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I GENERAL INTRODUCTION 

1.1 INTRODUCTION 

Spontaneously and environmentally induced structural DNA alterations are 
a constant threat to the genetic integrity and genomic stability of living 
creatures. A plethora of chemical and physical agents are highly reactive 
with DNA and have the potential to introduce a large number of different 
DNA damages in the cellular genome. In order to cope with the inevitable 
exposure to such inimical elements, evolution has provided most organisms 
with defence systems with DNA repair functions. Imperfect correction or 
absence of repair of DNA lesions can lead to mutation, recombination, gene 
rearrangement or amplification. If such changes occur at specific genomic 
sites this can evoke activation of proto-oncogenes which are implicated in 
subsequent carcinogenesis (Hanawalt and Sarasin, 1986; Duesberg, 1987). 
This is amply illustrated by members of the ras proto-oncogene family which 
have been found to underlie the process of carcinogenesis in a considerable 
number of tumors (Barbacid, 1986; 1987). Recently, in approximately 40% 
of colorectal cancers activated Ki-ras genes have been detected (Bos et al. 
1987; Forrester et al. 1987) whereas human carcinoma's of the exocrine 
pancreas seem almost exclusively induced by Ki-ras activation (Almoguera 
et al. 1988). In all cases single point-mutations are responsible for the 
acquired transforming properties of the corresponding ras proteins. 

The first experimental evidence for a correlation between defective DNA 
repair and carcinogenesis dates back twenty years, when Cleaver reported 
that cell lines from patients with the cancer prone hereditary disease xero
derma pigmentosum (XP) were defective in the excision repair of ultraviolet 
light (UV) induced DNA damage (Cleaver, 1968; 1969). XP is a world wide 
occurring, rare autosomal recessive disease with a frequency of one to ten 
patients per million (see Kraemer and Slor, 1985; Kraemer, 1987 for an ex-
tensive review on XP). In addition to several clinical abnormalities, XP pa
tients ha.ve a high risk for developing skin tumors on sunlight exposed parts 
of the body whereas also indications were found for an increased frequency 
of internal neoplasias (Kraemer et al. 1984). The UV hypersensitivity of XP 
.fibroblasts was already notified earlier in the 1960's (Gartler, 1964) at the 
same time when nucleotide excision repair of UV induced pyrimidine dimers 
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in Escherichia coli (E. coli) wa.s discovered (Boyce and Howard- Flanders, 
1964). Several years later evidence for excision repair in mammalian cells 
was found (Regan et al. 1968; Cleaver and Painter, 1968) and soon the rela
tionship between defective DNA excision repair and predisposition to cancer 
in XP became apparent (Cleaver,1968). 

This finding did not disclose the genetic defect in XP, nor did it elucidate 
the mechanism of DNA excision repair in human cells. It rather appeared 
to be a prelude to the uncovering of a very complex DNA repair process in 
which many different gene products operate. Cell fusion experiments with 
cultured fibroblasts from different patients have provided evidence for ten 
XP complementation groups, designated XP-A to I and XP-V (variant) (De 
Weerd-Kastelein et al. 1972; Fischer et al. 1985; Kraemer, 1987). Cell 
lines frorp. all groups share a hypersensitivity to UV and with the possible 
exception of XP-V an impaired capacity to efficiently remove UV lesions (see; 
also section 1.2.3). 

