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TTDIXP-D patients, molecular analysis of the XPD/ERCC2 gene
showed point mutations and COOH-terminal deletions leading to
amino acid substitutions or to a truncated protein (16â€”18).

Numerous studies proved the direct involvement of defective NER
in neoplastic development in XP. To understand the molecular basis
for the difference in skin cancer proneness between XP and TFD
diseases, it is important to resolve the role of unrepaired UV-induced
DNA photoproducts (19). The two most prevalent UVC- and UVB
induced photoproducts in DNA are the CPDs and the 6â€”4PPphoto
products (20, 21). CPDs are formed between the 5,6 bonds of any two
adjacent pyrimidines. 6â€”4PPs are characterized by a stable bond
between positions 6 and 4 of two adjacent pyrimidines. On UVA
irradiation, 6â€”4PPs can be partially transformed into the Dewar
derivatives. The biological consequences of Dewar photoproducts are
not well known. Experimental and modeling studies of site-specific
UV photoproducts have shown that CPDs are characterized by small
but significant deformations of the DNA double helix. Near a cis-syn
cyclobutane dimer, the DNA is unwound and kinked by at least 7Â°
relative to B-form (22â€”24).6â€”4PPsmay produce even more signif
icant distortions, because the pyrimidine planes within the 6â€”4PPsare
almost perpendicular, with a 44Â°bending angle (24).

6â€”4PPsare formed at a rate that is 20â€”30%of that of CPDs (25)
and are removed faster in both human and rodent cells and in cell-free

repair assays using normal human cell extracts (26â€”28). Because
6-4PP has been reported to be more mutagenic than CPDs after UVC
irradiation (29, 30), a more efficient repair of this type of lesion may
serve to minimize the mutagenic potential of UV light and hence to
reduce cancer proneness. Thus, the possible differences in repair of
Uv damagein XP and TTD cells have been examined.In most XP
cells, repair of both CPDs and 6â€”4PPs is defective (28, 3 1, 32). In
some TTD cells from photosensitive patients, Broughton et a!. (33)
showed a reduced rate of repair of 6â€”4PPs. In contrast, Eveno et a!.
(28) recently showed that numerous TTD cells were able to repair
6â€”4PPsbut were unable to repair CPDs in a UV-irradiated reporter
plasmid or using an immunoblot analysis of genomic DNA.

Because carcinogenesis is believed to be related to somatic cell
mutations arising from unrepaired lesions, the differences in skin
cancer incidence between XP and TTD may be due to variations of
repair or mutagenesis linked to a specific type of UV-induced damage
(CPDs or 6â€”4PPs)in XP and â€˜VIDcells. Thus, we studied the relative
contribution of CPDs and nondimer photoproducts to mutagenesis in
TTD/XP-D cells. We used the SV4O-based pR2 shuttle vector carry
ing the lacZ' target gene (4). This vector DNA was UV-irradiated in
vitro and then treated or not treated with a photoreactivating enzyme
to remove CPDs. It was then transfected into either a repair-deficient
TTD/XP-D cell line (ITD1VI-LAS-KMT1 1, referred to here as the
TFD cell line), its repair-proficient counterpart (T'FDlVI-LAS
KMT11-D10, referred to here as the TTD + ERCC2 cell line) in
which the wild-type XPD/ERCC2 repair gene has been retrovirally
introduced (34), or the repair-proficient MRC-5V1 cell line. This
system enabled us to remove or not remove CPDs by PR and then to
study the frequency, type, and distribution of mutations induced in
TTD cells containing or not containing the XPD/ERCC2 wild-type
repair gene.

