complex and further unwinding of 
DNA through XPB and XPD helicase activities. D) Recruitment of and 
verification of actual damage by XPA and RPA.  Reprinted from 
Molecular Carcinogenesis, vol. 38, Thoma BS., Vasquez KM, Critical 
DNA damage recognition functions of XPC-hHR23B and XPS-RPA in 
nucleotide excision repair, 1-13, copyright 2003, with permission from 
Wiley-Liss INC. 
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protein A (RPA) and XPA (He et al., 1995; Matsuda et al., 1995) or XPC/hHR23B 

(Thoma and Vasquez, 2003).  XPA is a 40kDA zinc metalloprotein that forms a complex 

with RPA, a single stranded DNA binding protein made up of three subunits.  XPC is a 

106kDa protein that complexes with hHR23B, a 43 kDa homolog of the yeast RAD23 

protein (Thoma and Vasquez, 2003).  Both of these protein complexes have been shown 

to initially bind to damaged DNA, however, this binding does not insure repair.  For 

instance, XPA has been shown to bind to N-acetyl-2-aminofluorine adducts, but no 

subsequent repair was observed (Sugasawa et al., 1998).  To help determine the true 

initiating complex in GGR one might examine the binding affinity of damaged DNA.  

Lao et al. (2000) have estimated the binding affinity of XPA-RPA to UV-damaged DNA 

at approximately 4.2 x 10-7 M and, in comparison, Reardon et al. (1996) have observed 

the binding capacity of XPC-hHR23B to be about 100 times greater at even lower doses 

of UV irradiation.  However, it would seem that the specificity of binding to damaged 

DNA over undamaged DNA is stronger with the XPA-RPA complex that can be 10 to 

1000 times more specific for damaged DNA, depending on the source of damage 

(Asahina et al., 1994; Lao et al., 2000; Hey et al., 2001; Vasquez et al., 2002).   

On the contrary, the specificity of the XPC-hHR32B complex may be only 2 to 10 

times higher for damaged DNA over undamaged DNA (Thoma and Vasquez, 2003).  

Sugasawa et al. (1998), using a series of competition experiments, found that XPC-

hHR32B initiation results in faster repair than if initiated by XPA-RPA.  These data, and 

that from Evans et al. (1997), showing the requirement of XPA-RPA in NER, support the 

model that, in GGR, XPC-hHR32B is the damage recognition complex and the XPA-

RPA complex provides a sort of secondary checkpoint to verify that there is actual 

damage.  Without this verification by XPA-RPA, NER will not continue (Evans et al., 

1997; Sugasawa et al., 1998).   Support of this model also comes from protein interaction 

studies in which XPC-hHR23B, but not XPA-RPA, is required for the effective 

recruitment of the transcription factor IIH (TFIIH) complex (Li et al., 1998; Yokoi et al., 

2000).  Binding of the XPC-hHR23B complex to the site of damage induces a further 

structural change by distorting the DNA (Susgsawa et al., 1998; Susgasawa et al., 2002).   
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 This binding of XPC-hHR23B and the further conformation change as a result, 

recruits the TFIIH complex, which will further unwind the DNA through its helicases, 

XPB and XPD.  The initiation steps of NER, that is the binding of XPC-hHR23B and the 

recruitment of TFIIH, occur independently of ATP (Riedl et al., 2003) (Figure 9C).  

However, ATP is required, following the recruitment of TFIIH, for XPD and XPB 

helicase activity to further open the DNA in the proximity of the damage (Schaeffer et 

al., 1993; Evans et al., 1997).  The increased strand opening as a result of helicase 

activity allows greater accessibility for XPA and RPA to bind to the site (Aboussekhra et 

al., 1995; Mu et al., 1995; Missura et al., 2001), and hence verifying the presence of 

DNA damage that must be repaired or resulting in the dismantling of the NER proteins in 

the event there is no damage (Figure 9D).  Following the binding of XPA and RPA, XPG 

is then recruited, which results in the exclusion of XPC-hHR23B from the damage site 

(Riedl et al., 2003).  This may induce further structural change that helps recruit XPF-

ERCC1 (Evans et al., 1997).   

 XPG and XPF-XRCC1 are the DNA endonucleases responsible for the dual 

incision of damaged DNA during NER.  XPG specifically cuts 3’ to the single stranded 

DNA bubble created as a result of the NER complex (Hoy et al., 1985; O’Donovan et al., 

1994).  XPF-XRCC1 specifically cuts 5’ to the bubble and in a 5’ to 3’ direction (Sijber 

et al., 1996). The recruitment of XPF-XRCC1 to the damage site signals the release of 

the TFIIH complex, which is now free to join another cycle of DNA repair or participate 

in RNA transcription (Riedl et al., 2003).  This dual incision step is carried out in an 

ATP-dependent manner in which single-strand incision at the 6th phosphodiester bond 3’ 

to the adduct and the 22th phosphodiester bond 5’ to the adduct are made.  The exact size 

of the excision may depend on the specific adduct being repaired (Mayne et al., 1982; 

Huang et al., 1992).  Also with the arrival of XPF-XRCC1 and the dual incision of the 

DNA, Riedl et al., (2003) observed a release of XPA along with TFIIH.  The resulting 

gap is filled, starting at the exposed 3’OH end, by DNA polymerases.  Polymerase δ and 

ε are the DNA polymerases involved in filling the gap created by excision with the help 

of PCNA (Pan et al., 1995).  The final step of sealing the nick is carried out by DNA  
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Figure 10.
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Figure 10. NER: sequential assembly model   
During damage recognition XPC-hHR23B binds to the site of damage and initiates NER by the recruitment 
of TFIIH.  During an ATP dependent activity XPB and XPD of TFIIH unwind the DNA allowing XPA and 
RPA to bind and verify damage.  Following damage verification dual excision is carried out 3’ by XPG and 
5’ by XPF-ERCC.  These repair complexes are then released and Pol δ, PCNA, Lig III are recruited for 
resynthesis and ligation. Reprinted by permission from Macmillan Publishers Ltd: The EMBO Journal 
(Riedl T, Hanaoka F, Egly JM.  2003.  The coming and goings of nucleotide excision repair factors on 
damaged DNA.  EMBO 22(19); 5293-5303), copyright (2003).
 

ligase.  Figure 10 summarizes the mechanism of NER and the order in which proteins and 

protein complexes are recruited to the damaged site.  

Initially the TFIIH complex was thought to consist of the 6 subunit core (XPB, 

XPD, p62, p52, p44, and p34) plus the 3 subunit CAK complex (Mat1, cdk7, and cyclin 

H) (Araujo et al., 2000).  However, recently Giglia-Mari et al., (2004) discovered a tenth 

subunit that belongs to the core TFIIH complex.  This group found that the NER defect in 

cells from individuals with Trichothiodystrophy (TTD) could be corrected using purified 

TFIIH; however, none of the originally identified nine genes in TFIIH were mutated in 

the TTD cells.  This suggests that another protein was involved with the TTD phenotype.  

Using protein screening techniques, they were able to identify a 8kDa protein in yeast 

TFIIH and its subsequent human homolog p8.  Through antibody labeling, Giglia-Mari et 

al. (2004), were able to show that p8 is part of the core TFIIH complex, and they suggest 

a role for p8 as a stabilizing protein that protects TFIIH from degradation.  They also 

showed that p8 stimulated the ATPase activity of XPB through a joint interaction with 

p52.  This ATPase activity, stimulated by p8, is suggested to catalyze a conformational 

change that allows for XPC-hHR23B repositioning and DNA unwinding by XPD (Coin 

et al., 2006).  Electron microscopy imaging suggests that the TFIIH complex is a ring-

like structure approximately 16 x 12.5 x 7.5 nm in size with a single protein domain 

extruding from one side and a central hole 2.5 to 3.5 nm in diameter (Schultz et al., 

2000).  From immuno-labeling experiments, Schultz et al. (2000) were also able to show 

that the protein extrusion contains the CAK complex with MAT1 located closest to the 

ring and interacting with XPD.  On the other side of the bulge from XPD is p44 and XPB 

(Figure 11).  The TFIIH complex, as previously mentioned briefly, functions both in 

DNA repair (GGR and TCR), as well as in RNA transcription.  It has been suggested by 

http://www.nature.com/emboj/index.html
http://www.nature.com/emboj/index.html
http://www.nature.com/emboj/index.html


 

Coin et al., (2004) that the regulation of TFIIH between NER and RNA transcription 

results from the phosphorylation of a single amino acid, S751, of XPB.  The 

phosphorylation of this residue does not prevent TFIIH binding to the damaged site nor 

does it prevent DNA unwinding.  Interestingly, phosphorylation of S751 prevents 

complete dual incision by blocking 5’ 

incision by XPF-XRCC1.  However, the 

phosphorylation of S751 does not prevent 

TFIIH’s role in RNA transcription (Coin et 

al., 2004). 

Many accessory proteins may also 

be involved in NER.  For example, p53, a 

tumor suppressor gene with involvement in 

cell cycle checkpoint regulation (Kastan et 

al., 1993), DNA damage (Lee et al., 1995), 

gene expression (Livingstone et al., 1992), 

and apoptosis (Yonish-Rouach et al., 

1991), may be a regulatory element in the 

NER pathway.  P53 may modulate the 

repair pathway through transcriptional 

activation, and it has been shown that p53 

can regulate the expression levels of XPC 

and XPE (Adimoolam et al., 2002; Hwang 

et al., 1999).  It is also possible that p53 

acts as a direct DNA repair factor because of its direct interaction with a number of NER 

proteins, including XPB and XPD, by interaction of its carboxyl terminal domain with 

the helicase III motif of XPB (Wang et al., 1995).  Wang et al. (1996) showed that p53-

induced apoptosis can be modulated through its interaction with XPB and XPD, and they 

showed that p53 apoptosis is deficient in the cells of xeroderma pigmentosum (XP) 

patients with mutated nonfunctional XPD or XPB.  In these cells, normal phenotype can 

Figure 11. Electron microscope image of 
the TFIIH complex. 
TFIIH is a ring structure 16 x 12.5 x 7.5 nm in size 
with a 2.5 to 3.5nm diameter central hole.  The 
protein protrusion contains the CAK complex 
immediately adjacent to XPD on one side of the 
ring and p44 on the other.  Opposite from XPD is 
XPB, in close proximity with p62 and p52 which 
are on the ring opposite the CAK complex.  
Reprinted from Cell, vol. 102, Schultz P., Fribourg 
S., Poterszman A., Mallouh V., Moras D., Egly JM, 
Molecular structure of human TFIIH, 599-607, 
copyright 2000, with permission from Elsevier. 
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be rescued by expression of wild type XPD and XPB.  It is suspected that p53 may 

modulate NER by binding to single-strand DNA resulting from DNA damage and 

inhibiting XPB and XPD helicase activity thereby preventing completion of NER and 

driving the cell towards apoptosis (Wang et al., 1995).    

 

Diseases from defective nucleotide excision repair 
Xeroderma pigmentosum (XP) is a rare autosomal recessive disease.  This disease 

is characterized by early development of basal cell and squamous cell carcinomas, 

sensitivity to sun resulting in degenerative alterations in the skin and eyes, and a 1000-

fold increase in both non-melanoma and melanoma skin cancers (Tuteja and Tuteja, 

2001) with a mean age of onset of two years (Kraemer, 1997).  There are two major 

forms of XP; one form is a result of a defect in nucleotide excision repair, and the second 

form is a result of a defect in repair of replicative DNA damage (Tuteja and Tuteja, 

2001).  Some XP patients also show symptoms associated with De Sanctis-Cacchione 

syndrome (DSC), which is characterized by immature sexual development, growth 

retardation, and mental retardation (Tuteja and Tuteja, 2001).  XP patients may also 

present with neurological abnormalities, such as intellectual deterioration, and loss of 

speaking ability, which may be due to premature neuronal death (Robbins et al., 1991).  

The symptoms of XP can be quite variable, ranging from mild forms of skin 

abnormalities to the most severe forms of skin cancer and mental retardation.  It is 

possible that the variability may be influenced by the specific mutations that each patient 

has that resulted in the XP phenotype.  In each of the seven XP groups (XP-A through 

XP-G) a corresponding NER gene (XPA through XPG) has been mutated (Vermeulen et 

al., 1991; Hoeijmakers, 1993).  For example, XP patient XP11BE has a mutation that 

results in a structural alteration in the carboxy-terminal of XPB and reduces TFIIH 

activity to only 15% of normal (Coin et al., 1999).  This was shown by Evans et al., 

(1997) to be due the reduced ability of XPF-XRCC1 to carry out 5’ DNA incision.  

Mutations in XP-B, XP-A, and XP-G can be found in patients that have combined 

symptoms of both XP and Cockayne’s Syndrome (CS).    
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 Cockayne’s Syndrome is characterized by the early onset of cachectic dwarfism, 

microcephaly, deterioration of adipose tissue, mental retardation, retinal atrophy, 

cataracts, sun sensitivity, and growth retardation (Leech et al., 1985; Tuteja and Tuteja, 

2001).  The average age of onset of CS is between ages 3 and 5.  Patients with CS 

typically die from pneumonia and respiratory infections by the age of 12 (Nance and 

Berry, 1992).  The symptoms of CS are a result of a deficiency or loss of DNA repair 

(Lehmann et al., 1979) or RNA synthesis (Mayne and Lehmann, 1982) following UV 

irradiation.  This was shown to be due to an impaired preference for TCR over GGR 

following exposure to DNA damaging agents (Venema et al., 1991; van Hoffen et al., 

1993).  There are three identified groups of CS: A, B and C (Tanka et al., 1981; 

Lehmann, 1982).  CS groups A and B comprise patients with classical CS, and group C 

are individuals with combined features of CS and XP.  Consequently CS-A and CS-B 

patients show no signs of defects in NER global genome repair, but are deficient in TCR 

induced by exposure to ionizing radiation, such as UV radiation from sunlight (Leadon 

and Cooper, 1993).  CS is largely a result of mutations in two genes, CSA and CSB, that 

play a role as initiating factors for transcription repair of DNA damage (Troelstra et al., 

1992), resulting in defective TCR.  Mutations in these two genes are the cause of over 

90% of all CS cases (Tuteja and Tuteja, 2001).  CSA interacts directly with components 

of the TFIIH complex, whereas CSB will interact with CSA and XPG (Henning et al., 

1995).   Recent evidence suggests that CS is a disease state that results from increased 

and excessive cellular apoptosis (Hanawalt, 2000).  

 Trichothiodystrophy (TTD), like XP, is a rare autosomal recessive disorder.  TTD 

is characterized by mental retardation, impaired sexual development, and sulfur-deficient 

brittle hair and nails as a result of decreased expression of cysteine-rich matrix proteins in 

cuticle cells (Itin and Pittelkow, 1990; Tuteja and Tuteja, 2001).  Approximately 50% of 

TTD patients present with UV sensitivity, but there is no association with cancer, and the 

majority of these patients have a defect in NER that is indistinguishable from XP-D 

patients (Tuteja and Tuteja, 2001).  TTD patients fall into three groups, depending on 

which gene is mutated.  These are XP-D (Stefanini et al., 1993a), XP-B (Vermeulen et 



 

al., 1994) and TTD-A (Stefanini et al., 1993b), later identified as p8 (Giglia-Mari et al., 

2004).  TTD-A can result in a decrease in cellular concentration of TFIIH by up to 70% 

(Botta et al., 2002).  It has been shown that most UV-sensitive TTD patients have only 

about 15 to 25% of unscheduled DNA synthesis, compared to normal cells, and are 

defective in the repair of UV-induced cyclobutane pyrimidine dimmers, but are more 

proficient in the repair of 6-4 photoproducts (Eveno et al., 1995).  In fact these 

cyclobutane pyrimidine dimmers were shown to be the predominate mutagenic lesion in 

TTD cells (Marionnet et al., 1998).  

Although these three diseases are linked, XP is largely a result of deficiencies in 

GGR, CS is mainly a result of TCR deficiencies, and TTD as been associated with 

transcriptional problems (Zurita and Merino, 2003).  Those patients that have mutations 

in XPD have mainly mutations that affect the helicase activity of XPD.  This results in 

NER defects that are largely due to structural changes in the TFIIH complex.  In those 

patients that present with symptoms of TTD, the mutation in XPD also affects 

transcription (Zurita and Merino, 2003).  Table 1 summarizes the similarities and 

difference between these three disease states.  

Table I. Characteristics of XP, CS, and TTD 

 

XP CS XP/CS TTD
Genes XPA-XPG CSA, CSB, XPG XPD, XPB, XPG XPD, p8

Disease symptoms
Photosensitivity mild-severe mild moderate-severe mild-moderate
skin cancer mild-severe NA mild-severe NA
brittle hair NA NA NA yes
mental retardation mild-severe mild-servere mild-severe mld
growth retardation mild mild mild NA

Cellular abnormalities
GG-NER activity (% of normal) 0-70 100 0-40 Oct-45
transcriptional recovery low-normal low low low
   after UV exposure
UV sensitivity (% of normal) 1.5-10x 2.5-5X 4-10X 1.5-5X
TFIIH level (% of normal) 60-100 100 75 30-50

XP CS XP/CS TTD
Genes XPA-XPG CSA, CSB, XPG XPD, XPB, XPG XPD, p8

Disease symptoms
Photosensitivity mild-severe mild moderate-severe mild-moderate
skin cancer mild-severe NA mild-severe NA
brittle hair NA NA NA yes
mental retardation mild-severe mild-servere mild-severe mld
growth retardation mild mild mild NA

Cellular abnormalities
GG-NER activity (% of normal) 0-70 100 0-40 Oct-45
transcriptional recovery low-normal low low low
   after UV exposure
UV sensitivity (% of normal) 1.5-10x 2.5-5X 4-10X 1.5-5X
TFIIH level (% of normal) 60-100 100 75 30-50
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Polymorphisms in nucleotide excision repair genes and cancer susceptibility 
Polymorphisms in NER genes have been studied extensively, and associations 

with a variety of cancers and biomarkers of exposure have been found.  A 2004 review of 

cancer susceptibility stated that prostate cancer accounted for about 33% of incident 

cancer cases, resulting in approximately 30,000 deaths annually (Jemal et al., 2004). 

NER is suspected to be an important player in the pathogenesis of prostate cancer for 

several reasons: (1) NER is known to repair genetic damage resulting from exposure to a 

number of suspected prostate cancer carcinogens, such as polycyclic aromatic 

hydrocarbons and hetrocyclic aromatic amines, and (2) both of these types of carcinogens 

can be activated by prostate cells (Martin et al., 2002).  In one study, the XPD 

Asp312Asn and XRCC1 Arg399Gly polymorphisms in combination were shown to be 

associated with increased risk of prostate cancer (Rybicki et al., 2002).  This may be 

partly explained by the observations of Spitz et al. (2001) who found that homozygous 

variants at the 312 and 751 loci in XPD reduced NER capacity.  Individuals with these 

polymorphisms were also shown to be at higher risk for cutaneous malignant melanoma 

(Baccarelli et al., 2004).  The NER initiation/verification gene XPA was also shown to 

result in decreased NER capacity with the inheritance of the polymorphic G allele in the 

5’ non-coding region upstream of the start codon (Wu et al., 2003) 

Mutations in the N-terminal region of p44 or in the C-terminal region of XPD that 

result in decreased interaction between those two proteins as members of the TFIIH 

complex result in sub-optimal XPD helicase activity, and thus reduced NER capacity and 

TFIIH destabilization (Tremeau-Bravard et al., 2001).  In two large case control skin 

cancer studies, it was observed that skin cancer patients had a 19%-42% decrease in NER 

capacity compared to non-skin cancer controls. (Matta et al., 2003; Wei et al., 2003).  

The same trend was seen in a number of studies of lung cancer patients, where a 12%-

55% decrease in NER capacity was observed (Wei et al., 1996; Wei et al., 2000; Spitz et 

al., 2001; Shen et al., 2003; Spitz et al., 2003).  NER capacity has also been shown to be 

decreased in patients with head and neck cancer by about 31% (Cheng et al., 1998), 

breast cancer by 18%-36% (Ramos et al., 2004; Shi et al., 2004), and even in patients 
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with prostate cancer by 20% (Hu et al., 2004).  The ERCC1 Asn118Asn, ERCC1 

C15310G and XPD Lys751Gln polymorphisms have recently been associated with 

increased risk of non-small cell lung cancer (NSCLC).  However, the XPA A23G and 

XPG His46His polymorphisms have been associated with a significant decrease in 

NSCLC (Zienolddiny et al., 2006).  Another polymorphism in XPG, the His1104Asp, has 

also been associated with reduced cancer risk, specifically squamous cell carcinoma of 

the lung (Jeon, 2003).  XPD 312Asn and XPA (-4AA) polymorphisms, in combination, 

have been shown to be associated with increased risk of squamous cell carcinoma of the 

lung (Popanda et al., 2004).  While the XPD 751Gln homozygous genotype has been 

shown to reduce DNA repair capacity (Spitz et al., 2001), the inheritance of the XPA -4G 

allele has been associated with increased DNA repair capacity (Butkiewicz et al., 2004).  

An intrinsic poly (AT) polymorphism in the XPC gene has been shown to contribute to 

an increased risk of squamous cell carcinoma of the head and neck (Shen et al., 2001). 