Increased susceptibility to DNA damage appears to be a common denom
inator for a number of other rare human genetic disorders. Patients with 
ataxia telangiectasia (AT), Fanconi's anemia (FA), Bloom's syndrome (BS) 
and Cockayne's syndrome (CS) share an elevated cellular sensitivity to physi
cal and chemical DNA damaging agents and have apart from CS a high risk to 
develop malignancies at early stages of life (Friedberg et al. 1979; Lehmann, 
1982a; Kraemer, 1983; Hanawalt and Sarasin, 1986). Like for XP, the molec
ular basis of the genetic defect in these abnormalities is completely unknown 
and furthermore characterized by a considerable genetic heterogeneity. For 
AT, FA and CS, respectively four, two and three genetically distinct groups 
have been found (AT:Jaspers et al. 1985; 1988; FA:Zakrzewski and Sperling, 
1980; Duckworth-Rysiecki et al. 1985; CS: Lehmann, 1982b ). Only in case 
of BS a 'single mutation seems to underlie the clinical manifestations of the 
disease. Recently, evidence was reported for abnormalities in DNA ligase I 
in several independent BS cell lines which seems in accordance with the high 
rate of sister chromatid exchange found in BS cells (Willis and Lindahl, 1987; 
Chan et al. 1987; Willis et al. 1987). BS cell lines from individuals of differ
ent populations share q.,berrant ligase I proteins although the characteristics 
of the observed aberrations differ. This may suggest that different mutations 
in the ligase I gene underlie BS. Interestingly, however, Sirover and coworkers 
have recently reported evidence for an altered uracil DNA glycosylase in five 
BS cell lines using a set of monoclonal antibodies against this enzyme, which 
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has a normal activity in BS cells (Vollberg et al. 1987; Seal et al. 1988). 
In the Askenazic Jewish population the number of BS patients is relatively 
high and it is believed that BS patients in this population are derived from a 
single ancestor (German, 1984). This renders it possible that certain protein 
polymorphisms occur at high frequencies which might have consequences for 
the variety in antigenic determinants and explain the results found with the 
monoclonal antibodies. However, the fact that similar data have been ob
tained with BS cells from an American black (Vollberg et al. 1987) seems 
to rule out this possibility. Cloning and sequence analysis of the ligase I 
and uracil DNA glycosylase genes will have to reveal their relation to the 
genetic defect in BS. At present it is not excluded that the observed ligase 
I deficiency and altered uracil DNA glycosylase in BS are secondary to the 
primary defect which has yet to be determined. 

For the other DNA repair deficiency syndromes hypersensitivity to DNA 
damage is an indirect indication for defective DNA repair. In case of CS, 
which is characterized by an elevated cellular sensitivity to UV, this has re
cently been substantiated by Mayne et al. (1988a) who reported evidence for 
impaired repair of lesions in actively transcribed genes (see also section 1.3). 
FA cells exhibit an increased sensitivity to DNA-cross-linking agents which 
is thought to be due to DNA interstrand cross-links. However, experiments 
to confirm this have yielded conflicting results (Papadopoulo et al. 1987 and 
Refs. therein). AT cells are sensitive to ionizing radiation and other DNA 
strand breaking agents suggesting a defect in DNA repair. However, direct 
experimental evidence for this assumption is lacking. The absence of inhibi
tion of DNA synthesis in AT cells after exposure to X-rays rather suggests 
that the primary defect in AT is at the level of cell cycle control (see Jaspers, 
1985). 

RFLP (Restriction Fragment Length Polymorphism) and genetic linkage 
studies (White and Lalouel, 1987) are a straightforward approach to map the 
genetic defect of the above mentioned DNA repair syndromes to a particular 
genomic site which can subsequently be used to identify and clone the puta
tive DNA repair genes. However, only in case of AT efforts in that direction 
have been undertaken, which resulted in the exclusion of 15% of the human 
genome to harbor the defective AT complementation group AB gene (Gatti 
et al. 1987; Lehmann et al. 1987). In general, RFLP studies on DNA repair 
syndromes are hampered by the very low number of patients afflicted with 
these diseases and the considerable genetic heterogeneity. Therefore, linkage 
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studies seem less applicable to localize defective genes in the various repair 
syndromes. 
Microcell mediated transfer of human chromosomes to XP-A cells has been 
reported, but did not permit the chromosomal localization of the human 
XP-A gene (Ishizaki et al. 1981; Schultz et al. 1987). Using the same ex
perimental strategy human chromosome 15 was recently found to correct the 
defect in XP-F cells (Schultz et al. 1988). In fusion experiments of XP-A 
fibroblasts with cytoplasts of human/Chinese hamster hybrids a concordance 
of an XP-A correcting factor with human chromosome 1 was found (Keijzer 
et al. 1987). However, the authors do not exclude the possibility that the 
observed XP-A correction is the result of a combined action of human and 
Chinese hamster proteins rather than the XP-A protein alone. 

