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Recovery of Normal DNA Repair and Mutagenesis in Trichothiodystrophy Cells
after Transduction of the XPD Human Gene'

Claire Marionnet, Xavier Quilliet, Annie Benoit, Jacques Armier, Alain Sarasin,” and Anne Stary
Laboratory of Molecular Genetics, UPR 42 Centre National de la Recherche Scientifique IFC1, Institut de Recherches sur le Cancer, BP8-94801 Villejuif, France

ABSTRACT

To determine whether expression of the XPD/ERCC2 repair gene in
trichothiodystrophy (TTD) group D cells could restore mutagenesis char-
acteristics of repair-proficient cells, we compared the UV mutagenesis of
normal cells, TTD group D cells, and TTD group D cells retrovirally
transduced by the wild-type XPD/ERCC?2 gene (TTD + ERCC2 cells). We
first verified the expression of the XPD protein, correction of UV cell
survival, and DNA repair ability of TTD + ERCC2 cells. UV-induced
mutations were studied using the pR2 shuttle vector. The addition of the
XPD/ERCC2 gene in TTD cells led to a significant but partial decrease of
mutation frequency compared with the parental TTD cells. Types of
mutations of TTD + ERCC2 cells get closer to those observed in normal
cells (i.e., a reduction of multiple mutations). New hotspots appeared and
some disappeared in the complemented line, suggesting that hotspot dis-
tribution is particular to each cell line and cannot be correlated with the
repair status of the cells. In conclusion, the expression of the XPD/ERCC2
repair gene completely corrected UV hypersensitivity and almost all types
of mutations of TTD group D cells, whereas hypermutagenesis was par-
tially corrected.

INTRODUCTION

The NER? system is the fundamental mechanism of cell protection
against the effects of various types of DNA damage induced by
genotoxic agents. Deficiency in NER has been associated with TTD
and XP, two clinically distinct human syndromes inherited as an
autosomal recessive trait (for review, see Refs. 1-3). In the XP
syndrome, persistence of unrepaired DNA damage produced by ex-
posure to UV light is associated with photophobia and an extremely
high level of skin tumors in sun-exposed sites. In contrast to XP
patients, TTD patients do not have an increased frequency of skin
cancers (4, 5) and show sulfur-deficient brittle hair and mental and
physical retardation (6). Approximately 50% of TTD patients exhibit
photophobia and a marked sensitivity to sunlight. The clinical photo-
sensitivity in TTD patients is usually associated with an increase of
both cellular UV sensitivity (7, 8) and UV-induced mutability (9, 10).
The NER defect of photosensitive TTD patients has been assigned to
three genetic complementation groups. The large majority of cases
(>90%) fall into the same group as XP-D and together represent the
TTD/XP-D group (11-13). One family was found to belong to XP-B
group (14) and another kindred constitutes a distinct NER deficient
group, TTD-A (15).

In several TTD/XP-D patients, molecular analysis of the XPD/
ERCC?2 gene showed point mutations and deletions leading to amino
acid substitutions or to a truncated XPD protein (16-18). The XPD/
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ERCC2 gene encodes a 760-amino acid protein with a predicted
molecular weight of 86,900 (19). The purified XPD protein was
shown to possess an ATP-dependent DNA 5'—3' helicase activity
(20) and to be associated with the basic transcription factor II (TFIIH)
complex (21).

The introduction of the functional XPD/ERCC2 cDNA in TTD and
XP-D cells, thanks to plasmidic (22-25) or retroviral vectors (26) led
to the restoration of wild-type levels of UV sensitivity and DNA
repair. Moreover, UV hypermutability of XP-D cells was partially
corrected in two XPD/ERCC2-transformed XP-D cell lines after plas-
mid transfer (24).

