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Trichothiodystrophy (TTD) is a rare genetic disease with
heterogeneous clinical features associated with specific
deficiencies in nucleotide excision repair. Patients have
brittle hair due to a reduced content of cysteine-rich matrix
proteins. About 50% of the cases reported in the literature
are photosensitive. In these patients an altered cellular
response to UV, due to a specific deficiency in nucleotide
excision repair, has been observed. The majority of repair-
defective TTD patients have been assigned by comple-
mentation analysis to group D of xeroderma pigmentosum
(XP). Recently, the human excision repair gene ERCC2 has
been shown to correct the UV sensitivity of XP-D
fibroblasts. In this work we describe the effect of ERCC2
on the DNA repair deficient phenotype of XP-D and
on two repair-defective TTD cell strains (TTD1VI and
TTD2VI) assigned by complementation analysis to group D
of XP. ERCC2 cDNA, cloned into a mammalian expression
vector, was introduced into TTD and XP fibroblasts via
DNA-mediated transfection or microneedle injection. UV
sensitivity and cellular DNA repair properties, including
unscheduled DNA synthesis and reactivation of a UV-
irradiated plasmid containing the chloramphenicol acetyl-
transferase reporter gene (pRSVCat), were corrected to
wild-type levels in both TTD and XP-D cells. These data
show that a functional ERCC2 gene is sufficient to re-
establish a wild-type DNA repair phenotype in TTD1VI
and TTD2VI cells, confirming the genetic relationship
between TTD and XP-D. Furthermore, our findings suggest
that mutations at the ERCC2 locus are responsible for
causing a similar phenotype in TTD and XP-D cells in
response to UV irradiation, but produce quite different
clinical symptoms.

Introduction

The study of the molecular mechanisms of UV-induced DNA
repair in mammalian cells has recently been advanced by the
identification and molecular cloning of an increasing number

*Abbreviations: XP, xeroderma pigmentosum; CS, Cockayne’s syndrome;
TTD, trichothiodystrophy; UDS, unscheduled DNA synthesis; NER, nucleotide
excision repair; CAT, chloramphenicol acetyltransferase.
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of genes involved in this process. This has been possible
thanks to the generation and characterization of rodent mutant
cell lines with abnormal responses to DNA damagmg agents g
(1). In addition, human mutants with DNA repair defects 2 :
are represented by patients suffering from different 5 S
inherited syndromes, such as xeroderma pigmentosum (XP¥), 2
Cockayne’s syndrome (CS) and trichothiodystrophy (TTD). g
These diseases are characterized by a very heterogeneous pattern §
of clinical symptoms. XP and CS patients present solar-induced =
skin changes and progressive neurological and ocular degenera-
tions. A large proportion of XP patients develop skin cancer, &
which is not the case for any of the CS patients described (2). g
The typical abnormality in TTD is brittle hair, linked to reduced §
sulphur and cystine contents. Most TTD patients present peculiar g
faces, ichthyosis, growth and mental retardation. About 50% of S
all patients described are sun-sensitive, however, like CS, TTD §
is not associated with skin cancer (3). In all XP, CS and photo-
sensitive TTD patients the common phenotypes are photo-
sensmvny, cellular UV sensitivity and some kind of deficiency S
in removal of UV-induced photoproducts. Genetic com- =
plementation analysis has revealed seven excision-deficient o
groups for XP, two for CS and three for TTD. Several patients &
exhibit the pathological manifestations of both XP and CS, three £
patients are XP-B/CS, one is XP-D/CS and two are XP- G/CS &
(4). Therefore, two CS groups do not involve XP, while at least S @
three XP groups involve CS. All XP cells are sensitive to the M
killing effect of UV irradiation and have reduced levels of & &
nucleotide excision repair synthesis [unscheduled DNA syn-&
thesis (UDS)], while CS cells with a similar UV sensitivity have [
normal levels of UDS. This phenotype is a result of a spec1ﬁc§
defect in repairing UV photoproducts in actively transcribed
genes (5). The factor correcting UV survival and defective S
recovery of RNA synthesis in CS group B has recently been S
identified as the ERCC6 gene product (6).

