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D, and G, some patients show combined features of XP and CS. TTD
is characterized by sulfur-deficient brittle hair and nails and ichthyotic
skin, as well as impaired growth and neurodysmyelination as in CS
(3). Moreover, approximately 70% of the TTD patients show a NER
defect that in most cases is caused by mutations in the XPD gene
(previously referred to as ERCC2; Refs. 4 and 5). Remarkably, CS
patients, as well as lTD patients with a defect in NER, are not cancer
prone.

XPD was found to be identicalto the p80 subunit of basal tran
scription factor IIH involved in transcription initiation of RNA pol
Il-transcribed genes (6). Furthermore, microinjection of the purified
TFIIH complex into fibroblasts of other XP, XP/CS, and â€˜VFDpatients
appeared to induce selective correction of the NER defect of XP
complementation groups B and D and of TTD complementation group
A, but not of the other XP groups (7). Most likely, TFIIH is involved
in local unwinding of the DNA duplex at the site of the DNA damage
in the NER reaction and of the promoter in transcription initiation,
executed by the DNA-dependent ATPase and DNA helicase activities
associated with XPB and XPD (7, 8). Although most of the XP
features can be explained on the basis of a NER deficiency, a number
of symptoms of CS and lTD (such as the neurodysmyelination and

the reduced content of cysteine-rich matrix proteins in the brittle lTD
hair) are difficult to rationalize in terms of a NER impairment. The
association of CS and TI']) phenotypes with mutations in the dually
functional TFIIH has led to the hypothesis that the unusual symptoms
of these diseases are due to subtle impairment of the transcription
function of the corresponding proteins, leading to transcription insuf
ficiencies for genes involved in the CS and lTD symptoms. This
â€œrepair/transcription-syndromeâ€•concept also provides a rational for
nonphotosensitive lTD patients, in which only the transcription func
tion of TFHH is crippled, but the repair function is still intact (7, 9).
Mutation analysis of the XPD and XPB genes in patients from differ
ent NER syndromes suggests that the causative mutations are syn
drome specific and are relatively subtle point mutations (7, 10â€”14).

To gain more insight into the dual function of the XPD protein in
transcription and NER and into the complex genotype-phenotype
relationships for the human syndromes, we decided to inactivate the
gene in mouse ES cells by gene targeting. We show that loss of XPD
function leads to embryonic lethality in the preimplantation stage,
which is consistent with the essential role of the XPD protein in basal
transcription.

MATERIALS AND METHODS

Isolation of the mXPD Genomic and cDNA Sequences. A mouse testis
cDNA library (Azap) was screened with a human 2.4-kb EcoRI XPD full

length cDNA clone (see also Ref. 15). One isolated clone, pME2, contained a
2.4-kb insert corresponding to nucleotide position I 198â€”2280of the coding
region and the 1.2-kb 3'-UTR. Mouse genomic DNA fragments were obtained

by screening a mouse 129 genomic cosmid library (provided kindly by Dr. N.

Galjart, Erasmus University, Rotterdam, the Netherlands) with the insert of
cDNA clone pME2, yielding clone cosl2. The complete cDNA sequence,
including the 5'-UTR sequences, was derived from overlapping mouse

genomic sequences and RT-PCR experiments. Sequence analysis was per

formed by the dideoxy-chain termination method (16) using 17 DNA polym
erase (Pharmacia).
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ABSTRACT

The xeroderma pigmentosum (XP) group D (XPD) gene encodes a DNA
helicase that is a subunit ofthe transcription factor fiN complex, involved

both in nucleotide excision repair of UV-induced DNA damage and in
basal transcription initiation. Point mutations in the XPD gene lead either
to the cancer-prone repair syndrome XP, sometimes in combination with
a second repair condition; Cockayne syndrome; or the non-cancer-prone
brittle-hair disorder trichothiodystrophy. To study the role of XPD in
nucleotide excision repair and transcription and its implication in human
disorders, we Isolated the mouse XPD gene and generated a null allele via
homologous recombination in embryonic stem cells by deleting XPD
helicase domains IVâ€”VI.Heterozygous cells and mice are normal without

any obvious defect However, when intercrossing heterozygotes, homozy
goes XPD mutant mice were selectively absent from the offspring. Fur
thermore, we could not detect XPEF' embryos at day 7.5 of development.
In vitro growth experiments with preimplantation-stage embryos obtained
from heterozygous intercrosses showed a significantly higher fraction of
embryos that died at the two-cell stage, compared to wild-type embryos.

These results establish the essential function of the XPD protein in mam
mats and in cellular viability and are consistent with the notion that only
subtle XPD mutations are found in XP, XP/Cockayne syndrome, and
trichothiodystrophy patients.