The two most commonly studied polymorphisms in the XPD gene, 1012G A 

and 2329A C, were first discovered by Broughton et al. (1996) and later renamed 

according to the change in protein to the more commonly recognized Asp312Asn and 

Lys751Gln.  Both of these polymorphisms are highly prevalent in the population with the 

variant Asn allele at position 312 occurring at a prevalence of 24%.  For the 

polymorphism at position 751 the variant Gln allele occurs in 21% of studied individuals 

(Clarkson and Wood, 2005).  In a host cell reactivation study, lymphocytes with the XPD 

homozygous Gln genotype at position 751 showed a decreased ability to repair the 

normal phenotype following UV irradiation compared to cells with the homozygous Lys 

genotype or the heterozygous genotype (Qiao et al., 2002a).  

  
 
Importance of the XPD protein and its role in the NER pathway and cell-cycle 
regulation  

As mentioned earlier the focus of this dissertation is on understanding the 

functional and biological significance of SNPs that occur in the coding region of the XPD 

gene. The XPD protein is a major player in the NER pathway and is essential for life. 
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This is demonstrated by the embryo-lethality of xpd knockout mice (Boer and 

Hoeijmakers, 1999).  NER system defects, due to mutations in the XPD gene, are 

responsible for the DNA repair defect syndromes trichothiodystrophy (TTD), Cockayne’s 

syndrome (CS) and xeroderma pigmentosum (XP) (Lehmann, 2000; Lehmann, 2003) as 

discussed above.  Although XPD mutation-related diseases represent an extreme defect in 

the function of the XPD protein, variation in the activity of this protein in the general 

population due to inheritance of SNPs in the gene, for example, is highly plausible and 

probably implicated in some types of inherited cancer susceptibility.  The XPD protein 

plays a vital role in the NER pathway, which as stated earlier is the major DNA pathway 

responsible for the repair of bulky DNA adducts resulting from exposure to a variety of 

environmental carcinogens.  In this pathway, the XPD protein plays a critical role as a 

member of the TFIIH transcription complex necessary for lesion demarcation and 

unwinding (Goodie et al., 2002). 

TFIIH (Figure 11), as discussed above, is a multiprotein complex consisting of a 

ring-like structure made of XPD, XPB, p34, p44, p62, p8 and p52, and a protrusion made 

up of the CAK complex (Ronen and Glickman, 2001). XPD has both an ATPase and a 5’ 

 3’ helicase activity that is stimulated by its binding to p44 in the TFIIH complex 

(Sung et al., 1993).  This gives XPD the responsibility for unwinding the damaged DNA 

structure to allow the rest of the repair complex to enter the site of damage and repair the 

damaged nucleotide. 

In addition to its critical role in NER, the XPD protein also plays another 

important role in cell cycle regulation as a part of the cdk-activating kinase (CAK) 

complex (Coin et al., 1999).  The CAK complex is a protein aggregate made up of cdk7, 

cyclin H, and MAT1. This protein complex is responsible for activating cdk1, cdk2, and 

cdk4, which play an important role in cell cycle progression.  CAK also phosphorylates 

RNA polymerase II, thereby initiating promoter clearance and transcription elongation 

(Rossignol, 1997). There is extensive evidence that the XPD protein is the regulatory unit 

of the CAK complex (Chen et al., 2003).  Down-regulation of XPD contributes to the up-

regulation of CAK mitotic activity. It thus regulates cell cycle progression and may also 
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function in mitotic silencing of basal transcription. Alternatively, XPD up-regulation can 

result in decreased Cdk phosphorylation resulting in mitotic defects (Chen et al., 2003).  

Despite the documented associations between SNPs in the XPD gene and 

increased susceptibility to adverse health effects resulting from environmental exposures 

(discussed briefly above), the effect of these SNPs on the ATPase and helicase activities 

of the XPD protein, which are critical for NER, have not yet been determined. In 

addition, the modifying effect of these SNPs on the interaction of XPD with the other 

protein members of the TFIIH and CAK complexes (e.g. p44 and MAT1) has not yet 

been elucidated. If the ATPase or helicase activities of the XPD protein are impaired (due 

to altered binding of XPD with p44 or with MAT1) NER capacity could ultimately be 

altered.  In turn, this would lead to alteration in the levels and types of genetic damage 

observed in individuals exposed to carcinogens.  Our study design, encompassing both in 

vitro and in vivo approaches, will address these important gaps in knowledge.

 
Cellular localization of the XPD protein  

 In eukaryotic cells, proteins involved in the management of genes are translated in 

the cytoplasm and then transported into the nucleus through the nuclear pore complexes. 

Most nuclear proteins are actively translocated into the nucleus by several mechanisms 

that involve, among others, the recognition of specific amino acid sequences, known as 

nuclear localization signals (NLSs), by specific receptors (reviewed by Silver, 1991; 

Garcia-Bustos et al., 1991; Jans et al., 2000).  Unlike other DNA repair genes (e.g. XPB 

and XPC), and even other members of the TFIIH complex, which rapidly accumulate in 

the nucleus (in agreement with the predicted presence of classic NLSs in their amino acid 

sequences),  the nuclear translocation of  XPD appears to be partial and time-dependent. 

Thus translocation of XPD does not rely on the presence of a putative NLS (Santagati, et 

al., 2001), which implies that XPD may be imported into the nucleus in association with a 

NLS-containing protein. This protein is hypothesized to be one of the other components 

of the TFIIH complex (Boulikas, 1997; Santagati et al., 2001). This also suggests that 

structural alterations (such as those leading to interaction modifications of XPD with the 



 

other members of the TFIIH complex) would result in an altered ability for XPD to 

translocate into the nucleus. The effect of the SNPs in the XPD gene on the ability of the 

resulting variant protein to localize to the nucleus is currently unknown. It is 

hypothesized that SNPs in the XPD gene may alter the nuclear translocation of the XPD 

protein by altering its interaction with other protein members of the TFIIH complex.  

 

SNPS in the XPD gene  

The XPD gene consists of 23 exons and spans ~54.3 kb at 19q13.3. The cDNA has a 

size of 2400 nucleotides. The XPD gene contains six common exon SNPs, of which four 

result in amino acid changes (non-

synonymous) and two are silent 

(synonymous). Table 2 depicts the 

location, base change, the resulting 

amino acid change (if any) and the 

reported frequencies of these SNPs, 

which range from 0.04 to 0.42 in 

human populations.  We have selected 

three SNPs to be studied (Figure 12). 

These are the two coding SNPs, Asp312Asn in exon 10 and Lys751Gln in exon 23, and 

the Arg156Arg SNP in exon 6.   There are several reasons behind the selection of these 

SNPs: (1) Two of these SNPs (the Asp312Asn and the Lys751Gln) result in amino acid 

substitutions. As such they could potentially affect the resulting protein structure and 

function; (2) The Lys751Gln SNP is located within the p44 binding domain of the XPD 

protein, and could thus affect its interaction with p44 and, consequently, its helicase 

activity; (3) The Arg156Arg SNP in exon 6, although a C A silent SNP, is associated 

with increased cancer risk (Sturgis et al., 2003; Yin et al., 2005), and  is located within 

the MAT1 binding domain of XPD (Sandrock et al., 2001); (4) Each SNP occurs at a 

relatively high frequency (lowest frequency over 0.25), thus affecting a large segment of 

Table II. SNPs in the coding region of the 
XPD gene 

Codon Base Change Amino Acid 
Change

Variant 
Allele 

Frequency
156 C A None 0.25
199 C G Met Ile 0.04
201 C T Tyr His 0.04
312 G A Asp Asn 0.42
711 C T None 0.25
751 A C Lys Gln 0.29

 37



 

the general population; and  (5) Each of these SNPs has been shown to modulate DNA 

repair capacity and the risk of environmentally-associated cancers (as discussed above).  

G47R C259Y S541R G675R A725P

p44 binding 
region

Mat1 binding 
region
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 Due to the importance of XPD as a DNA repair gene, many epidemiological 

studies have focused on determining the association between polymorphisms in this gene 

and cancer risk. Several studies have shown that SNPs in the XPD gene modulate the risk 

of basal cell carcinoma of the skin (Dybdahl et al., 1999; Vogel et al., 2001; Lovatt et al., 

2005), and cancers 

of the head and 

neck (Sturgis et al., 

2002), and lung 

(Liang et al., 2003).  

Sturgis et al., 

(2002) reported an 

association between 

the synonymous 

156C>A 

(Arg156Arg) 

polymorphism in 

exon 6 and 

squamous cell 

carcinoma of the 

head and neck. Even though this SNP does not result in amino acid substitution, Yin et 

al., (2005) also reported that the variant 156A was associated with increased risk of 

adenocarcinoma of the lung. The nonsynonymous variant 312Asn allele in XPD was 

associated with increased risk for lung cancer in a large study by Zhou et al., (2002), but 

this association was not detected in a smaller study by Butkiewicz et al., (2001).  When 

the effect of 312Asn and another nonsynonymous variant allele, 751Gln, was considered 

together, the risk for lung cancer was higher in individuals carrying both of these XPD 

variant alleles (Spitz et al., 2001). In other studies, the Lys751Gln polymorphism was not 

Figure 12. XPD protein map 
XPD mutations, the location of selected SNPs studied, and binding regions are 
presented along the linear map of XPD.  Modified from Benhamou S., Sarasin 
A. ERCC2/XPD gene polymorphisms and cancer risk.  Mutagenesis. 2002; 
17(6): 463-469, with permission from Oxford University Press. 
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associated with an elevated risk of lung cancer (Benhamou and Sarasin, 2005), but, in a 

study by Sturgis et al., (2003), this Lys751Gln polymorphism was found to be associated 

with a higher risk of head and neck cancer. These studies, and others, with sometimes 

conflicting results (summarized in Benhamou and Sarasin, 2005), have documented 

associations between cancer risk and XPD polymorphisms, but the exact mechanism(s) 

for these associations is unknown.   

 

CHROMOSOME ABERRATION (CA) AS A BIOMARKER OF EFFECT  

 Chromosomal aberrations are established biomarkers of early biological effects 

preceding cancer in exposed populations.  The importance of CAs as biomarkers of effects 

associated with cancer risk stems from the results of three separate large-scale 

epidemiological studies conducted on Nordic, Italian and Czech cohorts.  These studies 

clearly indicate that a high frequency of CA in circulating peripheral blood lymphocytes 

(PBLs) is associated with an approximately two-fold increase in risk of developing cancer 

(reviewed by Hagmar et al., 2004; Norppa, 2004).  This would correspond to an 

attributable proportion of cancer of 0.25, meaning that 25% of cancer cases could be 

prevented if factors leading to high CA frequencies were avoided (Hagmar et al., 2004). 

In fact, it is now possible to detect specific cytogenetic alterations in surrogate cells or 

tissues of exposed individuals at a very early stage of the carcinogenic process, long 

before the development of tumors.  Furthermore, El-Zein et al. (2000) have shown that the 

levels of CAs in circulating lymphocytes of lung cancer patients can reflect the grade of 

the carcinoma. 

 

Chromosome aberrations and tobacco smoking 
 Several studies have found that smokers have higher levels of CA in their PBLs 

(Obe et al., 1984; Galloway et al., 1986; Milillo et al., 1996).  In fact, Gazdar and Minna, 

(1999) have shown that normal lung epithelial cells from smokers contain the specific 

types of chromosomal aberrations that are frequently found in histologically confirmed 
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lung tumors. In recent years, the sensitivity of cytogenetic techniques has been enhanced 

by the introduction of the fluorescence in situ hybridization (FISH) assay. This assay was 

shown to be highly sensitive in detecting chromosomal breakage, exchanges, and 

aneuploidy in both metaphase and interphase cells from populations exposed to low levels 

of environmental toxins (Rupa et al., 1995). Using the FISH assay, investigators have 

consistently observed a significant increase in CA in smokers compared to non-smokers 

(Conforti-Froes et al., 1997; Abdel-Rahman et al., 1998). To confirm a preliminary study 

on XPD polymorphisms (Affatato et al., 2004) conducted in our laboratory, we used both 

conventional and molecular FISH cytogenetics to increase the sensitivity for detecting 

genetic damage associated with exposure to tobacco carcinogens.  Specific probes for 

chromosome 1 and 3 were utilized in the current project because: (1) studies with human 

lymphocytes have shown an elevated frequency of breakage in the heterochromatin region 

1q12 after exposure to a variety of environmental clastogens (Pinkel et al., 1986; 

Eastmond  et al., 1995; Conforti-Froes et al., 1997); (2) The chromosome 3p21 locus is 

reported to be sensitive to tobacco carcinogens such as the polycyclic aromatic 

hydrocarbon benzo(a)pyrene (Wu et al., 1998); and (3) the 3p21 deletion is a common 

finding in smokers who develop lung cancer (Roche  et al., 1996; Sozzi et al., 1996).  

 

USE OF THE MUTAGEN-SENSITIVITY ASSAY TO ELUCIDATE THE 

BIOLOGICAL SIGNIFICANCE OF SNPS IN SUSCEPTIBILITY GENES 

 The mutagen-sensitivity assay is a well-established technique that has been used to 

evaluate an individual’s response to the mutagenic effects of genotoxic compounds using 

cells from that individual, such as Peripheral blood lymphocytes (PBLs) (reviewed in Wu 

et al., 2004).  This assay, originally developed by T.C Hsu in 1984, reflects an 

individual’s sensitivity to the mutagen used in the assay, as well as the DNA repair 

capacity of that individual.  A number of studies have shown that PBLs from subjects with 

tobacco-related cancer have higher mutagen-sensitivity when compared to the cells of 

control subjects who do not have cancer (Wu et al., 2000; Shen et al., 2003).  Using this 
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approach, Blasiak et al. (2004) reported that PBLs of breast cancer patients have reduced 

DNA repair kinetics and increased DNA damage following exposure to hydrogen 

peroxide and doxorubicin.  The mutagen-sensitivity assay has also been used successfully 

to evaluate the effect of SNPs in susceptibility genes.  For example, it has been shown that 

PBLs from individuals with the CYP1A1 polymorphism in exon 7 and the GSTM1 null 

allele exhibit higher DNA adduct levels following exposure to benzo(a)pyrene 

diolepoxide (Lodovici et al., 2004).  Our laboratory has used this approach successfully to 

evaluate the effect of several SNPs in susceptibility genes on genetic damage induced by 

environmental carcinogens (Abdel-Rahman et al., 1999; Abdel-Rahman and El-Zein, 

2000; Affatato et al., 2004; Hill et al., 2005).  For example, in a preliminary study we 

observed an increased sensitivity to the mutagenic effects of NNK in PBLs with the 

312Asn polymorphism in the XPD gene compared to PBLs with the homozygous wild-

type Asp312Asp genotype (Affatato et al., 2004). 

 There are several strengths for using the mutagen-sensitivity assay: 1) it uses 

surrogate target cells such as PBLs which are easy to obtain and culture, 2) the 

information can be obtained from human cells as opposed to animal models, and 3) the 

effects of single and a complex mixture of compounds can be addressed.  A weakness of 

this technique is that there is still a debate as to the relevance of effects in PBLs as 

opposed to the actual target tissue of the test compound.  However, for this study 

sufficient evidence has shown that results with the biological marker, CAs, used in this 

research with PBLs closely resembles the results seen in target tissues (see above).      

  

Why tobacco smokers constitute a suitable model for populations exposed to 
environmental carcinogens 
 Tobacco contains more than 3000 chemicals, at least 40 of which are known 

carcinogens (Bartsch et al., 2000).  Although smoking is strongly linked to lung cancer, 

not all smokers will develop this cancer, suggesting that other factors, such as certain 

genetic polymorphisms may contribute to lung cancer development in smokers.  Because      

of this, tobacco smokers constitute an eminently suitable model for populations exposed to 
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environmental carcinogens.  We decided to continue to use tobacco smokers in this CA       

study of XPD polymorphisms because of the following reasons: (1) smoking has been 

linked to several diseases, including chronic obstructive pulmonary disease (COPD), 

cardiovascular disease, lung cancer and stroke (reviewed in Zaher et al., 2004), making 

smoking a public health concern;  (2) smoking has been shown to affect CA frequency 

and other types of genetic damage (reviewed in DeMarini, 2004), making smokers a 

relevant population for studies of genetic damage induced by environmental exposure;      

(3) smoking is highly prevalent and smokers are easily accessible subjects.  This provides 

a suitable exposed population that can be recruited easily in a short period of time.  

 As discussed above, tobacco smoke has been linked to increased genetic damage 

and the development of many diseases.  The cause of these diseases may be due to 

exposure to the many carcinogens within the tobacco smoke.  There are many classes of 

chemicals that are released in tobacco smoke, such as polycyclic aromatic hydrocarbons 

(PAHs), nitrosamines, aromatic amines, aldehydes, and phenols, as well as organic and 

inorganic compounds (Wogan et al., 2004).  Among these classes of chemicals, two stand 

out as major concerns in cancer susceptibility, PAHs and nitrosamines (Wang et al., 2003; 

Wogan et al., 2004).   For this research we decided to continue to use the tobacco-specific 

nitrosamine NNK as a model for tobacco carcinogen.          

 

NNK metabolism and induced genetic damage 
NNK can be metabolized by five different pathways; carboxyl reduction, pyridine 

oxidation, α-hydroxylation, denitrosation, and ADP adduct formation (Hecht, 1998).  Of 

these pathways only α-hydroxylation produces reactive intermediates that result in the 

formation of bulky DNA adducts that are repaired by NER.  This α-hydroxylation 

pathway will be the only one discussed further.  Metabolic activation of NNK by α-

hydroxylation forms two distinct reactive intermediates, 4-(3-pyridyl)-4-oxobutane-1-

diazohydroxide and methane diazohydroxide.  α-Methylene hydroxylation, which 

produces the reactive intermediate methane diazohydroxide, and α-methyl hydroxylation, 

which produces the reactive intermediate 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide 



 

(Figure 13), are by-products of NNK metabolism. The cytochrome 

  
Figure 13. The α-hydroxylation metabolic pathway of NNK 
On the right α-methylene hydroxylation that produces the reactive intermediate methane diazohydroxide 
resulting in DNA methyl adducts. On the left, α-methyl hydroxylation that produces the reactive 
intermediate 4-(3-pyridyl)-4-oxobutane-1-diazohydroxide resulting in DNA pyridyloxobutyl adducts.  
Modified from J. Mol. Biol., vol 313, Cloutier JF, Drouin R.,  M., O'Connor TR., Castonguay A.  
Characterization and mapping of DNA damage induced by reactive metabolites of 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone (NNK) at nucleotide resolution in human genomic DNA, 539-557, copyright 2001, 
with permission from Elsevier.  
 

P450s 1A2, 2A1, 2A6 and 2B1 are involved in this metabolism (Hecht, 1998; Fujita and 

Kamataki, 2001).  These two intermediates cause DNA-pyridyloxobutylated and DNA-

methylated adducts, respectively (Hecht, 1998).  The only characterized pyridyloxobutyl 
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(POB) adduct from NNK metabolism is POB-O6-guanine (Cloutier et al., 2001) (Figure 

14), whereas NNK-induced DNA methylation forms N7-methylguanine and O6-

methylguanine adducts (Hecht, 1999).  These adducts, are produced as a by-product of 

NNK metabolism by α-hydroxylation, especially the pyridyloxobutyl adducts, are 

considered bulky adducts. 
 

QUANTITATIVE REAL-TIME REVERSE TRANSCRIPTION (qRT)-PCR 

 This technology utilizes the amplification of genetic material to accurately 

quantitate the relative amount of the starting material.  This effectively allows a 

researcher to quantitate the abundance of mRNA of a specific gene.  This has the 

potential to greatly enhance genomic 

research.  Quantitative real-time (RT)-

PCR (qRT-PCR) is similar to traditional 

PCR except for an additional step.  With 

qRT-PCR the starting material is mRNA 

that must first be reverse transcribed into 

cDNA (Mocellin et al., 2003; Bustin et 

al., 2005; Bustin and Mueller, 2005).  

The cDNA product is then run through a 

thermo-cycling series just like regular 

PCR, except that a fluorescent probe is used along with the primer set to allow for 

detection as PCR products accumulate.  The fluorescent scheme used in the XPD mRNA 

research discussed later is called the extension-phase method (Figure 15).  In this scheme 

the generated cDNA is hybridized with a set of primers and a probe that contains a 

reporter dye on the 5’ end and a quencher on the 3’ end.  When the probe is intact, the 

quencher suppresses the fluorescent property of the reporter dye.  However, during the 

    Figure 14. Alkyl-O6 guanine 
      The POB-O6-guanine DNA adduct.  
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extension phase of PCR the DNA polymerase will displace the 

   

Reverse transcription

Hybridization Polymerization

Strand displacement

Probe Cleavage

PCR cycle 
complete 

Figure 15. Extension phase fluorescent qRT-PCR scheme 
During the RT step the RNA is reverse transcribed into cDNA which is then hybridized with a probe and 
strand primers.  During strand elongation the probe is displaced from the cDNA and the reporter dye is 
released from the quencher.  The amount of fluorescence is proportional to the number of cDNA copies. 
Reproduced with permission, from Bustin SA., Mueller R. 2005. Clin Sci (Lond). 109: 365-379. © the 
Biochemical Society 
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probe starting at the 5’ end which contains the reporter dye, at which time it will become 

fluorescent (Mocellin et al., 2003; Bustin and Mueller, 2005).  

