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This book is dedicated to the sufferers of xeroderma pigmentosum and their
parents and relations who painstakingly look after them throughout their suffering,
and to the voluntary organizations and groups working tirelessly for xeroderma
pigmentosum patients.



PREFACE

Xeroderma pigmentosum (XP), meaning parchment skin and pigmentary distur-
bance, is a rare and mostly autosomal recessive genetic disorder that was originally
named by two dermatologists, the Austrian Ferdinand Ritter von Hebra and his Hun-
garian son-in-law Moritz Kaposi in 1874! and 1883.2 The earliest published record
(PubMed) available on the internet is a publication in 1949 by Ulicna-Zapletalova
under the title, “Contribution to the pathogenesis of xeroderma pigmentosum™.3 It was
in the late 1960s when James Cleaver (contributor of Chapter 1 of this book), at the
University of California, San Francisco, while working on nucleotide excision repair
(NER), read an article in a local newspaper about XP and soon after obtained a skin
biopsy from a patient suffering from XP that showed that cells from it were deficient
in NER. Thus, his studies led to the discovery that indeed this genetic defect was due
to mutations in DNA repair genes that imbalance the NER pathway.+5 The discovery
paved the way for further exploration of the link between DNA damage, mutagenesis,
neoplastic transformation and DNA repair diseases. Since then, 4,088 papers, includ-
ing excellent reviews, on XP are listed on the internet (PubMed data, February 2008),
and an XP Society has been established in the USA (http://www.xps.org) and an XP
Support Group in the United Kingdom (www.xpsupportgroup.org.uk).

Several clinical features of XP patients, associated with DNA repair deficiency, are
highlighted in Chapter 2, most important being the severe photosensitivity (primarily
to ultraviolet light) of XP patients and subsequent extremely high predisposition to
development of malignant skin neoplasms, including basal cell carcinoma, squamous
cell carcinoma and melanoma, especially on the sun-exposed areas. Additionally, cuta-
neous atrophy and actinic keratosis can occur. Other phenotypes includes neurological
dysfunction (first identified by de Sanctis and Cacchione in 1932)¢ and ocular abnormali-
ties. Studies show that 97.3% of XP patients suffer from ocular abnormalities, which
include ocular neoplasm, photophobia, impaired vision, and corneal and conjunctival
abnormalities.” It is likely that some patients suffer a variety of malignancies; thus, in
a case study in India, it was observed that an XP patient suffered from multiple cuta-
neous malignancies including freckles, letigens, and keratosis, a non-tender ulcerated
nodular lesion on the nose, a nodular ulcerated lesion on the right outer canthus of the
conjunctiva, and a nodular growth on the cheek which turned out to be cancer of the
skin of all types, squamous cell and basal cell carcinoma and malignant melanoma.#
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It is likely that patients had been exposed to solar UV for long time to sustain these
phenotypes. Neurological dysfunction is linked to abnormal motor activity, areflexia,
impaired hearing, abnormal EEG and microcephaly.® Also slow growth, delayed sec-
ondary sexual development and abnormal speech prevail. Some patients are known to
suffer from cancer at the tip of the tongue and the anterior part of the eye.

In the recent past, much effort has gone into understanding the molecular pathogenesis
of XP in terms of enhanced sensitivity and predisposition of sun-exposed areas of the body
to erythema and various forms of skin cancers. Results of these studies have yielded excit-
ing information on a multitude of protein interactions with various XP proteins involved
in a number of activities associated with repair of UV photoproducts in DNA.

Written by the leading researchers and clinicians in the field, this book provides
a comprehensive treatise on XP. It covers in detail what is known of the 8 XP comple-
mentation groups identified to date. These include XPA, B, C, D, E, F, G and XPV.

In Chapter 1, James E. Cleaver, one of the founding researchers of XP (and the
winner of Career Award, 2006 from the American Skin Association) has highlighted the
historical aspects of the development of research on XP and the discovery of mutation
in humans affecting DNA repair. On the subject of clinical features of XP, the author
in Chapter 2 has exhaustively covered all aspects of XP epidemiology and phenotypes
including dermatological manifestations, other cancers in XP, and neurological and
ophthalmological manifestations. Also management and prognosis of XP are highlighted.
Although variation exists in sufferers of different complementation groups (Table 2,
Chapter 2) such as skin cancer, opthalmological involvement commonly prevails in all
the sufferers of XP, and the XPA and XPD groups are more prone to neurological dis-
orders. Inherited polymorphisms of DNA repair genes contribute to variations in DNA
repair ability and genetic susceptibility to different cancers. For example, in a recent
study it has been shown that a polymorphism in XPD, codon 751, is associated with the
development of maturity onset cataract and an increased risk of lung cancer.!0.1! Cancer
of various kinds in those parts of the body exposed to UV light (primarily sun) is a
major problem in XP and often leads to premature death; this issue has been described
in Chapter 3. Discovering the link between various XP gene mutations and the phe-
notype may ultimately help define the complex cellular actions of the XP proteins. At
the other end of the spectrum and the book, Chapter 16 details the possible preventive
measures and treatments for XP. However, since the causative agent (solar exposure)
for development of skin cancer in XP patients is well established, one of the most
promising preventive measures is the complete isolation of patients from sunlight and
artificially generated UV lights. Furthermore, in a recent paper, a new method, known
as “gene through the skin”, especially suitable for XP patients, has been proposed.!2 The
authors carried out a successful in vitro study, correcting the genetic defect of cells from
XP patients. Therefore the future holds out the possibility of gene therapy or protein
replacement. On the other side of the spectrum is the warning from Reichrath!3 that XP
patients completely protected from sunlight carry a risk of vitamin D deficiency and
related problems. Hence additional care must be taken to monitor patients, providing
supplements to prevent this deficiency and its consequences.

Sunlight emits three forms of ultraviolet light (UVA, UVB and UVC), UVC
being the most potent of the three UV components for damaging DNA. Luckily this
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is completely absorbed by the stratospheric ozone layer and cannot reach us. Some
UVB (about 5%) and most UVA (95%), however, penetrate this layer and therefore
XP patients, if exposed to sunlight, receive some UVB and large amounts of UVA.
Experimental data revealed that UVB can generate cyclobutane pyrimidine dimers
(CPD) and pyrimidine 6-4 pyrimidone photoproducts (6-4PP), which are highly muta-
genic and carcinogenic.' Little evidence is available to show that DNA absorbs UVA
although recently it has been shown that CPD may also be induced by this waveband
of light. Its mechanism of action is considered to be via free radical pathways rather
than direct absorption of UVA by DNA 15

Over the last 60 years or so most researchers have focussed their studies on UVC,
using a variety of living organisms including animal models, human cell lines and
skin samples, and determining the damage to DNA and to cellular systems, and the
repair mechanisms in the cells to combat the damage. No doubt, knowledge gained
from the UVC studies has been extrapolated on UVB and UVA exposures of humans;
nevertheless, it is also necessary that more attention be given to the importance of
indirect actions of UVA exposure of humans and other living organisms. Furthermore,
it is known that about 20-30% of XP patients also suffer from neurological abnormali-
ties caused by neuronal death in the central and peripheral nervous systems. Since
neural tissues are not exposed to sunlight, the reason for neurodegeneration in XP
patients remains unclear and must be explored. A recent report, however, shows that
8,5'-cyclopurine-2’-deoxynucleosides (cPu), an oxidatively-induced DNA damage,
is repaired by NER and that this lesion is responsible for neurodegeneration in XP
patients lacking NER activity.16

Although the deficiency in NER in XP patients has been hypothesised as one reason
why the oxidative DNA lesion, 8-oxoguanine and thymine glycol, cannot be removed
by the same enzyme system responsible for removal of CPD and 6-4PP (see Chapter
12), a key question remains as to how UVA can generate these oxidatively induced
DNA lesions when it cannot reach targets protected from sunlight. Some of the Editor’s
(SIA) own research shows that UVA photolysis of certain biological compounds gener-
ates free radicals and these may be responsible for damage to cellular systems. Free
radicals such as superoxide anions (O, '), hydroxyl radicals ('OH) and singlet oxygen
(10,) may be produced.!”.18 Also a direct electron transfer (type 1) reaction has been
proposed.? It is therefore likely that one or more of these reactions and/or resulting
free radical formation (along with other lesions induced by UVB) may be responsible
for UV-induced skin cancer in XP patients. Hence, more studies must be undertaken
to explore the formation of free radicals by UVA photolysis of biological compounds
and its effect on human health.

Of the eight XP genes so far discovered, seven of them, XP-A through XP-G, play
roles in NER. This ubiquitously found repair process can recognize a variety of DNA
damages including UV-induced CPD and 6-4PP and, using at least 28 NER enzymes
including the seven XP gene products, the repair is carried out. Interestingly three NER
genes are also part of the basal transcription factor TFIIH, and mutations in any one of
11 NER genes have been associated with clinical diseases with at least eight overlap-
ping phenotypes.2® The NER enzyme and the process of NER-induced DNA repair are
covered in Chapter 12.
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Chapter 4 introduces the XP4 gene (located at 9922), one of the key NER genes.
Its biological role is to recognize and promote the binding of repair complex to DNA at
the damaged site, including CPD and 6-4PP induced by UV light. The 31 kDa protein
forms a core of the incision complex by interacting with a number of other XP proteins
(see Fig. 2, Chapter 4). The complex is then responsible for recognizing kinks in DNA
caused by a variety of other damaging agents (see refs. 16, 21, 75, 90 of Chapter 4) and
makes an incision leading to removal of the damaged section and its replacement by
polymerization of DNA with subsequent ligation of the newly synthesized strand. In a
recent study, however, it has been shown that purified XPA and the minimal DNA-binding
domain of XPA can, fully and preferentially, bind to mitomycin C-DNA crosslinks in
the absence of other proteins from NER.2! Another recent study shows that cells that
overexpress the HMGA1 (high mobility group A1) proteins show deficiency in NER
because these non-histone proteins are involved in inhibiting XPA expression, resulting
in increased UV sensitivity.22

Chapter 5 describes XPB and XPD genes (located at 2q14 and 19q13, respectively),
their products and biological roles; XPB is a helicase and together with XPD products
constitute components of TFIIH. This complex is composed of 10 proteins, five of
which (p8, p34, p44, p52, p62) make a tight complex along with XPB, and XPD is less
tightly associated with the CAK subcomplex containing cyclin H, cdk7 and MAT1.22 The
DNA-dependent helicase activity of XPB and XPD is important in transcriptional initia-
tion and the NER process although the molecular mechanism of these two gene products
in NER is poorly understood. In a recent study it has been shown that the p52 subunit
of TFIIH interacts with XPB and stimulates its ATPase activity.2¢ XPB is a rare disease
compared to other XP forms. Also mutation in XPD can lead to bladder cancer.2s

XPC (gene location at 3p25) is the most commonly prevailing mutational site of
all XP genetic defects. It is a key protein involved in DNA repair, damaged by a variety
of agents including UV light. The primary role of this protein is to recognize the dam-
age and allow NER to complete the repair process. In addition to participating in NER
repair, XPC has also been shown to participate in BER (base excision repair), especially
of those lesions induced oxidatively such as 7,8-dihydroxy-8-oxoguanine and other
single base modifications that are repaired by BER.26 In order to recognize damage, the
protein forms a complex with Rad23p orthologs and centrin-2. Thus DNA damage in
XPC patients is not recognized and remains unrepaired, and XPC phenotype prevails.
In a recent study it has been shown that ING1b (a ubiquitous protein involved in a large
number of biological activities including senescence, cell cycle arrest, apoptosis and
DNA repair) enhances NER repair only in XPC proficient cells and via XPA, implying
an essential role of ING1b in early and better access of NER machinery via associa-
tion with chromatin to the sites of the lesion.?” A recent study from China found a link
between XPC deficiency and promotion and progression of bladder cancer, and also
cellular development of resistance against anticancer drugs.28 Further roles of XPC and
its biological activities have been described in Chapter 6.

Patients suffering from a defect in XPE, on the other hand, are rare and the subgroup
is considered to be one of the mildest of XP forms. XPE gene is located on chromosome
11, at 11q12-q13 for DDBI1 and 11p11-p12 for DDB2; thus there are two components
of the XPE protein, damaged DNA binding proteins 1 and 2. All XPE patients so far
identified carry mutation in the DDB2 gene. It is suggested that this protein is involved
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in a variety of cellular functions including signal transduction, cell cycle regulation, RNA
splicing, transcription and apoptosis, and as the name suggests, binds to a variety of DNA
damaged sites. These interactions are eloquently described in Chapter 7.

A comprehensive review of the literature on XPF/ERCC4 is presented in Chapter
8. The protein (which authors prefer to call ERCC4) appears to be involved in NER and
acts after forming a complex with other XP and non-XP proteins. It appears also to be
involved in the repair of double strand DNA damage, in particular of inter-strand DNA
cross-links, such as those caused by platinum compounds and PUVA (8-methoxypsoralen
+ UVA). This explains why certain XP group cell lines are sensitive to PUVA.2 Although
these researchers (one of them, W.C. Lambert, is the author of Chapter 14 of this book)
had pointed to a role of XPA in the process, their current studies suggest that XPF also
participates in the process, and in the absence of either functional protein the repair of
double strand damage cannot take place.

Chapter 9 covers the XPG gene (chromosomal location, 13g33) and its biological
roles. It is a rarer genetic defect relative to other XPs. In NER the XPG gene product has
a role in assembly of the pre-incision complex and a catalytic role in making the inci-
sion at the site of DNA damage. Interestingly, ito et al3¢ have shown that XPG plays an
important role in stabilizing TFITH, which is active in both transcription and NER, and
in allowing transactivation of nuclear receptors. A role in regulation of gene expression
also has been proposed. Although some patients with XPG mutations display a milder
phenotype of the disease, this genetic defect sometimes can overlap with the phenotypes
of Cockayne syndrome (referred to as XP-G/CS complex, see Chapter 14), in which case
the disease is more severe and complex.

XPV, the variant form of XP, is unusual in that the XPV gene polH (located at 6p21)
and its product are not part of NER. XPV product is a polymerase, pol eta (1), whose
role is to attend DNA damaged by UV and, interestingly, although in vitro studies have
shown that the transdimer bypass process is error proof, this enzyme can introduce errors
while replicating non-damaged sites of DNA. In cells lacking pol 1, pol iota (1) attends the
UV-induced DNA lesions and introduces errors with high frequency. Abnormal spectra
of UV-induced mutations are observed; and hence polymerase 1 deficient persons are
more prone to UV-induced cancer. The mode of action of pol n) and its association with
other proteins are described in Chapter 10.

One of the most intriguing areas of study of XP is the interactions of a large number
of proteins involved in NER. Chapter 11 tackles this issue and eloquently describes the
mechanisms and interactions of XP/XP and XP/non-XP proteins. Cleverly organized in
Table 2 of the chapter is a description of the XP proteins and their interactive non-XP
proteins. For example, XPA protein interacts with another five non-XP proteins: ATR,
RPA, TFIIH, XABI, and XAB2 as well as with XPF. Likewise XPB proteins interact
with six non-XP proteins and two XP proteins. A quick count of the non-XP proteins
interacting with the XP proteins (in Table 1, Chapter 11) indicates 37 to date. Kraemer
et al?® have identified at least 28 proteins involved in NER. This shows that the repair
pathways involved in DNA repair are not limited only to those proteins for which XP
mutants are available, but a large number of additional proteins are involved whose
presence and activities are essential for DNA repair to take place. It is likely that some
or most of the non-XP proteins for which mutants are not found are essential for cell
survival and mutation in any of these genes leads to fatality.
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It has been indicated earlier that some XP patients suffer neurological disorders
due to neurodegeneration and that endogenously produced free radicals are to be
blamed for this. Free radicals such as O,”", "OH, 10,, hydrogen peroxide (H,0,), ni-
trite ion (NO,") and peroxynitrite anion (ONOQO") are produced in biological systems.
Although most biological systems have developed a number of defense mechanisms
(known as antioxidants) such as catalase, superoxide dismutase and glutathione per-
oxidase, DNA is still subject to damage. Oxidatively damaged DNA is also repaired
by NER, but when it cannot be repaired efficiently, such as in Cockayne syndrome
and XP, the resulting accumulation of damage leads to skin cancer, progressive
neurodegeneration and ocular abnormalities. In a recent study it has been proposed
that 8,5'-cyclopurine-2'-deoxynucleoside is the most important oxidatively induced
DNA lesion which, if not repaired due to NER deficiency (as in XP patients), leads
to neurodegeneration.3! Two criteria proposed for its a being premutational site
are that: (i) it is chemically stable and (ii) it strongly blocks transcription by RNA
polymerase II in XP cells. Chapter 13 investigates in depth the clinical features of
neurodegenerative processes in specimens from XP patients and provides an insight
into the molecular mechanisms.

Interestingly, XP shares a number of clinical and molecular features with a variety of
other syndromes including trichothiodystrophy (XP/TDT), Cockayne syndrome (XP/CS)
and progeroid syndromes. These syndromes or complexes can be divided into XP/TTD
and XP/CS, which can further be subdivided into XPB/CS, XPD/CS, XPG/CS, XPH/CS
and XP/CSB. XP/progeroid overlap is of one type, called XP-F/progeroid syndrome. In
some overlap cases the same biochemical processes with the same gene(s) are involved
and in some instances patients display more than one of these symptoms, which are clini-
cally more heterogenous. A comprehensive investigation into these overlap syndromes
and a new disease, UV sensitive syndrome (UVSS), are presented in Chapter 14, Further
investigation of all these conditions will provide insights into the molecular mechanisms
involved in each one and where they may interact and/or overlap.

To understand the molecular mechanisms of XP, XP mouse models have been used,
and mice deficient in XPA, XPC, XPD, XPG, XPF and XPA/CSB have been produced
and analysed. A recent elegant technique of targeting gene replacement in mouse em-
bryonic stem cells has provided researchers with the ability to generate mutant mice
defective in any specific gene(s).32 Animals generated in this way display phenotypes
and symptoms of XP patients and have provided valuable tools to understand how and
where the deficiency in DNA repair may lead to tumor formation, and also in studies of
developmental biology and the aging process. Mouse studies have recently contributed
to our understanding of the role of ink4a-Arf in increasing the risk of melanoma photo-
carcinogenesis in an XPC mutant background.s

As with many other genetic defects, the distribution of XP globally is not uniform.
In most cases the frequency of mutation of a particular trait depends when and where a
specific mutation arose, and the longer ago that is, the greater the frequency of mutation
in the population unless some selective pressure prevailed. Another factor responsible
for the high incidence of any mutation is consanguinity. Chapter 15 analyzes the world
distribution of XP and shows that Japan has the highest incidence of XP and of varying
complementation groups. After Japan perhaps Egypt suffers most from this inborn error.
Here it is also shown that the most common complementation groups are XPA and XPC
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followed by XPV. XPB and XPE are least frequent. In a recent publication, however,
16 Japanese patients with XPV have been diagnosed and confirmed both clinically and
at the cellular level.3

There is no evidence that interest in XP is waning, and this book should provide both

the expert and novice researcher in the field with an excellent overview of the current
status of research and pointers for future research goals.

Shamim I. Ahmad, MSc, PhD
Fumio Hanaoka, PhD
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CHAPTER 1

Historical Aspects
of Xeroderma Pigmentosum
and Nucleotide Excision Repair

James E. Cleaver*

“The Primal Light the whole irradiates
and is received therein as many ways
As there are splendours wherewithall it mates”

Dante A., Commedia III, El Paradiso, Canto XXIX
(14th Century) Translated by Dorothy L Sayers
(1962). Penguin Classics

Abstract
T he discovery that xeroderma pigmentosum was a sun-sensitive hereditary human disease that
was deficient in DNA repair was made when research into the fundamental mechanisms
of nucleotide excision repair was in its infancy. The linkage between DNA damage, DNA
repair and human cancer stimulated an enormous subsequent growth of the ficld of DNA repair
and the identification of other repair deficient discases and other repair pathways. This growth
has established DNA repair as a central factor for maintaining genomic stability and preventing
cancer, neurodegenerative disease and aging. The study of DNA repair impacts many other areas
including human genetics, signal transduction, protein structure, DNA-protein interactions, DNA
replication and recombination, transcription, telomere maintenance, development, differentiation,
ecology and evolution.

Historical Aspects

Xeroderma pigmentosum (XP) was first named by Hebra and Kaposi in 1874,' and the as-
sociation of XP with neurological dysfunction by de Sanctis and Cacchione in 1932.% There were
many clinical descriptions of XP following these initial definitions, which amply showed it to be
a rare sun-sensitive skin cancer syndrome, probably inherited, resulting in serious disfigurement
unless stringent protection from sun exposure was practiced. The actual incidence of XP is difficule
to establish, and has been estimated to be of the order of 1-5 cases per million of the population
in the US or Europe.? The disease has been identified world-wide in all ethnic groups; some parts
of the world show higher incidence, including Japan* and Egypt.’ and several examples of very
high incidence in isolated communities or common descent from a single ancestral case have been
reported.5” A whole village was recently identified in Guatemala founded by an XP carrier in which
alarge proportion of the children were severely affected.® The linkage of XP to a molecular genetic

*James E. Cleaver—Auerback Melanoma Laboratory, UCSF Cancer Center, University
of California, San Francisco, CA, USA. Email: jcleaver@cc.ucsf.edu

Molecular Mechanisms of Xeroderma Pigmentosum, edited by Shamim 1. Ahmiad
and Fumio Hanaoka. ©2008 Landes Bioscience and Springer Science+Business Media.
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basis did not occur until the 1960s. Since then research into XP and into the molecular mechanisms
of nucleotide excision repair (NER) have been inextricably entwined for the past 40 years.

This book summarizes the contributions of many major players in the DNA repair community
that center around XP and related diseases of DNA repair. I have been privileged to be part of this
community that grew from a very small group of interested parties to a wide-ranging, intensely
active research field that overlaps innumerable other areas. The field of DNA repair was very small
in the 1960s and the mechanisms seemed esoteric, remote from normal cell metabolism and with
litele impact. In retrospect, it now secems odd that the maintenance of the cell’s most important
molecule was not recognized as a critical function with its own dedicated metabolism; times have
changed! DNA repair genes are now recognized as integral components of every genome and
represent the core biochemical pathways that stabilize the genome against radiations and chemical
onslaughts from internal and external sources. DNA repair now touches human genetics, cancer
research, signal transduction, protein structure, DNA-protein interactions, DNA replication and
recombination, telomere maintenance, neurodegeneration, development, ecology and evolution
and many other fields.

It seems remarkable that 40 years have passed since XP was first identified as a repair deficiency
disease. The experience for me has been like launching a raft that became a canoe, then a ship, a
liner and finally a whole Navy! Hard to realize now, but the discovery of XP was one of the earli-
est forays into molecular genetics. The conjunction of clinical relevance with a basic discovery in
DNA repair was an invaluable stimulation to the rapid development of the field of DNA repair.
This association established the relevance of DNA repair to human health and attracted many
investigators resulting in a rapid growth and excitement of the field of XP and DNA repair. Many
justifications for a line of research or a grant proposal were based on XP.

The first flotation of a possible molecular basis for XP was Stanley Gartler’s report from the
International Congress of Human Genetics in 1964 showing XP cells were UV sensitive.” Charles
J. Epstein told me personally that he investigated photoreactivation (PHR) in XP at about the
same time. Ironically since then we have learnt that although PHR genes are absent from human
cells,'®! homologs have evolved to regulate light-dependent diurnal functions.'? In June 1967,
I read an article by David Perlman, in the San Francisco Chronicle newspaper, that described a
study by Henry Lynch of Creighton University of a familial skin cancer induced by sunlight, a
disease XP. I mentioned this article to Bob Painter my senior colleague, saying, “Perhaps this is a
mutation in the repair of UV damage like Escherichia coli B, ;?” Bob’s reply, “It’s a crazy idea, but
at your stage what have you got to lose!” Mentoring comes in various forms, sometimes it needs
only to be a challenge and allowing a free hand!

With the help of Bill Epstein, John Epstein, Kimie Fukuyama and Bill Reed, of the UCSF
Department of Dermatology, I was provided cell cultures from Californian XP patients that
allowed us to show indeed that XP cells were repair deficient,'*! using techniques that Phil
Hanawalt had developed in E. co/4,'*'¢ and Bob Painter had modified for mammalian celis.'”*® Soon
thereafter the repair deficiency was confirmed in vivo in human skin, an important experiment that
extended the identification of repair deficiency direct to patients.!” My work was first presented
at a Radiation Research meeting in 1967, soon followed by an oral presentation at the National
Institutes of Health, Bethesda, that was roundly criticized for its lack of statistical robustness. But,
bolstered by Bob Painter’s encouragement, I had nothing to lose by sticking to it and three papers
were published in rapid succession: Nature 1968,"> PNAS 1969% and JAMA in1969.2° Soon
thereafter, XP was investigated by Setlow, Regan, German and Carrier,?! and I awaited their results
with some trepidation. I was much relieved to learn they had confirmed the NER deficiency in XP,
from Jim Regan in the back of a cab in Rome traffic en route to an international meeting.

Harvey Blank, University of Miami sent me a telegram saying the identification of XP was “a
landmark in Dermatology”. Joshua Lederberg wrote an editorial in the Washington Post in 1968,
usingit as a plea for more funding for basic research, even in those halcyon days. Bob Haynes is known
to have said, “Thank God we have a discase; now we can get money!” Mike Bishop, Nobelist for
discovering oncogenes, wrote later “...While I was still in medical school, James Cleaver recognized
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xeroderma pigmentosum as a deficiency in the repair of DNA damage caused by ultravioler light...I
have been a believer in the somatic mutation hypothesis of cancer ever since” As a result of this
discovery I was thrust into the field of Dermatology, one from which I have drawn much personal
pleasure from the opportunity to interact with physicians and patients.

‘While somatic mutation provided a framework for understanding cancer in XP patients, other
clinical features of many XP patients and related diseases, especially neurodegeneration have been
less casy to explain in molecular detail and may be associated with other functions of XP proteins
than only DNA repair.” There is frequent use of a “default explanation” for neurodegeneration in
repair deficient disease that says: the brain has high oxidative metabolism and high gene expression
so oxidative damage to actively expressed genes may cause neuronal cell death. But, we have yet
to identify the reason or source of damage, its molecular character, or the reason for specificity of
symptoms to specific areas of the brain and central nervous system. Whereas both complementa-
tion groups of the human repair deficient neurodegenerative disease Cockayne syndrome (CS)
are sensitive to UV light and oxidative damage,* in the mouse only CSB is sensitive to oxidative
damage and CSA is resistant,” making simple correlations to deficient repair of oxidative damage
difficult. We cannot even exclude that defective repair and neuronal degeneration may be but two
of several different downstream manifestations of a common defect, or independent functions of
a multi-functional biochemical system.

The progress of research into XP and NER has had two major phases and we are now entering
a third. The first phase started with the identification of the repair deficiency in XP in 1968'* and
ended in the period bracketed by the first cloning of a repair gene (ERCCI) by Rubin® and the
demonstrations of repair in vitro in cell extracts by Wood and Lindahl in 1988% and Sancar in
1989.% During this phase complementation groups were defined and assumed to represent mu-
tations in different genes;* the major photoproducts (cyclobutane pyrimidine dimers and [6-4]
photoproducts) were clarified and rediscovered,* the kinetics of excision,*** repair synthesis*
and DNA chain elongation in UV damaged cells**¢ were laid out. The number of complementa-
tion groups in XP eventually settled down to 8, A through G and V and hamster mutant cell lines
corresponding to XP were isolated and characterized. ¥

Until XP genes were cloned, the assignment of cell lines to various groups depended on reference
to a small number of cell lines that were arbitrarily designated sequentially as XPA, XPB, XPC,
etc. Each new patient had to be assigned by autoradiography after fusion with representative cell
lines from each of the predefined groups, The number of groups briefly rose to 10,* before later
cell lines were reassigned to previously designated groups® and the number of complementation
groups settled to an agreed set of 8. These groups represent a subset of NER genes that permit
human viability when mutated or inactivated; many other NER genes may have more severe
phenotypes. The assignment of cell lines from mildly affected patients to the XPE group, which
had high residual levels of repair, resulted in some confusion because of the difficulty of resolving
differences on a factor of 2 in autoradiographs of fused cells and made the molecular defects in
this group appear heterogeneous.* This confusion was later resolved when the XPE gene and gene
product were characterized and several cell lines were found to have been mis-assigned.®

The defects in XP were shown to represent multiple biochemical steps of incision and exci-
sion.”** These defects resulted in increased UV sensitivity and mutagenesis,® which implied
that the linkage between DNA repair and cancer was through increased somatic mutation rates,
Toward the end of this period NER was found to occur at different rates in different parts of the
genome.”” These observations were to lead to a link between NER and blocked transcription and
the concept of transcription coupled repair (TCR) as a distinct branch of NER.## TCR was
later shown to be defective in the UV sensitive neurological disease CS.%° The XP variant (XPV)
was identified and named in 1972.5! This group appeared to have normal NER but had a defect
in DNA replication after UV damage that also resulted in an increased UV induced mutation
rate.> Molecular resolution of the XPV group lay far in the future. One of the early reviews of XP,
summarizing these early developments in the first phase of discovery was published in Advances
in Genetics in 1975.%%
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The second phase ushered in the molecular dissection of repair with successive cloning of XP
genes, the detailed assignment of their functions in the NER process, the demonstration of strong
linkage between repair and transcription. This phase also saw the development of mouse models,
which are now an extensive resource.* This phase can be thought of as ending in 1999 with the
eventual cloning of the XP variant low fidelity polymerase.’5¢ This was cloned simultaneously
by two independent groups using different techniques and finally wrapped up the near complete
characterization of the molecular basis of NER deficient diseases. During both historic phases, addi-
tional mutagen-sensitive diseases were identified. These included the set of TCR deficient diseases:
CS, trichothiodystrophy, cerebro-oculo-facio-skeletal syndrome (COFS) and the heterogenous
UV sensitive syndrome.> The latter encompasses several different molecular defects associated with
mild disease®”*® and is less sensitive to oxidative damage than CS cells.?* Other repair pathways were
associated with ataxia telangiectasia (defective in double strand break signaling),” Fanconi anemia
(defective in cross-link repair),%*¢! nonpolyposis colon cancer (defective in mismatch repair),s
breast cancer (defective in homologous recombination)®*% and neurodegeneration (defective in
single strand break repair and TCR)**® to name a few. We are now in a phase where perhaps we
can really make a difference in patients’ lives by applying some of our knowledge of the exquisite
molecular details of repair to improved diagnosis, care and treatment.

NER has become unexpectedly complicated. Our early ideas of “cut and patch’, or “patch and
cut”, were epitomized by simple models clegantly set forth in an early 1967 Scientific American
article by Hanawalt and Haynes.® NER was envisaged as a simple series of steps of damage recog-
nition, excision, resynthesis and ligation. We thought that chromatin structure would complicate
recognition, but could not imagine to what extent until recent technical developments have opened
up new vistas in this area.

One surprise has been the incredible complexity of pyrimidine dimer damage recognition in
DNA.“ Recognition of pyrimidine dimers requires the functions of at least 8 separate protein
subunits (DDB1 and DDB2[XPE], HR23B, XPC, XPA and RPA) subtly modified by p53
transactivation of DDB2 and XPC#%7® and ubiquitination associated with the E3 ligase activity
of DDB1.”'72 Recognition of many other forms of chemical damage to DNA may involve only
some or all of these gene products, many of which may have secondary functions. XPC expression
is induced by ionizing radiation, but enigmatically appears to have limited functions in repair of
X-ray damage.”® The universal marker of chromatin modifications associated with repair, histone
H2Ax phosphorylation (yH2Ax), plays a much more complex role during NER and DNA replica-
tion after UV damage to XP cells’* than after DNA double strand breaks.” YH2 Ax marks excision
repair sites, arrested replication forks, apoptotic cells and associated conformational changes in
chromatin structure.

The diversity of repair pathways was originally thought in terms of defined pathways: base exci-
sion repair, nucleotide excision repair, nonhomologous end joining, homologous recombination,
mismatch repair and others. Recent research, exemplified by the chapters of this book, demonstrates
that there is extensive cross-talk among these pathways. The components of repair mechanisms
(DNA binding proteins, nucleases, helicases, etc) may consequently be viewed as members of a
versatile tool bag. According to the cell type and particular injury, the cell selects and assembles
these members into a machinery to achieve restoration of the original structures and functions. The
traditional categories of NER, BER etc may simply be the more common assemblies, but whose
components may perform other tasks in different combinations to rectify different injuries.

The XP variant complementation group was for a long time defined by default: a patient suf-
fered from XP but NER was not defective.5! A defect in DNA replication after UV irradiation was
identified as early as 1975,7 but it took 25 years before this, the last of the XP genes, was identi-
fied as a low fidelity polymerase, Polm.5>* 'This discovery was especially remarkable, revealing the
identification of new classes of DNA polymerases which fed back into the prokaryote field and
aided identification of the mutasome system (UMUCD) with the bacterial class Y low fidelity
polymerases.”” Pol 1 is a remarkable polymerase: it is recruited to replication sites in response
to many perturbations in DNA chain growth, one of the few exceptions possibly being ionizing
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radiation. The recruitment mechanism uses an exquisite balance of ubiquitination/deubiquitination
by Rad6*#! of the anchoring protein, proliferating cell nuclear antigen (PCNA),**% and activa-
tion of the S phase checkpoints, to say the least. Not only is it important for replication of UV
damaged DNA, but it also participates in recruitment of other class Y polymerases,* replication
during nutrient starvation,®* mutagenesis,? cytoplasm-nuclear translocation,¥” recombination,**
hypermutation,”*? and so on!

Yet many questions associated with XP remain unsolved, including this personal list of topics
that nced eventual answers, to which readers can add their own:

1. A complete analysis and description of the mechanism of photoproduct recognition and
the mechanism of translocation of repair enzymes to sites of damage is still needed.

2. The structures of repair proteins and their protein-protein interactions promise still more
surprises, especially understanding why so many transactions occur in exceptionally large
nuclear macromolecular complexes.

3. Which selection pressures led to the evolutionary diversity of photoproduct recognition
and repair in the three kingdoms: bacteria, archea and eukarya? Have possible mechanisms
been exhausted, or will we discover more in parasites and in the enormous biological
diversity of the prokaryotic worlds revealed by population sequencing?

4. What were the sclection pressures that resulted in the evolutionary loss of photolyases
from placental mammals but retention of homologs as diurnal regulators in eukaryotes?

5. How much tissue-specific variation occurs in NER, especially in differentiated tissues,
what role does repair of oxidative damage play in neurodegeneration and is there any
commonality between the NER-defective neurodegenerative diseases and more common
disorders such as Parkinson’s, ALS, Alzheimers, etc.

6. What are the roles of secondary modifications in the specificity and efficacy of repair
including: phosphorylation and the relevant kinases and phosphatases; ubiquitination
and deubiquitination; poly (ADP-ribosylation). Which enzymes promote and remove
these modifications?

7. What underlies the species-specific differences among mammals, especially why do many
strains of rodents have reduced pyrimidine dimer excision and why are XP and CS mice
more cancer-prone than human XP patients but show less neurodegeneration?

8. How is NER integrated with the multiple components of signal transduction, transcrip-
tion, replication and recombination, in regulating genomic stability?

9. What are the complete clinical spectra of human NER diseases and their correlation with
gene-specific mutations?

10. What role does NER play in embryo development and maintenance of stem cell integrity
and bebavior?

11. How can we exploit NER and other repair systems in cancer therapy?

12. How can we improve cost-effective patient and prenatal diagnosis for XP and related
diseases?

13. How can we provide improved protection and therapy for XP and related patients {e.g.,
estimation of “safe” solar exposures, predictability of course of disease, cost effective pro-
phylactic care)?

This book contains outstanding contributions by many of the contemporary players in the
field and provides a background of knowledge from which we can balance our present ignorance
and the future challenges and marvel at the technologies available to those now joining the field,
enabling them to do what we only hoped for decades ago.
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CHAPTER 2

Clinical Features of Xeroderma

Pigmentosum
Ulrich R. Hengge* and Steffen Emmert

Background

eroderma pigmentosum (XP) was first described in 1874 by Hebra and Kaposi. Albert
x- Neisser was the first to report neurological abnormalities associated with XP in 1883.
P is an autosomal recessive disease with defective nucleotide excision repair (NER). It
is characterized by easily recognizable clinical hallmarks (Table 1). These manifestations are due
to cellular hypersensitivity to ultraviolet (UV) radiation resulting from a defect in DNA repair.
Two types of NER exist: global genome (GG-NER) and transcription coupled (TC-NER). Eight
complementation groups, XPA-XPG, corresponding to defects in the corresponding gene products
of XPA-XPG genes and XP-variant, have been described. These entities occur with different fre-
quencies (e.g., XPA is relatively common, whereas XPE is fairly rare) and they differ with respect
to disease severity (e.g., XPG is severe, whereas XPF is mild) and involvement of skin, central
nervous system and opthalmological manifestations (Table 2). Cockayne syndrome rarely occurs

together with XPB, XPD and XPG.

In addition to the DNA repair defects, UV radiation also exerts pronounced immunosuppres-
sive effects that are likely to be involved in the pathogenesis of XP. Although typical symptoms
of immune deficiency, such as multiple infections, are not usually observed in patients with XP,
prominent depletion of Langerhans cells, induced by UV radiation, has been described in XP pa-
tients.! Various other defects in cell-mediated immunity such as impaired cutaneous responses to
recall antigens, impaired lymphocyte proliferative responses to mitogens and decreased production
of interferon as well as reduced natural killer cell activity have been detected in XP patients.

Epidemiology

The frequency of XP in the United States is about 1 case/250.000 inhabitants. Not uncom-
monly, parental consanguinity and familiarity are present in patients with XP.>3

XPC is the most common group in the United States, constituting almost 1/3 of XP patients.
The unscheduled DNA synthesis is usually between 15-30% of normal. Symptoms for neurological
disorders are rare in XP-C. XPD is the second most common type of XP in the United States and
accounts for the majority of US patients with symptoms for neurological disorder being present
in about half of all those patients, while the cutaneous and immunologic presentations are quite
heterogeneous.

Internationally, the incidence of XP is about the same in Europe, whereas it is higher (1:40.000)
in Japan, where XPA is the most common group. In Europe XPA and XPC are the two most
prevalent forms of XP. There is no gender preference. As an autosomal recessive disorder, there is
usually no positive family history as the heterozygous parents are clinically healthy.

* Corresponding Author: Ulrich R. Hengge —Department of Dermatology,
Heinrich-Heine-University, Diisseldorf, Germany. Email: ulrich.hengge@uni-duesseldorf.de
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Table 1. Clinical hallmarks of xeroderma pigmentosum

Severe photosensitivity (painful sunburns in early childhood)

Poikiloderma

Dryness (xerosis)

Premature skin aging

Malignant tumors (squamous cell cancers, basal cell cancers and melanoma), most often
on face, head and neck

* Various neurological and ophthalmological symptoms and manifestations

Table 2. Characteristics of xeroderma pigmentosum complementation groups

Comple-

mentation  Frequency Skin Neurological Ophthalmological

Group (%) Cancer Involvement Involvement Gene Defect
A 30 + +++ + XPA

B 0.5 + + + XPB/ERCC3
C 27 + - + XPC

D 15 + - + XPD/ERCC2
E 1 + _ + DDB2/XPE/p48
F 2 + - + XPF/ERCCC4
G 1 + + + XPG/ERCCS
Variant 23.5 + - + XPV/hRAD30

Dermatological Manifestations

In general, skin problems proceed neurological and ophthalmological symptoms. Several key
cutaneous features are usually found. While babies are normal at birth, in the first years of life,
diffuse erythema, scaling and pronounced freckle-like pigmentation develop (Fig. 1). In accord-
ance with the increased light sensitivity, changes are seen over light-exposed areas, in particular
face, head and neck and in severe cases they subsequently appear in the lower legs and even the
trunk. One needs to become alert, when babies present with severe solar dermatitis/sunburn, often
associated with constant crying, for which no other explanation can be found. The sunburn will
usually persist for extended periods of time, not uncommonly, for several weeks and may include
blister formation upon minimal sun exposure.

Once the erythema has resolved, multiple freckles on sun-exposed skin areas cause mottled
pigmentation, telangiectasias and actinic damage. XP is one of the few diseases that can cause
poikiloderma at an early age (Fig. 2). Poikiloderma is characterized by erythema, hyper- and
hypopigmentation as well as scarring and telangiectasias. As the skin suffers actinic damage, the
surface become atrophic and dry, which has led to the term “xeroderma” (dry skin) for this condi-
tion (Fig. 3).

The incidence of tumors is about 1000-fold increased as compared with the normal popula-
tion.* The process of malignant transformation in XP has been estimated to be around 8 years as
compared with 60 years for a representative control cohort. The mean patient age of developing
skin cancer is 8 years in XP patients and for the onset of actinic damage around 1-2 years of age.

Characteristically, children or adolescents develop large areas with field cancerization including
multiple actinic keratoses, in situ squamous cell cancer and malignant skin tumors (Fig. 3). Upon
the malignant tumors, the UV light-induced cancers like squamous cell cancer, basal cell cancer and
fentigo maligna melanomas are predominating®? (Fig. 4). Especially for melanoma, the role of UVB
is widely accepted.® Interestingly, the total UV-dose plays an important role in lentigo malignant



12 Molecular Mechanisms of Xeroderma Pigmentosum

Figure 1. Pronounced mottled pigmentation of the face and lips with mild erythema and scar-
ring on the forhead, cheeks and nose of a 4-year-old girl.

Figure 2. Severe poikiloderma with disfiguring scars of the face and neck. Also note the
perioral xerosis and the patient’s photophobia. Exophytic, flesh-coloured squamous cell
cancer on the neck.
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Figure 3. Severe actinic damage (field cancerization), pigment changes and teleangiectasias
on the lower legs of a 14-year old girl.

Figure 4. Poikiloderma and several basal cell cancers on the nose of a 45 year-old patient
with mild XPC.
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melanoma in contrast to other malignant melanomas. The important role of UV light has also
been confirmed in XP-A transgenic mice, where an about 1000-fold increased risk of developing
UV-induced cancers has been documented.” In addition, UV radiation has immunosuppressive
effects, which are important for the control of premalignant and malignant cells.® Despite the fact
that tumor cells express tumor-associated antigens, that are recognized by specific T-cells, tumor
progression occurs. The danger associated with the development of malignant melanoma and
squamous cell carcinoma is their early metastases.

Other Cancers in Xeroderma Pigmentosum

Besides the above mentioned cancers, keratoacanthomas and sarcomas including fibrosarcomas
and angiosarcomas have been described.” The incidence of tumors of the oral mucosa (inner lips,
tongue, gingival; Fig. 5) and other organs (brain and lung cancer and leukemia) is also increased.
Particularly, the occurrence of leukemias has been reported in XP.'® Other oral manifestations
include caries of primary dentation.

Neurological Manifestations

Neurological abnormalities have been described in 18% of 830 patients in the largest study
available to date? with mental retardation being present in 80% of these individuals. The median
intelligence quotient score was 45 with a range of 15-81. The second most frequent neurological
abnormality was spasticity or ataxia (30% of subjects with neurological involvement), followed
by microcephaly (24%).? Patients with neurological symptoms can be classified on the basis of
age at the onset of neurological symptoms: juvenile (before age 20 years) and adult (after 20
years). As a general rule, the presence of neurological abnormalities correlates with the degree
of NER defects; patients with the greatest impairment of DNA repair (i.e., complementation
groups XPA and XPD; Table 2) are more prone to develop neural degeneration. As many as
50% of patients with XPD manifest neural deterioration, while on the contrary, neurological
involvement is rare in patients with XPC, which is the most common complemention group in
the United States. In general, Central Nervous System (CNS) involvement is due to premature
neuronal death due to damage resulting from DNA damage from reactive oxygen species or other
free radicals. Neurodegeneration probably results from accumulating mutations due to cells’

Figure 5. One basal cell cancer on the inner side and one squamous cell cancer on the outer
side of the lower lip in a 20-year old woman.
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inability to repair DNA damage in response to oxidative stress (see Chapter 13). Neurological
symptoms are progressive and irreversible. Therefore, many patients develop severe disability in
the sense that they become bed-ridden and incontinent with infections, sepsis and aspiration
pneumonia as potential complications.