INTRODUCTION

To counteract the deleterious effects of mutagenic and carcinogenic
agents, organisms are equipped with a sophisticated network of DNA
repair systems. NER,3 one of the best studied DNA repair pathways,
removes a wide diversity oflesions, including cyclobutane pyrimidine
dimers and (6â€”4)photoproducts (induced by UV light), as well as
numerous chemical adducts. The consequences of inborn errors in
NER are highlighted by the rare autosomal recessive repair syndromes
xP, CS, and lTD. Complementation tests by cell fusion have dem
onstrated that the NER syndromes are genetically heterogeneous and
comprise at least 10 complementation groups: 7 in XP (XP-A to
XP-G), 2 in the classical form of CS (CS-A and -B), and one in TT'D
(TTD-A), whereas 2 TFD complementation groups are simulta
neously XP groups (XP-B and XP-D; see Ref. 1 for a recent review).

xP patientsdisplaysun sensitivity,pigmentationabnormalitiesin
sun-exposed areas, and frequently accelerated neurodegeneration and
are predisposed to develop skin cancer. The hallmarks of CS are sun
sensitivity, severe mental and physical retardation, skeletal abnormal
ities, and a wizened facial appearance. The mental dysfunction in CS
is due to neurodysmyelination (2). In XP complementation groups B,
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was screened with a human cDNA probe as described in â€œMaterials

and Methods.â€•This yielded a number of overlapping cDNA clones,
together covering â€”3.5kb of the mouse XPD transcript, including a
polyadenylation consensus signal, AATAAA, 1.2 kb downstream of
the stop codon. Northern blot analysis of RNA from various mouse
tissues using a mXPD cDNA probe revealed the presence of a mRNA
of â€”4kb (data not shown; see also Ref. 22). In human cells, the XPD
mRNA is â€”2.6kb (l5),@ Sequencing and restriction mapping mdi
cated that the difference in size between the human and the mouse
transcript is due to the different size of the 3'-UTR (15).@ Interest
ingly, the mXPD polyadenylation signal (but not the human signal)
maps in intron 7 of the neighboring kinesin light chain 2 (KLC2) gene.

The KLC2 gene is member of a large and rapidly growing family of
proteins involved in microtubule-based motility (23). The close link
age of the KLC2 and XPD genes is evolutionarily conserved between
mouse, human, and Chinese hamster (24), but not fish (25). KLC2
mRNA is transcribed from the opposite DNA strand and represents a
partial antisense transcript of XPD in the mouse (24).

The mXPD cDNA contains an ORF of 2280 bp (data not shown),
encoding a protein of 760 amino acids. The alignment of the XPD
protein with its human homologue and the postulated functional
domains are shown in Fig. 1. The overall degrees of identity and
similarity between the two proteins are 97% and 99%, respectively.

Amino acid sequence differences are scattered over the entire ORF,
but it is notable that all seven helicase motifs are strictly conserved
between human and mouse, except for a minor conservative change
(V595â€”+I)in DNA helicase domain V. The high degree of sequence
conservation from yeast to human, including mouse, is in agreement
with the function of the protein in both NER and basal transcription
(24).

Targeting of the XPD Gene in ES Cells. The targeting construct
used for inactivation of the gene and the probe used for screening and
verification of homologous recombinants are outlined in Fig. 14. The
knockout construct consists of a â€”9-kbHindHL/SflI isogenic mouse
genomic DNA fragment covering XPD exons 13â€”23and all 12 KLC2
exons. A â€”4-kb neo/HPRT cassette (see â€œMaterialsand Methodsâ€•)
replaced a 2.1-kb genomic BamHI fragment containing mXPD exons
17â€”21and part of exon 22 (Fig. 2A), but leaves the KLC2 gene intact.
A 1k cassette (see â€œMaterialsand Methodsâ€•) was inserted in the
targeting construct as a counterselectable marker to select against
random integration events. The neo/HPRT cassette in this position
will truncate the XPD protein at amino acid 524, deleting DNA
helicase domains IVâ€”VIand the postulated DNA-binding domain
(Refs. 15 and 26; Fig. 1); potential alternative splicing in the knockout
allele from exon 16 to exon 23 causes the ORF to run out of frame.
Most likely, the deletion of helicase domains will destroy the function
of the protein as demonstrated previously for the XPB protein (27)
and is therefore considered a functional null allele. Linearized target

ing DNA was introduced by electroporation into HPRT-deficient
HM-1 ES cells (28). Ten from 150 independent G4l8/1-(2'deoxy
2'fluoro-beta-D-arabinofuranosyl-5-iodouracil)-resistant clones ana
lyzed had incorporated the targeting vector by homologous recombi
nation based on Southern blot hybridization analysis of genomic DNA
(Fig. 2B). Two ES clones with a correct karyotype (ko132 and ko156)
were checked using a neo probe internal to the construct (Fig. 2B) and
the tk cDNA (data not shown) as a probe to verify that a single
homologous integration event had occurred.

Generation of Mice with a Disrupted XPD Gene. Chimeric mice
were generated by injection of targeted ES clones ko156 and ko132
into C57BL/6 blastocysts. Germ-line transmission was obtained from

SUnpublisheddata.