Quantitation of RT-PCR requires the use of these fluorescent probes.  This is done 

by initially determining the background level of fluorescence and setting a threshold 

value approximately 100-times greater than the background fluorescence.  The number of 

PCR cycles needed for a sample to reach this threshold value is termed the threshold 

cycle (Ct), and it is inversely proportional to the amount of starting material (Figure 16).  

The more starting material that is 

used the fewer the number of cycles 

that are required to reach the 

threshold value.  There are two 

common ways to normalize or 

quantitate the data.  The first 

method, termed relative 

quantitation, involves the use of an 

internal standard, such as a house 

keeping gene like GAPDH, β-actin, 

or 18S rRNA.  This allows the 

researcher to normalize the amount 

of gene of interest to an internal 

standard that, in theory, should be 

universally expressed.  The second 

commonly used method is termed absolute quantitation.  This method utilizes a standard 

curve generated from a serial dilution of a vector carrying a copy of the gene of interest.  

Using the standard curve, a sample Ct value can be correlated back to the initial gene 

copy number of the sample.   

Fluorescence
threshold level

Template
copies

108 107 106 105 104 103

0 5 10 15 20 25 30

 46

 

Figure 16. Threshold curve for quantitative real-
time RT-PCR 
The theory of qRT-PCR, as shown, is that the greater the 
amount of starting material the fewer PCR cycles that are 
required to reach the fluorescent threshold level. 
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Limitations of qRT-PCR  
Although this technique is very useful in quantitating gene copy number, like 

most technologies, it has some inherent pitfalls that must be discussed.  In the first step of 

RT-PCR there are three ways in which reverse transcription may be accomplished.  These 

three ways only differ with regard to the type of primers that are used.  One could use a 

set of random primers, oligo-dT primers, or target-specific primers.  Each has its own 

advantages and disadvantages.  The use of random primers results in the priming of 

multiple origins along every RNA template.  The problem is that, since more than one 

cDNA target is produced per RNA template, genes of low copy number may not be 

reverse transcribed proportionally, and therefore, its quantitation may not be reliable 

(Bustin et al., 2005).  Oligo-dT priming is considered the best method to obtain a good 

representation of the cDNA.  However, this method requires long stretches of RNA and 

may fail if the RNA is not of good quality (Bustin et al., 2005).  Thus, it is important to 

verify the quality of the RNA prior to reverse transcription if using oligo-dTs.   

The third method for reverse transcription is the use of target-specific primers 

and, although they are very specific for a given gene of interest, this is wasteful.  The 

RNA sample can be used only once, and if more experiments must be done additional 

samples must be taken.  This will add another level of variability when trying to 

quantitate the sample.  The PCR reaction itself may introduce some limitations on 

quantitation of gene expression.  For example many biological samples contain 

substances such as hemoglobin, urea, organic and phenolic compounds, humic acids, and 

heavy metals, that may inhibit either the RT or PCR steps (Bustin and Mueller, 2005; 

Bustin et al., 2005).  However, if care is taken in extracting the RNA sample, absolute 

quantitation has been shown to produce results that are biologically relevant (Tricarico et 

al., 2002).  Lastly, there could exist a problem with normalizing to an internal standard.  

The use of the above mentioned internal standards is traditional.  However, for qRT-PCR 

it is assumed that these internal standard genes are constituently expressed and do not 

vary between tissue types.  Since this may not be the case, gene quantitation between 
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different tissues using an internal standard may not be a reliable approach for gene 

expression quantitation.       

Although this technique only provides information as to the total abundance of a 

gene, and no information is obtained as to the rate of transcription or mRNA degradation, 

it is, however, useful in the context of this project.  It is, first, important to examine 

whether possible changes in gene abundance occur before addressing whether the rate of 

transcription or the rate of mRNA degradation is the source of this change in gene 

abundance.  The strength of this technique, its ease of use and rapid data acquisition time, 

far outway the fact that no information is given as to the half-life of mRNA copies.  

Those techniques are far more complicated and time consuming to be useful as an initial 

analysis of gene expression.      

FLUORESCENT CONFOCAL MICROSCOPY  

 The concept involved in confocal microscopy was first theorized by Marvin 

Minsky in 1955.  By focusing light to a single plane in the z-axis, Minsky was able to 

avoid collecting much of the out of focus light from above and below the ideal focal 

plane (Minsky, 1988).   Most of the confocal microscopes used today image either by 

collecting the transmitted light off of a specimen or by stimulating the fluorescence from 

a conjugated dye or fluorophore (Semwogerere and Weeks, 2005).  Although 

microscopes have evolved over the years, most of the advances in microscopy have been 

focused on improving the signal to noise ratio (Lichtman and Conchello, 2005).  The 

strengths of the confocal microscope are: First, the design of the scope itself, which uses 

a confocal pinhole to ensure that a single plane about the z-axis is imaged.  This pinhole 

restricts the amount of light that is detected by a photomultiplier tube.  By removing from 

the captured image the information that is increasingly out of focus above and below the 

z plane, the signal to noise ratio is vastly improved thus increasing the quality of the 

information obtained for each “Z-section”.  Second, by changing the focal plane up and 

down, additional high signal-to-noise ratio planes (Z-sections) can be imaged and 

subsequently combined to generate a stack of Z-sections or 3-D images.  Finally, since 
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the stack of Z-sections is information-rich and the information is of a high quality, 

numerous evaluations, both qualitative and quantitative, and manipulations of the images 

may be undertaken with modern image processing and evaluation software based on 

validated statistical algorithms.   

  A weakness of confocal fluorescent microscopy is that it is relatively slow and 

expensive.  However, for the purposes of this research, its sensitivity and the quantitative 

data that can be obtained from the information-rich images significantly outweigh the 

weaknesses.   

  

Principles of fluorescence 
 The principle of fluorescent microscopy requires that an object or specimen 

fluoresce.  Although many biological samples auto-fluoresce, that is they have an innate 

weak fluorescence, in most cases strongly fluorescent dyes are required.  There are 

typically two ways in which fluorescent dyes are used.  The first way is to conjugate, or 

chemically bond the dye to an antibody that is then incubated with the specimen and then 

bonds to the protein specific to that antibody.  The second way is to create genetically 

engineered proteins that, when translated, contain a fluorescent dye, such as the green 

fluorescent protein (GFP), which is tagged to either the N- or C-terminal.  In either case 

the results are the same; the fluorescent signal is imaged by the microscope, thus 

increasing the signal to noise ratio.  The unique property of fluorophores that allows them 

to fluoresce is that they emit light of a longer wavelength than the one they absorb.  So by 

blocking the wavelength of the absorbed light and collecting the emitted light, a signal 

specific to the desired fluoraphore can be obtained (Lichtman and Conchello, 2005). All   

fluorophores in their relaxed state are referred to as being in their ground state, meaning 

that they are able to absorb light energy, or photons.  If the energy absorbed is enough, an 

electron in the outer orbital of the molecule may move to an orbit that is further away 

from the nucleus, and thus, the molecule is now referred to as being in an excited state 

(Lichtman and Conchello, 2005).  The property of fluorescence comes when the molecule 

transitions back to the ground state.  Most of the useful fluorophores will transition back 



 

to the ground state in a matter of nanoseconds.  This loss of energy is typically in the 

form of fluorescence, giving off light of 

longer wavelength than what was needed to 

excite the molecule in the first place.  Most 

fluorescent compounds take advantage of 

conjugated double bonds, such as pi bonds 

found in ring structures.  These 

characteristics allow the molecule to be 

easily excited by low energy photons, and 

the wave length difference between the 

exciting light and the emitted light is small.  

This translates to more red in the visible spectrum of the emitted light (Lichtman and 

Conchello, 2005).  For example, a molecular compound created by Molecular Probes Inc. 

(Eugene, OR) known as Alexa Fluor 594 (Figure 17) has many double-bonded ring 

structures and an excitation wavelength of 590 nm and an emission wavelength of 617 

nm.   The effectiveness of a fluorophore, which is the probability that the molecule will 

absorb light and produce a fluorescent signal, is referred to as its molar extinction 

coefficient.  Most useful fluorophores have an extinction coefficient between 25,000 and 

200,000 (Lichtman and Conchello, 2005).  The molar extinction coefficient of Alexa 

Fluor 594 is 73,000.  The higher the extinction coefficient, the lower the excitation light 

energy needs to be.   

 Figure 17. Alexa Fluor 594 

   

STUDY RATIONALE AND HYPOTHESIS  

 Tobacco smoking is one of the major environmental causes of cancer.  In fact, 

tobacco smoke contains over 40 known carcinogens, and has been shown to be a major 

contributor to increased cancer risk, most notably oral cancer and lung cancer.   

Following heart disease, lung cancer has the second highest mortality rate in the US, with 

an estimated 174,470 new cases and 162,460 deaths projected for 2006 (American 
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Cancer Society, 2006).   Although exposure to tobacco smoke is believed to be an 

important cause of cancer, only a fraction of smokers (about 10%) actually develop the 

disease. This suggests that genetic as well as other host factors may modulate 

susceptibility to tobacco carcinogenesis.  SNPs in DNA repair genes can plausibly 

contribute to the well-documented interindividual susceptibility to tobacco-related 

cancer. These SNPs can affect the structure and/or function of the resulting DNA repair 

proteins, and thus can alter DNA repair capacity. Consequently, these inherited traits may 

significantly influence the level of genetic damage resulting from exposure to mutagens 

in tobacco smoke, which is an early and critical step in the cascade of events leading to 

cancer.  

 Recent molecular epidemiological studies have linked several SNPs in DNA 

repair genes to a higher risk of smoking-related cancers. For example, SNPs in the XPD 

gene, involved in the nucleotide excision repair pathway (NER), were reported to be 

associated with increased risk of head and neck and lung cancers.  However, the 

functional significance (i.e. the effect of these SNPs on the structure and functions of the 

expressed XPD protein) has not yet been characterized.  In addition, the biological 

significance of these SNPs (i.e. their effect on the levels and types of genetic damage 

induced by specific tobacco smoke carcinogens) has not been fully elucidated.  The 

central hypothesis tested in the current project is that SNPs in the XPD gene alter the 

structure and function of the translated XPD protein resulting in altered NER capacity.  

This, in turn, will result in an increased accumulation of genetic damage in response to 

exposure to environmental carcinogens.  This hypothesis is tested in the current project 

using both in vivo and in vitro approaches.  Both classical and FISH cytogenetics are used 

to address the relationship between polymorphisms in XPD and smoking.  Reverse 

transcription real-time PCR is utilized to examine the effects of genetic polymorphisms 

on XPD gene expression.  Lastly, confocal microscopy is used to study the effect of XPD 

polymorphisms on XPD protein expression, and cellular translocation.   
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Materials and Methods 

STUDY PARTICIPANTS 

 This study involved a subset of a cohort composed of 800 healthy volunteers who 

were recruited, regardless of age, sex or ethnicity, from the staff and students attending 

the University of Texas Medical Branch (UTMB) in Galveston, Texas and surrounding 

areas. These individuals had responded to posted notices and advertisements requesting 

volunteers for genetic studies of smokers and non-smokers. Non-smokers were defined as 

individuals who had smoked less than 100 cigarettes during their lifetime. Smokers were 

defined as current smokers who have been smoking at least 10 cigarettes per day for at 

least three years prior to enrollment in the study. All volunteers were residents of the 

Houston-Galveston metropolitan area. The study followed a protocol approved by the 

UTMB Institutional Review Board. Participants were asked to sign a consent form and to 

fill out a questionnaire that provided background demographic, occupational, personal 

and medical information. The questionnaire also included detailed information on 

smoking-related behavior and tobacco usage (e.g., number of cigarettes smoked per day; 

brand; use of smokeless tobacco, pipes or cigars; former tobacco use; and duration of 

smoking).  

 Criteria for exclusion of volunteers included current or recent acute bacterial or 

viral infections or major chronic illnesses (such as present or previous cancer, or 

autoimmune diseases), recent blood transfusion, or medical treatment with potentially 

mutagenic agents (such as chemotherapeutic drugs or radiotherapy). Exclusion criteria 

also included excessive consumption of alcoholic beverages, and employment (present or 

past) involving exposure to toxic or mutagenic chemicals (such as benzene, nitrosamines, 

and polycyclic aromatic hydrocarbons) or radiation. After informed consent was 

obtained, a blood sample (50-70 ml) was collected from each volunteer. A portion of the 

blood was used for the cytogenetic cultures and an additional portion of blood was used 

to obtain DNA for genotype analysis.  The remaining portion was used for lymphocyte 



 

 53

isolation and cryopreservation and stored in liquid nitrogen for use in RNA isolation and 

mRNA quantitation using qRT-PCR. 

 From this cohort, 290 subjects were genotyped for XPD and used for the analysis 

of classical cytogenetics.  Cells from these individuals were randomly chosen from the 

entire sample population for classical cytogentic analysis.  A subpopulation of 38 

subjects out of the 290 were chosen for fluorescent in situ hybridization (FISH) analysis, 

based on genotype results to obtain samples that represented all XPD haplotype groups.  

From the study population (n=800), a subset of 110 individuals was selected for mRNA 

analysis; similar to those used for the FISH analysis, based on their previously 

predetermined XPD genotypes.    Blood samples from fourteen female study participants, 

chosen because of specific XPD genotypes were used for experiments involving exposure 

to UV radiation for protein quantitation and localization experiments. 

 

XPD GENOTYPE ANALYSIS 

 The genotype analysis of the C A polymorphism at codon 156 (C156A) of the 

XPD gene was determined by PCR assay as described by Dybdahl et al. (1999).  Briefly, 

PCR primers flanking codon 156 were used to generate a 652-bp product containing the 

polymorphic site.   The PCR products were subjected to restriction digestion for 16 hrs at 

65oC by TfiI (New England Biolabs, Beverly, MA), which recognizes the variant allele, 

and resolved on 2% high-resolution NuSieve® agarose gels (FMC Bioproducts, Rockland, 

ME).  The wild-type C allele is identified by the presence of a band at 596-bp (indicative 

of the absence of the TfiI cutting site), while the variant A allele is identified by the 

presence of a band at 482- and 114-bp. In addition to these bands, a 56-bp band, resulting 

from an additional invariant cutting site for TfiI in the 652-bp amplified fragment, is 

always present and serves as an internal control to insure complete TfiI digestion. 

Genotype analysis of the G A polymorphism in codon 312 of the XPD gene 

(Asp312Asn) was determined in genomic DNA by PCR assay as described previously 

(Spitz et al., 2001; Affatato et al., 2004).  Briefly, PCR primers flanking codon 312 were 
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used to generate a 744-bp product containing the polymorphic site. The PCR product was 

then subjected to restriction digestion by StyI (New England Biolabs, Beverly, MA), 

which recognizes the variant allele.  The digestion product was then resolved on 2% 

high-resolution NuSieve® agarose gels (BMA products, Rockland, ME).  The wild-type 

G allele is identified by the presence of a band at 507-bp (indicative of the absence of the 

StyI cutting site), while the variant allele is identified by the presence of a band at 474-bp. 

In addition to these bands, a 244-bp band, resulting from an additional invariant cutting 

site is always present and serves as an internal control for complete StyI digestion. 

Genotype analysis of the A C polymorphism in codon 751 (Lys751Gln) of the 

XPD gene was determined in genomic DNA by a PCR assay as described by Dybdahl et 

al. (1999).  Briefly, PCR primers flanking codon 751 were used to generate a 324-bp 

product containing the polymorphic site.  The PCR products were then subjected to 

restriction digestion by PstI (New England Biolabs, Beverly, MA), which recognizes the 

variant allele.  The digestion product was then resolved on 2% high-resolution NuSieve® 

agarose gels (BMA products, Rockland, ME).  The wild-type C allele is identified by the 

presence of a band at 224-bp (indicative of the absence of the PstI cutting site), while the 

variant allele is identified by the presence of a band at 158- and 66-bp. In addition to 

these bands, a 100-bp band, resulting from an additional invariant cutting site for PstI in 

the 324-bp amplified fragment, is always present and serves as an internal control for 

complete PstI digestion.  

 

CYTOGENETIC ASSAYS  

Cytogenetic cultures were set up and harvested following standard cytogenetic 

procedures as described in earlier publications (Abdel-Rahman et al., 1998; El-Zein  et 

al., 2000; Affatato et al., 20040.  Briefly, 1 ml of blood collected on the same day was 

added in a 15 ml tubes to 9 ml of incomplete medium consisting of RPMI 1649 

containing 10% fetal calf serum, 90 units/ml penicillin G, and 90 ug/ml streptomycin.  



 

Then 100 ul of 200 mM L-glutamine and 200 ul (12.5 ųg/ml) phytohaemagglutinin 

(PHA) (Murex Diagnostics, Norcross, GA) was added.  The cultures were mixed well 

and incubated, with tubes horizontal, at 37oC.  Cultures were allowed to incubate for 48 

hr before colcemid is added for 1 hr to arrest the cell cycle.  The samples were then 

processed for Cytogenetic analysis.   

For the mutagen sensitivity assay samples were taken as described above in 

duplicate (Figure 18).  Following the initial 40 hr incubation time this samples were treat 

for 1 hr with 0.24 mM NNK.  Forty-six hours following stimulation, cells were separated 

from the culture fluids by centrifugation at 200 x g, and the supernatant fluids were 

reserved.  The PBLs were resuspended in 5 ml of RPMI-1640 medium, without serum 

supplement, 

containing 0.24 mM 

NNK (National 

Cancer Institute, 

Midwest Carcinogen 

Repository) and 

incubated at 37oC for 

1 hour.  

and analyze
for CA

and analyze
for CA
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Following 

NNK treatment, the 

cells were washed 

twice in serum-free RPMI-1640 and transferred into clean tubes. Following 

centrifugation at 200 x g, the cells were then resuspended in the reserved growth medium 

until harvested at 2 or 24 hrs after treatment.  For each subject, a non-treated control 

culture was prepared to provide an in vivo baseline (background) level of CAs as 

discussed above.  For the remainder of this discussion, samples will be referred to as in 

vivo or baseline if no NNK treatment was carried out, 2 hrs following NNK treatment for 

those samples that were harvested at 49 hrs, and 24 hrs following NNK treatment for 

those samples harvested at 72 hrs (Figure 18).  

Figure 18. Time-line for the treatment of cultures with NNK
Whole blood samples were cultured in triplicate and initially cultured for 46 
hrs then challenged with NNK or sham-challenged with RPMI for hr.  
Following NNK challenge they were washed and treated with colcemid for 1hr 
to arrest the cell cycle. The sham-challenged and one NNK challenged sample 
were harvested 2 hrs after challenge and processed for CAs.  The third sample 
was harvested 24 hrs after challenge and processed for CAs.   
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Conventional and FISH cytogenetics:  
 One of the advantages of using cytogenetics as an endpoint is the assortment of 

available assays. A large data set can be generated from the same initial culture by 

determining damage according to conventional cytogenetics, as well as by FISH to target 

specific sites. Therefore, both conventional and FISH assays were used in the current 

study to increase the sensitivity for detecting genetic damage.  Preparation of cells for 

cytogenetic analysis was performed as follows: One hour prior to harvesting, colcemid 

was added to the baseline, 2 hr and 24 hr hour cultures, the samples were then spun at 

200 x g for 10 min, the supernatant was removed and the cells were resuspended and 

incubated for 30 min at 37oC in 10 ml of hypotonic solution containing potassium 

chloride. Then 1 ml of fixative (75% methanol and 25% acetic acid) was added to the 

samples, mixed and then spun at 200 x g for 10 min.  Following centrifugation the 

supernatant was removed and the pellet resuspended in 10 ml of fixative.  The sample 

was then placed at 4oC for at least 15 min, then spun down and resuspended in 10 ml 

fixative, and stored at 4oC until processed.  For long term storage, the samples were 

centrifuged one more time and resuspended in 1 ml of fixative and stored at -80oC until 

spread on slides for cytogenetic and/or FISH analysis.   

For conventional cytogenetics: Slides were prepared from fixed cells and stained with 

Giemsa. This solid staining method allows the identification of chromosome aberrations 

such as dicentrics, breaks, gaps and exchanges. For conventional cytogenetic assays, 50 

cells were scored from coded slides.  Slides were scored by Ms. Mirtha S. Lopez in Dr. 

El-Zein’s laboratory at the MD Anderson Cancer Center in Houston, TX.  The adequacy 

and the reliability of scoring 50 metaphases in the conventional cytogenetic assay are 

well documented (Lee et al., 1996).    

For the FISH assay:  Slides were prepared from fixed lymphocytes by adding two drops 

of the sample to the middle of a non-frosted fluorescence microscope slide and the slide 

was then placed on a 42oC slide warmer to dry.  Each slide was then aged in 2xSSC at 

37oC for 30 min, and then washed in 70%, 85%, and 100% ice-cold ethanol for 2 min 
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each.  The slides were washed in a 70% formamide/ 2X SSC solution at 73oC for 5 min, 

and then washed in 70%, 85%, 100% room temperature ethanol for 1 min each.  During 

this time the two FISH probes from Cytocell that hybridize to the regions chromosome 

1q12 and chromosome 3p11.1-q11.1 were prepared by mixing 3 ul of each probe with 4 

ul of hybridization solution.  The probes were then denatured at 73oC for 5 min.  Then 10 

ul of probe solution was added to each slide, a cover-slip was added and sealed with 

rubber cement.  The slides were then placed in a humidified hybridization oven overnight 

at 42oC.  The next day the slides were removed from the hybridization oven, the cover-

slips removed and the slides were washed three times in 55% formamide at 42oC for 10 

min, then 2xSSC for 10 min and finally in 2xSSC/0.1% NP-40 for 5 min.  Following the 

final wash the slides were allowed to dry and 10 ul of antifade DAPI and a cover-slip was 

added.  The slides were then stored at -80oC until read.  Chromosome strand breaks and 

stretches in the probed region of chromosome 1 and 3 were recorded using a Nikon 

fluorescent scope equipped with a triple bypass filter.  