Neurological problems include reduced intelligence (80%) with a median IQ test result of 45,
abnormal motor activity (30%) with hyporeflexia, areflexia, ataxia, chorea, spasticity as well as
peripheral neuropathy and impaired hearing.!'"'* For example, in 32 Japanese patients with XPA,
the most profound DNA repair defect, mental retardation, microcephaly, nystagmus, dysarthria,
ataxia and short stature were described as the most prominent neurological manifestations.>!> Half
of the patients with neurological abnormalities have skin cancer. Sometimes, these neurological
manifestations are more severe than the cutancous symptoms. Not uncommonly, sexual develop-
ment is delayed or absent in 12 % in XP patients with neurological disorders.

The incidence of central nervous system tumors is about 10-fold higher than in normal
individuals. The neurological tumors include astrocytoma, meduloblastoma, glioblastoma and
malignant schwannoma.!¢

The de Sanctis-Cacchione-syndrome refers to cutaneous XP, neurological abnormalities,
hypogonadism and dwarfism.'” These children are characterized by small stature, spasticity and
debility. Sometimes, additional symptoms such as segmental demyelinisation, microcephaly,
sensory deafness and epilepsy may also occur.

Ophthalmological Manifestations

About 40% of XP patients suffer from ophthalmological problems. The photosensitivity in
XP is variable, but usually more pronounced in the range of 290-320 nm (UVB range). However,
the minimal erythema dose is generally lower than normal at other wavelengths. Among the
ocular tissues, the lids, conjunctiva and cornea receive substantial amounts of UV light and are
therefore important target sites in XP patients. Important ocular problems include photophobia,
conjunctivitis (with conjunctival infection?) and corneal abnormalities. Blepharitis, ectropion,
symblepharon, loss of eyelashes, atrophy and scarring represent some less common ophthalmo-
logical features in XP patients.”* Corneal abnormalities include corneal clouding, vascularization
and corneal ulcers causing impaired vision in about 15% are some less common ophthalmological
features in XP patients.>>

The risk of ocular neoplasias such as basal cell cancer and squamous cell cancer is increased about
2000-fold. These cancers occur in up to 15% of patients and are most often localized on the cornea
and conjunctiva, while malignant melanoma occurred in about 5%.%*® In addition, fibrovascular
pannus of the cornea and epitheliomas of the lids and conjunctivae may occur.

Differential Diagnoses

Differential diagnoses of XP include several other rare syndromes, which can be ruled out by
serologic, genetic and metabolic tests (Table 3). Some overlaps may be seen with Cockayne syn-
drome (CS) and trichothiodystrophy (TTS). Both diseases are of autosomal recessive inheritance
and are characterized by increased X-rays {or light) sensitivity, while CS patients present with
characteristic neurological symptoms, ataxia, mental retardation and sensory deafness, distinct
facial features with large, halonated eyes, prominent nose, progressive cachexia, myopathy, short
stature, microcephaly and pigmented degeneration of the retina as well as optic atrophy and
cataract.'*, Recently, some overlaps have been detected between CS and TTD with XP.222 In
CS, there is a defect in TCR, but the global genome repair is functional. CS shows no increased
risk of skin cancer.”

The characteristic hallmarks of TTD are short and fragile hair, ichthyosis and short stature.
Interestingly, the hair shows a deficit of sulfur-rich proteins.?* The hair has a characteristic tiger
pattern under the polarizing microscope. Additional symptoms include reduced intelligence and
compromised fertility and certain defects in XP-B and XP-D genes.
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Table 3. Differential diagnoses

Ephelids are frequent cutaneous findings; concern arises only when they are very numerous;
subacute cutaneous lupus erythematosus is infrequent and basal cell nevus syndrome is rare.
The other listed differentials are extremely rare.

- Ephelids - LEOPARD syndrome

- Subacute cutaneous lupus erythematosus - Hartnup disease

- Basal cell nevus syndrome - Progeria (Werner syndrome)

- Erythropoietic porphyria - Rothmund-Thomson syndrome

- Cockayne syndrome - Bloom syndrome (congenital teleangiectatic
- Trichothiodystrophy erythema)

- Hydroa vacciniforme

Diagnosis of XP

Dermatological manifestations serve to make the diagnosis. The clinical features including the
pathological photosensitivity at an early age are the hallmarks of the disease. No consistent routine
laboratory abnormalities are present in XP. Specialized laboratories may analyze the sensitivity of
cultured fibroblasts to UV radiation and chromosomal breakage, complementation studies and
gene sequencing to identify the specific molecular defect. Ideally, the chromosomal breakage is
compared with the patients’ parents cells as they are obligate heterozygotes for XP. Prenatal di-
agnosis is possible; however, due to the recessive nature of the disease, there may be no suggestion
of such disease in the family history. For prenatal testing, unscheduled DNA synthesis serves as
the classical method for the diagnosis of XP.

There is no specific histology of XP; usually melanocytic nevi are numerous and increased melanin
pigments are present in the basal cell layer together with a chronic inflammatory infiltrate in the upper
dermis. At later stages, the histological picture of poikiloderma may be seen including hyperkeratosis,
atrophy, hyperpigmentation and telangjectasias. The dermis usually shows elastotic changes. Likewise,
there is no specific test for CNS and eye involvement. Even in patients with neurological symptoms, the
electroencephalographic findings may be normal. Electromyography (EMG) and nerve conduction stud-
ies (NCS) are helpful because axonal polyneuropathy is common in XP.!"" In addition, several metabolic
studies are recommended to exclude neurological manifestations mimicking XP and CNS involvement.
Therefore, serum and urine amino acids, serum copper, lysosomal enzymes, cholesterol esterification,
mucopolysaccharides as well as long-chain fatty acid analyses should be performed besides lactate and
pyruvate concentration to rule out other CNS conditions.

Management

As a curative therapy such as gene therapy is currently not available, the overall preventive
measure is to keep the patient away from sunlight. This includes shifting the daily activities into
the night as much as possible; this has led to the term “moon babies”. In addition, protective cloth-
ing, hats and appropriate eye care can serve to minimize UV-induced damage. Sunscreens should
be regularly applied to all exposed surfaces, including the hands and the lower limbs. Preferably,
physical and chemical sunscreens are to be used simultaneously and around the entire year and
during evening as well as early morning hours.

Patient education about effective sun protection and early recognition of skin cancers is also
helpful. Counsecling can also be offered by the XP society (www.xps.org). Prevention of skin cancer
in XP patients has also been achieved to some degree with the use of oral isotretinoin.?

Recent attempts to repair DNA damage after UV exposure have been made by topical
delivery of DNA repair enzymes to the skin by means of specially engineered liposomes (T4
endonuclease-V).% Careful dermatologic examinations are mandatory at regular intervals of
3-6 months.


http://www.xps.org
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Prognosis

Until today, early diagnosis and consequent avoidance of sunlight as well as regular dermatologi-
cal screening have helped to increase the life expectancy. The prognosis is significantly impaired
as fewer than 40% of patients survive beyond 20 years of age.”” However, some individuals with
milder disease may survive to about 40 years.

Ken Kraemer and colleagues have constructed Kaplan-Meier survival curves from 830 published
XP patients, describinga 90% probability of surviving to age 13 and 80% of surviving to age 28 and
a70% probability surviving to 40 years. Overall, the life expectancy for XP patients was reduced by
30 years.? Patients are likely to die from cancer (33%), infections (11%) and various other diseases.?
Heterozygote carriers have no increased risk to develop skin tumors. Subsequently to the chronic
occurrence of the aforementioned skin cancers, some degree of mutilation may develop, which
may be severe in certain patients (Fig. 1).
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CHAPTER 3

Xeroderma Pigmentosum
and Skin Cancer

Leela Daya-Grosjean*

Abstract

he hypersensitivity of DNA repair deficient xeroderma pigmentosum (XP) patients to

solar irradiation results in the development of high levels of squamous and basal cell

carcinomas as well as malignant melanomas in early childhood. Indeed, XP presents a
unique model for analysing the effects of unrepaired DNA lesions in skin carcinogenesis. The skin
cancer predisposition, observed in XP patients, is due to the mutator gene activity of XP cells which
lead to high levels of UV specific modifications of crucial regulatory genes in skin cells leading to
cancer. Thus, the high levels of UV specific mutations, seen in oncogenes and tumor suppressor
genes, which have been characterized in XP tumors, clearly demonstrate the major role of the UV
component of sunlight in skin cancer development. The UV specific C to T and the tandem CC to
TT UV signature transition mutations found in XP tumors are located at bipyrimidine sequences,
the preferred UV targets in DNA. The same UV specific alterations are seen in key regulatory genes
in sporadic skin cancers but at lower frequencies than those found in XP tumors.

Introduction

A predisposition to skin cancers is the cardinal feature of xeroderma pigmentosum (XP) and is
the grave phenotypic consequence of the failure of crucial cellular pathways required to maintain
genome integrity."* Among these cellular systems, the importance of DNA repair in protection
against environmental genotoxic agents is exemplified by classical XP patients deficient in nucle-
otide excision repair (NER) (80%) and XP-variants, defective in postreplication repair (20%).>
A wide range of helix distorting lesions including ultraviolet (UV') photoproducts, caused by
sunlight, are deale with by NER; sunlight being a major environmental carcinogen implicated in
skin cancer (the most common cancer in fair skinned populations). Indeed, the clinical and cellular
outcome of repair deficiency in XP patients is manifested as a hypersensitivity to UV light and
more than a 1000 fold increase in cutaneous tumors on sun-exposed areas of the body compared
to normal individuals.®’ It is important to remember that, following DN A damage, many cellular
responses are triggered in cells which can modify the normal cell phenotype through genetic and
epigenetic changes. Thus, modulation of cytoskeleton structure, transcription factors and signal
transduction can lead to cell cycle arrest, DNA repair or apoptosis via p53 regulated genes and
transient immune suppression.®” The UV mutator phenotype of XP cells is a consequence of
replication through unrepaired DNA lesions resulting in the accumulation of numerous genetic
alterations. When these modifications arise in important regulatory genes, they can lead to acti-
vation of proto-oncogenes and inactivation of tumor suppressor genes, which are known to play
an important role in the multi-step skin cancer progression.? Indeed, XP has provided a unique
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human model for our understanding of the genetic basis of skin carcinogenesis mainly through
molecular analysis of the germinal variants of the XP NER genes and XP skin tumors in which
genetic modifications, essential for tumor development, are accentuated.

XP Genetics and Skin Cancer

‘The heterogeneous phenotype of classical XP patients is a result of defects in any one of the
seven NER involved XP genes A to G, which occur with different frequency, geographic distribu-
tion and show varying clinical features.>'** The phenotype of XPA and XPC patients are entirely
due to defects in NER, as these genes are not involved in other processes. Severe NER deficiency
is manifested by the XPA patients because the XPA protein is indispensable for both global and
transcription coupled repair (TCR). The majority of XPA individuals characterized are Japanese
with half of the patients being homozygous for the same carrier mutation.!! XPA patients present
pronounced central nervous system disorders as well as acute clinical skin defects and are extremely
prone to UV induced skin tumors.” The XPC complementation group represents one of the larg-
est groups worldwide and XPC patients who are deficient only in global genome repair, are free
from neurological defects and present classical XP symptoms with severe skin abnormalities and
are highly predisposed to UV induced skin cancers.'*’

The XPB and XPD proteins are DNA helicases which are components of the transcription
factor TFIIH and are implicated in both TCR and global NER. Defects in the XPB and XPD
genes can result in the XP as well other UV hypersensitive clinical phenotypes, trichothiodystrophy
and Cockayne’s syndrome. XPB patients are extremely rare and all present phenotypic heteroge-
neity associated with the specific mutation type. XPD patients represent 20% of XP cases with
heterogeneous clinical phenotypes. The XPD patients with classical XP features have moderate
skin cancer predisposition with mild to severe neurological disorders.'®'? Patients belonging to the
rarer complementation groups XPE, XPF and XPG, generally present mild but variable clinical
features. Thus, the XPE patients, mutated in the DNA damage binding gene, DDB2, which is
implicated in global repair of cyclobutane pyrimidine dimers (CPD), do not show neurological
abnormalities and have mild skin disorder with late onset of cutaneous cancers. The XPF protein
is implicated in the incision step of NER as a hetero-dimer with ERCC1 and most XPF patients
also present a mild XP phenotype with cancers usually developing late in life.>'* Among the few
XPG patients described worldwide, about half carry missense XPG mutations and present a mild
classic XP clinical phenotype. The XPG mutations which give rise to truncated proteins are as-
sociated with severe neurological symptoms associated with a mixed XP/Cockayne’s syndrome
phenotype.

The variant XP group, XPV, has mutations in the low fidelity DNA polymerase 1) required
to bypass replication of lesions and are normal for NER. XPV patients are found worldwide and
represent the second largest subgroup of XP individuals. They present mild to severe skin disease
and show a predisposition to skin tumors which, however, appear later in life (usually after 15 years
of age) than seen with classic XP patients.

Cutancous Malignancies in XP Patients

The nonmelanoma skin cancers (NMSC), which account for mainly basal cell carcinomas
(BCC) and squamous cell carcinomas (SCC) develop as multiple primary tumors in XP patients.
NMSC are derived from the basal layer of the epidermis with BCC occurring in the hair-growing
epithelium whereas SCC derive from inter-follicular cells. BCC arise de novo as slow growing, lo-
cally invasive tumors which metastasize rarely. SCC which develop with a multistep progression, are
often derived from precancerous skin lesions, actinic keratoses (AK) and tend to be more aggressive
and frequently metastasize. In the general population BCC are predominant whereas SCC seem
to prevail in XP patients, but the data are often contradictory between studies analyzing different
cohorts of XP patients.>*+161719 NMSC occur mainly on sun-exposed body sites of XP patients
as eatly as 3-5 years of age in striking contrast with the general population where the mean age for
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NMSC development is around 50-60 years. The frequency of NMSC is 50% in young XP patients
aged under 10 years and the SCC metastasize with a higher probability (4%) compared to under
2% observed in the general population.*** Malignant melanoma (MM) derive from melanocytes
and its development can be associated with severe painful sunburn which is characteristic in young
XP patients.”! In general, about 15-20% of MM occurs at atypical melanocytic nevi associated
with UV exposure but the role of UV in the induction of malignant melanoma remains unclear.
Nevertheless, XP patients develop melanomas mainly on sun exposed areas of body, 65% being
located on the head and neck, 28% on the arms and legs and 7% on the rest of the body. The
incidence of melanomas in XP patients aged under 20 years is up to 2000 fold higher than in an
age matched population in which only 4% of sporadic cancers are melanomas compared to up to
22% in XP patients.>*3

The Etiology of XP Skin Cancers and UV Hallmark Mutations

The UV component of sunlight is the major etiological factor implicated in the development
of skin cancer in normally healthy populations and its effect is exacerbated in NER deficient XP
patients. Short wavelength UVC (200-280nm) is filtered out by ozone in the stratosphere and only
1-10% of UVB (280-320nm) and up to 90- 99% of UVA (320-400nm) reaches the earth’s surface.
UVB has immunomodulatory effects in the skin and induces gene modifications at dipyrimidine
sites which are targets for UV induced DNA damage which result mainly in C to T transition
mutations.” The most significant alterations due to UVB are the tandem CC to TT transitions
considered to be the veritable UV signature mutation. Indeed, the analysis of XP tumors shows
that un-repaired DNA lesions result in higher levels of C to T and the UV signature tandem
mutation CC to TT, in the key genes responsible for skin cancer development, described later.
UVA on its own is a weak carcinogen but contributes to inflammation, immunosuppression and
gene mutation.” UVA induces more oxidative damage than UVB mainly through production of
reactive oxygen species (ROS) which can produce single strand breaks, DN A-protein crosslinks
as well as base alterations such as 8-hydroxydeoxyguanine (8-OHdG) which are mutagenic.” It
is important to note that XP fibroblasts are markedly deficient in the antioxidant enzyme catalase
activity which may be an important factor contributing to the high levels of UV induced skin
carcinogenesis seen in XP patients.”?

It is clear that UV plays an important role in initiation, promotion and progression during
skin carcinogenesis. Childhood exposure to UV and intense intermittent UV exposure are major
risk factors for BCC formation whereas SCC development is particularly associated with chronic
cumulative UV exposure. Melanoma can be associated with intense intermittent UV exposure
during childhood as well as acute sunburn in adults.”’ Thus, UVB induced initiation is due to
the formation of DNA adducts, which are mainly CPD and 6-4 photoproducts. These adducts
give rise to UV signature mutations in skin cells with significantly higher levels in repair defective
XP cells.” Repeated exposure of initiated, mutation bearing epidermal cells to UVB and UVA
components of sunlight could stimulate uncontrolled proliferation of cells carrying mutated
proto-oncogenes or tumor suppressor genes and result in clonal expansion. Continued UV expo-
sure allows selective development of clones insensitive to UV induced apoptosis. Further genetic
alterations then allow progression towards the formation of genetically unstable malignant skin
tumors which form more quickly and in greater numbers in XP patients. It is important to note
that uncontrolled activation of the mitogenic sonic hedgehog (SHH) signaling pathway plays a
central role in the genesis of BCC, whereas specific pathways involved in the development of SCC
and melanoma have not been defined as yet. UV induced mutations have, nevertheless, been found
in genes associated with different cellular pathways leading to the activation of proto-oncogenes
and modification of tumor suppressor genes in SCC, BCC and melanoma. The following sections
describes the UV modified gatekeeper genes controlling cell growth and death and the caretaker
genes essential for maintaining the integrity of the genome, which have been found to contribute
to skin cancer development in XP patients.*
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Tumor Suppressor Genes

‘The major functions of tumor suppressor genes are to inhibit cancer development by triggering
of cellular responses to DNA damage. These are the gatekeeper genes which control cell cycle arrest
to allow time for repair of damaged DNA or induce apoptosis which eliminates cells carrying too
much damage. The p53 gene has been recognized as one of the most important tumor suppres-
sor genes as it is found mutated in over half of all human cancers. Significantly, up to 90% p53
mutations are observed in XP skin tumors compared to over 50% pS3 mutations seen in sporadic
skin cancers (Fig. 1). In fact, p53 mutation is an early event in the development of skin cancers as
attested by p53 mutated clones of cells found in normal sun-exposed skin and the high levels of
p53 alterations observed in benign actinic keratosis, precursors of SCC.

Analysis of XP NMSC has shown that 75% of p53 mutations are missense UV specific C to
T or CC to TT transitions located at bipyrimidine sites. In sporadic NMSC, C to T transitions
predominate with only 10% of tandem CC to T'T substitutions, compared to more than 60%
seen in XP NMSC. The distribution of p53 mutation spectra hot spots (located mainly in the
highly conserved exons 5-9), is different in NMSC and in internal malignancies but the codon 248
hotspot, which disrupts p53 DNA bindingand trans-activation functions, is common to all tumor
types.>? Interestingly, p53 mutation hotspots are different between BCC, SCC and melanoma.
In XP more SCC have been characterized and these present five distinct p53 mutation hot spots
at codons 179, 196, 248 and 282, different from those found in sporadic skin cancers.? In mela-
nomas from the general population and XPV patients, mutations in the pS3 gene are rare (10%)
compared to the high frequency (>50%) found in melanomas of classic XP patients. Alterations
in XP melanomas are mainly C to T transitions with a preponderance of the UV signature tandem
CC to TT mutations.?>*

The two tumor suppressor genes pl6INK4a, an inhibitory protein of CDK4 and p14ARF
which stabilizes p53, map at the INK4a-ARF locus on chromosome 9p21 and play essential roles
in cell cycle regulation. The INK4a-ARF locus is the second most commonly altered locus found in
human cancersafter p53, occurring through homozygous deletion, point mutation or methylation.
INK4a-ARF modifications are seen in 2 high proportion (<76%) of sporadic SCC compared to
BCC (3.5%) and promoter methylation is the predominant mechanism for inactivation of this
locus.*** Compared to 25% UV specific INK4a-ARF alterations seen in sporadic NMSC, 43%
are found in XP NMSC (33% in SCC and 20% in BCC).* Interestingly, multiple mutations of
the locus are found in XP skin tumors that are not observed in sporadic tumors. Moreover, 60%
of XP tumors show a positive association of INK4a-ARF and p53 mutations rarely found in the
sporadic tumors.* The de-stabilisation of the INK4a-ARF/p53 pathway must enhance tumor
progression as is observed in XP patients. Melanomas from XP patients have not been analysed
for alterations of the INK4a-ARF locus but it should be noted that 20% of familial melanoma in
the general population is associated with germline mutations at this locus.®

Oncogene Activation in XP Skin Tumors

Many of the caretaker genes responsible for controlling normal cell growth, differentiation and
apoptosis are classed as proto-oncogenes which can be activated by point mutations, amplification
and rearrangement. These genes include growth factors and receptors, proteins involved in many
different signaling pathways and nuclear transcription factors. In skin tumors, activation of the ras
family of proto-oncogenes, N-ras, Ki-ras and Ha-ras, encoding the GTP binding proteins, results in
constitutive activation of ras signal transduction. Different studies analyzing XP skin tumors, show
varying mutation frequencies of ras probably due to differences in methodology. A comparative
study of skin cancers from our laboratory has allowed us to establish a more than two-fold higher
ras mutation frequency in XP tumors compared to sporadic skin cancers.! Modification at codon
12 of all three ras genes was found but with a preponderance for N-ras alterations. These mutations
were again associated with DNA lesions at bipyrimidine sequences. Moreover, in XP skin tumors
we find high levels of amplification and rearrangement of Ha-ras and the mitogenic c-myc oncogene
(Fig. 1). This is probably the consequence of several rounds of abortive re-initiation of replication at
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Figure 1. Unrepaired UV induced DNA lesions in xeroderma pigmentosum patients, deficientin NER,
result in genetic instability leading to a predisposition to skin cancers from early childhood.

unrepaired UV lesions. Two key genes of the SHH pathway, implicated in BCC development are
proto-oncogenes, SHH and smoothened, which are modified in XP BCC.*** In sporadic melanoma,
N-ras and ras regulated BRAF mutations have been frequently observed but little data are available
for XP melanoma. Interestingly, analysis of a cell line, established from testicular metastasis of a
malignant melanoma of an XP patient, showed activation of the N-ras gene at codon 61.%

Modifications of the SHH Signaling Pathway Genes in XP BCC

The analysis of the autosomal dominant disorder called Gorlin or nevoid basal cell carcinoma
(NBCC) syndrome, characterized by the development of multiple BCC has lead to the identifi-
cation of the SHH pathway. This pathway plays a key role in skin and hair follicle growth as well
as morphogenesis and is found to be abrogated in the majority of BCC.* The SHH signaling
pathway is activated by binding of the secreted signal pepetide of the SHH glycoprotein to its cell
surface receptor patched (PTCH). In the absence of SHH, PTCH inhibits smoothened (SMO)
a G-protein-coupled-like receptor. Inactivation of PTCH by binding of the SHH ligand relieves
repression of SMO and initiates the signal transduction cascade allowing activation of downstream
transcription factors such as the Gli family of proteins. Deregulation of this pathway by mutation
of one or other of the SHH pathway genes, alters cell cycle arrest and differentiation and induces
hair follicle tumors, the BCC. Analysis of XP BCC has revealed high levels of patched, smoothened
and sonic hedgehog gene mutations (Fig. 1) compared to those found in sporadic BCC.#%4 No
modifications of SHH pathway have been found in SSC, indicating the specificity of this pathway
in BCC development. The major role of solar UV in XP BCC development is again evident in
the very high levels of UV specific mutations found in the altered SHH pathway genes compared
to those in sporadic BCC.#

It is highly significant that the analysis of XP BCC in our laboratory has been able to firmly
establish a role for SHH, a postulated proto-oncogene in human skin carcinogenesis. To date the
study of 110 sporadic BCC has revealed only one SHH gene mutation. However, six mutations
in the SHH gene were characterized in 33 XP BCC, indicating that the SHH protein plays an



24 Molecular Mechanisms of Xeroderma Pigmentosum

oncogenic function in the development of BCC# The SHH mutations are all located at the
N-terminal signaling domain and are all situated on one face of the compact globular protein,
suggesting they may effect interactions with specific SHH partners. The majority of germline
patched gene mutations are rearrangements producing truncated proteins. The PTCH mutations
characterized in sporadic and XP BCC show fewer (30% and 20%, respectively) rearrangements
and the remaining are mainly UV specific point mutations. The point mutations are distributed
at random in the intra- and extra-cellular domains and patched gene mutations found in the large
extracellular loops may modify interaction with the SHH ligand and prevent signal transduction.
Matations of the proto-oncogene smoothened in XP BCC, as in sporadic BCC, are mainly located
in the genetic region determining extra-membrane domains and may be important for binding
small SMO modulating proteins.” Significantly, a G to T transversion at codon 535, located in the
trans membrane domain, found in XP is a mutation hot spot observed in sporadic BCC that can
arise from replication of 8-OHdG, a base modification created by UVA induced ROS. Interestingly
more than one member of the SHH pathway could be found modified in the same BCC.#

Impaired Immune Response in XP Patients and Human Papilloma Virus

Solar UV radiation, as well as being mutagenic, is also important in modulating the immune
responses of the skin.”” Various immunological defects have been reported in XP patients, includ-
ing reduced natural killer cell activity, diminished lymphocyte production of o and y interferons
and impaired UV-induced cytokine production.®®# These are all important modifications which,
by lowering immuno-surveillance, may be implicated together with the DNA repair defect in the
UV-induced skin cancer proneness of XP patients. Human papillomaviruses (HPVs) are common
infections of the skin which are often found associated to benign lesions and nonmelanoma skin
cancers (NMSC), mainly squamous cell carcinomas (SCC) and basal cell carcinomas (BCC).
Interestingly, immunodeficient Epidermodysplasia Verruciformi (EV) patients develop numerous
SCCs on sun-exposed body sites associated with EV HPV.>® Moreover, immunosuppressed solid
organ transplant patients also show an increased risk of HPV infections and present a high incidence
of skin cancers particularly SCC on sun-exposed sites.>! Thus, XP, EV and organ transplant recipient
patients, all have a predisposition for the development of NMSC on sun-exposed body sites with
an inversed SCC/BCC ratio compared to that found in the normal population. The precise role of
HPVsin skin carcinogenesis is speculative and the unique study analysing HPV in XP skin cancers
recently carried out in our laboratory shows an age-related significant association between EVHPV
and SCCs.52 Thus, HPV DNAs are found more frequently in SCCs (20/40) than in BCCs (4/27)
or normal skin (2/9) of XP patients. The HPV spectra, identified in the XP tumours, include 22
different epidermodysplasia verruciformis (EV) HPV types, which predominate in SCCs (48%)
compared to BCCs (15%) and normal skin (22%). The data, showing an association between EV
HPYV and SCCs from young XP patients, are comparable to that found for NMSC from adult
immunosuppressed organ transplant patients and raise the question of the importance of HPV
infection in skin carcinogenesis. Thus, one wonders whether the immunological defects reported
in XP patients play an important role in HPV infection of XP patients and what is the impact of
HPYV on skin tumour development.

Conclusions

The analysis of skin cancers from the repair deficient XP patients has greatly enhanced our
understanding of the genetic basis of skin carcinogenesis, an important issue today as the incidence
of skin cancers in fair skinned populations is increasing at an alarming rate. In fact skin cancers
are the most prevalent cancers in humans today due to changes in lifestyle, aging populations and
increased UV fluence caused by ozone depletion. The majority of populations present few skin
cancers up to 50 years of age after which time individual risk factors such as skin type, smoking,
diet, occupational exposures, medication and more importantly, lifetime sun exposure patternscan
all contribute to an increase in incidence of skin cancers. The data obtained by molecular analyses
of XP skin cancers has allowed the characterisation of crucial regulatory genes which lead to
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Table 1. Gene modifications in XP skin tumors

Gene Alterations

Genes Non-Melanoma Skin Cancers Melanoma
Oncogenes:
RAS 53% #
SMO* 30% nd
SHH* 18% nd
c-MYCs <70% nd
Ha-RASS <50% nd
Tumor suppressor genes:
p53 <90% >50%
INK4a-ARF 43% -
PTCH* <90% -

Table 1. The majority of the gene alterations seen in XP skin tumors are UV specific.

*N-RAS has been found mutated in one XP melanoma metastase.

8¢-MYC and Ha-ras alterations are mainly amplifications and rearrangements.

Specific differences are seen between basal cell carcinomas (BCC) and squamous cell carcinomas
(SCC) in XP patients. Higher levels of p53 modifications are found in BCC as well as the sonic
hedgehog pathway genes (*). RAS and INK4a-ARF modifications are prevalent in SCC.

malignant cell transformation and skin cancer development in general (Table 1). Indeed, enhanced
mutation levels in XP cells can help identify and/or confirm the importance of different genes in
skin tumor development. Analyses of BCC and SCC in XP have contributed to our knowledge
of the essential role of aberrant SHH pathway signaling in BCC formation. Many of the genes
involved in skin carcinogenesis in general, including the ras oncogenes, the p53 and INK/ARF
tumor suppressor genes, are found modified in SCC but the causal association of a specific gene
or cellular pathway in SCC development has yet to be defined. The increased risk of SCC in XP
patients requires further analysis to obtain insight on the molecular mechanisms implicated in
the pathogenesis of SCC in general. There is also growing evidence indicating the importance of
oxidative stress in photo-carcinogenesis. Further analysis of different signaling pathways activated
by UVA in XP cells should help elucidate their role in skin tumor development, considering the
deficiency in the ROS scavenger enzyme, catalase, exhibited by all XP cells. It is important to
remember that XP mouse models have also been extremely useful models in providing significant
information on our understanding of skin carcinogenesis. In conclusion, ongoing research on the
XP syndrome continues to improve our knowledge on the impact of UV on DNA damage and
mutation in skin cells. Understanding the many different factors implicated in skin tumor induction
and progression is essential for prevention and development of new targeted therapies.
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CHAPTER 4

XPA Gene, Its Product
and Biological Roles

Ulrike Camenisch and Hanspeter Nigeli*

Abstract
The 31 kDa XPA protein is part of the core incision complex of the mammalian nucleotide
excision repair (NER) system and interacts with DNA as well as with many other NER
subunits. In the absence of XPA, no incision complex can form and no excision of damaged
DNA damage occurs. A comparative analysis of the DNA-binding properties in the presence of
different substrate conformations indicated that XPA protein interacts preferentially with kinked
DNA backbones. The DNA-binding domain of XPA protein displays a positively charged cleft
that is involved in an indirect readout mechanism, presumably by detecting the increased negative
potential encountered at sharp DNA bends. We propose that this indirect recognition function
contributes to damage verification by probing the susceptibility of the DNA substrate to be kinked
during the assembly of NER complexes.

Introduction

Mammalian cells employ the nucleotide excision repair (NER) system to eliminate DNA
photoproducts, generally known as cyclobutane pyrimidine dimers and (6-4) photoproducts,
induced by exposure to short-wavelength UV light, as well as bulky DNA adducts generated
by many electrophilic chemicals (reviewed in refs. 16,21,75,90). The same NER pathway also
processes a subset of oxidative lesions and protein-DNA crosslinks.?”$87! This extremely versatile
DNA repair complex operates by a simple cut and patch mechanism that is initiated by bulky le-
sion recognition, followed by dual incision of damaged strands, excision of the injured residue as
the component of a single-stranded DNA segment of 24-32 nucleotides in length,” restoration of
the duplex structure through DNA repair synthesis and, finally, ligation of the newly synthesized
repair patch to the preexisting strand.'>

The cellular NER reaction can be broken down into two branches that differ primarily in the
initial recognition of bulky base lesions. Although the order of arrival and departure of each subunit
isstill debated,”*® a favored model for the “global genome repair” (GGR) pathway involves the initial
recognition of bulky lesions by a heterotrimeric complex composed of xeroderma pigmentosum
group C (XPC) protein, a human homolog of RAD23 and centrin 2, a centrosomal protein 2608087
UV-damaged DNA binding protein (UV-DDB) is additionally required to detect cyclobutane py-
rimidine dimers'® and, as an accessory factor, to facilitate the recognition of (6-4) photoproducts.>
Although UV-DDB and XPC are essential for DNA damage recognition in the GGR response,
these two subunits are dispensable for the “transcription-coupled repair” (TCR) pathway, which is
specialized on the removal of DNA lesions from the transcribed strand of active genes.>* In fact, the
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progression of RNA polymerase II along transcribed strands is inherently sensitive to the presence
of DNA damage, leading to the hypothesis that, in the TCR process, the initial damage recognition
occurs through elongaring RNA polymerases that are blocked at DNA lesions.*7¢

The subsequent NER steps are the same for GGR and TCR and involve the sequential re-
cruitment of transcription factor IIH (TFIIH), replication protein A (RPA), XPA, XPG and
XPE-ERCCI (a dimer composed of XPF and excision repair cross complementing 1 protein).
TFIIH, RPA and XPA participate in the formation of a key NER intermediate characterized by
transient unwinding of the duplex substrate, thus generating a partially open DNA structure with
“Y-shaped” double-stranded to single-stranded transitions flanking the damaged base.”””> These
double-stranded to single-stranded junctions define the sites of cleavage, on either side of the adduct,
by structure-dependent endonucleases. XPG is responsible for the 3’ incision, which occurs 15-25
nucleotides away from the damaged residue, whereas XPF-ERCC1 makes the second incision 3-9
nucleotides away from the damaged base on the 5’ side.”*” Finally, the NER pathway relies on the
redundancy of the genetic code in the two complementary strands of the double helix to direct
the synthesis of repair patches. Because only the damaged strand is subjected to double DNA
incision, the intact opposing strand can be used as a template for DNA repair synthesis mediated
by replication factor C (RFC), proliferating cell nuclear antigen (PCNA), a DNA polymerase (8
or g) and DNA ligase 1355

The critical requirement for XPA not only in GGR but also in the TCR, pathway placed this
protein at the forefront of DNA damage recognition.” The goal of this chapter is to summarize
the knowledge gained in recent years as to how the relatively small XPA subunit contributes to
the specificity and selectivity of the mammalian NER complex. It is generally thought that, un-
like many other core NER factors,® XPA is not involved in separate DNA transactions such as
recombination, transcription or replication. However, recent findings indicate that activation of
the S-phase checkpoint in response to UV irradiation is dependent on XPA without any require-
ment for other NER players.® Because further NER processing is apparently not necessary for the
S-phase checkpoint signal, a proposed model for this additional function is that the binding of
XPA protein to UV-damaged sites may promote the stalling of replicative DNA polymerases at
lesion sites.

XPA Gene

XPA wasidentified as one of eight genes underlying the human XP disorder.” The mammalian
XPA gene was first cloned by phenotypic complementation of the UV radiation sensitivity of
XP-A cells transfected with mouse genomic DNA.# The human complementary DNA encodes
a polypeptide of 273 amino acids with about 95% identity to the mouse homolog, which consists
of 303 amino acids.®* Homologous factors with closely similar sequences have subsequently been
identified across all eukaryotic species examined.

The human XPA gene is located on chromosome 9 (9q34.1) and is organized in six exons
distributed over 25 kb of genomic DNA.” The genomic structure of the XP4 gene correlates well
with the tertiary structure elements of the protein product (Fig. 1). The first exon is essential for the
nuclear localization of XPA protein but not for DNA repair activity when the factor is expressed
at high levels.’* The other five exons are all necessary for the DNA repair function. Exon 3 codes
for a Cys2-Cys2 zinc finger that determines the overall protein fold. Mutation of any of the four
cysteine residues of this motif to a serine results in the loss of secondary structure, generating a
vastly different protein conformation that fails to support DNA repair.*>* The promoter activity of
the mammalian XPA4 gene appears to be extraordinarily low in fibroblasts, generating a steady-state
mRNA level of only 5 to 8 transcripts per cell.* Nevertheless, typical human cell lines contain up
to 150,000-200,000 XPA protein molecules/cell.*

XPA Protein and Interactions with Other NER Factors
XPA is a zinc-binding protein with an isoelectric point of 7.5, a Stokes radius of 33 Aand an S
value of 2.2.%* A single zinc atom is associated with the central motif Cys105-X,-Cys108-X,,-Cys
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NLS Zinc finger RPA70
30- 42 105 - 129 153-176
Exon 1 Exon 2 Exon 3 Exon4 Exon 5 Exon 6
1-58 59-95 96- 130 131-185 186 - 225 226-273
XAB1 RPA34 ERCCH1 DNA-binding domain TFiH
1-51 1-58 72-84 98-219 226 -273

Figure 1. Domain structure of human XPA protein.

126-X,-Cys129.% When migrating in sodium dodecyl sulfate-polyacrylamide gels, XPA protein
forms several bands with an apparent mass of 38-42 kDa. The discrepancy between the calculated
molecular mass for XPA (31 kDa) and its apparent mass on denaturing gels has been ascribed to
the presence of disordered regions in the polypeptide fold. Accordingly, the presence of multiple
XPA bands in denaturing polyacrylamide gels is thought to reflect distinct conformations of the
protein.?® The disordered regions are evolutionary conserved, suggesting that the exceptional
molecular flexibility of XPA protein may be related to its versatile function in accommodating a
disparate variety of bulky DNA lesions within the growing NER complex.*® Conceivably, internal
motions of the protein may alter the nucleic acid interaction surface to fit the structure of vari-
ous kinds of damaged DNA substrates.*> In vivo studies monitoring the mobility of individual
repair factors in mammalian cells indicate that the majority of XPA molecules diffuse rapidly in
monomeric form within the nuclear compartment.” However, the retention time of recombinant
human XPA protein in gel filtration experiments suggested that it may be able to form homodimers
in solution.”® In vitro, the interaction of XPA with DNA is stabilized by the presence of a second
XPA molecule in a cooperative manner.?

A potential nuclear localization signal has been mapped to the basic amino acid region cor-
responding to codons 30-42 of exon 1 (Fig. 1). This sequence is required for the trafficking of
XPA protein from the cytoplasm to the nucleus.”® Interestingly, a cytoplasmic GTPase, XABI,
has been shown to interact with the N-terminal region of XPA encoded by exon 1, suggesting
that accessory factors such as XAB1 may modulate the nuclear import of XPA 5 More recent
studies indicated that the translocation of XPA from the cytoplasm to the nucleus is enhanced
following UV irradiation and it appears that this nuclear targeting in response to DNA damage
is dependent on ATR (Ataxia Telangiectasia mutated and Rad3-related). In fact, treatment of
human lung carcinoma cells with ATR kinase inhibitors, or knock-down of the ATR expression
by transfection with specific small interfering RNA, reduced the UV-induced nuclear import of
XPA protein.”* However, direct phosphorylation by the ATR kinase is unlikely to mediate this
translocation process as the formation of a small fraction of phosphorylated XPA does not cor-
relate with the trafficking of XPA protein in time course experiments.””

Considering the relatively small size of the protein, XPA interacts with an astounding number
of other NER subunits (Fig. 2). Several interaction domains have been identified by deletions stud-
ies (Fig. 1). The N-terminal portion encoded by exon 1 (residues 1-58) as well as a central region
encoded by exon 4 (residues 153-176) contain sequences for binding to RPA. The association of
XPA with the 70-kDa subunit of RPA (RPA70) is essential for the NER function. In contrast,
binding to the 34-kDa subunit of RPA (RPA34) stimulates this activity without being absolutely
required for the NER response. The C-terminal region encoded by exon 6 (residues 226-273)
has been shown to bind to TFIIH.® The central domain encoded by exons 3-5 (residues 98-219)
contains the Cys2-Cys2 zinc finger, is required for the interaction with RPA70 and coincides
with a minimal polypeptide fragment necessary for binding to DNA.* Finally, XPA also interacts
with the ERCC1-XPF heterodimer and sequences essential for the association with ERCC1 are
the polyglutamic acid cluster (residues 78-84) as well as a nearby tetrapeptide (residues 72-75) in
exon 2.43,64 A deletion mutant lacking the tetrapeptide sequence is unable to complement the
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Figure 2. Interactosome map of human XPA.

repair defect of XP-A cells.®® Also, this deletion mutant inhibits DNA repair synthesis in wild-type
cell extracts, indicating that it displays a dominant negative effect. This dominant phenotype can
be explained by a mechanism in which the deletion protein retains DNA-binding activity and
interactions with other NER factors, but fails to actract the ERCC1-XPF endonuclease complex
to the position of 5’ incision.”® The second endonuclease, XPG, is recruited to the location of 3’
incision via an association with RPA." Thus, both endonuclease subunits are dependent on XPA
or its interaction partner RPA for the correct recruitment to their sites of action in the vicinity
of DNA insults.

Additional interaction partners, referred to as XPA-binding protein 1 and 2 (XAB1, XAB2)
have been pulled out in a yeast two-hybrid screen.® XAB1 consists of 374 amino acids, is localized
mainly in the cytoplasm and, as mentioned before, displays an intrinsic GTPase activity that is
possibly involved in the nuclear localization of XPA. The XAB2 gene product is composed of 855
amino acids and contains a series of 15 tetratricopeptide repeats.*® The presence of these multiple
motifs suggests that XAB2 may function as a scaffold protein in nucleic acid transactions such
as transcription, cell cycle control or RNA processing. Indeed, subsequent immunoprecipitation
experiments demonstrated that a fraction of XAB2 can be isolated as a subunit of larger complexes
comprising RNA polymerase II and the Cockayne syndrome complementation group A and B
proteins.!>*® Furthermore, the microinjection of antibodies raised against XAB2 inhibited tran-
scripton in human fibroblasts, suggesting that XAB2 is an interaction partner of XPA that has a
structural role in the assembly of the transcription machinery.®

DNA-Binding Activity of XPA Protein

XPA protein has no inherent catalytic properties, but numerous studies have provided evidence
that it displays a binding preference for UV- or chemical carcinogen-damaged DNA®73 (reviewed
in ref. 84). Compared to UV-DDB and XPC, however, the affinity of XPA for damaged duplexes
is orders of magnitude lower.® For example, Jones and Wood*? estimated the binding constant of
XPA for duplexes containing (6-4) photoproducts to be ~3 x10* M, whereas the reaction constant
for binding of the UV-DDB complex to the same substrate is >5,000-fold greater.”” Also, it appears
that XPA alone recognizes only the (6-4) photoproduct and has little affinity for cyclobutane py-
rimidine dimers, which are the predominant UV-induced lesions in DNA.** Moreover, attempts
to produce specific footprints of XPA protein on damaged DNA by Dnase I protection or other
techniques have failed. Nevertheless, a DNA damage “verification” function for XPA has been
proposed by several authors, who observed that the DNA-binding affinity of XPA is increased by
the formation of complexes with other NER partners. In particular, it has been observed that the
interaction with damaged DNA is enhanced in the presence of RPA®#45265 or ERCC1.%74 These
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larger complexes generated by XPA with either RPA or ERCC1 have a much higher affinity for
damaged DNA than each protein alone, indicating that the different subunits may cooperate to
form a tight complex with target sites. XPA also interacts with XPC protein, but this association
fails to stabilize XPA-DNA complexes. Instead, XPC is displaced from damaged DNA fragments
by the combined action of XPA and RPA 5%

In vitro binding assays demonstrated that XPA protein displays an affinity for distorted
DNA structures carrying mismatches, loops or bubbles, even if no actual DNA lesion has
been introduced into the substrate.>> XPA turned out to have a particularly strong preference
for binding to artificially distorted DNA molecules, like three- or four-way DNA junctions,
that share the architectural feature of presenting two double strands emerging from a cen-
tral bend.'>* On the basis of these findings, it has been proposed that the function of XPA
protein is to recognize a DNA kink that may be introduced as an obligatory intermediate in
both GGR and TCR. This indirect damage recognition function of XPA will be discussed in

more detail below.