We found that removal of CPDs from the UV-irradiated shuttle

ABSTRACT

We have used the replicating shuttle vector pR2 to determine the role
of ultraviolet C (UVC)-induced cyclobutane pyrimidine dimers (CPDs)
and nondimer photoproducts in mutagenesis in human trichothiodystro
phy (TTD) cells and in their repair-proficient counterparts obtained after
complementation with the wild-type XPD/ERCC2 repair gene
(TFD + ERCC2 cells). Before transfection in human cells, the UVC
irradiated vector DNA was treated with Anacystis nidulans photolyase
[photoreactivntion (PR) procedure] that selectively removed CPDS, leav
ing nondimer photoproducts intact. The mutant frequency of the UV
imdiated pR2 plasmid treated by PR was similar after replication in
fl@Dor in TTh + ERCC2 cells. This result indicates that TTD cells were
able to repair nondimer photoproducts as efficiently as TTD cells corn
plemented with the wild-type repair gene and that in lTD cells, CPDS
were the rnajorphotoproducts generating an increased mutant frequency
after UVC irradiation. Sequence analysis of >300 mutant plasmids mdi
cated that PR of the DNA increased the relative level oftandern mutations
and decreased the relative level ofmultiple mutations in TTD cells. In both
cell lines, we observed that CPDS mostly led to GC-AT transitions;
whereas only nondimer photoproducts were responsible for the induction
of GC-TA transversions in T1'D and TED + ERCC2 cells.

INTRODUCTION

TTD3 is a rare autosomal disorder, characterized by dry, sparse, and
brittle hair. In 50% of the cases, patients exhibit photosensitivity, and
their cells show increased UV-sensitivity (1, 2) and UV-induced
mutability (3, 4) due to a deficiency in NER. This cellular phenotype
is reminiscent of that observed in cells from XP patients. However,
unlike XP individuals, â€˜LTDpatients do not develop skin tumors in
body areas exposed to UV light (5, 6).

Genetic complementation analysis showed that NER deficiency in
nearly all of the studied photosensitive lTD patients (90%) was due
to a defect in the same genetic locus as in the cancer-prone genetic
disorder XP-D (7). The XPD/ERCC2 gene (excision repair cross
complementing gene 2) encodes a 760-amino acid protein that is
highly conserved with 52 and 55% identity to RAD3 from Saccha
romyces cerevisiae (8) and RAD15 from Schizosaccharomyces pombe
(9), respectively. The purified human XPD protein was shown to
possess an AlP-dependent DNA 5'-3' helicase activity (10) and to be
tightly associated with the basic transcription factor II complex (1 1).
When transfected into XP-D or TTD/XP-D cells, the human DNA

repair and transcription gene XPD/ERCC2 was found to restore nor
mal levels of UV sensitivity and UV mutability (12â€”15).In several
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MUTAGENESISINDUCED BY NONDIMERPHOTOPRODUCTSIN Tl'D CELLS

vector significantly reduced the mutant frequency in lTD cells to the
range found for the TTD + ERCC2 cell line. This suggests that the
unrepaired CPDs and not the other photoproducts contributed primar
ily to an elevated mutant frequency in pR2 shuttle vector after repli
cation in TTD cells. In addition, we showed that CPDs and nondimer
photoproducts give rise to distinct types of mutations.

MATERIALS AND METHODS

Cells. Human fibroblasts were cultured in MEM (Eagle) supplemented
with 10% FCS, fungizone (2.5 ,tg/ml), and antibiotics (100 units/ml penicillin
and 100 ,Lg/ml streptomycin). Hygromycin B (25 @ig/ml;Sigma) was added for
â€˜l@FDand @FD+ ERCC2 cell lines. We used the SV4O LT-antigen-trans
formed TFD1VI-LAS-KMT1 1 fibroblast cell line (TTD/XP-D cells; Refs. 2
and 4). The TTDIVI-LAS-KMT1 1 cell line was transduced with the LXPDSN
retroviral vector carrying the wild-type XPD/ERCC2 repair gene as described

previously (15). For this study, the TTD1VI-LAS-KMT1l-Dl0 clone, referred
to here as the TFD + ERCC2cell line, was used. Mother DNA repair
proficient fibroblast cell line was used: the human 5V40-transformed MRC
5V1 (35), provided by Dr. C. Arlett (Sussex University, MRC Cell Mutation
Unit, Brighton, United Kingdom).

UV Irradiation and PhotoreactivatingTreatment. The pR2shuttlevec
br DNA carrying the 168-bp lacZ' target gene (4) was irradiated or not
irradiated under a germicidal lamp (WI wavelength mainly at 254 ron) with a
fluence rate of 4 J/m2/s, so that the vector received UVC doses of 1000 and
2000 JIm2.

