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ABSTRACT

Fifty-eight skin biopsies and three primary internal tumors from pa

tients affected by the rare hereditary disease xeroderma pigmentosum
(XP) were studied by an improved PCR-single strand conformation poly

morphism analysis to detect the mutations of the tumor suppressor gene
p53. The results from cutaneous XP tumors, including 27 squamous cell
carcinomas and 6 basal cell carcinomas, show a very high level (86%) of
/;5,( mutations. The analysis of mutations found in XP skin cancers

according to the complementation group of the patients shows that tan
dem CCâ€”>TTtransitions are a characteristic of XP-C patients with a

frequency much higher in their skin tumors (85%) compared with tumors
in XP patients who do not belong to group C (33%). In all XP-C biopsies,

mutations were due to replication of unrepaired DNA lesions on the
nontranscribed strand of the p53 gene, substantiating the preferential
repair in vivo of the transcribed strand of this gene in human tissues. For
the first time, we were able to analyze three primary internal tumors (a
neuroendocrine tumor of the thyroid, a gastric adenocarcinoma, and a
glioma of the brain) of young XP children. All of them contained one
mutation on the /o.t gene, which were different from the ones found in the

XP skin tumors and could have resulted from unrepaired lesions caused
by oxidative damage.

INTRODUCTION

XP3 is a rare inherited disease transmitted as an autosomal and

recessive trait. XP is characterized by cutaneous and cellular hyper-

sensitivity to UV radiation due to a defect in the NER of the major
UV-induced lesions: the CPDs and the (6-4) photoproducts (6-4PP;

Ref. l ). The hypersensitivity of XP patients results in dermatolÃ³gica!
disorders and a high incidence of skin cancers that appear early in age
(median age, 8 years), localized on the sun-exposed skin (2). Besides

the prevalence of skin tumors, XP patients have also been reported to
have a significantly higher number than non-XP patients of internal

tumors, such as brain tumors, leukemias, gastric carcinomas, and lung
cancers (2).

Two forms of XP have been described, depending on their clinical
symptoms and biochemical defects, as "classical XP" and "XP vari
ant." In the classical form, seven complementation groups exist,

designated A to G. The most common complementation group is XP
group C (XP-C) in Europe, North Africa, and the United States,
whereas XP group A (XP-A) is prevalent in Japan. XP-C cells are
exclusively deficient in the NER system that corrects the UV-induced
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lesions on the nontranscribed part of the genome ("genome-overall"

repair), whereas they repair normally the lesions on the transcribed
strand of active genes (3, 4) by a mechanism known as transcription-
coupled repair. XP-A, XP-B, XP-D, XP-E, XP-F, and XP-G cells are
deficient for both genome-overall repair and transcription-coupled

repair (5). XP variant patients have a normal level of NER but are
defective in some kind of still undefined postreplication repair, and
the patients develop skin cancers at a later age (between 15 and 40
years of age).

Molecular epidemiological studies have taken advantage of the
tumor suppressor gene p53 as a probe, because this gene is very often
mutated in human cancers. Moreover, the mutations found on the p53
gene can carry the signature of the carcinogen that may initiate the
tumor formation. A large number of mutations have been collected in
a database that nowadays counts more than 8000 mutations (6). This
large number allows statistical comparisons of different mutation
spectra. Thus, it has been demonstrated that the p53 mutation spectra
found in skin cancers are significantly different from those observed
in internal tumors. p53 mutations found in skin cancers are mainly
Câ€”Â»Ttransitions localized on dipyrimidine sites known to be UV
lesion hot spots (7, 8). Moreover, the tandem mutations CCâ€”Â»TT,

commonly considered as being the signature of UV lesions (9), are
found frequently in skin cancers but are extremely rare in internal
tumors.

Up to now, the data from various studies on XP skin cancers have
been carried out on a relatively small number of mutations of the p53
gene (10-12), insufficient to allow any statistical analysis. No study

of the mutations in XP primary internal tumors has been performed.
We developed an improved PCR-SSCP analysis for mutation detec

tion on the p53 gene in 58 of XP skin cancers and in 3 XP primary
internal tumors. Our results allow us to compare the very specific p53
mutation spectrum obtained from XP-C skin tumors with those ob
served in XP patients who do not belong to group C and in non-XP
skin cancers. The results suggest that the tandem CCâ€”>TTtransitions
are a characteristic of XP-C skin cancers. Moreover in all XP-C skin

cancers, the mutations are due to unrepaired lesions on the nontran
scribed strand of the p53 gene, substantiating the in vivo preferential
repair of the transcribed strand of this gene in human tissues.

Although the XP primary internal tumors are very difficult to
obtain, the first analysis of p53 mutations in these tumors show that
they are not UV related but may be due to the presence of unrepaired
oxidized bases.