REAL-TIME QUANTITATIVE PCR (qRT-PCR) FOR XPD GENE 

EXPRESSION ANALYSIS  

The procedure for XPD gene expression analysis and RT-PCR is described in 

detail in our publication (Wolfe et al., in press). Total RNA was isolated from frozen 

lymphocytes previously collected from the study participants using a microisolation 

method (RNAqueous® Kit, Ambion, Austin, TX).  Total isolated RNA was then assessed 

for both quality and quantity on an Agilent 2100 Bioanalyzer.  A primer and TaqMan® 

probe set was designed from the published cDNA sequence for XPD (GenBank 

Accession NM_000400).  These 2 primers and the TaqMan® minor groove binding 

(MGB) probe were designed using the Applied Biosystems Primer Express program 

(ABI) to specifically target the XPD transcript. To estimate the expression of XPD in our 

samples, rqPCR was carried out using the ABI Universal Master Mix on an ABI 

PRISM® 7000 Sequence Detection System (SDS). To reliably estimate XPD expression, 

Absolute quantitation was used on the resulting threshold cycle (CT) values generated on 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000400
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the SDS.  Absolute quantitation was carried out by establishing a standard curve of XPD 

expression from a known starting amount of XPD cDNA from a vector carrying an XPD 

invert.  Relative quantitation, utilizing both human β Actin and 18S rRNA, was used on a 

limited number of replicated samples as a control to determine the effect of UV exposure 

on normal housekeeping genes.  The Recombinant DNA Core at the University of Texas 

Medical Branch was instrumental in performing both the RT-PCR reactions and 

generated the XPD expression vector and standard curve for absolute quantitation.     

 

PREDICTION OF mRNA SECONDARY STRUCTURE  

 To evaluate the effect of XPD polymorphisms on mRNA structure, the mRNA 

secondary structure of XPD (GenBank NM_000400) was predicted using Mfold version 

3.2 (Vogel et al., 2000) as described in detail in our publication Wolfe et al., (in press). 

This web-server program is an internet-based RNA folding program 

(http://www.bioinfo.rpi.edu/applications/mfold/old/rna/) (Zuker 2003; Mathews et al., 

1999).  Partial XPD mRNA sequences were entered as 141 nucleotide sequences 

including flanking sequences (70 nucleotides) on either side of the XPD Arg156Arg, the 

Asp312Asn and the Lys751Gln polymorphisms. The corresponding wild-type mRNA 

sequence was used as a control for comparison with the respective polymorphic 

structures studied.  For each wild-type and polymorphic sequence, the amount of free 

energy required for folding (dG) and the average amount of single stranded RNA was 

calculated. Qualitative assessments of the folded structures were also made.  

 

CELL CULTURES FOR CONFOCAL MICROSCOPIC DETERMINATION OF 

XPD PROTEIN CONCENTRATION AND LOCALIZATION  

 Human lymphocytes were isolated from fresh whole blood collected from study 

participants as follows: Whole blood was layered onto Histopaque-1077 for gradient 

separation by centrifugation at 400 x g for 30 min.  The middle lymphocyte layer was 

then transferred to a new tube and washed with PBS.  The washed pellet was then 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?val=NM_000400


 

 59

resuspended in 30 ml of RPMI and 15x106 cells per sample were then resuspended in 20 

ml of stimulation media (68.5% RPMI, 20.0% HL-1, 10.0% FBS, 1.0% L-glutamine, and 

0.5% PHA-16) and incubated at 37oC for 40 hrs.  

 
UV-exposure and cell culture  

Confocal microscopy was used for the quantatition and nuclear translocation of 

the XPD protein in cultured isolated lymphocytes after UVC irradiation.  Following a 40 

hr incubation at 37oC as discussed previously, lymphocytes were resuspended in 5 ml of 

PBS and a 4 ml aliquot from each sample was transferred to a 100x20 mm Petri dish.  

UV irradiation was preformed as described by Albrecht et al. (1974).  Briefly, a General 

Electric G8T5 ‘germicidal’ bulb emitting light at 254nm was used and the distance from 

the light source was controlled to deliver a dose rate of UVC irradiation of 400 µJ/cm2.   

The dose rate was measured by a Blak-ray ultra-violet intensity meter (Ultra-violet 

Products Inc. San Gabriel, California).  One ml was set aside before UV irradiation to 

serve as a non-treated control.  

 Following exposure, each treated aliquot was washed in PBS and resuspended in 

8 ml of stimulation media (69% RPMI, 20.0% HL-1, 10.0% FBS, and 1.0% L-

glutamine), the non-treated control sample was washed in PBS and resuspended in 2 ml 

of stimulation media, and both aliquots were then cultured at 37oC.  Forty µl from each 

sample was removed at 30 min, 2 hrs, 4 hrs and 6 hrs following UV exposure.  The non-

treated control was processed along with the 30 min treated aliquots of cells.  The 40 µl 

aliquots, representing the four different time points after treatment and the non-treated 

control, were each spread onto a 12 mm circular coverslip and allowed to dry.  The 

coverslips were then placed in separate wells of a 24-well plate and fixed with formalin 

overnight at 4oC.  Following fixation, the samples were washed with PBS; incubated with 

XPD C-20 a primary goat polyclonal antibody (Santa Cruz Biotech, CA), at a dilution of 

1:75 for 2 hrs; and then, following a second wash, the samples were incubated for 2 hrs 

with 10ug/ul of secondary chicken anti-goat IgG labeled with Alexa Fluor 594 with 

fluorescence in the red spectrum (Molecular Probes, OR).  The samples were then 



 

 60

washed twice with PBS and once with PBS/0.01% tween 20 and allowed to dry.  A drop 

of DAPI stain was added and the coverslip was then inverted onto a slide and sealed.   

 

Fluorescent confocal microscopy for the determination of XPD protein 
concentration and cellular localization  

XPD protein quantitation and localization was performed at the Optical Imaging 

Core Facility at UTMB, using a Zeiss LSM 510 UV META laser scanning confocal 

fluorescent microscope with a 63x/1.4 water immersion planapochromat objective.  Fixed 

lymphocytes stained with DAPI were visualized using UV excitation (351-364 nm) and a 

385-470 nm band-pass emission filter.  XPD protein labeled with Alexa Fluor 594 was 

detected using excitation at 543 nm and a 560 nm long-pass emission filter.  An average 

of 100 cells per time-point per sample was imaged using the LSM510 software.  Actual 

protein quantitation and localization was later performed on these images using 

Metamorph imaging software (Molecular Devices, PA) for protein quantitation or the 

LSM 510 software for protein localization. 

 

STATISTICAL ANALYSIS 

For the polymorphisms evaluated in this study, heterozygous individuals were 

combined with homozygous variant individuals to increase statistical power. Age 

classification was achieved by stratifying the population into two groups, using the 

median age as the cutoff, as was done in previous studies (Spitz et al., 2001; Affatato et 

al., 2004).  The median, rather than the mean, was used to account for the influence of 

outliers.  The students t-test was used to compare the mean chromosome aberration 

frequency between groups, the mean XPD gene expression levels between groups, and 

the mean protein expression levels between groups.  A two-sided P value less than 0.05 

was used as the criterion for significance.  All statistical analyses were performed using 

the SPSS 14.0 software program. 
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Results 

CHROMOSOME ABERRATION ANALYSIS 

The working hypothesis of this section was that individuals with the variant XPD 

alleles are more likely to exhibit phenotypes reflected by increased frequencies of CAs.  

The goal was to delineate the effect of the Arg156Arg, Asp312Asn and Lys751Gln SNPs 

in the XPD gene on: (1) in vivo baseline levels of CAs and, (2) the sensitivity to NNK 

using the mutagen sensitivity assay.  The approach involved the collection of blood 

samples and a detailed risk factor questionnaire from study participants. These blood 

samples were used for the following procedures: 

1. Genotype analysis for SNPs in the XPD gene, using PCR-based methodologies, 

on DNA isolated from PBLs from all study subjects who participated in this 

study.  

2. Determination of CA using conventional cytogenetic techniques and the FISH 

assay in cultured PBLs from all study participants and evaluation genotype effects 

on CA frequencies 

3. Challenge of PBLs with NNK followed by cytogenetic analysis for the evaluation 

of the influence of XPD genotypes on NNK-induced CA. 

The CAs were correlated with the presence of XPD variant alleles and with other 

important information obtained from the questionnaire (smoking intensity and duration, 

age and sex), as well as other genotype data available to evaluate the effect of these 

parameters on the in vivo baseline levels of genetic damage observed.   Based on 

previous studies (Affatato et al., 2004) a power calculation conducted revealed that a 

total sample size of 178 subjects would be adequate to give a power of 0.80 at 95% 

confidence and allow the detection of an effect size of 0.375 (Faul and Erdfelder 1992). 

Demographics of the population studied for the CA evaluation 
 The population used for the evaluation of the effect of XPD polymorphisms on 

levels of CA frequencies was composed of 290 individuals.  There were 88 males (30.3%) 
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and 202 females (69.7%).  The majority (n=196), were White non-Hispanics (67.6%).  

There were also 31 African-American subjects (10.7%), 41 Hispanics (14.1%), and 20 

Asians (6.9%).  Of the 290 volunteers who participated in this study, 90 (31%) were 

smokers, 56 (19.3%) were ex-smokers, and 144 (49.1%) were non-smokers. Non-smokers 

were defined as individuals who had smoked less than 100 cigarettes during their lifetime. 

Smokers were defined as current smokers who had been smoking at least 10 cigarettes per 

day for at least three years prior to enrollment in the study. Ex-smokers were defined as 

individuals who had quit smoking for at least 1 yr prior to enrollment into this study.  For 

this study and for statistical analysis smokers and ex-smokers were analyzed both as a 

combined group and as separate groups.  For the smokers, the mean ± S.D number of 

accumulated pack years (defined as cigarettes smoked per day multiplied by the number 

of years of smoking divided by 20) was 18.1 ± 2.2, for ex-smokers the mean accumulated 

pack years was 20.6 ± 3.5, and the number of accumulated pack years for the combined 

group of smokers and ex-smokers was 19.1 ± 1.9.   The median number of pack years was 

11.  This median value was used to categorize smokers and ex-smokers into heavy 

smokers (>11 pack years) and light smokers (≤11 pack years) for subsequent stratified 

analysis for the effect of smoking on chromosomal aberrations.  The age of the 

participants ranged from 19 to 84 years, with a median of 39 years.  The study subjects 

were divided into two age groups based on the population median: younger individuals 

(≤39 years old) and older individuals (>39 years old) for subsequent stratified analysis for 

the effect of age on induction of chromosomal aberrations. 

 
 

In vivo and NNK-induced CA frequencies 

Classical cytogenetics 

The mean values (± SE) of the in vivo (baseline) and the NNK-induced CA 

frequencies are presented in Table III. There was no significant difference in baseline in 

vivo CA frequencies between non-smokers vs. smokers or ex-smokers and between older 



 

(>39 years) compared to younger (<39 years) individuals. In addition, the difference in 

CA frequencies was not statistically significant when comparing the CA frequencies 

among each of the groups and the levels observed in all the study subjects. In all cases the 

P value was greater than 0.05. The same observation was also true when lymphocytes 

were treated with NNK, except a statistically significant increase in CA was observed 

among ex-smokers 24 hrs following treatment compared to the same time point in non-

smokers (P=0.025). The frequencies of CA observed among the various strata (i.e. 

smokers vs. non smokers and older vs. younger individuals) were not significantly 

different from each other and no significant difference was observed between the 

frequencies of breaks among these groups compared to the frequencies observed in all 

study subjects. In all cases the P value was greater than 0.05. 

 

 Table III. In vivo and NNK-induced CA frequencies 
In vivo (baseline) 

CA frequency 
(mean ± SE)

NNK -induced 
CA frequency 
(mean ± SE)

NNK -induced 
CA frequency 
(mean ± SE)

No. of subjects
2hr following 

treatment
24hr following 

treatment

All subjects (n=290) 0.75 ± 0.06 2.61 ± 0.11 4.71 ± 0.14

Stratified by sex
  male (n=88) 0.80 ± 0.12 2.33 ± 0.18 4.69 ± 0.29
  female (n=202) 0.72 ± 0.07 2.73 ± 0.15 4.72 ± 0.16

Stratified by smoking
  non-smokers (n=144 0.68 ± 0.08 2.44 ± 0.16 4.47 ± 0.19
  smokers (n=90) 0.69 ± 0.10 2.62 ± 0.21 4.72 ± 0.29
  ex-smoker (n=56) 1.00 ± 0.17 3.02 ± 0.25 5.29 ± 0.30
  combined smokers (n=146) 0.81 ± 0.09 2.77 ± 0.16 4.94 ± 0.21
    and ex-smokers

Stratified by ethnicity
  Caucasian (n=196) 0.75 ± 0.08 2.75 ± 0.14 4.70 ± 0.18
  Afican american (n=31 0.61± 0.14 2.52 ± 0.46 5.37 ± 0.52
  Asian (n=20) 0.47 ± 0.16 2.16 ± 0.42 4.74 ± 0.61
  Hispanic (n=41) 0.90 ± 0.15 2.26 ± 0.21 4.27 ± 0.30

Stratified by age
  >39 years old (n=140) 0.74 ± 0.07 2.80 ± 0.18 4.99 ± 0.22
  <39 years old (n=150) 0.75 ± 0.10 2.43 ± 0.14 4.44 ± 0.18

) 

* 

* Significantly different relative to non-smokers, p=0.025
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FISH analysis 

 Fluorescent In Situ 

Hybridization was performed on a 

subset composed of 38 samples by 

scoring 1000 cells per-subject for 

chromosome breaks using 

chromosome specific probes regions 

of chromosomes 1q12 and 

chromosome 3p11.1-q11.1 (Figure 

19).   The mean values (± SE) of the 

in vivo and the NNK-induced CA 

frequencies for both chromosome1 

and chromosome 3 showed no 

significant difference in baseline in 

vivo CA frequencies between non-

smokers (n=21) vs. smokers 

(combined smokers and ex-smokers n=17) and between older (>39 years, n=21) vs. 

younger (<39 years, n=17) individuals or between males (n=7) and females (n=31) (Table 

IV). In addition, the difference in CA frequencies was not statistically significant when 

comparing the CA 

frequencies among each of 

the groups and the levels 

observed in all the study 

subjects. In all cases the P 

value was greater than 0.05. 

The same observation was 

also true when lymphocytes 

were treated with NNK 

(Table IV).  The 

Figure 19. FISH analysis
Microscopic image of a FISH slide when the DAPI stained 
nuclei of lymphocytes are probed for chromosome 1 
(green) and chromosome 3 (red).  The presence of a 
chromosome break in chromosome 1 is indicated by the red 
arrow. 

Table IV.  In vivo and NNK-induced CA frequencies 
using FISH

No. of subjects Chromosome 1 Chromosome 3 Chromosome 1 Chromosome 3

All subjects (n=38) 2.52 ± 0.19 2.71 ± 0.22 3.34 ± 0.18 4.57 ± 0.29

Stratified by sex
  male (n=7) 2.57 ± 0.53 2.57 ± 0.37 3.43 ± 0.20 4.86 ± 0.86
  female (n=31) 2.51 ± 0.22 2.74 ± 0.26 3.32 ± 0.21 4.52 ± 0.31

Stratified by smoking
  non-smokers (n=21) 2.71 ± 0.33 2.93 ± 0.31 3.38 ± 0.28 5.05 ± 0.38
  combined smokers (n=17) 2.29 ± 0.17 2.41 ± 0.30 3.29 ± 0.20 4.00 ± 0.43
    and ex-smokers

Stratified by age
9 years old (n=21) 2.58 ± 0.21 2.95 ± 0.38 3.42 ± 0.24 4.74 ± 0.46
9 years old (n=17) 2.47 ± 0.34 2.47 ± 0.22 3.26 ± 0.26 4.42 ± 0.38

Baseline in vivo CA NNK-induced CA

  >3
  <3
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frequencies of CA observed among the various strata (i.e. smokers vs. non-smokers and 

older vs. younger individuals) were not significantly different from each other, and no 

significant difference was observed between the frequencies of breaks among these 

groups compared to the frequencies observed in all study subjects. In all cases the P value 

was greater than 0.05.  In all cases the frequency of CA was significantly higher 2 hrs 

following NNK treatment than at baseline.  

 

XPD genotypes among the study population 
The distribution of XPD exon 6 (codon 156), exon 10 (codon 312) and exon 23 

(codon 751) genotypes among the study population is presented in Table V. Overall, no 

significant difference was observed in the genotypic distribution among all the subjects 

and the subgroups with respect to any of the three polymorphisms considered. The 

variant 156A allele frequency in exon 6 was 0.40 for all subjects.  This allelic frequency 

was slightly elevated in smokers (0.45), compared to ex-smokers (0.40), and non-

smokers (0.37) as well as in older subjects (>39 years, 0.39) and in younger subjects (<39 

years, 0.42).  The 156A exon 6 allelic frequency was also similar in males (0.41) and 

females (0.40).  The variant 312Asn allele frequency in exon 10 was 0.25 for all subjects. 

This frequency was similar in smokers (0.26) and in non-smokers (0.23), but slightly 

over-represented in ex-smokers (0.30).  In older subjects the 312Asn allele frequency was 

0.26 and in younger subjects it was 0.23.  In males it was 0.23 and in females 0.25.  With 

respect to the variant 751Gln allele in exon 23, the frequency of 0.30 observed in the total 

population studied was also similar in smokers (0.29), ex-smokers (0.32) and non-

smokers (0.30), as well as in older individuals (0.29) and younger individuals (0.28) and 

in males (0.29) and females (0.30). The allele frequencies are consistent with those 

previously reported in studies conducted on healthy subjects (Hemminki et al., 2001; 

Spitz et al., 2001) indicating that the subjects in this study are representative of the 

general population.
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Table V. XPD genotype distribution among the study population 

Not all genotype categories add up to the total number of subjects because genotype determination was not 100% successful

Exon 6 Exon10 Exon23
C/C C/A A/A Asp/Asp Asp/Asn Asn/Asn Lys/Lys Lys/Gln Gln/Gln

No. of subjuects n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%) n (%)

All subjects n=290 107 (36.9) 114 (39.3) 52 (17.9) 142 (49.0) 125 (43.1) 5 (1.7) 139 (47.9) 123 (42.4) 23 (7.9)

Stratified by smoking 
   non-smokers (n=144) 56 (38.9) 59 (41.0) 20 (13.9) 73 (50.7) 59 (41.0) 1 (0.7) 70 (48.6) 58 (40.3) 13 (9.0)
   smokers (n=90) 30 (33.3) 33 (36.7) 21 (23.3) 46 (51.1) 38 (42.2) 2 (2.2) 44 (48.9) 39 (43.3) 5 (5.5)
   ex-smokers (n=56) 21 (37.5) 22 (39.3) 11 (19.6) 23 (41.1) 28 (50.0) 2 (3.6) 25 (44.6) 26 (46.4) 5 (8.9)
   combined smokers (n=146) 51 (34.9) 55 (37.7) 32 (21.9) 69 (47.3) 66 (45.2) 4 (2.7) 69 (47.3) 65 (44.5) 10 (6.8)
      and ex-smokers

Stratified by age 
   >39 years old (n=140) 54 (38.6) 52 (37.1) 24 (17.1) 66 (47.1) 60 (42.8) 5 (3.6) 73 (52.1) 51 (36.4) 14 (10.0)
   <39 years old (n= 150) 53 (35.3) 62 (34.7) 28 (18.7) 76 (50.7) 65 (43.3) 0 (0.0) 66 (44.0) 72 (48.0) 9 (6.0)

Stratified by sex
   males (n=88) 33 (37.5) 31 (35.2) 18 (20.4) 45 (51.1) 36 (40.9) 1 (1.14) 45 (51.1) 35 (39.8) 7 (7.9)
   females (n=202) 74 (36.6) 83 (41.1) 34 (16.8) 97 (48.0) 89 (44.0) 4 (2.0) 94 (46.5) 88 (43.6) 16 (7.9)

 

 



 

Effect of XPD polymorphisms on in vivo CA frequencies 

Classical cytogenetics  

 Evaluation of the in vivo baseline CA frequencies in PBLs of all study subjects 

revealed a range of 0 to 7 breaks/50 cells with a mean of 0.75 breaks/50 cells.  Students t-

test was used to evaluate the difference between baseline CA frequencies between wild-

type individuals and individuals with the variant alleles for the three polymorphisms 

(exon 6, exon 10, and exon 23) in XPD.  No significant differences were observed 

between any of the variant genotypes compared to the corresponding homozygous wild-

type genotype when all subjects were analyzed or when combined analysis between two 

or more polymorphisms were examined.  When stratified by smoking, ex-smokers, but 

not smokers, with the XPD 156A polymorphism in exon 6 had a significantly higher base 

line CA frequency than non-smokers with the same genotype  (P=0.015) (Table VI).  