Construction of the Targeting Vector. A knockout targeting construct
was prepared by subcloning a â€”9-kb genomic HindIII/SflI fragment containing

mXPD exons 13â€”23in pGEM9zf@ (Promega). A 2.1-kb BamHI fragment of
the XPD gene harboring exons 17â€”21,and a part of exon 22 was deleted and
replaced by a cassette containing the pMC1-neo resistance gene (17) and a
HPRT cDNA driven by the phosphoglycerate kinase promoter (kindly pro
vided by Dr. H. te Ride, Netherlands Cancer Institute, Amsterdam, the

Netherlands). A HSV-tk gene driven by the PGK promoter was inserted into

the unique Sal! restriction site, obtained by filling the Sf! restriction site by T4
DNA polymerase and ligating Sail linkers. The architecture of the targeting
construct and the probe are illustrated in Fig. 14. Cloning procedures were
performed according to Sambrook er a!. (18).

Gene Targeting and ES Cell Culture. The targetingconstructwas lin
earized with Not] and introduced into the HPRT-deficient 129/Ola-derived ES
cell line HM-l (provided kindly by Dr. D. Mellon, University of Edinburgh,
Edinburgh, UK) by electroporation, as described.4 Electroporated cells were
seeded onto gelatin-coated 10-cm dishes (106 cells per plate) and subjected to
G418 (200 @Wml)and l-(2'deoxy-2'fluoro-beta-o-arabinofuranosyl-5-iodou
racil) (0.2 pM; Bristol-Myers Squibb) selection for 7â€”8days in DMEM/60%

Buffalo rat liver cell-conditioned medium (19) supplemented with 10% FCS,
0. 1 mr@i2-mercaptoethanol, and 1000 units/ml leukemia inhibition factor (Life
Technologies, Inc.). Individual clones were plated on 24-well dishes and

expanded (no feeder layer). Half of the 24-well dish was expanded and frozen
at â€”80Â°Cin ES medium supplemented with 10% DMSO. The duplicate plate
was used to identify targeting events. Chromosomal DNA from expanded

cultures was isolated as described earlier (20) and analyzed by Southern blot
analysis using a 0.9-kb Sfih/EcoRI fragment flanking the targeting construct.

Positively targeted clones were reconfirmed by Southern blot analysis using a
neo probe covering the coding region and a 0.3-kb Sad DNA fragment of the
tk gene, to verify that a single integration event had occurred by homologous
recombination and that no additional random integrated copy of the tk gene
was present. ES clones used for microinjection into blastocysts were karyo

typed.
Generation and Screening of XPD Mutant Mice. Chimericmice were

obtained by injecting 10â€”15cells of ES lines ko132 and ko156 into C57BL16
blastocysts. An average of eight injected blastocysts were transferred into
pseudopregnant female BCBA recipient mice. Male chimeras, as identified by
coat color, were crossed with C57BU6 females, and germ-line offspring were
determined by the transmission of the agouti coat color. Approximately half of
the offspring were genotyped as positive for the targeted mutation. To ensure
that a HPRT-proficient background was maintained, only male F1 offspring
were used for further breeding.

For the tail DNA extraction procedure, a piece of tail was lysed overnight
at 55Â°Cin buffer containing 50 mr@iTris (pH 8.0), 100 nmt NaCI, 1% SDS, and
100 j@g/mlproteinase K. A multiplex PCR analysis of tail DNA was used to
genotype the offspring using primer p145 (5'-CCCGGCTAGAGTATCTGC
3') and p1 84 (5'-T1'GCCGGAATACGGGGCCA-3') to detect the wild-type

allele and p184 and pgkex1 (5'-GCTGCTAAAGCGCATGC-3') to detect the
targeted allele. Embryos were genotyped via PCR as described above. Em
bryos were incubated for 5 mm at 95Â°Cin 25 pAof water, and overnight at
55Â°Cafter addition of proteinase K (200 p@g/ml).After 5 mm at 95Â°Cto
inactivate the proteinase K, 5 Ml were used in a PCR reaction.

in Vitro Culturing of Mouse Embryos. Wild-type and heterozygous XPD

females (3 weeks old) were superovulated by injecting Follignon, followed

48 h later by Chonlon prior to mating with heterozygous XPD males. One-cell
stage embryos were isolated from excised oviducts (21 ). Embryos were placed

into 50-s.d drops of M 16 medium in standard microdrop cultures under mcdi
um-equilibrated mineral oil in a 5% CO2 incubator at 37Â°Cfor 96 h. At 2.5
days postcoitum, all single-cell embryos were discarded as unfertilized.

RESULTS

Isolation of mXPD cDNA and Genomic Sequences. To isolate
the mouse homologue of the XPD gene, a mouse testis cDNA library

4 G. Weeds, I. Donker, J. L. N. Broekhof, J. de Wit, and J. H. J. Hoeijmakers. Targeted

mutations in the mouse XPB subunit of TFIIH, involved in DNA repair and transciption,
results in both preimplantation lethality and viable repair-deficient phenotypes, submiued
for publication.
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that homozygosity of the XPD null mutation resulted in embryonic
lethality.