The irradiated or unirradiated DNA was treated or not treated with the
Anacystis nidulans photolyase plus light, which splits CPDs into monomeric
form. The DNA was first incubated for 5 mm in the dark at room temperature
in a buffer (pH 7) containing 10 m'vi KFI2PO4@ 100 mM NaCl, 5 mM @3-mer

captoethanol, and 0.1% BSA in the presence or absence of 0.4 @tgphotol
yase4sg DNA. The DNA was subsequently incubated for 30 mm at 30Â°Cunder

photoreactivating UVA light (200 kJ/m2). The plasmids were then extracted
with phenol and chloroform, precipitated with ethanol, and resuspended in
water. The control plasmids were subjected to the entire PR procedure in the
PR reactionbuffer in the presenceor absenceof the photolyaseenzyme.

To verify that the photolyase activity removed all of the CPDs from the
UV-irradiated DNA, 250 ng of each DNA sample were incubated with the 14
endonuclease V in 10 mtviTris-HCI, 100 nmi NaCI, and I nmi EDTA at 37Â°C
for 30 mm. This enzyme cleaves the plasmids at sites containing CPDs. The
DNA was then electrophoresed through 1% agarose gels stained with SYBR
Green (FMC Bioproducts). The proportion of supercoiled monomer form I was
then determined by using a Storm 860 (Molecular Dynamics). 14 endonucle
ase V digestion of plasmid treated with UV (1000 and 2000 J/m2) plus

photolyase resulted in the retention of at least 95% form I molecules, whereas
without photolyase, the fraction of form I molecules remaining was less than
1% (data not shown).

The A. nidulans photolyase was a gift of Dr. A. P. M. Eker (Erasmus
University, Department of Cell Biology and Genetics, Rotterdam, the Nether
lands), and the T4 endonuclease V was a gift of Dr. S. Lloyd (UTMB,
Molecular Science, Galveston, TX).

Transfection and Mutation Assay. Cotransfection of 10 @gof pR2 vec
toes and 5 i@gof unirradiated p205-KMTI 1 plasmid (36) was performed in the
three cell lines for 6 h using the calcium phosphate precipitation method (37).
The SV4O LT antigen gene carried by the p2O5-KMT11 vector allows an
efficient replication of the pR2 plasmid in the human cells. Cells were then
incubated for 3 to 4 days, according to their ability to replicate the plasmid. For
MRC-5Vl cells, incubation was performed in medium containing 100 @M
ZnCl2 and 1 @tMCdCI2that allows an overexpression of the SV4OLT antigen
gene carried by the p205-KMT11 vector.

Cells were then collected, and replicated plasmid DNAs were recovered by
a small-scale alkaline lysis procedure (36). DNA samples were treated with the
DpnI restriction enzyme to remove input plasmids with methylation patterns
characteristic of growth in bacteria. Recombination-deficient Escherichia coli
DH5aMCR (Bethesda Research Laboratories, Gaithersburg, MD) were trans
formed with the rescued plasmid DNA and plated on selective medium (38).
White and light blue colonies indicating an inactivated lacZ' gene were
screened and isolated as described previously (4). Sequence analysis of the

lacZ' gene was performed by the chain elongation termination procedureusing
Sequenase 2.0 kits (United States Biochemical Corp., Cleveland, OH) and a
specific primer. A total of 3.5 @.dof 5.5 M betaine monohydrate (Sigma) was

added to each 2.5 @lof 80 @.tMdeoxynucleotide triphosphate to suppress the
DNA polymerase pauses that could obscure parts of DNA sequencing (39).

Statistical Study. Percentages were compared by exact lest. Averages were

compared using Kruskall-Wallis and Wilcoxon two-tailed tests. A result was
considered as not significant when its associated P was above 0.05. Hot spot
determination was carried out thanks to the Poisson law at a probability of less

RESULTS

As reported previously (4, 15), the lTD cell line is sensitive to
UvC light and shows low unscheduled DNA synthesis levels (about
30% of control cells). The TTD + ERCC2 cell line, which expresses
the wild-type XPD/ERCC2 gene after its transduction by a retroviral
vector, recovers levels of UVC survival and unscheduled DNA syn
thesis comparable to those observed in the control MRC-5Vl cells
(15).

Nondimer Photoproducts Are Equally Mutagenic in TTD and
TTD + ERCC2 Cells

The pR2 shuttle vector was irradiated in vitro with UVC, then
treated or not treated with PR, and transfected concomitantly in TTD,
lTD + ERCC2, and normal cells. After replication in human cells, a
recovered mutant plasmid can contain several modifications, hence
we defined mutant frequency as the ratio of the number of bacterial
colonies containing mutant plasmid:the total number of bacterial
colonies.