To examine whether the complementation of TTD/XP-D cells with
the wild-type XPD/ERCC?2 gene also concerned UV mutagenesis, we
used a TTD/XP-D cell line previously characterized in our laboratory
with respect to its UV-C mutagenesis properties (10). In the present
study, this cell line was transduced with the LXPDSN retroviral vector
carrying the wild-type XPD/ERCC?2 repair gene as described previ-
ously (26) and was called here the TTD + ERCC?2 cell line. We first
verified, after UV irradiation, the correction of UV hypersensitivity by
colony-forming ability and the restoration of the wild-type DNA
repair system by UDS. Then, the pR2 shuttle vector carrying the lacZ’
target gene was used to compare UV-C mutagenesis characteristics of
TTD/XP-D, TTD + ERCC2, and normal cell lines. We found that the
expression of the XPD/ERCC2 gene in the TTD/XP-D cells led to a
mutation frequency showing intermediate values between the TTD
parental line and the normal line. In addition, the types of mutations
found in TTD + ERCC2 cell line were closer to those in normal cell
line than to those in parental TTD cell line.

MATERIALS AND METHODS

Cells and Cell Transduction. Human fibroblasts were cultured in Eagle’s
MEM supplemented with 10% FCS, 2.5 ug/ml fungizone, and antibiotics [100
units/ml penicillin, 100 pug/ml streptomycin, and 0.25 ug/ml hygromycin B
(Sigma) for the TTD and TTD + ERCC2 cell lines).

We used the human SV40-transformed MRC-5V1 DNA repair-proficient
fibroblast line (27), provided by Dr C. Arlett (Brighton, England). The SV40
LT-antigen-transformed TTD1VI-LAS-KMT11 cloned fibroblast cell line
(TTD/XP-D cells) has been established in our laboratory from a skin biopsy of
a 9-month-old French TTD patient (10). The retrovirus producer cell line
W-CRIP-LXPDSN (26) was used to transfer the XPD/ERCC2 cDNA into the
TTD1VI-LAS-KMT11 cells. Preconfluent W-CRIP-LXPDSN cells were
grown for 24 h in fibroblast medium. This conditioned medium containing the
virus was filtered through 0.22 uM nitrocellulose membrane and added to
TTD1VI-LAS-KMT11 medium with 8 ug/ml polybrene (Sigma) for 48 h.
Transduced cells were selected for 15 days with 1 mg/ml neomycin-analog
G418 (Life Technologies, Inc.). G418-resistant cells were seeded in 10-cm
Petri dishes to clonal density. All 12 isolated clones were UV resistant and
were tested for their efficiency to replicate the pR2 shuttle vector, leading to
the selection of the complemented TTD1VI-LAS-KMT11-D10 clone, called
here the TTD + ERCC2 cell line. Mutagenesis assays on this cell line were
performed during the month immediately following the G418-selection.

Cell Survival Study and Unscheduled DNA Synthesis. Cell survival after
UV-C treatment was measured by the colony-forming ability procedure. Grow-
ing cells were UV irradiated under a germicidal lamp (254 nm) with a dose rate
0f 0.36J - m~2 - ™' and then plated at low density (100 cells per 10-cm Petri
dish) to measure their colony-forming ability (28).
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Analysis of repair synthesis after UV-C irradiation was carried out by the
UDS method, as described elsewhere (10).

Western Blotting. Western blot analysis was carried out using 50 ug of
proteins as described previously (26). The monoclonal anti-XPD antibody,
generously provided by Dr J. M. Egly (Strasbourg, France), was raised against
amino acids 749-759 at the carboxy-terminal end of the human XPD protein.
The intensities of the bands were quantitated using a Samba IPS 4.02 (Alcatel)
bioimage analyser.

Plasmid UV Treatment, Transfection, and Mutational Assay. The pR2
shuttle vector contains the SV40 replication origin that allows its replication in
human cells in the presence of the SV40 LT-antigen. The pR2 plasmid also
harbors the pBR322 replication origin and the kanamycin resistance gene,
which allows the selection of the pR2 plasmid in bacteria, and the 168-bp lacZ’
gene, which is used as target gene for mutation analysis (10). The pR2 plasmid
was irradiated with 254-nm UV light using a germicidal lamp at the dose rate
of 2 J-m™2:s™'. Transfections of 5-10 pug, according to the cells, of
UV-treated or untreated pR2 vectors into the three human cell lines were
performed for 6 h using the calcium phosphate precipitation method (29). Five
pg of unirradiated p205-KMT 11 plasmid (30) were cotransfected with the pR2
plasmid into MRC-5V1 and TTD + ERCC2 fibroblasts. Cells were then
incubated for 2-3 days, according to the ability of the cells to replicate the
plasmid, in medium containing 100 uM ZnCl, and 1 uM CdCl,, which allows
an overexpression of the SV40 LT-antigen gene carried by the p205-KMT11
vector and leads to a very efficient replication of the pR2 plasmid inside the
human cells. TTD cells were not cotransfected with the p20SKMT]11 plasmid
because these cells already contained the vector (10), and the pR2 plasmid was
efficiently replicated.