Recruitment of XPA to Active NER Complexes

In mammalian cells, NER is executed by the sequential recruitment of individual factors to
DNA lesion sites, rather than by the action of a preassembled “repairosome”. A functional NER
repairosome would achieve a mass of nearly 3 MDa, but the nuclear mobility of repair factors,
measured by fluorescence recovery after photobleaching, are not compatible with such large
machines and instead support a scenario in which NER factors are incorporated one-by-one into
growing repair complexes.”” The mathematical modeling of different NER mechanisms suggests
that a strictly sequential assembly of freely diffusing factors is the more efficient strategy compared
to alternative scenarios such as random assembly of individual factors at lesion sites, or the complete
preassembly of a very large repairosome.%

At what stage is XPA incorporated into the nascent excision complex? Two opposing models
have been proposed for the initial lesion recognition step: “XPC first” or “XPA first”” In the
“XPC first” model, the XPC complex constitutes the primary sensor that binds to damaged
sites and initiates the NER pathway by recruiting TFIIH and the other successive factors.>>7#!
This scenario is supported by competition experiments aimed at determining the order in which
NER proteins are recruited to lesion sites. Such competition experiments showed that dam-
aged plasmids preincubated with the XPC complex are more rapidly repaired in cell extracts
than those preincubated with XPA and RPA,* indicating that the NER system works more
efficiently in vitro when XPC is allowed time to bind to DNA before addition of the remain-
ing repair subunits.

Another experimental strategy to study the order of assembly of the human NER complex
is based on the nuclear trafficking of each core subunit in intact living cells. To analyze the
movement of NER factors to sites of bulky lesion formation, cell monolayers were exposed to
UV light through filters with small pores, thereby generating localized foci of DNA damage
and repair. The translocation of XPC and XPA from unirradiated regions of the nuclei to these
damaged foci was monitored by staining the factors with fluorescently tagged antibodies.®”
Interestingly, XPC turned out to accumulate in DNA repair foci in both wild-type and XP-A
cells, whereas XPA protein did not move to the damaged foci in XP-C cells. These results are
consistent with XPC being the first factor that recognizes damaged DNA sites. In contrast, XPA
is not recruited to DNA lesions without prior recognition of the damaged DNA by the XPC
subunit. Similarly, using XP cells of other complementation groups, these focal UV irradiation
studies were extended to demonstrate that the recruitment of TFIIH and the 3’ endonuclease
XPG depends on XPC but not on XPA protein. This subcellular imaging approach also showed
that XPA is not required for the damage-specific recruitment of RPA, implying that the major-
ity of XPA and RPA molecules are not interacting in the absence of DNA damage and that
an association between these two subunits only occurs at their site of action in the ultimate
excision complex.&
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Role of XPA-RPA Interactions

The independent recruitment of XPA and RPA to lesion sites raised the question of why the
interaction between these two partners is essential for the NER reaction. RPA represents the most
abundant single-stranded DNA binding factor in human cells.® It’s binding to single DNA fila-
ments is mainly mediated by two distinct oligonucleotide/oligosaccharide-binding folds (OB-folds)
located in the 70-kDa subunit.” Each RPA monomer occupies approximately 30 nucleotides,*
which corresponds roughly to the length of the gapped DNA intermediate generated in the
NER process. This coincidence between the size of excision products and the occupancy length
on single-stranded DNA suggests that RPA might be necessary to protect the undamaged intact
strand from inadvertent nuclease attack.'**In DNA binding experiments using purified factors
and short DNA fragments, RPA interacts preferentially with the undamaged strand, while avoid-
ing the damaged strand and this bias is further increased by the addition of its interaction partner
XPA *>% Taken together these results converge on the hypothesis that XPA and RPA may cooper-
ate during assembly of the NER complex to verify the need for processing of the damaged strand
and, concomitantly, protect the undamaged complementary strand from inappropriate nuclease
activity.”? Although XPA and RPA have a cooperative “double-check” role that is necessary to
stabilize the preincision complex, these two factors adopt distinct molecular functions on the
DNA substrate. The lesion verification function is attributed to XPA, whereas RPA is recruited
to the undamaged strand to protect the native template. Once RPA is bound to single-stranded
DNA opposite the lesion, it provides a docking platform in conjuction with XPA to position the
structure-specific endonucleases XPG (which makes the 3’ incision) and XPF-ERCCI1 (which
makes the 5’ incision) in a proper orientation with respect to their sites of cleavage 5164627

How Does XPA Protein Contribute to DNA Damage Recognition?

A putative nucleic acid interaction domain has been identified by nuclear magnetic resonance
(NMR) spectroscopy of the minimal DNA-binding fragment of XPA, which consists of 122 amino
acids and ranges from residue Met98 to Phe219.!° This solution structure analysis revealed that the
acidic zinc-containing subdomain (residues 105-129), which has a compact globular appearance, is
accompanied by a C-terminal subdomain (residues 138-209) that forms a positively charged cleft
on the protein surface (Fig. 3). In addition, the superficial cleft has the appropriate curvature and
size to accommodate single-stranded or double-stranded DNA.>!!*! Further chemical shift pertur-
bation experiments conducted in the presence of either a DNA fragment or a short RPA peptide
sequence led to the surprising finding that the zinc finger domain of XPA (residues 105-129) is
not involved in DNA binding instead, is required for the association with RPA.>*

Positively charged surfaces are especially prominent in proteins that bind to DNA with no
sequence specificity.® There is a striking absence of point mutations among the pathologic vari-
ants in XP-A patients that would result in amino acid changes within the basic DNA-binding
cleft. Thus, the structural information disclosed by NMR analyses of XPA protein prompted a
systematic mutational screen to determine the functional role of each basic residue in the presumed
DNA -binding cleft (Fig. 3). The mapping of this region by electrophoretic mobility shift, photo-
crosslinking and host-cell reactivation assays demonstrated that a cluster of positively charged side
chains on the surface of this area is indeed required for the efficient interaction with target DNA.
In particular, tewo neighboring basic residues (Lys179 and Lys141), on the N-terminal side of the
DNA-bindingcleft, form a critical hotspot for recognition of the nucleic acid substrate (Camenisch
et al manuscript submitted). Other positively charged side chains in the DNA-binding cleft are
less important for substrate binding. When tested in host-cell reactivation assays, single Lys->Glu
mutations at positions 179 and 141 impaired the ability of mutant XPA proteins to complement
the DNA repair defect of XP-A fibroblasts, indicating that each single glutamic acid substitution
generates a repulsive effect in the vicinity of the negatively charged DNA backbone.

A Lys179Glu/Lys141Glu tandem mutant has been purified and subjected to biochemical char-
acterization because this double mutation confers a considerably stronger DNA repair defect than
single amino acid mutations in the DNA-binding cleft.'> Other combinations of double amino acid
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Figure 3. NMR model of the minimal DNA-binding fragment of human XPA protein.

substitutions throughout the positively charged DNA-binding surface resulted in more moder-
ate excision repair defects. Like the respective single mutants, the double Lys179Glu/Lys141Glu
derivative failed to interact with linear DNA fragments but was still able to bind to 4-way DNA
junction molecules that were used as a surrogate for distorted reaction intermediates. Such junction
molecules are thought to mimic the DNA deformations, involving sharp backbone kinks, that are
often encountered when large multiprotein complexes assemble on DNA. The transient appear-
ance of a site-specific kink during the processing of damaged DNA substrates is also suggested by
the paradigm of NER in prokaryotic model organisms.”® Surprisingly, the Lys179Glu/Lys141Glu
tandem mutant binds to four-way DNA junctions with exactly the same affinity as wild-type
XPA, although it generates different nucleoprotein products that migrate faster in native gels than
the control complexes elicited by wild-type protein. Subsequent photocrosslinking experiments
revealed that the subtle molecular defect underlying the formation of such abnormal complexes
resides in the inability of the Lys179Glu/Lys141Glu double mutant to undergo close contacts with
the kinked junction region of the tested 4-way DNA structures. Finally, the aberrant complexes
formed by the interaction of this tandem mutant with 4-way junctions were unable to recruit the
XPF-ERCC1 endonuclease,? indicating that the assembly of productive excision intermediates,
which include XPF-ERCC1, is dependent on the proper interaction of XPA protein with a narrow
bending angle in the DNA substrate.

A Hypothesis for the Mechanism of Damage Verification by XPA

XPA is one of several NER proteins that exhibit a moderate preference for binding to dam-
aged DNA over the native duplex. However, none of these proteins, individually, bind modified
DNA with sufficient selectivity to account for the high specificity of lesion removal by the NER
system. Instead, damage recognition in the NER process is likely to be achieved by a discrimination
cascade, in which different successive steps of mediocre specificity lead to a target selectivity that
is comparable to that of sequence-specific transcription factors.* A major decision point during
the sequential assembly of NER complexes is related to the question of how the system “knows”
whether cleavage should occur, which is appropriate only if a lesion is actually present. Also, it is
not clear how the NER machinery “knows” which of the two DNA strands should be subjected
to dual cleavage.

What is the role of XPA protein in this damage recognition cascade? The strict requirement
for positively charged side chains on its DNA-binding surface indicates that XPA may represent
a molecular sensor of abnormal electrostatic potential along the DNA substrate. The case of UV
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endonuclease V, for which detailed crystallographic information is available, illustrates that a
cluster of basic amino acids may participate in DNA damage recognition through electrostatic
interactions with the unique backbone deformation induced by DNA kinks. This mechanism
exploits the shortened spacing between adjacent phosphate residues, occurring at sites of sharp
DNA bends, which increase the local negative electrostatic potential.® An electrostatic sensor
mechanism for the detection of DNA kinks is further supported by the finding that the distance
between adjacent basic headgroups in the DNA-binding cleft of XPA protein is actually shorter
than the respective distance between phosphate groups in the backbone of linear DNA.* XPA
protein is known to have a strong preference for artificially kinked substrates or other distorted
DNA molecules that share the architectural feature of presenting two double strands emerging
from a central bend'*** thus providing additional evidence for a function of XPA in detecting the
increased electrostatic potential generated by the closer spacing of phosphate moieties at narrow
DNA backbone angles.

How does the affinity for kinked backbones lead to a damage verification function by XPA
protein? It has been pointed out that the general structural feature of DNA containing UV pho-
toproducts or other bulky adducts is an increased local flexibility. Base stacking is the predominant
energetic force leading to the intrinsic rigidity of DNA,* but the loss of base stacking is a common
consequence of bulky lesion formation and weakened base stacking results in a flexible hinge.”
This generic property of damaged DNA containing bulky lesions implies that XPA protein may
exploit its affinity for sharply bent DNA backbones to carry out a universal damage verification
function through an indirect mechanism, i.e., by probing the susceptibility of the DNA substrate
to be kinked during the assembly of NER complexes. In this model, the critical role of XPA is as-
sociated with its ability to act as a bridging factor that “hands over” the recognition intermediate
to the ultimate excision complex. It is likely, that XPA plays a regulatory role not only by verifying
the presence of DNA damage but, together with its interaction partner RPA, also in monitoring
the correct three-dimensional arrangement of the NER complex before activating the endonuclease
subunits. This double-check mechanism by XPA and RPA avoids futile repair events on undamaged
DNA and protects the intact complementary strand from inappropriate cleavage.
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CHAPTER S

XPB and XPD between Transcription
and DNA Repair

Brian D. Beck, Dae-Sik Hah and Suk-Hee Lee*

Introduction
eroderma pigmentosum group Band D genes (XPB and XPD respectively) are components
x. of the transcription factor ITH ( TFIIH), a nine-subunit complex involved in transcription
initiation by RNA polymerase II (pol II). Five of these (XPB, p62, p52, p44 and p34)
form a tight core subcomplex, while XPD is less tightly associated with the core and mediates
the binding of the CAK subcomplex, containing the remaining three subunits, cyclin H, cdk7
and MAT 1.2 The TFIIH complex also plays a key role in nucleotide excision repair (NER) by
opening duplex DNA at the damage site. Both XPB and XPD possess DNA helicase activities,
though XPB functions in a 3' > §' fashion,® while XPD catalyzes unwinding of duplex DNA in
the opposite direction.? The DNA-dependent helicase activity of XPB and XPD is central to the
function of TFITH in both transcription initiation and NER.
In this chapter, we will discuss the roles of XPB and XPD in transcription and DNA repair
and overview the effects of mutations in, or loss of these helicases, both at the molecular and
organismal level.

Structure-Function Relationship

XPB, also known as the excision repair cross-complementing rodent repair deficiency group
3 (ERCC3), is located at chromosome 2q21. It comprises 15 exons and a transcript length of
2,750 base pairs that encode a protein of 782 amino acids with molecular weight of 89 kDa. XPD
(ERCC?2) gene, located at chromosome 19q13.3, comprises 23 exons of about 54,000 base pairsand
encodes an 80 kDa protein of 760 amino acids. Because both XPB and XPD proteins are essential
for NER, DNA repair-deficient cells, arising from a mutation in these genes, exhibit low unsched-
uled DNA synthesis and an increased UV sensitivity and direct link to XP, Trichothiodystrophy
(TTD), Cockayne syndrome {CS) and cancer-proneness due to a high mutation frequency.

XPB, human homolog of the yeast gene Rad25 (SSL2) belongs to helicase super-family SF2
with seven conserved helicase motifs.** A recent structural analysis with an Archaeoglobus fulgi-
dus, XPB homologidentified a number of functionally important motifs.6 At the N-terminus, it
has damage recognition domain followed by two helicase domains (Fig. 1), a RED motif and a
flexible thumb motif. RED motif is conserved among all known XPB homologs and mutations
to this motif results in a significant decrease in helicase activity on dsDNA with a 3’ overhang.
A glycine hinge within the crystal structure suggests a point at which the protein can fold upon
itself to bring all of the helicase motifs within close proximity to each other upon DNA binding.
A thumb motif within the second helicase domain is structurally similar to T7 and Taq DNA
polymerases,”® and has a number of positively charged residues with a possible role in DNA
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Figure 1. Structural motifs of XPB and XPD proteins. Arrows indicate known disease-causing
mutations.? 113

binding. In addition, those positively charged residues facing the groove, formed by the second
helicase domain, predicts a likely site for protein-DNA interaction.

XPD, human homolog of the yeast genes R4D3'* shares 15% sequence identity and 62% se-
quence similarity with UviB. Both XPD and UvrB belong to the same helicase family (SF2) and
exhibit greater similarity in sequence as compared with the three other members of SF helicase
family (PcrA, Rep and NS3) whose structures have been determined. The structure of the molecular
model developed for the human XPD, based on the X-ray crystal structure of Bacillus caldotenax,
UvrB!? shows 7 defined SF2 helicase motifs (Fig. 1). XPD mutations in patients with XP or CS
were found in either helicase domains or just before the C-terminal domain (residues 713-761).
Mutations at residues 681 and 683, for example, disrupt a region of the protein necessary for
interaction with the p44 protein."* A comparison of the modeled XPD structures with other
solved monomeric helicase structures illustratesa conserved central B-pleated sheet structure with
surrounding a-helices common to N'TPases.!? This domain contains the Walker A and B motifs
common to NTPasesand is involved in ATP binding and hydrolysis. Domain 3 of the XPD model
also conserves the central B-pleated sheet structure with surrounding a-helices of the other solved
SF1 and SF2 family helicases.

Role in Transcription

RNA pol II-mediated transcription begins with recruitment of basal transcription factors
(TFIIF, TFIIB, TFIID and TFIIE) to the promoter region. Following addition of TFIIH, pro-
moter melting and the open complex formation take place, leading to promoter escape, a transition
away from promoter into elongation complex. While all 9 subunits of TFIIH are necessary for
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maximal transcription, only the helicase activity of XPB is required for transcription. Although
XPD is required for transcription, its role appears structural rather than catalytic’® and helps to
stimulate the reaction.!$"’

During transcription initiation, DNA wraps around RNA polymerase II just upstream of the
promoter, which begins to destabilize the helix immediately 5' to the transcription initiation site.
Entry of TFIIH into the pre-initiation complex induces further unwinding, allowing XPB to bind
to single stranded DNA. ATP hydrolysis by XPB is believed to cause a conformational change
that pulls the two DNA strands farther apart, providing additional binding sites for RNA Pol
II. Mutations from XPB patients showed an inability for TFIIH to propetly associate with the
pre-initiation complex, leading to deficient promoter melting. A recent study indicated that the
two helicase sub-domains of XPB surround the promoter DNA in the pre-initiation complex in
asimilar manner to that of other DNA-helicase interactions.’® Promoter opening could still occur
in the presence of a disrupted helicase motif, but not in the presence of a mutated AT Pase motif,
suggesting that only the AT Pase activity and not the helicase activity of XPB or XPD is necessary
for promoter opening.'* However, promoter clearance from the transcription complex is blocked
in the presence of helicase mutants, suggesting that helicase motif is still required for full tran-
scription activity. The helicase activity may be involved in remodeling of the DNA that is crucial
for promoter escape during early transcription.”® A recent study” suggests that in the absence of
TFIIH, negative supethelicity is necessary for elongation of a 3 nucleotide RNA transcript, but this
requirement ends once the transcript has reached 8 nucleotide that triggers a rate-limiting shift of
RNA pol II complexes into elongation, suggesting that the role of XPB and XPD in transcription
initiation is completed once the RNA transcript reaches a specific length.

XPB and XPD also play a regulatory role in transcription initiation mediated by effectors
such as FUSE (Far UpStream Element)-binding protein (FBP) and FBP-interacting repressor
(FIR).2 For example, expression of c-myc transcription factor is regulated through FBP and
FIR, where the opposing transcription factor FBP serves to decrease the time between initiation
and promoter escape, while FIR inhibits this passage. Cells from XPB and XPD patients have
defective FBP/FIR regulation,” where, endogenous c-myc expression was increased 1.5-fold over
wild-type cells and this difference grew to 2.7-fold following UV damage** due to down-regulation
in wild-type cells. On the other hand, a chromatin-immunoprecipitation assay showed very low
levels of TFIIH at the c-myc promoter of XPB mutant cells as compared to wild type, suggesting
that promoter escape may occur via transcriptional pauses, at which point TFIIH is modulated
by effectors such as FBP and FIR. Without functionally active XPB, TFIIH may not be modu-
lated by FIR, which results in increased basal expression of c-myc, suggesting that XPB is a key
target of regulation.!s!”

Role in NER

Assembly of the TFIIH complex at the damaged site occurs immediately following introduc-
tion of UV damage and this binds to DNA in a non-ATP-dependent manner after association
of XPC to DNA.??% A role for XPB in NER came from an in vitro experiment that cell extracts
with a C-terminal deletion mutant of XPB failed to make a 5' incision on the damaged DNA.Z
This occurred despite the presence of functionally active XPF that normally induces a 5' inci-
sion.”® The role for XPB in the 5' incision of damaged DNA is not clear, but it may be linked to
remodeling the DNA at the damaged site. It is the ATP-dependent helicase activity of the TFIIH
complex that is necessary to remodel the DNA in such a way to allow additional proteins in the
NER pathway to associate; a mutation in XPB affecting helicase activity but not DNA binding
prevents the association of XPF endonuclease at the damaged sites.

XPB isa phosphoprotein and phosphorylation at serine 751 results in inhibition of NER and a
mutant mimicking S751 phosphorylation was unable to complement the NER defective phenotype
in cells lacking the protein.?® Interestingly, transcription and DNA unwinding were unaffected
by this mutation, but the ability to make a 5' incision was prevented following phosphorylation.
Phosphorylation status did not affect recruitment of XPF to the TFIIH complex, but 5' incision
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only occurred in the dephosphorylated state. XPB has also been shown to interact with XPG and
XPD,* although its functional implication in NER is not clear.

Mutations in XPD gene that cause a defective helicase appear to affect only the NER pathway
and not transcription initiation. On the other hand, XPD-CS mutations show a more complex
phenotype that includes defective TCR of oxidative lesions from ionizing radiation and hydrogen
peroxide and increased mutations from an 8-oxo-7, 8-dihydroguanine lesions in the transcribed
strand in a shuttle vecror.> Mechanistically, TTD defects have been ascribed to an altered enzyme
structure that reduces stability and/or interaction with other TFIIH members, thereby impairing
transcription initiation.> However, the clinical phenotypes of some XPD mutants require a more
complex explanation than lack of either helicase activity or native XPD conformation, indicating
that XPD patients are more likely to suffer from the transcription repair syndrome rather than
DNA repair disorders alone.”* Additional mutations in XPD have been found in iron-sulfur
(Fe-S) cluster domains at the N-terminus of the protein.* Three Cys residues (Cys,88 Cys,105
and Cys137) were shown to be essential ligands for Fe-S cluster binding. Mutations in any of these
amino acids resulted in normal ssDNA-dependent AT Pase activity, but 5' > 3" helicase activity was
abolished. In human patients, a XPD variant (R112H) showed a lack of helicase function, despite
the mutation occurred outside of the helicase motifs.** The R112H mutation is a common vari-
ant in TTD patients. An equivalent mutation in Saccharomyces cerevisiae structurally disrupts the
Fe-S cluster binding domain, resulting in loss of helicase activity. Furthermore, point mutations in
the Fe-S cluster binding domains in RAD3 of §. cerevisiae resulted in heightened UV sensitivity,
consistent with an impaired NER pathway.»

Separate from NER, XPD may also have a role in interstrand crosslink (ICL) repair mediated
by homologous recombination. Over-expression of XPD is positively correlated with increased
resistance to cisplatin treatment. This resistance is mediated by elevated homologous repair and
sister chromatid exchanges. Glioblastoma cells, stably over-expressing XPD, showed a 2-fold
increase in ICL repair, while NER activity remained constant. ICL repair occurs through the
homologous recombination (HR) pathway and Rad51 is an essential component of this pathway.
Immunohistochemistry and immunoprecipitation analyses, both, showed an interaction between
the two proteins and this interaction was increased following cisplatin treatment, suggesting
a potential modulating effect of XPD on HR pathway. In keeping with this finding, a recent
clinical study showed that advanced squamous cell carcinoma patients, harboring XPD-mutation
(Asp312Asn or XPD-Lys751Gln), respond more favorably to cisplatin treatment than do patients
expressing wild-type XPD protein.”’

Other Roles of XPD

XPD also plays a role in regulation of CAK activity through modulation of Cdk7. During the
first 13 cell cycles of Drosophila’s embryos, transcription is not performed. During the interphase
and prophase periods of these cell cycles, XPD is expressed strongly, but the signal decreases
dramatically throughout the rest of mitosis, falling to nearly undetectable levels.®® Lower XPD
concentrations result in increased CAK activity, which in turn promotes cell cycle progression,
while cells over-expressing XPD show decreased phosphorylation of Cdk1, a downstream target
of Cdk7 and blocked cell cycle progression. Increased XPD expression could result in an increased
incorporation of CAK into the TFIIH complex, thus fewer free CAK is available to promote cell
cycle progression via Cdk1 phosphorylation.®

One intriguing thing is that XPB may share with other DNA helicases in protecting cells from
p53-mediated apoptosis. Werner syndrome {(WS) and Bloom syndrome (BS) are both discases
caused by defects in DNA helicases and patients with either discase are of smaller than average
stature. Although the proteins that complement WS and BS are members of the RecQ helicase
superfamily and XPB is a member of the SF2 superfamily, all possess 3" » 5" helicase activity.
Ectopic expression of any of the three proteins was sufficient to correct the apoptotic phenotype
presentin BS cells, though not in WS or XPB cells,* suggesting that although the proteinsare not
functionally redundant, they may have similar roles in p$3-mediated apoptosis. XPB and XPD
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may also play a role in the degradation of retroviral cDNA. Host cells defective in XPB or XPD
showed more effective transduction of viral cDNA with an increase in total cDNA molecules and
integrated provirus.® This change was not due to increased apoptosis in XP-defective cells, suggest-
ing that XPB and XPD may have a role in a cellular defense against retroviral infection. Another
interesting point is that XPB interacts with BCR through a domain that is conserved when BCR
fuses with ABL in chronic myelogenous leukemia (CML).#%2 In CML, the initial genetic defect
is the BCR-ABL fusion protein, but this is followed by blast crisis, an acute period of genomic
instability during which multiple mutations occur. Once XPB is bound through BCR-ABL's
Dbl-homology domain, the fusion protein was shown to phosphorylate XPB in both C-terminal
and N-terminal regions, which resulted in a decrease in both ATPase and the helicase activities.
However, in vitro repair activity of UV-sensitive cells complemented with XPB and expressing
BCR-ABL was only 5-10% less than that of similar cells not expressing BCR-ABL,* indicating
that perhaps the mechanism leading to the in vivo results come from phosphorylation-induced
transactivation of other TFIIH-interacting proteins.

Lessons from Genetic Variations of XPB/XPD

Unlike most other XP genes, XPB and XPD mutations exhibit variable and complex clinical
phenotypes due to the fact that both proteins are involved in transcription and DNA excision
repair. Depending on the location of the mutation, one might determine whether it impacts
the transcription activity or the repair activity,* which would allow for multiple phenotype,
as a result of different mutations to 2 multi-functional protein. For instance, patients with XP
are cancer-prone, while CS and TTD patients are not, but a single mutation to XPB could po-
tentially cause any of the three diseases. A mutation resulting in XP probably affects a portion
of the protein specific for its NER/transcription function, while one leading to TTD affects
transcription only. In support of this rationale, reports have indicated reduced levels of numer-
ous genes in TTD patients, including B-globin'! in humans and the product of the SPRR skin
gene in mice.” Regardless of the specific mutations found in patients diagnosed with TTD,
those patients invariably display reduced levels of TFIIH expression.®' Interestingly, however,
the relative amount of TFIIH found in the patient appeared to have no impact on the severity
of the symptoms. This clinical finding is similar to the report of Satoh et al'! claiming that cells
of XPB/XPD patients exhibit a deficiency in NER and decreased levels of TFIIH, but displayed
no change in transcription levels. Together, this suggests that perhaps mutations in one of the
XP proteins might lead to improper assembly of the TFIIH complex and that the polypeptide
subunits would then be degraded. How a basal level of TFIIH might be maintained in such an
occurrence, however, has yet to be explained.

In XPB, a frameshift mutation at the 3' end resulted in inhibition of both repair and transcrip-
tion function mediated by TFIIH,* which was responsible for a combined XP and CS pheno-
type. As a subunit of the TFIIH complex, XPB is anchored to the core complex by p52. The p52
subunit not only mediates XPB function but also is necessary for TFIIH stability.*” While both
XPB and XPD are necessary for NER, transcription activity may not be affected by defects in
cither helicase,?® instead suggesting that problems with cellular function might only be seen under
specific conditions. On the other hand, a decreased transcriptional activity with cells from XPB
and XPD patients could be overcome by artificial opening of the promoter,® suggesting that a
mutation of XPD, necessary for ATP hydrolysis, may not be sufficient to alter promoter opening
or transcription levels.”®

Most of the XPD mutations found in XP patients are located in the C-terminal domain that
interacts with the p44 protein.’! Although the mutations at the C-terminus hardly affeceed XPD’s
helicase activity, these mutations abolished the interaction of XPD with p44and the stimulation
of helicase activity.!! Besides point mutations that cause diseases and are found in the homozygous
state in patients or on only one XPD allele in asymptomatic parents, at least seven polymorphisms in
exons 6, 8, 10, 17,22 and 23 of the XPD gene have been identified in various cancers,?*® although
the effects of these mutations on gene function are not clear.
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Recently, a knock-in mouse model for combined XP/Cockayne syndrome (XPCS) was cre-
ated to examine the cancer predisposition in the combined disorder.” This was accomplished by
a single point mutation (G602D) in the XPD gene. Since XP is a cancer-prone disease and CS is
a premature aging disease, perhaps this single point mutation can modulate both disease processes.
These mice displayed reduced NER activity, residual unscheduled DNA synthesis without damage
repair and an elevated cancer-prone phenotype, suggesting that accelerated cell death and cancer
predisposition can both result from the same mutation.

Aside from genetic variations in XPB or XPD, virus-encoded proteins also play a role in modu-
lating TFITH expression/function. For example, a nonstructural protein (NSs) in the nucleus of
the Rift Valley Hemorrhagic Fever (RVHF) virus can interact with the p44 protein of the TFIIH
complex.®* The NSs protein outcompetes XPD for p44 binding, sequestering it along with XPB
in filamentous structures and preventing the formation of TFIIH. Hepatitis B virus has also been
shown to downregulate TFIIH expression, although HBV, unlike RVHEF, acts by preventing tran-
scription of XPB and XPD.* HBV is a dsDNA virus coding for a protein known as HBx, which
has the ability to transactivate cellular genes,% and an earlier study showed a novel suppression
activity of HBx on XPB and XPD expression in transgenic liver cells.® This downregulation may
occur through interaction of HBx with transcription factor Sp1, for which both XPB and XPD
promoters contain responsive elements. Since chronic Hepatitis B is a risk factor for hepatocellular
carcinoma, the authors propose that decreased expression of XPB/XPD might result in decrease
NER activity and thus increase genomic instability.
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CHAPTERG6

XPC:

Its Product and Biological Roles

Kaoru Sugasawa*

Abstract

he XPC protein is a component of a heterotrimeric complex that is essential for damage

recognition in a nucleotide excision repair subpathway that operates throughout the

genome. Biochemical analyses have revealed that the broad substrate specificity of this
repair system is based on the structure-specific DNA binding properties of the XPC complex.
Other subunits of this complex, including human Rad23p orthologs and centrin 2, play individual
rolesin enhancing the damage recognition activity of XPC. Physical interaction with UV-damaged
DNA -binding protein is also important for the efficient recruitment of XPC to sites containing
DNA damage, particularly UV-induced photolesions. Furthermore, recent studies have suggested
that XPC may also be involved in base excision repair and possibly in other cellular functions that
may be mediated by posttranslational modifications.

Introduction

The mutation(s) in genetic complementation group C is one of the most common form of
autosomal recessive disorder, xeroderma pigmentosum (XP).'? Although XP-C patients exhibit
cutaneous hypersensitivity to sunlight exposure and a marked predisposition to skin cancer like
patients in other XP groups, they usually do not have neurological abnormalities. Cultured
XP-C fibroblasts show relatively mild sensitivity to ultraviolet (UV) irradiation but very limited
UV-induced unscheduled DNA synthesis, 10-20% the level of normal fibroblasts, indicating
defects in global genome nucleotide excision repair (GG-NER). On the other hand, XP-C cells
are proficient in the removal of damage from the transcribed strand of active genes.?

The XPC gene was first identified by expression cloningas a gene that corrected the repair defect
of XP-C fibroblasts.® Subsequently, in vitro NER complementation assays enabled purification of
a protein factor containing the XPC gene product.¢ The human XPC protein is composed of 940
amino acids, the primary sequence of which shares moderate homology with the Saccharomyces
cerevisiae NER protein Rad4p. XPC exists in vivo as a highly stable heterotrimeric complex
with one of the two mammalian homologs of S. cerevisiae RAD23p (designated RAD23A and
RAD23B) and centrin 2, which is also known as a centrosomal protein.” This chapter describes
the functions of the XPC complex in the molecular mechanisms of GG-NER, including the roles
of each subunit and their possible involvement in other ceflular functions beyond NER.

XPC Is a Damage Recognition Factor in GG-NER

The XPC complex was purified from nuaclear extracts from NER-proficient human cultured
cells as a protein factor that corrected the in vitro NER defects of XP-C cell extracts.> A key step
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of this purification utilized single-stranded DNA-cellulose, indicating that this factor possesses a
strong DNA-binding activity. The XPC gene encodes a basic protein (theoretical pI ~9.05) that
is responsible for its affinity for DNA, whereas neither of the Rad23p homologs nor centrin 2
binds DNA by itself. Electrophoretic mobility shift and DNase I footprinting assays, with DNA
substrates containing site-specific lesions, revealed that XPC is capable of binding specifically
to various damaged sites, including UV-induced pyrimidine-pyrimidone (6-4) photoproducts
(6-4PPs) as well as N-acetoxy 2-acetylaminofluorence (AAF) adducts, whereas it poorly recog-
nizes UV-induced cyclobutane pyrimidine dimers (CPDs) (Fig. 1).5? Scanning force microscopy
also demonstrated that XPC binds precisely to damaged sites and induces a ~45° bend in the
DNA duplex.’® Moreover, biochemical analyses indicated that XPC functions in the first stage
of cell-free NER reactions. It was demonstrated that, in vitro, NER preferentially takes place on
damaged DNA that has been pre-incubated with XPC, as compared to damaged DNA in the
same mixture that has been pretreated in its absence.!! Roles for XPC in damage recognition and
in the initiation of repair were also supported by biochemical studies that determined the order
of NER complex assembly on damaged DNA substrates immobilized on paramagnetic beads.12
Furthermore, localized UV irradiation experiments, using isopore membrane filters, revealed that
the accumulation of XPC in subnuclear domains containing damage does not require any other
functional XP gene.? This observation is in line with the fact that XP-C cells are deficient only in
GG-NER,*because primary damage recognition during transcription-coupled repair is thought to
be accomplished by RNA polymerase II stalling at lesions on the template strand, a phenomenon
that functionally substitutes for lesion recognition by XPC.*

ND 6-4PP CPD ND AAF
A A .

XPC-RAD23B - il - sl - el -l -

bound |: ““ e

100 | e oee osse opes eswe

Figure 1. Specificity of DNA binding by the XPC complex. Electrophoretic mobility shift as-
says were performed using the recombinant human XPC-RAD23B heterodimer (adopted from
ref. 9). The radiolabeled substrates used were ~180-bp double-stranded DNAs containing a
site-specific lesion (cis-syn CPD or a 6-4PP thymine dimer or an AAF adduct of deoxyguanine).
XPC can bind to DNA sites containing lesions like 6-4PP and AAF that induce relatively large
DNA helical distortions, whereas CPDs, which only minimally distort the DNA duplex, are
poorly recognized. ND: no damage. Reproduced from: Sugasawa K et al. Genes Dev 2001;
15:507-521;% ©2001 with permission from Cold Spring Harbor Laboratory Press.
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The XPC complex apparently recognizes various helix-distorting base lesions that do not share
a common chemical structure. Extensive biochemical studies on its binding specificity revealed
that XPC instead recognizes a specific secondary DNA structure (a branched structure contain-
ing a junction between double- and single-stranded DNA) rather than lesions themselves." Thus
the presence of single-stranded DNA (i.e., one or more nonhydrogen-bonding bases) is a crucial
factor for specific binding by XPC, so that its affinity for specific lesions appears to correlate with
the extent of helical distortion that they induce. For instance, XPC preferentially binds artificial
bubble-like structures, even those without base damage and the extent of affinity parallels bubble
size.” On the other hand, CPDs induce only minimal helical distortion. Solution structures solved
by NMR clearly indicate that all bases, including the two damaged pyrimidine residues themselves,
are still hydrogen-bonded with purines on the opposite strand,'¢'7 thereby explaining why CPDs
are poorly recognized by XPC. Based on these biochemical properties, XPC functions as a versatile
damage recognition factor that contributes to the very broad substrate specificity of GG-NER.

It was shown that XPC physically interacts with the multifunctional transcription/NER
complex TFIIH, which contains the XPB and XPD helicases.’*** The XPB and p62 subunits of
TFIIH appear to be responsible for interaction with XPC"., Although TFIIH alone does not
exhibit significant DNA-binding activity, it appears to be recruited to sites of DNA damage in
an XPC-dependent manner both in vitro®*?° and in vivo."* Therefore, one of the mechanistic roles
of XPC, after damage recognition, is probably the direct recruitment of TFIIH to the lesion.
Since local unwinding of duplex DNA at damaged sites is a key role for TFIIH in NER,** the
conformational change in DNA, induced by XPC,'° may also play an important role in facilitating
entry of the XPB and XPD helicases in DNA.

Several functional domains have been determined in XPC, which include binding domains for
DNA, RAD23, centrin 2 and TFITH (Fig. 2).% Most of these map near the carboxy terminus and
overlap with a domain that shares significant sequence homology with Rad4p,* while the functions
of the amino terminal region are relatively ambiguous. Numerous pathogenic mutations in the XPC
gene have been identified from patients; these mutations are distributed throughout the gene with
no obvious hotspot.?3 The vast majority are either truncating nonsense or frame-shift mutations
that cause loss of the functionally important carboxy terminus. In these patients, XPC mRNA
levels are also greatly reduced, probably as a result of nonsense-mediated mRNA decay,®3*%2 so
that the expression of truncated XPC proteins has not been detected. Thus most XP-C patients
exhibit null phenotypes, including UV sensitivity and reduced levels of UV-induced unscheduled
DNA synthesis.

XPC
UbL UBA binding UBA

hraD23A [ | [l | || 36322
hraD238 [ [ T Tl T ] 409aa

RAD23 binding TFIIH binding
hXPC | | | 940 aa
Rad4p homologous - Rad:lphomologous ] N\

binding

centin2 [ ] 172aa

Figure 2. Domain structures of subunits of the human XPC complex.
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Roles for Other Subunits

In mammalian cells, most XPC protein forms a complex with RAD23B, while the remaining
minor fraction binds to RAD23A.7 This is probably due to the differential expression levels of the
two Rad23p homologs,* since the in vitro interactions of recombinant XPC with RAD23A and
RAD23B are indistinguishable.” The combined cellular level of the two Rad23p homologs appears
tobe > 10~20 fold higher than that of XPC,%% suggesting that their functions are not restricted to
GG-NER. Yeast Rad23p also forms a stable complex with the XPC counterpart Rad4p,” show-
ing evolutionary conservation of this interaction and members of the Rad23p family also share
unique domain structures (Fig. 2).*% Yeast Rad23p and its homologs possess an amino-terminal
ubiquitin-like sequence (UbL), which interacts with the 26S proteasome.*'*? In mammals, the
proteasomal subunit, responsible for this interaction, is $5a (PSMD4), which was identified as
a polyubiquitin-chain receptor. In addition, members of the Rad23p family each contain two
copies of the ubiquitin-associated (UBA) domain, directly interacts with ubiquitin, particularly
lysine 48-linked polyubiquitin chains.®*# It has been proposed that RAD23 proteins function as
shuttle factors, recruiting polyubiquitinated protein substrates to the 26S proteasome, although
they have also been observed to have inhibitory effects on proteolysis under certain experimental
conditions.****” Their XPC binding domain maps between the two UBA domains.*

Targeted disruption of the murine R4D23B (mR 2d23B) gene greatly compromises the in vivo
stability of XPC, thereby resulting in a marked reduction of its steady-state protein levels. 344
Simultaneous deletion of mRad234 further reduces XPC protein levels, although the mRad23a
single knockout has only a marginal effect. When XPC is ectopically expressed in mouse embryonic
fibroblasts (MEFs), that lack both 7R4d423 genes, it is dramatically stabilized by trearment with
proteasome inhibitors or DNA damaging agents, strongly suggesting that the Rad23p homologs
protect XPC from degradation by the 26S proteasome.® Similar phenomena have been observed
with yeast Rad4p, which is substantially destabilized in the absence of the RAD23 gene.*® Although
this is probably also the case for the endogenous XPC protein, its metabolic turnover in normal
fibroblasts is so slow that similar stabilization effects are difficult to prove.*Importantly, GG-NER
activity appears to correlate with steady-state XPC protein levels:>* mRad23a/b double knock-
out MEFs exhibit specific defects in GG-NER similar to those of XP-C fibroblasts, indicating
that Rad23p homologs contribute to the maintenance of cellular repair by stabilizing XPC >4
Intriguingly, mRad236 knockout mice exhibit severe phenotypes, including developmental
abnormalities and male sterility and the mR44234/b double knockout is lethal % These results
clearly point to additional important functions of the Rad23p homologs beyond GG-NER, likely
in the regulation of proteolysis, because the absence of GG-NER alone does not affect normal
development and viability as demonstrated by XP-C patients and Xpc” mice.

The third subunit of the XPC complex is centrin 2, which is a small calmodulin-like calci-
um-binding protein. Centrin 2 has been identified as a component of the centrosome and knock-
down of its expression blocks centriole duplication, thereby arresting the cell cycle.”! Besides its
function in the centrosome, centrin 2 also localizes to the nucleus® and is involved in GG-NER
as part of the XPC complex and probably in other cellular functions such as homologous recom-
bination.>* Thus, like the Rad23p homologs, centrin 2 is a multifunctional protein. XPC appears
to constitutively bind to centrin 2 rather than inducibly interact with it upon DNA damage.”

Like other members of the calmodulin family, centrin 2 contains EF-hand motifs and binds
to a short putative a-helix in XPC through hydrophobic interactions. The centrin-2-binding
site was mapped near the carboxy terminus of XPC (Fig. 2) and in vivo GG-NER activity is
partially compromised when several hydrophobic amino acids in this site are replaced by alanine
residues.” On the other hand, several groups have succeeded in reconstituting cell-free NER
reactions with purified protein factors and the XPC-Rad23B heterodimer was routinely utilized
in these systems.**** Hence, although centrin 2 is not essential for repair per se, its addition
dramatically potentiates in vitro NER activity and this stimulation is due to enhancing both the
affinity and damage-specificity of DNA binding by XPC.?* Therefore, centrin 2 contributes to
GG-NER activity in a manner different from that of the RAD23 proteins. Moreover, there isan
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interesting possibility that centrin 2 mediates crosstalk between DNA repair and other cellular
damage response pathways, for instance by regulating cell cycle checkpoints.

Ubiquitination and Interaction with UV-DDB

Recent evidence indicates that the XPC protein undergoes ubiquitination when cells are
UYV irradiated.’®™” This modification appears to be reversible and not to induce proteasomal
degradation of XPC. Importantly, XPC ubiquitination is dependent on the presence of func-
tional UV-DDB (UV-damaged DNA-binding protein) for which XP-E patients are defective.’
As described in chapter 7, UV-DDB is a heterodimer consisting of the DDB1 and DDB2
(XPE) proteins, that exhibits much higher damage discrimination than XPC, especially for
UV-induced photolesions.>5%5 Is affinity and specificity for 6-4PP are particularly notable,
while UV-DDB can also recognize CPD.”*$! XPC and UV-DDB directly interact, suggesting
that UV-DDB bound to damaged sites may facilitate the subsequent recruitment of XPC 566263
This mechanism appears to be especially important for CPD repair, since this lesion is poorly
recognized by XPC alone, whereas 6-4PP can be recognized either by XPC directly or through
the UV-DDB-mediated pathway (Fig. 3). For chemically-induced lesions, the efficiency and con-
tribution of these two recognition pathways may vary depending on the relative affinities of XPC
and UV-DDB for a given lesion. It should be noted that XPC is always required for GG-NER,
involving any type of lesion and that UV-DDB cannot substitute for XPC. Furthermore, 6-4PP
as well as other chemical adducts are removed efficiently even in the absence of UV-DDB.%

UV-DDB is associated in vivo with ubiquitin ligase, which consists of cullin 4A, Roc1 and the
COPYsignalosome.®> Ubiquitin ligase bound to UV-DDBin vitro can polyubiquitinate not only XPC
but also DDB2 and cullin 4A.%%The polyubiquitination of DDB2 dramatically alters the damage
recognition activities of UV-DDB, which we have proposed to be important for transferring lesions
from UV-DDB to XPC and for the subsequent initiation of repair. On the other hand, the precise
roles of polyubiquitin chains formed on XPC remain to be elucidated. Although DDB2 has been

A CPD B 6-4PP C chemical adduct
chemical adduct (UV-DDB cannot bind)
(UV-DDB can bind)
UV-DDB UV-DDB UV-DDB
\ \\ /
$ XPC complex XPC complex ‘ XPC complex
// y / \.\ \

| : }

Figure 3. Diversity of damage recognition pathways for GG-NER. A) UV-induced CPDs are poorly
recognized by XPC alone and the UV-DDB-dependent pathway has a predominant role in
repairing this lesion. B) Since not only UV-DDB but also XPC efficiently recognize 6-4PPs,
the two damage recognition pathways operate in parallel. This may also be the case for some
helix-distorting chemical adducts that are recognized by UV-DDB. C) Among NER-type lesions,
some chemical adducts (e.g., 4-nitroquinoline 1-oxide) are poorly recognized by UV-DDB#.
Such lesions are repaired mainly through direct recognition by XPC.
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reported to be degraded upon UV irradiation of cells,¥”#® ubiquitinated XPC appeats to be protected
from degradation by the proteasome and the Rad23p homologs may be important for this protection.
Moreover, it was reported that XPC may also be sumoylated.” In addition to possible roles in mecha-
nisms of GG-NER (e.g., regulation of interactions with other NER factors), these posttranslational
modifications of XPC may be involved in specific signaling pathways for cellular damage responses.