Embryonic LethalIty of Homozygous XPD Mice. To determine
the time ofembryonic death, heterozygous mice were intercrossed and
sacrificed at embryonic day 7.5. No homozygous tissue was recovered
among the 27 embryos analyzed. Importantly, we observed that all
decidua of the sacrificed mice contained a normal embryo. Decidua
are the placental structures that form at each site in the uterus where
implantation occurs. Therefore, absence of empty decidua and 7.5-
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Fig. 1. Comparison of the predicted amino acid sequence of mouse and human XPD
(Genllankaccessionno.,U97572).Onlydifferencesbetweenthe humanandthe mouse
XPD protein have been indicated. Boldface, amino acids deleted by gene targeting.
Underlining, previously postulated domains (15). DNA-BD, DNA-binding domain; 1â€”Vi,
heicase domains; capital letters, similar residues in the mouse sequence (A, S, T, P. and
G;D,E.N,andQ;R,K,andH;I,L,V,andM;andF,Y,andW).

chimeras of ES clone ko156 bred to C57BL16 females as determined

by coat color and Southern blot analysis. To ensure a HPRT-proficient
background, F1 males were used for further breeding, because they
carry the X-linked wild-type HPRT gene in contrast to F1 females,
which are heterozygous for HPRT. Mice heterozygous for XPD
(XPD@) were healthy without any apparent defects, including skin
tumors, until 12 months ofage. To determine DNA repair activity, the
unscheduled DNA synthesis was measured in MEF cell lines.
XPD@' MEFs exhibit similar unscheduled DNA synthesis levels as
wild-type MEFs (data not shown). To obtain mice homozygous for the

XPD null allele, XPD@' mice were intercrossed, and offspring were
genotyped using a multiplex PCR assay of genomic tail DNA (Fig.
20. Among 86 viable offspring, 23 pups analyzed were wild type,
whereas the remaining 63 were heterozygous for the mutation (Table
1). The close to 2:1 ratio of XPD'@@:XPD@@ mice and the complete
absence of homozygous XPD mutants among the offspring indicated
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Fig. 2. Disruption of the XPD gene by homologous recombination in ES cells. A, part
of the genomicstructureanda partialrestrictionmapof the XPDgene. , XPDexons
(exons 17â€”23).The neWHPRTcassette is not drawn to scale. Only the last exon (XII) of
the KLC2 gene is indicated. Arrows, transcriptional orientation of the neo, HPR1@and tk
genes. The 3' external probe A (â€”0.9-kbSfll/EcoRI fragment) detects a 6.5-kb and a
9.5-kb EcoRl restriction fragment in the wild-type and targeted allele, respectively. The
neo probe detects an 8.5-kb BglIl fragment in targeted ES clones. Restriction sites: B,
BamHl; Bg, 8gM; E, EcoRl; H, Hindffl; N, NotI; 5, SaIl. The 5'-BglII restriction site is
positioned outside the targeting construct and is not indicated. B, Southern blot analysis
of genomic DNA from targeted ES clones. DNA of two targeted ES clones (ko132 and
ko156)anduntransfectedEScells(E14)as controlDNAweredigestedwithEcoRland
Bglll and probed with probes A and neo, respectively (see A). The length of each
hybridizing fragment is indicated. C, genotyping by a multiplex PCR assay. Primers p145
and p184 amplify a 488-bp fragment from the wild-type allele (top); primers pgkex1 and
p184 amplify a 270-bp fragment from the targeted allele (bottom). U, XPD exons. Sizes
ofthe obtained DNA fragments are indicated. E14, wild-type ES cells; ko156, targeted ES
clone kol56.
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Table 2 Growth characteristics of in vitro cultured embryos derivedfromXPD@'crossingsâ€•Cross>two-cellMale

Female Two-cell stagestage(+1â€”)

X (+1â€”) 63(31%)b139(+1â€”)
X (+/+) 32(13%)212a

Embryosweregrownandanalyzedasdescribedinâ€œMaterialsandMethods.â€•
b Data were pooled from five inde,pendent experiments. The relative values of embryos

in the two-cell stage between XPD@ and control crossings are significantly differentasdetermined

by Student's t test (P 0.027).

Table I Genotype analvsis of XPD einbr,ios andprogenyaCross

Age of
Male Female progenyNumber

of
pups per litterGenotype+1+ +1â€”â€”Iâ€”(+1â€”)

X (+1â€”) Newborn
(+1â€”) X (+1+) Newborn

(+1â€”)X (+1â€”) E7.56.4
6.523

63
50 54

8 1900a

Bothembryosandneonateswere
â€œMaterialsand Methods.â€•genotyped

byPCR analysis as described in

TARGETED DISRUPTION OF XPD IN MICE

day-old XPD@ embryos suggests that XPD' embryos do not
implant, probably because they die at the preimplantation stage of
development. To determine whether XPD is essential for the earliest
stages of development, two-cell stage embryos were isolated from the
uteri of superovulated XPD@' females mated with XPD@' males.
Embryos were transferred into Ml6 medium and cultured in vitro for
4 days, after which most embryos normally reach the blastocyst stage
(Ref. 21; see Fig. 3). At this time, the proportion of embryos in the
two-cell stage compared to embryos in later stages of development
was determined. From 202 embryos analyzed, 63 (31%) were arrested
in the two-cell stage. In parallel experiments, control embryos were

isolated from matings between heterozygous XPD males and wild
type females. From 244 embryos examined, 32 (13%) were arrested in
the two-cell stage (Table 2). Statistical analysis shows a significant
difference between the two relative values in a Student's t test
(P < 0.05). This indicates that most (if not all) XPD' embryos
arrest in the two-cell stage and suggests that XPD is needed during the
earliest phases of embryonic transcription. However, these data do not
exclude that some of the XPD' embryos die at slightly later stages
of development.

