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Xeroderma Pigmentosum (XP) is a rare genetic disorder characterized by extreme
sensitivity to sunlight, and a profound predisposition to skin cancer due to defects in
nucleotide excision repair (NER) of DNA. XP patients can be divided into seven
complementation groups (A-G) with corresponding genes Xpa thru Xpg. I have studied a
novel UV-induced hot spot in codon 122 of the p53 gene in mice deficient in XPC
protein and heterozygous for the p53 gene. The original Threonine residue is mutated to

Leucine as a result of an AC->TT change.



The main goal of this work was to characterize the T122L mutation and its protein
product, and to elucidate the mechanism(s) that affect its appearance in XPC deficient
skin. I have shown that the T122L mutation is rare in other NER deficient mouse models,
suggesting that the XPC protein is required specifically to repair the unidentified damage
in this codon. In addition, I have shown that the T122L. mutant protein is not a loss of
function mutant, but it retains some wild type protein functions including transactivation
of p53 regulated genes and promotion of cell cycle arrest in response to UV-induced
DNA damage. The altered transactivation properties of the mutant protein might support
clonal expansion, giving cells that express it a growth advantage.

In order to determine whether the p53 mutant protein function contributes
significantly to the elevated mutation frequency observed in XPC deficient mice I have
used a p53 knockout mouse model that retains the genomic region containing codon 122
without expressing p53 protein. I show that the mutation is observed in low frequencies
in mice that do not express protein, suggesting that repair deficiency is the key factor for
the appearance of the T122L mutation. However, once the mutation is formed its
frequency is significantly increased as a result of the mutant protein function. The
specific requirement for XPC protein and the location of the damage at a non-
dipyrimidine nucleotide site hints at an additional role of XPC in a repair pathway

different from NER.
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Chapter I: Introduction

Nucleotide Excision Repair (NER) in Mammals:

The integrity of genetic material is essential for life, therefore all life forms from
bacteria to man have evoloved mechanisms to protect it. Spontancous DNA damage
during normal cellular metabolism, or damage by a wide variety of environmental
physical and chemical agents can result in accumulation of mutations with potentially
deleterious effects on the cell. One of the main biological responses to DNA damage is
DNA repair. There are several repair mechanisms that are able to remove damaged or
mispaired bases from the genome (Friedberg 1995): The Base Excision Repair (BER)
pathway executes excision of a single damaged base. Mismatch Repair (MMR) removes
nucleotides that are incorrectly paired with the nucleotide on the opposite DNA strand
(usually during replication). Bulky, helix-distorting lesions are the main targets of a third
pathway, Nucleotide Excision Repair (NER). Numerous bulky chemical adducts are
eliminated by this versatile process which also serves as the main defense against DNA
damage induced by the short-wave ultraviolet (UV) component of sunlight.

Humans deficient in NER suffer from a rare, recessively inherited disorder called
xeroderma pigmentosum (XP). XP patients are extremely sensitive to sunlight. Very
short periods of sun exposure result in marked skin burning starting as early as a few
weeks after birth. The progressive damage to skin and eyes leads eventually to sunlight-
induced tumors in sun-exposed areas such as the face, neck and even the tip of the tongue
(Friedberg 2001). The frequency of skin cancer in XP patients is more than a 1000-fold

higher compared to the general population and the mean age of onset is 8 years, about 50



.

years earlier. XP has a worldwide distribution. One out of 250,000 individuals has XP in
the western world, and one out of 40,000 in Japan.

XP patients can be divided into seven different genetic complementation groups (A-
G). The corresponding genes have been cloned and found to have key roles in NER
(discussed in detail below). There is another group of patients (called the variant group or
XP-V) in which NER is normal. Recently, the XPV gene was cloned and shown to
encode a DNA polymerase required for DNA damage bypass during replication
(Masutani 1999).

The NER process involves several steps: damage recognition, strand separation at the
site of the lesion, dual incision around the lesion to remove the damage-containing
oligonucleotide, typically 24-32 nucleotides in length, DNA synthesis to fill the gap and
ligation to seal it. The XP proteins participate in damage recognition (XPC, XPA and
XPE), strand separation (XPB and XPD) and dual incision (XPA, XPF and XPQG).