MATERIALS AND METHODS

Tissue Samples. Skin tumors from XP patients were obtained at the time
of surgical resection: the samples were frozen immediately in liquid nitrogen
and then stored at â€”¿�80Â°C.Archived paraffin blocks of Bouin-ftxed tumors

were also analyzed. The majority of samples were obtained from Institut
Gustave Roussy (Villejuif. France). HÃ´pital St. Louis (Paris). HÃ´pital Tarnier
(Paris), Center Hospitalier RÃ©gionalet Universitaire de Marseille (Marseille,
France). Clinique Ste. GeneviÃ¨ve (Paris), HÃ´pital St. Nicolas (Sarrebourg,
France), and Center Hospitalier Universitaire of Alger (Alger, Algeria).
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UDS. When available, unexposed XP skin biopsies were cultured to estab
lish a diploid fibroblast line and examined for DNA repair activities as
described previously (13) .

Complementation Test. To identify the complementation group of the XP
patients, complementation tests based on the classical cell-cell fusion were

carried out by the laboratory of Dr. Jaspers (University of Rotterdam, the
Netherlands) or by using plasmidic or recombinant retrovirus complementation
assay developed previously in our laboratory (14. 15).

Nucleic Acid Preparation from Tumors. Frozen tumor samples were
ground to a fine powder, and DNA was extracted as described previously (16).
Three paraffin sections of the same sample (10-20 firn thick) were submitted
to DNA extraction. Sections were dewaxed. freeze-dried. resuspended in 300
ml of digestion mixture [50 mM Tris-HCl (pH 8.0), 5 mM EDTA, 0.5% Tween
20, and 400 ng/ml proteinase K] and incubated at 55Â°Cfor 3 h. DNA extraction

was performed as described previously (16).
SSCP Analysis. The coding region of ihe p53 gene was amplified by using

four sets of primers covering exons 4, 5-6, 7, and 8-9 (17). Genomic DNA
(100-500 ng) was incubated in a final volume of 25 Â¿ilcontaining 25 /MMof

each deoxynucleotide triphosphate, 10 pmol of each primer, and 0.2 unit of
GoldStar DNA polymerase (Eurogentec, Seraing. Belgium). 5 /xCi of
[a-32P]dCTP (DuPont/NEN, Boston, MA) buffered in 75 mM Tris-HCl (pH

9.0), 20 mM (NH4)2SO4, 0.01% (w/v) Tween 20. and 1.5 mM MgCK. The
exons 5-6 and 8-9 were coamplified in a multiplex-PCR reaction. The
reaction mixture was heated at 92Â°Cfor 2 min. and amplification was carried
out by 30 cycles at 92Â°Cfor 1 min, 55Â°Cfor 1 min. and 72Â°Cfor 2 min. The
reaction was stopped after 5 min elongation at 72Â°Cby a 10-fold dilution into

0.01% SDS. 10 mM EDTA. Four JA!of this solution were then mixed with 7 /j.1
of Stop Solution [95% (v/v) formamide. 20 mM EDTA, 0.05% bromphenol
blue, and 0.05% xylene cyanol]. The samples were denatured at 100Â°Cfor 5

min. quick-chilled on ice for 3 min, and loaded immediately onto a 0.5% MDE

(FMC Bioproducts. Rockland. ME) gel containing 0.6 X TBE |53.4 mM Tris

(pH 8.3), 53.4 mM boric acid, and 1.2 mM EDTA] with or without 10%
glycerol (5% glycerol in the case of the exon 4). Electrophoresis was carried
out at constant power (3 or 8 W) for 13-24 h at room temperature or at 4Â°C

(gels without glycerol). After migration, gels were dried and subjected to
autoradiography. The entire procedure was repeated at least twice for each
sample. When shifted bands were observed, they were cut out of the gel, and
DNA was eluted in distilled water and reamplified as described.

Purification and Sequencing of the PCR Products. The PCR products
were purified on an agarose gel, and the DNA was extracted using the
Nucleotrap kit (Macherey Nagel, Duren, Germany). Purified products were
directly cycle-sequenced using the Thermosequenase kit (USB/Amersham,

Buckinghamshire. UK). DNA sequencing gels were read by two researchers.
Statistical Study. Results and percentages were tested by the x2 lest. Fisher

exact test, or Monte Carlo analysis. A result was considered nonsignificant
when its associated value was above 0.05. The HyperG program developed by
Cariello et al. (18) was used to compare two different spectra.