In some instances an association of complementation groups of different 
genetic disorders has been observed. The single patients of XP groups B and 
H also displayed diagnostic criteria for CS (Robbins et al. 1974; Moshell et 
al. 1983). XP-B fibroblasts have been classified as the third CS comple
mentation group (Lehmann, 1983). Furthermore, some trichothiodystrophy 
(TTD) patients were recently found to be hypersensitive to UV and corre
sponding TTD cell lines failed to complement the genetic defect in XP-D 
cells (Stefanini et al. 1986; Rebora and Crovato, 1987). Although intragenic 
complementation can not be excluded, the combined occurrence of diagnos
tic characteristics for different genetic disorders might be the result of large 
chromosomal aberrations involving more than one locus. However, uptil now 
cytogenetic studies have not provided evidence for this assumption (W. Kei
jzer, pers. comm.). 

The cancer proneness of human diseases with an impaired resistance against 
DNA damage indicates that it is very important to investigate the process 
of DNA repair in mammalian cells. In order to understand the connection 
between DNA damage and carcinogenesis detailed information is required 
about the function of the genes and proteins that survey the integrity of the 
genetic information and attack aberrant structural DNA alterations.! 
The DNA excision repair pathway is one of the major DNA repair processes in 
mammalian cells (Friedberg, 1985) and it is evident that cultured fib~oblasts 

I 

from XP patients are valuable tools to study this repair system. In addition, 
the last decade has witnessed the isolation of a large number of in vitro mu
tagenized UV-sensitive rodent cell lines with XP-like features (Thompson, 
1985; Collins and Johnson, 1987 and refs. therein). To date, at least seven 
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complementation groups of UV sensitive Chinese hamster cells ha.ve been 
identified (Thompson et al. 1981; Thompson and Carrano, 1983; Thompson 
et al. 1987a; Zdzienicka et al. 1988). With respect to a possible relationship 
between the 9 excision defective XP and 7 rodent complementation groups 
limited information is available and evidence for overlap between the human 
and rodent classifications is lacking (Thompson et al. 1985a). Hence, it is not 
excluded that the excision of UV-induced DNA adducts in mammalian cells 
is a highly complex process in which 16 or more gene products are involved. 
The idea that a large number of gene products operate in DNA excision re
pair is further supported by recent findings on this mode of DNA correction 
in the baker's yeast Saccharomyces cerevisiae and the recently elucidated 
mechanism of excision repair in E. coli (see below, section 1.2). 

Currently, efforts to identify the defective excision repair genes or gene 
products in UV-sensitive cell lines of human and rodent origin involve two 
main strategies. XP cells are exploited to develop assay systems to purify 
'XP-factors'. Using different test systems several laboratories have reported 
transient correction of the defect in several XP complementation groups with 
crude and partially purified protein extracts of wild type cells (Yamaizumi et 
al. 1986; Nishida et al. 1987; Kaufman and Briley, 1987; Wood et al. 1988; 
Hoeijmakers, 1988; see also section 1.2). The second approach to identify 
mammalian repair genes involves correction of the UV-sensitive phenotype 
of cultured cells by means of DNA mediated gene transfer. Recently, trans
fection experiments with UV-sensitive Chinese hamster ovary (CHO) cells 
have yielded the isolation of several human DNA repair genes (see Chapter 
II) (Westerveld et al. 1984, appendix paper I; Weber et al. 1988; Hoeij
makers et al. 1988a). As will become apparent throughout this thesis, well 
characterized CHO DNA repair mutants are of major importance for DNA 
repair research and invaluable tools to elucidate the intricacies of DNA exci
sion repair in mammalian cells. 

1.1.1 Aim of this thesis 

It is the aim of the experimental work presented in this thesis to identify 
and characterize genes and gene products involved in mammalian DNA ex
cision repair. To this end UV-sensitive CHO cells are used in transfection 
experiments to isolate human genes that complement the defective capacity 
to repair UV- induced DNA insults. 
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The next sections of chapter I are devoted to important recent aspects 
of DNA repair research with the emphasis on the process of excision repair. 
More comprehensive surveys of the literature on DNA repair can be found 
in several excellent reviews (Friedberg, 1985; Strauss, 1985; Sedgwick, 1986; 
Collins et al. 1987). 