Possible Functions of XPC beyond NER

In experiments with a yeast two-hybrid screening system, we discovered that XPC interacts
with thymine DNA glycosylase (TDG).® TDG is a base excision repair (BER) enzyme that excises
uracil and thymine residues from G/U- and G/T-mismatches that arise from the spontaneous
deamination of cytosine and 5-methylcytosine, respectively.”® Thus TD G is thought to contribute
to the suppression of spontaneous mutagenesis. In addition to this physical interaction, XPC can
stimulate the activity of TDG in vitro.* It has been documented that TDG and its Escherichia
coli homolog, mismatch-specific uracil DNA glycosylase (MUG), remain tightly bound to the
abasic sites that result from their activities.”>”> XPC appears to relieve this product inhibition
by facilitating dissociation from abasic sites and enzymatic turnover of TDG (Fig. 4). It has been

A nucleotide excision repair B base excision repair
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Figure 4. Possible dual functions of XPC in NER and BER. Besides its established function as
a damage detector and an initiator of GG-NER (A), XPC may facilitate the enzymatic turnover
of TDG (B). In XP-C patients, compromised TDG activity may result in an elevation of the
spontaneous mutation frequency, which may further enhance the risk of skin tumors primarily
caused by defects in GG-NER.
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suggested that AP endonucleasel,” and/or sumoylation’>”* may also be involved in promoting
TDG turnover, although the functional relationships between these factors and XPC remain to
be elucidated.

Extensive studies have been conducted to identify mutations in the p53 tumor suppressor gene
and other genes in UV-induced skin tumors from XP-C patients’® and Xpc’- mice.”*” In addition
to typical C to T and CC to TT transitions at dipyrimidinic sites, other types of mutations have
also been found, for example the frequency of C to T transitions in a specific nondipyrimidinic
CpG sequence (affecting the Thr122 residue) of the murine Trp53 gene is considerably increased
in Xpc'- mice, as compared to skin tumors induced in wild-type and Xpc heterozygous mice.”®”
A possible explanation for this is that the loss of XPC functions may compromise TDG activity,
thereby resulting in less efficient correction of deamination-induced G/U and G/T mismatches
and a consequent elevation of spontancous C to T transitions. Also it has been shown that, even
in the absence of UV irradiation, Xpc’" mice acquire age-dependent spontancous mutations®
that cannot be explained by reduced TDG activity and that XP-C fibroblasts may have defects in
the repair of oxidative DNA damage ##2These findings suggest that XPC may affect activities of
other DNA glycosylases or repair systems in addition to TDG. Indeed it has been very recently
reported that XPC stimulates hOGG1, which removes 8-oxoguanine, a major mutagenic oxidative
base lesion®. Further studies would shed light on the possible composite mechanisms underlying
tumorigenesis in XP-C patients.
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CHAPTER 7

The XPE Gene of Xeroderma
Pigmentosum, Its Product
and Biological Roles

Drew Bennett and Toshiki Itoh*

Discovery and Background
eroderma Pigmentosum (XP) is an inheritable genetic disorder in which patients become
x- very sensitive to ultraviolet (UV) light exposure and prone to skin cancer. Its genetics are
complex and multiallelic. Based on complementation studies, involving UV sensitivity
of fused cells, initially XP was classified in 5 subgroups, XP-A to XP-E. Present studies, however,
have discovered that there are at least 8 subgroups, XP-A to XP-G and XPV. Studies of these genes
have shown that their products play critical roles in nucleotide excision repair (NER) following
DNA damage. XP-E subgroup has been considered to be of the mildest XP forms and their exact
roles in NER are not yet clear.

From human placenta Feldbergand Grossman (1976) purified a damage-specific DNA binding
protein (DDB) which showed the binding ability to UV irradiated DNA. In the same study they
showed that this protein did not show any exo- or endonuclease, polymerase or N-glycosidase
activity but attached specifically to double stranded irradiated DNA. It did not bind to DNA with
pyrimidine dimers suggesting that this protein recognized photoproducts else than pyrimidine
dimers. Analysis of XP group A (XP-A), B (XP-B) and C (XP-C) deficient cell lines (only these
cell lines were then available) showed that none of these have deficiency in DDB protein.!

DDB could not be associated with any XP groups until Chu and Chang (1988) reported that
some (and not all) cases of XP-E cell lines were deficient for this protein. Using a broad range of
UV-irradiation intensities, the DDB activity; i.c., a specific band shift by gel shift assay, was found in
cell extracts to bind to UV-irradiated DNA over most of the range. In addition to UV-irradiation,
DNA adducts generated by cisplatin also markedly increased DDB binding. XP-E XP2RO cells
did not show wild-type binding activity to UV-irradiated DNA; hence DDB became associated
with XP-E pathology. Furthermore, the source of XP-E pathology was found not to be due to a
dominant negative factor because complementation with other XP groups to XP-E cells corrected
the phenotype and restored damaged DNA binding.2

However, other groups failed to identify defects in DDB binding in other XP-E cells.** Because
the defining characteristic of DDB activity was the ability to bind to damaged DNA, understand-
ing more about its function in the cell would help to determine its relationship with XP-E. After
purifying DDB from cell extracts using the HeLa human cervical cancer cell line, it was determined
that the protein is a heterodimer. It was originally reported as being composed of 124 kDa and 41
kDa polypeptides, which are now referred to as p127PP8! and p48P0825
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A critical step forward in XP-E and DDB research was achieved by the cloning of the human
DDB subunits. The two subunits were named DDB1 (GeneBank U18299) and DDB2 (GeneBank
U18300). Fluorescent in situ hybridization experiment revealed that both subunits are coded by
genes are chromosome 11,at 11q12-q13 for DDBland 11p11-p12 for DDB2.DDB1 and DDB2
are the only XP genes that are found on chromosome 11.6 For the DDB2 gene, the presence of
WD40 repeats in its sequence suggests that it may be involved in a variety of cellular functions,
as other WD40 repeat genes show signal transduction, cell cycle regulation and RNA splicing,
transcription and apoptosis.” In contrast, DDB1 does not show any sequence homology with any
other known, human gene.

Previous studies of XP-E raised the possibility that mutations leading to defect in more than
one protein or in different protein domains would lead to the difference in DDB defectiveness
in XP-E cells, the sequences of the two DDB genes allowed for analysis of the known XP-E
cells in order to determine the link between XP-E and DDB. As the previous data suggest, the
XP-E cells, XP2RO and XP82TO, showed mutations in DDB2 while other XP-E cells, which
were classified as “Ddb*” XP-E cells were nonmutant. Likewise, there were no XP-E cells which
showed mutations in DDBI, implicating DDB2 as the primary site of mutation in the “Ddb”
XP-E cells.*? Finally, additional work by Itoh et al (2000) firmly established that the cause of
the XP-E pathology was due to DDB2 mutations alone. The confusion over what role DDB2
mutations had on the XP-E phenotype was clarified by the reclassification of the “Ddb*” XP-E
cells into XP-F, XP variant and ultraviolet-sensitive syndrome by genome sequencing and a more
refined complementation analysis. Therefore, the correlation between DDB2 mutations and XP-E
pathology was confirmed.?® Currently, there are 8 identified cases of XP-E, all of which possess
mutations in the DDB2 gene.!

Expression and Regulation of DDB Protein

Asa result of DNA damage, p53 becomes phosphorylated and resistant to MDM2-mediated
degradation. Then, p53 is available to activate transcription of genes involved in cell cycle arrest,
repair and apoptosis. DDB2 RNA and protein have also been found to be upregulated by p53 in
response to UV-irradiation. Furthermore, p53 can upregulate the expression of DDB2 outside of
UV- and ionizing radiation.'? Interestingly, DDB2 and p53 seem to show reciprocal regulation.
In XP-E cells, DDB2 RNA expression is upregulated by p53 binding to its consensus binding
site (CBS) in intron 4 of DDB2 while p53 levels appear to be significantly reduced in XP-E cells.
Specifically, a maximum induction of pS3 protein was found between approximately 9 and 12 hours
after UV-irradiation in normal skin cells. Under the same conditions, DDB2 is induced maximally
after 48 hours which implicates p53 as being responsible for its activation. This hypothesis was
confirmed by mutation of the intron 4 CBS which did not show an increase in DDB2 expression
after UV-irradiation.”?

‘The reduced basal levels of p53 (and its downstream target proteins) reached to normal levels
only when DDB2 containing the intron 4 p53 CBS was included. This regulation is even more
complex because p53 appears to have negative impact on DDB2 levels when the intron 4 p53 CBS
is retained. However, the most important aspect of p53 regulation of DDB2 is after UV-irradiation;
the XP-E phenotype can be corrected by addition of DDB2 containing intron 4 with the p53
CBS. The correction of the XP-E phenotype was displayed by the ability of the DDB2 construct
including intron 4 to restore sensitivity to UV-irradiation by apoptosis.'> However, the changes
in the protein and RNA levels of DDB2 after UV-irradiation do not follow the same time course,
implicating posttranscriptional control which has yet to be elucidated.

Exact biochemical function of DDB2 in the overall process of DNA repair is still in the
theoretical stage although (i) cell free extracts from DDB deficient cells have normal nucleotide
excision repair, (ii) expression levels of DDB2 after UV-irradiation reach their maximum (48
hours) at a time when most NER is complete,” and (iii) in vivo DNA repair synthesis is within
normal levels in XP-E cells.>!! However, XP-E cells are resistant to UV-induced apoptosis, which
implies a defect in the apoptotic signal transduction pathway.
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Mouse Model

In agreement with cell culture data, XP-E model mice (DDB2-/-) show enhanced skin tumor
incidence after UV-exposure over wild-type mice (Figs. 1, 2) but did not develop skin tumors
in response to DMBA -exposure. Since other XP model mice are prone to DMBA-induced skin
cancer, presumably due to a repair defect of DMBA-induced DNA adducts, DDB2 may have
functions beyond NER. The DDB2-/- mice showed relatively normal phenotypes excluding
UV-induced skin cancers which give credence to their use as an XP-E model animal. Even DDB2
heterozygous knock-out mice (DDB+/-) showed increased skin tumor incidence in response to
UV-irradiation (Fig. 2). Taken together, the DDB2 mouse model has proven useful subjects in
understanding the nature of DDB2 in XP-E. Although these results clarify the link between UV
sensitivity and DDB2, critical questions remain unanswered about the exact biochemical functions
of DDB2 and its role in oncogenesis. Future work is required for understanding the exact role(s)
of DDB2 in normal human cells.

Protein Interactions

Either DDB1 or DDB2 individually or the DDB complex have been shown to interact with a
variety of proteins. DDB and DDB2 were found to interact with the activation domain of E2F1 and
stimulate E2F1-activated transcription.’ This interaction is interesting because E2F1 is involved
in the transcription of genes necessary for DNA replication and cell division. If DDB is directed
toward damaged DNA after UV-irradiation, it may no longer be available for E2F1 activation,
thereby down-regulating proliferative gene expression.

A number of authors have reported that DDB becomes associated with the cullin 4A (CUL-4A)
ubiquitin ligase. It was believed that DDB is a target of CUL-4A since CUL-4A has been found
to be upregulated in breast cancers.!” Over-expression of CUL-4A leads to a decrease in DDB2
while proteasome inhibition increases the level of DDB2.'® Also, there are XP-E mutations which
make DDB2 resistant to CUL-4A ubiquitination. Because most DDB2 mutant proteins in XP-E
cells remains undetectable, it is assumed to be degraded, ' the significance of DDB2 ubiquitination
by CUL4A remains unclear. Since CUL-4A is up-regulated in many tumors, its effect on DDB2

Figure 1. Tumor analysis of DDB2-/- mice after UV-irradiation.”® A) Arrows indicate tumors
appeared on the back skin. B) Arrow points to invasion of atypical squamous cells and mitotic
figures. Magnification: X40.
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Figure 2. Kaplan-Meier curves (A) and Tumor numbers (B) of UV-treated DDB2 +/+, +/-, and
-/- mice.”® Solid lines indicate exposure to all mice and dotted lines indicate exposure to
tumor-free mice only.

may be partly responsible for impaired function of DDB2 in those tumors.? Furthermore, some
evidence has expanded upon the upstream regulation of DDB2 degradation through CUL-4A
by focusing on the actions of c-AbL The ubiquitination of DDB2 by CUL-4A can be inhibited
by CANDI. c-Abl antagonizes CAND1 independently by a kinase activity of c-Abl and leads to
degradation of DDB2 through CUL-4A »' Current models of NER function divide the pathway
into two groups: global genome repair (GGR) and transcription-coupled repair. GGR refers to
nontranscribed DNA repair, which is typically less efficient than repair of damaged genes that are
actively transcribed. One theory for this observation is that transcribed genes are not condensed
into chromatin and are more accessible to the DNA repair machinery. DDB has also been impli-
cated in histone ubiquitination in complex with CUL-4A and associated proteins like Roc1.22 A
possible explanation for the involvement of DDB in histone modification is that after UV-induced
damage to DNA, repair enzymes would be able to gain access to condensed chromatin in order
to carry out GGR.

Itis interesting to note that DDB1 and DDB2 have been found to bind to the hepatitis B viral
protein X.2* The HBV X (HBx) gene encodes a small multi-functional protein which is necessary
for the HBV life cycle that trans-activates transcription, stimulates apoptosis and inhibits p53.
It is believed that HBx can bind to both DDBI1 and DDB2 and that DDB2 can facilitate the
nuclear localization of HBx and so contribute to the promotion of HBV life cycle and subsequent
pathology. An interesting effect of this binding relationship is that if DDB2 is over-expressed,
it competes with HBx for binding to DDB1.” In addition, there have been other proteins that
have been implicated in binding to DDB which include CBP/p300 and the COP9 signalosome.
Recent work implies that DDB may have the potential to associate with CBP or p300 and bind
to damaged chromatin. Then, the CBP/p300 would allow other repair enzymes to have access
to the damaged site by acetylating the surrounding histones.?* Furthermore, the data that DDB
associates with CUL~4A, the COP9 signalosome has been found to bind to CUL-4A and DDB2
after DNA damage to form a COP9 signalosome complex. This complex is then thought to bind
to chromatin and ubiquitinate histones, allowing repair proteins access to damaged sites.”

DNA Binding of the DDB Complex

More recent works have shown that DDB can bind to a wide variety of DNA damage with
a high affinity to UV-damaged DNA; it can bind to (6-4) photoproducts as well as trans,
syn-cyclobutane pyrimidine dimers (CPDs) and T[Dewar]T photoproducts, as well as with
low affinity to cis, syn-CPDs.% DDB is also able to bind to DNA damaged by a wide variety of
damaging agents including cisplatin, 8-methoxypsoralen and cis-diamminedichloroplatinum(II)
adducts, N-methyl-N’-nitro-N-nitrosoguanidine and nitrogen mustard (HN?). It can also bind
to single-strand DNA, abasic sites, depurination and base-pair mismatches.??® However, if DDB
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and/or p48PP® play the same role when binding to all of the various forms of DNA damage that
it has affinity to, then it remains to be clearly worked out. Since DDB2 is ubiquitously expressed
in DNA damaged cells, it is quite possible that there are still other forms of DNA damage that
DDB can recognize and may possess other unknown functions.

Current Models of DDB Function

Sugasawa and colleagues have shown that the XPC protein complex requires functional
DDB in order to be ubiquitinated in response to UV-irradiation (Fig. 3).” In the absence of
UV-irradiation, DDB is not found in complex with the COP9 signalosome and CUL4A. However,
after UV-irradiation, the proteins come together to form a functional complex, implying that the
ubiquitin ligase activity of the complex is only present after UV-irradiation. A model of DDB func-
tion in the context of this complex includes the possibility that this DDB complex has such a high
affinity for some forms of damaged DNA, like 6-4 photoproducts, that it must be ubiquitinated
and removed before other repair proteins can gain access to the site. One such repair protein is
XPC, which also associates with the CUL4A complex after UV-irradiation. In this model, DDB
loses its affinity for the DNA lesion when it becomes ubiquitinated while XPC gains affinity after
ubiquitination, thereby gainingaccess to the damaged site.” These data are supported by the fact that
polyubiquitinated DDB posses a lower affinity for 6-4 photoproducts than unmodified DDB.

Another model was proposed by Wang and colleagues to account for the actual biochemical
function of the DDB-CUL4 complex (Fig. 4).2 However, instead of DDB being replaced by
XPC at the damaged site, the DDB complex facilitates the release of the histone associated with
the damaged DNA by ubiquitinating it. Then XPC (which has a higher affinity for naked DNA
than nucleosomes) along with HR23B would be able to gain access to the damaged site and carry
on with the repair process.
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Figure 3. A model of DDB complex function in the NER pathway.?
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Figure 4. A model of DDB complex function in the NER pathway.??

As the previous sections have implied, DDB2 regulation and function in the cell is quite com-
plicated. Therefore, a model which attempts to address some of the incongruous observations sur-
rounding DDB2 function after UV-irradiation was proposed by Kulaksiz et al (Fig. 5)."* This model,
which differs significantly from the previous ones, proposes that DDB2 is not directly involved
in NER but in cell cycle regulation, transcription and apoptosis. This model is supported from
previous work in that DDB2 has been implicated in the E2F1 transcriptional activation, p53 ac-
tivation and ubiquitination of a number of proteins in complex with CUL4A and/or the COP9
signalosome. Also, this model does take into account the cell extract studies in which p48DDB2
is excluded from can still carry out in vitro repair of DNA damage as well as XP-E cells being
able to carry out DNA repair at near normal levels. This model posits p48DDB2 at the center

6-4 photoproducts and CPDs
TFIIH + B

Cell cycle and
apoptosis
regulation

Figure 5. A model of DDB complex function in the NER pathway.'*



The XPE Gene of Xeroderma Pigmentosum, Its Product and Biological Roles 63

of a variety of cellular activities after UV-irradiation but not as a direct component of the NER
pathway. In this model, the cell cycle or apoptotic functions of DDB2 would explain the tumor
suppressive effects of DDB2.

Conclusion

Significance advancement has been made in the research and characterization of XP-E and
its gene product, p48PPP2 It is now accepted that in all cases XP-E is attributable to mutations in
the DDB2 gene. Both, the known human cases and the recent mouse model of DDB2 deficiency,
demonstrate that DDB2 has functions as a tumor suppressor in skin cancer. Studies of other tu-
mor types suggest the pathway may be altered in other tumor types. There has been considerable
advancement in the understanding of DDB2 transcriptional regulation and protein interactions.
However, many questions yet remain unanswered regarding the precise function of DDB2. The
exact biochemical function(s) of DDB2 in the context of its various protein complexes require
additional research. Continuing research into DDB2 function will provide a better understanding
of the pathways that may contribute to developing new treatments and therapies for patients with
XP-E and perhaps more generally to other cancer patients with altered DDB2 activity.
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CHAPTER 8

XPF/ERCC4 and ERCCI1:
Their Products and Biological Roles

Lisa D. McDaniel* and Roger A. Schultz

Introduction
t the time of writing, a general search of the literature reveals 259 references that specifically
A;efcr to XPF/ERCCA4. This puts XPF/ERCC4 around the half way point in a ranking
or each of the XP groups based on the number of literature citations in which the spe-
cific acronym can be found in the title or abstract. Although such a ranking scheme is somewhat
contrived, it is interesting to note that the number of citations for XPF/ERCC4 is very close to
that of its mechanistic counterpart, XPG (this relationship is discussed more fully below). The
large numbser of references citing XPF/ERCC4 is reflective of the fact that the cellular roles for
Nucleotide Excision Repair (NER) proteins are far more complex than at first imagined and the
examination of these diverse functions has begun in earnest taking advantage of a collection of high
quality reagents that include antibodies, cell lines and purified proteins and protein complexes. In
this chapter we review what has been learned about the cellular roles for XPF/ERCC4. The story
is an interesting one, but one far from complete with many questions remaining.

Patients in the XP complementation group F have all been found to have pathogenic variations
in the ERCC4 gene' (Table 1 and Fig. 1), so named as the fourth member of the excision repair
cross complementing (ERCC) Chinese hamster cell lines. Given that the ERCC4 human gene
designation was derived from the ability to correct the cellular defects in mutant hamster cells, prior
to establishment of an association with XPF patients, there has been some debate over appropriate
nomenclature. Similar discrepancies have arisen for a number of human loci where an alias from
one scientific field competes with that from another. The HUGO Nomenclature Committee was
established and assigned tasks that include the resolution of these discrepancies, determination
of a single preferred name and providing such at a readily available database (http://www.gene.
uclac.uk/nomenclature/). In the case of XPF/ERCC4 the committee has chosen ERCC#4 as the
accepted name and has withdrawn XPF. The reader will find that many journals and books still
use the term XPF, particularly in the DNA repair community. However, in support of the afore-
mentioned nomenclature decision and the multidiscipline interest in this gene and the protein it
encodes, we chose to use the designation ERCC4. Of course, patients and their cell lines will be
referred to by the designation XPF.

XPF Patients, ERCC4 Mutant Cells and Gene Cloning

The clinical features of XP patients are discussed more fully in Chapter 2. However, briefly,
patients in the XP-F complementation group have generally mild phenotypes and skin cancer is
late onset, between 27 and 47 years of age, compared to other XP groups.2* XPF is more common
in Japan*'* and few cases have been reported in other parts of the world.>*#1* Unscheduled DNA
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Figure 1. Pathogenic Variations in ERCC4. The ERCC4 protein is indicated by the grey solid
line. Helicase-like, Nuclease and Helix-hairpin-Helix (HhH) protein domains are illustrated
with boxes in the appropriate region, Missense pathogenic variations are above the gene and
are associated with arrows that approximate their location on the protein. Frameshifts and
the one deletion identified are below the gene. Nomenclature is as specified by the HGVS
(http://www.hgvs.org/mutnomen/) and the reference sequence is NMM_005236.

synthesis is about 10-20% of control cells.>*6” UV-survival curves show a sensitivity intermediate
between XP-C and control cell lines>'¢ averaging about a 3 to 6-fold increase in sensitivity.2 The
intermediate repair capacity is consistent with the intermediate UV sensitivity. Only a few patients
are described that exhibit neurological symptoms and these are reported to be late onset.21> XPF
cells are not sensitive to ionizing radiation,”” but unlike cells representing other NER deficien-
cies, cells and cell lines from XPF patients are also sensitive to DNA crosslinking agents.!*? This
biological observation provided an early suggestion that ERCC4 protein might play some role in
the repair of DNA crosslinks.

A gene that complements the repair defects in XPF cells was isolated based on identification
of cDNAs with homology to yeast Rad1.! In addition to correction of XPF cells, these authors
demonstrated that this cDNA corrected hamster cells representing ERCC groups 4 and 11. Protein
purification studies showed that the ERCC4 encoded protein formed a complex with ERCC1, which
together comprise a structure-specific endonuclease that cleaves 5 to the lesion during NER.

One carly study suggested that XPF mRNA levels are not reduced in patient cell lines.* However,
protein levels were dramatically reduced in these same patient cell lines™? suggesting degradation
of the protein occurs more rapidly in cells with pathogenic variations. The fact that abundant
message is seen in northern blots on RNA from these cells suggest that nonsense-mediated decay
(NMD)?* is not occurring in cell lines derived from XP-F patients even when both alleles have a
truncating variation.’ Quantitative RT-PCR studies, examining RNA expression, would be useful
in conjunction with western blots to clarify these results.
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It was previously reported that truncating pathogenic variations were not found in XPF patients
and proposed that complete loss of the protcin was lethal * However, XPF patients have now
indeed been described that are homozygous for a frameshift resulting in premature termination of
the protein. Patient XP230S is homozygous or hemizygous for p.Glu456GlyfsX8° ('Table 1). This
patient has not been reported to have neurological symptoms or more severe clinical symptoms,
including sun sensitivity or tumorigenesis, than patients with missense variations. In addition, cells
from this patient were able to perform low level unscheduled DNA synthesis indicating NER is
not fully abolished.?

Two of the three patients with reported neurologic symptoms have sequence results, one is
homozygous for p.Arg799Trp2 and the second is heterozygous for p.Arg799Tip and r.2304_
2307del,? a truncating variation resulting in the protein p.Thr770ProfsX46. These are the only 2
patients carrying these pathogenic variations. However, the ERCC4 gene has been sequenced in
only nine of the reported 23 patients with 14 alleles identified to date (‘Table 1). Additionally, as
most patients are reported, only at their initial diagnosis, little follow-up has been provided for
these individuals. Without further clinical follow-up and sequence analysis it is impossible to
examine a genotype-phenotype connection for this disorder. This is an aspect of the disease that
warrants further study.

Asmentioned above, ERCC4 is a designation given to Chinese hamster cell lines that represent
one of the UV sensitive genetic complementation groups totaling eleven. It is therefore relevant to
briefly review the cellular phenotypes associated with hamster mutants representing this comple-
mentation group. Ercc4 mutants are 6-fold more sensitive to UV-irradiation and 100-fold more
sensitive to mitomycin C (MMC) and other DNA crosslinking agents, once again suggesting a
dual role for this protein.'® The gene was cloned by a combination of functional cloning with hu-
man genomic DNA,* and additionally by screening of a cDNA library with the complementing
clone and subsequently assembling overlapping complementing cDNAs into a 3,845 bp transcript
that corrected the UV-sensitivity of UV41 (Ercc4 deficient hamster cells).? The genomic region
of the gene contains 11 exons that encompass 28.2 kb on chromosome 16p13.12.% The cDNA
sequence, NM_005236, is 2751 bp and encodes a protein of 916 amino acids with a mass of
104 kDa.'?8 'There are two leucine zipper motifs at 233-254 and 270-291% that are located in
the helicase domain.”” The nuclease domain is between amino acid 656 and 813 with the active
site between 670 and 740.% There is also a region containing two Helix-hairpin-Helix (HhH2)
domains between amino acid 837 and 905. A unique feature of the c-terminal portion of ERCC4
is a striking similarity to ERCC1, a gene that encodes a protein of 297 amino acids with a mass of
32.5 kDa,>* contains 8 exons and spans 10.1 kb at 19q13.%* As discussed below, this region of
similarity plays a key role in the physical interaction between ERCC4 and ERCC1. The protein
is expressed ubiquitously (http://symatlas.gnf.org/SymAtlas/).>!

It is interesting to note that no 5 or 3" untranslated regions (UTRs) have been deposited in
Genbank for ERCC4cDNA. The average 5' UTR in humans is 210 bp and the minimum length
is 18 bp, the minimum 3" UTR is 21 bp.* In the 86 RNAs that have been sequenced and listed
in Unigene (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?db = unigene), several of which
are genomic clones, none contain UTRs. Although in vitro only 1 bp is required for translational
start,” none of the clones contain even 1 bp before the start codon. The surrounding genomic DNA
revealed no ATA, CAAT or GC boxes, indicative of a transcription start site and the 3 * region had
no polyadenylation signal.* This study also included rapid amplification of cDNA ends (RACE)
that achieved 12 to 22 bp of additional sequence, however it is not clear if the sequence matched
the adjacent genomic sequence. One can speculate that the $” UTR may be toxic to bacteria, al-
lowing expression of the ERCC4 gene from the cloned sequence in the plasmid.

Mouse Models with Relevance to XPF (Erccl and Ercc4)

Mice were generated with a targeted knock-in construct replacing the endogenous exon 8
with a nonsense mutation at codon 445 (Ercc4™!7#4) the same pathogenic variation in one of the
XPF patients with a mild phenotype (XP230S).2* The neomycine resistant {(neo) cassette was
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removed by cre-mediated recombination leaving a single LoxP site in an intron. An RT-PCR
strategy has been devised to distinguish normal and mutant message in MEF cells after restriction
digest that differentiates the two cDNAs. However, both, message and protein, were undetect-
able in the homozygous mutant MEF cells* although the patient carrying the same change had
abundant message and no detectable protein.* Additionally, no mutant message was detected in
the heterozygous MEF cells. As expected, MEFs from homozygous mutant mice exhibit sensitiv-
ity to UV-irradiation and MMC treatment similar to that seen for XPF patients and the Ercc4
mutant hamster cell lines.? Interestingly, the mutant pups are normal at birth and genotypes oc-
cur at near Mendelian ratios. At two weeks of age the mutant pups were smaller than littermates.
Mutant mice die by 3 weeks, are small and have abnormal hepatic cells with enlarged nuclei that
have 4 to 8N DNA content. The class switch recombination of immunoglobin genes is normal in
these mice suggesting that general recombination is normal in these mice and that immunological
compromise is not responsible for death.

As briefly mentioned above and elaborated below, ERCC4 physical interaction with ERCCl is
a key aspect of the biochemical function(s) of these proteins. Therefore, not surprisingly the phe-
notypes of Erccl mutant mouse are somewhat similar to those for Erce4. However, Erccl mutants
are recovered at frequencies below the Mendelian expectation and they are runted and short lived
with liver, kidney, spleen and skin abnormalities.>*3* Three mouse models have been developed
that lack a functional ERCC1 protein. Two of the mouse models are targeted knock-out mice,
Erccl™ P and ErccI™V%%% and one is a targeted knock-in inserting a stop codon at position 292,
ErccI'" %%, shortening the protein by 7 amino acids and eliminating 2 amino acids in the essential
domain.* The specific phenotypes of the mice differ based on the type of mutation and the mouse
strain. Erccl™P*™ and ErccI™U%* both have neomycin resistance gene inserted in exon 5 and 7,
respectively. The resulting pups are runted and die by 3 weeks of age in the C57BL/6 x FVB/N
and 129P2/0laHsd x BALB/c mixed background and 6 weeks in 129P2/0laHsd x FVB/N or
129P2/0laHsd x C57BL/6 background due to liver failure.> Ercc1”"¥5* mice suffer loss of some
of the mutant embryos in utero, while mutants that are born survive to about 6 months of agein a
mixed 129P2/OlaHsd x C57BL/6 background. Life spans are shorter on a mixed 129P2/OlaHsd
x FVB background and mice are runted with spleen, kidney and liver abnormalities including cells
with 4,6 and 8N DNA content, which is less pronounced at birth® and significantly elevated by
21 days of age.* Deficient mice have no subcutaneous fat and are infertile.?* The size reduction
of these mice does not appear to be due to increased apoptosis suggesting it may be due to poor
growth and reduced cell proliferation.? In fact when proliferation was studied by thymidine up-
take and propidium iodide cell cycle analysis, mutant cells were 76% slower to divide than wild
type cells.’” Cell cycle arrest after DNA damage is normal.** MEFs from all three mouse models
are UV-sensitive and sensitive to crosslinking agents.**** The latter is similar to that seen for XPF
cells and Ercc4 mutant cells, once again supportive of the idea that the ERCC4-ERCC1 complex
plays a key role in crosslink repair.

Pathogenic variations in ERCC1 have not been found in the human population leading to
the suggestion that such mutations might be incompatible with life.* The phenotype of the mice
suggests some other role for the ERCC4-ERCCI1 complex. As elaborated below, it is known
that ERCC4-ERCC1 complex has roles in DNA crosslink repair,®* and some association with
homologous recombination.®! It is also interesting to note that the phenotypes seen in Erecl and
Erce4 mutant mice are considerably more severe than those associated with other NER-deficient
mice. For example, XPA mutant mice are viable and normal appearing exhibitinga UV-sensitivity
and cancer predisposition that is similar to that seen in the human counterpart. 4

XPF in Nucleotide Excision Repair

The Saccharomyces cerevisiae proteins RAD1 and RAD10 form a stable complex, 4 even
in the absence of DNA damage,* that is required for NER and mitotic recombination.”
The mammalian homologes to these proteins ERCC1 and ERCC4 also form complex and
are required for NER."¥% Extracts from cell lines defective in ERCC1 and ERCC4 do not
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complement each other in vitro®-! although the cell lines are able to complement each other
in cell fusion studies.’* However, when ERCC1 and ERCC4 are produced separately they are
able to form a complex in vitro,** suggesting that the proteins are unstable in vivo when not in
a complex. In fact, the two proteins in the ERCC1/ERCC4 complex are codependent, loss of
one component results in a reduction of the other.! 4505456 The complex is a structure specific
endonuclease,"””® that interacts with XPA> and performs the 5 incision of a dual incision event
during NER575%¢! after unwinding of the region surrounding the lesion by other components of
the NER machinery. In addition, in vitro studies have shown that the ERCC1/ERCC4 complex
may also cut duplex DNA at the site of 3 single-stranded flaps, bubble structures, stem loops,
splayed arms and single-strand protruding structures in vitro.5¢?% The interaction between
XPA and ERCC1/ERCCH4 is essential for recruitment of ERCC1/ERCC4 to the NER site
and for the dual incision.?$6-¢

The 3" incision is made by ERCCS5 (encoded by the gene defective in XPG) and binding of
ERCCS5 precedes™ and is necessary for the recruitment of and the 5 incision made by ERCC1/
ERCC4. However, the 3’ incision made by ERCCS is not required for the incision by the ERCC1/
ERCC4 complex.” The excised oligonucleotide is 24-32 bases in length.%7* Both the binding of
the ERCC1/ERCC4 complexand the incision are enhanced by RPA%. Addition of RPA to in vitro
reactions stops the nonspecific endonuclease activity of ERCC1/ERCC4 enabling the complex to
hydrolyze the fourth phosphodiester bond before the junction in dsDNA on the strand entering
the bubble in the 5’ to 3" direction.*®* The RPA trimer” binds to the undamaged ssDNA strand
using four OB (oligonucleotide/oligosaccharide-binding)-fold motifs that can bind cither 8 or
about 30 nucleotides, consistent with the size of the open bubble.” RPA is required for the dual
incision step.”>””

Two helix-hairpin-helix motifs at the C-terminal end of the two subunits mediate the ERCC1/
ERCC#4interaction”® and the complex binds DNA in a sequence independent fashion.” The pres-
ence of ERCC1 in the heterodimer is required for NER, although the actual nuclease domain
is in the ERCC4 protein.”® ERCC4 contains the conserved GDX,ERKX,D motif involved in
metal-dependant nuclease activity.*” Mutations in the conserved domain display little enzymatic
activity.? Site-directed mutation studies have shown that the mutations in many of the acidic and
basic amino acids near the metal (Mg" ) binding site reduce the enzymatic activity of the protein
but do not affect the DNA binding function.?® Only mutations in the acidic amino acids reduced
the metal-induced cleavage of DNA by the ERCC1/ERCC4 complex.?®

The c-Fos protein and a member of the Jun family, ATF1, form a heterodimeric activator protein
AP-1%# 3 transcription factor that binds to AP-1 sites stimulating a broad spectrum of genes that
are immediate-carly inducible after transcriptional activation by UV light®? and other agents. ¥
MEFs, deficient in c-Fos, are sensitive to UV-irradiation, a result that was originally explained as
impaired recovery of the cells from the UVC induced block of DNA replication.?” It has recently
been shown that the levels of Erce4 mRNA do not recover in ¢-fos-/- MEFs after DNA damage
and the damage is not removed after UV-irradiation, when compared to wild type cells suggesting
that resynthesis of DNA repair proteins is required after damage.® The ERCCS protein is also
affected. However, ERCCS protein appears more stable than ERCC4 as the 3 incision occurs in
c-fos-/- MEFs after DNA damage.®

The ERCC1/ERCC4 complex is not required for bubble formation around the sites of DNA
damage.®” The endonuclease and nucleotide binding domains reside in the N-terminal 378 amino
acids while the ERCCI1 interacting domain resides in the c-terminal end of the protein from
667-854 amino acids.”** Incision products have a 3’ OH group allowing gap filling to start at the
5’ incision site with no further modifications of the DNA.% Purified ERCC1/ERCC4 complex
is capable of cleaving Y structures® however a free 3’ end is not required for cleavage.”

Sulfolobus solfataricus from the Archaea group of bacteria has a short ERCC4 homolog contain-
ing a C-terminal nuclease domain and two HhH domains, but lacking the N-terminal helicase
domain. It also contains a PCNA-interacting region required for cleavage.”? Pyrococcus furiosus,
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contain a longer XPF homolog termed Hef (helicase associated endonuclease for forked struc-
ture).” Hef contains the functional helicase region motif in the N-terminal region, the nuclease
region and 2 HhH domains.” Both archaeal proteins are homodimers, cleave bubble and 3 *-flap
structures and the catalytic and HhH domains form homodimers independently.””*> When the
homodimer is bound to DNA one subunit or protomer is bound to the DNA through the nuclease
and HhH domains and the HhH domain is rotated by 95° from the unbound structure closing
around the DNA . The linker between the two domains acts as a hinge for this rotation and the
second protomer has very little contact with the DNA.** It has been shown that only one active
site participates in the cleavage while both HhH structures are required.*

Asaheterodimer the ERCC1/ERCC4 complex differs from the homodimer with one nuclease
domain in ERCC4 and HhH domains in both proteins. The other region in ERCC1 is the central
domain and it does not bind independently to the nuclease domain of ERCC4.% The use of a
truncated XPF, lacking the helicase-like domain, was shown to have the activity of the full-length
protein and was capable of binding with a ssDNA-dsDNA junction. The ERCC1/ERCC4
complex had 6-fold affinity for ssDNA over dsDNA structures, suggesting that the HhH domains
bind the two ssDNA regions allowing the nuclease domain of ERCC4 to cleave near the junction
of dsDNA.* However, the ERCC1/ERCC4 complex appears to release the excised ssDNA strand
as this fragment has been shown to be free of additional NER proteins.®

Expression has been examined using a green fluorescent protein tagged ERCC1. Tagged protein
interacts with ERCC4and is homogeneous in the nucleus although about 25% of the nuclei in the
study had 1-3 bright fluorescent spots and the ERCC1/ERCC4 complex was able to move freely
through the nucleus.* After UV-irradiation the number of cells with areas of intense GFP spots
decreased to 9% unlike other repair proteins” % and 35% of the protein became immobilized and
remained so for 4 minutes* suggesting that the complex is engaged in NER for that period.

ERCC4 in Immunoglobin Switching

Immunoglobin switching utilizes two mechanisms; (i) Somatic hypermutation (SHM) which
introduces mutations in the variable region genes and with antigen selection, results in antibodies
with increased diversity (ii) Class switch recombination (CSR); this allows B-cells to maintain the
same antigen-binding domain while diversifying the constant region resulting in varied effector
function. Isotype switching during B-cell development has been shown to utilize mismatch repair
proteins, with ERCC1 interacting with Msh2.12 ERCC1/ERCC4 may also be utilized in CSR
in a small percent of cases where microhomology mediates switching, as the ERCC1/ERCC4
complex can cleave R-loops in synthetic substrates used in those studies.!®

It has been shown that isolated splenocytes from 15-day of age Ercc4 or Ercel mutant mice
that were stimulated with cytokines to undergo class switch recombination had normal levels of
different antibody isotypes comparable to control mice.* However, class switching analyzed in
another study with cells that had divided six to nine times in all genotypes indicated that switch-
ing was reduced in all Erccl-/- cell populations when compared to wild type cells. Therefore,
the moderate but consistent reduction in class switching, observed in these experiments, with
Erecl-/- B-cells is not due to reduced cell division.’” The mutation rates were not significantly
different between Erccl-/- and wild type cells, but the mutations in the mutants were located in a
discrete region while the wild type were more diffused. These data suggest that ERCC1/ERCC4
participates in the error-prone mechanisms that repair DNA lesions initiated in the Sy segment
via the essential protein activation-induced cytidine deaminase (AID)!**% for conversion of dC to
dU in variable and S regions.'**'%® Resolution of the dU residues in an error-prone manner is likely
the mechanism for introduction of mutations in these regions.!®!!* However, since the mutation
rate is not increased in mutant cells, the ERCC1/ERCC4 complex may participate in CSR, but
not in a required fashion. This is an interesting area of study that illustrates the possible diversity
of biological functions employing ERCC1/ERCC4 and an additional area of investigation that
warrants further study.
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ERCC4 in Crosslink Repair

Certain DNA damaging agents are capable of forming interstrand crosslinks (ICL), including
bi-functional alkylating agents, platinum compounds and 8-methoxypsoralen in the presence of
UVA (PUVA). It is estimated that 20 ICL provide lethal blocks to DNA replication in cells that
are unable to repair this damage.!!"!!? Traditional NER and base excision repair (BER) require an
undamaged template strand for DNA synthesis and so are not directly useful in repairing ICL.
The mutations induced by these agents are deletions,!'>""* or rearrangements'!® consistent with
defects in double strand break (DSB) repair. Crosslinking agents are also strong inducers of mitotic
recombination, once again consistent with a suggestion and now supported with additional studies
that a recombinational repair process is involved in the repair of these lesions.!'¢!!? Additionally,
there are reports suggesting that the processing of ICL utilizes diverse nonrecombinational
pathways to repair this DNA damage including lesion bypass,'*'?! postreplication repair,'?'2
transcription,'**'?* and a process involving some mismatch proteins.’* However, the interactive
and independent roles of these alternative pathways, particularly their relative importance in the
repair of ICL, have yet to be revealed.

Given the well-established and fundamental role for ERCC4 in NER, one might expect
that mutations in this gene or its genetic homologues would not exhibit phenotypes relevant to
crosslink repair. However, exactly the opposite has been observed and a critical role for ERCC1
in ICL repair is currently accepted. In yeast the RAD1/RADI10 complex and additional NER
genes have been shown to be crucial for ICL repair.'?"'*® The retention of crosslinks in DNA as
measured by treatment with alkali or heat demonstrates defective repair in NER mutants radl,
rad2, rad3, rad4 and rad10. Interestingly, such yeast mutants generate DSB as efficiently as control
cells following exposure to crosslinking agents. These observations suggest that strand breaks arise
due to replication fork arrest at an ICL and that the DSB is a key intermediate in the repair of
ICL damage. The RAD1/RAD10 complex has been shown to have roles in intrachromosomal
recombination distinct from the RAD52 recombination pathway.>!32 RAD1 and RAD10
mutants have reduced targeted homologous integration of plasmids into chromosomal loci®”!3%13
and both proteins are required for removal of the 3'-end tails from single-strand annealing (SSA)
during repair of the DSB that occur due to ICL and removing nonhomologous end-blocking
sequences from invading homologous strands during DSB repair.'3"'3+!% These studies show that
RAD1/RAD10 complex is required for removing end-blocking nonhomologies of greater than
20 bases in length. Shorter nonhomologies can be removed by independent pathways.

The repair of ICL damage in mammalian cells and the role(s) for ERCC4 in this process can
be inferred from the results in yeast. Furthermore, as in yeast, DSB are also generated in mam-
malian cells as a result of ICL.!2613%19 Rodent cells lacking ERCC1 or ERCC4 are reported to be
deficient in DSB formation in response to PUVA-induced ICL'?5!# but not to nitrogen mustard
or mitomycin C.1**!%* Phosphorylated histone H2AFX (formerly H2AX) designated y-H2AX
is used as a marker for the presence of DSB!#*!43 and as a maker for processing of ICL.}#1% DSB
as a result of ICL as measured by y-H2AX formation, requires ERCC1/ERCC4 in mammalian
cells.'® It is probable that some psoralen-induced ICL are repaired in normal cells without the
introduction of DSB through a mechanism that requires XPA,'* perhaps through a process that
involves damage recognition and strand cleavage, with subsequent bypass replication.

The data presented above and additional studies implicate homologous recombination (HR)
as one of the pathways in cells associated with DNA crosslink repair. In eukaryotes, most ICL
damage leads to DSB. In yeast, most double strand DNA breaks are repaired by products of the
genes in the RADS2 epistasis group,'*!% and mutants in these genes are sensitive to ICL damaging
agents.'**!5° As mentioned, DSB arising in response to crosslinking agents is thought to occur at
the replication fork when an ICL is encountered and the fork collapses.’*® Consistent with this
notion, the induction of ICL in nondividing cells produces few DSB.'*® Mammalian cells with
mutations in genetic homologues of RAD52, XRCC2 and XRCC3, are also sensitive to ICL dam-
age once again suggesting a role for some aspect(s) of HR in ICL repair.*5? Additionally, there
is evidence that RADS2 interacts directly with ERCC1/ERCC4 and this interaction stimulates



XPF/ERCC4 and ERCCI: Their Products and Biological Roles 73

the endonuclease activity of ERCC1/ERCC4. 'This interaction reduces the strand annealing
activity of RADS52.1%

Studies have looked at frequencies of HR between extrachromosomal substrates,'s plas-
mid-plasmid or plasmid-chromosomal events'* and intrachromosomal recombination between
direct repeats.’”” No differences in recombination rates were found between Erccl+/+ and
Erccl-/- mouse cells. However, recombinant-dependant deletions and rearrangements involving
duplicated sequences are reduced in Erccl+/+ cells over Erccl-/- cells.'” These mutations that
occurred at the APRT locus required diploidy for the locus and proved dependant on flanking
direct repeats.’®!5” The results are consistent with the roles of a number of repair genes in strand
processingand rearrangement in yeast as discussed above. In support of that notion, recombination
requiring the removal of long nonhomologous termini are reduced in Erccl-/- cells.'” Interestingly,
one report indicated that ERCC1 is required for HR between genomic DNA and gene targeting
constructs in mouse ES cells.*!