This observation was also seen among ex-smokers with the XPD 312Asn polymorphism 

in exon 10 compared to non-smokers with the same genotype (P=0.015).  This significant 

difference also held up when ex-smokers and current smokers were combined as one 

group (P=0.045).  The same observation was seen with the XPD 751Gln polymorphism 

Table VI. Relationship between XPD genotype and in vivo CAs among smokers compared to 
non-smokers  

No. of subjects CA frequencya Pb value CA frequencya Pb value CA frequencya Pb value CA frequencya Pb value

Stratified by XPD exon 6
C156A polymorphism
  homozygous wild-type (n=107 0.78 ± 0.15 ref. 0.70 ± 0.20 0.75 0.86 ± 0.19 0.78 0.76 ± 0.14 0.93
  hetrozygous variant (n=114) 0.61 ± 0.12 ref. 0.63 ± 0.15 0.96 1.34 ± 0.33 0.015* 0.91 ± 0.17 0.16
  homozygous variant (n=52)  0.42 ± 0.14 ref. 0.85 ± 0.22 0.11 0.82 ± 0.38 0.25 0.84 ± 0.19 0.13

Stratified by XPD exon 10
Asp312Asn polymorphism
  homozygous wild-type (n=142) 0.72 ± 0.13 ref. 0.58 ± 0.12 0.47 0.83 ± 0.23 0.70 0.67 ± 0.11 0.77
  hetro- or homozygous variant (n=130) 0.58 ± 0.11 ref. 0.82 ± 0.28 0.22 1.17 ± 0.25 0.015* 0.67 ± 0.15 0.045*

Stratified by XPD exon 23
Lys751Gln polymorphism
  homozygous wild-type (n=139) 0.87 ± 0.13C ref 0.61 ± 0.12 0.19 1.12 ± 0.33 0.40 0.80 ± 0.15 0.74
  hetro- or homozygous variant (n=148) 0.45 ± 0.10 ref. 0.75 ± 0.17 0.12 0.90 ± 0.14 0.014* 0.81 ± 0.12 0.029*

combined smoker and ex-
smokers (n=146)ex-smoker (n=56)smokers (n=90)non-smoker (n=144)

a Chromosomal aberrations were reported as mean number of breaks/50 cells ± standard error  
b Two-sided P-value (Students t-test) 
c  Statistically significant compared to homo- or heterozygous variant carriers (p=0.03) 
* Statistically significant (P<0.05) 
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in exon 23 (for ex-smokers P=0.014, and combined smokers and ex-smokers P=0.030) 

(Table VI).  Among non-smokers, XPD exon 23 wild-type individuals had significantly 

more CAs than individuals carrying one or two polymorphic exon 23 alleles (P=0.022).  

Interestingly, ex-smokers with only one exon 6 polymorphic allele had significantly 

higher CAs (1.34 ± 0.33) than did current smokers with the same genotype (0.63 ± 0.15, 

P=0.041) (Table VI).  

 When stratified by gender, cells from males homozygous wild-type for XPD exon 

10 had significantly higher CAs frequencies than cells from females with the same 

genotype (P=0.015) (Table VII).  Among the females, those with the XPD 312Asn exon 

10 polymorphism had significantly higher CAs frequencies than the wild-type females 

(P=0.020).  No significant differences were seen between any of the polymorphisms 

when stratified by age. 

 

No. of subjects CA frequency a Pb value CA frequency a P b  value 
Stratified by XPD exon 6 
C156A polymorphism 
  homozygous wild-type (n=107  0.66 ± 0.23 ref. 0.82 ± 0.12 0.46 
  hetrozygous varaint (n=114) 0.87 ± 0.18 ref. 0.71 ± 0.12 0.51 
  homozygous variant (n=52)   1.00 ± 0.28 ref. 0.50 ± 0.12 0.07 
Stratified by XPD exon 10 
Asp312Asn polymorphism 
  homozygous wild-type (n=142)  1.00 ± 0.21 ref. 0.55 ± 0.07 0.015* 
  hetro- or homozygous varaint (n=130) 0.55 ± 0.12 ref. 0.89 ± 0.12c 0.11 
Stratified by XPD exon 23 
Lys751Gln polymorphism 
  homozygous wild-type (n=139)  1.02 ± 0.21 ref. 0.75 ± 0.10 0.20 
  hetrozygous varaint (n=123) 0.64 ± 0.14 ref. 0.67 ± 0.10 0.84 
  homozygous varaint (n=23) 0.14 ± 0.14 ref. 0.81 ± 0.28 0.14 

Males Females (n=88) (n=202) 

a Chromosomal aberrations were reported as mean number of breaks/50 cells ± standard error 
b Two-sided P-value (Students t-test) 
c  Statistically significant compared to exon 10 homozygous wild-type carriers (p=0.02) 
* Statistically significant (P<0.05) 

Table VII. Relationship between XPD genotype and in vivo CA’s with respect to gender 
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FISH analysis 

Evaluation of the in vivo baseline CA frequencies in PBLs of all (n=38) study 

subjects revealed a range of 0 to 5 breaks/1000 cells with a mean of 2.56 breaks/1000 

cells on chromosome 1 and a range of 1 to 6 breaks/1000 cells with a mean of 2.71 

breaks/1000 cells on chromosome 3.  Comparisons were performed between wild-type 

individuals and individuals variant for three polymorphisms (exon 6, exon 10, and exon 

23) in XPD.  No significant differences were observed between cells from wild-type 

individuals (n=9) for the three polymorphisms compared to cells from individuals variant 

for the three polymorphisms (exon 6, n=6); exon 10, n=13; and exon 23, n=17) in XPD.  

When stratified by smoking (ex-smokers and current smokers combined) cells from 

individuals who smoked and inherited the 751Gln polymorphism (n=10) had 

significantly higher chromosome 3 aberration frequencies (3.14 ± 0.51) than did cells 

from individuals who smoked but carried the homozygous wild-type 751Lys allele (n=7) 

(1.9 ± 0.28; P=0.035).  There were no significant differences when stratified by age.  Due 

to the small number of male subjects (n=7) involved in the FISH study, it was not 

possible to stratify this subpopulation with regard to gender. 

 

Effect of XPD polymorphisms on NNK-induced CA frequencies after 2 hrs 

Classical cytogenetics  

 Using the mutagen-sensitivity approach, 2 hrs after treatment with NNK, CA 

frequencies were evaluated in lymphocytes of the study subjects with respect to the 156A, 

the 312Asn and the 715Gln variant alleles of the XPD gene.  Evaluation of NNK-induced 

CA frequencies revealed a range of 0 to 11 breaks/50 cells with a mean of 2.61 breaks/50 

cells.    No significant differences were observed between subjects with the wild-type 

XPD genotype and subjects with variant genotypes when the effect of the three 

polymorphisms was analyzed alone or in combination with each other.  When stratified by 

smoking no significant differences were observed across the smoking categories or among 

the different genotypes.  When stratified by gender, females with the XPD C156 exon 6 



 

wild-type allele (n=74) had significantly higher frequencies of CAs than males with the 

XPD exon 6 wild-type allele (n=33, P=0.046) (Table VIII).  Females with the 

homozygous XPD 751Gln exon 23 variant had a significantly higher frequency of CAs 

than males with the same genotype (P=0.005) (Table VIII).  Among the females, those 

with the XPD 751Gln homozygous variant had significantly higher frequencies of CAs 

than females wild-type for Lys761Gln (P=0.022) and heterozygous 751Gln females 

(P=0.024).  No significant differences were seen among any of the polymorphisms when 

stratified by age. 

 

Table VIII. Relationship between XPD genotype and NNK-induced CAs with respect to 
gender 2 hrs after NNK challenge. 
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a Chromosomal aberrations were reported as mean number of breaks/50 cells ± standard error  
b Two-sided P-value (Students t-test) 
c  Statistically significant compared to female homozygous variant carriers (p<0.05) 
* Statistically significant (P<0.05) 

No. of subjects CA frequency a Pb value CA frequency a P b value

Stratified by XPD exon 6 
C156A polymorphism 
  homozygous wild-type (n=107  2.00 ± 0.30 ref. 2.82 ± 0.23 0.046*
  hetrozygous varaint (n=114) 2.87 ± 0.30 ref. 2.62 ± 0.22 0.55
  homozygous variant (n=52)   2.19 ± 0.41 ref. 2.62 ± 0.37 0.49

Stratified by XPD exon 10 

 

 FISH analysis 

 Using the mutagen-sensitivity approach, 2 hrs after treatment with NNK, CA 

frequencies were evaluated on chromosomes 1 and 3 in lymphocytes of 38 study subjects 

Asp312Asn polymorphism 
  homozygous wild-type (n=142) 2.43 ± 0.27 ref. 2.51 ± 0.22 0.83
  hetro- or homozygous varaint (n=130) 2.22 ± 0.27 ref. 2.90 ± 0.20 0.069

Stratified by XPD exon 23 
Lys751Gln polymorphism 
  homozygous wild-type (n=139) 2.48 ± 0.27 ref. 2.63 ± 0.21 0.68
  hetrozygous varaint (n=123) 2.41 ± 0.28 ref. 2.64 ± 0.22 0.56
  homozygous varaint (n=23) 1.14 ± 0.40 ref. 3.94 ± 0.57 0.005*

Males Females (n=88) (n=202)

c

c
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in relation to the inheritance of the 156A, the 312Asn and the 715Gln variant alleles of the 

XPD gene.  Evaluation of NNK-induced CA frequencies revealed a range of 1 to 6 

breaks/1000 cells with a mean of 3.34 breaks/1000 cells on chromosome 1 and a range of 

1 to 8 breaks/1000 cells with a mean of 4.58 breaks/1000 cells on chromosome 3.  Cells 

from individuals who inherited either one or two 312Asn variant alleles had a significantly 

higher chromosome 3 aberration frequency (5.38 ± 0.51) than did cells from individuals 

homozygous for the wild-type 312Asp allele (4.16 ± 0.34; P=0.048).  Interestingly, the 

751Gln polymorphism seems to provide a protective effect.  Cells with the XPD 751Gln 

polymorphisms were found to have significantly lower chromosome 1 aberration 

frequencies (2.94 ± 0.26) than cells with the homozygous wild-type 751Lys allele (3.67 ± 

0.22; P=0.040).  This observation was also true when the results were stratified by age, 

where cells from younger individuals (age≤39) carrying the 751Lys wild-type allele had 

significantly higher CA frequencies (3.88 ± 0.35) than cells from younger individuals with 

the 751Gln polymorphism (2.7 ± 0.30; P=0.019).  In addition, cells from smokers with the 

751Lys wild-type allele had significantly higher CA frequencies (3.7 ± 0.21) on 

chromosome 1 than cells from smokers with the 751Gln polymorphism (2.71 ± 0.28; 

P=0.013).  

 

Effect of XPD polymorphisms on NNK-induced CA frequencies after 24 hrs using 
classical cytogenetics  
 Using the mutagen-sensitivity approach, 24 hrs after treatment with NNK CA 

frequencies were evaluated in PBLs of the subjects in association with the inheritance of 

the 156A, the 312Asn and the 715Gln variant alleles of the XPD gene.  Evaluation of 

NNK-induced CA frequencies revealed a range of 0 to 12 breaks/50 cells with a mean of 

4.71 breaks/50 cells.  No significant differences were observed between any of the 

subjects with the wild-type genotypes and subjects with the variant genotypes when 

analyzed alone or in combination.  When stratified by smoking, non-smoker individuals 

heterozygous for the exon 6 polymorphism, 156C>A, had significantly lower frequencies 

of CAs than non-smokers homozygous for the same polymorphism (P=0.046).  Both ex-



 

smokers and smokers (current smokers and ex-smokers) who were heterozygous for the 

exon 6 polymorphism, had significantly higher CAs frequencies than non-smokers with 

the same genotype (P=0.005 and 0.011 respectively).  Ex-smokers with polymorphic 

alleles in exon 10 and in exon 23 also showed significantly higher frequencies of CAs 

than non-smokers with the same genotype (P=0.007 and P=0.02, respectively) (Table IX).  

No significant differences were observed between males and female with regard to any of 

the polymorphisms.  Likewise, no significant differences were seen between any of the 

polymorphisms when stratified by age. 

Table IX. Relationship between XPD genotype and 24 hour NNK-induced CA’s among 
smokers 

a Chromosomal aberrations were reported as mean number of breaks/50 cells ± standard error  
b Two-sided P-value (Fishers exact test) 
c Statistically significant compared to heterozygous 156A carriers (p=0.046) 
* Statistically significant (P<0.05) 

No. of subjects CA frequencya Pb value CA frequencya Pb value CA frequencya Pb value CA frequencya Pb value

Stratified by XPD exon 6
C156A polymorphism
  homozygous wild-type (n=107 4.53 ± 0.31 ref. 4.83 ± 0.57 0.61 5.43 ± 0.48 0.13 5.08 ± 0.39 0.27
  hetrozygous variant (n=114) 4.03 ± 0.29 ref. 4.91 ± 0.47 0.10 5.67 ± 0.46 0.005* 5.21 ± 0.34 0.011*
  homozygous variant (n=52)  5.21 ± 0.46 ref. 4.21 ± 0.56 0.19 4.27 ± 0.77 0.28 4.23 ± 0.44 0.16

Stratified by XPD exon 10
Asp312Asn polymorphism
  homozygous wild-type (n=142) 4.51 ± 0.29 ref. 4.76 ± 0.43 0.93 4.72 ± 0.54 0.66 4.77 ± 0.34 0.59
  hetro- or homozygous variant (n=130) 4.39 ± 0.26 ref. 4.65 ± 0.42 0.57 5.63 ± 0.36 0.007* 5.07 ± 0.30 0.096

Stratified by XPD exon 23
Lys751Gln polymorphism
  homozygous wild-type (n=139) 4.51 ± 0.30 ref. 4.75 ± 0.41 0.65 5.04 ± 0.55 0.39 4.86 ± 0.33 0.45
  hetro- or homozygous variant (n=148) 4.44 ± 0.24 ref. 4.79 ± 0.43 0.51 5.50 ± 0.31 0.02* 5.07 ± 0.30 0.14

non-smokers (n=144) smokers (n=90) ex-smokers (n=56)
combined smokers and 

ex-smokers (n=146)

c

 

Effect of XPD haplotype on in vivo and NNK-induced CAs using classical 
cytogenetics 

Since the three polymorphisms in this study, C156A, Asp312Asn, and Lys751Gln 

are at 70-80% linkage disequilibrium (information obtained from the web-based program 

http://www.chgb.org.cn/lda/lda.htm) (Ding et al., 2003) it was prudent to analyze the 

associations as haplotypes in a manner that allows the true association of one 

polymorphism or a combination to be addressed.  This was done by grouping the subjects 
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in such a way that two of the polymorphisms were homozygous wild-types and, 

therefore, the effect of the third polymorphism could be established.   

When stratified by smoking, Figure 20, it was observed that smokers (current 

smokers and ex-smokers combined) who were heterozygous for all three polymorphisms 

had significantly higher frequencies of CAs in vivo (0.82 ± 0.18) compared to smokers 

homozygous for the wild-type allele for all three polymorphisms (0.20 ± 0.13, P=0.053).  

This was also observed among smokers with the variant 156A polymorphism, but 

homozygous wild-type for the 312 and 751 alleles (0.89 ± 0.27, P= 0.053), and more 

significantly for smokers heterozygous for the 312Asn polymorphism and homozygous 

wild-type for the C156 and Lys751 alleles (0.89 ± 0.36, P=0.028) compared to smokers 

homozygous wild-type for all three polymorphisms (Figure 20).  When this population 

was stratified by age using the median age (39 years old), all older individuals 

homozygous for the wild-type allele for all three polymorphisms had significantly higher 

frequencies of CAs than younger individuals with the same genotype (P=0.017) 24 hrs 

following NNK exposure.  At 24 hrs post NNK treatment, we also observed significantly 

more CAs in younger individuals heterozygous variant for the C156A polymorphism 

(5.21 ± 0.57, P=0.025), and for the Lys751Gln polymorphism (5.37 ± 0.68, P=0.037), 

and in younger individuals with polymorphic alleles at both positions 312 and 751, but 

homozygous wild-type at position 156 (4.96 ± 0.41, P=0.020) compared to younger 

individuals homozygous wild-type for all three polymorphisms (3.08 ± 0.68) (Figure 21). 
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Figure 20. Effect of smoking and genotype on in vivo CAs using classical cytogenetics.   
Group 1: C156C, Asp312Asp, and Lys751Lys (wild-type), Group 2: C156A, Asp312Asp, and Lys751Lys 
Group 3: C156C, Asp312Asn, and Lys751Lys, Group 4: C156C, Asp312Asp, and Lys751Gln, Group 5: 
C156A, Asp312Asn, and Lys751Gln. 
 * statistically significant P<0.05 compared to group 1 
See appendix Table XII for more information 

 

As stated previously an age effect was also observed, older individuals (>39 years 

old), who were wild-type for all three polymorphisms, had significantly higher CA 

frequencies (6.09 ± 0.97, P=0.017) than younger individuals with the same genotype 

(3.08 ± 0.68).  This was both at 2 hrs (3.26 ± 0.35 for age>39 and 2.14 ± 0.29 for age<39; 

P=0.019) and 24 hrs (P=0.017, Figure 21) post-NNK challenge.  When stratified by 

gender we observed that males (n=20) homozygous or heterozygous for variant allele at 

both positions 312 and 751, but homozygous wild-type at position 156, had significantly 

less CAs than females (n=36) with the same genotype both in vivo (0.36 ± 0.13 for the 
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polymorphic subjects and 0.94 ± 0.19 for the wild-type subjects; P=0.045) and 24 hrs 

following NNK treatment (1.94 ± 0.39 for the polymorphic subjects and 3.03 ± 0.33 for 

the wild-type subjects; P=0.05). 

 

 
Figure 21. Effect of age and genotype on CAs 24 hrs following NNK treatment using 
classical cytogenetics. 
Group 1: old (age> 39 years) C156C, Asp312Asp, and Lys751Lys (wild-type), Group 2: young (age ≤ 
years) C156C, Asp312Asp, and Lys751Lys (wild-type), Group 3:  young C156A, Asp312Asp, and 
Lys751Lys, Group 4: young C156C, Asp312Asp, and Lys751Gln, Group 5: young C156C, Asp312Asn, 
and Lys751Gln.  #, statistically significant P<0.05 compared to group 1. * statistically significant P<0.05 
compared to group 2.  See appendix Table XIII for more information 
 

XPD mRNA ANALYSIS [this work is described by Wolfe et al. (in press)] 

The exact mechanism(s) by which SNPs in the XPD gene may alter DNA repair, 

and increase the frequency of CAs in response to environmental carcinogens (see above) 

is still unknown. Changes in DNA repair capacity that result in this observed increase in 

CAs could be a result of a combination of factors that include decreased XPD mRNA 
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levels, or decreased XPD protein abundance and/or function. Consistent with this 

hypothesis, Vogel et al. (2000) have shown that both XPD (ERCC2) and ERCC1 mRNA 

levels correlate positively with DNA repair capacity. In the current study, we used 

peripheral blood lymphocytes (PBLs), from human subjects to test the hypothesis that 

SNPs in the XPD gene alter XPD gene expression, and thus influence DNA repair 

capacity, leading potentially to the accumulation of genetic damage. The goal was to 

delineate the impact of the Arg156Arg, Asp312Asn and Lys751Gln SNPs in the XPD 

gene, independently and in combination with each other, on altering base-line in vivo 

XPD gene expression. Demographic and genotype data generated previously guided the 

selection of lymphocytes from representative subgroups of smokers and non-smokers 

who were homozygous or heterozygous for the polymorphic variants of the alleles and 

who exhibited different levels of baseline genetic damage.  PBLs were also selected from 

individuals who were wild-type for the three SNPs studied. These subjects served as the 

reference group in analysis of the influence of the XPD polymorphisms       

 

Demographics of the population used in the mRNA analysis study 
110 individuals participated in this study.  This population consisted of 21 males 

(19%) and 89 females (81%).  The majority (n=68), were White non-Hispanics (62%).  

There were also 21 African American subjects (19%), 11 Hispanics (10%), and 10 Asians 

(9%).  Of the 110 volunteers who participated in this part of the study, 54 (49%) were 

smokers, and 56 (51%) were non-smokers. Non-smokers, and smokers were defined as 

previously described. For the smokers, the mean ± S.D. number of cigarettes smoked per 

day was 17.4 ± 10.7.  The mean number of accumulated pack years was 16.5 ± 16.  The 

median number of pack years was 12.  This median value was used to categorize smokers 

into heavy smokers (>12 pack years) and light smokers (≤12 pack years) for subsequent 

stratified analysis for the effect of smoking on XPD mRNA transcript copy number.  The 

age of the participants ranged from 21 to 73 years, with a median of 40 years.  The study 

subjects were divided into two age groups based on the median age: younger individuals 



 

(≤40 years old) and older individuals (>40 years old) for subsequent stratified analysis for 

the effect of age on XPD mRNA transcript copy number.  