The spontaneous mutant frequency was < 1.0 X l0@ after repli
cation of the plasmid for all cell lines (TTD cells, 1.0 X lOs;
TTD + ERCC2 cells, 0.9 X lOs; normal cells, <0.5 X lOs). PR
did not significantly alter this frequency in any of the cell lines (TTD
cells, 1.5 X l0â€”@;lTD + ERCC2 cells, 2.0 x l0@; normal cells,
1.0 X lOs).

The mutant frequency curves of UVC-irradiated plasmid treated or
not treated with PR are shown in Fig. I. In normal, TTD and

than 1%, as described previously (4).
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Fig.1.MutantfrequencyofUV-irradiatedshuttlevectorpR2treatedornottreatedwith
photoreactivating enzyme and propagated in normal, T1'D, and lTD + ERCC2 cell lines.
Open symbols, UV only; closed symbols, UV plus PR; squares, TFD (â€˜ITDIVILAS
KMT1I); circles, lTD + ERCC2 (TTD1VILAS-KMT1l-DlO); triangles, normal (MRC
5V1). The data show mean values from three to eight independent transfection experi
menu. Error bars corresponding to Â±SEare shown or are too small to be visible.
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Table 1 Nature of UV-inducedplasmids with point mutations after replication in lTD and lTD + ERCC2 cells of the pR2 vector treated or not treated by PR
The pR2 shuttle vector was irradiated in vitro with UVC, then treated or not treated with PR to remove CPD from DNA, and transfected concomitantly in fl'D and â€˜VFD+ ERCC2

cells. Three to 4 days after replication, the plasmid recovered from human cells was used to transform indicator bacteria plated on kanamycin medium to measure mutations inactivating
the lacZ' gene. The data show mean values from three to six independent transfection experiments.No.

of plasmids with point mutations(%)â€˜I-rD

1@fD+ PR TTD + ERCC2 lTD + ERCC2+PRIndependent

plasmids with point mutations 70 72 80 72
Single-base substitutions 40(57) 44 (61) 54 (68) 46(64)
Tandem base substitutionsâ€• 9 (13) 17b(24) 8 (10) 7 (10)
Double close base substitutionsc 0 (0) 2 (3) 3 (4) 9 (13)
Multiple base substitutionsâ€• 19(27) 9â€•(13) 14 (18) 10(14)
Frameshifts 2(3) 0(0) 1(1)0(0)a

Tandemmutantscontaintwoorthreeadjacentmutatedbases.
b Value significantly different from TTD (P < 0.03).

C Double close mutants contain two adjacent mutated bases distant from one base. They can contain one double close mutation + one or two single mutations.

d Multiple mutants contain two to five base substitutions distant from each other. They can also contain several or one tandem or frameshift mutations + one or several single

MUTAGENESIS INDUCED BY NONDIMER PHOTOPRODUCFS IN lTD CELLS

substitutions.

rr@ + ERCC2 cell lines, irrespective of treatment with PR, mutant
frequency increased with the UV doses (1000 and 2000 JIm2). After
removal of CPDs by PR, in normal, TTD, or TID + ERCC2 cell
lines, a 2000 JIm2 UV dose was necessary to induce a significant
increase in mutant frequency compared to spontaneous levels
(P < 0.02).

As described previously, the UV-induced mutant frequency was
significantly higher for the lTD cell line compared to the
TFD + ERCC2 cell line when PR was omitted (at 2000 J/m2, 37.8
and 15.1 x i0â€”@,respectively; P < 0.03), and the mutant frequency
in the TTD + ERCC2 cell line was still higher than that found in the
normal cell line (15). However, the ratio of mutant frequency found
for 2000 J/m2:the spontaneous mutant frequency was similar for
normal and TTD + ERCC2 cell lines (normal cells, ratio = 18;
â€˜lTD+ ERCC2 cells, ratio = 17) but higher for TFD cells (ra
tio = 38).

Removal of cyclobutane dimer photoproducts by PR of the plasmid
before transfection led to a significant reduction of the mutant fre
quency for repair-proficient cell lines; at 2000 JIm2, a reduction of
53% for normal and 65% for TFD + ERCC2 cells was seen
(P < 0.01). A significant reduction of mutant frequency was also
observed for TTD cells; at 1000 and 2000 J/m2, a reduction of about
80% was seen (P = 0.03).