RESULTS AND DISCUSSION

Characteristics of the Sample Population. We have analyzed the
frequency, types, and sites of mutations in the p53 gene of 58 skin
biopsies and 3 primary internal biopsies from XP patients. Table 1
describes the histology of the samples. The majority of tumoral
samples are SCCs, all localized on sun-exposed skin. Epidemiological

data indicate that SCC and BCCs may differ in their etiology in
relation to the nature of sun exposure (19). A greater proportion of
SCCs was reported to occur on the face and upper limbs, whereas
BCCs were found on the less exposed trunk in Caucasian populations.
These observations indicate that SCC frequency is more correlated
with permanent sun exposure than BCC. Indeed, these results agree
with the higher proportion of SCC found in DNA repair-deficient XP

patients (2), which are only in contact with very low amount of solar
exposure. We were also able to analyze six BCCs and seven prema-
lignant lesions: keratoacanthoma, actinic keratosis, and Bowen's ker-

atosis (commonly considered as the precursor of the SCC); and three

Table I Lisi ti] samples analyzed from XP patients and number of biopsy samples
containing a mutation in the p53 gene

No. of samples

Histology Mutated/Analyzed

NonmalignantlesionsPremalignant
lesionsKeratoacanthomaBowen's

keratosisActinic

keratosisMalignant
lesions:SkinBCCSCCHUT"MelanomaInternalGanglionVascular

tumorBCC
+ SCC0/71/12/32/36/622/272/61/33/31/10/128/3301006666100813333100100085

" HUT. histologically undefined tumors are skin samples for which the pathology is

surely malignant hut the nature of the tumors is uncertain.

melanomas (a nodular melanoma Clark level IV, a nodular achromic
melanoma, and a superficial spreading melanoma).

We analyzed three XP primary internal tumors: a glioma of the
thalamus, a neuroendocrine tumor of the thyroid, and an adenocarci-

noma of the stomach. Our XP patients are originated mainly from
North Africa, where a high level of consanguinity has increased the
frequency of the disease in the population. Whenever a fibroblast
culture could be established from an unexposed skin biopsy, the
complementation group of the XP patient was determined by comple
mentation assays described in "Materials and Methods."

Eight patients belonged to the complementation group C: in such
cases, the UDS levels were <10% of control cells when irradiated
from 0 to 15 J/m (2) UV-C (Table 2). Besides the XP-C patients, we
studied five XP-variants for whom the UDS level was similar to

normal individuals. One patient belonged to the XP group D. The
complementation group of five patients whose fibroblasts were not
available remained unknown.

Improvement of the PCR-SSCP Analysis for the Detection of

Mutations. DNAs from skin tumors were analyzed for mutations in
exons 4 to 9 of the p53 gene. Because of the presence of a large
amount of nontumoral tissues in the samples, mutations could not be
detected by direct sequencing of the extracted DNA. We therefore
choose the PCR-SSCP technique for the mutations detection (20). The

SSCP analysis is a technique based on the tridimensional conforma
tion taken by a single-stranded DNA in a nondenaturating environ

ment. In theory, any change of the sequence can result in a variation
of the electrophoretic mobility; in practice, not all of the changes can
be resolved. However, the modification of the migration conditions
can improve the detectability of mutations along the sequence. In the
present study, we have improved our detection sensitivity by carrying
out three different migration conditions for a given PCR sample.
Hence, electrophoresis was performed either at room temperature,
with or without the addition of 10% glycerol in the gel (5% for the
exon 4), or at 4Â°Cin a cold room. Finally, the PCR-SSCP analysis and

the sequencing were carried out twice for each sample to avoid
detection of possible mutations caused by the Taq polymerase during
amplification. Table 3 shows the efficiency of this SSCP analysis as
a function of these different electrophoretic conditions. Some muta
tions were detected only by using one of the three migration condi
tions; an example is the tandem mutation CCâ€”Â»TTat the codon
195-196 that was detected only in the gels containing glycerol (Fig.

1). It cannot be excluded that the lower frequency of mutations found
in previous studies (10-12) could be an underestimation caused by the

limits of the technique used. We estimated that the use of the three
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Table 2 Characteristics of XP skin tumors in which initiations have been found in the p53 gene

Patient"I.

Bo.M.C.1.

E.I.

E.1.

E.N.
H.N.
H.N.
H.N.

H.N.
H.N.

Had.F.
Har.A.
Mak.A.
Mak.A.
Mak.A.
Mak.A.
Mak.A.
Mak.'A.

Mak.A.
Mak.A.
Mak.A.

Mak.A.
Mak.A.
Mak.A.
Mak.A.
Mak.F.

S.F.
S.G.

Eg.M.
J.L.
K.N.
K.M.
P.Rah.
NedMo.
H.S.
L.A.C.L.

C.F.
Har.N.
H.G.