Analysis of the cellular responses to UV in TTD patlents
indicates that clinical photosensitivity is usually correlated w1th g
cellular photosensitivity and cells from patients without sunQ
sensitivity have a normal response to UV and a normal capacity E
to complement the DNA repair defect in TTD hypersensitive G a
cells. Somatic cell fusion and UDS analysis (7-9) revealed that o
UV sensitivity in TTD is due to three different genetic defects 2,
and that cells from most of the UV-sensitive individuals failed =
to complement XP-D cells. This complementation data sug- S
gested that the DNA repair deficient phenotype of XP-D and N
TTD results from mutations in the same gene. Generally, them
phenotype of these TTD cells is similar to that of XP cells:
reduced UV survival, DNA excision repair deficiency and
increased mutability (10,11). However, the abnormality in the
cellular responses of TTD cells is not homogeneous: UDS levels
vary from as low as 10% to as high as 50% of normal. The
sensitivity to killing after UV irradiation also varies significantly
between different cell lines, some being more sensitive than XP-

D cells whereas other lines are UV sensitive only at doses higher
than 10 J/m? (9).
ERCC2 is the human gene which corrects the UV sensitivity
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of CHO cells belonging to complementation group 2 (12-13).
The purification of the ERCCZ gene product demonstrated that it
has helicase activity (14), as does the product of the homologous
yeast RAD3 gene (52% amino acid identity with ERCC2) (15).
This activity is an essential function in DNA processing (16).
ERCC2 is tightly associated with the basic transcription factor
II (BTFII) complex, (17) which has been shown to contain also
the ERCC3 protein (18). This implies that some genes involved
in the nucleotide excision repair (NER) pathway are also
involved in the transcription machinery. The involvement of
ERCC2 in the XP-D phenotype has been previously shown
(19,20). Therefore, it was of primary interest to introduce ERCC2
into TTD cells to verify the genetic complementation data based
on somatic cell fusion. In this work we carried out DNA-medi-
ated transfer experiments of ERCC2 cDNA into both TTD
(TTD1VI and TTD2VI) and XP-D (XP6BESV and XPCS2VI)
cells and the resulting phenotypic changes were studied with
respect to several DNA repair parameters. Our data show that
the wild-type ERCC2 gene corrects the repair deficient pheno-
types of both TTD and XP-D cells, resulting in the complete
restoration of wild-type DNA repair properties.

Materials and methods

Cell lines, growth conditions and SV40 transformation

SV40 immortalized XP6BESV fibroblasts (XP-D, GM08207) were obtained
from the Human Genetic Mutant Cell Repository (Cadmen, NY). XP12ROSV
(XP-A) fibroblasts were obtained from Dr D.Bootsma (Rotterdam). Diploid
XP1BR (XP-D) and SV40-transformed MRC5V | (wild-type) fibroblasts were
from Dr C.Arlett (Brighton). The XP-CS2VI fibroblast line corresponds to a
new biopsy performed in our laboratory from a XP-D/CS patient. Another cell
line from the same patient is known as XP-CS2 (21). This cell line was originally
assigned to XP group H, but has been recently shown to belong to XP group D
(22). These cells were SV40-transformed in our laboratory (see below) and were
designated XP-CS2VILas. XP4PASV (XP-C) was established in our laboratory
(23). TTD1VIand TTD2VIwere obtained from skin biopsies of unrelated French
TTD patients (24,25). All cell lines were cultivated in MEM supplemented with
15% fetal calf serum, antibiotics (penicillin and streptomycin) and fungizone.
The two diploid TTD strains were SV40-transformed with plasmid pLASwt
harbouring SV40 large T antigen sequences but lacking the SV40 origin of
replication. This plasmid has been shown to be an efficient tool for generating
immortalized human cell lines (23). Cells were transfected by the standard
calcium phosphate precipitation method (see below). About 40 divisions after
transfection, cells acquired a transformed phenotype in terms of morphology,
increased division rates, efficiency to express exogenous sequences [such as
chloramphenicol acetyltransferase (CAT) or B-galactosidase reporter genes] and
cloning efficiency. After TTD1VI and TTD2VI had undergone the first crisis,
subcloning experiments were performed to select cells with the best cloning
efficiency. Viable clones giving rise to stable cell populations could be obtained
with TTD2VILas subcloned cells. TTD1VILas was used in transient expression
experiments.