Summarizingevidence for the role of ERCC1/ERCC4 in ICL repair, XPF and ERCC1 mutant
mammalian cell lines are very sensitive to crosslinking agents.!**'% It is instructive to compare the
sensitivity of these mutant cells to that of XPG mutant cells. While all of the aforementioned
mutants exhibit comparable UV sensitivity, XPG mutant cells are not broadly hypersensitive
to crosslinking agents, but rather exhibit sensitivity to a subgroup of these agents (including
PUVA).!813%160162 This has led to the suggestion that the repair pathways utilized are agent specific
(for review see McHugh'®). For the purposes of the current review, it is clear that both ERCC1
and XPF mutant cell lines are hypersensitive to at least some crosslink-induced damage. The precise
role for ERCC1 and ERCC4 proteins in ICL repair may involve two independent pathways (see
Fig. 2) and this is a focus of ongoing investigations. It is possible that repair occurs by a modified
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Figure 2. ERCC1/ERCC4 in the repair of interstrand crosslinks. Two models are presented.
On the right, the nuclease complex cleaves the DNA strand to permit the lesion to “flip out”
of the way. Gap filling might occur through replication with a bypass polymerase or through
strand exchange with a homologue. The flipped out lesion resides on a single strand and might
be repaired by NER. On the left, S-phase replication stalls when the lesion is encountered.
Cleavage leads to a double strand break. ERCC1/ERCC4 cleaved on the other side once again
providing a means for the lesion to flip out. New gap filling synthesis coupled with recombi-
national repair is required to achieve replication restart.
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excision repair reaction focused principally on incision of only one strand of DNA, an event that
would be dependent on the ERCC1/ERCC4 complex. Additionally or alternatively, as in yeast, the
trimming ofa DNA strand end in a recombination intermediate may require ERCC1/ERCC4. The
latter presumes that DSB occurs in mammalian cells following treatment with crosslinking agents,
which has been well-documented. For example, DSB are seen in Chinese hamster ovary (CHO)
cells, treated with nitrogen mustard,"*” are observed only in dividing cells and are not dependent
on an intact NER pathway.’*” Another study has shown that ICL damage is repaired primarily, if
not exclusively, during S-phase and is associated with the appearance of DSB.%

One final note, DNA-protein crosslinks (DPC) are another class of DNA damage that
inhibits DNA replication and transcription and is toxic to cells (reviewed in 163 and 165).
ERCC4-deficient cells are capable of removing DPC at near normal rates indicating that ERCC4
is not required for DPC removal.'” However, in certain conditions such as gamma irradiation and
under hypoxic stress, XPF cells and ERCC1-deficient cells are more sensitive than wild-type cells,
a phenotype considered to reflect a deficiency in the repair of DPC.!%

ERCC4 in Telomeres

Telomeres in mammalian cells are composed of TTAGGG repeats including a 3’ ssDNA
overhang that prevent degradation of the ends of chromosomes.!¥” The ends of chromosomes are
protected by invasion of the single-stranded DNA into the dsDNA forming the T-loop!®® and
proteins bound to the telomeres including the 3 ’overhang strand'?’” prevent the ssDNA from being
recognized as DNA damage. The proteins form a complex that is specific to telomeres'® and vital to
telomere protection and maintenance (reviewed in 170 and 171). The cellular dilemma of replica-
tion of the DNA at the ends of the chromosome requires telomerase to synthesize these repeats
in a nontemplate directed manner.!”2 TERF2 (formerly TRF2) is a component of the complex'®
which, when lost, results in degradation of the 3’ G-rich single strand overhangs. Studies suggest
that this occurs mainly by the recognition of the telomere by the DNA repair machinery triggering
ATM activation and p53-dependant cell cycle arrest.!”>1”4 Most of the telomere loss in a TERF2
deficient cell occurs in progressive cell cycles as repeats are not added to the end of the telomere.'”
However some of the losses occurring in cells, not progressing through DNA synthesis,'”® imply
a nuclease function associated with repeat loss.

TERF2 has been shown to interact with ERCC1/ERCC4 and the complex localizes to the
telomeres.'” Overexpression of TERF2 results in telomere shortening in human fibroblasts,'”®
in telomerase expressing cancer cells!”” and in mice.”®® It appeared that ERCC1/ERCC4 was the
endonuclease responsible for the cleavage, next to a3’ overhangjust inside the neighboring duplex
DNA,' since it does not occur in cell lines deficient in ERCC1/ERCC4'7. Degradation of the
3’ overhang results in telomere loss, leading to telomere fusion, when the telomeres have become
too short,'7>17818! an event that does not occur in ERCC4 deficient cells.!”” End-trimming reac-
tions such as this are dependent on the NHEJ machinery,'®! but how and if the NHE] machinery
recruits ERCC1/ERCC4 is unknown.

Recently, however, it has been demonstrated that cells with nuclease inactive ERCC4 are
capable of forming complexes with ERCC1 and are defective in their DNA repair functions
but are able to rescue the TERF2 mediated telomere shortening.'®*'8? These studies reveal a
nuclease-independent function for ERCC1/ERCC4 in TERF2-mediated telomere shortening,
that the authors suggest, may be due to a structural role for ERCC1/ERCC4 in the binding of
the telomeric proteins.’®® This study brings into question whether ERCC1/ERCC4 is actually
responsible for removal of the 3 overhang, Indeed a study now suggests that DCLRE1B (DNA
cross-link repair 1B, termed Apollo by the authors) is a novel TERF2-interacting factor related
to Artemis (DCLREI1C), a factor involved in V(D)J recombination and DNA repair'®® and be-
longing to the B-CASP metallo-f-lactamase family of DNA caretaker proteins.'®1# DCLRE1B
is mainly localized at telomeres in a TERF2-dependent manner. Reduced levels of DCLRE1B
increase the sensitivity of cells to TERF2 inhibition, resulting in growth defects and an increased
telomere-induced DN A-damage foci and telomere fusions. DCLRE1B exhibitsa 5’ to 3’ DNA
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exonuclease activity, suggesting that DCLRE1B is a component of the human telomeric complex
and works with TERF2 to protect chromosome termini from being recognized and processed as
DNA damage.

TERF2 has recently been shown to bind to DSB genome-wide, suggesting it has a broader role
in DSB damage processing.'® The rapid binding of TERF2 to induced DSB may act to protect
these regions from the action of exonucleases such as ERCC1/ERCC4' or to stabilize DSB for
processing by DNA repair proteins such as WRN and BLM, whose in vitro activities on nontelo-
meric DNA substrates are enhanced by TERF2."8*% However, the precise role of ERCC1/ERCC4
in this type of DNA damage event remains to be determined.

There may also be a form of HR between a telomere and interstitial telomeric DNA.
Chromosomal internal telomeric DNA is present infrequently in human cells, but in many other
vertebrates these sequences are abundant throughout the chromosomes. During recombination be-
tween telomeres and these elements generation of terminal deletions, extrachromosomal fragments,
inversions and translocations could occur. This type of recombination appears to take place in
mouse cells lacking ERCC1, which generate large extrachromosomal elements that contain a single
stretch of telomeric DNA, presumably at a chromosome internal site.!”” These elements, referred
to as Telomeric DNA-containing Double Minute chromosomes (TDMs) could be formed by
recombination between a telomere and interstitial telomeric DNA on the same chromosome.

Summa

ERCC4 is the gene mutated in XPF cells and also in rodent cells representing the mutant
complementation groups ERCC4 and ERCC11. The protein functions principally as a complex
with ERCC]1 in a diversity of biological pathways that include NER, ICL repair, telomere main-
tenance and immunoglobulin switching. Sorting out these roles is an exciting and challenging
problem and many important questions remain to be answered. The ERCC1/ERCC4 complex
is conserved across most species presenting an opportunity to examine some functions in model
organisms where mutants can be more readily generated and phenotypes more quickly assessed.
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CHAPTER 9

XPG:

Its Products and Biological Roles
Orlando D. Schirer*

Abstract
eroderma pigmetosum patients of the complementation group G are rare. One group
*- of XP-G patients displays a rather mild and typical XP phenotype. Mutations in these
patients interfere with the function of XPG in the nucleotide excision repair, where it
has a structural role in the assembly of the preincision complex and a catalytic role in making
the incision 3’ to the damaged site in DNA. Another set of XP-G patient is much more severely
affected, displaying combined symptoms of xeroderma pigmentosum and Cockayne syndrome,
referred to as XP/CS complex. Although the molecular basis leading to the XP/CS complex has
not yet been fully established, current evidence suggests that these patients suffer from a mild
defect in transcription in addition to a repair defect. Here, the history of how the XPG gene was
discovered, the biochemical properties of the XPG protein and the molecular defects found in
XP-G patients and mouse models are reviewed.

Introduction

Numerous important discoveries have resulted from studies related to xeroderma pigmentosum
(XP) since the initial demonstration by Jim Cleaver that this disorder is caused by a cellular defect
of repairing UV lesions in DNA.! Several complementation groups were discovered, the genes
defective in XP cells were cloned, the biochemical basis for the nucleotide excision repair (NER)
pathway, which is defective in XP cells, was uncovered and links between XP, cancer and premature
aging were explored.? One of the fascinating aspects of these studies has been that although all of
the cight genes that cause XP (XP4-XPG and XP-¥ or variant) with the exception of XP-V work
in the same biochemical pathway, many of the genes have their own characteristic mutant patient
alieles that can result in unique phenotypic manifestations in addition to the XP symptoms of
varying severity. Furthermore, each of the XP genes (except XP-V) codes for proteins with a unique
set of biochemical activities that contributes to the overall NER pathway in a distinct way. In this
chapter the unique properties of the XPG gene will be explored.?

Discovery and Cloning of XPG

In the early 1970s the genetic heterogencity of XP was established and XP patients were assigned
to the complementation groups with an approach using cell fusion and complementation developed
by Bootsma and colleagues.® In 1979, the first patient was assigned to the complementation group
G,’ marking the birth of XPG research. The first and second XP patient both exhibited some
features not commonly seen in XP patients, such as bird-like faces, mental retardation and dental
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caries.%” We now know that those are features of Cockayne syndrome (CS) and that mutations in
XPG can lead to both XP and combined XP/CS (see below).?

Just like all the XP patients and complementation groups have their unique properties, each
one also has a unique story of how the corresponding gene was discovered and cloned. In the case
of XPG, serendipity played an important role. While studying tRNA transcription, the laboratory
of Stuart Clarkson isolated cDNAs encoding frog and human homologs of the yeast RAD2 gene
(the XPG equivalent in Saccharomyces cerevisiae) and demonstrated that the human cDNA was
able to complement the UV sensitivity of XP-G cells.” XP-G cells were subsequently found to be
equivalent to Chinese hamster ovary (CHO) cells from complementation group ERCC5'*2and
the XPG gene was mapped at chromosome 13q32-33.114

Biochemical Properties of the XPG Protein

Analysis of the primary sequence of XPG quickly revealed that it harbors two nuclease domains
placingit in the Fen1 family of structure-specific endonucleases.”"® Consistent with this observation
XPG was shown to be a structure specific endonuclease that cleaves substrates with the polarity that
would be required for the incision 3’ to the lesion in NER.!*!$ XPG cleaves a variety of substrates
that contain a ss/dsDNA junction, including splayed arm and bubble substrates, which contain a
5" single-stranded overhang.'”'® At the primary sequence level, XPG shares two conserved regions,
the N and I regions, with other nucleases (Fig. 1). A first glance of the salient features of the active
site of XPG was provided by crystal structures of the exonuclease domains of T4 RNase Hand T5
5’-exonuclease.”? These studies showed a number of conserved acidic residues that coordinate
metal ions. Sequence alignments of XPG with these structures revealed that several conserved acidic
residues, including Glu77, Glu791 and Asp812, are poised to be part of the active site. Biochemical
analysis confirmed a role of these residues in mediating XPG cleavage activity since mutation of
these three residues to alanine abolishes the catalytic activity of the protein 2!

While XPG shares its catalytic core with other nucleases, notably Fenl, the flap endonuclease
with roles in replication and other aspects of DNA metabolism,? it contains additional unique
domains that are responsible for mediating its NER specific functions. The roughly 600 amino
acids separating the N and I region in XPG are commonly referred to as the spacer region.” This
region is highly acidic and does not contain any known structural or functional motifs. Parts of the
spacer region have been shown to interact with other proteins. The interaction of the N-terminal
part of the spacer region with TFIIH has been shown to be important for the NER reaction.?**
An interaction with RPA has also been reported, but the functional significance of this interaction
remains to be established.” The 300 amino acids at the C-terminal end of the protein, beyond the
Iregion, are also engaged in protein-protein interactions; this region contains interaction sites with
TFIIH and CSB and a PIP-box motif that mediates an interaction with PCNA.*#% A second
interaction site with TFIIH is consistent with a strong functional interaction between XPG and
TFITH.* The functional significance of the interaction of XPG with CSB and PCNA has not
yet been established. ‘The C-terminus also contains two putative nuclear localization signals at
residues 1051-1084 and 1169-1186.3"%

D77 D1 D791D812  PIPNLS NLS
XPG| N in spacer B
1 95 184210 766 873 890 9611009 1186
XPB, XPD RPA XPB,XPD PCNA

Figure 1. Functional domains of the XPG protein. The N and | domain (blue) make up the
active site of XPG and are separated by the 600 amino acid spacer region. The D1 and D2
boxes are conserved in higher eukaryotes. The PCNA binding motif and nuclear localization
signals in the C-terminus are indicated in orange and green, respectively. Interaction regions
with TFIIH (XPB, XPD), RPA and PCNA are indicated.
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The Role of XPG in Nucleotide Excision Repair

NER operates by two distinct pathways, global genome repair (GG-NER) and transcription-
coupled repair (TC-NER) and XPG plays a key role in both of them. GG-NER is the better-un-
derstood pathway of the two and involves the removal of lesions from all sites of the genome, while
TC-NER refers to the preferential repair of lesion from the transcribed strands of active genes.»
GG-NER operates by the sequential assembly of all the proteins involved at sites of DNA dam-
age.* Accordingly, NER proteins diffuse freely trough the cell and are recruited in a defined
order to sites of DNA damage and are released again from NER complexes once the damage has
been repaired. Current evidence suggests that the XPC/HR23B/centrin-2 protein complex is the
initial damage recognition factor in GG-NER (Fig. 2).¥3 XPC then recruits TFIIH to sites of
UV lesion and two helicase subunits XPB and XPD of TFIIH initiate the opening of the DNA

GG-NER 5 | TC-NER

N «

bR 4
I e IO T

Damage recognition

Helix opening
Damage verification

Dual incision

Repair sy nthesis T R e

Figure 2. The role of XPG in nucleotide excision repair. In GG-NER, the XPC-HR23B protein is
the initial damage recognition factor for helix distorting lesions. The DDB1/2 (XPE) proteins and
associated factors play a role in recognizing lesions in the context of chromatin. XPC-HR23B
recruits TFIIH to the site of the lesion and the two helicase subunits XPB and XPD open the
DNA around the lesion. RPA, XPA and XPG are then recruited to assemble the “preincision”
complex and verify the damage. XPG does not appear to be catalytically active at this stage.
ERCC1-XPF finally joins the complex and the dual incision (5’ by ERCC1-XPF and 3’ by XPG)
occurs. The resulting gap is filled in by the replication machinery and DNA ligase | seals the
nick. TC-NER is less well characterized and is believed to be initiated by an RNA polymerase
stalled at a damaged site. The CSB, CSA, XAB2, TFIIH and XPG proteins appear to play a
role early in TC-NER, while the damage verification, dual incision and repair synthesis step
are the same as in GG-NER.
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around the lesion. XPA, RPA and XPG subsequently join the complex to form a stable open
structure and recruitment of ERCC1-XPF by XPA initiates the dual incision of the DNA 5’ and
3’ to the lesion by ERCC1-XPF and XPG, respectively. The replication machinery subsequently
fills the gap and seals the nick.

XPG has a structural as well as a catalytic role in GG-NER. Upon arrival at the NER complex
it forms a complex at damaged sites with TFIIH, XPA and RPA (Fig. 2). This complex is stable
enough to be subjected to band shift and footprinting assays.**#* XPG appears to have none or at
least very limited nuclease activity at this stage and the full catalytic activity of XPG is only revealed
once ERCC1-XPF has made the 5’ incision. While efficient 3’ incision by XPG appears to require
the presence and catalytic activity of ERCC1-XPF, the 5’ incision by ERCC1-XPF is efficiently
carried out in the presence of catalytically inactive XPG.2#*% One possibility therefore is that
the 3’ incision is triggered by a conformational change brought about in the NER complex by the
incision activity of ERCC1-XPF. Consistent with this notion, XPG shows distinct requirements
for binding and cleaving its DNA substrates.'®

Protein-protein interactions are essential in mediating the various steps in NER. XPG interacts
tightly with TFIIH and it is the interaction with TFIIH that recruits XPG to NER complexes at
sites of UV damage.?**#! Although investigation of the intracellular behavior of XPG suggests that
the proteins has a mobility consistent with it being present in monomeric form,* some studies have
found a tight and perhaps constitutive association of XPG with TFIIH *** It is currently believed
that this constitutive interaction between XPG and TFIIH is important for the additional roles
of the protein outside of NER (see below).

The role of XPG in TC-NER is less well understood. TC-NER is initiated by a RNA poly-
merase, stalled at the site of the lesion.*®* TC-NER involves almost all of the GG-NER factors
with the exception of XPC and additionally requires the CSA, CSB and XAB2 proteins. Current
evidence suggests that the presence of CSB at a site of a stalled RNA polymerase is required for
recruitment of the core NER factors and enabling the dual incision reaction.** According to
these studies, XPG is recruited as one of the core NER factors, playing a similar role as it does
in GG-NER. Another study has suggested that XPG interacts directly with RNA polymerase II
pointing to an earlier role of the protein in TC-NER in cooperation with the CSB protein.® The
detailed mechanism of TC-NER and the role of XPG in this process are still not fully resolved
and continue to be an active area of research.?

Roles of XPG Outside of Nucleotide Excision Repair

The severe phenotype displayed by the XP/CS patient suggested early on that XPG might have
important roles outside of NER. Despite the phenotypic connection with the CSA and CSB genes,
adefect in TC-NER alone cannot account for this observation, as XPG alleles that lead exclusively
to XP symptoms are also deficient in TC-NER. It has been suggested that CS does not only result
in a defect in TC-NER, but is rather results in a mild transcription defect.®® This transcription
defect can of course not be absolute, as this would be incompatible with viability. Although a
role for XPG in transcription has not yet been clearly demonstrated in mammals, data from
§. cerevisiae studies support a role for Rad2 (the XPG homolog) in transcription.® Importantly, this
transcription function is independent of the nuclease activity of XPG, as a nuclease-deficient vari-
ant of the protein containing E794A mutation (equivalent to E791A in human XPG) retains full
transcriptional activity. By contrast, a truncated version of RAD2, lacking 200 C-terminal amino
acids but with intact nuclease activity, did not support the transcriptional activity. The inability of
the truncated Rad2 protein to support transcription correlates well with the XP/CS phenotype
displayed by XPG patients that have truncated XPG alleles (see below). By contrast, XPG alleles
that form full-length protein, but have nuclease deficiency display the normal XP phenotype. This
observation provides strong evidence that a defect in RNA polymerase II transcription is indeed
responsible for the XP/CS phenotype. A very recent study, however, has suggested that at least a
fraction of XPG resides in a tight complex with TFITH.* Interestingly, XPG alleles, with trunca-
tions in the C-terminus that lead to XP/CS phenotype, fail to associate with TFITH and this lack
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of association leads to a dissociation of the CAK subunit from TFIIH. As a consequence and in
accordance with what had previously been observed for XPD alleles with C-terminal truncations
with defective anchoring of the CAK subunit, phosphorylation and transactivation of nuclear
receptors are reduced in cells from XP-G/CS patients. These findings provide further evidence
for the notion that XP/CS patients suffer from some degree of impairment in transcription.

XPG has additional activities that are unique among the XP proteins that point to a role of
the protein in the repair of oxidative damage. XPG has been shown to stimulate the activity of the
DNA glycosylase NTH1, an enzyme involved in the base excision repair pathway that removes
oxidized bases from DNA, independent of its nuclease activity.*>*? Although this observation
suggests a possible role in the removal of oxidative DNA lesions in a NER-independent pathway,
initial in vivo studies supporting this suggestion have remained unconfirmed.>*>% Thus although
it is attractive to speculate that the nuclease-independent stimulation of the repair of oxidative
lesions might contribute to the XP/CS phenotype, conclusive evidence to support this notion
is currently lacking.

XP-G Patients and Their Mutant Alleles

XP-G patients are rare and only 14 XP cases have been assigned to this complementation group
to date.”>> XP-G patients can be subdivided into three categories that have been found to display
typical XP symptoms (4 patients; XP124LO, XP125LO, XP65SBE, XP31KO), XP with late
onset CS symptoms (3 patients; XP3BR, XP2BI, XPCS1BD), or XP with severe CS symptoms
(7 patients; XPCSILV, XPCS2LV, XPCS1RO, XP82DC, XP96TA, XP20BE, XPCS4RO),
respectively (Fig. 3). In addition to the classical XP symptoms, this last group of patients exhibit
developmental retardation, dwarfism, severe neurological abnormalities, bird-like faces and early
death that are characteristic of CS. In 13 cases the molecular defects that account for the defects
in the XPG genes and clinical symptoms have been characterized (Fig. 3). Based on this analysis
a clear distinction can be made in the nature of the mutations that lead to the XP and XP/CS
phenotypes.’

XP Group G Patients without CS

The patients of the XPG only group exhibit a mild XP phenotype with sensitivity to UV
light, abnormal pigmentation, increased risk of skin cancer and no neurological abnormalities.
All the patients of the XP class expressed at least one full-length allele with a point mutation
or frame-shift induced sequence change. In the case of the XP124LO and XP125LO sibling
patients, the only stably expressed allele contains an alanine to valine mutation at residue 792,545
immediately adjacent to the highly conserved glutamic acid 791, which is essential for catalysis.
Although the A792V allele stably expresses full length XPG protein, this protein has severely
reduced nuclease and NER activities.”? The mild XP phenotype of these two patients (no skin
cancer at ~20 years of age) can be explained by the residual activity and UV resistance conferred
by the A792A allele in vivo.

The full-length allele of patient XP65BE, containing a point mutation of Ala 874 to Thr, also
resulted in the expression of full-length protein and conferred significant residual repair activity
on XP-G/CS cells.”® The patient accordingly exhibited a mild XP phenotype at age 14 without
skin cancer, as proper care was taken to avoid exposure to sunlight.

The mutation in the XP-G patient, XP31KO, has not been established but this patient exhibited
avery mild form of XP due a residual level of unscheduled DNA synthesis of about 25%.

Patients with Severe XP and CS Symptoms

All of the XP-G patients, belonging to XP/CS complex class, displayed very severe phenotype
including severe developmental retardation, dwarfism and neurological abnormalities in addition to
the XP symptoms and suffered from early death (at or before six years of age).”* Clarkson et al first
reported in 1997 a common mutational pattern that distinguishes XP-G and XP-G/CS patients.*
Analysis of the mutations in three XP-G/CS patients (XPCS1LV, XPCS2LV and XPCS1RO)
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Figure 3. Known alleles of XP-G patients. The characterized alleles from XPG patients are
divided into those from patients without CS, late onset CS and severe CS symptoms. The
wild type XPG sequence is shown for reference. The positions of point mutations, frameshift
mutations (fs) and premature stop codons (ter) are indicated. Striped boxes indicate coding
sequences that are foreign to XPG.

revealed that each of them contained mutations that prevented the expression of full-length protein.
The patient XPCS1LV expressed only one allele with a stop codon introduced by a single A dele-
tion resulting in a protein of 659 amino acids in length. Patient XPCS2LV, who like XPCSILV,
is of Flemish origin, expressed the same allele and additionally a protein variant spanning the first
262 amino acids of the protein. The protein expressed in the cells of patient XPCS1RO (formerly
known as 94RD27) is considerably longer. This patient is homozygous for an allele that contains
a frameshift in the codon for amino acid 926 and expresses an XPG variant of 980 amino acids,
of which the last 55 amino acids are unrelated to XPG.%” Although this protein contains both,
the N- and I-region that make up the nuclease active site, it does not confer any UV resistance to
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XP-G cells and does not avert the symptoms of the XP/CS complex. This observation suggested
that the C-terminal region of XPG plays an essential role in mediating functions of XPG within
and outside of NER, while a localized defect in the nuclease activity only affects the NER specific
functions. The first detailed neuropathological study of the XP/CS complex syndrome was carried
out on XP-G patient XP20BE.**% This individual expresses two very short XPG proteins of 10
and 137 amino acids, respectively.”%! 'These studies revealed that, consistent with the observed
overt phenotype, the neuropathology is equivalent to that found in CS rather than the one found
in severe XP patients with neurological abnormalities.

Two more recently characterized XP-G/CS patients, XP82DC, which expresses XPG proteins
of 16 and 869 amino acids and XP96TA, which is homozygous for a mutation that leads to a
frameshift in amino acid 308 resulting in a protein of 320 amino acids of which the last 12 amino
acids are unrelated to XPG confirm the observations that truncation of the XPG protein results
in an XP/CS phenotype.’®

The last XP-G/CS patient shows a different genetic make up. XPCS4RO is one of the most
severe XP/CS patients known and she died at 11 months of age. One of her XPG alleles encoded
a truncated protein of 175 amino acids. The other allele encoded a full-length protein with a
single amino acid substitution of the highly conserved proline 72 to histidine.®* This allele does
not confer any resistance to UV irradiation and the protein has been found to be highly unstable
in overexpressed form, although the stability of this protein has not been assessed in cells of the
patient directly. Based on these observation it is likely that the P72H mutation renders XPG
completely unstable, resulting effectively in a null mutation.

XP-G Patients with Late-Onset CS Symptoms

The XP2BI and XP3BR patients both express full length XPG protein from one allele.* XP2BI
contains a mutation of Leu 858 to Pro, a conserved residue in the I region while XP3BR expresses
two splice variants from one allele, one of which expresses full length protein but with an internal
stretch of 44 amino acids (917-962) unrelated to XPG. Both of these XPG variants are completely
deficient in nuclease activity and their expression does not confer any UV resistance to XP-G/CS
cells. The XP2BI and XP3BR patients both suffered from XP symptoms and a mild, late onset
version of CS, clearly distinct from the typical symptoms of the XP/CS complex.

Perhaps the most unusual patient at the molecular level is XPCSIDB. This patient is ho-
mozygous for deletion of a nucleotide in the splice acceptor site in the last nucleotide of intron
6, which leads to a frameshift mutation in exon 7 resulting in the expression of a protein with
224 amino acids of XPG and 18 unrelated amino acids.” Based on the considerations discussed
previously this would place him in the severe XP/CS category. However this patient displayed
only mild late-onset CS symptoms with XP symptoms. Upon closer examination a second minor
splice product was detected that results in the formation of a full-length protein with a deletion of
amino acids 225-231. A cDNA expressing the XPG A225-231 did not confer any UV resistance
to XP-G/CS cells indicating that this allele was completely NER deficient. The corresponding
protein had nuclease activity and the cause of the NER deficiency could be attributed to a defect in
the interaction with TFIIH.? Interestingly the XPGA225-231 protein was still recruited to NER
complexes in living cells, but failed to mediate appropriate processing of substrates, presutnably
because it failed to stably associate with the NER complexes.

As these examples demonstrate, the study of the various alleles found in XP-G patients has not
only revealed insight into the molecular basis underlying the XP and XP/CS complex symptoms,
but also into the mechanisms by which XPG exerts its roles in NER and other pathways.

Mouse Models with XPG Deficiency (see also Chapter 17)

The consequences of XPG deficiency have also been studied in mouse models. These stud-
ies are in broad agreement with observations made in the analyses of the various alleles found
in XP-G patients. A mouse in which the wild-type allele was exchanged for one that expresses
XPG containing an E791A mutation that abolishes nuclease activity displayed the classical XP
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phenotype.® These mice displayed hypersensitivity to UV irradiation, but did not display any
of the developmental defects characteristic of the XP/CS complex. By contrast, mice in which
exon 3 corresponding to nucleotides 264 to 380 of XPG was deleted, lacked any functional XPG
protein and displayed a phenotype much more reminiscent of XP-G/CS patients.®® These mice
showed severe growth retardation and died prematurely before weaning at about three weeks of
age. Cells from these mice underwent premature replicative senescence and readily underwent
transformation, suggestive of genetic instability. Like the E791A mutation, cells from the knock
out mice were hypersensitive to UV irradiation.

The generation of additional XPG mutant mice provided insight into the nature of the muta-
tions in the gene that cause XP and combined XP/CS phenotypes. Consistent with observations
made in patients, mice in which the last 360 amino acids in the C-terminus of XPG were deleted
displayed the expected symptoms associated with the XP/CS complex.>%4” By contrast deletion
of only 183 C-terminal amino acids (exon 15) resulted only in partial UV sensitivity and none of
the CS characteristics. However, when this 183 amino acid deletion in XPG was combined with
adeletion in XPA, it resulted in CS-like phenotypes reminiscent of XPG/CS, indicating that this
deletion has serious consequences only in an NER deficient background. This observation under-
scores the complexity of genotype/phenotype relationships and warrants further exploration.

Conclusion

Research of the XP group G patients has uncovered the genetic bases of why some patients
display CS in addition to XP symptoms, while others do not. We now understand the role of
the XPG protein in preventing XP symptoms as a structure-specific endonuclase in nucleotide
excision repair in some detail. The mechanisms by which XPG prevents CS syndromes are less
well understood, but there is increasing recent evidence that a XPG plays a role in transcrip-
tion by interacting with TFIIH. To what extent a defect in the suggested role of XPG in the
NER-independent repair of oxidative damage contributes to the CS phenotype is still in need of
further clarification. Without doubt, current and future research efforts will clarify this and other
questions regarding the function of XPG.
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CHAPTER 10

Xeroderma Pigmentosum
Variant, XP-V:

Its Product and Biological Roles
Chikahide Masutani, Fumio Hanaoka and Shamim I. Ahmad*

Introduction
eroderma pigmentosum (XP) is a rare autosomal recessive genetic disorder first reported
x‘ in 1874 by Hebra and Kaposi' and now known to involve a number of phenotypic char-
acteristics, including photophobia, early onset of freckling and neoplastic alterations
on sun exposed areas of body. So far, eight complementation groups of XP have been identified
including XP-A through -G and XP-V (XP variant). About 80% of XP patients belong to XP-A
to XP-G groups and has deficiency in Nucleotide Excision Repair (NER). The remaining 20% of
XP patients are of the XP-V type. They have normal NER but are deficient in Translesion DNA
synthesis (‘TLS). In addition, there are XP cases where mutations in XP genes have effects on other
disorders such as Cockayne syndrome, trichothiodystrophy and progeroid syndrome (see Chapter
14). This chapter will mainly focus on XP-V.

Human DNA Polymerases

Cells from XP-V patients lack a specific DNA repair polymerase and since its activity is usually
associated with other polymerases, it will be useful to give a brief description of other polymerases
in human cells. Fourteen different human DNA dependent DNA polymerases have been identi-
fied. These have been classified into four families: DNA polymerase y (gamma), 0 (theta) and v
(nu) belong to the A family. Polymerase y is the only mitochondrial enzyme and this and all poly-
merases of A family having homology with Escherichia coli DNA polymerase-1. DNA polymerases
o (alpha), 8 (delta}, € (epsilon) and T (zeta) make up group B; the former three polymerases are
involved in general replication (and repair) of nuclear DNA and Pol { has been found to play a
role in mutagenesis. DNA polymerases B (beta), A (lambda) and p (mu) are in the X family and
polymerase B has been shown to play a significant role in Base Excision Repair (BER). Polymerase
1 (eta), \ (iota), x (kappa) and Revl make up the Y family and their primary roles are in TLS. All
XP-V patients have been found to be deficient in pol 1 activiry.2*

XP-V Gene and Its Homologues

In humans POLH (also known as hRad304) codes for pol 1. Irs homologues have been found
in mouse (pol )%, Drosophila (pol n)¢ and Arabidopsis thaliana (pol m).” Homology analysis of
the Y family of polymerases in different organisms can be presented on the basis of evolution.
Homologues of dinB seem to have been conserved from E. cols through Saccharomyces pombe
to humans. Pol k is a homologue of 4inB in humans. In Saccharomyces cerevisiae a homologue,
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Rad30, has been found and its next evolutionary homologue in S. pombe is Eso1.#'° In humans pol
7 and pol ¢ are homologues of Rad30. Other members of the Y family are polV in E. coli, Dpo4
in Sulfolobus solfataricus P2 and Revl in 8. cerevisiae, S. pombe and humans.'"?

Structure and Activities of Polymerase n

From in vitro DNA replication experiments, in cell-free extracts from XP-V patients, it has
been shown that XP-V cells are defective in replicating cyclobutane pyrimidine dimer (CPD)
on the template DNA, whereas extracts from normal cells can proficiently bypass it.”* The pol n
protein, able to complement the defect of XP-V repair in cell-free extracts, has been purified from
Hel a cell and shown that it can bypass CPDs as efficiently as undamaged DNA, but stops at (6-4)
photoproducts.>! The latter type of damage is more efficiently repaired by NER compared to
the former type. Hence the two types of damages are efficiently tolerated by a combined action of
these two processes, TLS and NER.

POLH is located on human chromosome 6p21.1-6p12 and comprises 11 exons spanning 40
kilobases.!>¢ Human pol 1 is 713 amino acids long and the N-terminal 511 amino acids contain
conserved motifs among Y family polymerases. These 511 amino acids have been shown to be
adequate for the DNA polymerase activity.'>! The C-terminal portion is important for cellular
localization of the protein including its nuclear localization and foci formation with the replication
machinery."” Pol 1y is mostly localized uniformly in the nucleus and is associated with replication foci
during S phase. The same study group identified an XP-V mutant patient whose pol 1 polymerase
motif was intact but who had lost the relocalization domain in the C-terminal portion."”

The C-terminal portion of pol 1 also contains interacting residues with other proteins such as
pol i, Revl, Rad18, proliferating cell nuclear antigen (PCNA) and ubiquitin, suggesting that this
part of the protein plays a regulatory role.'”*!

Pol 1 has low processivity and lacks proof-reading exonucleolytic activity. Structural analysis of
this protein showed that it has more opened active sites than most replicative DNA polymerases
suchas T7 DNA polymerase.?? Studies have shown that, except for passing through CPD, poln isan
error-prone enzyme and in fact pol 1) can mis-insert wrong nucleotides with a frequency of 10 to 107
if it passes through undamaged DNA %% However, poln has also been shown to bind more stably to
DNA having thymine-thymine type cyclobutane pyrimidine dimer (TT-CPD) if it incorporates the
correct nucleotides, and can usually carry out accurate DNA synthesis by incorporating 2As opposite
TT-CPD and in that case the chain elongation can move further two or more nucleotides and then
the enzyme dissociate from the DNA (for further steps of DNA synthesis see below). Nonetheless,
ifa Gis incorporated opposite the CPD the elongation process stops at this site.2>%

In addition to TLS, pol n participates in somatic hypermutation of immunoglobulin genes.
Analysis of mutation spectra of immunoglobulin variable gene VH6, obtained from peripheral
blood lymphocytes of 3 XP-V patients showed that although the mutation frequency was normal,
nevertheless the types of base change were different. There was a decrease in mutation frequency
at A and T and a concomitant rise in mutation in G and C. It was proposed that more than one
polymerase contributes to hypermutation and that pol n) isinvolved in causing errors predominantly
at A and T sites and other polymerase at G and C.7-% Pol n has also been reported to participate
in homologous recombinational repair; for example it can extend DNA synthesis from the D
loop recombination intermediate in which an invading strand serves as the primer.?” On the other
hand, in the same assay, mutant XP-V cell extracts failed to extend the primer. It was also shown
that RADS1 recombinase interacts with pol 1) and this protein stimulates pol n-mediated D loop
extension. Pol 1y mutants display a significant decrease in the frequency of both Iz gene conversion
and double-strand break-induced homologous recombination in chicken DT40 cells.®

Bypassing of Unusual Nucleotides by Pol n

In the last decade a number of papers have appeared showing the bypassing of pol 1 (and of,
pol, pol k and Revl) through a numbser of different unusual nucleotides and abasic sites. Studies
have shown that pol 1 can bypass 8-oxoguanine and O%-methylguanine lesions efficiently and C
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and C/T respectively are inserted opposite the lesions.* Interestingly, this enzyme cannot insert a
nucleotide opposite an abasic site, which means that it essentially requires a template for its activity.
The enzyme can also catalyze relatively accurately TLS past thymine glycol lesions by preferentially
inserting A opposite thymine glycol.*> Choi’s group have carried out a number of studies and have
shown that pol 1 can effectively bypass N2-methyl(ME)G, N2-ethyl(Et)G, N2-isobutyl(Ib)G,
N2-benzyl(BZ)G and N2-CH2(2-nzyl)G but was severely blocked by N2-CH2(9-anthracenyl)G,
(N2-SnthG) and N2-CH2(6-benzo[a]pyrenylG (N2BPG).3*%

Pol n can also bypass N2-isopropyle G adduct lesions with better efficiency and accuracy
compared to the un-adducted G.* On the other hand, this enzyme can bypass Né-isopropyl A
with only modest efficiency and accuracy. The kinetics of insertion of nucleotides in the polymer-
izing chains was also studied and shown to be variable with different nucleotides in the parental
strand. Polm) can also bypass the DNA adduct of cisplatin causing intra-strand crosslinks, inserting
mainly C in the complementary strand.?** ('To note that cisplatin can also cause a variety of other
types of DNA damage including mono-adducts, inter-strand DNA cross-links, protein to DNA
cross-links and glutathione DNA cross-links). XP-V cells are hyper-sensitive to cisplatin, carbo-
platin and oxaliplatin® which indicates that pol 1) probably plays a repair role in damage induced
by these agents. The same sensitivity was found in XP-V mutants. Interestingly XP-A cells are also
sensitive to these agents, but an important difference between XP-A and XP-V is that the absence
of pol 1) expression results in a reduced ability to overcome cisplatin induced S phase arrest. Pol
1} also plays an important role in modulating cellular sensitivity to agents that are used to target
DNA as anticancer drugs;*! for example XP-V patients were found to be 3 fold more sensitive to
B-d-arabinofuranocyl cytosine, gemcitabine and cisplatin used individually. Combination therapies
such as gemcitabine+cisplatin gave 10-fold higher sensitivity. These results may signify important
roles of pol 1) in developing and employing anti-cancer drugs.

Yasui et al*? studied the importance of the interaction of tamoxifen (TAM, a widely used
chemotherapeutic agent for breast cancer and also attributed to mutagenecity) with DNA. This
agent causes the formation of a-(N2-deoxyguanosinyl) tamoxifen (dG-N2-TAM) adducts in
DNA. They produced and studied site-specifically modified oligodeoxynucleotides containing
a single diastercoisomer of trans or cis forms of dG-N2-TAM. The results of primer extension
reactions showed that, although pol 1 bypassed the modified nucleotide, inserting dCMP op-
posite the adduct, pol k extended this more efficiently. Thus the properties of polm and pol x are
consistent with the mutagenic event attributed to the TAM-DNA adduct.

Shibutani’s group carried out studies on the risk involved in hormone replacement therapy
(HRT).®# This therapy increases the risk of developing breast, ovarian and endometrial can-
cers. Two major components of the HRT drug are equilin and equilenin. 4-Hydroxyequilenin
(4-OHEN) is a major metabolite of equilin and equilenin which promotes 4-OHEN-modified
dC, dA and dG adducts. These adducts are present in breast and other tumors of patients
receiving HRT. TLS studies by pol n showed that the 4-OHEN-dC DNA adduct is a highly
mutagenic lesion generating C — T transition and C — G transversion. However, opposite
4-OHEN-dA lesions pol 1} (and pol k) are able to introduce the correct nucleotide, dTMP. In
another study the activity of pol n for bypassing 5-methylcytosine (SMC) was analysed and
showed that the catalytic core of the enzyme was inserting dGMP opposite the SMC of the
CPD with about 120:1 selectivity relative to dAMP. Furthermore dTTP or dCMP were not
inserted opposite SMC.*

Other studies show that, during a single cycle of processive DNA synthesis, Dpo4 (13-30%
efficiency) and pol n (10-13% efficiency) bypass synthetic AP (apurinic or apyrimidinic) sites.*
Furthermore, the bypass is nearly 100% mutagenic for the AP site, lacking A or G and inserting
dAMP. This d AMP insertion occurs with between 70-80% efficiency opposite the AP site. Thus
AP site bypass could be a source of substitution or frameshift mutation.

In contrast to several abnormal and modified nucleotides where pol 1 can effectively or
semi-effectively carry out TLS, Barone et al” have shown that this enzyme bypassed 2-hydroxy-
adenine very inefficiently whereas Dpo4 did it efficiently.
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In addition to the bypass ability of damaged nucleotides in the template DNA, pol 1 can
incorporate oxidized DNA precursors during DNA synthesis.”® Thus pol 1 can incorporate
8-OHAGTP opposite template A at 60% efficiency of normal T incorporation and 2-OHJATP
opposite template T, G or C at substantial levels. Hence this enzyme is suggested to participate in
oxidative mutagenesis through this ability.

Mutation in POLH and Its Effects

Maher et al*” were the first to show that the frequency of UV induced mutation is 25-fold
higher in XP-V cells than in normal human cells. Their subsequent studies revealed that caf-
feine enhanced the cytotoxic and mutagenic effects of UV in XP-V.° In XP-V patients, a large
number of different mutations in this gene have been described,'*"2 these include single-base
pair substitutions, small insertions and deletions resulting in frame-shifts and nonsense muta-
tions (Fig. 1). In case of nonsense mutation, the prematurely terminated proteins, encoded
by these mutant alleles, are unable to be transported to nuclei because they lack the nuclear
localization signal, although they might have DNA polymerase activities. Other patients
have missense mutations in the N-terminal region coding for the active site of the enzyme
{(approximately 350 amino acids long).”! In an analysis of the POLH coding region, it was
concluded that neither mutations nor polymorphism are required for the development of
human squamous cell carcinoma.>

75 122P
XP2,3,6DU [ XPSBI, R
XP7BR, G263V 3618 Mis-sense
XP1AB, |[XP36BR, XP11BR, ;| XP5TRO,
XP58RO; , l

i 1 ] 1

K ——

ﬂ i = URS‘]

Fs17 f f ﬁ ; F555 6 .
Q126stop W297stop Fs407

XP4BE
- [XP1.2CH,; XP56RO, XP7DU, T548stop| [XP37BR:
Q23stop 5 Ins220 xpmcl)1 XP5BI, XP1AB,
XP1SF s P7BR. P36BR
! XP2,3.60U2 LV_Z 0306510[) 2 521sto
Fs35 Del exon 5 XP2SA, , Q373stop P86V, ,
XP30RO; , Fs179 XP56RO, : NP115L0
XP7TA:2| | XP53RO, Fs364 12 .
Del exon2 XP51Vl,, [Fs295 _ IXP127VI, Truncations
XP1RO, T_—XP53RO, [xp28vi, | Del exon10
Del exon6 XPB2Vl, ,
IXP5EMA XP75VI,
= |R§§§‘3° Fs359 D(PZBVIZ'Z
12 | XPPHBE,
P53RO,

Figure 1. Sites of mutations identified in poly. Cell strain designations are indicated in boxes,
with those used in the study.” Others are from references 14, 15 and 52. Subscripts denote
different alleles. Horizontal lines indicate deletions. Single amino acid changes are shown in
the upper part of the diagram and truncations are shown in the lower part. The central part of
the diagram shows the different domains in the protein (see ref. 79). Reproduced with permis-
sion from: Broughton BC et al. Proc Natl Acad Sci USA 2002; 99:815-820;% ©2002 National
Academy of Sciences, USA.
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Mechanism of Mutagenesis in Pol | Mutant Strains—
The Roles of Other Polymerases

In cells with nonmutant pol 1 when the replication polymerase, together with its replication
complex, encounters damage, it stops further synthesis. This is assumed to send a signal to pol 1)
and the enzyme bypasses the dimer accurately by inserting correct 2 As opposite the TT-CPD.
Its subsequent step has not been confirmed but it is likely that the pol ) complex, at this stage, is
dissociated and then the DNA region is bound by another complex involving DNA polymerase
and/or €. According to the proposed model the DNA which is already attached with PCNA, also
gets attached to this region forming a complex. In case of no other DNA damage, the replicative
polymerase complex will continue synthesis without inserting any wrong nucleotides i.e., error
proof synthesis will be achieved.