Chapter II gives the current 'state of the art' with respect to the identifica
tion and cloning of human genes involved in DNA excision repair. Particular 
attention is given to the strategy of DNA mediated gene transfer which is at 
present the most straightforward approach for the isolation of ERCC-genes 
that confer wild type DNA repair functions to UV-sensitive CHO cells. The 
experimental work presented in this thesis concerns the cloning and char
acterization of the first representative of this group which is described in 
appendix papers I to VII. 

I.2 BIOCHEMISTRY OF NUCLEOTIDE EXCISION REPAIR 

Nucleotide excision repair can be defined as the process in which a part of 
the damaged DNA strand including a bulky DNA lesion is excised followed 
by DNA repair synthesis to fill the single strand gap (Friedberg, 1985). A 
number of different steps can be discerned in this mode of repair: 

1. Recognition of the damage. 

2. Endonucleolytic action adjacent to the damage to 'open' the damaged 
strand. 

3. Exonucleolytic action to remove a stretch of nucleotides including the 
damage. 

4. Resynthesis to fill the single strand gap. 

5. Ligation to rejoin the newly synthesized strand with the pre-existing 
DNA. 

The multiprotein character of this process is easy to envisage and can also 
be deduced from the large number of different UV- sensitive mutants among 
different organisms. In E.coli the mechanism of DNA excision repair has 
been elucidated in great detail whereas for eukaryotes - especially yeast -
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information on the genes and proteins involved is gradua.lly emerging. A 
comparison of the number of E.coli, yeast and mammalian mutants with 
defective excision repair strongly suggests that there has been an evolutionary 
pressure to generate repair systems with increasing complexity. 

1.2.1 Excision repair in E.coli 

The isolation of UV-sensitive E.coli uvr mutants (Howard-Flanders et al. 
1966; Ogawa et al. 1968) has provided the basis for the identification and 
cloning of bacterial excision repair genes and the subsequent unraveling of 
the excision machin_ery (Seeberg et al. 1976). The uvrA, B and C genes 
encode proteins of 103874 (Husain et al. 1986), 76118 (Arikan et al. 1986) 
and 66038 Dalton (Sancar et al. 1984) which have been purified to homo
geneity. This has allowed the in vitro reconstitution of the uvrABC excision 
nuclease activity and detailed analysis of the working mechanism of the pro
tein complex (Sancar and Rupp, 1983; Yeung et al. 1983). A schematical 
model of the uvrABC mediated excision of a dimer (Oh and Grossman, 1986; 
Grossman et al. 1988) is shown in Figure 1.1. The uvrA protein has an ATP 
dependent DNA binding activity (Seeberg et al. 1982). ATP binding leads 
to a conformational change of uvrA that favours the formation of protein 
dimers which have a high affinity for damaged sites in duplex DNA. In this 
dimer configuration uvrA can form a stable complex with uvrB and uvrC. 
The uvrAB complex has an ATP dependent helicase activity in a 5' to 3' 
direction (Oh and Grossman, 1987). The recently reported in vivo kinetics of 
repair of UV damage suggest that the uvrAB helicase is scanning the DNA 
at the expense of ATP (Elliot et al. 1988). Due to a higher affinity for DNA 
helix distortions the complex stops at a damaged site and the uvrC protein 
joins the complex to mediate incision of the damaged strand at 7 nucleotides 
5' and 3 or 4 nucleotides 3' of the lesion (Sancar and Rupp, 1983). The re
lease of the excised oligonucleotide and turnover of the uvrC protein requires 
the combined action of the uvrD and polA gene products: helicase II and 
DNA polymerase I respectively (Caron et al. 1985; Husain et al. 1985). The 
resulting single strand gap is subsequently filled in by polymerase I activity 
and finally closed by a ligation step. Following exposure to DNA damage, in 
E. coli at least 17 genes are induced as part of the SOS response (reviewed by 
Walker, 1985) including the uvrA, Band D genes. This 'stress' reaction leads 
to a temporarily high level of 'repairosomes' (i.e. the combined activity of the 
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Figure 1.1 
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Possible working mechanism of the E. coli uvrABC excision nuclease (see text for further 
details). 

uvr and poll gene products) in order to efficiently attack the chromosomal 
DNA damage. 