Determination of mRNA copy number in the study population 
 The mean (± SE) mRNA transcript copy number in the total study population, is 

presented in Table X.  When smoking status was considered (yes or no), there was a 

slight, but not statistically significant, decrease in mRNA copy number observed in 

smokers compared to non-smokers. However, the intensity of smoking (expressed as 

pack years) significantly affected the mRNA transcript copy numbers. Heavy smokers 

who smoked >12 pack-years had a statistically significant decrease (1.4-fold; P<0.002) in 

mRNA copy number compared to non-smokers.  Subjects who smoked >12 pack-years 

also had a statistically significant decrease in mRNA copy number (1.5-fold; P<0.002) 

compared to light smokers who smoked ≤ 12 pack-years.  Ethnicity, age and gender did 

not significantly affect mRNA transcript copy number (Table X). 

Table X. Mean mRNA Transcript copy number among population subgroups 
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No. of subjects   mRNA copy numbera     P valueb 
  

   
All subjects (n=110)         17407 ± 730  
     
Stratified by smoking     
    non-smokers  (n=56)        18382 ± 1063     reference 
    smokers (n=54)         16296 ± 1002       0.160 
    light smokers  (n=26)                   19121 ± 1612     reference 
    heavy smokers (n=27)        12994 ± 951       0.002* 
     
Stratified by race     
    non-Hispanic Whites (n=68)       16707 ± 891     reference 
    African Americans (n=21)        18702 ± 1995       0.300 
    Hispanics (n=11)         15690 ± 1933       0.660 
    Asians  (n=9)         21548 ± 3378       0.075 
     
Stratified by age     
   greater than 40 yrs (n=55)        16173 ± 988     reference 
   younger than 40 yrs (n=54)        18787 ± 1067       0.075 
     
Stratified by gender     
    Males (n=21)          17272 ± 1765     reference 
    Females (n=89)          17439 ± 805       0.093 

 
a Values are expressed as mean mRNA transcript copy numbers ± standard error.   
b The reference group in each category is compared to the corresponding test group(s).   
* Statistically significant at p<0.05. 

 
Reprinted from Pharmacogenetics and Genomics, Wolfe KJ., Wickliffe JK., Hill CE., Ammenheuser MM., 
Abdel-Rahman SZ., in press.   



 

Effect of polymorphisms in XPD on the mRNA transcript copy number 
When the effect of XPD polymorphisms on the copy number of the mRNA 

transcript was evaluated, we found that the variant 156A, 312Asn and 751Gln alleles 

were each individually associated with a highly significant decrease in mRNA copy 

number. As shown in Figure 22, there was a 1.5-fold decrease (P<0.003) in transcript 

copy number in cells from group 2 individuals, who had only the 156A polymorphism, 

but were homozygous wild-type for both the Asp312Asp and Lys751Lys alleles (group 2, 

mean ± SE mRNA transcript copy number =16595 ± 845), compared to cells from 

individuals homozygous wild-type for all three SNPs studied (reference category, group 

1, 24427 ± 2483).  Similarly, individuals with only the 312Asn polymorphism (i.e. 

homozygous wild-type for C156C and Lys751Lys genotypes) had a significant 1.8-fold 
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Figure 22. Influence of XPD polymorphisms on mRNA transcript copy number.
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Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals. * Statistically significant, P<0.05.  For more 
information see appendix Table XIV.  Reprinted from Pharmacogenetics and Genomics, Wolfe KJ., 
Wickliffe JK., Hill CE., Ammenheuser MM., Abdel-Rahman SZ., in press.   



 

decrease (P=0.0004) in transcript copy number (group 3, 13017 ± 1361), compared to the 

reference category (group 1).  The same observation was true in cells from group 4 

individuals with the 751Gln polymorphism (i.e. homozygous wild-type for the other two 

SNPs studied), where a significant 1.5-fold decrease (P<0.002) in transcript copy number 

(15610 ± 1230) was observed, compared to the reference group (Figure 22).   

The interaction between the individual SNPs and smoking, age and gender was 

then examined.  No significant interaction between the individual SNPs studied and 

gender on the XPD transcript copy number was observed.  However, a significant 

interaction between smoking and age and SNPs was observed. As shown in Figure 23, 

among both smokers and nonsmokers, SNPs induced a decrease in XPD 
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Figure 23. XPD genotype as a modifying factor in mRNA transcript copy number 
among smokers and nonsmokers 
Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals.  * Statistically significant, P<0.05.  # Comparatively 
statistically significant, P<0.05.   For more information see appendix Table XV. 
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mRNA transcript copy number.  However, among cells from subjects with the 751Gln 

(group 4) polymorphism, smokers had a significantly greater decrease (1.4-fold) in the 

XPD mRNA transcript copy number than cells from nonsmokers with the same genotype. 

Also, as shown in Figure 24, significant effects of the SNPs studied were observed in 

cells from older subjects (> 40 years old).  A 1.5-fold decrease in XPD transcript copy 

number was observed among older individuals with the 156A variant (P<0.03), a 1.8-fold 

decrease with the 312Asn polymorphism (P <0.01) and a 1.7-fold decrease with the 

751Gln polymorphism (P<0.02) compared to older individuals homozygous for the wild-

type alleles at all three loci (group 1, reference 
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Figure 24. XPD genotype as a modifying factor in mRNA transcript copy number 
among younger (age <40 years) and older (age >40 years) individuals.   
Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals.  * Statistically significant, P<0.05.  For more 
information see appendix Table XVI. Reprinted from Pharmacogenetics and Genomics, Wolfe KJ., 
Wickliffe JK., Hill CE., Ammenheuser MM., Abdel-Rahman SZ., in press.   
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category, mean ± SE mRNA transcript copy number of 23164 ± 4159). In younger 

subjects (<40 years old), however, the effect of each polymorphism studied was less 

pronounced. Compared to younger individuals homozygous for the wild-type alleles at all 

three loci (group 1, 24953 ± 3162), a 1.4-fold decrease in XPD transcript copy number 

was observed among younger individuals with the 156Adenine polymorphism (P<0.05), 

and a 1.7-fold decrease with the Asp312Asn polymorphism (P <0.05), but no significant 

effect was observed with the Lys751Gl polymorphism. 

When the combined effect of all three SNPs was considered, we found that in 

cells from subjects who had all of the polymorphisms present (i.e. 156Adenine, 312Asn 

and 751Gln), there was a significant 38% decrease (P<0.001) in mRNA transcript copy 

number compared to cells homozygous wild-type at all three loci (Table XI). The results  

 

Table XI. Effect of age and XPD polymorphisms on mRNA transcript copy number 

 

                                      mRNA copy 
  
Genotype (No. of subjects)    numbera        P valueb 
  
All subjects homozygous wild-type      
at all three loci (n=17)         24427 ± 2483              ref. 
     
All subjects with variant alleles      
at all three loci (n=18)         15214 ± 1051          0.001* 
         
Younger subjects (age<40) homozygous  
wild-type at all three loci (n=12)                 24953 ± 3162            ref. 
     
Younger subjects (age<40) with variant  
alleles at all three loci (n=10)                    17397 ± 1171          0.042* 
     
Older subjects (age>40) homozygous  
wild-type at all three loci (n=5)                   23164 ± 4159            ref. 
     
 Older subjects (age>40) with variant  
alleles at all three loci (n=8)                     13242 ± 1203         0.017* 
 
a Values are expressed as mean mRNA transcript copy numbers ± standard error.  
b Comparison between the reference category (homozygous wild-type at all three loci) and the test group 
(variant at all three loci) 
  * Statistically significant at p<0.05.   
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presented in Table XI also indicate an effect of age in cells from subjects with all three 

polymorphisms in the XPD gene. In older subjects (> 40 years old), cells with all three 

polymorphisms (156Adenine, 312Asn, and 751Gln) had a 43% lower mRNA transcript 

copy number compared to cells from older subjects homozygous wild-type for all three 

alleles (P=0.017). In younger subjects (<40 years old), cells with all three polymorphisms 

in the XPD gene had only a 30% lower mRNA transcript copy number compared to cells 

from younger subjects homozygous wild-type for all three alleles (P=0.042).  

 

Mfold analysis of XPD polymorphisms on mRNA secondary structure  
 To test whether the silent 156C A substitution (Arg156Arg), the G A 

substitution (Asp312Asn) or the A C substitution (Lys751Gln) change the secondary 

structure of mRNA, we conducted Mfold analysis (Vogel et al., 2000) of XPD mRNA. 

We selected the mRNA sequences surrounding each SNP (70 nucleotides on each side) 

for analysis and used the corresponding wild-type sequences for comparing the predicted 

effect on the secondary mRNA structure. Our results, presented in Figure 25, indicate that 

both the 156C>A polymorphism in exon 6 and the Lys751Gln polymorphism in exon 23 

result in an apparent change in the mRNA secondary structure. Substitution of C at the 

156 position with A or substitution of A with C at position 751 (Lys751Gln) alters 

apparent mRNA secondary structure and the amount of single strandedness (Figure 25). 

In contrast, the G A substitution corresponding to the Asp312Asn amino acid change 

(the exon 10 polymorphism) did not change the apparent secondary structure of mRNA 

or its single strandedness.  Nucleotide substitutions corresponding to the SNPs in exon 6 

and exon 23 resulted in a slightly lower energy requirement for mRNA folding (dG) as 

compared to the dG of the wild type. In contrast, substitution of G with A at position 312, 

corresponding to the Asp312Asn polymorphism in exon 10, exhibited a slightly higher 

dG for mRNA folding (Figure 25).  
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Figure 25. Mfold predictions of the mRNA structures of the XPD polymorphisms
XPD exon 6 Arg156Arg (C A), XPD exon 10 Asp312Asn (G A) and XPD exon 23 Lys751Gln (A C) 
polymorphisms and their corresponding folding energy (dG). Partial sequence of XPD mRNA (140 nt) 
surrounding each SNP under study was used to predict secondary structure by Mfold as described in the 
Methods.  Reprinted from Pharmacogenetics and Genomics, Wolfe KJ., Wickliffe JK., Hill CE., 
Ammenheuser MM., Abdel-Rahman SZ., in press.   

XPD PROTEIN EXPRESSION AND LOCALIZATION 

The effect of SNPs in the XPD gene on the nuclear translocation of the resulting 

protein has not been studied before. Because nuclear translocation of the XPD protein 

seems to occur via its interaction with proteins forming the TFIIH complex (Boulikas, 

1997; Santagati et al., 2001), structural alterations (due to SNPs, as we propose) could 

lead to interaction modifications between these proteins. This could result in the altered 

ability of XPD to translocate into the nucleus, and could, consequently, lead to 

accumulation of genetic damage. The studies described in this chapter were designed to 

test this hypothesis, and to provide a clearer understanding of the underlying mechanisms 

involved in this process 

We hypothesized that SNPs in the XPD gene alter DNA repair capacity through 

perturbing XPD protein expression and interrupting its nuclear translocation, thus leading 

to accumulation of genetic damage. The goal of this section is to delineate the impact of 

the Asp312Asn and Lys751Gln SNPs in the XPD gene, independently and in 

combination with each other on altering XPD protein expression, and altering the cellular 

localization of XPD following DNA damage due to exposure to UV irradiation. To 

achieve our goals we used PBLs collected from study participants. Endpoints and 

genotype data generated previously guided the selection of lymphocytes from 

representative individuals who were homozygous or heterozygous for the polymorphic 

variants of the alleles, and who exhibited different levels of baseline genetic damage.  

Also, selected were PBLs from individuals who were wild-type for the 312Asp and 

751Lys SNPs studied. These served as the reference group for comparisons in the 

analysis of the influence of the XPD polymorphisms.  This study was intended to 

determine the impact of the SNPs on altering XPD protein expression using fluorescent 
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confocal microscopy.  In addition, another goal for this study was to determine the effect 

of the SNPs on altering the cellular localization of the XPD protein.  

 

Demographics of the population used in the protein expression/localization study 
 The population for this study consisted of 14 females, recruited from the total 

population (n=800).  The majority (n=10), were White non-Hispanics (71.4%) and the 

other 4 were African American (28.6%).  Of the 14 volunteers who participated in this 

study, 2 (14.3%) were smokers, 4 (28.6%) were ex-smokers, and 8 (57.1%) were non-

smokers. Non-smokers, and smokers were defined as previously described.  The mean 

number of accumulated pack-years (defined as cigarettes smoked per day multiplied by 

the number of years of smoking divided by 20) for the combined smokers and ex-

smokers was 2.57 ± 1.24.  The pack-years of the two smokers were 8 and 15.   The age of 

the participants ranged from 20 to 59 years, with a median of 36 years and a mean of 36.9 

± 3.6.   

 
Cell survival following UV exposure 
 In these studies, we used UVC radiation as the challenging mutagenic agent to 

more specifically target the nucleotide excision repair pathway.  To determine the 

appropriate UV dosage to be used in the exposure experiments, a dose response 

relationship was established at a dose rate of 400µJ/cm2 for 33 sec, 100 sec, and 333 sec.  

A dose rate of 400 µJ/cm2 for 100 sec was established as the optimum experimental 

condition because it resulted in a significant XPD expression with no significant changes 

in cell survival compared to untreated cells.  Percentage of cell death was determined by 

bromophenol blue (BPB) exclusion.  Processing and manipulation of the cells and 

exposure to UV resulted in some initial cell death in the first 30 mins that disappeared 

thereafter, as shown in Figure 26.  Thirty minutes following UV exposure, BPB-

exclusion dropped to 80.5%.  However, 2 hrs following UV exposure there was no 

significant difference in BPB-exclusion which was above 95% out to 6 hrs after 

exposure.  
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Figure 26. Percent of BPB-excluding cells following UV irradiation 
Replicate samples were sham-irradiated or UV irradiated at a dose rate of 400 µJ/cm2 for 100 sec, and 
allowed to incubate from 0hr, 30min, 2hr, 4hr or 6hr.  Percent of bromo-phenol blue excluding cells were 
calculated by light microscopy.  For more information see appendix Table XVII.    
  

Fluorescent microscopy for XPD protein concentration 
 XPD protein expression was measured in the lymphocytes of the 14 study 

participants using the XPD specific antibody (C-20) (Molecular Probes) and a secondary 

antibody conjugated with Alexa Fluor 594 (Molecular Probes).  The amount of 

fluorescence was visualized and quantitated using fluorescent confocal microscopy and 

Metamorph imagining software (Molecular Devices, PA).  As shown in Figure 27A, a 

significant increase in fluorescence intensity over time after exposure to UV, depicted as 

an increase in the red fluorescent signal, was observed.  A secondary control sample 

composed of cells incubated with only the secondary conjugated fluorescent antibody 

was used to determine the auto-fluorescence and establish the parameters for measuring 

the change in fluorescence intensity.  XPD protein abundance was measured in terms of 

arbitrary units measuring fluorescent intensity.  Shown in Figure 27B, the fluorescent 

signal, which directly corresponding to the amount of XPD protein, increased 
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significantly (P<0.05) over the control level (0 hr) by 1.14-, 1.24-, 1.34-, and 1.27-fold at 

30 min, 2 hrs, 4 hrs, and 6 hrs, respectively.  
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Figure 27. XPD protein abundance following UV irradiation  
XPD protein expression (red) within individual cells (DAPI nuclear stain) over time following UV 
irradiation using a specific XPD C-20 goat polyclonal antibody (Snata Cruz Biotech, CA) and a chicken 
anti-goat polyclonal antibody conjugated with Alex Fluor 594 (Molecular Probes, OR). Cells were 
irradiated at a dose rate of 400 µJ/cm2 for 100 sec, A) visualized using a Zeiss LSM UV meta laser 
scanning confocal microscope for protein abundance. B) Graphical representation of XPD protein 
abundance from an average of 100 cells from each time point calculated using Metamorph imaging 
software. *P<0.05 when compared to the control (0 hr).  For more information see appendix Table XVIII.    
 

To investigate the effect of the XPD genotype on protein expression following 

UV irradiation, a haplotype analysis was conducted.  Protein expression from cells from 

individuals who inherited the 312Asn exon 10 SNP (n=3), cells from individuals with the 

751Gln exon 23 SNP (n=3), and cells from individuals who inherited both the 312Asn 

exon 10 and the 751Gln exon 23 SNPs (n=4) were compared to cells homozygous wild-

type for both the exon 10 and exon 23 SNPs (n=4).  As shown in Figure 28, protein 

expression was highly variable between samples within the same genotype groups and 

between the different genotypes.  Variation in protein expression was also observed over 

time.  With the small numbers of samples in each category, it was difficult to determine 

how XPD protein expression is influenced by the different genotypes.  However, based 

on the results observed with this small sample, there appears to be a significant 30% 

decrease in protein expression in the cells from individuals with the 751Gln SNP in exon 

23 compared to cells homozygous wild-type for all three XPD SNPs (P=0.02) at 30 min 

following UV treatment.  It also appears that cells with both the 312Asn SNP in exon 10 

and the 751Gln SNP in exon 23 may have a faster response time.  Figure 28 shows that, 

XPD protein expression from cells with both the 312Asn SNP in exon 10 and the 751Gln 

SNP in exon 23 SNPs at 2 hrs following UV irradiation showed a significant 1.4-fold 

increase compared to protein expression in cells homozygous wild-type for all three XPD 

SNPs (P=0.04).  These data were obtained with cells from only four subjects, however.  

Also cells from subjects with either the exon 10 or the exon 23 polymorphisms alone did 

not show any change in protein expression. To be able to make any further inferences as 

to the differences in protein expression following DNA damage, a larger sample size will 

need to be analyzed.  
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Figure 28. Genotype variation on XPD protein abundance measured by 
immunofluorescence 
Graphical representation of XPD protein abundance averaged from each genotype group over time 
following UV irradiation, and calculated from fluorescent confocal micrograph images using Metamorph 
imaging software.  * P < 0.001 when compared to cells from individuals wt/wt in all exons.  For more 
information see appendix Table XIX. 
 
     

Real-time quantitative PCR (rqPCR) for XPD gene expression 
 To evaluate the relationship between XPD gene expression and protein expression 

following exposure to UV irradiation, cells from the above study were used to determine 

XPD gene expression by rqPCR, following the protocol outlined earlier.   As shown in 

Figure 29, the observed increase in protein expression was coupled with a significant 

decrease in gene expression following UV irradiation up to 6 hrs with a 43% decrease at 

30 min (p=0.0002), a 44% decrease at 2 hrs (P=0.0001), a 45% decrease at 4 hrs 

(P=0.0005), and a 51% decrease at 6 hrs (P<0.0001).  As shown in Figure 30 this 
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decrease in mRNA gene copy number was observed regardless of the genotype. Gene 

expression from cells with the 312Asn SNP in exon 10, the 751Gln SNP in 
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Figure 29. UV- induced XPD gene expression 
XPD mRNA transcript copy number over time following UV irradiation measured by reverse transcription 
real-time PCR using absolute quntitation. * P < 0.001 when compared to control. For more information see 
appendix Table XX. 
  
exon 23, the 312Asn and the 751Gln SNPs, and cells homozygous wild-type for all three 

XPD SNPs (156c, 312Asp, and 751Lys) showed a decrease in gene expression within 30 

min following UV irradiation.  The decrease in gene expression at 30 min was 

significantly more pronounced for cells with the 312Asn polymorphism (a 50% decrease, 

P=0.003) and cells with both the 312Asn and 751Gln polymorphisms (a 51% decrease, 

P=0.003).  All genotypes showed a significant decrease by 6 hrs (a 54% decrease for all 

wild-type, P=0.0004; a 54% decrease for 312Asn, P=0.003; a 47% decrease for 751Gln, 

P=0.01; a 55% decrease for both 312Asn and 751 Gln, P=0.001) (Figure 30).       

 90



 

10000

20000

30000

40000

50000

60000

0 1 2 3 4 5 6
Time

Tr
an

sc
ri

pt
 c

op
y 

nu
m

be
r

all wt/wt (n=4) exon 10 wt/variant ( n=3)
exon 23 wt/variant  (n=3) exons 10 and 23 wt/variant  (n=3)

Control 30 min 2 hrs 4 hrs 6 hrs

 

Figure 30. Genotype variation in XPD gene expression following UV exposure 
XPD mRNA transcript copy number of cells from polymorphic individuals over time following UV 
irradiation measured by reverse transcription real-time PCR using absolute quntitation.  For more 
information see appendix Table XXI. 
 

In order to further explore the observed decrease in XPD gene expression 

following UV exposure, a second experiment was performed to examine whether this 

decrease is confined exclusively to XPD or to other genes.  The house-keeping gene, β-

actin was used, for that purpose, in which the abundance of β-actin following UV 

exposure was examined.  In this experiment, relative quantitation was used with 18S 

rRNA as the internal reference standard.  As shown in Figure 31, expression of β-actin 

mRNA was also found to be decreased following UV exposure.  From this observation it 

seems that UV exposure does not have a specific effect on XPD, exclusively, but can also 

result in a decrease in mRNA transcription in other genes.   
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Figure 31. β-actin mRNA expression following UV exposure 
Relative β-actin mRNA transcript copy number from samples over time, following sham-exposure or UV 
irradiation at a dose rate of 400 µJ/cm2 for100 sec.  Relative standardization using 18S RNA as an internal 
standard was used.  Form additional information see appendix Table XXII. 
 