Replicated plasmid DNA was recovered from the human cells by a small-
scale alkaline lysis procedure (30), and the DNA preparations were then treated
with Dpnl restriction enzyme to degrade any input plasmid still carrying the
bacterial methylation patterns. Rescued plasmids were used to transform the
recombination-deficient E. coli DH5aMCR (Bethesda Research Laboratories)
plated on selective medium (31). The white or light blue bacterial colonies
indicating an inactivated lacZ’ gene were isolated as described previously (10).
Sequence analysis of the lacZ' gene was performed by the chain elongation
termination method on double-strand DNA using Sequenase 2.0 kits (United
States Biochemical Corp.) using a specific primer.

Statistical Study. Differences in proportions were tested by the x* test or
by exact tests. A result was considered nonsignificant when its associated P
value was above 0.05. Hotspot determination was carried out according to the
Poisson law at a probability of less than 1%, as described previously (10).

RESULTS

Cell Characterization

XPD Protein. Expression of the XPD protein was monitored by
Western blot hybridization in the TTD1VI-LAS-KMT11 fibroblasts
(called here TTD cells) in the TTD1VI-LAS-KMT11-D10 fibroblast
clone that contains the human wild-type DNA repair XPD/ERCC2
gene (called here TTD + ERCC2 cells) and in MRC-5V1 repair-
proficient human fibroblasts (normal cells; Fig. 1). The bands detected
with the monoclonal anti-XPD antibody in proteins from normal and
TTD + ERCC2 cells were located at the expected position of 87 kDa.

kDa
94_
68_

Fig. 1. Western blot analysis of the XPD/ERCC2 protein in normal, TTD, and
TTD + ERCC2 cells. Fifty ug of protein were used for electrophoresis. The XPD protein
was detected using a monoclonal antibody raised against the carboxy-terminal part of the
protein. Lane I, normal cells; Lane 2, TTD cells; Lane 3, TTD + ERCC2 cells. The
unique band observed migrates at the expected value for the XPD protein.

100

% CELL SURVIVAL
-

UV DOSE (J.m2)

Fig. 2. UV-C cell survival of normal (@), TTD (A), and TTD + ERCC2 (A) human
cell lines. After UV irradiation of growing cells, UV cell survival was measured by
colony-forming ability. The cloning efficiencies of the three unirradiated cell lines were
94, 85, and 81%, respectively.

Densitometric scans showed that the amount of the XPD protein
isolated from TTD + ERCC2 cells was 2-fold higher than the amount
isolated from normal cells. The protein was not detected in TTD
fibroblasts.

Cell Survival and DNA Repair. Normal, TTD, and
TTD + ERCC2 cells were tested for determining their colony-form-
ing ability after UV irradiation (Fig. 2). We observed that the
TTD + ERCC2 cell line showed an increased cell survival following
UV irradiation compared with its parental TTD cell line and also a cell
survival similar to normal cells.

The analysis of the DNA repair capacity of the TTD + ERCC2
cells performed by UDS was similar to that of normal cells and
showed a striking higher level of DNA repair compared with TTD
cells (Fig. 3). These results indicated that the TTD + ERCC2 cell line
recovered the two essential properties of repair-proficient cells (i.e.,
UV cell survival and DNA repair ability).

Plasmid Mutagenesis

Plasmid Mutation Frequency. The ratio of the number of bacte-
rial colonies containing the inactivated lacZ’ gene to the total number
of bacterial colonies defined the mutation frequency on the lacZ’
gene.

The spontaneous mutation frequency was low in the three cell lines,
ranging from 0.8 X 10™* to 7.9 X 10~ (Table 1). However, these
mutation frequencies were about 10-fold higher in the TTD + ERCC2
cell line and in the TTD cell line than in the normal cell line
(P < 0.05). Thus, both the TTD + ERCC2 and TTD cell lines had a
higher mutation background than the normal cell line.