The ~vrABC nucleotide excision system acts in a virtually non-specific 
manner in that it removes a wide variety of structurally unrelated bulky DNA 
adducts (e.g Sancar et al. 1985; Van Houten and Sancar, 1987). Distortion 
of the helical structure seems the only trigger for the excision activity. 

1.2.1.1 Introduction of uvrABC in XP cells 

Several laboratories have investigated the possibility whether the bacterial 
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repair system can correct the repair defect in XP. However, uptil now the 
introduction of the E.coli uvr components either by nuclear microinjection 
(Zwetsloot et al. 1986) or by DNA transfection (Dickstein, 1988) did not 
effect measurable changes in the UV response of the treated cells. 

1.2.2. Excision repair in yeast 

A large number of Saccharomyces cerevisiae mutants (>100) with abnormal 
sensitivity to DNA damage have been isolated (see Haynes and Kunz, 1981 
for a review on yeast repair mutants). At least 10 UV -sensitive mutants, 
belonging to the so-called RAD3 epistasis group have been identified that 
are mutated at genetic loci involved in nucleotide excision repair (Friedberg, 
1987; Friedberg et al. 1987a). The radi, rad2, rad3, rad4, radiO and mms19 
mutants are highly defective in the incision of DNA containing pyrimidine 
dimers or interstrand cross-links (Reynolds and Friedberg, 1981; Wilcox and 
Prakash, 1981; Miller et al. 1982) whereas the other excision repair mutants 
( rad7, rad14, rad16, and rad23) display a moderate capacity for strand in
cision which corresponds with the UV-sensitivity of the different mutants 
(Friedberg, 1985). The RAD1, RAD2, RAD3, RAD4, RAD7 and RADiO 
genes have been cloned and except for RAD4 the primary structure of the 
proteins has been predicted from the nucleotide sequence. Details of the 
RAD proteins are summarized in Table 1.1. 

The individual characterization of the RAD proteins does not allow yet to 
device a model for yeast DNA excision repair and it is not known whether a 
concerted action of the RAD proteine is responsible for excision repair. The 
finding that the RAD23 gene can complement an N-terminally truncated 
RAD7 protein lacking 99 amino acids is the first concrete indication for 
physical interaction between individual gene products involved in eukaryotic 
DNA repair (Perozzi and Prakash, 1986). Any analogy between yeast exci
sion repair and the bacterial uvrABC system is purely speculative although 
perhaps some common features exist. The molecular weights of the bacterial 
and yeast proteins show some resemblance and particularly the recent find
ing that RAD3 is a DNA dependent ATPase with helicase activity is striking 
(Sung et al. 1987a;b ). It is possible that the helicase action of the RAD3 and 
E.coli uvrD protein serve a similar function in the excision process. Like the 
bacterial uvr genes, the RAD genes are constitutively expressed at very low 
levels (Friedberg, 1987). Although no evidence exists for the presence of an 
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Table !.1. 
Summary of properties of cloned yeast excision repair proteins. 

Protein Mw (Dalton) Characteristics Reference*) 

RAD1 126360 
RAD2 111081 UV-inducible 
RAD3 89779 ATPase, Helicase 
RAD4 87100 
RAD7 63705 interaction with RAD23 
RADiO 24310 homology with human ERCC-i 
RAD23 not known interaction with RAD7 

--. ------·----·-- -· ------------~---

1 
2,3,4 
5,6,7,8 
9,10 
11 
12,13 
11,14 

*) 1:Reynolds et al. 1987; 2:Nicolet et al. 1985; 3:Robinson et al. 1986; 4:Madura and 

Prakash, 1986; 5:Reynolds et al. 1985; 6:Naumovski et al._ 1985; 7:Sung et al. 1987a; 

8:Sung et al. 1987b; 9:Fleer et al. 1987; 10:Burtscher et al. 1988b; ll:Perozzi and 

Prakash, 1986; 12:Reynolds et al. 1985; 13: van Duin et al. 1986, appendix paper II; 

14:McKnight et al. 1981. 

SOS response, for RAD2 a 2-6 fold induction upon exposure to a variety of 
DNA damaging agents has been reported (Robinson et al. 1986; Madura and 
Prakash, 1986). However, the significance of this induction for the efficiency 
of DNA repair is still obscure. 