NER can be divided into two sub-pathways: Global Genomic Repair (GGR), which
repairs DNA damage in transcriptionally-silent regions of the genome and the non-
transcribed strand of transcriptionally-active genes, and Transcription-Coupled Repair
(TCR), which repairs lesions present in the transcribed DNA strands. The damage
recognition factor for TCR is believed to be the elongating RNA polymerase II complex
that is blocked when it encounters a lesion (Donahue, Yin et al. 1994). The XPC protein,
which is required for damage recognition, and the DDB protein, which is encoded by the
XPE gene, participate in GGR but are dispensable for TCR (Cheo, Ruven et al. 1997;
Sugasawa, Ng et al. 1998; Hwang, Ford et al. 1999; Araujo, Tirode et al. 2000; Batty,

Rapic'-Otrin et al. 2000; Wakasugi, Kawashima et al. 2002). Proficient TCR in XP
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patients that belong to complementation groups C and E can explain why their symptoms
are less severe compared to patients from complementation groups A, B, D and G. XP-C
and XP-E patients show reduced sensitivity to sunburn and do not suffer from
neurological abnormalities. XP-C and XP-E cells are less sensitive to killing by UV
irradiation and they can retain up to 50% of the normal repair capacity (Cheo, Ruven et
al. 1997; Hwang, Toering et al. 1998; Friedberg, Cheo et al. 1999; Berg, Rebel et al.

2000).

Damage Recognition in NER

Human NER is targeted to sites at which the duplex structure of the DNA is
destabilized. It appears that the more a lesion distorts the normal DNA structure, the more
efficiently the NER machinery recognizes it and its overall repair rate increases. DNA
adducts that distort helical conformation, such as those caused by UV radiation,
Acetylaminofluorene (AAF), or benzo [a] pyrene diol-epoxide (BPDE) are repaired by
NER (Gunz, Hess et al. 1996). However, conformational change as a result of abnormal
base pairing does not appear to be sufficient by itself to promote DNA incision by the
NER machinery. A second requirement is altered deoxyribonucleotide chemistry. This
bipartite DNA damage recognition mechanism distinguishes NER from the two other
DNA repair pathways that have only one requirement for activation: BER requires base
damage without duplex destabilization, and MMR acts at sites of mispaired bases without
chemical alterations (Hess, Schwitter et al. 1997; Hess, Naegeli et al. 1998).

The proteins involved in damage recognition during NER are the Damaged DNA

Binding protein (DDB), which accumulates at DNA damage sites immediately after UV
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irradiation (Wakasugi, Kawashima et al. 2002), and the XPC-hHR23B complex that

binds DNA independently of DDB and initiates NER (Sugasawa, Ng et al. 1998; Batty,
Rapic'-Otrin et al. 2000). Damage recognition by the XPA-RPA complex appears to be
important to verify that the lesion is an NER substrate and to orient the rest of the NER
machinery around it to achieve incision (Li, Peterson et al. 1995; Nocentini, Coin et al.

1997; Sugasawa, Ng et al. 1998).

The DDB Protein

The Damaged DNA Binding (DDB) protein is composed of two subunits, p127
(DDBI) and p48 (DDB2). The p48 subunit, which encodes a WD40 repeat-containing
protein, is mutated in a subset of XP-E patients (Hwang, Toering et al. 1998; Hwang,
Ford et al. 1999). DDB absence causes a defect in the removal of cyclobutane pyrimidine
dimers (CPDs) from the non-transcribed strand (but not from the transcribed strand) in
vivo (Hwang, Ford et al. 1999). The p48 subunit of DDB accumulates at locally damaged
DNA sites immediately after UV irradiation in vivo. The staining pattern merges with the
localization of CPD sites, suggesting a specific role for p48 in the removal of CPD sites
from the non-transcribed strand (Wakasugi, Kawashima et al. 2002).