Fig. 4 shows that the mutation frequency increased linearly with the
UV dose (ranging from 100 to 1000 J - m~2) in all three cell lines. At
all UV doses, the TTD + ERCC2 cell line showed a lower mutation
frequency compared with the parental TTD cell line. However, the
mutation frequency of the TTD + ERCC2 cells was still higher than
for normal cells. For example, at a plasmid treatment with 1000
J-m™2, the mutation frequency of the TTD + ERCC2 cell line
(58 X 1074 was significantly lower than for the TTD cell line
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(130 X 10™*;, P = 0.0001) and higher than for the normal cell line
(26 X 1074 P = 0.0001).

Mutation Analysis. Mutations inactivating the lacZ’ gene were all
characterized by DNA sequencing. We separated the mutated plas-
mids into two classes according to their nature, i.e., a mutated plasmid
containing point mutations on one hand and a mutated plasmid con-
taining DNA rearrangements on the other hand. Point mutations
include either one base (single mutation), two or three adjacent bases
(tandem mutation), or several bases distant from each other (multiple
mutation) or else frameshifts. DNA rearrangements were constituted
of insertion, deletion or duplication of three or more nucleotides.

Two hundred six independent mutated plasmids from the
TTD + ERCC2 cell line, 177 independent mutated plasmids from the
TTD cell line, and 108 independent mutated plasmids from normal
cell line were recovered. We found that the UV-induced mutated
plasmids rescued from the three cell lines contained mostly point

NUMBER OF GRAINS PER NUCLEUS

0T T T 1

0 10 20 30

UV DOSE (J.m2)

Fig. 3. Level of UDS induced by increased doses of UV-C in normal (@), TTD (4),
and TTD + ERCC2 (A) cell lines. UDS was quantified by the number of grains per
nucleus as a function of UV dose. Bars, SE.

Table 1 Sp freq 'y of d plasmids following replication of the
untreated pR2 vector in human cell lines
The untreated pR2 shuttle vector was transfected into normal, TTD, and
TTD + ERCC2 cell lines. Two to 3 days after replication, the plasmids recovered from
human cells were used to transform indicator bacteria plated on kanamycin medium to
measure mutations inactivating the lacZ’ gene. The number of independent transfections
was 5 for TTD + ERCC2, 19 for TTD, and 24 for the normal cell line.

Total no.
Cell line Colonies Mutants Mutation frequency (X10%)
Normal 26643 2 0.75
TTD + ERCC2 22550 13 5.76"
TTD 13988 11 7.86

“ The value is statistically different from that found for normal cells, with P < 0.05 in
Fisher’s exact test. There is no statistical difference between TTD and TTD + ERCC2 cell
lines in a x* test.

200 -

150 ~

MUTATION FREQUENCY (x 10%)

yu=

L) ]
250 500 750 1000

UV DOSE (J.m?2)

Fig. 4. Mutation frequency of UV-irradiated shuttle vector pR2 propagated in normal
(@), TTD (A), and TTD + ERCC2 (A) cell lines. The frequency corresponds to the
number of mutants determined by their color (white or light blue) and, after sequencing,
divided by the total number of kanamycin-resistant bacterial colonies. Data points, mean
values from 5-24 independent transfection experiments; bars, SE. (Bars not shown are
smaller than the symbols.)

mutations (91% for TTD + ERCC2 cells, 84% for TTD cells, and
97% for normal cells). In addition, a large part of the mutated
plasmids showed single mutations (Fig. 5). Normal and
TTD + ERCC2 cells had similar levels of mutated plasmids with
single mutations (83 and 76% of the independent vectors with base
substitutions, respectively), whereas TTD cells exhibited a signifi-
cantly lower level of plasmids with single base substitutions (69%)
than normal cells (P = 0.01; Fig. 5).

The proportion of multiple mutants was significantly higher in TTD
cells (20%) compared with normal cells (8%; P = 0.01) and with
TTD + ERCC2 cells (11%; P = 0.01; Fig. 5).