The RAD3 protein is at present the best characterized yeast excision re
pair protein. Interestingly, mutagenesis studies have revealed that the RAD3 
protein has a dual function. In addition to its absolute requirement for the 
incision of DNA during excision repair, the RAD3 gene is essential for the 
viability of haploid yeast cells. Those distinct functions could be specifically 
eliminated in mutation studies (Naumovski and Friedberg, 1986; 1987). 

Significant amino acid homology between RAD 10 and the mammalian 
excision repair protein ERCC-1 was discovered (van Duin et a.l. 1986, ap
pendix paper II, see also section I1.4.3.1) suggesting an equivalent function. 
In support of this assumption, recently partial complementation of the UV
sensitive phenotype of a CHO mutant defective in ERCC-1 by the yeast 
RADiO gene was reported (Burtscher et al. 1988a;b). 

Introduction of several RAD genes in E. coli mutants had no effect on UV
sensitivity and also transfection of RAD3 and RAD1 0 constructs to XP-A 
cells were negative in this respect (Friedberg, 1987). 
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Large scale purification of the RAD proteins is a point of common interest 
in several laboratories in order to attempt in vitro reconstitution of a yeast 
'repairosome' as has been shown for the E.coli excision repair system. 

1.2.3 Mammalian nucleotide excision repair 

At the single cell level this mode of DNA repair can be measured by incu
bating UV irradiated cells in medium containing 3H-thymidine. By means of 
autoradiography the level of UV-induced unscheduled DNA synthesis (UDS) 
can be visualized as silver grains over the nucleus. The UV-sensitivity of XP 
cells and CHO mutants is in many cases accompanied by reduced levels of 
UDS indicating a defective excision of DNA damage. 

In mammalian cells two types of excision repair have been identified i.e. 
short patch and long patch repair (Regan and Setlow, 1974; Hanawalt et al, 
1979). The patch size, the length of the newly synthesized DNA strand, is 
dependent on the type of damage. The short patch repair process is respon
sible for restoration of 'X-ray like' lesions and damage induced by alkylating 
agents and requires the insertion of only a few nucleotides. UV-induced 
DNA damage and other bulky lesions are subject to long patch repair which 
means that a stretch of 30-100 nucleotides or more are renewed (Edenberg and 
Hanawalt, 1972; Walker and Th'ng, 1982; Th'ng and Walker, 1983; Smith 
and Okumoto, 1984). 

Many laboratories have addressed the question whether DNA polymerase 
et or {3 provide strand renewal and which mechanism accounts for the pre
ceeding excision of the damaged DNA (see Keyse and Tyrrell, 1985; Th'ng 
and Walker, 1985; Wilson et al. 1988 and refs. therein). Experiments 
with aphidicoline, cytosine arabinoside which inhibits DNA-polymerase a 
and dideoxythymidine which specifically blocks polymerase {3, gave indica
tions that both enzymes are to some extend involved in excision repair. It 
remained unclear whether each enzyme alone could fill in the repair gaps 
(Th'ng and Walker, 1985). Recently, Nishida et al. (1987) have succeeded 
in isolating DNA polymerase b from HeLa cells. The protein had a relative 
molecular weight of 220,000 daltons, which is similar to the calf thymus DNA 
polymerase 811 (Crute et al. 1986). In a system of permeabilized cells puri
fied DNA polymerase 8 could in combination with T4 endonuclease V, which 
specifically cuts at the site of pyrimidine dimers (Nakabeppu and Sekiguchi, 
1981), restore UV-induced DNA repair synthesis without the presence of 
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polymerase a or fl. Interestingly, and in contrast to polymerase a and {j , 
the purified polymerase 8 also harbors a 3' to 5' exonuclease activity which 
might be crucial in the initiation of strand removal in the 3' direction so 
that a proper primer is formed for the polymerase activity. The polymerase 
8 activity is boosted by the presence of DNA polymerase a (Nishida et al. 
1987). Hence, it is conceivable that a concerted action of polymerases sub
sequent to the initiation by polymerase 8 is responsible for strand renewal. 
On the other hand, it is possible that different repair processes, i.e. preferen
tial repair of active genes (see section 1.3) or random DNA damage removal, 
are mediated by different polymerases. A strand displacement activity as 
observed for DNA polymerase fJ (Mosbaugh and Linn, 1983) or a yet to be 
determined additional 5' to 3' exonuclease activity might prepare the patch 
for DNA synthesis in 5' to 3' direction. 