K.Repair

level
(% ofcontrol)55IIIHIIdIdIdId10108Id555555555555558830100100100100Id10100ComplementationgroupXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPCXPDXPVXPVXPVXPVNDNDNDNDNDXPCXPCXPVTumor'7HistologysecBCCsecsecHUTsecsecsecsecMMAKsecBXsecBXsecsecsccfBCCsecsecsecsecsecGanglionAKsecsecHUTBCCBCCsecKBCCBCCsecsecsecGliomaNEAC1in.ululiCheekEye

lidNoseNoseForeheadScalpHandEyeCheekCheekFaceNDForeheadEarEyelidEyelidEarEarNoseEyelidCheekCheekNoseEyelidEarNDCheekFaceNDCheekCheekForeheadNoseEyelidCheekEyeCheekCheekThalamusThyroidStomachMutated

codon178-179142142^176-177''47127^178-179''Intron

5195-196127135-1.16151278178178-179278178-179177247-248281-282195-196247-248247-248247-248179247-248178-179281-282281-282195-196247-248195-19647281-282162-163135-136281-282177281-282173159281-28288278281-28225015219528771p53

gene'MutationcaC.Catâ€”

caT.TatcCt->CTttgc.CCtâ€”

tgc.TTttGC.Ccc^tTT.Tcccc.CC''g->cc.TTgtCc-HTccaC.Catâ€”

caT.TalggCCtcâ€”
ggTTtcatC.C'ga^atT.TgatCC.câ€”

tTTcIgC.Caaâ€”
tgT.TaacCC.c->cTT.ct.CClâ€”t.TTtc.Calâ€”

Â»c.TalcaC.Catâ€”
Â»caT.Tatt.CCtâ€”l.TTtcaC.Cat-Â»caT.Talc.CCcâ€”c.TTcaaC.C'gg-^aaT.TgggaC.C'gg^gaT.TggatC.C'gaâ€”

atT.TgaaaC.C'gg^aaT.TggaaC.C'ggâ€”

aaT.TggaaC.C'ggâ€”
aaT.Tggc.Cat^c.TataaC.C'gg^aaT.TggcaC.Catâ€”

caT.TatgaC.C''gg-Â»gaT.TgggaC.C'gg^gaT.TggatC.C'ga^atT.TgaaaC.C'gg

^aaT.TggatC.C'ga^atT.Tgacc.CC-'g-cc.TTggaC.C'gg-Â»gaT.TgggaC.Tacâ€”

gaT.CacIgC.Caa-HgT.TaagaC.C'gg->gaT.Tggc.Cccâ€”

*c.TccgaC.C'gg^gaT.Tggtt.Gtcâ€”

Â»tt.CtcgCcâ€”gTcgaC.C'ggâ€”

gaT.TgggCC.câ€”gTT.ccCtâ€”

cTtgaC.C'gg-Â»gaT.Tggagg.CCcâ€”

agg.TTcc.Ccg-c.TcgIt.

Ateâ€”Â»It.Tiea.Gag->a.Taggct.Cccâ€”

Â»gct.AccAmino

acidsubstitutionHis.Hlsâ€”His.TyrProâ€”

LeuProâ€”PheCys.Proâ€”

Phe.SerProâ€”
LeuSerâ€”PheHis.Hisâ€”

His.Tyrlle.Arg-Mlc.StopSerâ€”PheCys.GInâ€”

Cys.CysProâ€”
LeuProâ€”PheHisâ€”

TyrHis.Hisâ€”
His.TyrProâ€”PheHis.Hisâ€”

His.TyrProâ€”PheAsn.Argâ€”

Â»Asn.TrpAsp.Argâ€”
Â»Asp.Trplle.Argâ€”

lle.StopAsn.Argâ€”
Â»Asn.TrpAsn.Argâ€”
Asn.TrpAsn.Argâ€”

Â»Asn.TrpHisâ€”
TyrAsn.Argâ€”

â€¢¿�Asn.TrpHis.Hisâ€”
His.TyrAsp.Argâ€”
Â»Asp.TrpAsp.Argâ€”

Â»Asp.Trplle.Argâ€”
lle.StopAsn.Argâ€”

Â»Asn.Trplle.Argâ€”
lle.StopProâ€”

LeuAsp.Argâ€”
Â»Asp.TrpAsp.Tyrâ€”
Asp.HisCys.Glnâ€”
Cys.CysAsp.Argâ€”

Â»Asp.TrpProâ€”
SerAsp.Argâ€”

Â»Asp.TrpVal-Â»LeuAlaâ€”

ValAsp.Argâ€”
Asp.TrpAlaâ€”
ValProâ€”

LeuAsp.Argâ€”
Â»Asp.TrpProâ€”PheProâ€”

SerIle-Â»PheGluâ€”

StopAla.Proâ€”
Ala.Thr

" The patients are indicated by their initials. Their deficiency can be seen in the level of UDS given as a % of control cells when known.
''MM. nodular melanoma Clark level IV; BK. Bowen keratosis; AK. actinic keratosis; K. keratoacanthoma: NE. neuroendocrine tumor of the thyroid. HUT. histologically undefined

tumor; AC, adenocarcinoma; ND, not determined.
' Mutations are indicated in capital bold letters on the coding strand, written 5' to 3'.