The UV-induced mutant frequency of the TFD cell line was re
duced by PR (7.5 X iO@ at 2000 JIm2) to the range found for the
â€˜LTD+ ERCC2 cell line (5.3 X l0@ at 2000 JIm2). Indeed, after PR
of the plasmid, no significant difference was found between â€˜VFDand
TTD + ERCC2 mutant frequencies at 1000 and 2000 JIm2 (Fig. 1,
compare lTD + PR to lTD + ERCC2 + PR). This latter result
demonstrates that nondimer photoproducts are equally mutagenic in
TID cells and in repair-proficient â€˜lTD+ ERCC2 reverted cells.

PRAlterstheNatureofUV-inducedMutants

More than 300 independently mutated plasmids rescued after rep
lication in the cells were sequenced. Seventy-six independent mutant
plasmids were recovered after replication in â€˜VFDcells, and 91 were
recovered after replication in lTD + ERCC2 cells. After PR, 79
independent mutant plasmids were obtained with â€˜VFDcells, and 83
were obtained with TFD + ERCC2 cells.

The independent mutant plasmids were classified according to the
types of mutations they carried. Mutated plasmids contained either
point mutations including one base (single mutation), two or three
adjacent bases (tandem mutation), two mutations separated by one
base (double close mutation), or several bases distant from more than
one base from each other (multiple mutations) or frameshifts. Another

class of mutant plasmids was composed of molecules containing DNA
rearrangements, mainly deletions.

For each experiment, the majority of UV-induced mutants con
tamed only point mutations [TFD cells, 70 of 76 (92%);
â€˜Il'D+ ERCC2 cells, 80 of 91 (88%); after PR: â€˜VFDcells, 72 of 79
(91%); â€˜lTD+ ERCC2 cells, 72 of 83 (87%)]. The level of plasmids
with rearrangements was not significantly altered by PR for both TFD
and TTD + ERCC2 cell lines.

Table 1 shows the nature of UV-induced plasmids with point
mutations analyzed from the 111) and 111) + ERCC2 cell lines. PR
of the pR2 plasmid before transfection in the â€˜VFDcell line led to a
significant reduction in the relative level of multiple mutants (from 27
to 13%; P < 0.03). Conversely, the level of mutants with tandem
mutations was increased after PR in TFD cells (from 13 to 24%;

P < 0.03). CPDs therefore contributed to the generation of multiple
mutations in TFD cells, whereas partial repair of nondimer photo
products at the time of plasmid replication is likely to be responsible
for tandem mutations in these cells.

For T1@D+ ERCC2 cells, PR did not significantly alter the nature
of UV-induced point mutations.

a

I
c+PR

cc AT CC GC AT AT
I I @I I I I
AT GC TA CG @G TA

TRANSm0Ns L.SRANSVERSIONS I

Fig. 2. Types of base substitutions in UV-irradiated pR2 treated or not treated with
photoreactivatingenzymeandpropagatedin eithertheTTDor lTD + ERCC2cellline.
The numbersgivenon the histogramcolumnscorrespondto the percentageof UV
induced base substitutions.
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MUTAGENESISINDUCEDBY NONDIMERPHOTOPRODUCTSIN TFD CELLS

CPDS and Nondimer Photoproducts Give Rise to Distinct Types
of Base Substitutions

Relative Levels of Base Substitutions. The types of base substi
tutions found in the TFD and TFD + ERCC2 cell lines (Â±PR) are
shown in Fig. 2. All possible base substitutions were observed. A
large majority of GC-AT transitions were induced in both cell lines,
i.e., TFD and TFD + ERCC2 with or without PR. As we have already
shown, the types of transition and transversion substitutions were
similar between parent TIED cells and â€˜VFDcells complemented by the
wild-type XPD/ERCC2 repair gene (15).

No significant difference was found in the relative levels of types of
transitions and transversions after PR of the pR2 plasmid replicated in
TFD or in TFD + ERCC2 cells (P = 0.26 and 0.09, respectively).
However, it seems that PR slightly increases the level of GC-TA
transversions, and, conversely, PR slightly decreases the level of
GC-AT transitions.