Damaged strand excision and DNA repair synthesis are late steps in the 
excision process and triggered by damage recognition and DNA incision. 
By measuring the number of single strand breaks after UV-irradiation and 
performing the T4 endo-assay in which cuts are made at the site of dimers, 
it appears that most UV- sensitive mutants (XP and CHO) that have been 
identified are defective in the early steps of the excision pathway. However, 
the biochemistry of these initial steps of eukaryotic repair is still unknown. 

1.2.3.1 Excision repair in XP 

XP cells of complementation groups A to I are characterized by a reduced 
level of UV-induced UDS which ranges from 0 to 50 % of the wild type 
level (Cleaver and Karentz, 1987). In addition also kinetic analysis of there
pair reaction revealed differences among the various complementation groups 
(Keijzer et al. 1982; Giannelli et al. 1982; Squires and Johnson, 1988). It 
was shown by alkaline elution studies that XP cells have a reduced capacity 
to incise their DNA following UV exposure (Fornace et al. 1976). Using the 
prokaryotic T4 endonuclease or Micrococcus luteus endonuclease in all nine 
XP complementation groups (A to I) this defect could be bypassed resulting 
in enhanced excision levels (Tanaka et al. 1975; 1977; Hayakawa et al. 1981; 
De Jonge et al. 1985). Also introduction of the T4 den V gene coding for 
the dimer specific T4 endonuclease in immortalized cells of XP-A and D con
ferred partial UV resistance (Valerie et al. 1987; Arrand et al. 1987). Hence, 
it was inferred that, although to a different extent, all nine XP complementa
tion groups have a defect prior to or in the incision step of the DNA excision 
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repair pathway. Therefore, identification of the genetic defect in XP will be 
an important contribution to the understanding of the mammalian excision 
repair process. 

Recently, several laboratories have succeeded in generating in vitro assays 
for the defective repair in XP. By microinjection of heterolqgous or wild 
type protein extracts into XP fibroblasts of various complementation groups 
the defect could be restored as measured by UDS (De Jonge et al. 1983; 
Vermeulen et al. 1986; Yamaizumi et al. 1986; Hoeijmakers et al. 1987). 
This transient microinjection assay is currently employed for purification of 
the 'correcting factor' which is defective in XP-A and XP-C. It was recently 
found that calf thymus contains a relatively high XP-A correcting activity. 
Therefore this bovine tissue promises to be a good source for large scale 
purification of the XP-A factor which in preliminary experiments was found 
to have an estimated molecular weight of ± 45 kilodalton (Hoeijmakers et 
al. 1988a). Interestingly, correction of the XP-A and G defect could also be 
achieved after microinjection of poly( A)+ RNA of HeLa cells (Legerski et a.l. 
1984), thereby opening a more direct way to isolate the mRNA and eDNA 
responsible for the XP correction. By microinjection of size fractionated 
poly(A)+ RNA fractions it was found that the XP-A correcting protein is 
encoded by a mRNA of 1200-1400 base pairs (Hoeijmakers et al. 1988a) which 
is in accordance with the putative size of the correcting bovine protein. 