The types of single, tandem and multiple base substitutions are
shown in Table 2. With all three cell lines, every type of base
substitution was observed. A majority of transitions were found (69—
78%), and most of them were G:C—A:T transitions (63-73%).
A:T—C:G transversions were very rare for all three cell lines (1-3%).
No significant difference between TTD and normal cells was found in
the proportion of each type of transition and each type of transversion.
The addition of the wild-type XPD/ERCC2 gene into TTD cells did
not change the type of UV-induced base substitution: no significant
difference could be observed between TTD + ERCC2 cells and TTD
cells or between TTD + ERCC2 cells and normal cells.

The CC—TT tandem base substitution, a signature of UV-induced
lesions (32, 33), constituted a large part of tandem base substitutions
induced by UV-C for all three cell lines: 50% of tandem substitutions
were CC—TT for TTD + ERCC2 cells, 69% for TTD cells, and 64%
for normal cells. No statistical difference was found between the three
cell lines in a x? test.

Table 3 shows the frequency of spontaneous or UV-induced mu-
tants that contained DNA rearrangements. This type of mutation has
been shown to be characteristic of TTD mutagenesis (10). For the
three cell lines, no statistical difference was found between sponta-
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Table 2 Types of base substi in UV-irradiated pR2 replicated in In the TTD + ERCC2 cell line, most of the hotspots found only

human cell lines

There are no statistical differences, for any type of base substitution mutations,
between the three cell lines in a xz test.

No. of mutations (%)

Mutation type Normal® TTD + ERCC2° TTD”
Transitions 97 (77.6) 166 (68.6) 153(73.2)
G:C—AT 91 (72.8) 153 (63.2) 145 (69.4)
A:T>G:C 6(4.8) 13(5.4) 8(3.8)
Transversions 28 (22.4) 76 (31.4) 56 (26.8)
G:C-T:A 15 (12.0) 33(13.6) 28 (13.4)
G:C—C:G 5(4.0) 11(4.6) 11(5.3)
AT-C:G 1(0.8) 729 5(2.4)
AT-TA 7(5.6) 25(10.3) 12(5.7)
Total 125 (100) 242 (100) 209 (100)

“ Treatment, 250-1000 J - m ™2,
® Treatment, 100-1000 J - m~2.

neous and UV-induced frequency of rearranged mutants. This sug-
gests that DNA rearrangements were not the consequence of UV
irradiation. For the untreated or UV-treated pR2 plasmid, the fre-
quency of mutants with rearrangements obtained with TTD and
TTD + ERCC2 cells was at least 9-fold higher than that obtained with
normal cells (P < 0.01).

Mutation Spectra. The distributions of all UV-induced base substi-
tutions found in the lacZ' gene using TTD + ERCC2, TTD, and normal
cell lines are shown in Fig. 6. We observed that almost all UV-induced
base substitutions occurred at dipyrimidine sites (95% in the
TTD + ERCC2 cells, 93% in the TTD cells, and 97% in normal cells).

The base substitutions were not scattered along the gene but formed
several hotspots (Fig. 6, light gray nucleotides) that were determined
by the Poisson probability distribution (P < 0.01%). We found 13
hotspots for TTD + ERCC2 cells, 9 hotspots for TTD cells, and 7
hotspots for normal cells. Five hotspots were common to the three cell
lines; they are located at positions —11, 17, 43, 49, and 91. All of
these hotspots did not share a common primary sequence.

in TTD cells were still present (40, 71, and 95 bp). Hotspots at
positions 79 and 92 were found in TTD + ERCC2 cells and in
normal cells but not in TTD cells. Three new hotspots appeared in
the TTD + ERCC?2 cell line at positions —10, 94, and 127 (Fig. 6,
dark gray nucleotides).

DISCUSSION

The TTD syndrome is an autosomal recessive disorder character-
ized by brittle hair with a reduced sulfur content. Clinical photosen-
sitivity is present in about 50% of TTD patients but is not associated
with an elevated frequency of cancers. The fibroblasts from these
TTD patients exhibit features of hypersensitivity to killing by UV-C
and reduced UDS similar to cells from patients with XP-D and
UV-hypermutability (4, 10). The introduction of the wild-type XPD/
ERCC2 gene by a plasmidic vector into TTD/XP-D cells restored a
normal colony-forming ability of cells following UV-C exposure and
a normal DNA repair capacity as well (23).