To further investigate this observation, we established the frequen
cies of GC-AT and GC-TA substitutions.

Frequency of GC-AT and GC-TA Base Substitutions. We cal
culated the frequencies for GC-AT and GC-TA substitutions induced
at a dose of 2000 JIm2 (Fig. 3). The base substitution frequency has
been defined as the ratio of the total number of the specific base
substitutions:the total number of bacterial colonies. The GC-AT tran
sition frequency was significantly higher for the TTD cell line
(40.1 X l0@) compared to that found for the TFD + ERCC2 cell line
(11.3 X iO@; P = 0.03). The GC-TA transversion frequencies were
similar between the T1'D and â€˜lTD+ ERCC2 cell lines (2.2 and
1.6 X i0@, respectively).

After removal of CPDs by PR, the GC-AT transition frequency was
significantly reduced in both cell lines [a reduction of 84% for lTD
cells ( P = 0.03) and a reduction of 68% for TID + ERCC2 cells
(P < 0.01)]. In contrast, the GC-TA transversion frequency was not
altered by PR for any of the cell lines. This unchanging frequency
must be related to UV irradiation, because this transversion is almost
undetectable among spontaneous mutants (data not shown).

0 GC-AT
U

T
6â€¢4a r@;:@;i

,% 0.99 L@,11.6 . 17

T
;â€˜@_ ,%; 36b

. I,. â€˜@S

#6-â€•

40.1

@s,@

Fig. 3. GC-AT and GC-TA substitution frequency in 2000 JIm2 UV-irradiated pR2
treated or not treated with photoreactivating enzyme and propagated in either the lTD or
TFD + ERCC2 cell line. Substitution frequency was defined as the ratio of the total
number of the specific base substitutions:the total number of bacterial colonies. The
number at the top of the histogram columns corresponds to the base substitution fre
quency X l0@. The data show mean values from three to six independent transfection
experiments. Error bars corresponding to Â±SEare shown or are too small to be visible.
a, different from â€˜VFD(P 0.03); b, different from lTD + ERCC2 (P < 0.01).
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Mutation Spectra

The distribution of UV-induced base substitutions found in the
!acZ' gene using the lTD and lTD + ERCC2 cell lines treated or not
treated by PR is shown in Fig. 4.

Almost all UV-induced substitutions occurred at dipyrimidine sites
(98% for @FDand 94% for lTD + ERCC2 cells, and after PR, 99%
for lTD and 91% for lTD + ERCC2 cells). The base substitutions
were not randomly distributed on the IacZ' gene but were located
preferentially at certain sites (Fig. 4).

For each spectrum, the presence of at least five base substitutions
was necessary to consider the site as a hot spot. For both the lTD and
rr@ + ERCC2 cell lines, five hot spots were found. After treatment
of the plasmid by PR, seven hot spots were observed in both the lTD
and in lTD + ERCC2 cell lines. Two hot spots, at positions â€”11 and
17, were common to the four spectra. For both the lTD and
TTD + ERCC2 cell lines, PR of the plasmid led to the appearance of
two new hot spots at positions 92 and 93. The hot spot found at
position 91 was common for lTD and after PR for the lTD and
TFD + ERCC2 cell lines. The hot spot at position 49 was found for
the lTD and lTD + ERCC2 cell lines and after PR for the lTD cell
line. Finally, some hot spots were specific to each mutation spectrum
at position 79 for ITD, position 126 for lTD with PR, positions â€”12
and 43 for lTD + ERCC2, and positions 47 and 112 for
lTD + ERCC2 with PR.

In conclusion, the presence or the absence of a hot spot at a given
position can not be correlated with PR treatment.

DISCUSSION

We have studied the contribution of CPDs and nondimer photo
products to mutagenesis in TTD/XP-D cells. For this study, we have
used the UVC-irradiated shuttle vector pR2 treated or not treated with
photolyase that specifically monomerizes CPDs and does not modify
other UV photoproducts. The repair-proficient cell lines we used as
controls were: (a) MRC-5Vl repair-proficient cells; and (b) the TFD/
XP-D cell strain retrovirally transduced with the XPD/ERCC2 wild
type repair gene (TTD + ERCC2). Thus, our experimental system
enabled us to analyze the respective contributions to mutagenesis on
the target lacZ' reporter gene of: (a) the expression of the wild-type
XPD/ERCC2 repair gene; and (b) the presence of unrepaired CPD
photoproducts. Apart from these two variables (XPD/ERCC2 and
CPD), the cellular context did not change, because we used the same
lTD cells before and after complementation, which to our knowledge,
is a novel approach compared with all of the other strategies used in
the study of mutagenesis up to now.