Mutations on different alÃeles.
' Cytosine localized on a CpG site.
'The sample is the relapsing form of the precedent tumor in the list (patient A. Mak.).

conditions for SSCP analysis increases by a factor of 1.4 to 2.1 the
efficiency of mutation detection compared with the previous reports in
this field [Dumaz et al. (10) performed a migration at room temper
ature: Sato et al. (12) and Matsumura et al. (11) performed a migra-

Table 3 Imprima detection of p53 mutaiinns among a total (if SO mutations by using
various elrctrophorelic conditions

Eleclrophoretic
conditions"RT

RT +Gly4Â°CNo.

of
mutations36

<â€”¿�126

<â€”¿�1

23Improved

mutation detection by
comparative study of differentgels46

,
1J 4044

<c 50

" RT. cleclrophoresis performed at room temperature; Gly. electrophoresis performed
at room temperature in a polyacrylamide gel containing 5 or 10% glycerol; 4Â°C,electro
phoresis performed at 4Â°C.If only one migration at room temperature (RT) is performed,

just 36 mutations arc detected. If two electrophoretic migrations are performed, for
example 4UC and RT. only 44 of the mutations can be detected.

tion at 14Â°Cwith the addition of 5% glycerol; Table 3]. Moreover, we

performed a PCR-SSCP multiplex analysis for the exons 5-6 and the
exons 8-9, thus reducing by half the time of detection of mutations;
an example of PCR-SSCP multiplex analysis is shown in Fig. 1.

Bands presenting a mobility shift were cut out of the gel, and DNA
was eluted, reamplified, and sequenced to determine the type and the
site of the mutation.

High Frequency of p53 Mutations in XP Tumoral Samples. As
a result of this improved PCR-SSCP analysis, a high frequency of

mutations was found; 85% of the XP tumoral samples (SSC and BCC)
presented at least one mutation on the p53 gene (Table 1). The
nonmalignant lesions and the nontumoral samples presented no mu
tations on the/>5.? analyzed sequence. Five of the seven premalignant

lesions presented one mutation on the p53 gene, reenforcing the
hypothesis that p53 mutations are an early event in the development
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B

A B C D E F G ABCDEFG ABCDEFG

Fig. 1. Example of multiplex SSCP analysis. A, electro-

phoresis performed at room temperature: B. electrophoresis
performed at room temperature with the addition of 10%
glycerol; C, electrophoresis performed at 4Â°C. Shifted

bands are indicated by full arrowheads, wild-type bands are

indicated by empty arrowheads, a, single strands of the
exons 5 and 6; b, single strands of the exons 8 and 9; Â¿i*.
double strands of the exons 5 and 6; h*. double strands of
exons 8 and 9. Lane A, wild type: Lane B. I.E. CC-Â»TT
195-196; Lane C. A.Mak. CC^TT 281-282; Lane D. wild
type; Lane E, L.K. G->C 173; Lane F. A.Mak. CC->TT
195-196; Lane C, negative control.

b*

of human nonmelanoma skin cancers (21). About 20% of the mutated
samples had two mutations. For two tumors, it was possible to show
that each mutation was carried by a different alÃele.All of the results
are described in Table 2.

High Frequency of Tandem Mutations CC^TT in XP Skin
Tumors. Among the 58 skin biopsies, we found 46 mutations in the
p53 coding sequence and one mutation in intron 5. Among these 47
mutations, all except one (patient L.K. in Table 2) were localized at
dipyrimidine sites, and all of them were CC sites, except one at a CT
site. The only mutation not localized on a dipyrimidine site (patient
L.K. in Table 2) was found in an NER-proficient XP-variant tumor

and was positioned opposite the ACA sequence reported previously as
a minor site for UV-induced lesions (22). Seventy-nine % were
tandem CCâ€”>TTmutations, which all resulted in a single amino acid
change (Table 2). In 70% of cases (26 of 37), the first transition C-Â»T

of the tandem substitution falls on the third base of a codon and does
not change the amino acid sequence. The fact that, in most cases, the
first mutation of the tandem substitution is a silent one clearly indi

cates that there is no bias in the detection of this type of mutation: thus
we are really looking at a typical misreplication pathway due to
unrepaired UV-induced DNA lesions implicating two adjacent cy-

tosines. One of the XP samples presents a multiple mutation com
posed of a tandem mutation CCâ€”Â»TTand a Gâ€”>Ttransversion
positioned immediately at the 5' site of the photoproduct. This mu

tation has been considered as a triple mutation, and it has not been
counted as a tandem (patient I.E. in Table 2).