 
XPD Localization  

Fluorescent confocal microscopy and LSM 510 imagining software (Zeiss) were 

used to visually and semi-quantitatively study the abundance and movement of the XPD 

protein following UV irradiation expressed in terms of arbitrary units measuring 

fluorescent intensity.  As shown in Figure 32, the fluorescent intensity, corresponding to 

protein concentration, was graphed along a vector through the center of the cell.  From 

these micrographs, XPD can be seen increasing in concentration and being localized 

within the nucleus of the cell.  From these images and their analysis (Figure 32 and 

Figure 33) it appears that both XPD migration and XPD expression increases between 30 

min and 4 hrs following UV irradiation with a maximum nuclear localization at 2 hrs 

following UV irradiation (Figure 33).  This is evident from the increased fluorescence of 

the red signal (XPD protein) within the boundaries of the blue signal (DAPI) identifying 

the edges of the nucleus.  
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Control Control 

A 

Figure 32. Fluorescent image of XPD localization  
XPD protein localization using confocal fluorescent microscopy and LSM 510 analysis software.  A vector 
through the cell is used to graph the DAPI (nuclear) and Alexa Fluor 954 (XPD) intensity. A) XPD nuclear 
intensity following sham-irradiation.  
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30min 30min 

30min 30min 
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Figure 32. Fluorescent image of XPD localization (continued) 
B) XPD nuclear intensity 30 min after UV irradiation at a dose rate of 400 µJ/cm2 
for 100 sec. 
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2 hour 2 hour 
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Figure 32. Fluorescent image of XPD localization (continued) 
C) XPD nuclear intensity 2 hrs after UV irradiation at a dose rate of 400 µJ/cm2 for 100 
sec. 
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Figure 32. Fluorescent image of XPD localization (continued) 
D) XPD nuclear intensity 4 hrs after UV irradiation at a dose rate of 400 µJ/cm2 for 
100 sec. 
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Figure 32. Fluorescent image of XPD localization (continued) 
E) XPD nuclear intensity 6 hrs after UV irradiation at a dose rate of 400 µJ/cm2 for 100 sec. 
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Figure 33. XPD Protein translocation into the nucleus following UV irradiation 
Time course of XPD protein nuclear abundance following UV exposure at a dose rate of 400 µJ/cm2 for 
100 sec.  Average of images from 100 cells from all samples, calculated using LSM 510 software.  
 

To investigate whether the XPD genotype influences the protein localization and 

the nuclear abundance of XPD, the 14 samples were analyzed separately by genotype.  

Cells from four individuals homozygous wild-type for 156C, 312Asp, and 751Lys, three 

individuals heterozygous variant for 312Asn and homozygous wild-type for the 156C and 

751Lys polymorphisms, three individuals heterozygous variant for the 751Gln 

polymorphism and wild-type for the 156C and 312Asp polymorphisms, and four 

individuals, who were heterozygous variant for both the 312Asn and the 751Gln 

polymorphisms and homozygous wild-type for the 156C polymorphism were studied.  

Cells with the variant alleles for both the 312Asn and the 751Gln polymorphisms (Figure 

34B) showed an approximate 2-fold increase in nuclear XPD protein concentration at 2 
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hrs following UV treatment compared to cells from individuals homozygous wild-type 

for all three polymorphisms (reference group) (Figure 34A).  No significant differences 

were observed with either the 312Asn or 751Gln polymorphisms each independently. 
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Figure  34.  Genotype-dependent differences in XPD protein localization 2 hrs after 
UV exposure 
A. XPD localization in homozygous wild-type cells 2 hr following UV irradiation.  B. XPD localization in 
312Asn and 751Gln polymorphic cells 2 hr following UV irradiation.  Note the increase in XPD protein 
(red) within the nuclear region outlined by the increase above base line of DAPI (blue)   

 

Discussion 
Most of the epidemiological studies that addressed effects of XPD polymorphisms 

on disease risk have focused on the synonymous SNP in codon 156 in exon 6 or the 

nonsynonymous SNPs in codons 312 in exon 10 and 751 in exon 23 of the gene because 

of the high prevalence of these polymorphisms (Benhamou and Sarasin, 2002). Several 

studies have reported associations between these three SNPs and alterations in DNA 

repair capacity and/or susceptibility to cancer at different sites, but these associations 

were not evident in other studies (reviewed in Benhamou and Sarasin, 2005).  

Inconsistencies in the results observed in the different studies could be explained by 

several factors, including differences in study design, variability in the populations 

studied, and potential confounding effects of the linkage disequilibrium known to exist 

among the exon 6, 10 and 23 polymorphisms (Zhou et al., 2002; Benhamou and Sarasin, 

2005).  Little is known about the mechanisms for the observed associations. 

 

CHROMOSOME ABERRATION ANALYSIS 

One of the hypotheses tested in this dissertation was that polymorphisms in the 

DNA repair gene XPD influence an individual’s ability to repair genetic damage 

produced by environmental insults.  This will manifest as an increase in chromosome 

aberration frequency. Chromosome aberrations (CAs) were used as a marker of early 

biological effects preceding cancer, since increased frequency of CAs is a well-

established early biomarker for cancer risk, according to large human cohort studies 

(Hagmar et al., 2004; Norppa, 2004).  Our research group has frequently used CAs as a 

biomarker of genetic damage for the evaluation of the effects of polymorphisms in 
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susceptibility genes (Abdel-Rahman et al., 1998; Abdel-Rahman et al., 1999; Affatato et 

al., 2004, Hill et al., 2005a).  The sensitivity of CAs as an early biomarker of genetic 

damage and cancer risk has also been established by many other investigators.  El-Zein et 

al. (2000) have also shown that CAs are good predictors of the clinical stage of smoking-

associated lung cancer.   

 

Baseline CAs 
In order to evaluate my hypothesis, the influence of smoking as a representative 

external insult was first investigated by using CA as an indicator of genetic damage.  Ex-

smokers with the 156A, the 312Asn, or the 751Gln polymorphism in XPD were found to 

have significantly higher frequencies of baseline CAs than non-smokers.  This was, 

however, not true for current smokers. This inconsistency could not be explained by the 

demographic differences between ex-smoker and current smoker groups.  In both groups 

the average number of pack years was similar (9.5), and both groups had approximately 

the same average age (mean = 41 years old).  In addition, both groups had a comparable 

male to female ratio, which needed to be assessed since the female gender was found to 

be more susceptible to NNK-induced CAs in a prior study (Hill et al., 2005b).  The 

increased frequency of baseline CA in ex-smokers may, however, be explained at least in 

part by genetic influences.  For example, the inheritance of the variant 312Asn genotype 

in a large percentage of the ex-smokers might be responsible for the observed greater 

increase in CA frequency in ex-smokers compared to smokers.  To test this hypothesis, 

we examined the 312Asn genotype frequency among the ex-smokers and current 

smokers.  A higher percentage (53%) of the 312Asn genotype was found among ex-

smokers than smokers (45%).  Therefore, it is possible that the higher percentage of 

312Asn polymorphisms among the ex-smoker group influenced the mean frequency of 

CAs detected, thus resulting in the observed higher CA frequencies in the ex-smokers 

when compared to both smokers and non-smokers. 

When baseline CAs were examined with regard to gender, no significant 

differences were observed.  However, when stratified by genotype, males homozygous 
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wild-type for exon 10 had significantly higher CA frequencies than females with the 

same genotype.   This could be explained by the age effect since the average age of the 

males was significantly higher than that of the females.  Although no overall age effect 

was found with respect to a significant difference in CA frequency, age is known to be a 

factor in the accumulation of genetic damage.  For example, age-related decreases have 

been reported for DNA repair capacity (Wei et al., 1993; Barnett and King, 1995; 

Moriwaki et al., 1996; Wei 1998).  

In an attempt to investigate how the three polymorphisms in the XPD gene, alone 

and in combination with each other, could influence genetic damage, we investigated the 

effects of the different haplotypes on CA frequency.  The study population was stratified 

according to several genotype combinations.  These combinations were such that one 

polymorphism was present at a time.  In doing so, we found that cells from smokers 

(current smokers combined with ex-smokers) with either the 156A or 312Asn XPD 

polymorphism alone showed increased baseline CA frequencies compared to cells from 

smokers homozygous wild-type for all three polymorphisms.  This again suggests that the 

increase in CAs found in ex-smokers, could be attributed to the presence of more subjects 

in the group with the 156A or the 312Asn polymorphisms.  This increase in CAs was also 

observed among cells from smokers with all three XPD polymorphisms, but not from 

smokers with only the 751Gln polymorphism.  Thus, our observations indicate several 

gene-environment interactions due to the presence of certain polymorphisms in the XPD 

gene. 

 

The mutagen-sensitivity assay  

In order to assess effects of XPD polymorphisms on sensitivity to genetic damage 

induced by exposure to specific tobacco carcinogens, we used the mutagen-sensitivity 

assay with NNK as the test mutagen. This assay is a well-established technique for 

defining individual susceptibility towards carcinogens (Hsu et al., 1989; Wei et al., 1996; 

Landi et al., 1998; Wang et al., 1998).  This technique has previously been used 

successfully by our group (Abdel-Rahman et al., 1999; Affatato et al., 2004; Hill et al., 
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2005a) and others (Kelsey et al., 1997; Norppa et al., 1997) to address the biological 

significance of polymorphisms in metabolic and DNA repair genes following genotoxic 

exposure.   In the current project, the tobacco smoke-specific nitrosamine NNK was used 

to challenge cultured human lymphocytes in vitro in order to assess the effects of XPD 

polymorphisms on exposure to a representative DNA damaging agent.  Two time points 

were used. The first time point of 2 hrs following NNK treatment was used to represent 

initial genetic damage due to exposure to NNK.  The second time point of 24 hrs 

following NNK treatment was used to represent persisting genetic damage or subsequent 

repair following exposure to NNK. Following NNK exposure, an increase in CA 

frequency was observed in ex-smokers with either the 312Asn or the 751Gln 

polymorphism compared to non-smokers with the same genotype.   Our consistent 

observation of increased CA frequency among ex-smokers with the 312Asn 

polymorphism, both after NNK challenge and at baseline, indicates that this XPD 

polymorphism increases vulnerability to environmental insults.  In addition, Seker et al. 

(2001) reported that lymphoblastoid cell lines with the 312Asn polymorphism exhibited a 

diminished apoptotic response following UV or ionizing radiation.  It is possible that 

diminished apoptosis following NNK exposure in cells with the 312Asn polymorphism 

could allow the selective survival of genetically damaged cells, and thus explain further 

our observations of increased CAs in cells with this genotype. 

Contrary to our observations of higher baseline CA frequency in males, we found 

that females with the 156A or the 751Gln polymorphism were more sensitive to the 

genotoxic effects of NNK.  This increase in sensitivity to NNK among females is 

consistent with our previous observation (Hill et al. 2005b) that lymphocytes from 

females are more sensitive to the genotoxic effects of NNK than lymphocytes from 

males.  Within the same gender, genetic influences could also affect the frequencies of 

CAs.  In fact, we observed significantly higher NNK-induced CA frequencies in cells 

from females homozygous variant for the 751Gln polymorphism than in cells from 

females homozygous for the wild-type allele at codon 751.  These observations indicate a 

gene-dose response and that the inheritance of two variant alleles at the XPD 751 site 
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confers an increased risk of genetic damage than the inheritance of one allele.  In support 

of this observation, Qiao et al. (2002b) have shown, using the host cell reactivation assay, 

that cells with the homozygous 751Gln polymorphism had a reduced ability to reactivate 

a UV-irradiated plasmid than did cells with the homozygous wild-type.  Collectively, our 

findings and the findings of Qiao et al. (2002b) could explain the observation that the 

homozygous 751Gln polymorphism confers an increased risk of lung squamous cell 

carcinoma (Liang et al., 2003).   

To tease out more directly how these polymorphisms could individually influence 

CA frequency, influences of specific haplotype combinations were analyzed for response 

to NNK challenge in the mutagen-sensitivity assay after stratification for age.  We 

observed that cells from younger individuals with only the 156A or the 751Gln 

polymorphisms had increased NNK-induced CA frequencies compared to cells from 

individuals in the same age group who were homozygous wild-type for all three XPD 

polymorphisms.  These observations suggest that the 156A and the 751Gln 

polymorphisms are more influential among younger individuals in the sensitivity to NNK 

than the 312Asn polymorphism despite the observed influence of the 312Asn 

polymorphism on the response to smoking.  Similar to our baseline CA analysis, we found 

that cells from older individuals homozygous wild-type for all three polymorphisms had 

significantly higher CA frequencies when challenged with NNK than cells from younger 

individuals with the same genotype.  This increase in CA frequency in older individuals 

could be related to the possible accumulation of genetic damage over time. Because this 

was only found when both the older and younger populations were genetically similar, age 

appears to influence CA frequency among a genetically homogenous population.   

However, among the same age group, XPD haplotype could influence the 

accumulation of genetic damage.  Such age-related increases in CA frequencies could be 

due to the documented decrease in cellular DNA repair capacity in older individuals that 

is related to increased levels of DNA damage.  This, consequently, confers an increased 

risk of developing cancers associated with environmental exposures (Wei et al., 1993; 

Barnett and King, 1995; Moriwaki et al., 1996; Wei, 1998).  Collectively, the results of 
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this part of this project show that sensitivity to NNK was higher in smokers and in older 

subjects, and that XPD genotype played a role in further modifying the associations 

between age and smoking and increased CA frequencies.    

 

FISH analysis 
 To increase the sensitivity of detecting chromosome aberrations, we also used 

fluorescence in situ hybridization (FISH).  Two molecular probes, one hybridized to 

chromosome 1 and the other hybridized to chromosome 3, were used on a subset of the 

total population studied.  These probes specifically target chromosome 1q12 and 

chromosome 3p11.1-q11.1 and were chosen for the following three reasons. (1) 

Chromosome 1 covers the largest portion of genetic material for a single chromosome. 

(2) Chromosome 3 has been implicated as a preferential target for tobacco carcinogens 

(Wu et al., 1998), and regional deletions in chromosome 3 are found in cells of 

individuals with smoking-associated lung cancer (Roche et al., 1996; Sozzi et al., 1996). 

(3) Many essential genes are located on chromosome 3, such as fragile histone triad 

(FRIT) whose deletion increases tumorigenesis (Zanesi et al., 2001), and OGG1 whose 

allelic deletion has been associated with lung cancer (Wikman et al., 2000).  The FISH 

assay is a sensitive technique for detection of DNA breaks because it relies on unique 

probes that target specific chromosomal regions.  This technique has been well-

established by numerous laboratories for its ability to detect genetic damage in exposed 

individuals (Lohani et al., 2002; El-Zein and Abdel-Rahman, 2003; Wu et al., 2006).   

In contrast to some previous investigations (Conforti-Froes et al., 1997; Abdel-

Rahman et al., 1998), an increase in chromosome breaks in smokers compared to non-

smokers was not observed in a small number of samples evaluated in the current project.  

This is most likely due to the small size of the groups evaluated in the current project.  

However, we did find a preferential increase in CA frequency on chromosome 3 

compared to chromosome 1, both at baseline and following NNK treatment. This 

observation could be explained by the possibility that chromosome 3 posses genomic 

areas that are more prone to genetic damage than chromosome 1.  This argument is 
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substantiated by earlier reports showing increased sensitivity of chromosome 3 to tobacco 

carcinogens (Wu et al., 1998), and the specific chromosome 3 deletions found at 

increased frequency in smokers with lung cancer (Roche et al., 1996; Sozzi et al., 1996).  

 

Limitation of the CA analysis 
 A limitation of this part of the project was the small sample size for both 

haplotype analysis and FISH analysis.  Future studies on this topic could be more 

definitive if group sizes were larger and if more detailed information was collected from 

the subjects. 

 

mRNA ANAYLSIS 

In an attempt to better understand the underlying mechanisms linking SNPs in 

susceptibility genes to health effects, researchers have recently tried to predict the 

phenotypic consequences of nonsynonymous polymorphisms on protein function using 

web-server based computer tools, such as the Sorting Intolerant From Tolerant (SIFT) 

(http://blocks.fhcrc.org/sift/SIFT.html) and PolyPphen (http://www.bork.embl-

heidelberg.de/PolyPhen) programs. Using these programs, many SNPs in DNA repair 

genes were predicted by Xi et al. (2004), to affect protein function, but neither the 

Asp312Asn nor the Lys751Gln polymorphism in XPD was predicted to have an 

appreciable effect. Therefore, these types of predictions do not explain the 

epidemiological findings linking these two SNPs to altered DNA repair capacity and risk 

for disease (Qiao et al., 2002a; Rybicki et al., 2002; Spitz et al., 2002). Furthermore, 

these programs are not suitable for addressing potential effects of synonymous SNPs, 

such as the 156C>A polymorphism in exon 6 of the XPD gene. 

In the current project, a novel mechanism that could explain the risk-modifying 

effects of these polymorphisms on disease susceptibility was explored.  Specifically, we 

examined the relationships between SNPs in codons 156, 312 and 751 of XPD and their 

mRNA levels.  Alterations in mRNA levels provide a potential mechanism by which a 

http://blocks.fhcrc.org/sift/SIFT.html
http://www.bork.embl-heidelberg.de/PolyPhen
http://www.bork.embl-heidelberg.de/PolyPhen
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polymorphism could ultimately alter DNA repair capacity and affect disease risk.  The 

approach was to investigate effects of each of three prevalent polymorphisms on mRNA 

levels by choosing cells which had only one of these studied polymorphisms with the 

other two in their wild-type form. This approach allowed determining the effects of each 

SNP on mRNA levels independently. Also by studying cells with all three variants, we 

could determine the combined effect of these SNPs on mRNA levels.  Results shown in 

Figure 22 indicate that all three SNPs studied, alone and in combination, altered mRNA 

levels.  

Regulation of gene expression by cis-acting polymorphisms in promoter regions 

of genes has been studied extensively as a prevalent mechanism for altering mRNA 

levels (Wang and Sadee, 2006).  In addition, SNPs in the coding regions of many genes 

have recently been reported to alter mRNA expression levels (Duan et al., 2003; Wang et 

al., 2005; Zhang et al., 2005). Results from this part of the current project provide the 

first information that XPD mRNA abundance is altered by both the synonymous SNP 

156C A (Arg156Arg in exon 6) and the non-synonymous SNPs G312A (Asp312Asn in 

exon 10) and A751C (Lys751Gln in exon 23).  Our results are consistent with recent 

reports indicating that both synonymous and nonsynonymous SNPs in coding regions of 

other genes can alter mRNA levels by affecting mRNA stability, mRNA processing, or 

mRNA maturation (Duan et al., 2003; Johnson et al., 2005).  

Polymorphism-associated alterations in mRNA abundance, as observed in the 

current project, could ultimately affect protein levels, and may thus impact protein 

activity and functions. Support for this assumption is provided by Duan et al. (2003), 

who recently reported that the synonymous 957T substitution in the human dopamine 

receptor D2 gene (DRD2), rather than being “silent”, led to decreased mRNA stability 

and resulted in a 50% decrease in levels of protein synthesis, an indication of decreased 

translation. Multiple other nonsynonymous SNPs have been shown to alter gene 

expression levels. For example, Malarstig et al. (2005) recently reported that the 

5466A G polymorphism in the tissue factor (TF) gene was associated with a significant 

decrease in mRNA expression levels and decreased TF protein activity. Similarly, Zhang 
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et al. (2005) reported that the 118A G SNP in the human mu opioid receptor gene 

(OPRM1) caused significantly reduced yields of mRNA and receptor protein. These 

reports clearly indicate that both synonymous and nonsynonymous SNPs can exert 

potential pathophysiological and pharmacological effects by affecting mRNA 

transcription levels. 

There are several mechanisms by which synonymous and nonsynonymous SNPs 

in the XPD gene could affect mRNA levels. One of these mechanisms is that SNPs alter 

the secondary mRNA structure.  This structural alteration was reported to result in altered 

gene expression (van Leeuwen et al., 2005; Zhang et al., 2005). To investigate this issue, 

we performed a localized Mfold structure analysis. The results from our analysis 

indicated that the synonymous 156C A (exon 6 polymorphism) and the nonsynonymous 

751A C (exon 23 polymorphism) SNPs resulted in significant changes in mRNA 

secondary structure and a change in single strandedness. These results indicate that both 

of these SNPs have the potential to affect local folding and, hence, mRNA stability. The 

changes we observed in the secondary structure of mRNA with the 156C A and the 

751A>C SNPs could affect mRNA maturation, mRNA half-life, or protein translation. 

 It is noteworthy that, while the XPD 312G A polymorphism (Asp312Asn in 

exon 10) was associated with reduced mRNA levels, our Mfold structural analysis 

revealed that this SNP did not result in an apparent change in mRNA secondary structure. 

As such, it is possible that this polymorphism alters mRNA expression by a different 

mechanism. For example, the 312G A polymorphism could affect mRNA stability, 

similar to the coding SNPs in other genes that were reported to exert this effect (Wang et 

al., 2005). In this context, Wang et al. (2005) has recently shown that the 3435C T SNP 

in the multidrug resistance gene MDR1 (ABC1) decreased mRNA levels by affecting 

mRNA stability. Further studies are needed to clarify the underlying mechanisms by 

which SNPs in the XPD gene alter mRNA expression transcription levels. 