The mutant frequency of UV-irradiated plasmid increased in a
dose-dependent manner for â€˜lTD.lTD + ERCC2, and normal cell
lines. TI'D cells had a significantly higher UV-induced mutant fre
quency compared to that of normal cells and to that of lTD cells
containing the XPD/ERCC2 gene. This indicates a better repair activ
ity of the latter cells, thanks to the presence of the wild-type repair
gene, as we have shown previously (15).

After PR, mutant frequencies of lTD. lTD + ERCC2, and normal
cell lines were strongly reduced because of the removal of cyclobu
tune dimer photoproducts. Hence, CPDs are mutagenic in DNA rep
licated in human normal cells, lTD cells, and TTD cells containing
the wild-type XPD/ERCC2 repair gene. This mutagenic bypass of
CPD was also found in yeast, monkey, and human cells (40â€”42).
After PR, however, the mutant frequencies remained above the back
ground level with a UV dose of 2000 J/m2. This indicates that some
nondimer photoproducts remained unrepaired, suggesting a saturation
of the repair system.
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Fig. 4. Location of independent base substitutions on the coding strand of the lacZ' gene. Each letter represents a base substitution found in an independent mutant plasmid. Single
substitutions are located below the wild-type sequences. Tandem (underlined), double close (boxed), and multiple mutations are shown above the wild-type sequences. The mutation
hot spots defined by the Poisson probability distribution (P < 1%) are outlined. For each spectrum, at least five mutations for a given nucleotide site were necessary to consider the
site as a hot spot. Numbers under the hot spots indicate the bp number. a, mutation spectrum of the lacZ' gene for UV-irradiated pR2 plasmid in the lTD cell line. A total of 104 base
substitutions was found in 76 independent mutant plasmids. Five hot spots were observed at â€”11, 17, 49, 79, and 91 bp. b, mutation spectrum of the lacZ' gene for UV-irradiated and
photoreactivated pR2 plasmid in the TFD cell line. A total of 109 base substitutions was found in 79 independent mutant plasmids. Seven hot spots were observed at â€”11, 17, 49,
91, 92, 93, and 126 bp. c, mutation spectrum of the lacZ' gene for UV-irradiated pR2 plasmid in the TTD + ERCC2 cell line. A total of 105 base substitutions was found in 91
independentmutantplasmids.Fivehotspotswereobservedat â€”12,â€”11,17,43,and49bp.d, mutationspectrumofthe lacZ'geneforUV-irradiatedandphotoreactivatedpR2plasmid
in the lTD + ERCC2 cell line. A total of 107 base substitutions was found in 83 independent mutant plasmids. Seven hot spots were observed at â€”11, 17, 47, 91, 92, 93, and 112
bp.
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After removal of CPDs, similar mutant frequencies were found for
the lTD and lTD + ERCC2 cell lines. This result confirms that the
TFD cell line used here (TFD1VI) are defective in the repair of dimer
photoproducts (28, 33) but can repair nondimer photoproducts with
the same efficiency as TTD cells expressing the wild-type XPD/
ERCC2 repair gene. Our results thus support those of Eveno et a!.
(28), who showed that normal repair of 6â€”4PPsand deficient repair
levels of CPD lesions occurred in TFD cells. Interestingly, results
similar to ours were found by Paths and Kraemer (43) using cells
from patients affected with CS, a photosensitive disease that, like
TFD, is not cancer prone. These authors found that after PR, mutant
frequency of CS cells in the pZ189 shuttle vector decreased to a
normal level. Their result supported the finding of Barett et a!. (44),
who demonstrated a normal repair of nondimer photoproducts in CS
cells. Conversely, XP patients were found to be defective in the repair
of both classes of photoproducts (28, 31, 32). The clinical traits of
these three diseases and their respective repair deficiencies suggest a
correlation between UV-induced cancer in XP and the failure to repair
the (6â€”4)photoproducts and/or other photoproducts.