Here, we showed that some mutagenesis characteristics of repair-
proficient cells were restored in TTD/XP-D cells complemented by
the wild-type XPD/ERCC?2 gene. We used a clone isolated from the
human TTD1VI-LAS-KMT11 fibroblast cell line transduced with a
retroviral vector carrying the wild-type XPD/ERCC2 repair gene

Table 3 Frequency of d plasmids c ining DNA rearrang following
replication of the untreated or UV-treated pR2 vector in human cell lines
Treatment Normal”  TTD + ERCC2°  TTD?

Untreated Colonies 26643 22550 13988
Mutants 1 8 9
Frequency, X 10* 0.4 35 6.4

UV-treated Colonies 107742 55323 18724
Mutants 3 19 16
Frequency, X 10* 0.3 34 8.5

“The pR2 plasmid was treated with doses from 250 to 1000 J - m ™ 2.
b pR2 plasmid was treated with doses from 100 to 1000 J - m~2
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UV MUTAGENESIS OF TTD CELLS COMPLEMENTED BY THE XPD GENE

(TTD + ERCC2 cells). This clone recovered a UV cell survival
similar to that of normal cell line (Fig. 2), and the defect in UDS after
UV treatment was corrected as compared with the parental TTD cell
line (Fig. 3).

We showed that the XPD protein was expressed in the normal cell
line and was mostly expressed in the TTD + ERCC2 cell line (Fig. 1).
This result was also found by Carreau et al. (26), who obtained good
signals corresponding to XPD protein, when using transduced G418-
selected XP-D primary fibroblasts. These authors did not detect the
expression of the XPD protein in repair-proficient untransformed
primary skin fibroblasts, whereas in another study the protein could be
detected in repair-proficient SV40-transformed fibroblasts (24). We
failed to detect the XPD protein in the TTD cell line (Fig. 1).
Takayama et al. (18) studied the nucleotide sequence of the XPD/
ERCC2 cDNA from the TTD1VI patient from whom the TTD cells
we used derived (10). They showed that one allele of the gene
exhibited a C— G transversion at bp 1459 leading to a Leu-461-to-Val
substitution and a 45-bp deletion at bp 2224-2268 leading to a
15-amino acid deletion (amino acids 716-730) near the C-terminal
part of the protein. The authors also found a point mutation on the
other allele, which led to a protein having Arg-722 changed into
Trp-722. Since the monoclonal antibody we used has been raised
against amino acids 749-759 of the XPD protein, we can consider that
in our TTD cell line, the protein expression was too low to be detected
under our stringent conditions or that conformation of the mutated
protein would not allow a good presentation of the epitope.

Recently, Cleaver et al. (34) showed that overexpression (about
two-fold) of the XPA gene in XP-A cells or in repair-competent cells
increased the UV survival of the cells to levels above those of normal
cells. Thus, they concluded that a correlation exists between DNA
repair capacity and level of XPA protein expression. However, a good
correlation with UV cell survival but not with repair capacity has been
shown in two XP-D clones expressing the XPD protein at different
levels (24). In our case, the TTD + ERCC2 cell line showed a level
of the XPD protein higher than in the normal cell line. However, the
UV cell survival of the TTD + ERCC2 cells was not higher than that
of normal cells, whereas the UDS in the TTD + ERCC2 cells was
slightly increased at the UV dose of 20 J - m~2 (Figs. 2 and 3). Hence,
overexpression of the XPD protein does not seem to induce a repair
level higher than that observed in repair-proficient cells.

The sequence analysis of approximately 500 independent mutated
plasmids from TTD + ERCC2, TTD, and repair-proficient cells
revealed that the major UV-induced type of mutation was single base
substitution (Fig. 5). This finding was already shown in numerous
published works using either shuttle vectors or endogenous genes (for
a review, see Ref. 35).

In the three cell lines, a large majority of G:C—A:T transitions
(Table 2) were found, in agreement with earlier investigations, in
which the G:C—A:T transition was the major type of UV-induced
base substitution (for a review, see Ref. 35). Classes of UV-induced
base substitutions were similar between TTD + ERCC2 and normal
cell lines, as we already found between TTD and normal cells (10).
Thus, the expression of the XPD protein in TTD cells did not change
the proportion of base substitutions.