Observations from this project indicated that the intensity of smoking altered XPD 

gene expression levels. Specifically, heavy smokers (defined in this project as smokers 

with greater than 12 pack yrs) had a statistically significant decrease in mRNA copy 
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number compared to non-smokers or light smokers. These findings are consistent with 

recent studies indicating that exposure of human peripheral blood mononuclear cells to 

cigarette smoke condensate or to the carcinogenic tobacco-specific nitrosamine NNK in 

vitro decreased mRNA levels of the DNA repair genes XRCC1 and ERCC5 (van 

Leeuwen et al., 2005).  Although we found that XPD polymorphisms were associated 

with reduced mRNA levels, and smoking was also associated with reduced mRNA levels, 

we did not observe a three-way interaction between SNPs, smoking, and mRNA levels. 

This could be attributed to the small number of samples available for our stratified 

analysis. Future studies with a larger sample size are needed to identify potential three-

way interactions.  

 An inverse relationship was found between age and levels of XPD mRNA.   An 

interaction between age and the SNPs studied was also found, where a significant effect 

of each SNP was evident in the older group of subjects (>40 years old), but was less 

pronounced in younger subjects (<40 years old). These findings could be explained by 

the well-known age-related decreases in cellular DNA repair capacity reported in many 

studies (Wei et al., 1993; Barnett and King, 1995; Moriwaki et al., 1996; Wei et al., 

1998; Carlini et al., 2001).  For example, Hazane et al. (2006), have shown that cells 

from older individuals repaired DNA damage induced by UV irradiation much more 

slowly (60% slower) than in cells from younger individuals.  Our observed age-related 

decrease in XPD mRNA levels could provide a mechanistic explanation for our prior 

finding that older subjects with the 312Asn allele have a higher background (baseline) 

level of chromosome aberrations (Affatato et al., 2004).  Collectively our observation of 

interactions between age and decreased XPD mRNA in cells from older subjects with 

either single or multiple XPD polymorphisms indicated that any one of the three 

polymorphisms studied could exert a significant effect on XPD gene expression in older 

subjects. 

 



 

 110

Limitations of mRNA analysis 
 A limitation associated with the analysis of mRNA transcript copy number is an 

innate limitation of the technique itself.  The use of reverse transcription real-time PCR to 

study mRNA copy number can only measure the total abundance of mRNA.  No 

information is provided about the rate of mRNA transcription or the rate of mRNA 

degradation.  Future evaluation of the rates of XPD transcription and degradation could 

more specifically explain why XPD polymorphisms were linked in this project, to 

decreases in mRNA abundance.   

 

XPD PROTEIN ANALYSIS 

The third major question addressed by this project was whether XPD expression 

is stimulated following exposure to UVC irradiation in a manner which can be 

quantitated by confocal fluorescence microscopy. We needed a reliable technique for this 

parameter to test our hypothesis that XPD polymorphisms influence protein expression as 

well as localization into the nucleus. Irradiation with UVC was used because UVC 

induces NER repairable DNA damage, such as 6,4-photoproducts and cyclobutane 

pyrimidine dimers at a greater frequency than UVB irradiation (Li et al., 2005).  UVC 

also produces DNA damage that is more specifically repaired by NER than does 

challenge with NNK (Cipollini et al., 2006). Confocal fluorescent microscopy was used 

to address this question because this approach allows for a specific protein target to be 

visualized within a single cell or cellular compartment.  Many recent studies have 

documented the versatility and quantitative powers of confocal fluorescent microscopy 

(Belichenko et al., 2005; Voss et al., 2005; Goentoro et al., 2006 Nadrigny et al., 2006). 

For example, Bhattacharya et al, (2004) used laser scanning confocal fluorescent 

microscopy to visualize and quantitate the co-localization of various HIV-1 sub-type viral 

proteins with DNA.  In the current project, UVC irradiation of cells was found to 

stimulate an increase in total XPD protein abundance by 30 min, with continued increase 
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up to 4 hrs after treatment.  This increase in XPD protein levels after UVC exposure is 

consistent with the important role of XPD in NER.  

 To investigate whether the observed increase in XPD protein expression was 

mainly due to increased translation, mRNA levels were also measured at the same time 

points.  Surprisingly, we found a significant drop in XPD mRNA gene copy number 

starting at 30 mins following UVC irradiation and still evident at 6 hrs after treatment.  

One possible explanation is that increased production of mRNA transcripts is not 

required for increased protein production.  It is possible that protein translation of 

existing mRNA was increased, while new RNA transcription was decreased in an attempt 

to save cellular energy.  These findings are in accordance with recent studies that have 

shown that mRNA levels and protein production are not always well-correlated with each 

other following cellular stress (Gygi et al., 1999; Ideker et al., 2001).  For example, Hitzl 

et al. (2004) found no correlation between levels of mRNA expression of the MDR1 gene 

and expression of its corresponding gene product, P-glycoprotein.  In order to determine 

whether the UVC irradiation decreased expression of other genes, we also assessed levels 

of mRNA for the constitutively expressed house-keeping gene β-actin.  We found that the 

β-actin mRNA transcript copy number was also decreased following UV irradiation.  

This could suggest a generalized decrease in mRNA production for other genes after UV 

irradiation.  Additional studies are still needed, however, to substantiate or refute this 

hypothesis. 

Since XPD is known not to possess its own nuclear localization signal, the XPD 

protein was most likely carried into the nucleus by piggy-backing on another TFIIH 

protein that does have a characteristic nuclear localization signal (Boulikas, 1997; 

Santagati et al., 2001).  This piggy-backing likely involves either p44 or MAT1 proteins 

with which XPD has direct contact.  Our confocal microscopy analysis of XPD 

localization showed an increase in XPD protein within the nucleus from 30 min to 4 hrs 

following UV irradiation.  The observed increase of XPD protein within the nucleus 

following UV damage suggests that the small amount of XPD protein initially within the 

nucleus is not sufficient for the greater workload of NER following UV damage.  This is, 
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however, in disagreement with some previous reports.  For example, in a report 

employing the host cell reactivation assay, human lymphocytes over-expressing XPD 

showed no discernable correlation between XPD protein levels and NER activity (Vogel 

et al., 2000; Xu et al., 2002).  Another report by Santagati et al. (2001) used the 

expression of a GFP-XPD fusion protein to reveal that XPD appears to be primarily 

absent from the nucleus, and is evenly distributed throughout the cytoplasm of the cell, 

with only 5-30% of the fused XPD located within the nucleus.  These investigators did 

not detect an increase in XPD localization to the nucleus after UV irradiation at 20 J/m2, 

whereas XPB, XPC, p62, and p44 were all localized exclusively to the nucleus.  These 

reports about a lack of correlation between XPD protein levels and NER activity indicate 

that XPD protein levels are not a determining factor in nucleotide excision repair 

capacity.    

These reports did not, however, take into account the molar ratio of XPD to that 

of the other TFIIH complex proteins.  As discussed previously, XPD activity and nuclear 

translocation are likely regulated by the interaction of XPD with p44 or Mat1 (Sung et 

al., 1993; Boulikas, 1997; Santigati et al., 2001).  Therefore, it is possible that the over-

expression of XPD will not increase its nuclear translocation or NER capacity if all the 

available p44 and Mat1 proteins are saturated.  It is also possible that the use of tumor 

cell lines and assays, such as the host cell reactivation assay which does not rely on 

freshly isolated human cells, and which is known to be prone to interindividual 

variability, do not accurately convey what occurs in normal human cells.  An additional 

possibility is that different cell types have varying degrees of baseline nuclear localized 

XPD that is sufficient for DNA repair.  For example, Xu et al. (2002) found that XPD 

protein levels vary greatly, based on western blot analysis, by over 200-fold in 60 studied 

human tumor cell lines, with some cell lines having a barely detectable level of XPD.  

Therefore, cells or tissues with low baseline levels of XPD likely need to induce XPD 

synthesis and translocation into the nucleus in order to cope with a DNA-damaging event.       

 Our investigation of the influence of polymorphisms on nuclear localization of 

XPD found a nearly 50% increase in the nuclear localization of XPD protein after UVC 
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irradiation in cells that carried a variant allele for both the 312Asn and the 751Gln 

polymorphisms.  This result, which was obtained with a small sample size (n=4), is 

counterintuitive, given the multiple reports of associations between the 312Asn or 

751Gln polymorphisms and increased cancer risk.  For example, Costa et al. (2006) 

reported that both the 315Asn and the 751Gln polymorphisms confer an increased risk 

for ovarian cancer. Although we observed higher levels of nuclear XPD protein in cells 

with a specific polymorphic genotype, (i.e. the combination of 312Asn and 751Gln), this 

high localization may not equate to greater NER capacity.   It is conceivable that the 

combination of the 312Asn and 751Gln polymorphisms in XPD confers decreased 

protein function by affecting the structure or enzymatic activity of the resulting protein.  

Therefore, more of this poorly functional protein should accumulate in the nucleus when 

DNA damage has occurred.  Future functional studies with larger sample sizes are needed 

to clarify the reasons behind the observed increases in XPD protein and to determine 

whether higher nuclear accumulation of the polymorphic XPD protein actually results in 

greater DNA repair activity.    

 

Limitations of XPD protein analysis 
 A limitation in the analysis of protein expression and translocation was the small 

sample size.  Our initial goal was to reduce sample variability by only using cells from 

female non-smokers for the protein evaluations.  However, due to haplotype restrictions 

and subject recruitment difficulties, 6 of the 14 subjects used were either smokers or ex-

smokers.  Thus, smoking is likely a confounding factor that could have influenced the 

expression and translocations levels of the XPD protein.  Future studies should reduce the 

number of confounding factors in order to enhance the likelihood of linking protein 

alterations to the presence of a single XPD polymorphism.   

Fluorescent confocal microscopy was shown in this project to be very sensitive in 

its ability to visualize and quantitate both XPD protein expression and translocation.  

However, this technique is not well-suited for investigations with large numbers of 

samples because confocal microscopy is very time consuming and expensive.  In 
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addition, instrumental variation from day to day confounds evaluations that are made on 

different days.  The best way to overcome this limitation is to drastically reduce the 

sample variation.  This could be achieved by switching from cells provided by human 

subjects, which inherently exhibit wide genetic variability, to genetically identical human 

cell lines that are transfected with specific XPD haplotypes of interest.   

 

CONCLUSIONS 

Both synonymous (C156A) and nonsynonymous (Asp312Asn and Lys751Gln) 

SNPs in the coding region of the XPD gene were found to be associated with three 

different measurable biological consequences.  Polymorphisms in the XPD gene were 

associated with increased CAs at baseline.  New information was also obtained indicating 

that SNPs in the XPD gene decrease mRNA levels. Such decreases could ultimately 

affect protein function and subsequent DNA repair activity. Our investigation provides 

mechanistic explanations for epidemiological studies indicating that these three SNPs are 

potential modifiers of DNA repair capacity and disease risk. The results also illustrate the 

importance of utilizing a comprehensive approach to investigate effects of other 

synonymous and nonsynonymous SNPs in DNA repair genes and in other genes, before 

arriving at definitive conclusions about the potential pathological consequences of such 

polymorphisms. UVC exposure was found to stimulate XPD protein expression and the 

increased translocation of this protein into the nucleus, where it could be directly 

involved in NER.  However, this monitoring of XPD abundance and presence in the 

nucleus does not directly document its functional integrity.  To further address the 

mechanism(s) responsible for the biological consequences of the XPD polymorphisms, 

future studies need to examine the ATPase and helicase activities of XPD 

polymorphisms.  In addition, interactions of polymorphic XPD with p44 and Mat1 should 

also be examined, since these two proteins are directly involved in the control of XPD 

helicase activity.           



 

Appendix  
Table XII. Effect of smoking and genotype on in vivo CAs  
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Group 1: C156C, Asp312Asp, and Lys751Lys (wild-type), Group 2: C156A, Asp312Asp, and Lys751Lys 
Group 3: C156C, Asp312Asn, and Lys751Lys, Group 4: C156C, Asp312Asp, and Lys751Gln, Group 5: 
C156A, Asp312Asn, and Lys751Gln. 

In vivo CAs P-value

Group 1 (n=10) 0.20 ± 0.13 ref.
Group 2 (n=19) 0.89 ± 0.23 0.05
Group 3 (n=6) 0.89 ± 0.36 0.028
Group 4 (n=4) 0.50 ± 0.29 0.30
Group 5 (n=28) 0.82 ± 0.18 0.05

 
Table XIII. Effect of age and genotype on CAs 24 hrs following NNK treatment 

 
Group 1: old (age> 39 years) C156C, Asp312Asp, and Lys751Lys (wild-type), Group 2: young (age ≤ 
years) C156C, Asp312Asp, and Lys751Lys (wild-type), Group 3:  young C156A, Asp312Asp, and 
Lys751Lys, Group 4: young C156C, Asp312Asp, and Lys751Gln, Group 5: young C156C, Asp312Asn, 
and Lys751Gln.  #, statistically significant P<0.05 compared to group 1. 

24 hrs NNK P-value
mean CAs

Group 1 (n=11) 6.09 ± 0.97 0.017
Group 2 (n=13) 3.08 ± 0.68 ref.
Group 3 (n=20) 5.21 ± 0.57 0.025
Group 4 (n=8) 5.37 ± 0.68 0.037
Group 5 (n=28) 4.96 ± 0.41 0.020

 
Table XIV. Influence of XPD polymorphisms on mRNA transcript copy number 

Mean mRNA 
levels P-value

Group 1 (n=17) 24427.41 ± 2483 ref.
Group 2 (n=20) 16595.55 ± 845 0.003
Group 3 (n=16) 13017.46 ± 1361 0.0004
Group 4 (n=19) 15610.13 ± 1230 0.002  

Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals.  
 



 

Table XV. XPD genotype as a modifying factor in mRNA transcript copy number 
among smokers and nonsmokers 

 
Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals.  

Mean mRNA levels P-value

Non-smokers
Group 1 (n=12) 24127.43 ± 3239 ref
Group 2 (n=9) 16827.14 ± 1217 0.062
Group 3 (n=7) 13915.52 ± 1950 0.038
Group 4 (n=10) 18056.07 ± 1855 0.139

Smokers
Group 1 (n=5) 25147.39 ± 3800 ref
Group 2 (n=9) 15385.48 ± 1244 0.010
Group 3 (n=9) 12318.97 ± 1954 0.0057
Group 4 (n=9) 12892.42 ± 1067 0.0019

P=0.032 

 
Table XVI.  XPD genotype as a modifying factor in mRNA transcript copy number 
among younger (age<40 yrs) and older (age>40 yrs) individuals 

 
Genotypes are Group 1: C156C, Asp312Asp, and Lys751Lys individuals (wild-type), Group 2: C156A, 
Asp312Asp, and Lys751Lys individuals, Group 3: C156C, Asp312Asn, and Lys751Lys individuals, Group 
4: C156C, Asp312Asp, and Lys751Gln individuals.  

Mean mRNA 
levels P-value

Age < 40 yrs
Group 1 (n=12) 24953.51 ± 3162 ref
Group 2 (n=9) 17379.55 ± 1172 0.050
Group 3 (n=7) 14112.07 ± 1643 0.050
Group 4 (n=10) 17610.75 ± 1654 0.067

Age > 40 yrs
Group 1 (n=5) 23164.78 ± 4159 ref
Group 2 (n=9) 15159.02 ± 1163 0.034
Group 3 (n=9) 12519.91 ± 1863 0.016
Group 4 (n=9) 13387.22 ± 1612 0.022
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Table XVII. Percent of BPB-excluding cells 
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P- value

before  uv 98 ± 2 99 ± 1 0.698489
control 85.5 ± 0.5 90 ± 8 0.631036
30min 94 ± 2 80.5 ± .5 0.022534
2hr 87.5 ± 5.5 96.5 ± 1.5 0.255155
4hr 95.5 ± 1.5 98.5 ± 1.5 0.292893
6hr 96.5 ± 3.5 99 ± 1 0.563148  

Replicate samples were sham-irradiated or UV irradiated at a dose rate of 400 µJ/cm2 for 100 sec, and 
allowed to incubate from 0hr, 30min, 2hr, 4hr or 6hr.  Percent of bromo-phenol blue excluding cells were 
calculated by light microscopy    

control non-
exposed UV e sedxpo

UV exposed 
(%) (%) 

 
 
Table XVIII. XPD protein abundance following UV irradiation 

 
XPD protein expression over time following UV irradiation using a specific XPD C-20 goat polyclonal 
antibody (Snata Cruz Biotech, CA) and a chicken anti-goat polyclonal antibody conjugated with Alex Fluor 
594 (Molecular Probes, OR).  Cells were. Cells were irradiated at a dose rate of 400 µJ/cm2 for 100 sec. 
XPD protein abundance from the average of 100 cells from each time point calculated using Metamorph 
imaging software. *P>0.05 when compared to the control (0 hr).    

Relative protein 
expression P-value

control 733.55 ± 25.3 ref.
30min 863.28 ± 52.3 0.034
2hr 916.45 ± 62.1 0.011
4hr 1017.67 ± 35.5 6.75E-07
6hr 935.15 ± 56.4 0.0016

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

Table XIX. Genotype variation on XPD protein abundance measured by 
immunofluorescence

 
XPD protein abundance averaged from each genotype group over time following UV irradiation, and 
calculated from fluorescent confocal micrograph images using Metamorph imaging software.  N/A only 
one sample in subgroup 

Relative protein 
expression P-value

Control
all wt/wt all exons 683.09 ± 20.63 ref
wt/variant exon 10 659.29 ± 39.61  0.58
wt/variant exon 23 808.61 ± 35.76  0.023
wt/variant exons 10 & 23 783.42 ± 58.52 0.16

30 min 
all wt/wt all exons 915.15 ± 82.61 ref
wt/variant exon 10 1030.72 ± 112.27 0.43
wt/variant exon 23 655.86 ± 36.69 0.052
wt/variant exons 10 & 23 841.41 ± 93.89 0.58

2 hrs
all wt/wt all exons 832.98 ± 63.40 ref
wt/variant exon 10 804.34 ± 101.23 0.81
wt/variant exon 23 798.02 ± 101.93 0.77
wt/variant exons 10 & 23 1172.84 ± 115.51 0.042

4 hrs
all wt/wt all exons 1020.51 ± 78.54 ref
wt/variant exon 10 1074.76 ± 44.44 0.61
wt/variant exon 23 993.75 ± 86.2 0.83
wt/variant exons 10 & 23 980.72 ± 92.11 0.75

6 hrs
all wt/wt all exons 1056.07 ± 90.55 ref
wt/variant exon 10 878.71 ± 88.71 0.23
wt/variant exon 23 668.15 N/A
wt/variant exons 10 & 23 911.47 ± 6.58 0.35
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Table XX.  UV-induced XPD gene expression 

 
XPD mRNA transcript copy number over time following UV irradiation measured by reverse transcription 
real-time PCR using absolute quntitation. 

Transcript copy 
number P-value

Control 50324.97 ± 2117 ref
30 min 28988.14 ± 1689 0.0029
2 hrs 28387.25 ± 1493 0.0021
4 hrs 27564.49 ± 2593 0.0029
6 hrs 24852.33 ± 236 0.0019

Table XXI. Genotype variation in XPD gene expression following UV exposure 

 
XPD mRNA transcript copy number of cells from polymorphic individuals over time following UV 
irradiation measured by reverse transcription real-time PCR using absolute quntitation 

Transcript copy number P-value

all wt/wt
Control 47803.14 ± 3187.86 ref
30 min 33628.95 ± 6215.60 0.089
2 hrs 29748.09 ± 2751.25 0.0052
4 hrs 24001.36 ± 2582.61 0.0011
6 hrs 25355.82 ± 665.24 0.00046

exon 10 wt/variant
Control 53643.48 ± 4334.54 ref
30 min 26329.59 ± 931.00 0.0035
2 hrs 30762.48 ± 10773.65 0.12
4 hrs 24950.65 ± 2126.55 0.0040
6 hrs 25135.90 ± 506.73 0.0028

exon 23 wt/variant
Control 45678.92 ± 2554.11 ref
30 min 29348.42 ± 6494.71 0.079
2 hrs 28997.49 ± 358.81 0.015
4 hrs 35240.43 ± 1132.07 0.054
6 hrs 24346.73 ± 4143.09 0.012

exon 10 and 23 wt/variant
Control 54174.35 ± 5542.53 ref
30 min 26645.63 ± 1383.16 0.0029
2 hrs 24040.95 ± 1791.87 0.0021
4 hrs 26065.54 ± 1836.78 0.0029
6 hrs 24570.86 ± 1182.74 0.0019
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Table XXII. β-actin mRNA expression following UV exposure

P-vale
Non-exposed UV-exposed

Control 1.009 ± 0.01 1.152 ± 0.03 0.017
30 min 1.148 ± 0.01 0.231 ± 0.01 8.83E-07
2 hrs 1.288 ± 0.05 0.237 ± 0.04 2.50E-05
4 hrs 1.323 ± 0.03 0.179 ± 0.01 5.59
6 hrs 1.165 ± 0.04 0.145 ± 0.00 1.00E-05

mean 2^- CT vlaues

  
Relative β-actin mRNA transcript copy number from samples over time, following sham-exposure or UV 
irradiation at a dose rate of 400 µJ/cm2 for100 sec.  Relative standardization using 18S RNA as an internal 
standard. 
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