Among the 8000 mutations described on the p53 gene in human
cancers (6), G.Câ€”>A.T transitions are the most frequent ones. In
internal cancers, 49% of the p53 mutations are G.Câ€”>A.Ttransitions

(Fig. 2) mainly localized on CpG sites, known to be methylated (23).
Hence most of the G.Câ€”Â»A.Tmutations in non-XP internal cancers

are probably due to the spontaneous deamination of the 5 MeC. In
skin cancers from non-XP individuals, the frequency of transitions
G.Câ€”>A.T is 53% (Fig. 2), and the mutations are mainly localized on
dipyrimidine sites (not shown), known to be UV-lesion targets. Only
18% of the transitions G.C -Â»A.T are found on CpG sites. In skin
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Internal Tumors

Non-XP Skin Tumors

Skin Tumors

1
WA \

o>

B
Type of mutations

Fig. 2. Dislrihulion Â»I"different base substitutions for internal tumors. non-XP skin tumors, and XP skin tumors. Y axis, percentage of frequency of mutations. X axis, type of

mutations. Percentages include results presented in this study and results already published (10-12). Number of mutations in internal tumors. 7861. Number of mutations in XP tumors,
85. Number of mutations in non-XP tumors. 291.

cancers from XP patients [the results presented here have been pooled
with previously published data (10-12)], the frequency of G.Câ€”Â»A.T

transitions is 22%, but 62% of the modifications are tandem mutations
CCâ€”Â»TT,considered to be the signature of UV-induced lesions (Fig.

2). These results indicate that at least 84% of miscoding events in
UV-exposed XP cells correspond to a Câ€”Â»Ttransition process (Fig.

2). The frequency of CC to TT transitions is significantly higher in XP
versus non-XP skin tumors compared with the Câ€”Â»T frequency for
both methylated C or unmethylated C (P = 10~s, Fisher test; Fig. 3).

Moreover, in XP skin tumors, there are more CC to TT tandem
transitions at a 5 MeC and/or less Câ€”Â»Ttransitions at 5 MeC
(P = 10~

test; Fig. 3). It has been shown recently that the 5
MeCpG could be a preferential target for CPDs (24). It is possible that
the deamination of the CPD located on a 5 MeC could play a role in
the preferential formation of the CCâ€”>TT tandem mutations.

CC->TT Tandem Mutations Are a Characteristic of XP-C

Patients. To carry out a statistical analysis, we pooled the results
found in this study for XP-C patients with results published previously
( 10-12). We compared the mutations found in XP-C skin tumors with
those in XP-V and those in XP-A, XP-D, and XP-F (the number of
mutations found for XP-A, XP-D, and XP-F was too small to be

analyzed separately, and we chose to pool these results). Mutations
found in tumors of patients for whom the complementation group is
not determined were not taken into account in this study. Table 4
shows the number and types of mutations found for these three groups
of patients.

The three groups are similar when considering the localization of
mutations on bipyrimidine sites (P = 0.32, Fisher exact test). The
types of mutations found in the XP-V group are not statistically
different from those in the groups XP-A, XP-D, and XP-F (P = 0.88,

Fisher exact test). Hence, the data from these two groups are statis
tically comparable and can be pooled. However the types of substi

tutions found in XP-V, XP-A, XP-D, and XP-F are statistically
different from those in XP-C patients (P < 10~3, Fisher exact test).

Moreover, the distribution of transversions and transitions is also
statistically different between XP-C and XP-V, XP-A, XP-D, and
XP-F tumors (pooled together; P = 1 X 10~3, Fisher exact test). This

difference is reflected by the high proportion of CCâ€”>TTtandem
mutations found in the XP-C skin tumors: 34 CCâ€”Â»TTof 40 total
mutations (85%) compared with XP-V, XP-A, XP-D, and XP-F skin
tumors; and 7 CCâ€”Â»TTof 21 total mutations (33%). It seems reason
able to suggest that CCâ€”Â»TTtandem mutations are a characteristic of
XP-C, although the percentage of CC^TT in XP-V, XP-A, XP-D,
and XP-F patients is higher (33%) than the percentage of the same
mutations found in non-XP patients (8%). As shown by UDS values
(Table 2 and Refs. 11 and 12), XP-C cells present a very low rate of
repair of UV-induced lesions (5-10% of the control cells), whereas
the XP-F and XP-D cells have intermediate repair levels (30-40% of
the control cells), and XP-V cells show a normal rate of repair. Thus
in XP-C cells, an UV-unrepaired lesion remains longer than in XP-F,
XP-D, XP-V, or normal cells. Thus, long lasting UV lesions in a
NER-deficient cell may undergo more easily a double deamination of

the dimers. As shown in vitro by Peng and Shaw (25), the double
deamination of a CPD leads to a tandem CC^>TT mutation. Follow
ing this reasoning, skin tumors from XP-A patients, who display low
UDS levels, should also present a high level of CCâ€”Â»TTmutations.
However, very few XP-A tumors have been available for analysis up
to now, and just four mutations were found in these samples: 2 CCâ€”Â»
TT, 1 TT^AA, and 1 Câ€”>Tdistributed on the two strands of DNA