DDB is not required for the reconstitution of NER in vitro (Araujo, Tirode et al. 2000;
Wakasugi, Shimizu et al. 2001). However, it directly stimulates the excision of CPDs, but
not (6-4) photoproducts in a cell free system, although its affinity for the (6-4)
photoproducts is higher (Batty, Rapic'-Otrin et al. 2000; Wakasugi, Shimizu et al. 2001).
DDB forms a complex with XPA and RPA, which results in the CPD excision

stimulatory effect (Wakasugi, Shimizu et al. 2001; Wakasugi, Kawashima et al. 2002).
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This is in agreement with the observation that removal of (6-4) photoproducts by GGR is
normal in cells that lack DDB activity (Hwang, Ford et al. 1999). .

Overall, the data suggest that DDB is an accessory protein that facilitates in vivo the
identification of lesions that are otherwise poorly recognized by the NER machinery
(Batty, Rapic'-Otrin et al. 2000; Batty and Wood 2000). Efficient removal of CPDs in
vivo requires also the presence of the other two XP factors involved in damage
recognition during GGR (Sugasawa, Ng et al. 1998; Emmert, Kobayashi et al. 2000;

Kusumoto, Masutani et al. 2001; Sugasawa, Okamoto et al. 2001).

The XPC-hHR23B Protein Complex

XP group C (XP-C) is the most common complementation group in Europe, North
Africa and the United States (Friedberg, Cheo et al. 1999). Legerski et al first cloned the
human XPC gene in 1992 (Legerski and Peterson 1992). It contains 823 amino acids and
shares limited homology with the product of the yeast DNA repair gene RAD4. The
mouse cDNA is 75% identical to the human with higher conservation in the C terminus.
XPC is constitutively expressed in various tissues, with higher expression levels in liver
and kidney (Li, Peterson et al. 1996).

In yeast, the RAD4 protein forms a complex with the S. cerevisiae protein RAD23.
There are two homologues of RAD23 in humans designated hHR23A and hHR23B, and
they both interact with XPC. The XPC-binding domain is well conserved between the
homologues, and both proteins have comparable affinity for XPC in vitro. Upon complex
formation the repair activity of XPC is stimulated (Sugasawa, Ng et al. 1997). XPC

mutants that fail to bind the RAD23 homologues also fail to complement Xpc mutant cell
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lines, showing that the interaction with the RAD23 homologues is important for XPC
activity in vivo (Li, Lu et al. 1997).

Although in vitro there is no significant difference between hHR23A and hHR23B, in
living cells most of the XPC molecules are bound to hHR23B (Sugasawa, Ng et al.
1997). The XPC-hHR23B complex has a marked preference for UV-irradiated DNA. It is
highly capable to discriminate between damaged and undamaged DNA, based on its
ability to recognize regions of distortion in the helix, usually induced by photoproducts,
but also ones that are created artificially. For example, the XPC-hHR23B complex binds
a bubble structure in DNA, regardless of whether DNA damage is present in that bubble
(Sugasawa, Okamoto et al. 2001). Its much higher affinity (~10 fold) for (6-4)
photoproducts compared to CPDs is explained by the higher DNA distortion caused by
(6-4) photoproducts (Sugasawa, Ng et al. 1998; Batty, Rapic'-Otrin et al. 2000).

Importantly, XPC-hHR23B is necessary for recruitment of TFIIH to damaged DNA
both in vitro and in vivo (Y okoi, Masutani et al. 2000; Volker, Mone et al. 2001). It
interacts with the two TFIIH subunits XPB and p62 to initiate the opening of the double
stranded DNA around the lesion. Moreover, preincubation of damaged DNA with XPC-
hHR23B is sufficient to recruit the entire NER machinery to the lesion, suggesting that
the complex is the initiator of the global genomic repair pathway ( Sugasawa, Ng et al.
1998; Batty, Rapic'-Otrin et al. 2000). Damaged DNA preincubated with XPC-hHR23B
is repaired preferentially compared to DNA preincubated with XPA or XPA and RPA
together, supporting the model in which the XPC-hHR23B complex acts before the XPA-

RPA complex (Sugasawa, Ng et al. 1998; You, Wang et al. 2002).