In previous works (10, 36), we noticed that UV mutagenesis of the
TTD cell line was characterized, in part, by multiple base mutations.
Here, we showed that expression of the wild-type XPD protein after
addition of the XPD/ERCC2 cDNA into the TTD cells led to a
significant decrease of multiple mutants to a level similar to that of
normal cells (Fig. 5). In turn, the level of single mutated plasmids that
was lower in TTD cells (69%) than in normal cells (83%), was
increased to a normal level (76%) after the introduction of the XPD/
ERCC2 repair gene. The process leading to multiple base substitu-

tions, which is still not understood, was overcome by the addition of
the XPD/ERCC?2 gene. It is interesting to note that Goziikara et al.
(24) showed that the frequency of post-UV-mutated plasmids recov-
ered with multiple base substitutions was lower in XP-D cells than in
normal cells and remained low in the cell line transfected with the
XPD/ERCC?2 gene.

The TTD + ERCC2 cells were characterized by a lower mutation
frequency than the parental TTD cell line after UV irradiation (Fig. 4).
Despite this result, the plasmid mutability of the TTD + ERCC2 cell
line was not lowered to values similar to those of normal cells, as one
could have expected from the expression of the wild-type XPD
protein. The clonal G418 selection of the LXPDSN-transduced cell
line and mutagenesis assays performed immediately after this selec-
tion permit us to rule out the hypothesis that among the cells that
replicate the pR2 plasmid, some may have lost the expression of the
XPD protein. In addition, Quilliet et al. (37) recently showed the
long-term reversion of DNA repair-deficient primary fibroblasts by
the retroviral transduction of the XPD/ERCC2 gene. We can suppose
that the mutation frequency would be inherent in the TTD + ERCC2
and TTD parental cell lines. TTD and TTD + ERCC2 cells showed
similar spontaneous mutation frequencies, 10-fold higher than the
mutation frequency of normal cells (Table 1). Most of the spontaneous
mutants contained DNA rearrangements, and we showed that mutants
with DNA rearrangements obtained after UV irradiation could be due
to spontaneous lesions, since their frequencies do not vary with the
UV dose (Table 3). The level of spontaneous mutants was not de-
creased to that of normal cells in the TTD + ERCC2 cells (Table 3).
Thus, the introduction of the XPD/ERCC2 gene in the TTD cell line
did not decrease the frequency of spontaneous mutations. This sug-
gests that the intrinsic mutation background of TTD and
TTD + ERCC?2 cell lines should be independent of the NER system.

Concerning the distribution of mutation hotspots, Tornaletti and
Pfeifer (38) suggested that hotspots could be generated by a slow
DNA repair of lesions. In our case, the addition of the wild-type
XPD/ERCC?2 repair gene in TTD cells failed to restore a pattern of
mutation hotspot distribution similar to that observed in normal cells.
This suggests that slow repair in TTD cells was not, or not only, the
cause of mutation hotspots. This result was also found for XP-D (24)
and XP-A cells (39). It is possible, as suggested by Seetharam et al.
(40), that some differences in the distribution of the UV-induced
mutation hotspots may be due to cellular factors.

In conclusion, the introduction of the wild-type XPD/ERCC2 DNA
repair gene in a TTD/XP-D cell line corrected most consequences of
a DNA repair defect in the TTD cell line. It restored normal UV cell
survival, normal DNA repair system, and, at least in part, mutagenesis
characteristics of repair-proficient cells. Indeed, it allowed, qualita-
tively, the restoration of UV-induced mutations similar to those ob-
served in normal cells. Quantitatively, the mutation frequency of the
TTD + ERCC?2 cell line was considerably lower than that of the TTD
parental cell line, although it did not reach the normal range. It is
possible that the parental TTD cell line, due to its state of transfor-
mation, had acquired intrinsic high mutagenic properties, which will
lead to a still high mutation frequency found even after the correction
of the DNA repair defect. Finally, the location of mutation hotspots
found for the TTD + ERCC2 cells was unique to this cell line and not
fully similar to that of the normal cell line we used as a control.
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