(as discussed below).
p53 Mutation Spectrum of XP-C Skin Cancers. The mutation

spectra of non-XP, XP-V, XP-A, XP-D, XP-F, and XP-C skin cancers

are presented in Fig. 4. It has been possible to compare statistically the
three spectra using a statistical analysis program developed by Cari-
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XP patients (68 mutations)

14 (21%)

31 (45%)
2 (3%)

21 (31%)

Non-XP patients (139 mutations)

39 (28%)

D CC->TT

0 CC*->TT

S G.C->A.T

H G.C*->A.T

77 (55%) 6 (4%)

17 (12%)

Fig. 3. Distribution of CC to TT tandem mutations and C to T transitions in XP and
non-XP skin tumors. *, CpG sites; numbers of mutations are indicated with the percent

ages in parentheses. Percentages include results presented in this study and results already
published (10-12).

Table 4 Distribution of the different types of base substitutions according to the XP
complementation group

The results shown in this tabÃ¯einclude mutations presented in this study and mutations
already described (9-11) when the complementation group was known.

G.C-G.C-^A.T->T.AG.C^C.GA.T-Â»C.GA.T->G.CA.T-CC-VT.A>TTOther

tandemsTotaPy-Py"NonTNTPy-PyXP-C40010034140400040XP-A

+ XP-F + XP-DXP-V2

311100a3

41
()9
128
111
()3
45

Ã•ÃŒ
0 Base Substitution localized on a ACA sequence.
' Py-Py, bipyrimidique sequence; T, transcribed strand of the p53 gene; NT. Non

transcribed strand of the p53 gene.

elio et al. (18). As a result of this analysis, the three spectra are not
statistically different if just the amino acid position is taken into
account. This finding suggests that the position of the mutations at the
protein level is influenced directly by the role of the p53 protein in the
development of nonmelanoma skin cancers. However, if both the
position and the type of mutations are taken into consideration, the
statistical comparison shows a significant difference between XP-C
and XP-V, XP-A, XP-D, and XP-F spectra (P < 10~3; HyperG
program) and between XP-C and non-XP spectra (P < 10~4; HyperG

program). This difference is probably due to the largest number of
CCâ€”>TTmutations found in XP-C tumors. The difference of muta

tion type between XP-C, XP-V, XP-A, XP-D, XP-F, and non-XP skin

cancers suggests that mutations are influenced by the different repair
efficiency of UV lesions in the different classes of cells.

All of the Mutations Found in XP-C Skin Tumors Are Local
ized on the Nontranscribed Strand. Because UV-induced muta
tions are generally supposed to be due to misreplication of pyrimi-
dine-induced DNA lesions at dipyrimidine sites, it is possible to

determine which strand of the DNA carried the dipyrimidine lesion
(CPD or 6-4PP). Table 4 shows the distribution of mutations on
transcribed and nontranscribed strands of the p53 gene for XP-C,
XP-V, XP-A, XP-D, and XP-F. This distribution is not statistically
different for XP-V, XP-A, XP-D, and XP-F, whereas it is statistically
different for XP-C, XP-V, XP-A, XP-D, and XP-F (P = 10~3, Fisher

exact test). This difference is reflected by the fact that in XP-C

patients, all dipyrimidine sites where mutations were found are local
ized on the nontranscribed strand of the p53 gene (Fig. 4Q, although
the p53 gene sequence, spanning exons 4 to 9, contains 170 dipyri
midine sites on the transcribed strand and an equal number on the

A. NON-XP SKIN CANCER

g 12

to

Â¡*f
n
Â¡ 8^
Z12

Transcribed Strand (73)
245 248

286

177
179 196

282

248

342

278
Non Transcribed Strand (110)

B. XP-A, -D, -F, -V SKIN CANCER

Transcribed Strand (7)

<

g FF VV1

A nAwvuA+Ir135
196VV

An
>V

1
V

282

I

Non Transcribed Strand (13)

C.XP-C SKIN CANCER

Transcribed Strand (0)

H
OfteatgmiBZ0

0481 1 ''l'IÂ¡
47 1213614127, 196 278248

282179Non

Transcribed Strand (40)