The XPA/RPA Protein Complex

XPA protein was the first protein in the XP group to be cloned and demonstrated to
have preferential binding to damaged DNA. The XPA gene encodes a protein of 273
amino acids with a zinc finger motif, which is required for DNA binding (Asahina,
Kuraoka et al. 1994). XPA has a central role in NER. It forms a tight complex with
Replication Protein A (RPA), and this interaction is necessary for NER both in vitro and
in vivo (L1, Lu et al. 1995). RPA binds to the zinc binding domain of XPA, leading to
increased XPA affinity for double stranded damaged DNA (Li, Lu et al. 1995; Ikegami,
Kuraoka et al. 1998). However, compared with the two previous damage recognition
proteins DDB and XPC-hHR23B, XPA has a lower affinity for both damaged and un-
damaged DNA (Batty, Rapic'-Otrin et al. 2000), and it binds the lesion in a later stage
(Evans, Moggs et al. 1997; Sugasawa, Ng et al. 1998; Volker, Mone et al. 2001).

In addition to its ability to recognize various types of helix-distorting DNA lesions
(Buschta-Hedayat, Buterin et al. 1999), XPA interacts in vitro with many of the proteins
that are involved in NER, including DDB (Wakasugi, Shimizu et al. 2001), ERCC1 (Li,
Peterson et al. 1995) and TFIIH (Nocentini, Coin et al. 1997). These interactions promote
the assembly of the NER complex around the lesion. Moreover, XPA mutant proteins
that could bind DNA but had impaired ERCC1 binding failed to complement XP-A cells,
indicating that ERCC1 binding is more important than DNA binding for XPA function in
vivo (Li, Peterson et al. 1995). The available data suggest a dual role for XPA in NER:
first, verification that the lesion is an NER substrate and second, organization of the other
NER proteins around the lesion, and activation of the two endonucleases to perform dual

incision (Sugasawa, Okamoto et al. 2001; Volker, Mone et al. 2001). The requirement for



-8-

more than one damage recognition factor during NER contributes to efficient

discrimination between lesions that are NER substrates and those that are not.

Assembly of the NER complex

In vitro reconstitution of the NER process requires six core factors: XPC-hHR23B
complex, XPA, RPA, TFIIH (core 6 subunits), XPG and ERCC1-XPF (Araujo, Tirode et
al. 2000). The order of protein assembly around a lesion is depicted in figure 1. The first
complex that binds the damage is XPC-hHR23B, which then recruits TFIIH (Y okoi,
Masutani et al. 2000). Mammalian TFIIH includes a 6-subunit core (XPB, XPD, p62,
p52, p44 and p34) and three additional components comprising the CDK-activating
kinase complex, which is not required for NER in vitro (Araujo, Tirode et al. 2000). XPB
and XPD are ATP dependent DNA helicases, which are necessary for open complex
formation around a promoter during transcription initiation or around a lesion during
repair (Evans, Moggs et al. 1997). The first endonuclease that binds the complex is XPG,
which is able to bind TFIIH (Iyer, Reagan et al. 1996; Mu, Wakasugi et al. 1997) The
XPA-RPA complex binds next with a dual role: guiding the 5' endonuclease ERCC1-
XPF to the site of damage via the interaction between XPA and ERCC1 (L1, Elledge et al.
1994; Li, Peterson et al. 1995), and activating XPG to perform 3' cleavage (Volker, Mone
et al. 2001). In extracts lacking RPA, XPA or XPG only a limited opening of the double
helix can be observed, suggesting that these proteins also take part in stabilizing the NER

complex around the lesion (Evans, Moggs et al. 1997; Mu, Wakasugi et al. 1997).
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Figure I-1: Assembly of the NER complex around a DNA lesion During GGR.

The XPC-hHR23B complex recognizes the lesion and binds it. TFIIH is then recruited by XPC followed by
the 3' endonuclease XPG, which interacts directly with TFIIH, and the XPA-RPA complex. TFIIH, XPG
and XPA-RPA form a stable complex around the lesion. Next the 5' endonuclease ERCC1-XPF complex is
recruited to the complex via the interaction between XPA and ERCCI1. After the lesion is removed repair

synthesis is performed by general replication factors.

The ERCCI1-XPF complex, which is the last to be recruited, is not required for
opening of the double helix. It can be added to a preformed incision complex, containing
all the other factors, to execute incision at the 5' side of the DNA adduct, consistent with
its cleavage polarity (Sijbers, de Laat et al. 1996; Evans, Moggs et al. 1997; Mu,
Wakasugi et al. 1997; Volker, Mone et al. 2001).