The XPD/ERCC2 gene in â€˜TTDlVIcells used in this study has been
sequenced (18). Heterozygous mutations were found; a C-to-T tran
sition at position 2242 resulting in a nonconservative R722W substi
tution was found in one allele. The other allele exhibited both an
L461V point substitution and 716â€”730deletion (18). Using S. pombe
as a host to determine the lethal mutations on the XPD/ERCC2 gene
and the mutations responsible for the TTD and XP-D phenotype, it
was determined that the point mutation (C2242T; R722W) was prob
ably responsible for the lTD phenotype (45). Thus, in TTD1VI cells,
our results suggest that the R722W point mutation in the human XPD
protein would not lead to a repair deficiency of nondimer photoprod
ucts but would rather be involved in deficiency of CPD repair.

We found that UV-induced mutagenesis in the TTD cell line was
characterized by a high level ofplasmids with multiple base mutations
(27%), in agreement with previous investigations (4, 46). PR of the
plasmid before replication in lTD cells resulted in a significant
decrease of multiple mutants (13%). This level was similar to that
found for lTD + ERCC2 cells with PR of the plasmid (14%). These
results indicate that mutations on the XPD/ERCC2 gene in lTD cells
or the presence of unrepaired CPDs leads to a similar increase in
multiple substitutions.

Conversely, if one believes that efficient removal of CPDs by PR
will increase the contribution of nondimer photoproducts on the
mutation distribution, one can conclude from Table 1 that nondimer
photoproducts mostly lead to the induction of tandem mutations in
lTD cells. Several studies have been performed on CPD and 6â€”4PPs
structure showing that a (6â€”4) lesion produces a larger distortion of

DNA than a cis-syncyclobutane(22â€”24).We can hypothesizethat
during replication, the large structural distortion induced by a nonre
paired (6â€”4)lesion or another class of nondimer photolesion tends to
make the DNA polymerase insert two incorrect bases, thus leading to
the formation of a tandem mutation.

The relative levels of UV-induced base substitutions were generally
similar between lTD and lTD + ERCC2 cells (Fig. 2). Analysis of
base substitution frequencies (Fig. 3) showed that in both the lTD and
lTD + ERCC2 cell lines, unrepaired CPDs mostly led to the forma
tion of GC-AT transitions and not to (IC-TA transversions. In fact,
nondimer photoproducts were responsible for GC-TA transversions.
This result is reminiscent of that found by Gentil et al. (30) using a
unique T (6â€”4)Tphotoproduct on a shuttle vector replicated in simian
cells. These authors observed a majority of G-to-T transversions that
were semitargeted to the base preceding the 5' T of the photoproduct.
Interestingly, this GC-TA transversion is the second major type of
mutation (after the GC-AT transition) in skin tumors due to sun

exposure in DNA repair-proficient individuals (47). The extent to
which the DNA helix is distorted by either (6â€”4)or CPD photoprod
ucts could explain the occurrence of specific types of base substitu
tions, i.e., GC-TA transversions and GC-AT transitions, respectively,
and other minor photoproducts could also be implicated.

In conclusion, this study has shown that CPD and nondimer pho
toproducts can give rise to distinct types of mutations. Unrepaired
nondimer photoproducts generate tandem mutations and GC-TA
transversions, specifically. Deficient repair of CPD mostly generates
multiple mutations and GC-AT transitions. The contrasting structural
impact of CPDs and (6â€”4)lesions, such as bending and hydrogen
bondings of DNA (24), could explain the different types of mutations
induced during the bypass of these lesions.

We have also shown that in our system, the repair deficiency of
dimer photoproducts is responsible for the high mutant frequency
observed in â€˜lTDcells. Other studies also using shuttle vectors pro
vided evidence that UV-induced mutations in CS cells were primarily
caused by CPDs, whereas repair of other photoproducts was normal
(43, 44). In contrast to TTD and CS cells, the high level of UV
induced mutagenesis in cells from XP patients (characterized by a
high level of skin tumors) involves both defective repair of dimer and
nondimer photoproducts. These differences in repair capacities of XP
versus TFD and CS cells may perhaps explain the fact that XP
patients are cancer prone, whereas lTD and CS patients are not.
Together with others, our work suggests that unrepaired 6â€”4PPs
resulting in a high mutagenicity potential (29, 30) may play an
important role in the molecular events leading to skin cancer devel
opment in XP patients.
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