Plasmids, DNA-mediated gene transfers and selection for stable transfectants

The expression plasmid p2E-ER?2 contains the ERCC2 ¢cDNA under the control
of the SV40 early promoter. The plasmid pcD2E, used as a negative control, was
obtained by removal of the 2.4 kb EcoRI fragment containing the ERCC2 cDNA.
Other plasmids containing NER genes were: pSLM-XPAC, pBES7-XPCC,
pCDI-ERCC3 and pSLM-ERCCS6. Calcium phosphate transfections were
carried out essentially as previously described (26). Cells (5X 10°) were seeded
in 10 cm Petri dishes 1 day before transfection. Plasmid DNA (10-30 pg)
solutions were adjusted to 0.125 M CaCl,. One volume (0.250 ml) of solution
was mixed with one volume of 2X HBS buffer (25 mM HEPES, 1.5 mM sodium
phosphate, 0.28 M NaCl, pH 7.1) and after 30 min at room temperature the
precipitated DNA samples were added to cell cultures. After a 68 h incubation
at 37°C, cells were subjected to 15% glycerol shock for 2 min and then incubated
further for 48 h prior to selection for G418 resistance. Subconfluent cells were
re-fed with fresh medium containing 500 pg/ml geneticin sulphate (G418,
GIBCO-BRL) and, 2-3 weeks later, G418-resistant clones were picked and
expanded to generate mass cultures. UV-resistant clones were selected after
assessment of viabilility following UV irradiation. Briefly, 5X10°-10° cells
were seeded in six-well tissue culture plates and, 24 h later, were irradiated at 5
and 10 J/m%. Cells were stained 8-10 days later. Clones with incréased UV
resistance were analysed quantitatively for UV survival (see below).
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Microneedle injections of p2E-ER2 DNA were carried out in di- or multi-
nucleated fibroblasts obtained after Sendai virus-mediated cell fusion (27),
according to the microinjection procedure described previously (28).

Analysis of phenotypic complementation

UV survival. The colony-forming ability was determined after irradiation of an
appropriate number of cells seeded in triplicate dishes for each dose to produce
at least 50 clones ger dish, allowing for plating efficiency. For instance, for UV-
sensitive cells, 10°~3X 10° cells were seeded for doses from O to 6 J/m?® and 10~
3X 107 cells for higher doses (upto 20 J/m?). For UV-resistant cells, 10>-3X 103
cells were seeded for doses from 0 10 20 J/m?.

Reactivation of UV-irradiated plasmid carrying the chloramphenicol aceryl-
tranferase (CAT) reporter gene. Ten micrograms of pRSVCat plasmid (29) was
irradiated at the UV doses indicated in Figure 3. DNA samples were transfected
or co-transfected with p2E-ER2 or pcD2E plasmids using the calcium phosphate
method described above. CAT activity was measured in transfected cells using
a previously described method (30). The ability to reactivate the UV-irradiated
plasmid was defined as the ratio of CAT activity in extracts from cells transfected
with UV-irradiated to that in cells transfected with non-irradiated pRSVCat
plasmid.

Unscheduled DNA synthesis (UDS). Analysis of repair synthesis was carried out
in untransformed fibroblasts, essentially as already described (25,27).