After the removal of the damage containing oligonucleotide by the NER machinery,
general replication factors fill the gap and DNA ligase I seals it. The only NER factor that
takes part in this step is RPA, which is also involved in replication (Li, Lu et al. 1995;

Balajee, May et al. 1998; de Laat, Jaspers et al. 1999).

NER and Cockayne syndrome

Cockayne syndrome (CS) is a rare autosomal-recessive disease that is named after its
first describer, E. A. Cockayne (1936) (Friedberg 1996). CS patients suffer from post-
natal growth failure and skeletal abnormalities that typically begin within the first year of
life. Most of them are also mentally retarded, have impaired sexual development and
suffer from a variety of other neurological symptoms and signs. The mean age of death is

12.5 years. Similar to XP patients, CS patients are also hypersensitive to sunlight due to a
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defect in NER of transcriptionally-active genes (TCR). However, there is no
predisposition to childhood or other cancers apparent in CS patients. They can be divided
into two complementation groups, CS-A and CS-B. Both CS-A and CS-B cell lines are
proficient in GGR but have no TCR and RNA synthesis is not recovered after UV
irradiation, suggesting a role for CS proteins in transcription (Bregman, Halaban et al.
1996; Friedberg 1996; Friedberg 1996; Dianov, Houle et al. 1997; Brosh, Balajee et al.
1999; Citterio, Van Den Boom et al. 2000; Bradsher, Auriol et al. 2002; Kamiuchi, Saijo
et al. 2002).

The Csa gene encodes a polypeptide of 396 amino acids with a molecular mass of
~44kDa (Henning, Li et al. 1995). The CSA protein belongs to the WD-repeat family of
proteins with five consensus WD repeat motifs (Bhatia, Verhage et al. 1996). This family
of proteins has a regulatory role in multiple aspects of cellular metabolism including cell
cycle, gene regulation and RNA processing. Upon UV irradiation, or hydrogen peroxide
treatment, CSA is translocated to the nuclear matrix (Kamiuchi, Saijo et al. 2002),
suggesting that it participates in repair of both types of lesions. The translocation is
observed in XP-C cells that are TCR proficient and also in XP-A cells, indicating that
CSA has arole early in the pathway. It is also colocalizes with RNA polymerase 1,
which is the damage sensor in TCR. CSA translocation is not observed in CS-B cells.

The Csb gene encodes a polypeptide of 1493 amino acids with a molecular mass of
~168kDa. It belongs to the SWI/SNF family of proteins, which is involved in
transcription regulation and chromatin remodeling in an ATP-dependent manner
(Citterio, Van Den Boom et al. 2000). The protein contains an ATPase domain that is

critical for its function. ATPase mutants fail to complement CS-B cell lines for both UV
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resistance and recovery of RNA synthesis (Brosh, Balajee et al. 1999; Balajee, Proietti
De Santis et al. 2000). The CSB protein interacts with several other repair proteins that
are part of the TCR complex: TFIIH (XPB and XPD), XPA and XPG in addition to its
interactions with RNA polymerases I and II (Iyer, Reagan et al. 1996; Selby and Sancar
1997; Bradsher, Auriol et al. 2002). The data strongly suggest that CSB has a general role
in transcription that is not limited to NER.

A small group of CS patients exhibits also clinical features of XP. These patients
have mutations in the NER proteins XPB, XPD and XPG. As mentioned above, all three
proteins interact with CSB protein, underlining a connection between them. XPB and
XPD are the two DNA helicases that are part of TFIIH. XP-D/CS patients have XPD
mutations that appear to be in different locations than those found in patients with only
XP group D (Nouspikel, Lalle et al. 1997; Queille, Drougard et al. 2001). XPG is the
structure specific endonuclease that nicks damaged DNA 3' to the lesion during NER. XP
group G patients produce a full-length protein with no NER activity while XP-G/CS
patients produce a severely truncated form of the protein (Nouspikel, Lalle et al. 1997). It
appears that some mutations only inactivate the NER activity, resulting in a classical XP
phenotype while others generate the more severe XP/CS phenotype. That reflects
possible dual roles of the XPD and XPG proteins. In the case of XPB only the severe
form is observed.