DISCUSSION

Mouse XPD Messenger Overlaps the Neighboring KLC2 Gene.
Overall comparison of the mouse and the human XPD protein
revealed an identity of 97 and 99% similarity, allowing for con
servative residue differences. This overall homology is consistent
with its evolutionary strongly conserved function as a 5'â€”*3'-ATP
dependent DNA helicase in NER and basal transcription. The
genomic organization of the XPD and the KCL2 gene is conserved:
genomic sequence data from this region in mouse and human
revealed that the KLC2 gene is oriented tail to tail with respect to

the XPD gene (24). In mouse, not more than 195 bp separate the
two stop codons of the corresponding genes. In contrast to humans,
for which the XPD polyadenylation signal was identified previ
ously within 70 bp following the stop codon (15), in mice, a
consensus polyadenylation signal (AATAAA) is found -@1.2 kb
distal to the stop codon in intron 7 of the KLC2 gene (Ref. 24).6 We
demonstrate that this is the functional polyadenylation signal of the
mXPD gene. Consequently, the transcription units overlap with
each other for about 1 kb. A similar overlap of two genes has been
found in the DNA repair gene ERCCI as well, which is separated
less than 250 kb from XPD on human chromosome l9ql3.3 (29).
However, as is the case with XPD and KLC2, it is unknown
whether this rare phenomenon of gene overlap has any functional
relevance (30).

Targeted Inactivation of the Mouse XPD Gene. In yeast Sac
charomyces cerevisiae, the XPD homologue RAD3 is required for
NER and has a direct and essential role in RNA polymerase II
transcription (3 1). Both the RAD3 and RAD25 proteins (the latter
encodes the yeast counterpart of XPB) are essential components of
the yeast basal transcription factor IIH and possess DNA-depend
ent ATPase and DNA helicase activities (32, 33). The presence of
the bidirectional helicases suggests that TFIIH as a â€œhelixopenerâ€•
is involved in the generation of an open transcription initiation
complex, whereas in repair, both TFIIH helicases are needed in the
preincision stage, presumably also opening the DNA helix locally
to permit dual incision (8, 34, 35). Inactivation of the RAD3
helicase function (by mutating the ATP-binding pocket) does not
affect transcription but confers UV sensitivity, suggesting that
RAD3 helicase activity is dispensable for transcription and thus for
cellular viability. However, deletion mutants of the RAD3 gene are
not viable (36, 37), which is consistent with the idea that the
physical interactions of RAD3 is important for TFIIH integrity per
se and thus for cellular viability, but its unwinding capacity is not
essential for transcription. In mammals, XPD helicase function is
not critical for transcription and is even not totally indispensable
for DNA repair synthesis.6 We demonstrate here that mice carrying
one copy of the mutant XPD allele appear healthy and are fertile up
to 12 months of age. Apparently, reduction of XPD transcription to
50% has no dramatic influence on the TFIIH activity in NER as
well as in transcription, which is consistent with the recessive
nature of the XPD-related disorders XP, CS, and lTD. Intercrosses
of heterozygous XPD mice never resulted in liveborn homozygous
mutant mice. Thus, our findings reveal the essential role of XPD in
mammals and rule out functional redundance due to, e.g., gene
duplication in evolution. Consistent with the essential function of
TFIIH, targeted inactivation of the XPB gene is also not compatible
with life.4 Theoretically, it is possible that the lethality of homozy
gous mutants is due to a negative effect on the nearby KLC2 gene.

I,

Fig. 3. Preimplantation embryos derived from XPD@' intercrossing; photograph of a
normal blastocyst (right) and a dead two-cell stage embryo (left) derived from a heterozy
gous intercross grown in vitro. 6G@S.Winkler,J.H.J.Hoeijmakers,and0. Weeda,unpublishedresults.
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oped a viable mouse mutant by the introduction of a â€˜lTD-specific
mutation into the XPD gene.8
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Fig. 4. RT-PCR strategy on the mouse KLC2 gene; genomic structure (not drawn to
scale) of part of the wild-type KLC2 and XPD alleles (top), the XPD knockout allele
(middle), and the KLC2L@Sallele (bottom). Primers p178 in the 3'-UTR and p336 in exon
VII of the KLC2 gene amplify a 614-bp KLC2 mRNA fragment transcribed from the
wild-type allele and the XPD knockout allele but not the KLC2@allele. Roman numerals.
coding parts of the KLC2 exons; Arabic numerals, coding parts of the XPD exons.
HPRT and two cassettes used in XPD and KLC2 targeting, respectively. PCR fragment
intensity (data not shown) was quantified using Imagequant after 35 reaction cycles when
the amplificationof the fragmentwas in the linearrange.IntensitiesindicatedKLC2
mRNA expression from the wild-type and the XPD knockout allele in KLC2@&heterozy
gote cells and compound heterozygote KLC2tO/XPDknockout cells, respectively. Expres
sian of the mouse ATR gene7 was used as a quantitative control.