Results

The plasmid p2E-ER2 was introduced into TTD cells using
the calcium phosphate procedure and the ERCC2 cDNA was
expressed in stable and transient conditions. In order to obtain
stable transformants it was necessary to use SV40-immortalized
fibroblast lines, owing to the limited lifespan of diploid human
fibroblasts in culture. TTD1VI and TTD2VI cells were immor-
talized as described in Materials and methods and designated
TTDIVILas and TTD2VILasCl. These transformed cells were
transfected with p2E-ER2 or pcD2E. The latter, which lacks the
ERCC2 cDNA, was used as a negative control. pcD2E was also
used to transfect MRC5V 1 cells to obtain G4 18r wild-type cells.
After selection in G418, several hundred G418r clones were
obtained with TTD2VILasCl1 cells transfected with p2E-ER2
and 50 G418r viable clones gave rise to stable cell populations,
designated TTD2-ER1, TTD2-ER2,..., TTD2-ER50. Several
G418r clones which arose from TTD2VILasCll or MRC5V 1
cells transfected with pcD2E yielded stable cell populations,
designated TTD2pcD2E and MRC5pcD2E respectively. TTD2-
ER cells were then scored for increased UV resistance as
described in Materials and methods. Relative survival for
TTD2VILasClH or TTD2pcD2E and MRC5V 1 or MRC5pcD2E
cells are shown in Figure 1. It appeared that SV40 transformation
of TTD2VI cells did not affect UV survival, since they had a
similar sensitivity (more than 10 times that of normal cells at
9 J/m?) as their untransformed counterpart (24,25). Similarly,
plasmid pcD2E did not affect the survival of wild-type MRC5V1
cells. Analysis of TTD2-ER clones revealed that 35% appeared
to have been corrected to normal or near normal levels of UV
resistance. For example, TTD2-ERS fell within the same range
as that observed for wild-type MRC5V1 cells. Another 35% of
clones retained their UV-sensitive phenotype, as demonstrated
by TTD2-ER26 cells (Figure 1A). The remaining clones dis-
played anintermediate level of survival. The presence of ERCC2
plasmid sequences integrated into the genome was verified by
Southern hybridization, which revealed the presence of multiple
copies of the expected 2.4 kb fragment size after digestion of
TTD2-ER5 genomic DNA with EcoR1 (data not shown). The
non-complemented clones, and those displaying intermediate
levels of survival, could be explained by the integration of
incomplete copies of the ERCC2 cDNA or by insufficientexpres-
sion of ERCC2 to compensate for the effect of mutations in
homozygous alleles.
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Fig. 1. Correction of UV survival of TTD (A) and XP-D (B) cells after stable expression of ERCC2. Colony- forming ability was determined after UV irradiation
with the indicated doses for normal human MRC5V 1 cells before ([J) or after stable expression of pcD2E plasmid (@ MRC5pcD2E) and for (A) TTD2VILasCl1
cells, before (A this curve is undistinguishable from that of TTD2pcD2E) and after stable expression of pcD2E (TTD2pcD2E) or p2ER-ER2 (O TTD2-ERS and @
TTD2-ER26) and for (B) XP6BESYV cells before (A) or after stable expression of pcD2E (XPDpcDZE) or p2ER-ER?2 (@ XP-ER8 and O XP-ER9). Data points
were averaged over six experiments in A (with indicated SD bars) and over three experiments in B (SD bars not shown).

SV40-immortalized XP-D fibroblasts (XP6BESV) were also
used in parallel experiments as positive controls for phenotypic
complementation with ERCC2. Among 52 G418-resistant
clones obtained and analysed, 43% were found to be fully cor-
rected for UV survival. For example, XP-ER9 survival was
indistinguishable from that of wild-type cells (MRC5V1 or
MRC5pcD2E) after exposure to UV doses of up to 20 J/m2. The
survival of a non-complemented clone (XP-ER8) was almost
identical to those of XP6BESV or pcD2E-transformed
(XP6BEpcD2E) cells (Figure 1B).

The correction of UDS after microinjection of ERCC2 cDNA
into diploid fibroblasts was the second approach used. TTD1 VI,
TTD2VI and XPIBR cells were microinjected with plasmid
p2E-ER2 18 h before irradiation and then processed for UDS as
described in Materials and methods. Results showed that UDS
was recovered in microinjected multinucleated cells for both
TTD (TTD1VI and TTD2VI) and XP1BR cells, compared to
uninjected cells (Figure 2A). Quantitative analysis of UDS indi-
cated that the recovery was complete, since the level of UDS
observed in the injected cells was similar to that in control cells
(Figure 2B). Microinjection of the XPAC, ERCC3 or ERCC6
repair genes had no effect on the UDS levels of these three cell
lines (data not shown).