Cells from all CS patients have defective TC-NER. However, it is difficult to
reconcile a defect in a sub-pathway of NER with the distinct clinical features of CS
compared to XP. All 5 proteins involved in the disease have been shown to participate in

cellular processes other than NER including transcription and chromatin remodeling
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(Henning, Li et al. 1995; Bregman, Halaban et al. 1996; Dianov, Houle et al. 1997;
Evans, Moggs et al. 1997; Brosh, Balajee et al. 1999; Klungland, Hoss et al. 1999;
Balajee, Proietti De Santis et al. 2000; Citterio, Van Den Boom et al. 2000; Le Page,
Kwoh et al. 2000; Queille, Drougard et al. 2001; Bradsher, Auriol et al. 2002; Kamiuchi,
Saijo et al. 2002). In particular, Le page et al propose a different feature common to CS
cells (Le Page, Kwoh et al. 2000). Spontaneous oxidative damage is generated during
normal cellular metabolism and especially when cells are proliferating, for example
during development. The main pathway involved in repair of oxidative damage is BER.
Transcriptionally active cells become a target for oxidative damage when their TCR is
defective. Le page et al show that XP-B/CS, XP-D/CS, XP-G/CS and CS-B cells are
defective in TCR of oxidative damage, specifically of thymine glycol, a BER substrate,
while XP-D and XP-G cells do not have this defect. RNA polymerase II is not only
stalled in the non-repaired lesion but its release from the damaged DNA is also much
slower. Therefore the actual number of active molecules is reduced, leading to a general
transcription inhibition.

Reduced RNA polymerase II activity in extracts of CS cells was previously reported
(Dianov, Houle et al. 1997) and all five proteins involved in CS are implicated in
transcription (Iyer, Reagan et al. 1996; Dianov, Houle et al. 1997; Evans, Moggs et al.
1997; Bradsher, Auriol et al. 2002; Kamiuchi, Saijo et al. 2002). Taken together, the data
is consistent with a model suggesting that defects in transcription, including transcription
coupled repair lead to the CS phenotype. The repair pathway primarily involved in
oxidative damage is BER. Thus, it is suggested that TC-BER rather than TC-NER is

mostly affected, and TC-NER has a secondary affect. Repair deficiency of oxidative
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damage in the brain during embryogenesis, leading to decreased neurogenesis and
enhanced apoptosis might be the main cause for the many developmental problems

observed in CS patients (Murai, Enokido et al. 2001).

NER, apoptosis and predisposition to cancer

DNA repair is an early cellular response to DNA damage. Shortly after UV irradiation
the NER recognition factors accumulate at damaged sites to initiate GGR (Sugasawa, Ng
et al. 1998; Wakasugi, Kawashima et al. 2002). The TCR pathway is activated by DNA
lesions that stall RNA polymerase II (Donahue, Yin et al. 1994). Failure to repair those
lesions located in transcriptionally-active regions as a result of too much damage, or due
to TCR deficiency leads to transcription inhibition that triggers the apoptotic process,
usually in the tumor suppressor gene p53-dependent manner (Balajee, Proietti De Santis
et al. 2000; van Oosten, Rebel et al. 2000; Brash, Wikonkal et al. 2001; Lu, Lian et al.
2001; Wijnhoven, Kool et al. 2001).

p53 protein also activates the GGR pathway in response to UV irradiation. It does so
by up regulating expression of the NER recognition factors that initiate the process
(Hwang, Ford et al. 1999; Adimoolam and Ford 2002). Cells that are p53-deficient have
proficient TCR but impaired GGR (Hwang, Ford et al. 1999; Wani, Zhu et al. 1999; El-
Mahdy, Hamada et al. 2000; Wani, Zhu et al. 2000). Importantly, GGR deficiency does
not lead to enhanced apoptosis, indicating that the signal for the apoptotic process comes
solely from lesions in transcriptionally active regions of DNA (Brash, Wikonkal et al.