In pol 1 mutant cells DNA synthesis is carried out as usual by the replication polymerase
complex and this complex again stops at the site of TT-CPD. Possibly the subsequent step
is that the TT-CPD is attended by another set of enzymes, pol 1, pol k, pol L and Revl for
repair to take place. These enzymes possibly cooperate to bypass the TT-CPD and in doing
so they introduce errors which ultimately lead to mutation. Hence repair of DNA in pol 1
mutants, carried out by other polymerases, is highly error-prone and mutations are introduced
at a high frequency.*” Additionally Rev1, by interacting with pol 1, pol 1, pol k, pol L may play
important roles in mutagenic bypass.!””**%¢ Reduction in Revl expression results in reduced
UV-induced mutations indicating that it participates in error-prone TLS past UV lesions.”’
In a recent study it has been shown that pol v can insert G or T opposite the 3" nucleotide of
TT or TU-CPD.*® It was concluded that pol i« causes UV-induced mutations in pol 1} mutants,
although insertion of G against U is nonmutagenic because U is produced by C as a result of
its deamination.’® The introduction of error by pol v is not only at the site of DNA damage but
this polymerase can introduce spontaneous mutation too. The error frequency opposite G or
C is approximately10-2.

Interaction of Pol 1) with Other Proteins

Pol 1 interacts with Y-family polymerases, pol 1 and Rev1.174% Pol 1 and pol 1 form replica-
tion foci with PCNA which is largely dependent on pol 1.7 Likewise the foci formation by Revl
is also largely pol n dependent (Masutani et al unpublished observation). Pol 1} forms foci with
replication complexes in nuclei, which are enhanced by treating cells with DNA damaging agents
such as UV. Poln can interact with PCNA, the sliding clamp of DNA replication polymerase and
this interaction may contribute to foci formation.'® Responding to DNA replication arrest, PCNA
is monoubiquitinated. Two ubiquitin binding domains, UBM and UBZ, which are conserved in
all human or mammalian Y family polymerases have been identified.?! These domains are essential
for binding of pol 1 to ubiquitin. Subsequently poln accumulates in replication complexes and
interacts with monoubiquitinated PCNA. It has further been shown that the UBZ domain of pol
1 is essential for efficient restoration of a normal response to UV irradiation in XP-V fibroblasts.
In this situation the UBZ domain adopts a C(2)H(2) zinc finger structure.®* Pol 1, pol x and Revl
also interact with ubiquitin.®#* Pol « has been shown to interact noncovalently with free polyubig-
uitination chains and also with monoubiquitinated PCNA. The monoubiquitination of PCNA
is catalyzed by the Rad6/Rad 18 complex. It is lysine 164 of PCNA that is used to covalently bind
ubiquitin for the process of ubiquitination.5*

Nakajima et al®® have found that human RAD18 accumulates very rapidly and remains for a
long time at sites of different types of DNA damage including UVC- and X-ray-induced damage.
Accumulation of RAD18 occurs at the site of damage even when replication is arrested and a small
region containing a zinc finger motif, located in the middle of RAD18, is important and enough
for replication independent damage accumulation. RAD 18 also physically interacts with pol .2
The interaction of pol  with Rad6/Rad18 is increased on the chromatin if DNA replication is
arrested.® These protein-protein interactions and post-translational modifications are likely to be
important to guide pol 1} to the arrested replication machinery.
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Mouse, Plant and Microbial Models for Pol 1

A mouse homologue equivalent to human pol 1) (also known as pol 1) has been identified and
studied.’” In addition, several other eukaryotes, Aspergillus nidulans, Schizosaccharomyces pombe,
Brugia malayi, Caenorbabditis elegans, Trypnosoma cruzi, Arabidopsis thaliana and Drosophila
melanogaster have been identified to have the homologue of pol 1.

Lin et al,¥ in their studies of XP-V deficient mice, showed that homozygous mice for null
mutation in pol 1 are viable, fertile and do not show any apparent spontaneous physiological
defect during the first year of life. Nevertheless fibroblasts from these mice showed enhanced
sensitivity to UV and all mice having pol 1 deficiency developed skin tumors after UV irradiation.
In contrast, the wild type littermate controls did not show such tumors. These results confirm that
in mice, as in humans, pol n-dependent bypass of CPD suppresses UV induced skin cancer. It is
interesting to note that 37.5% of heterozygous mice also developed skin cancer 5 months after a
5-months exposure to UV. The results may imply for heterozygous humans for mutation in pol
n, an increased risk of skin cancer compared to homozygous normal humans.® In another study a
double mutant mouse with deficiency in Polm) and Pol 1, had a slightly earlier onset of skin tumor
formation compared to mice with a single gene mutation.” Furthermore, pol 1 deficiency leads to
the development of mesenchymal tumors such as sarcoma; these are not observed in Po/ 777" mice.
A comparative study was carried out on UV induced mutagenesis in mice deficient in pol n or pol
vand mice having mutation in both the genes;”* the Hpr# site was used and it was shown that in pol
n deficient mice UV induced mutation frequency had increased. In contrast, mutation frequency
in cultured cells, derived from pol v mutant mice, had strongly reduced, suggesting that pol v is
involved in bypassing incorrectly through the UV photoproducts.

Mice deficient in poln exhibited an 80% reduction of A: T mutations, suggesting that poln is
the main DNA polymerase producing A:T mutations in somatic hypermutations.”>”* Similar to
poln deficient mice, mice deficient in MSH2 or MSHG also show a reduction of A:T mutations.
The MSH2/MSH6 complex binds to mispaired bases including U:G pair, which could be gener-
ated by activation induced deaminase-mediated deamination of C. MSH2/MSHG6 interacts with
polm, suggesting that these components cooperate in somatic hypermutation (SHM).”* Pol 6 has
also been found to be involved in SHM in association with pol n.*

In Saccharomyces cerevisiae the equivalent of polm is Rad30. The yeast Rad30 product has been
purified and tested against different kinds of DNA damage.” In this organism, as in humans, the
enzyme efficiently inserts two As opposite T'T-CPD.”¢ It also efficiently and accurately bypasses
8-oxoguanine, incorporating C opposite the lesion; although A and G are inserted with a re-
duced efficiency. Opposite acetyl aminofluorine-modified G, a C is inserted and a G is inserted
opposite an apurinic/apyrimidinic (AP) site.”® In the latter case, however, the enzyme is unable to
extend the DNA synthesis any further and it lacks nuclease of proof-reading activity. Skoneczna
et al”’ carried out a detailed analysis of TAP-tagged Rad30 from S. cerevisize and showed that the
level of this protein is post-translationally regulated via ubiquitination and proteosome mediated
degradation. The half life of the enzyme is 20 min and it is increased when there are proteosomal
defects. They also showed that UV irradiation causes transient stabilization of Rad30, which, in
turn, leads to temporary accumulation of the enzyme in the cell; hence the proteolysis process
plays an important role in regulating the cellular abundance of Rad30. Although generally poln
suppresses UV induced mutagenesis, in yeast this enzyme may introduce frameshift mutations by
generating some classes of +1 frame shift.”

A gene, AtPOLH, in Arabidopsis thaliana has been identified which encodes a protein contain-
ing several sequence motifs characteristic of pol 1 homologues.” The gene contains 14 exons and
13 introns and is expressed in different plant tissues. A cloned AtPOLH cDNA in an expression
vector was transformed into S. cerevisiae; when this strain was exposed to UV, its survival reached
wild type level suggesting that AzZPOLH can complement the deficiency of pol n in S. cerevisiae.
Pol 1 in C. elegance has been shown to be important for UV damage tolerance during early em-
bryogenesis but not so much for later stages.”
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Conclusion

During the last three decades our understanding of molecular basis of XP has improved con-
siderably and based on this knowledge, patients suffering from XP have been classified to belong
to defect in one of two major routes for DNA repair: NER, in which mutation in any one of the
seven XP genes (XP-A to XP-G) can lead to XP phenotype, primarily sensitivity of skin cells to
UV light, leading to skin cancer. The other is defect in POLH, responsible to synthesize polymerase
1. Studies of pol 1, its purification and sub-cellular localization, protein/protein interactions and
knockout model organisms revealed that this enzyme has the ability to accurately bypass the TLS
across UV-induced CPD; thus tolerating DNA replication arrest at the lesions. The accuracy of
TLS by pol n is important in that it can prevent mutagenesis and subsequent development of
cancer. However, pol 1} is an error-prone enzyme intrinsically. It can induce somatic hypermutation
in Ig variable genes.” Thus, an important biological role of pol 1y appears to promote variations
in the immune system.

Yet we are some way away to unravel the complete picture of this enzyme; for example it is still
unknown how replicative and TLS polymerases are taking their places in DNA before and after
incorporating nucleotides opposite lesions, although recent findings suggest that post-translational
modifications, specially ubiquitination and deubiquitination of PCNA and TLS polymerases may
be playing important roles in the process. It is also important to learn about the switching over and
selection mechanism between various polymerases and clarify what happens in mutant POLH
cells when the replication complex arrives at CPD site and stops.

The next step therefore in this field is to extend our studies in further understanding of the
exact DNA repair mechanism by this and other associated enzymes. Also it is important to study
the mechanisms of regulation of these double-edged enzymes, specifically in the cells challenged
by DNA damaging agents and without damage. These studies should be helpful in diagnosis, treat-
ment and prevention of DNA damage related diseases which are too many to be listed here.
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CHAPTER 11

Other Proteins Interacting
with XP Proteins

Steven M. Shell and Yue Zou*

Introduction

enetic defects in Nucleotide excision repair (NER) lead to the clinical disorder xero-
G derma pigmentosum (XP) in humans which is characterized by dramatically increased

sensitivity to UV light and a predisposition to development of skin cancers."* NER is a
major mechanism of DNA repair in cells for the removal of a large variety of bulky DNA lesions
induced by environmental genotoxic agents and chemicals. The molecular basis of XP has been
attributed to mutations in any of the cight XP genes, XPA through G whose products are required
for NER-mediated removal of DNA damage and XP-variant (XPV). The XP proteins involved
in NER can be divided into three groups based on their activity in the NER process. XPA, XPC
and XPE are required for sensing DNA damage and initiating the repair process. XPB and XPD,
components of the basal transcription factor TFIIH, are helicases that create a DNA strand opening
surrounding the adducted base(s) during NER. XPG and XPF are the endonucleases that perform
the dual incisions to release the damaged strand and allow resynthesis using the nondamaged strand
asa template.>* Protein-protein interactions are integral for the correct assembly of the pre-incision
complex and for the positioning of the nucleases prior to incision. However, these proteins have
been found to form complexes with other proteins not directly involved in the NER mechanism.
This chapter describes these proteins and their interactions and discusses their effects on the XP
proteins, DNA repair, and genome stability.

Finding DNA Damage: XPA, XPC and XPE

Damage recognition, the first step of the NER process, is performed by three XP proteins: XPA,
XPCand XPE. These proteins function to recognise and verify DNA damage, recruit and assemble
other repair factors and initiate cell cycle control pathways. Deficiency in XPA results in the most
severe XP phenotype.** The protein interaction, associated with this group of XP proteins is abso-
lutely essential for the efficient repair of DNA damage and cellular DNA darmage responses.

XPC, a 106 kDa protein, is the primary damage recognition factor required for the global
genome NER (GG-NER) repair pathway, one of the two subpathways of NER (the other is
transcription-coupled NER or TC-NER).%” XPC forms a tight heterodimeric complex with
HR23B, a 53 kDa protein and this interaction has been found to be indispensable for the stability
of each protein as well as XPC’s damage recognition function.’ Due to the nature of the interac-
tion between XPC and HR23B, this complex will be referred to as XPC for the remainder of this
chapter. XPC has recently been shown to form a complex with centrin 2, a centrosomal and calcium
binding protein involved in centrosome duplication;®* this occurs through direct interaction
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with XPC. Although this interaction is not required for NER in vitro, it forms a heterotrimeric
complex with XPC and stimulates damage recognition, thus providing an extra sensitivity for
DNA damage.f In GG-NER, XPC also interacts with the XPE, XPB and the basal transcription
factor TFIIH.57'%! In this case, XPE serves a similar role to that of centrin 2 to stimulate XPC'’s
ability to recognize certain types of DNA damage. Unlike centrin 2, however, XPE is required
for efficient GG-NER activity.!! The involvement of XPC in GG-NER is regulated also by its
sumoylation with the small ubiquitin-like SUMO-1 modifier; this modification is promoted by
the recruitment of XPA to the damage site. UV-induced sumoylation of XPC is linked to the
stabilization of the protein, as well as the dissociation of XPC from the damage site.'* Once bound
to damaged DNA, XPC recruits the basal transcription factor TFIIH through interaction with
the p62 subunit of TFIIH, an interaction that serves to position TFIIH prior to opening the
damage site.” The XPC-TFIIH interaction also serves a role in linking GG-NER to the cell cycle
checkpoint kinase Ataxia-Telangiectasia Mutated (ATM).** This interaction requires the NER
nuclease XPG to prevent apoptosis in the presence of certain DNA lesions.'* XPC also has been
linked to the base excision repair (BER) pathway via an interaction with thymine DNA glycosylase
(TDG). Although XPC is not a required factor for BER, the XPC-TDG interaction is believed
to stimulate recognition of the damaged base by TDG."

XPE (also known as DDB-2) is a 48kDa protein and is part of the heterodimeric UV-damaged
DNA binding complex (UV-DDB). XPE interacts with DDB-2, a 178kDa protein, to form the
UV-DDB damage recognition complex that stimulates the damage recognition step in GG-NER.*¢
XPE interacts with a variety of proteins to modulate cellular responses to DNA damage. Interactions
between XPE and the CBP/p300'7*® and STAGA™"® chromatin remodeling complexes also are
critical for the efficient removal of damage by the GG-NER pathway. These complexes acetylate
histones, thereby relaxing the local chromatin super structures to allow access to the DNA for
processes such as repair or transcription. This is supported by the finding that XPE associates with
monoubiquitinated histone H2A following UV irradiation. This ubiquitination is a modification
that leads to relaxation of chromatin structure.?” In addition, XPE interacts with transcriptional
cofactor E2F1 to inhibit production of replication factors and arrest cell cycle progression.'#2!
Along with its role in transcriptional repression, XPE interacts with the Cullin4-ROC1-COP9
signalsome, which is part of the E3 ubiquitin ligase complex.”>? This pathway mediates 26S proteo-
some degradation of ubiquitinated proteins and the interaction with XPE may serve to modulate
protein degradation in response to UV irradiation.'®?* Recently, XPE was found to interact with
c-Abl tyrosine kinase and this interaction has been linked to modulation of Cullin4 targeting of
XPE for degradation by the 26S proteosome following UV irradiation.??

XPA, a 32 kDa zinc metalloprotein, is a recognition factor required for both GG-NER and
TG-NER activities and is believed to play a role in verification of DNA damage.>* To date, the
only known function for the XPA protein is in mediating NER and its protein interaction partners
are limited primarily to factors required for damage removal >* The primary XPA interaction
occurs with the single-stranded DNA binding protein, replication protein A (RPA).>¥% Following
UV irradiation, both XPA and RPA are recruited to the damage site via interactions with XPC
and TFITH and, once assembled, form a tight complex that remains associated with the damage
site throughout processing.*> Rad14 the yeast homologue of XPA, also forms a tight complex
with Rad1-Rad10 nuclease, the yeast counterpart of XPF-ERCC1.*° A recent in vitro study has
suggested that the high affinity of XPA for the damage site may not be dependent on the damaged
base but rather on the pre-incision DNA structures generated by local unwinding of the DNA at
and around the damage.* Thus, XPA may play a structural role in maintaining the pre-incision
DNA bubble and positions the remaining NER factors, particularly XPF-ERCC1,* for final
incisions while RPA may protect the undamaged strand (which will be used as the template for
resynthesis following incisions) from nuclease attack.*

Other XPA interacting proteins include ATR (ATM and RAD3-Related),” a DNA damage
checkpoint kinase of the phosphoinositide 3-kinase-like kinase (PIKK) family, XAB1 (XPA-binding
protein 1)** and XAB2 (XPA-binding protein 2).3¥ The interaction of XPA with ATR may be
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responsible for the rapid translocation of XPA from the cytoplasm to the nucleus in response to UV
irradiation as this activity is dependent on ATR and can be abolished usingeither ATR inhibitors or
siRNA-mediated knockdown of the kinase.?® Although the mechanism of the translocation remains
unclear, it is possible that the XPA binding protein XAB1, a cytoplasmic GTPase, may be involved.
XABI1 binds to XPA via the nuclear localization signal located in the N-terminal region of XPA and
is believed to help shuttle XPA, though the nuclear pore by virtue of GTP hydrolysis.>*** However,
this mechanism remains speculative. XPA also has been shown to be phosphorylated by ATR in cells
upon UV-irradiation, and silencing this phosphorylation, for example by mutation, makes the cells
significantly more sensitive to UV. The mechanism, however, is still unknown.»

XPA interaction with XAB2 (XPA-binding protein 2) was identified by yeast-two hybrid
screening.*® XAB2 interacts with a variety of proteins including RNA Pol II and is active in
mRNA splicing.** While its role in NER is not clear, it is believed that it promotes TC-NER
through its dual interaction between RNA, Pol IT and XPA. However, attempts to study this
protein interaction in vivo, using transgenic mice, have proven difficult as deletion of XAB2 is
embryonically lethal ¥

Preparing the Site: XPB and XPD

Following the initial damage recognition step, opening of the DNA at and around the damage
is accomplished by the basal transcription factor TFIIH.** The helicase activity of TFIIH resides
in two XP proteins: XPB and XPD.* Although they play critical roles in NER, their activities
are also critical for the transcriptional role of TFIIH in mRNA synthesis. Therefore each helicase
forms various protein-protein interactions that will be described later in this section.

XPD, an 87 kDa protein, isa 5 — 3’ ATP-dependent helicase and serves as the prominent
helicase in NER, although it plays only a minor role in transcription.”> XPD is part of the Cdk
Activating Complex (CAK) component of TFIIH, containing the additional subunits cdk7,
cyclin H and MAT1. XPD is bound to the CAK complex via an interaction with the coiled-coil
region of the MAT1 subunit.® The CAK complex interacts with the TFIIH core complex via
interaction of XPD with the N-terminal domain of p44 which acts as a bridge between the two
complexes. -4 Besides its helicase activity and the structural role in binding together the TFIIH
supercomplex, XPD has been shown to interact with hMMS19, a transcription factor found to
stimulate estrogen receptor-mediated activation of the ERa promoter via stimulation of AF-1
activity.*** hMMS19 has been shown also to play a role in NER. However this function is still
not completely understood.®# XPD, as well as XPB, interacts with the p53, and this interaction
has been demonstrated to inhibit the helicase activity of both XPD and XPB while reducing the
rate of apoptosis. However, the mechanism of this protection is still unclear. %

XPB,a90kDa protein,isa3’ — 5’ ATP hydrolysis-driven helicase although it has much weaker
activity compared to that of XPD;* however, mutations in XPB are among the most rare in XP
indicating XPB plays an extremely critical role in both NER and transcription.*® In accordance
with this observation, XPB interacts with a variety of different repair and transcription factors
and it is these interactions, not XPB’s helicase activity, that are critical for TFIIH activity. XPB
is part of the TFIIH core complex and is positioned via interactions with the p62, p52, p44 and
p8 proteins.’! Mutations in XPB are believed to disrupt these interactions, leading to the desta-
bilization of TFITH.5%*! The interaction between XPB and p52 has been demonstrated as critical
for XPBs role in promoter melting and any defect in this interaction have serious consequences
for transcription.’? Lin et al demonstrated that XPB helicase activity also is modulated by the
transcription factor TFIIE B subunit to promote transcription initiation by TFITH.**

Although the major NER helicase is XPD, modulation of XPB in NER is critical for the ef-
ficient removal of DNA lesions. Recently the XPB-p8 interaction has been shown to be important
for NER.?? p8 stimulates the helicase activity of both XPB (through direct interaction) and XPD
(via interaction through p44) to promote DNA strand opening, a step necessary for assembly of
pre-incision complexes.?2 The C-terminal of XPB can be phosphorylated by an as yet unidentified
PP2A-related protein kinase and this phosphorylation is essential for the 5 incision by XPG.**
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Table 1. Protein-protein interactions of the XP complementation groups

Protein MW Function Interacting Proteins References
XPA  32kDa  Damage ATR: Cell-cycle Arrest Kinase 38,33
Sensor RPA: single-strand DNA binding protein 4,5,27, 28,94
TFIIH: Transcription/Repair complex 4,5
XAB1: GTPase 34, 35
XAB2: mRNA splicing 36,37
XPF: Endonuclease 30
XPB 90kDa 3’ —=5 DNA  PP2A-related kinase: XPB phosphorylation 54
Helicase p210BCR/ABL: tyrosine kinase 58
p53: Transcritption/apoptosis factor 47-49
Rad52: Homologous recombination factor 57
SUGT: Ubiquitin ligase 55, 56
TFHE: Transcription Complex 53
XPC: DNA damage sensor 7
XPG: Endonuclease 51
XPC 106kDa Damage ATM: Cell-cycle arrest kinase 14
Sensor Centrin 2: Centrosome duplication 8,9, 95
SUMO-1: Sumoylation 13
N-methylpurine DNA glycosylase:
BER repair protein 15
S5a: 26S proteosome component 12
XPB: 3’ = 5’ DNA Helicase 7
XPE: DNA damage sensor 10, 1
XPG: Endonuclease 96
XPD 87kDa 5 — 3’ DNA  hMMS19: Transcription Factor 43, 44
Helicase p44: TFIH component 42,97
p53: Transcription/apoptosis factor 45, 46
MAT1: TFIIH component 40
XPE 48kDa  Damage c-ABL: tyrosine kinase 22
Sensor CBP/p300: Histone acetylase 17,18
Cullin4-COP9: E3 Ubiquitin ligase
components 22,23
E2F1: Transcription Factor 18. 21
STAGA: Histone acetylase 18,19
uH2A: monoubiquitinated Histone H2A 20
XPC: UV-DNA damage binding protein 10, 11
XPF 103kDa  Nuclease aSPIIZ: Nuclear structural protein 76,77
FANC-A: Crosslink repair factor 76,77
Msh2: Mismatch recognition factor 75,78

Rad51: Homologous recombination factor 73
Rad52: Homologous recombination factor 74
RPA: Single-strand DNA binding protein 72
TRF2: Telomere elongation factor 80, 81
XPA: DNA damage recognition factor 30

continued on next page
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Table 1. Continued

Protein MW Function Interacting Proteins References
XPG  133kDa Nuclease Nth1: DNA glycosylase 67-69
PCNA: DNA replication elongation factor 61, 65
RNA Pol H: mRNA polymerase 66
RPA: Single-strand DNA binding protein 61,72
TFIIH: Transcription/Repair complex 59, 61-64
XPA: DNA damage recognition factor 61
XPV 79kDa  Y-Family PCNA: DNA replication factor 86-89
DNA Polu: Y-family DNA polymerase 85
Polymerase Rad18: Ubiquitin ligase 90
Rad51: Homologous recombination factor 93
Rev1: Deoxycytidyl transferase 92

Another critical interaction of XPB is with hSUGI, a component of the 26S proteosome.’*
Lommel et al found that in yeast the XPB-SUG1 interaction modulates the degradation of RADA4,
an XPC homologue and yielded increased repair efficiency.”

XPB and XPD have also been shown to directly associate with the recombination factor Rad52
and it is believed that this interaction serves to couple transcription with the error-free homolo-
gous recombinational repair pathway.” Recently, XPB has been demonstrated to associate with
the p210BCR/ABL tyrosine kinase and this interaction promoted DNA repair by modulating
the association of TFITH with PCNA.*® Although the exact mechanism of this modulation is
unclear, it appears that XPB may modulate the role of TFIIH in homologous recombinational
repair as well as in NER.

Cutting It Out: XPG and XPF

In NER, removal of the damaged oligonucleotides from the genome requires dual incisions
to be made flanking the damaged site. This process is accomplished by the remaining two XP
proteins: XPG and XPE** Following opening of the DNA strand in and around the damage by
TFIIH and dissociation of XPC/HR23B (in the case of GG-NER) the XPG and XPF nucleases
are recruited to the damage site and positioned via protein-protein interactions with XPA, RPA
and components of the TFITH complex.’ However, these two nucleases have also been reported
to interact with other proteins in repair and transcription.

XPG, a 133 kDa protein, is a structure-specific nuclease that cleaves the damaged strand 3’ to
the damaged site at the single-strand/double-strand DNA junction. XPG also serves a structural
role in that helps in positioning the XPF/ERCC1 endonuclease for the 5’ incision.** The XPA/
RPA and TFIIH complexes are required for recruitment and positioning of the nuclease prior to
incision.® > The p62 subunit of TFIIH contains a pleckstrin/phosphotyrosine homology domain
that has been shown to specifically interact with the XPG nuclease.* Also, as described above, XPG
interacts with the XPB helicase and the phosphorylation state of XPB modulates XPG nuclease
activity.> Interaction of XPG with RPA is required for completing the incision.>! In addition, XPG
shows a high degree of homology with the FEN-1 endonuclease, which is involved in processing of
Okazaki fragments during DNA replication. Like FEN-1, XPG is able to associate with the replica-
tion elongation factor PCNA and this interaction is significant during resynthesis of the excised
region in NER.5' It has been found that XPG could recognize and interact with RNA Pol II at
stalled transcription bubbles.® This finding may suggest a DNA damage recognition mechanism in
which XPG initiates the recruitment of repair factors to remodel the stalled transcription bubble
at lesions encountered by the polymerase IL.% Like XPC, XPG also interacts with proteins from
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the BER pathway, in this case Nth1. Nthl is a DNA glycosylase-AP lyase involved in repairing
thymine glycol lesions and other types of BER lesions. However, its affinity for the damaged base
is greatly increased in the presence of XPG protein.¥% In its interaction with Nth1, however,
XPG does not incise the strand and serves only to stimulate Nth1.5¢

XPF, a 103 kDa protein, is the second endonuclease required for NER. Like XPG, it is a
structure-specific nuclease that recognizes the single-strand/double strand DNA junction 5 to
the adducted base(s).” Together with its interaction partner, ERCC1, XPF cleaves the damaged
strand in the region of the junction. XPF requires XPG and RPA to be bound to the substrate
before it can be recruited and correctly positioned to make the cleavage.”” XPF also interacts
with the homologous recombinational repair proteins RADS51 and RADS2 and is involved in
the repair of interstrand crosslinks.”>”* Furthermore, XPF interacts with the FANC-A, MSH2
and nonerythroidaSPIIE protein, further demonstrating its role in the removal of interstrand
crosslinks.”>7® A recently identified interesting role for XPF is its interaction with the telomere
repeat binding factor TRF2. This factor is responsible for the conversion of telomeric TTAGGG
repeats tracts to T-loop structures that protect the telomeres from inadvertent double-strand
break repair. Also, it has been speculated that TRF2 performs a strand-break sensing role in the
nonhomologous end joining (NHEJ) repair pathway.” Although it is still not clear what role TRF2
plays in repair of strand breaks, it is believed that its interaction with XPF promotes trimming of
the ends in preparation for end joining. 8!

Getting Past It: XPV

XPV (also known as pol ) is a 79 kDa protein and a member of the Y-Family DNA poly-
merases.’2 XPV has been identified as a member of the XP group of proteins although it does not
participate in NER pathway?®? Defects in XPV lead to development of the xeroderma pigmento-
sum variant disorder characterized by sensitivity to UV-irradiation despite an active NER repair
pathway®%83 The XPV polymerase is a trans-lesion polymerase that allows DNA synthesis to bypass
UV photoproducts in an error-free manner ** and has been shown to physically interact with
pol , another damage bypass polymerase.?> XPV associates with the replication machinery during
DNA replication and interacts specifically with mono-ubiquitinated PCNA through two interac-
tion sites on the XPV.## This interaction is promoted by the Rad18 ubiquitin ligase that forms
a complex with PCNA and XPV.* Rad 18 monoubiquitinates PCNA following replication-fork
stalling which promotes polymerase switching from pol 8 to polymerase 11 allowing trans-lesion
synthesis past the damage site.3* Along with PCNA and Rad18, XPV also associates with Rev1 at
stalled replication centers. Rev1, a deoxycytidyl transferase,” is thought to play a structural role in
providing a scaffolding for polymerase 11 to bypass certain lesions and this function is independent
of its enzymatic activity.” XPV also is involved in the recombinational double strand break repair
via direct interaction with Rad51.* Rad51 recruits polymerase n to the D-loop recombination
intermediate, a structure that XPV can use as a primer to initiate DNA synthesis.”®

Conclusions

It is clear that XP protein-protein interactions mediate the progression of nucleotide excision
repair by promoting recognition of damaged DNA, recruitment of repair factors and ultimately the
removal of the damaged strand and resynthesis of 2 new oligonucleotides patch. However, the XP
proteins, required for NER, are also responsible for many other DN A metabolic processes, includ-
ing repair, gene transcription and cell cycle control (Table 1). Although much has been learned
about how the XP proteins mediate the repair of damaged DNA, it is still unclear how repair
affects and is affected by many cellular nonNER pathways. Continued research in how template
DNA is handed off between competing pathways via protein-protein interactions in response to
DNA damage is required to fully understand how genome integrity is maintained.
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CHAPTER 12

The Nucleotide Excision Repair of DNA
in Human Cells and Its Association
with Xeroderma Pigmentosum

Alexei Gratchev*

Introduction

hroughout their lifespan all free-living organisms encounter diverse chemical and physical

environmental and endogenous factors leading to DNA damage. Since DNA is a highly

reactive macromolecule, these damages may affect both bases and the sugar-phosphate
backbone and may lead to a severe dysfunction or death of organism. Already, at the early stages
of the evolution, the mechanisms dedicated for repairing various DNA damages were developed.
Cellular responses to DNA damage may be classified into two major groups: (i) tolerance and (ii)
repair mechanisms.! Tolerance mechanism, represented for example by translesion DNA synthesis,
gives the cell a possibility to function further as if no damage had occurred. For the damages that
cannot be tolerated, the repair mechanisms developed restore the structure of DNA molecule as
close to its natural state as prior to damage. To fulfil this task repair mechanisms demonstrate high
level of “intelligence” composed of outstanding sensitivity and specificity. One of the most impor-
tant repair mechanisms is nucleotide excision repair (NER) which is a complex system responsible
for recognition and removal of a wide spectra of DNA lesions. In eukaryotes components of NER
may also be involved in other repair pathways and in various aspects of DNA metabolism. The
importance of NER is supported by the fact that defects in NER cause an extreme ultraviolet (UV)
sensitivity and lead to inherited disease such as xeroderma pigmentosum in humans.>?

The most important physical factors damaging DNA molecule is UV radiation. It has been
estimated that under the strong sunlight an exposed cell in the human epidermis develops about
40000 damaged sites in one hour, primarily from absorption of UV radiation by DNA."® UV
leads to the formation of the most frequent mutagenic DNA lesions: cyclobutane pyrimidine
dimer(CPD) and pyrimidine 6-4 pyrimidone (6-4PPs).*> Another physical factor, ionising ra-
diation, causes the formation of oxidised or reduced bases as well as single- and double-stranded
breaks. This effect is similar to the result of intracellular oxidative metabolism that leads to the
generation of reactive oxygen species (ROS). Chemical agents that damage DNA comprise a group
of structurally diverse compounds that may either bind DNA directly or form DNA reactive species
after metabolic activation. Typical members of this group are carcinogens like benzo(a)pyrene or
acetylaminofluorene and chemotherapeutic drugs like cisplatin or tamoxifen.?

NER is capable of eliminating a broad spectra of DNA damage by the removal of a fragment of
damaged strand that contains the lesion. It is highly conserved in eukaryotes and its action can be
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subdivided into following four steps: (i) recognition of the damage and assembly of pre-incision
complex; (ii) excision of an oligonucleotide of 24-32 residues containing the damage; (iii) filling
in the gap by DNA polymerases and (iv) ligation of the nick by DNA ligase 1 (Fig. 1).>” NER
is a primary repair system for CPD, 6-4PPs, as well as for following DNA adducts: benzo(a)
pyrene-guanine adduct, acetylaminofluorene-guanine (AAF-G) and cisplatin-d(GpG) adduct.
Out of three steps of NER the most puzzling and sophisticated is the step of damage recognition.
‘The main problem of any DNA repair system is the high number of possible DNA lesions that can
form within the life span of the cell and have to be repaired. To perform this task NER developed as
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Figure 1. Model for NER in human cells.
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amultiprotein system with a broad substrate range and is able to cope with almost infinite number
of different lesions, avoiding normal bases.® To keep high efficiency, combined with acceptable
specificity, NER makes use of cooperative binding and molecular matchmaking during the step of
damage recognition.! Cooperative binding is the most common thermodynamic mechanism used
by biological organisms for increasing specificity. In cooperative DNA-protein interactions (for
detail see next paragraph), the binding of one protein to DNA facilitates the binding of either the
second subunit of the same protein or of an unrelated protein. The binding sites of the monomers
could be adjacent or overlapping and cooperative binding may include more than two proteins.
After the binding of one protein to DNA, specific protein-protein interaction leads to a physical
relocation of the second protein to the DNA or to the increase of the local concentration of the
binding partner. Protein-protein interaction may also help to place the interacting proteins in
the appropriate orientation with respect to the binding site.! The cooperativity of binding during
pre-incision complex assembly is highly important, since the damage recognition is the critical
step. All NER factors bind DNA and interact with at least one other repair factor, but there are
differences in DNA substrate preferences and in the affinities of repair factor binding for each other.
In human NER, cooperative binding to damaged DNA was shown for XPA + RPA (Replication
protein A) binding to AAF-G adducts and 6-4PPs.® As well cooperative binding was suggested for
XPC, which is usually in complex with Transcription factor [TH (TFIIH)."'° Another mechanism
used by NER complex to increase the specificity and efficiency of damage recognition was termed
molecular matchmaking.!! Molecular matchmaking describes an ATP dependent process when
a member of the complex uses the energy of ATP to recruit a protein that is unable to join the
complex by itself.'"2 Five criteria were suggested for the identification of a molecular matchmaker:
(i) the affinity of matched protein in the absence of matchmaker must be insignificantly low; (ii)
matchmaker must promote stable complex formation; (iii) one of the proteins involved must
be able to hydrolyse ATP to obtain energy needed for the complex formation; (iv) matchmaker
must form a complex with DNA and matched protein; (v) matchmaker must leave after complex
stabilization.! In human cells XPC performs a matchmaker function delivering TFIIH and XPG
to the pre-incision complex.'?

It is well established that the core damage recognition and excision system in NER comprises
6 factors. These are XPC, TFIIH, XPA, RPA, XPG and ERCC1-XPF complex ( Table 1). XPC,
XPA and RPA recognize damage, TFITH is involved in complex stabilization and unwinds the
duplex and XPG and ERCC1-XPF make 3" and 5’ incisions. After the dissociation of the 24-32
residues including damaged nucleotide(s), replication factors PCNA, RFC, DNA polymerase a
or d resynthesize and DNA ligase 1 ligates the new strand with the old one of DNA.!*3

XP Associated Genes and Their Roles in NER

XPC is a 106 kDa DNA binding protein that complexes with HR23B needed for its confor-
mational activation and stabilization. XPC binds preferentially to a single stranded UV-damaged
DNA'** via its 140 amino acid internal DNA binding domain.!s Via C-terminal domain XPC

Table 1. Core NER factors

NER Factor Subunits Function

XPC XPC, HR23B Damage recognition, molecular matchmaker

TFIH XPB, XPD, p34, p44, p62, p52, DNA unwinding, helicase, 3’-5 helicase,
Matl1, Cdk7, Cyclin H 5’-3’ helicase

XPA XPA Damage recognition

RPA RPA70, RPA32, RPA14 Damage recognition, DNA resynthesis

XPG XPG 3’ incision

ERCC1-XPF ERCC1, XPF 5 incision
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also interacts with TFIIH and XPB.' It was suggested that XPC-HR23B complex initiates NER
by sensing and binding lesions and recruiting other factors of the system.>

TFIIH is a nine subunit complex that includes XPB (89 kDa) and XPD (80 kDa). It was
first identified as a general transcription factor for RNA polymerase IL!® TFIIH has multiple
enzymatic activities. XPB and XPD exhibit DNA-dependent ATPase and helicase functions,
XPB can unwind DNA ina3 -5’ direction and XPD in the opposite direction.'”!® The enzymatic
activities of other subunits have not been identified. It is likely that they function in the assembly
and stabilization of TFIITH.?

XPA gene product has a crucial role at an early stage of NER." Mutation in this gene leads
to the most frequent and severe form of XP. XPA is a 31 kDa DNA-binding protein with a
marked preference to damaged DNA.” Its C-terminal Zn?*-finger containing minimal region is
required for DNA binding and is essential for its function. XPA is essential for the assembly of
the pre-incision complex, interacting with core repair factors ERCC1-XPE>*2 the p32 and p70
subunits of RPA?* and TFITH.*

Replication Protein A (RPA) is a heterotrimeric single stranded DNA binding protein es-
sential for replication, recombination and repair. Human RPA is composed of three subunits 70,
32 and 14kDa.? In NER the assembly of fully operating complex around the lesion requires RPA%
which probably binds to the undamaged DNA strand. The size of opened repair intermediate is
about 30 nucleotides, which corresponds to the size of the optimal DNA binding region of a single
RPA heterotrimer. RPA binds to damaged DNA cooperatively with XPA and is also necessary for
coordinated action of NER nucleases. It interacts with XPG, ERCC1-XPF, guiding them to their
specific positions of action i.e., XPG to the 3’ and ERCC1-XPF to 5 to the lesion.? Apart from
this RPA provides ERCC1-XPF with strand specificity, by inhibiting the incision of undamaged
strand.” Being involved also in replication, RPA is supposed to be involved in the resynthesis and
ligation steps of NER. RPA was shown to stimulate the activity of polymerases 8 and €.

XPG is a 135 kDa protein that belongs to the FEN-family of structure-specific nucleases.
XPG makes an incision in the DNA backbone 3 to the lesion near the junction between single
and double-stranded DNA.” However XPG is required not only for the 3’ incision, but also for
the full NER core assembly/stabilization and action. It was shown, that the presence of XPG is
necessary for the generation of 5 incision by ERCC1-XPE? as well interaction of XPG with
TFIIH and RPA is needed for pre-incision complex stabilization.?

Excision Repair Cross-Complementing 1 is a complex of ERCC1 (33 kDa) and XPF (103
kDa) proteins form a stable complex via their C-terminal domains. The ERCC1-XPF is a structure
specific endonuclease that incises a variety of DNA substrates. Incisions are always made in one
strand of the duplex at the 5 side of the junction with ssDNA.? In NER, ERCC1-XPF complex
makes the 5° incision consistent with its cleavage polarity. ERCC1-XPF has no structural func-
tion in pre-incision complex; therefore 5 incision can be made after the core assembly and 3”
incision. ERCC1-XPF interacts with XPA and RPA that are responsible for its correct positioning
and functioning.’?

NER Pathway

A model proposed for NER is summarized (Fig. 1). The damage recognition factors XPC,
RPA, XPA and TFIIH assemble at the damage site in a cooperative manner and form an unstable
complex. Two subunits of TFITH, XPB and XPD hydrolyze ATP and unwind the duplex at
the damage site to form a repair bubble of about 20 nucleotides.?>* This unwinding leads to
conformational changes in all the components of the complexand to its stabilization. XPC then
uses the ATP hydrolytic activity of TFITH to recruit XPG to the pre-incision complex. XPG
then makes an incision at the 6th = 3 phosphodiester bond 3’ to the damage. ERCC1-XPF
recruited to the complex makes a second incision at the 20th = 3 phosphodiester bond 5 to
the damage. This results in 24-32 nucleotides oligomer to be removed and most of the repair
factors dissociated from the complex. Concomitantly, RPA binds to DNA and promotes the
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synthesis of DNA by repair synthesis proteins RFC, PCNA and polymerases 8 and &. Synthesized
fragment is then sealed by DNA ligase 1.!

XP was reported initially in 1874 (Hebra and Kaposi) and the term “xeroderma pigmentosum”
was introduced by Kaposi in 1882 (see Chapter 1). Xeroderma pigmentosum is a rare autosomal
recessive disease that occurs in the United States at a frequency of approximately 1:250,000,> but
with higher frequency in Japan (1:40,000).* This disorder is characterized by sensitivity to sunlight,
photophobia, eatly onset of freckling and subsequent neoplastic changes on sun-exposed skin.
In XP, the median age of onset of the cutaneous symptoms in sun exposed areas in general is 1-2
years and the median age of onset of nonmelanoma skin cancer is 8 years compared with 60 years
in the general population.?* The incidence of primary cutaneous neoplasms including melanoma
is approximately 2000-fold higher in patients with XP than in normal individuals.** Neurological
symptoms reported in 15% of all patients with XP and range from mild (e.g., isolated hyporeflexia)
to severe (e.g., progressive mental retardation).?33%%

In XP, the skin abnormalities result from exposure to sunlight and are caused by an inability
of the cell to respond adequately to UV-induced DNA damage. Since NER is a primary system,
responsible for elimination of UV-induced CPDs and 6-4 PPs, the mutations of core NER factors
are most frequently associated with XP. XP is genetically heterogencous and has been classified
into seven complementation groups XPA-XPG and XP-variant or XPV¥ (Table 2). The most fre-
quent complementation group is A, followed by XPV and XPC. These three groups account for
about 90% of all XP cases.®® Different complementation groups demonstrate different capacity to
repair UV induced damage that is equivalent of NER efficiency. Experimentally the efficiency of
NER is usually assessed using the technique of unscheduled DNA synthesis (UDS) that provides
information about the magnitude of DNA synthesis, happening without normal DNA replication.
Technically UDS is measured quantitatively by the incorporation of *H thymidine by cells that
are not in the S phase of the cell cycle.” Measurement of UDS demonstrated, that fibroblast from
patients with XP, except in XPE and XPV, show significantly reduced UDS (Table 2). Differences
in repair capacity of cells from patients from different complementation groups results from the
role of corresponding NER factor in the repair process. The best example is the lowest UDS values
observed in case of XPA fibroblasts. The differences in repair capacity of the cells from the same
complementation group results from different mutation that may cause an incomplete inactivation
of the factor. In contrast to cells of XP complementation groups, associated with NER core factors,
the cells from XPE and XPV patients demonstrate comparatively high levels of UDS (Table 2),
which indicates that these factors are not directly refated to NER. Indeed in vitro experiments with
free DNA as a substrate, it has been shown that addition of XPE does not improve NER efficiency.