However, three considerations strongly argue against this option:
(a) the XPD knockout targeting construct leaves the KLC2 gene
entirely intact (Fig. 4, middle); (b) RNA expression of the KLC2
gene from the XPD targeted allele was unaltered, as determined by
semiquantitative RT-PCR on mRNA of compound heterozygous
MEFs with a XPD knockout allele and a KLC2I@allele (deletion of
a region of the KLC2 gene containing exon 12 and the 3'-UTR; see
Fig. 4 and data not shown) and MEFs heterozygous for the KLC2I@t
allele; and (c) we have recently found that homozygosity for the
KLC2L@allele is compatible with life.8 Thus, the remote possibility
that lethality of the XPD gene is due to distal effects on the
neighboring KLC2 gene can be ruled out.

Embryonic Lethality ofXPD' Embryos. We could detect nei
ther XPD@ embryos nor empty decidua at embryonic day 7.5 in the
uteri of heterozygous females mated with heterozygous males. The
latter indicates that no embryonic death occurred between embryonic
day 3.5, the time of implantation, and embryonic day 7.5. This
suggests that embryos die at a preimplantation stage of development
(embryonic days 0â€”3.5).In vitro growth experiments with preimplan
tation stage embryos suggested that the majority of the XPIF'
embryos arrest at the two-cell stage. This block is consistent with the
observation that in the mouse embryo the second but not the first cell
division is dependent on zygotic transcription (38). Mouse embryos
grown in the RNA pol LI- and HI-specific transcription blocker
a-amanitin arrest at the late two-cell stage (after DNA replication;
Ref. 39), which is the time when zygotic genome activation occurs.
Apparently, there is no pool of maternal XPD protein or mRNA to
support transcription sufficiently and drive the embryo through a
second cell division. The preimplantation death of XPD' embryos
demonstrates that the (viable) mutations in XP, XP/CS, and TTD
patients do not affect the transcriptional role dramatically. Given that
a complete transcriptional defect is not compatible with life, viable
mutations probably subtly affect the transcription function of TFIIH,
supporting the â€œtranscriptionsyndromeâ€•concept (7, 9).

To get a better insight into how a defect in the NER pathway and
a subtle defect in transcription can lead to the clinical manifestations
of the different NER syndromes, we are mimicking mutations found
in T@FD,XP, and XPICS patients in the mouse. Recently, we devel

7 A. do Klein, unpublished data.

Sj, deBoer,H. Morreau,P.Visser,M. Duran,J. deWit, H. vanSteeg,R. Berg,
J. Hoeijmakers, and G. Weeds, manuscript in preparation.

REFERENCES

I. Bootsma, D., Cleaver, J. E., Kraemer, K. H., and Hoeijmakers, J. H. J. Nucleotide
excision repair syndromes: xeroderma pigmentosum, Cockayne syndrome and tricho
thiodystrophy. In: C. R.Scriver, A. L. Beaudet, W. S. Sly, and D. VaIl (eds.), The

Metabolic Basis oflnherited Disease, Ed. 8. New York: McGraw-Hill, in press, 1998.
2. Nance, M. A., and Berry, S. A. Cockayne syndrome: review of 140 cases. Am. J.

Med. Genet., 42: 68â€”84,1992.
3. Itin, P. H., and Pittelkow, M. R. Trichothiodystrophy: review of sulfur-deficient

brittle hair syndromes and association with the ectodermal dysplasias. J. Am. Acad.
Dermatol., 22: 705â€”717,1990.

4. Stefanini, M., Lagomarsini, P., Gilliani, S., Nardo, T., Botta, E., Peserico. A., Kleyer,
W. i., Lehmann, A. R., and Sarasin, A. Genetic heterogeneity of the excision repair
defect associated with trichothiodystrophy. Carcinogenesis (Lond.), 14: 1101â€”1105,
1993.

5. Stefanini, M., Lagomarsini, P., Arlett, C. F., Marmnoni, S., Borrone, C., Crovato, F.,
Trevisan, G., Cordone, G., and Nuzzo, F. Xeroderma pigmentosum (complementation
group D) mutation is present in patients affected by trichothiodystrophy with photo
sensitivity. Am. J. Hum. Genet., 74: 107â€”112, 1986.

6. Schaeffer, L., Moncollin, V., Roy, R., Staub, A., Mezzina, M., Sarasin, A., Weeda,
G., Hoeijmakers,J. H. J., and Egly, J-M. The ERCC2/DNArepair protein is
associated with the class II BTF2/TFIIH transcription factor. EMBO J., 13: 2388â€”
2392,1994.