2001).
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TCR deficiency in the skin is associated with higher sensitivity to sunburn, epidermal
thickening and development of benign papillomas in hairless mice (Berg, Rebel et al.
2000). However, the increased mutation rate that eventually lead to cancer is balanced by

the enhanced apoptotic response that is also associated with the absence of TCR.

On the other hand, increased mutation rate as a result of GGR deficiency is not balanced
by an enhanced apoptotic response. Therefore it was suggested that GGR-deficient cells
would be more susceptible to transformation compared to TCR-deficient cells. A direct
comparison between CSB-deficient mice that have no TCR and XPC-deficient mice that
lack only GGR shows that the latter mice are indeed more sensitive to UV-induced skin
cancer (Berg, Rebel et al. 2000). TCR deficiency makes CSB-deficient mice and XPA-
deficient mice more sensitive to UV and dimethylbenz [a] anthracene (DMBA)-induced
apoptosis compared to TCR-proficient XPC mice (van Oosten, Rebel et al. 2000;

Wijnhoven, Kool et al. 2001).

This observation has led to a model in which TCR deficiency alone should not result
in a particularly high predisposition to cancer. Although DNA damage is not fully
repaired, resulting in accumulation of mutations in CS cells, there are less transformed
cells due to the increased apoptotic response. This model can explain why CS patients,
who suffer exclusively from TCR deficiency, are not predisposed to skin cancer, although

they have other more severe clinical features.

In contrast to humans, mice have efficient GGR of 6-4 photoproducts but not of
CPDs. Since the GGR pathway appears to be more important to protect against skin
cancer than TCR, the differences in the efficiency levels of GGR between mouse and

man might explain why CS mouse models suffer from skin cancer while the patients do
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not (van der Horst, van Steeg et al. 1997). The balance between enhanced apoptosis and
increased mutational rate due to repair deficiency might be altered in mice compared to
humans, leading eventually to a higher number of tumors in the mouse. In addition, CS
mouse models are chronically exposed to UV irradiation in order to induce skin cancer
while the very sick CS individuals are rarely exposed to sunlight. Their average death age
is only 4 years higher than the average age for onset on skin cancer in XP patients

(Friedberg 1996; Friedberg 2001).

The tumor suppressor gene p53

The tumor suppressor gene p53 has a pivotal role in protecting cells against
carcinogenesis. The gene and its protein product became the focus of a very intensive
study when it became clear that p53 is the most commonly mutated gene in human
tumors (Levine 1997). In addition, p53 knockout mice developed tumors early in life,
demonstrating further the importance of loss of wild-type p53 function in tumor
formation (Donehower, Harvey et al. 1992; Jacks, Remington et al. 1994). P53 is
involved in many different cellular processes, including cell cycle progression, apoptosis
and DNA repair. It is activated by different types of cellular stress (DNA damage,
hypoxia, introduction of oncogenes, nucleotide deprivation to name a few), and functions
as a “guardian” of genomic stability. The outcome of its activation can be either cell
cycle arrest or apoptosis. Thus, loss of control by p53 provides a good explanation for
tumor development both in humans and in mouse models.

The p53 protein contains 393 amino acids and has been divided structurally and

functionally into four domains that are depicted in figure 2 (Ko and Prives 1996; Levine
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1997): (i) The transcriptional activation domain is located in the N-terminus of the
protein. It is 42 amino acids long and is important for p53 interaction with proteins from
the basal transcriptional machinery including the TFIIH subunits XPB, XPD and p62
(Murai, Enokido et al. 2001). It contains several phosphorylation sites (serine 15, 20, 33,
37) that appear to be involved in p53 regulation (Steegenga, van der Eb et al. 1996;
Shieh, Ikeda et al. 1997; Sakaguchi, Herrera et al. 1998; Shieh, Taya et al. 1999; Unger,
Juven-Gershon et al. 1999). This region is highly conserved, and amino acids13-23 are
identical in a number of diverse species and in p53 related proteins.