Table 2. Xeroderma pigmentosum complementation groups and related genes

Complementation Group  UDS Official Gene Symbol (Aliases) Component of NER

XPA <10% XPA (XP1, XPAC) yes

XPB 3-7% ERCC3 (XPB; BTF2; GTF2H; yes
RAD25; TFiH)

XPC 10-20% XPC (XP3, XPCQC) yes

XPD 25-50% ERCC2 (EM9; TTD; XPD) yes

XPE 40-50% DDB1 (XPE; DDBA; XAPT; no
XPCE; XPE-BF; UV-DDBT1)

XPF 10-20% ERCC4 (XPF; RAD1) yes

XPG 5-25% ERCC5 (XPG; UVDR; XPGG; yes
ERCM2)

XPV 75-100%  POLH (XPV; XP-V; RAD30A) no
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‘Two potential functions of XPF are: (i) that XPE is involved in repair of UV induced chromatin
damage,* and (ii) XPE mediates cellular response to DNA damage regulating cell cycle and
apoptosis.”® The XPV was initially termed “pigmented xerodermoid” since its clinical parameters
differ significantly from that of classical XP** and the UDS demonstrated by XPV fibroblasts was
within the normal range. Later, however, pigmented xerodermoid was reclassified as a variant of
XP. The clarity came with the identification of the XPV associated gene—polymerase ) (POLH).
POLH is a translesion DNA polymerase that is capable of inserting correct nucleotides opposite
the damaged template ®* This property of POLH makes it a part of DNA damage tolerance, rather
than a repair system.
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CHAPTER 13

Roles of Oxidative Stress

in Xeroderma Pigmentosum
Masaharu Hayashi*

Abstract

issue damage caused by oxidative stress has been implicated in aging, carcinogenesis,

atherosclerosis and neurodegeneration. In xeroderma pigmentosum {XP) and Cockayne

syndrome (CS), oxidative stress is associated with promoted occurrence of skin cancers
and progressive neurodegeneration, because decreased DNA repair and persistent DNA damage
can result in augmented oxidative nucleotide damage. Oxidative nucleotide damage has been in-
vestigated mainly in isolated human skin and blood cells or their cell lines, in which CS cells may
be more sensitive to oxidative DNA lesions than XP cells. However, cells from patients with XP
group A (XPA) show defective repair of 8, 5°-(S)-cyclo-2’-deoxyadenosine, a free radical-induced
endogenous DNA lesion and antioxidant system seems to be disturbed variously in cells from XP
patients. We have neuropathologically investigated the involvement of oxidative stress in the brains
of XPA and CS autopsy cases and clarified the enhanced lipid peroxidation and protein glycation
in the pallidal and cerebellar degeneration. Also, oxidative nucleotide damage with reduced ex-
pression of superoxide dismutases has been identified in the basal ganglia lesions, lending further
weight involvement of oxidative stress in neurodegeneration in XPA patients. Additionally, we are
developing ELISA analysis of oxidative stress markers in the urine and cerebrospinal fluid from XP
patients, which will aid with further data on oxidative stress in pathogenesis of XP.

Reactive Oxygen Species and Oxidative Stress

Molecules or molecular fragments with one or more unpaired electrons are called free radicals.
Tissue damage caused by oxidative stress, is involved in various pathological processes including
aging, carcinogenesis, atherosclerosis, diabetes mellitus, inflammatory diseases and neurodegenera-
tion.! Oxidative stress originates from an imbalance between the production of reactive oxygen
species (ROS) such as superoxide anion (O, and hydrogen peroxide (H,0,), in addition to
reactive nitrogen species (RNS) such as nitrite ion (NO,) and peroxynitrite anion (ONOO")
and antioxidant capacities of cells and organs. A wide range of antioxidants are: several vitamins
(A, C and E) and endogenous antioxidative scavengers, including catalase, superoxide dismutase
(SOD) and glutathione peroxidase (GPX). SOD converts O, ~into H,O,, which is rapidly reduced
by catalase and glutathione peroxidase.2 When the production of ROS exceeds its breakdown
or detoxification, the balance shifts towards accumulation of ROS, leading to oxidative stress.
Oxidative stress to lipids, proteins and nucleosides results in accumulation of substrate-specific
substances known as oxidative stress markers.> The most important product of ROS is lipid
peroxidation, which causes disruption of cell membrane thereby leading to their destruction.

*Masaharu Hayashi—Tokyo Metropolitan Institute for Neuroscience, Department of Clinical
Neuropathology, 2-6 Musashi-dai, Fuchu-shi, Tokyo 183-8526, Japan.
Email: mahayasi@tmin.ac.jp
Molecular Mechanisms of Xeroderma Pigmentosum, edited by Shamim 1. Ahmad
and Fumio Hanaoka. ©2008 Landes Bioscience and Springer Science+Business Media.
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One of the major products of lipid peroxidation in cell membrane is 4-hydroxy nonenal protein
(4-HNE), which is well known to be a toxic product in oxidative damage.* Oxidative damages
to DNA and RNA produce 8-hydroxy-2’-deoxyguanosine (8-OHdG) and 8-hydroxyguanosine
(8-OHG), respectively, which are known as markers for evaluation of oxidative DNA damage.®
Also advanced glycation end products (AGE) is considered as a marker of protein damage by gly-
coxidation and generation of AGE has been delineated in aging, atherosclerosis and progression
of diabetes mellitus.5

Oxidative Damage at the Cellular Level in Xeroderma Pigmentosum

Xeroderma pigmentosum (XP), Cockayne syndrome (CS) and trichothiodystrophy (TTD)
are associated with disturbance in nucleotide excision repair (NER) system,” but the latter two
disorders will not be discussed in this chapter. Complementation studies by using cell hybridization
have revealed the existence of eight genes in XP (groups A-G and a variant) and two in CS (A
and B). NER includes global genome repair and transcription-coupled repair (TCR), which
involves two CS genes (CS4 and CSB) and several XP genes (especially XP-4 to XP-G). It is
likely that decreased DNA repair and persistent DNA damage can result in augmented oxidative
nucleotide damage in XP, CS and TTD. Since oxidative stress can be associated with initiation,
promotion and progression processes during carcinogenesis, analysis of oxidative DNA stress is
important for patients with XP, which are predisposed to skin cancers, or less frequently cancers
in the internal organs.?

Oxidative nucleotide damage has been investigated mainly in isolated skin and blood cells or
their cell lines.”!* Oxidative DNA lesions, 8-oxoguanine and thymidine glycol, were shown to
be removed by the XP protein-dependent excision system in the cell lines, although XP cell lines
are not hypersensitive to X-ray killing.” Also it is reported that the removal of 8-oxoguanine by
TCR in human cells requires the XPB and XPD proteins as well as XPG and CSB." Proliferating
cell nuclear antigen (PCNA) is an important component of NER and the efficient formation of
PCNA, following oxidative damage induced by hydrogen peroxide, was reduced in CSB cells but
not XPA cells, suggesting that the PCNA-dependent repair may not require XPA protein.!! Also
primary fibroblasts from CS patients, but not XPA cell lines, are defective in cellular repair of
8-hydroxyguanine and 8-hydroxyadenine resulting from oxidative nucleotide damage caused by
ionizing radiation.'? Taking these findings together, CS cells seem to be more sensitive to oxidative
DNA lesions than XP cells. Nevertheless, the real-time quantification and identification of free
radicals in fibroblasts by microelectrodes demonstrated a significant increase of ROS in the XPA
and XPD cells.”* Also, 8, 5°-(S)-cyclo-2’-deoxyadenosine, a free radical-induced endogenous
DNA lesion, is repaired by NER and SV40-transfomed human cell lines from patients with XPA
shows defective repair of 8, 5’-(S)-cyclo-2’-deoxyadenosine, but not of the cis, syn-cyclobutane
thymidine dimer, suggesting that 8, 5’-(S)-cyclo-2’-deoxyadenosine has the properties that could
contribute to XP neurodegeneration.!¢ Further studies on other XP complementation groups and/
or the accumulation of cyclo-deoxyadenosine in XP neurons themselves remain to be investigated.
Generally in the experiments using human cells, the results tend to be heterogeneous and variable
due to the differences in target cells, types of oxidative stress and measurement methods of oxidative
products. Embryonic fibroblasts from CS gene-deficient mice (CSB) are hypersensitive to oxida-
tive lesions by gamma-rays-irradiaiton, while embryonic stem cells from XPA gene-deficient mice
(XPA” mice) had a moderate gamma-ray-sensitivity.'>

Antioxidant system has also been examined in isolated fibroblasts and cell lines from mice.
Epidermal activities of SOD and catalase but not GPX showed a significant decrease in two XP
families, one of XP-C and another of XP-D.* Vuillaume et al showed that UV induced five and three
times more H,O; production in XP cell lines compared with TTD or controls, respectively, although
catalase transcription had no differences between normal, XP and TTD cell lines."” Subsequently,
the same research group reported that decreased levels of NADPH in fibroblasts from XP patients
are responsible for the low catalase activity and addition of exogenous NADPH can restore the
enzyme activity.'®
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Oxidative Stress in Neurodegenerative Disorders

Free radicals are abundantly produced in the central nervous system, because neurons consume
great amounts of molecular oxygen, neuronal mitochondria generate a large amount of O,,! and
the brain per se stores a readily bioavailable source of iron.!? Therefore, oxidative stress has been
suggested to be one of predisposing factors for neurodegeneration in several adult-onset neurologi-
cal diseases such as Alzheimer’s, Parkinson’s and amyotrophic lateral sclerosis.'?® Increased lipid
peroxidation, protein oxidation and increase of oxidized nucleosides has been found in cell culture,
postmortem brains and cerebrospinal fluids from patients suffering from Alzheimer's disease and
trangenic animal models.** Oxidative stress has been implicated in loss of dopaminergic neurons
and disease progression in Parkinson disease, irrespective of differences in genetic background.
In addition, mutations in the gene encoding copper-zinc SOD (Cu/ZnSOD) is responsible for
about 20% of patients with familial amyotrophic lateral sclerosis and multiple disease-causing
mutants are demonstrated to be recruited to mitochondria, but only in affected tissues including
the spinal motor neurons.? Similarly, oxidative stress has been reported to be involved in various
child onset brain disorders, including Down syndrome and periventricular leukomalacia 2%

We have neuropathologically examined the involvement of oxidative stress in
neurodegeneration in child onset neurodegenerative disorders.?6* Subacute sclerosing
panencephalitis is caused by the persistent measles virus infection in the central nervous
system and characterized by slowly progressive and fatal clinical course, severe brain atrophy
and extended demyelination. Nuclei immunoreactive for 8-OHdG was found in the cortical
neurons and subsequently occurred in the glial cells in the demyelinated white matters, which
demonstrated augmented lipid peroxidation. These indicate contribution of oxidative stress
in neurodegeneration in subacute sclerosing panencephalitis.? In spinal muscular atrophy,
a childhood counterpart of amyotrophic lateral sclerosis, oxidative nucleoside damage was
observed in the motor cortex, lateral thalamus and cerebellum,” in addition to the atrophic
motor neurons in the disease type having more protracted clinical course.?® Neuronal
ceroid-lipofuscinosis is a group of fatal neurodegenerative and lysosomal storage disorders
and is clinically characterized with progressive developmental deterioration, visual loss and/
or uncontrolled myoclonic epilepsy. Autopsy cases of late infantile form showed increased
lipid peroxidation and oxidative DNA damage in the cerebral cortex, while they had increased
protein glycation in the cerebellar cortex.”” One case of rare protracted juvenile form showed
only deposition of advance glycation end products (AGE) in the cerebellar cortex, indicating
the possibility of difference in the degree of involvement of oxidative neuronal damage even
in the same disease.*®

Neuropathological Analysis on Oxidative Stress in the Brains of

Autopsy Cases of Xeroderma Pigmentosum and Cockayne Syndrome

DNA cannot be adequately repaired in the brains in patients with XP or CS, which can
lead to progressive neurological disturbances such as severe developmental delay, peripheral
neuropathy, neuronal deafness, cerebellar ataxia, spasticity and extrapyramidal tract signs.*
Protection from ultraviolet light can prevent development of skin lesions, whereas neurodegen-
eration cannot be stopped. We have neuropathologically investigated autopsy cases of XP group
A (XPA) and CS,*? and found the occurrence of apoptotic neuronal death in the hippocampal
and cerebellar lesions.*

In order to investigate the involvement of oxidative stress in neurodegeneration of XPA and
CS, we immunohistochemically examined the depositions of oxidative products in proteins and
lipids in the brains of five autopsy subjects each of XPA, CS and controls.** More nitrotyrosine,
AGE and 4-HNE were remarkably deposited in the globus pallidus in CS than XPA (Fig. 1A). In
CS and XPA, both were frequently recognized in the pseudocalcified foci, neuropil free minerals
and more rarely foamy spheroids. In addition, the deposition of HNE was observed in the cerebellar
dentate neurons in both disorders, suggesting that oxidative stress can be involved in the pallidal
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Figure 1. Deposition of oxidative products in the globus pallidus. A) The minerals were
immunoreactive for 4-hydroxy nonenal in the external segment of globus pallidus in the
24-year-old female XPA case. B) Some of the pallidal neurons had nuclei immunoreactive
for 8-hydroxy-2’-deoxyguanine in the external segment of globus pallidus in the 19-year-old
male XPA case. C,D) The neuron had cytoplasmic immunoreactivity for 8-hydroxyguanosine
(C) in the external segment of globus pallidus in the 26-year-old female XPA case (D), which
vanished completely after the pretreatment with RNase.

and cerebellar degeneration in XPA and CS. Subsequently we examined the deposition of oxidative
products in nucleotides and expression of two types of SOD in the XPA and CS subjects.®® Cases
of XPA but not CS demonstrated nuclear deposition of 8-OHAG and cytoplasmic deposition of
8-OHG, in DNA and RNA, respectively, in the globus pallidus (Fig. 1B-D). Also most XPA cases
exhibited reduced cytoplasmic immunoreactivity for Cu/ZnSOD in the neurons of the cerebral
and cerebellar corteces in addition to the basal ganglia and a few XPA cases also showed reduced
immunoreactivity for MnSOD in the mitochondria of the neurons (Fig, 2). In contrast, five CS cases
demonstrated comparatively preserved immunoreactivity for both SODs, suggesting that oxidative
damage to nucleotides with disturbed SOD expression can be involved in neurodegeneration in XPA
but not CS. Simultaneously, we examined the expression of neurotransmitters and neuropeptides
in the basal ganglia and thalamus in XPA autopsy cases, because oxidative neuronal damage was
most predominant in the basal ganglia.* The large cell neurons in the putamen were preferentially
reduced, the immunoreactivity for tyrosine hydroxylase in the dopaminergic afferent and efferent
pathways were severely affected, whereas reflecting the dopaminergic afferent and efferent pathways
were severely affected, whereas the expression of substance P and methionine-enkephalin in the
globus pallidus and substantia nigra, which are involved in the efferent pathways in the basal ganglia
were comparatively spared. The selective damage to dopamine system in the basal ganglia seemed to
be related to clinical abnormalities such as rigidity and laryngeal dystonia in patients with XPA.
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Figure 2. Expressions of superoxide dismutase (SOD). A) Neurons were immunoreactive for
Cu/ZnSOD in the CA4 of the hippocampus in the 21-year-old male control. B) The hippocam-
pal neurons immunoreactive for Cu/ZnSOD, were decreased in reactivity in the 24-year-old
female XPA case. C) Purkinje cells were immunoreactive for MnSOD in the cerebellar cortex in
the 29-year-old female control. D) Immunoreactivity for MnSOD was reduced in the Purkinje
cells in the cerebellar cortex in the 26-year-old XPA case.

Preliminary ELISA Analysis of Oxidative Stress Markers

in Urinary Samples from Patients with Xeroderma Pigmentosum
Oxidative stress markers are available to evaluate the levels of oxidative DNA damage and
lipid peroxidation in the samples of urine, serum and cerebrospinal fluid from very low birth
weight infants and children with neurological disorders.””* We preliminary examined the early
and late-stage markers for lipid peroxidation, hexanoyl-lysine adduct and acrolein-lysine adduct,
respectively, in addition to 8-OHdG in urine samples from four XPA patients, one XPD patient
and 17 healthy controls aged 3-81 years (Table 1). Samples were obtained from each subject in
the morning and immediately stored at —~80°C until analysis. The patients and/or their parents
understood the purpose of this study and approved the offer of urine samples. Levels of urinary
oxidative stress biomarkers, 8-OHdG, HEL and ACR were determined using an enzyme-linked
immunosorbent assay (ELISA) kit. We also measured urinary creatinine (mg/dl) by a standard
automated colorimetric assay. Each value was expressed relative to urinary creatinine to adjust
for muscle mass. XPA patient aged 29 years with long disease duration, suffering from diabetes
mellitus, showed a remarkable increase over the mean plus 2SD of data in 17 controls in both
urinary 8-OHdG and hexanoyl-lysine adduct ('Table 1, upward arrows), probably due to severe
systemic complications. It is intriguing that young XPD patient aged 9 years also demonstrated
asignificant increase of urinary 8-OHdG (Table 1, upward arrow), although he only shows mild
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mental retardation and neurological deafness. ELISA analysis of oxidative stress markers in the
cerebrospinal fluid samples from XPA patients is now in progress in our laboratory, which will
provide useful data to clarify the involvements of oxidative stress in neurodegeneration in XPA.
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CHAPTER 14

Xeroderma Pigmentosum:
Its Overlap with Trichothiodystrophy, Cockayne
Syndrome and Other Progeroid Syndromes

W. Clark Lambert,* Claude E. Gagna and Muriel W. Lambert

Introduction

Ithough this volume is devoted to xeroderma pigmentosum (XP), there are, in fact, at
Alcast three disorders, XP, trichothiodystrophy, (TTD) and Cockayne syndrome (CS),

the etiopathogeneses of which are involved with the same biochemical pathways and, in
a number of cases, with the same gene(s)."”* In some instances, patients have unequivocal evidence
of having more than one of these diseases, which are clinically quite heterogeneous. This chapter
will review those unusual cases, known as XP/TTD or XP/CS overlap syndromes or XP/TTD
or XP/CS overlap complexes.

In theory, there are two ways an individual could be affected by these very different diseases
(i.e., XP and TTD or XP and CS). The first is that he or she could simply be extraordinarily un-
lucky and be struck by two genetic bullets. This idea implies that the individual is homozygous or
hemizygous (in the case that an allele on a sex chromosome is involved) for defective alleles at ewo
different loci. This occurrence, which the two of us (WCL and MWL)%” have previously labeled
“corecessive inheritance”, would imply extremely high carrier frequencies for at least some of these
defective alleles. However, there is no direct evidence that corecessive inheritance is responsible
for these overlap syndromes, although there are a number of examples in which two individuals
with identical mutations have very different clinical phenotypes, implying involvement of more
than one gene.

The second way one could be affected by more than one of these disorders is that one is homo-
zygous or hemizygous for defective alleles at a single locus, but the gene product associated with
that locus is involved in more than one biochemical pathway within the cell. There is consider-
able evidence that this is the etiopathogenesis of at least some of the overlap syndromes, which,
although quite rare, are much more common than would be expected, based on the frequencies
of these syndromes (XP, TTD and CS) considered independently.

In particular, we will be concerned with two pathways, nucleotide excision repair (NER), which
is defective in all complementation groups of XP except the variant group (XPV) and initiation
and to some extent continuation of transcription especially transcription by RNA polymerase II,
which transcribes mRNA for active genes within the cell. As is reviewed extensively elsewhere in
this volume, the Jarge RNA transcription subunit, TFIIH, is intimately involved in both pathways,
so much so that it could just as easily be considered a DNA repair protein complex as an RNA
transcription protein complex.

*Corresponding Author: W. Clark Lambert—Department of Pathology, UMDN]-New jersey
Medical School, Newark, NJ 07103, USA. Email: lamberwc@umdnj.edu
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TFIIH is a complex containing at least 10 proteins, notably including XPB, XPD and
XPG, mutations in which appears to account for almost all of these overlap syndromes. The
consensus, if there may be said to be such a thing, is that mutations in these genes that cause XP
are those that affect the NER mechanism (particularly global genomic NER (GG-NER)). On
the other hand, those mutations that primarily affect transcription-coupled NER (TC-NER),
as well as transcription and possibly other systems cause TTD or CS. Presumably the overlap
syndromes are due to mutations that affect more than one pathway and we shall regard this as
a working hypothesis.

It is highly likely, however, that for several reasons the above hypothesis is an oversimpli-
fication; first, there are many other biochemical pathways that are either known to include or
are likely to be found to involve these same gene products. These include both short patch and
long patch base excision repair (BER), mismatch repair (MMR), homologous recombination
{HR) and nonhomologous end-joining (NHE]J) of DNA double strand breaks (DSBs). Other
processes that interact with these include telomere maintenance and cell cycle control. Second,
many nuclear proteins are, at least to some extent, interdependent for maintenance of stabil-
ity and other functions, so that a protein may affect one or more of these pathways without
actually being involved in it directly. Third, nuclear proteins/gene products may affect rates
of transcription or translation of other genes or activation of their gene products. Fourth, the
function of some of these proteins, or even the entire pathway in which they are functioning,
remains unclear. The list goes on and on. We have shown, for example, that a major nuclear
structural protein, a-spectrin II, is active in the Fanconi anemia pathway, the function of which
is still poorly understood.®

There is yet another area of uncertainty that must be addressed before we attempt to review
these overlap syndromes: the diagnosis of any of these is dependent on clinical assessment, on who
is looking and how hard they are doing it. Is one adult patient with early freckling but no skin
cancers comparable to another patient with severe dyspigmentation and dozens of cancers arising
in childhood? In these classifications both are likely to be considered to have XP, with additional
signs/symptoms, which are similarly variable, causing them to be classified as also having CS or
TTD. One must review these reports, many of which are authored by biochemists and molecular
biologists who are wonderfully competent in their fields but who are not necessarily similarly
skilled clinicians, or who may not even have direct access to the relevant clinical information,
with caution. There is also heterogeneity in competencies among physicians reporting these cases.
For example, a neurologist is less likely to note freckling than a dermatologist who, in turn, is less
likely to detect mild spasticity.

Although there are reports of XP/TTD and XP/CS overlap syndromes, we are not aware of a
report of a “TTD/CS overlap syndrome” and “XP/TTD/CS overlap syndrome”. However, this
may have been overlooked because the authors of the reports were mostly focusing on XP/TTD
overlap or XP/CS overlap rather than other possibilities and may therefore represent a pedagogic
solution to a scientific problem. Clinically, there is considerable overlap between TTD and CS and
both are presumably (see “working hypothesis” above), related to transcriptional deficiencies.

In the following we shall review not only XP/TTD and XP/CS overlap syndromes due to
XPB, XPD and XPG mutations, but certain other overlaps as well. In particular, we shall examine
overlaps of XP with progeroid syndromes. CS and TTD may themselves be considered progeroid
syndromes and these syndromes, although imperfectly so, are nevertheless intriguing models for
ageing. We shall also review the ultraviolet sensitivity syndrome (UVSS), which, in some cases,
may be related to a lack of the CSB protein.

The Ultraviolet-Sensitive Syndrome (UVSS)

Fujiwara et al (1981) described a patient with clinical manifestations similar to XP, including
acute sunburn following minimal sun exposure, freckling, xerosis (dryness) telangiectasias and
dyspigmentation of sun-exposed skin but without development of tumors or neurological abnor-
malies.? In 1994, Itoh et al described additional patients. ' A delayed recovery of RNA synthesis,
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following UV exposure, was noted in the patients’ cells—a feature of CS. These authors proposed
the new term “ultraviolet-sensitive syndrome (UVSS)” to denote these patients.'®!!

Horibata et al (2004) found that cells from the original patient described by Fujiwara et al’
were homozygous for a null mutation in ERCC6/CSB {the excision repair, complementation group
6/Cockayne syndrome, complementation group B gene).!? A cell line from a different patient
with the UVSS had no mutations in ERCC6/CSB and normal amounts of the ERCC6 protein,
however, indicating genetic heterogeneity within the UVSS. The UVSS has not yet been reported
to have any overlapping signs or symptoms of TTD or CS.

XP/Trichothiodystrophy (XP/TTD) Overlap Syndromes

‘The term, Trichothiodystrophy (TTD) was introduced by Price et al (1980) to describe a syn-
drome or syndromes characterized by the presence of brittle, sulfur-deficient hair.* The hair and
nails of the patients suffering from this disease are brittle because they contain reduced levels of
cysteine-rich matrix proteins. Affected individuals also have ichthyosis, which is usually apparent
atbirth and much less apparent afterwards and retarded mental and physical development. TTD is
part of a more broadly defined entity known as the IBIDS (ichthyosis, brittle hair, impaired intel-
ligence, decreased fertility and short stature) syndrome,* which itself is somewhat poorly defined
due to clinical variation between patients.'s The original case was described by Tay (1971) and
the syndrome is also known as Tay syndrome.'$The hairs in patients with TTD have a distinctive,
diagnostically useful appearance on polarized light microscopy known as the “tiger-tail” anomaly;
the disease may also be diagnosed by amino acid analysis of the patients’ hair shafts, which show
decreased sulphur and cysteine content.'?

About half of patients with TTD have also photosensitivity (usually clinically manifested as
sun-sensitivity) and an associated cellular defect in the transition-coupled repair (TCR) subtype
of the nucleotide excision repair (NER) type of DNA repair.!” However, like CS, to date no case
of TTD has been reported to develop skin cancer.'™” The photosensitive form of TTD is also
known as “trichothiodystrophy-photosensitive (TTDP)"!®

The TTD phenotype can be caused by mutations in at least three different genes. The
overwhelming majority of patients have mutations in ZRCC2/XPD (the Excision Repair
Cross-Complementing 2/Xeroderma Pigmentosum Complementation Group D gene). A
single family has had, instead, biallelic mutations in the ERCC3/XPB (the Excision Repair
Cross-Complementing 3/Xeroderma Pigmentosum Complementation Group B gene) (see be-
low). These two genes encode the two helicase subunits of the transcription/DNA repair factor,
TFIIH (Transcription Factor for RNA polymerase I1, subunit H, which itself is composed of at
least 10 subunit proteins.). A different TTD complementation group was identified by Stefanini
et al (1993), when they showed that cells from patients in this new group could complement
all XP complementation groups and that this new complementation was not intragenic.!8 Cells
from this complementation group were originally identified as “TTD1BR”. It has been suggested
that it may be identified as “T'TD2”, with the other known TTD cases at the time (all due at that
time to mutations in ERCC3/XPD) identified as in complementation group “TTD1”. Following
the revision in nomenclature proposed by Lehmann, et al (1994), this new group is now known
as TTD-A." However, these alternative nomenclatures may be seen in the literature. This new
complementation group of TTD (TTT-A) has been found to be caused by a mutation in the gene
(GTF2HS/TTD-A) encoding a newly identified, tenth subunit of TFIIH, TFBS5.2 The overall
levels of TFIIH in TTDA cells are also significantly depressed, presumably because TFBS, in
addition to any other functions it may have, acts as a stabilization factor for TFIIH.2 It is not
known whether the depressed level of TFIIH or the defect in TEBS, or a combination of these,
is responsible for the disease.

Depending on the mutation and possibly other components of the genetic background in
individual cases, mutations in the XP-B or XP-D genes may cause XP only, TTD only, or, for
XP-D, an overlap syndrome incorporating elements of both diseases, known as the xeroderma
pigmentosum/trichothiodystrophy overlap syndrome (XP/TTD syndrome). Mutations in these
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genes and also in the XP-G gene (XP-G, see below) may also cause CS (notably with the absence
of certain features in many cases) or a crossover syndrome between XP and CS (see below).

XP-D/TTD Overlap Syndromes

XP-D is a subunit of TFIIH, which has functions in NER, basal transcription by RNA
polymerases I and II and transcription activation.?? Mutations in XPD that affect only NER are
associated with XP; if transcription is also affected, they may be associated with TTD or the
XP-D/TTD overlap syndrome.

Broughton et al identified two patients with features of both XP and TTD in 2001.* One pa-
tient was a three year old female with sun sensitivity and mental and physical developmental delay.
Cells cultured from this patient had almost total loss of NER. She had a compound heterozygous
mutation in ERCC2/XP-D. The second patient was a 28 year old female with sun sensitivity, dys-
pigmentation and skin cancers in areas exposed to sunlight. She had a much higher level of NER.
She had an argl 12-to-his mutation in one allele of ERCC2/XP-D, previously seen in TTD and a
leu485-to-pro mutation in the other allele.

XP/Cockayne Syndrome (XP/CS) Overlap Syndromes

Cockayne syndrome (CS) is a rare (occurring in approximately one individual per 100,000
live births) autosomal recessive disorder characterized in part by progressive neurodegeneration,
a progerioid (premature aged, wizened) appearance and photosensitivity without develop-
ment of skin cancer.”* The neurodegeneration is associated with dysmyelination, rather than
with neural cell degeneration, as is seen in cases of XP associated with neurological disease.”
Three forms of CS have been delineated: CS Type I, also known as “classic CS”, CS Type 11,
also known as “cerebro-oculo-facial-skeletal syndrome (COFS syndrome)”, the “Pena-Shokeir
syndrome, Type I1” and “connatal CS,” and CS Type III. Some authors distinguish between CS
Type II and COFS; we shall consider them synonymous here. CS Type II is the most severe,
with abnormalities manifested in utero and gross deformities present at birth. In CS Type I,
abnormalities are not apparent at birth but appear in early childhood. In CS type I1I the discase
is milder with later onset, in some cases as late as the third decade of life. The XP/CS overlap
syndrome may be said to constitute a fourth form, but individual cases may fall within one of
the other forms, particularly the COFS syndrome. When it occurs without sun-sensitivity, CS
has a very variable phenotype.?®

CS Type 1 is characterized by normal prenatal growth but with growth and developmental
abnormalities arising in the first two years following birth. Following onset, growth retardation
becomes severe, so that at the end of the course of the disease, height, weight and head circumfer-
ence are well below the fifth percentile. A very characteristic finding is recession of the eyes into
their sockets, due to lack of post-orbital fat. This, along with lack of fat in facial tissues, contrib-
utes to a “wizened” faces forming part of a progeroid phenotype. Dental caries, due to decreased
salivation and caused by innervation of the salivary glands, is a frequent feature. Patients may have
a characteristic “horse rider” gait. Neurodegeneration is progressive and death usually occurs by
seven years of age.

COFS (CS Type I1) is even more severe than CS Type I, with gross abnormalities becoming ap-
parent in utero. These abnormalities are clearly manifested at birth and progress rapidly afterwards.
CS Type 11 is typically much less severe with signs and symptoms occurring much later in life.

CS of any type tends to be associated with spasticity, increased deep tendon reflexes and joint
disease. X-ray examination reveals calcifications of basal ganglia of the brain. Neuropathologic
changes are associated with dysmyelination, rather than the neuronal degeneration characteristic
of the neurodegenerative disease seen in some cases of XP. Approximately 75 percent of cases
of CS have been found to be due to a biallelic mutation in the ERCC6/CSB gene. Most of the
remaining 25 percent of cases are due to a mutation in the ERCC8/CSA gene. Mutations in
ERCCS8/CSA or ERCC6/CSB cause defective TCR of UV damage.” There may also be subtle
transcription defects.>*%
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Very few cases of CS are due to a mutation in the XPB, XPD or XPG genes; some of these also
have features of XP and are thus examples of the XP/CS overlap syndrome. A tiny subset of cases
is due to a gene(s) that has not yet been identified.

Patients with CS, not in complementation groups A or B, were formerly identified as in
complementation group C of CS (i.e., as CS-C).** This group has been abandoned. ** Some of
these patients had biallelic mutations in XPD.

Patients with the XP/CS overlap syndrome have very variable phenotypes and it is perhaps
unwise to attempt to generalize regarding them. However, their XP features at 2 minimum usu-
ally include early freckling, perhaps accompanied by dryness of the skin in sun-exposed areas and
perhaps skin cancers. Their CS features tend to include mental retardation, spasticity, short stature
and hypogonadism, but not skeletal dysplasia, although there are exceptions.

XP-B/CS Overlap Syndrome(s)

To date, only seven mutations in ERCC3/XPB have been identified in six families.** Each fam-
ily has one or more individuals with either XP (one family), TTD (one family), or the XP/CS
overlap syndrome (four families). The very limited range of these mutations may be related to the
fact that the XPB protein is a helicase, active in both NER and transcription and essential for both
of them. In contrast, the XPD protein, although a helicase active in both NER and transcription,
is essential only for the former.3** Thus a mutation in XPB is much more likely to be lethal than
one in XPD.

The six families with XPB mutations have been extensively studied by Oh et al (2006).
The first XPB patient identified (Oh et al,** Family III),3%” was found to have a severe form of
the XP/CS overlap syndrome.® XP signs/symptoms included extreme sensitivity to sunlight,
with blistering noted in infancy, dyspigmentation and multiple skin cancers with onset at age
15 years. CS signs/symptoms included severe dwarfism, microcephaly, microphthalmia, sen-
sorineural deafness, severe mental retardation (IQ of 40 but with good social skills), corneal
scarring, cataracts, pigmentary retinal degeneration, optic atrophy, abnormal (flat) retinogram,
hypereflexia, ataxia, decreased nerve conduction velocity, enlarged cerebral ventricles (brain),
basal ganglia calcifications and immature sexual development. The patient died at 33 years of
age of cardiovascular disease.

A second family (Oh et al,** Family IT) had two brothers with mild XP/CS overlap syndrome.
They were originally reported by Scott et al*’ with the XPB classification subsequently carried out
by Vermeulen et al (1994).% The XP features in these patients consisted of severe sunburn at ap-
proximately six weeks of age and early freckling-like dyspigmentation. Neither had developed skin
cancer when studied at ages 38 and 41, respectively. However, CS features were somewhat more
severe, consisting of short stature, sensorineural hearing loss which began at the age of four years
and late onset hyperreflexia, other clinical neurological deficiencies, decreased nerve conduction
velocity, enlarged central ventricles, dysmyelinating neuropathy, retinopathology and immature
sexual development.

A third family (Oh et al,** Family IV) consisted of a 27 year old man with a severe form of
XP/CS overlap syndrome from Slovenia.* XP features included sun hypersensitivity, dyspig-
mentation and atrophy of sun-exposed skin, telangiectasias and recurrent eyelid squamous cell
carcinoma. CS features included growth and mental retardation, sensorineural deafness, optic
atrophy, pigmentary retinopathy, ataxia, decreased nerve conduction velocity, enlargement of
central ventricles, cerebellar atrophy and cakifications of the basal ganglia. He died of end-stage
renal fajlure at 31 years of age.

A fourth family (Family V), consisted of a 10 year old girl with severe XP/CS overlap syn-
drome from Germany.** XP signs/symptoms consisted of severe sunburn at age two weeks and
freckling on sun-exposed skin since early childhood. She had not developed any skin cancers
when evaluated at 10 years of age. CS signs/symptoms consisted of increasing growth retardation,
bird-like faces, progressive hearing loss beginning at age 7 years and a progressive loss of mental
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development. Although she could walk at age 20 months, she subsequently developed ataxia,
abnormal balance, central coordination disability and intermittent tremor. She had hyperopia
but not optic nerve atrophy or cataracts. Patellar and Achilles tendon reflexes were absent; the
Babrinski sign was negative.

A fifth (Family I) and sixth (Family VI) families reported by Oh et al**had XP, onlyand TTD,
only, respectively.

All of these XPB families’ cells were hypersensitive to UV irradiation and showed very low
unscheduled DNA synthesis (UDS) levels (reduced to 4-10 % of normal levels) following UV
irradiation. Recovery of RNA synthesis (RRS) was also low following UV irradiation. Oh et al also
showed that more severely affected patients with XP-B mutations had less residual XP-B activity
than more severely affected ones.>

XP-D/CS Overlap Syndrome(s)

There are three reports of the XP/CS overlap syndrome falling within the D complementation
group of XP.54

Cells derived from individuals who have clinical features of CS and also skin changes, including
skin cancers, typical of XP, have been found to have biochemical features typical of XP and to fall
within the D complementation group of XP.# Some patients with the COFS phenotype have cells
with cellular functional assays indicative of complementation group D of XP (increased sensitivity
to UV radiation, decreased UDS following UV radiation and complementation of these features
by the XP-D gene or its gene product).

In cell survival assays, cells from XP-D/CS patients show markedly increased hypersensitivity to
UV radiation, compared to XP cells within the same complementation group.®#” This is associated
with uncontrolled DNA breakage, unrelated to sites of UV radiation induced pyrimidine dimers
or pyrimidine-pyrimdone 6-4 photo-products, found specifically in cells derived from XP/CS
overlap syndrome patients. As a rule, the sites of mutations in the XPD gene are specific for one
or other of the clinical phenotypes.

Whereas two patients with the XP/CS overlap syndrome have had mutations affecting the
C-terminal third of the XPD protein,** Fujimoto et al (2005) described two additional patients
with identical mutationsaffecting the ATPase domain, near the N terminus, on the opposite end
of the XPD protein.® They also showed the breakdown of DNA in these patients’ cells that they
had previously shown in the other two XP-D/CS overlap syndrome cases. Despite their mo-
lecular and cellular characteristics, however, these patients differed substantially in their clinical
characteristics.

XP-G/CS Overlap Syndrome(s)

Cells derived from individuals, who have not only clinical features of CS but also skin changes,
including skin cancers, typical of XP have been found to have biochemical features typical of XP
and to fall within the G complementation group of XP.* Nouspikel et al (1997), reported that cells
from XP-G patients, with severe early onset CS, produce terminated and unstabie XPG proteins
and cells from a pair of mildly affected XP-G siblings, without signs or symptoms of CS, are able to
synthesize a full length product from one allele with a missence mutation.** (Portions of this paper
were subsequently withdrawn by the editor, but those portions putting forth the above data and
conclusions were defended as correct by the original authors, less the author of the withdrawn part
of the paper.>') These results were subsequently confirmed by Lalle et al (2002)** and by Emmert et
al (2002) who reported severe XP-G/CS overlap syndrome in two patients with XPG mutations
expected to lead to severely truncated proteins in both alleles and only much milder XP-G in a
third patient with mutations expected to retain residual activity in one allele.® Nouspikel et al
(1997) concluded from these data that the XP-G protein must have a second function in addition
toits role as a structure-specific nuclease in NER.5***XP-G has also been proposed as functioning
in transcription coupled base excision repair (TC-BER).
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XP-H/CS Overlap Syndrome(s)
The proposed XP-H complementation group consisted of a single patient with severe XP/
CS overlap syndrome.”® Following some interchange of publications,’*%” it was withdrawn and

assigned to XP complementation group D.’* (Xeroderma pigmentosum complementation group
I has also been withdrawn.)

XP/CSB Overlap Syndrome(s)
Cells derived from persons with an XP clinical phenotype with neurodegenerative changes
have been found to have a cellular phenotype typical of CS and a mutation in the ERCC6/CSB

gene 59,60

XP/Progeroid Overlap Syndromes

TTD and CS are both examples of “progeroid syndromes”, discases that resemble, but do not
precisely equate with accelerated ageing. They are also called “segmental” progeroid syndromes,
indicating that they are incomplete mimics of full blown progeroid syndromes. Many of these
diseases are associated with DNA repair defects.+6?

XP-F/Progeroid Overlap Syndrome

Niedernhofer et al recently described a boy with signs and symptoms of both xeroderma
pigmentosum and a segmental progeroid syndrome.®* He had a null mutation for XP-F. The gene
product, protein XP-F, pairs with another protein, ERCC1, in a heteroduplex that endonucleolyti-
cally cleaves DNA containing single stranded lesions, such as UV radiation induced pyrimidine
dimers and pyrimidine-pyrimidone 6-4 photoproducts, or DNA interstrand cross-links 5’ to the
lesion. He developed sunburns following minimal sun exposure. Signs of premature ageing appeared
in late in childhood, before puberty and he died at 15 years of age. This syndrome is proposed
to involve suppression of the somatotroph axis in a complex interplay. The authors show data
obtained from a mouse model in which the ERCCI gene is null. They show convincing evidence
that the phenotype of this mouse model is similar to this boy’s disease. However, this is a difficult
paper to interpret, in part because of this complexity. Even more recently, Jaspers et al (2007)
reported a patient with a biallelic mutation in ERCCI who had signs and symptoms of the COFS
syndrome.* There was a severe clinical phenotype despite a mild cellular phenotype, suggesting
an additional role for ERCC1 beyond that in NER. The ERCCI deficient mouse model was also
described as having a phenotype resembling COFS syndrome. These papers, published virtually
simultaneously, one proposing the ERCCI* mouse as a model for a progeroid syndrome,®> and the
other proposing the ERCCI” mouse as a model for the COFS syndrome,* have several authors
in common, all of whom are excellent investigators. This underscores the difficulties involved in
drawing meaningful conclusions from these overlap syndromes and animal and cellular (including
yeast) models that are used to study them. Perhaps one explanation for these problems involves
involvement of additional genes.®”
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CHAPTER 15

Population Distribution

of Xeroderma Pigmentosum
Abdul Manan Bhutto* and Sandra H. Kirk

Introduction
eroderma pigmentosum (XP) isa rare autosomal recessive genetic disease caused by defects
x. in the normal repair of DNA of various cutaneous and ocular cell types damaged by expo-
sure to sunlight.'® Hebra and Kaposi reported the disease initially in 1874.% It generally
shows early onset of symptoms, hence mostly affecting children and is characterized by cutaneous
and ocular pigmentary changes such as freckles, photophobia, conjunctivitis, corneal keratitis and
ulcers. If the disease is not controlled at this level, there is a risk of developing malignancy in the
future, the major cause of death amongst patients.

Population Distribution

The incidence of XP seems to vary across the globe. This could appear to be the case due to
differences in reporting of primary mutation frequencies, or to the lack of accuracy of searching,
investigating and diagnosing cases in different parts of the world. The result is that apparent figures
for incidence have changed from time to time. In early studies the frequency of XP in Furope and
USA was reported as 1:250000;° whereas the incidence reported in Japan and other countries is
much higher, at 1:40000.%” In other reports the frequency of XP was reported in the USA and
Europe to be 1:1 million,® with even higher frequencies recorded in Netherlands, Isreal and Japan
(1:100000).>'° Reports from other regions or countries including Egypt,!! Germany,'? Europe,'*
Israel,'* Korea,'>!¢ and China!” show a considerable number of XP patients in those countries.
These reports relate to the total of all complementation groups of the disorder and XP has been
reported in all races including whites, Asians, blacks and Native Americans, albeit with slightly
differing frequencies, as skin type plays some role in the induction of symptoms of this disease. The
nonwhite population, with black or brown skin due to high amounts of epidermal melanin, has
alower incidence of developing sun-induced cutaneous complications such as sunburn, keratosis,
freckles, wrinkles and rarely skin cancer. On the other hand, the fair-skinned (white) population,
with a low amount of melanin in the epidermis, is at high risk of developing these acute and chronic
problems associated with frequent exposure to sunlight. In general, the susceptibility of human
skin to sun-induced acute and chronic damage is directly related to the intensity of UV radiation,
reflecting the duration and frequency of sun exposure.

XP cases are frequently reported in the various states of India.!®* We (AMB and colleagues)
presented a series of 36 cases of XP patients from Pakistan, who visited our department from
1995 to 2001. The frequency of XP patients in the general population in the southern region of
Pakistan was about 1:100000.! This ratio is higher than in the USA, but lower than in Japan.
Forty classic XP patients were reported from Algeria, showing high frequency of ocular and
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neurological manifestations,” the latter being linked in particular to the XP-A complementation
group. Twenty-four cases were reported from Libya in ten years, from 1981~1990,%! with a high
percentage of patients showing early onset of severe ophthalmic lesions; the majority of patients
arising as offspring from consanguineous marriage. When a thorough epidemiological study was
conducted in the department of Dermatology and Venereology of Ibn Rochd University Hospital
of Casablanca, Morocco, a total of 120 patients were registered from 1990 to 2000.22 Of these, 80%
had developed cutaneous tumors such as basal cell carcinoma (BCC) and squamous cell carcinoma
(SCC). Twelve cases were reported in the black South Africans population and it was concluded
that XP in South African blacks is characterized by the very early development of cutaneous, ocular
and tongue SCC and usually has a rapid and devastating course.? A retrospective study conducted
from 1973 to 1998 involved a total of 216 XP patients, seen in Charles Nicolle Hospital Tunisia.
Twelve out of 216 had developed melanoma and four of them showed metastasis.?