The ability to reactivate UV-irradiated pRSVCat plasmid
DNA was the third approach used to study the correction of
DNA repair deficiency by ERCC2, in both stable and transient
expression assays. This approach is based on the ability of a
given cell line to repair lesions present in UV-irradiated plasmid
DNA and to restore its ability to express the reporter gene.
This technique has been extensively employed for monitoring
excision repair of DNA in mammalian cells (31-35). A typical
dose-dependent CAT inactivation profile in excision proficient
MRC5VI1 cells is presented in Figure 3. We observed a 60%
reduction in CAT activity at 1200 J/m? compared to cells trans-
fected with unirradiated plasmid. Stronger CAT inactivation was
observed in both excision-deficient TTD1VILas and TTD2VIL-
asCl1 cells, in which activity was reduced to 30-50% for a UV
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dose of only 400 J/m? (Figure 3A and B). In contrast, in the Uuve
resistant TTD2-ERS5 clone, the dose-dependent inhibition of
CAT activity was of the same order as that for MRC5V 1 ce11s°
Conversely, in the UV-sensitive TTD2-ER26 clone, it wasA
similar to that of the parental TTD2VILasCl1 cells (Figure 3A)g
Therefore, the correction of UV survival obtained during stabl@
expression of ERCC?2 is correlated with the correction to w1ld2
type levels of the expression of the UV-irradiated plasmid. Th¢3
same level of recovery was achieved during transient expressmrﬁ%
of ERCC?2 after co-transfection of TTD1VILas and TI‘D2VIL<;
asCll with p2E-ER2 and UV-irradiated pRSVCat plasmldSm
Dose-dependent inhibition of CAT activity was corrected td
wild-type levels in both TTD cell lines when p2E-ER2 was coé
transfected with UV-irradiated pRSVCat, whereas no effect on-
CAT expressnon was observed when the control plasmid pcD2E
was used in parallel co-transfections (Figure 3B). Identlcaﬁ
results were obtained with XP-D cells. Stable expression 015
ERCC2 in UV-resistant XP-ER9 cells also promotes full correco
tion of the XP-D deficiency in reactivating UV- damagedE
plasmids. In contrast, CAT inactivation in UV-sensititve XPS
ERS cells was similar to that of parental XP6BESV cells (Figure
3C). Similar results were obtained after co-transfections witht
p2E-ER2 or pcD2E and UV-irradiated pRSVCat plasmid intc3
two XP-D cell lines, XP6BESV and XP-CS2VILas. The dose™>
dependent inhibition of CAT activity in both cells was correcte(E
to near normal levels when p2E-ER2 was used (Figure 3D)rD
Moreover, co-transfections with pcD2E and p2E-ER2 plasm:dg
were also carried out with XP-A (XP12ROSV) and XP-C™
(XP4PASV) cell lines, as negative controls. In XP-C cells, the

dose-dependent inhibition of CAT activity was similar to that

observed for XP-D cells. For XP-A cells, CAT activity was

inhibited to roughly the same extent for doses below 500 J/m?

and at a much greater extent than in XP-D cells at doses equal

to or higher than 500 J/m2, With both XP-A and XP-C cells, no

effect of the p2E-ER2 plasmid was observed as compared to the

control, pcD2E (Figure 3E). Finally, no significant effects on

TTD2VILas and XP6BESV cells were observed when other
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Fig. 2. (Top) Correction of UDS levels after microneedle injection of p2E-ER2
plasmid into fused bi- and multinucleated XP1BR (a), TTD1VI (b) and
TTD2VI (¢) cells. Arrows indicate microinjected heterokaryons. (Bottom)
Quantification of level of correction. The repair capacity is expressed as mean
number of autoradiographic grains per nucleus. Bars indicate standard error of
the mean. The bold horizontal line corresponds to the UDS level of normal
(AS198) cells at 15 J/m?.
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Fig. 3. Reactivation of UV-irradiated pRSVCat transfected into TTD and XP
fibroblasts after stable or transient expression of ERCC2. UV-irradiated
pRSVCat was transfected in cells stably expressing ERCC2 (A and C) or
co-transfected with p2E-ER2 or pcD2E (B, D and E). A: MRC5V 1 (——),
MRC5pcD2E (—l—), TTD2VILasC11 (—A—), TTD2-ERS (—O—) and
TTD2-ER26 (—®—). B: TTD1VILas alone (—0—), TTDIVILas
co-transfected with pcD2E (—O—) or with p2E-ER2 (—@—); TTD2VILas
alone (—a—), TTD2VILas co-transfected with pcD2E (—J—) or p2E-ER2
(—M—). C: MRC5VI (——), MRC5pcD2E (—B—), XP6BESV (—A—),
XP6BEpcD2E (—4A—), XP-ER8 (—®—) and XP-ER9 (—O—). D:
MRC5V| (—0— and —e—), XP6BESV (—O— and —a—) and
XPCS2VILas (—a— and —a—) cells co-transfected with pcD2E (open
symbols) or with p2E-ER2 (closed symbols). E: MRC5V1 (—O—and
—®—), XPI12ROSV (—{}— and —M—) and XP4PASV (—A— and
—A—) cells co-transfected with pcD2E (open symbols) or with p2E-ER2
(closed symbols). CAT activity in cell extracts was expressed as percent of the
activity in cells transfected with unirradiated pRSVCat. Data were averaged
over four experiments in Figure 3A-D and two experiments for Figure 3E.