(ii) The sequence-specific DNA-binding domain of p53 is localized between amino acids
102-292. Specific amino acids in this domain either contact the phosphate backbone
(K120, S241, R273, A276, and R283) or interact via hydrogen bonds with the DNA bases
(K120, C277, R280, and R248). The vast majority of p53 missense mutations in tumors
are clustered within this domain, particularly within the four highly conserved regions.
Each of the residues that are mutated most frequently in cancer patients makes critical
contributions to sequence specific DNA binding. In most cases the mutations result in
mutant proteins that can no longer bind DNA and act as transcription factors (Flaman,
Robert et al. 1998; Blandino, Levine et al. 1999; Aurelio, Kong et al. 2000)

(iii) The tetramerization domain. Native p53 protein binds DNA as a tetramer, and the
region required to form the tetramer is located between amino acids 324-355.

(iv) Non-specific DNA interaction domain. The C-terminal 26 amino acids domain of
p53 can function as an autonomous domain capable of binding nonspecifically to

different forms of DNA, including damaged DNA and single strands of DNA or RNA. Its



- 18 -

main function is to regulate the ability of p53 to bind specific DNA sequences at its

central domain (Avantaggiati, Ogryzko et al. 1997; Zhu, Wani et al. 2001).

Functional ~ Activation Sequence-specific DNA binding domain Non-specific DNA interaction
domain domain domain

A ) ] I :
50 100 150 200 250 300 350 393
>~
TFIIH TFIH
p62 XPB
mdm-2 XPD
RP-A CSB

Figure I-2: Structural organization of the p53 protein.
Light purple boxes represent conserved regions. Major phosphorylation sites and relevant protein

interactions for each domain are also indicated.

P53 is post-translationally modified by phosphorylation, acetylation and glycosylation
(Avantaggiati, Ogryzko et al. 1997; Sakaguchi, Herrera et al. 1998; Zhu, Wani et al.
2001). The possible phosphorylation sites of p53 are located mainly in its N-terminus and
C-terminus domains (see above). Importantly, both phosphorylation and acetylation of
p53 in vivo are regulated by DNA damage (Kobet, Zeng et al. 2000). Both UV and

ionizing radiation (IR) induce phosphorylation at Serl5, Ser33 and Ser37.
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Phosphorylation on Ser15 and Ser37 stabilizes p53 by disrupting its interaction with the
MDM?2 protein, an interaction that leads to p53 degradation (Haupt, Maya et al. 1997;
Shieh, Ikeda et al. 1997). UV light also induces phosphorylation of Ser392. Acetylation
at lysine 382 is induced upon DNA damage and is regulated by N-terminal

phosphorylation (Sakaguchi, Herrera et al. 1998).

P53 and Repair pathways

P53 participates in several repair pathways including NER and BER (Bernstein,
Bernstein et al. 2002). The role of p53 in NER is separate from its role in cell cycle
regulation. p53-dependent cell cycle arrest is mediated mainly by the CDK inhibitor p21
(el-Deiry, Tokino et al. 1993). However p21 deficient cells have normal NER, indicating
that NER does not require p21 or other important cell cycle regulators like pRb (Smith,
Ford et al. 2000; Zhu, Wani et al. 2000; Wani, El-Mahdy et al. 2002; Wani, Wani et al.
2002). Moreover, the cellular sensitivity to UV irradiation, but not to IR is affected by
p53 status in the cell, pointing to an affect on repair of UV induced lesions specifically
(Smith, Chen et al. 1995).

In response to DNA damage, p53 interacts directly with three subunits of TFIIH,
XPB, XPD and p62, and those interactions are important both for NER and UV induced
apoptosis (Wang, Yeh et al. 1995; Zhu, Wani et al. 2000). P53 also interacts with the
CSB protein that is required for TCR (Wang, Yeh et al. 1995). P53 deficiency results in
significantly reduced GGR (Wani, Zhu et al. 1999; Wani, Zhu et al. 2000; Zhu, Wani et

al. 2000).
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Three key proteins involved in GGR are up regulated by p53 in response to DNA
damage. XPC is induced upon UV irradiation in a p53 dependent manner (Adimoolam
and Ford 2002). The promoter region of XPC contains a putative pS3 response element
that is bound by recombinant p53 in vitro. The p48 subunit of the DDB protein that is
mutated in a subset of the XP-E patients is activated in response to UV-induced DNA
damage and its activation requires p53 (Hwang, Ford et al. 1999). The regulation of two
damage recognition factors of GGR by p53 places the protein early in the cellular
re