Genetics and Population

Incidence is determined by genetics and is exacerbated by consanguinity. The skin-related
symptoms are reported to be affected by skin type, weather and latitude. In a comparative study
between the two cities of Kwangju'® and Pusan in Korea and Osaka, Japan, which are believed to
have almost equal altitude and with similar weather conditions, a marked difference was observed
in the frequency of patients with neurological abnormalities. A major discrepancy was that no
consanguineous marriage in parents of patients was noted in Korea, whereas 35% of the Osaka
families were consanguineous. This is probably due to the legal and traditional prohibition of
consanguineous marriage in Korea. The differences observed likely reflect different founder effects
in the two populations and a different balance of complementation group involvement, as not all
groups show symptoms of neurological disorder. In the above comparative study the data revealed
that the incidence of neurological abnormalities was not related to consanguinity and authors
concluded that the reason for the absence of patients with neurological abnormalities could be
due to different genetic complementation groups in Korea and Japan.” Consanguinity of the
Japanese patients’ parents was reported in 31% of cases, an elevated frequency often seen in recessive
disorders. Parental consanguinity in Indian cases is reported to be as high as 40%. Nearly 20% of
patients, including a high proportion of Japanese patients, had neurological abnormalities.” The
pathology of peripheral nervous system (PNS) in 2 autopsied Japanese cases was presented in detail
and it was suggested that the underlying pathogenetic mechanism is that of a neuropathy.*

Defective XP gene (of all types) frequency has been estimated at between 1 in 100 and
1 in 1000. Men and women are found to be affected with the same frequency as the disorder
is autosomal. Inheritance is recessive and parents of affected individuals, who are thus obligate
heterozygotes, are usually clinically normal, although a higher incidence of skin cancer is reported
among XP heterozygotes.”

XP is classified into eight genetic complementation groups: XP-A to XP-G and a variant group
XP-V.? Each group has a different causative gene. Seven (XP-A to XP-G) have defectsin nucleotide
excision repair and one, XP-V, is mutated in polymerase eta (1), affecting che accurate repair of
cyclobutane pyrimidine dimers (CBD) and other kinds of damage by UV (see Chapter 10).

Complementation group-A comprises patients with the most severe neurological and somatic
abnormalities (the De Sanctis-Cacchione syndrome) as well as patients with minimal or no neu-
rologic abnormalities.?>* This is the most common group of XP in Japan and usually corresponds
to the most severe clinical form of XP, which in most patients gives rise to involvement of the
central and peripheral nervous system in addition to cutaneous lesions.” A study was conducted
in a group of 33 Japanese XP-A patients to determine the frequency of convulsive episodes in this
complementation group. It was found that Japanese XP-A patients had a low incidence of febrile
seizures (3%), while exhibiting a higher incidence of epilepsy (15%) and it was found that deep
convulsions do not occur until the brain is more developed.? XP-A patients display extreme sun
sensitivity, showing characteristic skin alterations in very early childhood, with tumor forma-
tion commencing thereafter. This form is also present in the USA, Europe and the Middle East.
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Approximately 90% of Japanese XP-A patients have the same single base substitution mutation in
the causal gene.* It has been suggested that, as with other genetic disorders, different mutations
in the XP group-A complementing group might induce different clinical features. This has served
as the basis for development of a rapid diagnostic assay for Japanese XP-A patients using PCR
analysis of a small sample of DNA.? A rare, single Japanese XPA patient, XP79KO, is reported
as a compound heterozygote with a newly identified T to G transversion at the splice donor site
in intron 1 in one allele and with the AlwNI mutation in another allele of the XP-A gene.> Most
XP-A patients show multiple SCC, with BCC also found but at a lower frequency.

Complementation group B is composed of three patients in two kindreds who had cutane-
ous abnormalities and malignancies in conjunction with neurological and ocular abnormalities
typical of Cockayne' s syndrome (CS).>* A single case of XPB with trichothiodystrophy (TTD)
is reported.®

Complementation group C patients exhibit ocular involvement but without neurological
abnormalities.*** This is the most common form in the USA, Europe and the Middle East
(Egypt), but is rare in Japan.

Complementation group D has been described with four different clinical phenotypes. The
patients of this group along with the cutaneous lesions may or may not develop late onset neuro-
logical abnormalities in their second decade of life.>*** Two XP-D patients have been reported
with clinical symptoms of both XP and CS.2% A hospital based study in a North Eastern Chinese
population was conducted to determine the effect of the DNA repair gene XPD polymorphism
on the risk of lung cancer. In the results no association of XPD Argl56Arg was found with the
risk of lung cancer.* A thorough study was conducted to clucidate the association between the
XPD Lys751Gln polymorphism and risk of a second primary cancer in individuals with NMSC.
It was concluded that individuals with non-melanoma skin cancer (NMSC) who have the variant
XPD Gln allele are at increased risk of developing a second primary cancer.*

Complementation group E was found in one patient in Europe and several others in Japan.
These patients showed comparatively mild cutaneous abnormalities without neurological
involvement, %373

Complementation group F patients have been reported mainly from Japan.® These patients
had mild clinical symptoms without neurological involvement or other cutaneous and ocular
malignancies. A study of group F Japanese patients revealed very mild skin symptoms with no
ocular or neurological abnormalities.*> A first case of human inherited ERCC1 deficiency has been
reported from Holland. This patient has cerebro-oculo-facio-skeletal syndrome. The heterodimer
ERCC1-XPF is one of the two endonucleases required for NER. This finding represents a novel
complementation group of patients with defective NER.#

Complementation group G patients are reported frequently from Europe and Japan, Most
patients in this group suffer from neurological abnormalities without development of cancer.
Fibroblasts from one of the patients were found to be hypersensitive to killing by ionizing radiation

(X-rays as well as by UV radiation).®® A couple of other cases belonging to group G have been
reported from Japan and Europe and they exhibited the clinical features of XP and neurological
abnormalities seen in CS.%47

XP variant patients have also been reported in the USA, Europe and Japan.?* The cutaneous
and ocular abnormalities were severe in some patients but mild in others. Very few are also reported
as having neurological abnormalities. An XP-V family with four affected siblings was identified in
Germany. The affected individuals had undergone extensive sun exposure and showed late onset
of cutaneous cancer.* XP-E and the variants regularly show significant affliction with BCC. This
is not at all exclusive and one may also find SCC and malignant melanoma (MM) in some of the
variants but with a low frequency.'

Population and Malignancy Type
Itis reported that sunlight exposure is responsible for the induction of malignant melanoma as
well as NMSC (BCC and SCC) in patients with XP.*® Cutaneous melanomas are uncommon in
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the young and are seldom diagnosed in the early stages, perhaps due to a reluctance to accept this
diagnosis in the early age group patients. de Sa et al*’ reported that 12 out of 32 patients (37.5%)
with cutaneous melanomas were aged 12 years or younger. They suggested that prevention and
carly stage diagnosis depend upon the recognition that this disease is also present in the young
age group.’' People with white skin are the population more at risk from sun-induced MM and
NMSC than people with pigmented skin. These patients are more at risk of developing cutaneous
malignancy when they are severely sun exposed in early childhood. XP patients younger than 20
years of age have a 1000-fold increased risk of developing cutaneous malignancy over the normal
population.”®*? Six out of 36 of our Pakistani XP patients (16.7%) developed SCC between the
ages of 3.5 and 14 years (mean 9.8 years)."” Kraemer et al reported malignant skin neoplasms in
45% of XP patients from 20 different countries including the USA, Japan, Egypt, Turkey etc.’ In
other studies, Goyal et al observed these malignant changes in 60% of their patients.'® In Tunisia,
skin carcinomas are reported at exceptionally high frequency and are associated with the unusually
high prevalence of XP.53 Although malignant skin tumors are rare in childhood, the prognosis is
relatively better compared to adults. MMs are the most frequently reported tumors in Turkey. In a
study, it was observed that among 21 cases of malignant melanoma 43% patients had an underlying
defect in their immune barriers which was thought to be responsible for the development of their
malignancies.** Lip cancer is reported in two Zimbabwean XP patients.” Ocular neoplasms like
SCC, BCC and malignant melanoma are also frequently reported from the conjunctiva, cornea
and eyelids. A single rare case of MM was reported as developing from the iris.* The incidence
of internal neoplasms is said to be 10-20 times higher in XP patients than in the normal popula-
tion. Certain nucleotide excision repair (NER) genotypes appear to be associated with an altered
risk of endometrial cancer. It is proposed that there are interactions between NER genotypes and
DNA damage-causing exposures in the etiology of endometrial cancer.’” Mortality occurs in XP
patients due to cither neurological complications®® or actinic induced tumors. A study was carried
out in British families whose patients suffered from Ataxia telangiectasia (AT’ (67 in number) or
xeroderma pigmentosum (48), to determine the mortality versus cancer incidence. Parents of all
these patients were obligate heterozygotes and grandparents had a probability of heterozygosity
of 0.5. While 14 AT patients had died over the same period, only 5 XP patients had died in the
period covered in the study. The death of only one AT patient was from non-Hodgkin's lymphoma,
and no XP patients died from internal malignancy.*
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CHAPTER 16

Progress and Prospects of Xeroderma
Pigmentosum Therapy

Alain Sarasin*

Introduction

urther to a full description of clinical features of xeroderma pigmentosum (XP) in Chapter
F 2, this diseasc is characterized by dry skin, hypo and hyper-pigmentation, actinic keratosis

and skin cancers.'? The genetic defect in nucleotide excision repair (NER) and polymerase
1 (XP-variant) renders the XP patients sensitive to sun leading to development of carcinoma and
melanoma with more than one thousand times higher frequency than in the general population.!
Amongthe eight complementation groups of XP (XPA to XPG and XP-V), only XPC, XPE, XP-V
and 50% of XPG patients do not develop neurological disorders. The other groups, particularly
the XPA, XPB, XPD and XPG/CS, develop severe form of neurological disorders in about 30%
of patients.® The first signs of XP neurological disorders are the loss of deep tendon reflexes and
hearing loss that can lead to death in the first two decades of their life.

Besides neurological disorders, for which no therapy has been envisaged yet, the major therapy
proposed for XP is the protection towards UV exposure. Also eatly detection and treatment of
skin abnormalities, basically pretumours and malignant tumours, are proposed. Attempts to cor-
rect the genetic repair deficiency have been carried out using either exogenous enzyme(s) able to
repair DNA damage or gene therapy protocols.

Protection Towards UV Exposure

Because the XP cells are unable to repair DNA lesions induced by solar and artificial ultraviolet
(UV), the most efficient control of XP is to fully protect the body from all kind of UV exposure.
In theory it is easy but in practice fairly difficult to achieve throughout the life. One way to achieve
this is either not to go out at all once sun is present (that is almost half of the life) or to be fully
protected by using dresses that cover the entire body from top to toe including using sunglasses
(Fig. 1A). Development of efficient protection of face, at the same time allowing for the child to
be recognisable, is required to avoid psychological complexity including the loss of personality
(Fig. 1B). The use of commercially produced sunscreens can give limited protection and can be
fairly expensive.

To limit psychological problems, XP children may be allowed to get out, with a light protec-
tion, for a maximum of one hour after sunrise and one hour before sunset. During this period, the
amount of harmful UVB and UVA is much reduced as compared to the middle part of the day.
Even then the UV exposure should be carefully monitored by employing a good quality dosimeter,
as the UV flux can depend on the location of the place on the earth. Equatorial regions of the earth
receive more UV throughout the year than for example the Polar Regions.

*Alain Sarasin—Laboratory of Genomes and Cancers, FRE2939 CNRS, Institute Gustave Roussy,
39, rue Camille Desmoulins, 94805 Villejuif, France. Email: sarasin@igr.fr

Molecular Mechanisms of Xeroderma Pigmentosum, edited by Shamim I. Ahmad
and Fumio Hanaoka. ©2008 Landes Bioscience and Springer Science+Business Media.
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Figure 1. Protection of XP children from UV-exposure. A) Full protection of the whole body
with special garment, including gloves and sunglasses. B) New translucent protections of face
are developed in order to be able to recognize the child. Thanks to the French XP Association
“Les enfants de la lune” for the photographs.

Classical XP Therapy

Usually several months to several years are required after the birth of an XP child for the fuli
development of the discase. During this childhood period, the putative patients are un-intentionally
exposed to sunlight, which leads to DNA damage and mutations, that are almost impossible to
be repaired or rectified.

'The subsequent appearance of the first symptoms of XP occurs typically between one and three
years of age. About 50% of children present severe sunburns on minimal exposure to sunlight even
in a cloudy winter day. The others may present numerous freckles and hyper-pigmented spots on
sun-exposed parts of the body. All of them display some kind of photophobia toward visible light.
This un-intentional exposure to UV, whatever the following treatment, leads to freckles, skin aging
and skin cancers. Hence carly detection of XP in children is very important. Parents of the children
at XP risk, therefore should be trained for early XP detection.* At least surveillance for very early
symptoms, such as photophobia, should be carried out during the first weeks of life of the newly
born child in the families at risk before a biological testing be done.

‘The major life threat to XP patients is the development of skin cancer and its fast growth. XP
leads to premalignant actinic keratosis (AK), malignant squamous cell carcinoma (SCC), basal cell
carcinoma (BCC) and cutaneous melanoma (MM). Although these tumours are easy to detect
and are relatively less prone to metastasis (except for MM), their accumulation on XP skin can
lead to death of the patient. Therefore, XP patients should be seen regularly by trained dermatolo-
gists and pictures of their exposed skin should be taken every 3-6 months to clearly distinguish
newly-formed abnormal skin growth.
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Chemotherapy and Surgery

In case of early appearance of AK, BCC or SCC, the tumours can be locally treated by using
chemotherapeutic drugs such as 5-fluorouracil (FU).* Combined action of the topical and systemic
chemotherapy of FU has been shown to be partially effective in XP patients. FU can also be given
in association with cisplatin. These treatments can minimise the risk of scarring on the body and
face following multiple surgeries. The most efficient treatment is, however, surgical removal of
tumours followed by pathological analysis of the sample to eventually adapt the therapy. In case
of a very large number of tumours present on the exposed skin, full resurfacing of the damaged
areas may be followed by autologous skin grafts.®

Tumours that cannot be removed surgically have been treated by ionizing radiations.” Because
XP cells are very sensitive to certain chemotherapeutic drugs such as cis-platin that damage DNA
as well as to ionizing radiations,® the use of these combined therapies should be carefully envisaged
and doses should be minimised in compare to healthy normal subjects. Indeed, XP subjects are
more prone than the general population to develop internal tumours such as brain and thyroid
tumours and lymphomas.! In such cases efficient cocktails of antitumor drugs should be used, but
it is absolutely vital that right dosage must be adapted taking in consideration of the DNA repair
deficiency of these patients. A decrease of doses between 30 to 50% should sometimes be envisaged.
Untimely rapid death of XP patients, due to high dosage of chemotherapeutic agents, has been
reported (our unpublished data). Cooperation between dermatologists, oncologists and biologists
is necessary to adapt the doses of radiations and the antitumor drugs according to the sensitivity
of the patient’s cells that must be quantified in vitro before their employment in vivo.

Chemoprevention

Chemoprevention by systemic use of retinoids has been successfully applied in XP patients to
decrease the risk of skin cancer development.>'° Although retinoids have been shown to be fairly
efficient in blocking skin cancer development, these drugs are highly toxic, particularly after pro-
longed use, leading to side effects such as damage to mucocutaneous layers, hair loss, hepatotoxic-
ity, hyperlipidemia, bony changes, growth and developmental retardations. Moreover, following
treatment interruption, a rapid induction of skin cancers has been observed almost immediately
rendering the previous protection completely inefficient.’® Hence retinoid treatment has been
slowly abandoned by dermatologists for XP prevention.

In some cases Imiquimod 5% cream has been used as a topical immune response modifier to
prevent the appearance of tumours.!’ A normal course of treatment ranges from 4 to 12 weeks.
Once the inflammation has settled, there is generally a good response and an excellent cosmetic
result. Combination of local application of antitumor cream and oral retinoids, for a limited period
of time, has been proposed as an alternative to major surgery.?

Enzyme Therapy

XP cells are deficient in NER because one of the major proteins (XPA to XPG) does not
function properly in the pathway able to faithfully remove bulky DNA lesions (Fig. 2). One
possible therapy is to replace the defective repair protein(s) by supplying relevant protein from
exogenous source.

Human enzymes are expensive to produce and probably difficult to use because they aggregate
with each other forming complexes that scrutinise genomic DNA. Therefore, enzymes catalysing
on their own, produced by genetically engineered lower organisms have been preferred. Many
bacteria synthesise CPD-photolyase that is able to bind specifically to cyclobutane pyrimidine
dimers (CPD), the major UV-induced DNA lesions. When illuminated with visible light this
enzyme specifically monomerises the CPD and brings the DNA to its normal state without
introducing any mistake. The phage enzyme, T4-endonuclease V, has been shown in vitro to be
able to complement the UV-sensitivity of XP cells.

The T4-endonuclease V ( T4-endo) is able to cut the DNA backbone between the two pyrimi-
dines at the site of UV-induced CPD. The T4-endonuclease exerts DNA glycosylase as well as
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Figure 2. Schematic representation of the nucleotide excision repair pathway. The XP proteins
are deficient in one of the complementation group XPA to XPG. They are all necessary for a
full efficient repair pathway.

apurinic/apyrimidinic lyase activities.'* Although this type of break is not a substrate for normal
mammalian cell repair, following the action of T4-endonuclease, XP cells, in vitro, are able to
process DNA repair.

Clinical trial, using liposome-encapsulated T4-endonuclease or CPD-photolyase, have been
shown to prevent UVB-induced immunosuppression. A T4-endo (T4N5) liposome lotion has
been used on skin of twenty XP patients for one year.* These patients showed a 68% decrease of
AK and 30% decrease of BCC as compared to ten untreated XP controls. Although this result is
very exciting for XP population, it was not considered significant enough, using different statisti-
cal calculations by the FDA, to be accepted for XP treatment.'* Moreover, T4-endonuclease does
not repair all kinds of UV-induced DNA lesions, particularly the very mutagenic pyrimidine 6-4
pyrimidone photoproducts, contrary to normal NER, rendering this treatment to be less safe
over the years.

Cellular and Gene Therapies

Since all the XP genes have now been cloned and because skin is an easy target to be seen and
modified, gene therapy could be considered as a future treatment for XP. Two strategies can be
proposed: (1) introduction and expression of wild type exogenous DNA repair genes in XP using
viral vectors and (2) correction directly of the germline mutation at exact site of the XP mutation
by involving homologous recombination.

Viral Vectors

Two types of viral vectors have been used in gene therapy experiments: the non-integrative
adenoviral vectors and the integrative vectors basically based on recombinant retrovirus
constructions.
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Adenoviral vectors expressing XP genes have been constructed and has been shown in vitro
to be able to fully complement the UV-sensitivity of XP cells.!”" Indeed, XP cells, transduced by
recombinant adenovirus, expressing the required wild type XP gene, are able to carry out normal
NER for several months, although the vectors remains non-integrated and is only transiently
present in the transduced cells. This adenoviral system has been used in vivo using Xpa’ KO
mice. Subcutaneous injection of adenovirus in these mice allowed the protection of skin towards
UVB-irradiation for both UV-induced epidermal hyperplasia and skin tumour development.?
Although these results are promising, but adenoviral vectors have been found to give rise to a
strong immunologic response in humans and their presence in the cell is only transient, hence this
technology is not yet available as a therapy for XP.

Recombinant retrovirus have also been used in several other cases of gene therapy in humans,
including for the first successful assay.*’ In our laboratory, we have constructed several recombinant
retroviruses able to fully complement in vitro XPA, XPC and XPD cell lines. %

In collaboration with the Research Group of L'Oréal in France, we have been able to produce
skin, in vitro, using independent cultures of keratinocytes and fibroblasts of the same XP patients
belonging the the XPC group.”*” The cells from these patients were then successfully transduced
and complemented by the wild type XPC gene and, in vitro, XP skins with normal DNA repair
ability were produced. All the abnormalities of in vitro constructed XP skin, such as retardation
of differentiation, increased proliferation of basal layer cells and invagination of epidermis inside
the dermis, were fully complemented following retroviral expression.?®?” Although in theory it is
possible to graft these complemented skins on the body of corresponding XP patients and such
complementation products should be active for life because the transgenic DNA is inserted in
the genomic DNA which could not be diluted out due to loss of materials at each cell division.
Would it work in practice is a big question. Up to now, the limitations of this technique are due to
a slow inactivation of the transgene activity with time. This process, which is well known in gene
therapy experiments, probably works due to the silencing of the promoter, driving the transgene
and also because this is not the endogenous promoter and the gene is not located at the “right”
position in the genomic DNA.*

The potential risk in the use of recombinant retrovirus is the insertional mutagenesis at the
active site of the chromatin leading ultimately to activation of oncogene or inactivation of tumour
suppressor genes as already found in human trial ' Indeed, recombinant retroviruses do not really
integrate randomly into genomic DNA but prefer actively-transcribed DNA regions render-
ing this process prone to metabolic disorders. Other viruses, such as lentivirus or recombinant
Adeno-Associated Vectors (AAV) have also be proposed for XP gene therapy.®

Homologous Recombination

Homologous recombination is a widespread tool for genome engineering, gene targeting being
its most common application.’** Basically an engineered DNA fragment is introduced into the
target cell and its endogenous DNA maintenance systems catalyze the transfer of genetic material
from this fragment to the targeted locus involving homologous recombination (Fig. 3A). However,
this technology has its limitations due to its low recombination frequency which in mammals
ranges between 107° and 10~° per transfected cells. Therefore, various alternative methods have
been developed in the last decade to try to enhance the targeting efficiency. Meganuclease-induced
recombination {Fig. 3B) has emerged as the most robust and widespread technique.

Meganucleases are sequence-specific endonucleases which recognises a large (>12 bp) cleavage
site.’ In nature, meganucleases are essentially represented by homing endonucleases (HEs).* HEs
are generally encoded by mobile genetic elements such as class I introns and inteins, which they
contribute to propagate. The homing process, which allows the spreading of mobile introns into
intron-free populations, relies on the cleavage of intron-less genes and homologous repair with
a gene carrying an intron. This phenomenon looks very much like a gene targeting process. This
technology is now employed in a growing number of applications. However, its major limita-
tion is the requirement for a pre-existing specific cleavage site in the targeted locus. For natural,
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Figure 3. Different methods for homologous gene targeting. Gene knock-out is represented
here as an example. Sequences of the targeted gene (blue) are replaced with a non homologous
sequence, usually a marker gene (red). In the targeting construct, this marker is flanked by se-
guences homologous to the targeted gene. A) Classical gene targeting. B) Meganuclease-induced
targeting. The meganuclease cleaves specifically and uniquely the targeted locus, which is
healed by recombination with the repair matrix. C) The outcome differs only by the frequency
of targeted events. Experiments in collaboration with Cellectis S.A. (France). A color version
of this figure is available online at www.eurekah.com.

non-engineered loci, the probability of having a natural meganuclease cleavage sequence is close
to zero. Therefore the construction of novel artificial meganucleases, with dedicated specificities,
is under intense investigation.

In collaboration with the laboratory of Cellectis S. A. (Romainville, France), meganucleases,
able to cleave a specific site in the XPC gene, have been engineered and are going to be used in our
laboratory. Transfection of the genes, coding these meganucleases, should produce double-strand
breaks (DSB) at uniquessite(s) in the XPC gene (Fig. 3B). Cotransfection with plasmids, containing
part of the wild type XPC gene, will be transfected in XPC cells allowing the repair/recombination
enzymes to repair the DSB in genomic DNA using the wild type XPC sequences as a template
for recombination.

This process should correct the original germline mutation in the XPC gene via homologous
recombination, leading to at least one allele of the XPC gene with a wild type sequence. Correction
of one mutated XPC allele is enough to give rise to DNA repair-competent cells because parents
of XP children, who are heterozygous for the XP mutation, have a normal UV-sensitivity. In
theory, this repair process should produce proper wild type cells, which should remain stable
for life. The corrected XPC gene will stay at the normal position in the genomic DNA and be
regulated by the endogenous promoter, which should allow a proper regulation of this gene in
the corrected cells.

Although this approach is very elegant and appealing, no experimental trial in human cells has
yet been made. It is because the efficiency of recombination is fairly low. If such experiments were
successful, we should be able to construct XP skin in vitro, which should be fully active for life.
Such skin could be grafted on XP patients following removal of tumours from the body.

Conclusions

Due to their extreme UV-sensitivity, the best way to control XP is to completely protect the
putative XP patients from UV-exposure. Alternatively it must be applied as soon as the disease has
been detected, because accumulation of DNA lesions and mutations, before the onset of disease,
have been known to give rise to tumours at a later stage in life. Experience has shown that early
avoidance of UV exposure can delay the onset of complications and lead to a healthier and relatively
happier life of the patients. The full protection and the lack of outdoor activities in sunny days are
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sometimes difficult to achieve both by the XP children and their family. Moreover, psychological
problems are expected to develop once XP children start to grow.

In case of small skin disturbances such poikiloderma, AK or small malignant tumours, classical
antitumor cream or light surgery can be employed. Once, the size and the number of tumours start
to be too large, heavy surgery and autologous grafts should be envisaged with the corresponding
difficult post-surgical complications.

Autologous skin grafts following gene therapy are still under investigation and expected to take
several years to be operational on XP patients. Attempts to use gene therapy for other genetic skin
diseases such as junctional epidermolysis bullosa, should help to design better therapies able to
succeed in XP patients. 4

Besides skin sensitivity, several XP patients also develop severe neurodegenerative disorders.
Until now no therapy has been developed for these disorders since UV-protection after the onset
of disease does not preclude the progressive neuro-degeneration. Because the knowledge about the
molecular mechanisms leading to these disorders is still incomplete (see Chapter 13), itis difficult
to think about any effective therapy. Perhaps, the use of antioxidant drugs, able to target brain cells,
may be the next step in controlling the neurological disorders in XP patients.
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CHAPTER 17

Animal Models

of Xeroderma Pigmentosum

Xue-Zhi Sun,* Rui Zhang, Chun Cui, Yoshi-Nobu Harada, Setsuji Hisano,
Yeunhwa Gu, Yoshihiro Fukui and Hidenori Yonehara

Introduction
eroderma pigmentosum (XP) is a rare autosomal disorder characterized by hypersensitiv-
x- ity of the skin to sunlight specifically to ultraviolet (UV) which can lead to high rate of
susceptibility to skin cancer and other kinds of neurodegenerative problems. Compared
to normal individuals, XP patients have a more than 1000-fold increased risk of developing skin
cancer on sun-exposed areas of their body. Genetic and molecular analyses have revealed that the
repair of UV-induced DNA damage is impaired in XP patients owing to mutations in genes that
form part of a DNA-repair pathway known as nucleotide excision repair (NER). XP is, therefore,
regarded as a convincing human example of the link between DNA repair deficiency and cancer
risk. However, this relationship has not been examined in detail in humans due to the limited
number of XP patients and their frequent early death due to skin cancer and neurological problems.
For these reasons are required the generation of equivalent animal models to determine their exact
molecular mechanisms.

As described in other chapters, cell fusion studies have revealed that there are seven different
genetic complementation groups in XP (denoted XPA through XPG) as well as an XP-variant
form (XPV).! A defect in one of the seven genes (XPA to XPG), involved in the NER pathway,
can cause XP and the loss of function of the eighth gene, XPV, results in clinical XP phenotype,
including predispositions to skin cancer.* The recently developed technology of targeted gene
replacement in mouse embryonic stem (ES) cells has provided investigators with the ability to
generate mutant mouse strains defective in specific gene(s) of interest. To date, several such defec-
tive animals showing XP have been reported. These animal models exhibited characteristic features
that mimic XP patients and provided a very useful experimental system for studying how DNA
repair mechanisms affected tumourogenesis, development and ageing in humans.

XPA-Deficient Mouse Models

The XPA genetic group (defective in the XPA gene) comprises one of the largest groups among
XP patients whose skin cancers are the most severe amongall the known groups of XP* XPA gene
encodes a protein involved in the initial damage-recognition stages of NER and the stabiliza-
tion of the multiprotein repair complex assembled at DNA damage sites.> Mice defective in the
highly conserved Xpa gene (as well as a number of other XP mutant mice) have been generated
by conventional gene targeting and have proven to be attractive models for human disease. In
particular, exposure of the shaved dorsal skin of mice to UV light results in multiple skin lesions
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that typically progress to tumors. A wealth of information from several Xpa-deficient strains of
mice is in agreement with the epidemiological data confirming that XPA results in a marked pre-
disposition to cancer in the sun-exposed skin. The Xpa mutant mice of 8-10 wks were irradiated
on the back with UV-B at a dose of 5 J/cm? three times weekly for 10 wks (total dose: 150J/cm?).
More than 30% of the irradiated mice developed tumors of melanocytic origin that metastasized
to the lymph nodes. Histologically, the proliferated cells exhibited lentigo maligna melanoma or
nodular melanoma. Immunochistochemistry confirmed that the tumor cells were characteristic of
melanoma. Non-irradiated mice did not develop skin tumors spontaneously. This mouse model
is useful for studying the photobiological aspects of human melanoma, since the mice developed
melanoma from epidermal melanocytes only after UV exposure.?

Xpa-deficient mice are also prone to spontancous and carcinogen-induced tumorigenesis
in their internal organs besides skin cancer. For example, Xpa mice appeared to develop internal
tumors with a much higher frequency and shorter latency times than normal mice upon exposure
to several different carcinogens. Treatment with benzo[a]pyrene (B[ct]P) by gavages resulted in an
increased development of generalized T-cell lymphomas mainly occurring in the spleen, whereas
exposure via the diet resulted in a higher incidence of forestomach tumors compared to their
wild-type counterparts.”® These experimental data are in good agreement with the epidemiologi-
cal data pointing to a 10-20-fold increase in the incidence of internal neoplasms in XP patients
compared to normal individuals. The fact that sensitivity of Xpa mice to carcinogens is high, it
suggests that this mouse model is an excellent candidate for carcinogenicity testing.

XPC-Deficient Mouse Models

The most common XPC form of XP in North America and Europe is that associated with the
genetic group C.*° An Xpc mutant mouse was generated by replacing exon 10 of the Xpc gene
with a PolII-NEQ selection cassette.!! In order to assess if deletion of the Xpc gene results in an
enhanced predisposition to UV radiation-induced skin cancer, Xpc—/— animals as well as Xpe+/-~
and Xpc-+/+ littermates were irradiated with a camulative dose of ~140 KJ/m? of UV-B radiation
over an 18-wk period. Xpc mutant mice were highly predisposed to UV-B radiation-induced skin
cancer and all the Xpc—/— animals had developed skin tumors by 25 wks of irradiation while all
control animals (Xpc+/— and Xpc+/+) were free of tumors.!*!> Longer periods of observation
revealed that Xpc+/— animals were at increased risk of developing skin tumors after exposure to
UV radiation. The latency time for the appearance of skin cancer was reduced in Xpc+/— com-
pared with wild type littermates, with Xpc+/— animals manifesting a 50% skin cancer incidence
by 50 wks after irradiation. This is considerably earlier than Xpc+/+ mice, where the 50% skin
cancer incidence reached only 90 wks after irradiation. The result that the Xpc heterozygous
mutant state conferred an increased predisposition to UV-induced skin cancer has important
implications for human health. The fact that no mutational inactivation of the remaining Xpc
allele in tumors originating in heterozygous mutant animals has been observed, suggests that the
increased predisposition associated with the heterozygous state is due to an allelicinsufficiency, or
haploinsufficiency. This could imply that humans carrying a heterozygous mutation in XP genes
may be at increased risk to cancer associated with exposure of sunlight.

Further studies revealed that Xpc mutant mice are fertile and have no detectable developmen-
tal or neurological abnormalities.' Prolonged observation has also failed to find any evidence of
an enhanced predisposition to spontancous internal cancers in this Xpc mutant animals older
than 1.5 years. Anatomical analyses of mice of this age and older have revealed no other gross
abnormalities.

In order to examine whether Xpc mutant mice are predisposed to cancers in other tissues
associated with exposure to chemical carcinogens, animals such as, Xpc—/— and littermate
controls were treated with 2-acetylaminofluorene (2-AAF) or N-OH-AAE" The results show
that Xpc—/— animals, irrespective of the Trp53 genotype, were more predisposed to 2-AAF- or
N-OH-AAF-induced liver and lung tumors. Among Xpc—/— Trp53+/+animals, 67% of the
mice manifested benign or malignant tumors in the lungs or liver at 15 months posttreatment.
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In contrast, 33% and 12.5%, respectively, of the Xpc+/+ and Xpc+/— littermate controls had
tumors in either organ after the same time period. The observation that Xpc+/— animals exhibited
alower incidence of lung and liver tumors when compared to the wild-types was surprising in view
of the opposite result obtained for UV-induced skin cancers in these mice. This suggested that
haploinsufficiency of the Xpc gene did not enhance the predisposition to internal tumors after
treatment with AAF. N-OH-AAF was shown to be the more potent carcinogen, since 87.5% of
the Xpc—/— animals had either organ affected after N-OH-AAF administration, while 2-AAF
administration affected only 43% of the tested animals.

Both Xpa- and Xpc- deficient mice are predisposed to develop carcinogen-induced skin cancer
as well as internal tumors; such results have been directly associated with a defect in NER. However,
the NER pathway of Xpc mice varied from that of Xpa-deficient mouse. NER is probably the most
complicated and extensively studied of the DNA repair process.'>* It harbors a broad specificity
and is able to recognize lesions that disturb the double helix conformation, such as those induced
by UV light and chemicals that give rise to bulky DNA adducts and DNA crosslinks. NER con-
sists of two distinct pathways, i.., transcription-coupled repair (TCR), which eliminates DNA
damage present in the transcribed strand of active genes that actually block transcription®*! and
global-genome repair (GGR) that removes lesions throughout the genome and the nontranscribed
strand of active genes.”” The main difference between these two pathways is the initial assembly
of proteins at the site of DNA damage. For the TCR pathway, the removal of DNA damage is
initiated by stalled RNA polymerase II and includes the Cockayne syndrome (CS) caused by
mutations in two genes, CSA and CSB proteins, whereas proteins such as XPC-hHR23B and the
DBB complex (XPE proteins p48 and p127) arcinvolved in GGR. The subsequent steps involved
in DNA repair have been most extensively studied for GGR, but the complex which assembles in
the TCR pathway is believed to include these proteins as well. All XP groups are defective in both
GGR and TCR, with the exception of XPC and XPE, which are defective in GGR only.

XPG-Deficient Mouse Models

XP patients in group G show various clinical symptoms, ranging from very mild cutaneous
abnormalities to severe dermatological impairments. A combination of clinical hallmarks of XP
and CS has been observed in several XP-G patients. CS is also known as a repair-deficient human
discase characterized by a postnatal failure of growth, a short life span and progressive neurologi-
cal dysfunction.?>? Rare patients in three complementation groups, XP-B, XP-A and XP-G, also
show characteristic features of CS, the so-called XP/CS complex.’**” The possible mechanisms
underlying the clinical symptoms of XP or XP/CS are unclear.

Using embryonic stem cell techniques, a genetic mouse model with a disrupted XPG allele was
generated by the insertion of neo-cassette sequences into exon 3 of the XPG gene.”® Homozygous
animals of this autosomal recessive disease displayed distinct developmental characteristics, their
bodies being markedly smaller than those of their wild type littermates from postnatal day 6 and
their postnatal growth failure becoming steadily more severe with time. Their life span was very
short, with all the mutants dying by postnatal day 23 after exhibiting notable weakness and emacia-
tion (Fig. 1). To confirm the reasons behind this distinctive developmental pattern, the sucklingand
nutrition habits of mutant littermates were examined and the mutant pups were observed to suck
their mothers.” No obvious physical changes or abnormal suckling behaviors were noted. These
mutant homozygous pups seemed to cling normally to the teats of their dams and their abdomens
were full of white milk that could be seen through the pups’ thinner abdominal skin. Therefore,
postnatal growth retardation and premature death in mutant mice were due to the introduction
of the nonfunctional Xpg gene. Such distinct developmental characteristics in Xpg mutants were
similar to the typical clinical phenotypes of CS.

The Xpg-deficient mice also exhibited some progressive neurological signs.”>* As they devel-
oped, a diminished level of activity and progressive ataxia were observed, suggesting a develop-
mental retardation of the central nervous system and progressive neuronal dysfunction in the
homozygous mutants. When brain development between mutants and the normal littermates
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Figure 1. Survival curve of Xpg mutant mice after birth.

was compared at postnatal day 19, the brain sizes including those of the cerebrum and cerebellum
were found to be smaller than those of wild-type mice of the same age. The average cerebral and
cerebellar weights of the homozygous mice only accounted for a respective 79.5% and 66.9% of
the wild type weights (Fig. 2a,b). Under the light-microscope a thinner cerebellar and cerebral
cortex and smaller cerebellar foliation could be clearly observed in the mutant mice. Histological
measurements further indicated that the thickness of the cerebral and cerebellar cortex differed
significantly from that found in the wild type mice. Such a small brain (microcephaly), brain
developmental retardation and progressive neurological signs closely resemble the symptoms
observed in human XPG and/or CS patients at the early postnatal stages. Histological analysis
of the cerebellum of Xpg mice revealed multiple pyknotic cells in the Purkinje cell layer that had
atrophic cell bodies and shrunken nuclei. Further examination with immunochistochemistry for
calbindin-D 28k (CaBP) showed that a large number of immunoreactive Purkinje cells were
atrophic and their dendritic trees were smaller and shorter than those in wild type littermates (Fig.
3). These results indicated a marked degeneration of Purkinje cells in the Xpg mutant cerebellum.
A study by in situ detection of DNA fragmentation in the cerebellar cortex demonstrated that,
though some TUNEL-positive cells appeared in the granular layer of mutant mice, few cell deaths
were confirmed in the Purkinje fayer. These results suggested that Purkinje cell degeneration in
the mutant cerebellum was underway, but that Purkinje cell death had not yet become apparent
and that the appearance of some abnormal cerebellar symptoms in the Xpg-deficient mice was not
due to a marked Purkinje cell degencration, rather due to the damage of other cells. This observa-
tion may provide new insight into the roles of the XPG protein in NER and to the mechanisms
underlying clinic symptoms of XPG and CS in humans.

ERCC1/XPF-Deficient Mouse Models

The human ERCC1/XPF complex is a structure-specific endonuclease with a defined polarity
that participates in multiple DNA repair pathways. XPF and ERCCI function as a complex in
which the inactivation of XPF might have the same consequence as an ERCC1 knockout mice.
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Figure 2. Brain development of wild-type and xpg-mutant mice at postnatal day 19. Both
cerebral (a) and cerebellar (b) weight of mutants are significantly different from wild-type
controls. **: P < 0.001; n = 9.

The gencration of XPF-deficient mice resulted in a high incidence of embryonic lethality and mice
that did survive showed a severe postnatal growth defect and died approximately 3 weeks after
birth.*! Histological examination indicated that the liver in mutant mice contained abnormal cells
with enlarged nuclei. Furthermore, embryonic fibroblasts defective in XPF were hypersensitive to
UV irradiation and mitomycin C treatment. These phenotypes are identical to those exhibited by
the ERCC1-deficient mice and are consistent with the functional association of the two protcins
XPF and ERCCL1.
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Figure 3. Sagittal sections of lobes in cerebella stained with antiCalbindin-D 28k (CaBP) at
postnatal day 20. a) Homogeneously strong CaBP immunoreactivity is observed in every
Purkinje cell in wild-type mouse. Characteristic morphology of normal Purkinje cell throughout
is also clearly visualized in every cell. b) CaBP-immunoreactive Purkinje cells are dramatically
decreased both in number and in size in xpg-deficent littermates. Many immunoreactive Purkinje
cells are atrophic and their dendritic trees are smaller and shorter than in control littermates.
Ectopic Purkinje cell (arrow) can also be seen in this field. Scale bar represents 50.
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In humans, XPF patients show relatively mild symptoms of photosensitivity with occasional
neurological abnormalities.’>* The reason for this apparent discrepancy may be that the mutations
foundin these patients have not involved a deficiency in their ERCC1 gene and since the patients
do not completely eliminate the XPF function, fibroblasts retained low levels of NER activity.

XPD Mutant Mouse Models

Mammalian NER system has been reconstituted in vitro, involving >30 different proteins.!”
Among them, the helicases ERCC2/XPD and ERCC3/XPB and two transcription factor ITH
(TFIIH) subunits are responsible for opening the DNA around the site of the lesion—a cru-
cial step in initiating the NER process. Both XPB and XPD are conserved and are essential in
eukaryotes, precluding the establishment of null cell lines.** Hypomorphic mutations of either
XPB or XPD may lead to three recessive diseases of varying severity: trichothiodystrophy (TTD),
XP, or associated XP and CS.7 Attempts to generate complete Xpb and Xpd in knockout
mice failed because the XPB and XPD proteins were required for transcription, hence their
complete absence appears to be life threatening.*® In fact, patients with XPD-XP, XPD-XP/CS
or XPD-TTD harbor point mutations in their XPD gene, that presumably do not lead to a com-
plete loss of its function, explains the discrepancy between the results in human patients and the
knockout mice. To circumvent embryonic lethality, a knockin mouse model was generated witha
point mutation [Arg’?>Trp (R”2*W)] equivalent to the one found in an XPD-TTD patient.4
This mouse model was viable and displayed many features of TTD patients such as postnatal
growth failure, impaired sexual development, skeletal abnormalities and a severely reduced life
expectancy. Interestingly, in contrast to TTD patients, mutant mice developed skin cancer upon
UV exposure.” This phenomenon was also observed in Cs mice that, like most NER-deficient
mice, were viable, fertile and possessing most characteristic found in human CS patients. Both
Csa and Csb mice become cancer prone upon UV exposure, although the appearance of skin
cancers occurs with a longer latency time and a much higher cumulative dose of UV-B is required
compared to Xpa or Xpc mice. >

Xpd mutant mice may prove a useful experimental model for further studies on the molecular
basis of ageing caused by un-repaired DNA damage that compromises transcription, thus leading
to a functional inactivation of critical genes and enhanced apoptosis.

XPA/CSB Mutant Mouse Models

Although the several mouse models for XP and CS have been generated through gene tar-
geting52833414445 that reliably reflect the NER defect, they do not always represent a complete
phenotype of the corresponding disorder. As mentioned above, in Xpg-deficient mice, though
their susceptibility to UV- and chemical carcinogen-induced skin cancer is greatly increased,
the animals fail to develop clearly detectable neurological abnormalities.®*> Csb-deficient mice
exhibit most of the CS repair characteristics in terms of the repair defect and the manifestation of
UV-sensitivity of the skin and eyes, in contrast to human CS that shows increased susceptibility
to UV and chemically induced skin cancer, they showed normal development and only a mild
neurological phenotype. The mechanisms underlying the difference in neurological phenotypes
berween Xpa-and Csb-deficient mice and corresponding human patients remain unknown.

Mice were crossed to generate Xpa+/-Csh+/- animals that were intercrossed to produce
Xpa+/- Csb-/- and Xpa-/- Csb B+/- mice. Having mutation in both the XPA and CSB genes
those mice, in contrast to single mutants, displayed severe growth retardation, ataxia and motor
dysfunction during early postnatal development. Their cerebella were hypoplastic and showed
impaired foliation and stunted Purkinje cell dendrites. Reduced neurogenesis and increased
apoptotic cell death were seen to occur in the cerebellar external granular layer? These findings
suggest that XPA and CSB have supplementary roles in the murine nervous system and play a
crucial role for these genes in normal brain development.

A rapidly growing number of investigations of XP and CS mutant mouse models have culmi-
nated in a breakthrough concerning our insight into the role of DNA damage and repair in the
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multi-step process of carcinogenesis, development and ageing. As described here, homozygous
mice, deficient in one of the XP genes involved in NER, display a clear relationship between the
induction of DNA damage (e.g., by UV light or chemical carcinogens) and the development of
cancer. When implying such observations from mice to humans, since some results could not
resolve the problem of clinical phenotypes, one should take into account that differences between
human and mouse clearly exist in certain aspects of DNA repair characteristics, metabolic rates
and life span. Moreover, XP and CS, like other diseases, is a complicated genetic condition and
whether different DNA repair processes actually cooperate, or whether backup pathways for
preventing cancer in vivo really exists, still remains to be elucidated. Further studies are required
to identify whether mutant mice defective in two or more of the DNA repair genes are more
susceptible to cancer. Such groundwork may help to determine which pathway is indeed critical
for suppressing cancer in mice and, by extrapolation, in humans. These powerful mouse models,
in the near future, will also help to reveal the complexity of the interactions between the above
gene products in the maintenance of genome.
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