SD was evaluated as about 15% for each experiment.

repair genes were used in co-transfections, such as XPAC, XPCC,
ERCC3 or ERCC6 (data not shown). Therefore, the correction
of the repair defect by ERCC2 is specific for the genetic comple-
mentation group of XP-D/TTD cells.

Discussion

The experiments described in this paper demonstrate that the
ERCC2 cDNA can restore a wild-type DNA repair phenotype
to TTD and XP-D cells in terms of UV survival (Figure 1), repair
synthesis (Figure 2) and reactivation of UV-irradiated plasmids
(Figure 3). The use of different techniques to introduce DNA into
TTD and XP-D cells (calcium phosphate-mediated transfection
and microneedle injections directly into single cells) and differ-
ent analyses of DNA repair have demonstrated that functional
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alterations in the ERCC2 gene are responsible for the DNA
repair defect in this NER complementation group. On the other
hand, the introduction of ERCC2 into cells belonging to other
genetic groups failed to correct their DNA repair defects.. These
groups included XP-A, XP-C (Figure 3E) and TTD-A, the new
nucleotide excision repair-defective group represented by the
single TTD1BR patient (36). This confirms and reinforces
previous data from somatic cell fusion analysis and is the first
molecular evidence establishing a genetic relationship between
this subset of UV-sensitive TTD patients and complementation
group D of xeroderma pigmentosum.

The ability to recover UV resistance after the introduction of
human chromosome 19, or a cosmid bearing the ERCC2 gene,
into XP-D cells has been previously reported. In the latter case,
UV survival was significantly increased, but to a lower extent
than that obtained with chromosome transfer, at UV doses of up
to 4 J/m? (20). In our experiments, UV survival of both TTD and
XP-D cells was corrected to wild-type levels with UV doses of
up to 15 and 20 J/m? (Figure 1). This may be due to the efficiency
of expression of the ERCC2 cDNA, which is under the control
of the strong SV40 early promoter in the p2E-ER2 plasmid.

In UV survival experiments, TTD cells appeared to be less
UV sensitive than XP-D cells: D, for TTD cells was 2.5 J/m?,
whereas it was 1 J/m? for XP-D cells (Figure 1). Similarly,
the defect in reactivating the UV-damaged pRSVCat plasmid
appeared to be less dramatic in TTD cells compared to both XP-
D lines used (Figure 3). The levels of reduced UDS, however,
did not correlate with UV survival in TTD and XP-D cells, since
they were similar: 10-40% of normal for TTD cells and 15-40%
for XP6BESYV and all other XP-D cells (our unpublished results
and refs 37,38), indicating the absence of a perfect correlation
between cloning efficiency after UV irradiation and DNA repair
measurements. This might be due to differing levels of repair
efficiency of different UV lesions in genes essential for cell
survival.

Therefore, XP-D and TTD/XP-D patients represent two
classes of excision repair deficiencies in humans with a molecu-
lar defect in the same ERCC2 gene. Partial sequence analysis
of XP6BESYV, XP-CS-2 (GM03248), TTDIVI, TTD2VI and
TTD3VI has identified mutations in the ERCC2 gene
(C.A.Weber, in preparation). All the mutations result in a single
amino acid substitution within previously proposed functional
domains of ERCC2, except for a base change creating a new
splice donor site in TTD1VI that results in a 45 bp deletion.
Similar mutations were also recently identified in four other cell
lines from British TTD/XPD patients presenting reduced levels
of excision repair (39). The complete sequence analysis in these
and other cell lines will permit us to compare the mutations and
may allow the identification of classes of mutations responsible
either for the XP or the TTD repair-deficient phenotypes.
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