7. Vermeulen, W., van Vuuren, A. J., Chipoulet, M., Schaeffer, L., Appeldoorn, E.,
Weeds, G., Jaspers, N. G. 3., Priestley, A., Arlen, C. F., Lehmann, A. R., Stefanini,
M., Mezzina, M., Sarasin, A., Bootsma, D., Egly, J-M., and Hoeijmakers, J. H. J.
Three unusual repair deficiencies associated with transcription factor BTF2 (TFIIH):
evidence for the existence of a transcription syndrome. Cold Spring Harb. Symp.
Quant. Biol., 59: 317â€”329,1994.

8. Bootama, D., and Hoeijmakers, J. H. J. Engagement with transcription. Nature
(Lond.),363: 114â€”115,1993.

9. Hoeijmakers,J. H. J., Egly, J-M., and Vermeulen,W. TFIIH: a key componentin
multiple DNA transactions. Curr. Opin. Gen. 0ev., 6: 26â€”33,1996.

10. Broughton,B.C.,Steingrimsdottir,H.,Weber,C.A.,andLehmann,A. R.Mutations
in the xeroderma pigmentosum group D DNA repair/transcription gene in patients
with trichothiodystrophy. Nat. Genet., 7: 189â€”194,1994.

11. Broughton, B. C., Thompson, A. F., Harcourt, S. A., Vermeulen, W., Hoeijmakers,
J. H. J., Botta, E., Stefanini, M., King, M. D., Weber, C. A., Cole, J., Arleu, C. F., and
Lehmann, A. R. Molecular and cellular analysis of the DNA repair defect in a patient
in xeroderma pigmentosum complementation group D who has the clinical features of
xeroderma pigmentosum and Cockayne syndrome. Am. J. Hum. Genet., 56: 167â€”174,
1995.

12. Takayama, K., Salazar, E. P., Lehmann, A., Stefanini, M., Thompson, L. H., and
Weber, C. A. Defects in the DNA repair and transcription gene ERCC2 in the
cancer-prone disorder xeroderma pigmentosum group D. Cancer Res., 55: 5656â€”
5663, 1995.

13. Takayama, K., Salazar, E. P., Broughton, B. C., Lehmann, A. R., Sara.sin, A.,
Thompson, L. H., and Weber, C. A. Defects in the DNA repair and transcription gene
ERCC2 (XPD) in trichthiodystrophy. Am. J. Hum. Genet., 58: 263â€”270,1996.

14. Weeda, G., Eveno, E., Donker, I., Vermeulen, W., Chevallier-Lagente, 0., TaIeb, A..
Stary, A., Hoeijmakers, i. H. J., Mezzina, M., and Sarasin, A. A mutation in the
XPB/ERCC3 DNA repair transcription gene, associated with trichothiodystrophy.
Am. J. Hum. Genet., 60: 320â€”329,1997.

15. Weber, C. A., Salazar, E. P., Stewart, S. A., and Thompson, L. H. ERCC2: cDNA
cloning and molecular characterization of a human nucleotide excision repair gene
with high homology to yeast RAD3. EMBO J., 9: 1437â€”1447,1990.

16. Sanger, F., Nicklen, S., and Coulson, A. R. DNA sequencing with chain-terminating
inhibitors. Proc. Natl. Acad. Sci. USA, 74: 5463â€”5467, 1977.

17. Thomas, K. R., and Capecchi, M. R. Site-directed mutagenesis by gene-targeting in
mouse embryo-derived stem cells. Cell, 5!: 503â€”512,1987.

18. Sambrook, J., Fritsch, E. F., and Maniatis, T. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory, Cold Spring Harbor, NY, 1989.

19. Smith, A. G., and Hooper, M. Buffalo rat liver cells produce diffusible activity which
inhibits the differentiation of murine carcinoma and embryonic stem cells. Dcv. Biol.,
121: 1â€”9,1996.

20. Laird, P. W., Zijderveld, A., Linders, K., Rudnicki, M. A., Jaenisch, R., and Berns, A.
Simplified mammalian DNA isolation procedure. Nucleic Acid.s Res., 19: 4293, 1991.

21. Hogan, B., Costanti, F., and Lacy, E. Manipulating the Mouse Embryo: A Laboratory
Manual.ColdSpringHarbor,NY:ColdSpringHarborLaboratory,1986.

22. Sheibani, N., and Eastman, A. Analysis of various mRNA potentially involved in
cisplatin resistance of murine leukemia L12l0 cell. Cancer Lett.. 52: 179â€”185,1990.

23. Moore, J. D., and Endow, S. A. Kinesin proteins: a phylum of motors for microtubule
based motility. BioEssays, 18: 207â€”219,1996.

24. Lamerdin,J. E., Stilwagen,S. A., Ramirez,M. H., Stubbs,L.. andCarrano,A. V.
Sequence analysis of the ERCC2 gene regions in human, mouse and hamster reveals
three linked genes. Genomics, 34: 399â€”409, 1996.