Fig. 4. Mutation spectra on the p53 gene of skin tumors. A, distribution of the
mutations found in non-XP skin cancers along the transcribed and the nontranscribed
strand of the p53 gene, fi, distribution of the mutations found in XP-V, XP-A. XP-D. and
XP-F skin cancers along the transcribed and the nontranscribed strand of the pS3 gene.
Letters correspond to the complementation group of the patient. The results presented
include mutations presented in this study and mutations published previously when the
complementation group was known (10-12). C distribution of the mutations found in
XP-C skin cancers along the transcribed and the nontranscribed strand of the p53 gene.
The results presented include mutations presented in this study and mutations previously
published when the complementation group was known (10-12). Number of mutations is

indicated in parentheses. Numbers on the spectra correspond to mutated codons of the p53
sequence.
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nontranscribed strand. All of the mutations found in vivo in skin
tumors of XP-C patients hence result from a replication error at the
UV-adduct localized on the nontranscribed strand. XP-C cells are
characterized ex vivo by a preferential repair of UV-induced lesions

localized on the transcribed strand of active genes (3, 4). Our results
clearly confirm the in vivo preferential repair of the transcribed strand,
characteristic of XP-C cells. In skin cancers from non-XP patients, the

mutations due to UV lesions are distributed on both strands; 40% of
the mutations are localized on the transcribed strand, and 60% are
localized on the nontranscribed strand (Fig. 4A). The same is also
observed for the samples obtained from XP-A, XP-D, XP-F, and
XP-V patients, where 33% (7 of 21) of the mutations due to unre

paired DNA lesions are localized on the transcribed strand (Fig. 4B).
XP Primary Internal Tumors Do Not Present UV-induced Mu

tations. It is obvious that XP primary internal tumors are not due to
the presence of unrepaired UV-induced lesions. However, because

some specific internal tumors appear with a relatively higher fre
quency in XP compared with the general population (2), it was
interesting to determine the frequency and the type of mutations found
on the p53 gene of internal XP tumors to understand their etiology. In
this study, we have analyzed one glioma of the thalamus, one neu-
roendocrine cancer of the thyroid, both belonging to XP-C patients,
and one gastric adenocarcinoma belonging to an XP-V patient (Table
2). In the glioma, we found a transversion A.Tâ€”Â»T.A(Aâ€”>Ton the
nontranscribed strand) at codon 195 (together with a loss of heterozy-

gosity). The neuroendocrine cancer of the thyroid presents a transver
sion G.Câ€”Â»T.A(Gâ€”>Ton the nontranscribed strand) leading to a stop

signal at codon 287. In the gastric cancer, we found a G.C^T.A
transversion (Gâ€”>Ton the transcribed strand) at codon 71. None of
these mutations were characteristic of UV-induced lesions; if we

consider that mutations are due to unrepaired DNA lesions on the
nontranscribed strand of XP-C patients, the adduci should have been

on an A for the glioma and on a G for the thyroid tumor. Although the
number of mutations on primary XP internal tumors we have analyzed
is low, the number of mutations on Py-Py sites on the transcribed
strand is statistically lower (P < 10~2, Fisher exact test) from that

found in skin tumors. Obviously, we do not know the nature of the
lesions, but because brain and thyroid are not targets of certain
common mutagens such as benzopyrene, aromatic amines, or afla-

toxin B | and because these XP patients do not seem to be in contact
with these carcinogens, one can hypothesize that they correspond to
oxidized purines produced by free radicals in the target organ. The
existence of a very low level of catalase in XP cells associated with a
high level of intracellular hydrogen peroxide may explain the pres
ence of oxidized bases (26). It has recently been shown that oxidative
lesions, such as the 8-oxo-7,8-dihydroguanine, was not removed from

DNA by in vitro extracts made from XP cells (27). It is therefore
possible that a large number of oxidized lesions accumulate in internal
XP cells, which may be the cause of some internal tumors. Although
the number of XP internal tumors we studied is obviously too low, it
is interesting to note that three of three tumors contained a p53
mutation. This result agrees very well with the high rate of mutations
found in XP cells, including XP-variant, treated by various carcino

gens (28).
In conclusion, using an improved PCR-SSCP analysis, we found a

very high level of p53 mutations in XP skin tumors, correlating the
hypersensitivity and hypermutability of XP cells in vitro. The type of
mutations (essentially tandem CC^TT transitions) is found with a
much higher frequency in XP-C tumors compared with skin tumors of
XP patients who do not belong to group C or to non-XP skin cancers.
This result suggests that CCâ€”>TTtandem mutations are typical of
XP-C patients and that their frequency could be due to the deamina-

tion of an unrepaired UV lesion. Moreover, the fact that we found a

high percentage of CCâ€”*TTon CpG sites, hence on 5 MeC, reen-
forces the hypothesis of a deamination process. In all XP-C biopsies,

the mutations were due to replication of unrepaired DNA lesions on
the nontranscribed strand, confirming in vivo the preferential repair of
the transcribed strand of the p53 gene in human tissues.

Finally, the first analysis of mutations on the p53 gene of XP
internal tumors indicates clearly that the mutations found are of a
different type from the ones found in the XP skin tumors. These
mutations may be due to a lack of efficient repair of oxidized DNA
lesions.
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