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/1/89/2466279/cr0580010089.pdf by guest on 19 M

ay 2023



TARGETED DISRUPTION OF XPD IN MICE

25. Della Coleus, L., Rolig, R. L., Fossey, S., Morizot, D. C., Nairn, R. S., and Walter,
R. B. Characterization of the Xiphophorus fish (Teleostei: Poeciliidae) ERCC2/XPD
locus. Genomics, 26: 70â€”76,1995.

26. Gorbalenya, A. E., Koonin, E. V., Donchenko, A. P., and Blinov, V. M. Two related
superfamilies of putative helicases involved in replication, recombination, repair and
expression of DNA and RNA genomes. Nucleic Acids Res., 17: 4713â€”4730,1989.

27. Ma, L., Westbroek, A., Jochemsen, A. G., Weeda, G., Bootsma, D., Hoeijmakers,
J. H. J., and van der Eb, A. 3. Mutational analysis of ERCC3, which is involved in
DNA repair and transcription initiation: identification of domains essential for the
DNA repair function. Mol. Cell. Biol., 14: 4126â€”4134,1994.

28. Selfridge, J., Pow, A. M., McWhir, J., Magin, T. M., and Melton, D. W. Gene
targeting using a mouse HPRTminigene/HPRT-deficient embryonic stem cell system:
inactivation of the mouse ERCC-I gene. Somat. Cell. Mol. Genet., 18: 325â€”336,

1992.
29. Smeets, H., Bachinski, L, Coerwinkel, M., Schepens, 3,, Hoeijmakers, J. H. J., van

Duin, M., Grzeschik, K. H., Weber, C. A., de Jong, P., Siciliano, M. J., and Wieringa,
B. W. A long-range restriction map of the human chromosome l9qI3 region: close
physical linkage between CKMM and the ERCCJ and ERCC2 genes. Am. J. Hum.
Genet., 46: 492â€”501,1990.

30. van Duin, M., van den Tol, J., Hoeijmakers, J. H. .1, Bootsma, D., Rupp, I. P.,
Reynolds, P., Prakash, L., and Prakash, S. Conserved pattern of antisense overlapping
transcription in the homologous human ERCC-l and yeast RAD1O DNA repair gene
regions. Mol. Cell. Biol., 9: 1794â€”1798,1989.

31. Guzder, S. N., Qiu, H., Sommers, C. H., Sung, P., Prakash, L., and Prakash, S. DNA
repair gene R4D 3 of S. cerevisiae is essential for transcription by RNA polymerase
II. Nature (Lond.), 367: 91â€”94,1994.

32. Bailly, V., Sung, P., Prakash, L., and Prakash, S. DNA-RNA heicase activity of
RAD3 protein of Saccharomyces cerevisiae. Proc. NatI. Acad. Sci. USA, 88: 9712â€”
9716, 1991.

33. Park, E., Guzder, S., Koken, M. H., Jaspers-Dekker, I., Weeda, G., Hoeijmakers,
J. H. 3., Prakash, S., and Prakash, L. RAD25, a yeast homolog of human xerodenna
pigmentosum group B DNA repair gene is essential for viability. Proc. Nail. Acad.
Sci.USA,89:11416â€”11420,1992.

34, Schaeffer, L, Roy, R., Humbert, S., Moncollin, V., Vermeulen, W., Hoeijmakers,
.1. H. J., Chambon, P., and Egly, J-M. DNA repair heicase: a component of BTF2
(â€˜rFIIH)basic transcription factor. Science (Washington DC), 260: 58â€”63,1993.

35, Weeda, G., Van Ham, R. C. A., Vermeulen, W., Bootsma, D., van der Eb, A. J., and
Hoeijmakers, 3. H. J. A presumed DNA helicase encoded by ERCC-3 is involved in
thehumanrepairdisordersxerodermapigmentosumandCockayne'ssyndrome.Cell,
62: 777â€”791, 1990.

36. Naumovski,L, andFriedberg,E. C. A DNArepairgenerequiredforthe incisionof
damaged DNA is essential for viability in Saccharomyces cerevisiae. Proc. NatI.
Aced.Sci.USA, 80:4818â€”4821,1983.

37, Higgins, D. R., Prakash, S., Reynolds, P., Polakowska, R., Weber, S., and Prakash, L
Isolation and characterization of the RAD3 gene of Saccharomyces cerevisiae and
inviability of RAD3 deletion mutants. Proc. Nati. Acad. Sci. USA, 80: 5680-5684,
1983.

38. Kidder, G. M. The genetic program for preimplantation development. Dev. Genet.,
13: 319â€”325,1992.

39. Bolton,V. N.,Oades,P.J.,andJohnson,M.H.Therelationshipbetweencleavage,
DNA replication, and gene expression in the mouse 2-cell embryo. J. EmbryoL Exp.
Morphol.,79:139â€”163,1984.

94

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/58/1/89/2466279/cr0580010089.pdf by guest on 19 M

ay 2023