In several laboratories permeabilized human fibroblasts have been used 
for developing a functional assay for (XP) factors involved in the excision 
repair process. Kaufman and Briley (1987) showed that saponin treated 
cells accumulate single strand breaks in the absence of deoxyribonucleoside 
triphosphate precursors . This was not observed in XP-A cells but could be 
induced with the M.luteus endonuclease or DNase I, indicating that perme
abilized XP cells might be used as a 'test tube' to analyse crude and partially 
purified protein fractions of normal cells. Nishida et al. (1987) have prelim
inary evidence that the repair activity in cytosol depleted XP cells can be 
recovered by exogenously supplied crude cell extracts provided that purified 
polymerase 1i is also present. Hence, this looks an attractive system for pu
rifying excision repair proteins. 
Recently, Wood et a.l. ( 1988) ma.na.ged to develop a. cell free repair a.ssa.y 
which monitors the UV-dependent incorporation of 32P-la.beled dATP in 
UV-irra.diated plasmid DNA. Extracts from XP-cells of all complementation 
groups examined were inactive in this repair assay but showed repair syn-
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thesis in the presence of the M.luteus endonuclease. Moreover, a. mixture 
of heterologous XP extracts had normal repair activity indicating that the 
in vitro repair assay can also serve as an in vitro complementation assay 
(Wood et al. 1988). In agreement with earlier studies (Dressler and Lieber
man, 1983; Kaufman and Briley, 1987) a strong ATP dependence for the in 
vitro reaction was observed (Wood et al. 1988). Partially purified extracts 
that were active in the microinjection assay with XP-A cells were also positive 
in the cell free repair assay (Eker and Wood, pers. comm.) which indicates 
that both in vitro and in vivo repair assays have a comparable specificity. 
The results obtained with the cell free repair assay are difficult to reconcile 
with previously reported work of Mortelmans et al. (1976) and Kano and 
Fujiwara (1983) which indicated that XP cell extracts were capable to excise 
UV damage from naked DNA or chromatin of normal and heterologous XP 
cells in a.n ATP independent fashion . These results suggest that the chro
matin structure plays an important role in excision repair and that the repair 
defect in XP concerns recognition or accessibility of the damage rather than 
the capacity to perform the incision step. It is clear that further experiments 
are required to clarify the apparent discrepancy between the conclusions of 
the different experimental approaches to study the defect in XP. 

XP-variant (XP-V) cells are characterized by a moderate UV- sensitivity 
and near normal UDS levels (Cleaver et al. 1972) and therefore were in 
contrast to the classical XP-A to I groups not suspected to harbor a defect in 
excision repair. A deficiency in a repair mechanism termed post-replication 
or daughter strand repair (Lehmann et al. 1975) was thought to underlie the 
clinical manifestations of XP-V patients which are not much different from 
those belonging to other complementation groups. Surprisingly, Wood et al. 
(1988) recently reported that XP-V cells were as deficient as classical XP cells 
in the cell free repair assay. These results suggest that XP-V cells are not as 
exceptional a.s suspected but rather indicative of a tenth XP complementation 
group with defective excision repair. The data of Kondo et al. (1987) who 
reported similar UDS levels for XP-E and XP-V cells and an extensive study 
of Thielmann et al (1985) on repair parameters of many XP-V cells support 
this assumption. Also in studies on the UV-induced mutation frequency and 
transformation XP-V cells behaved as 'normal' XP's (Maher et al. 1976; 
McCormick et al. 1986). Hence, it appears that the results of a number 
of independent studies are in accordance with Wood's finding. At present 
it is too early to explain the fact that residual repair activity of XP-V cells 
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as measured with the UDS assay is not noticed in the in vitro repair assay. 
Possibly, the latter assay lacks regulatory factors that are responsible for the 
residual UDS produced by a cripple repair machinery in vivo. 

1.3. PREFERENTIAL REPAIR OF DNA DAMAGE 

UV-induced DNA damage has a terminating effect on transcription (Sauer
bier and Hercules, 1979) which is probably underlying the lethal effects of cel
lular UV exposure. In transfection experiments with XP cells even the pres
ence of one dimer completely abolished the activity of a transfected marker 
gene (Protic-Sabljic and Kraemer, 1985). UV-irradiation of normal cells in
hibits the rate of RNA synthesis which recovers in a few hours to original 
values although after that period still a considerable number of dimers can 
be detected (van Zeeland et al. 1981). This relatively rapid recovery of tran
scription was not observed in UV-sensitive cell strains of CS and XP patients 
(Mayne and Lehmann, 1982). Using different assays CS cells were found to 
have a normal excision repair (Mayne, 1982). To explain the inhibition of 
RNA synthesis recovery in CS cells it was postulated that mammalian cells 
harbor a mechanism which preferentially repairs DNA lesions in transcrip
tionally active regions which is disturbed in CS cells (Mayne, 1982; 1984; 
Mayne and Lehmann, 1982). Several other independent arguments were sug
gestive for the presence of a heterogeneity in repair of genomic DNA. Firstly, 
human and CHO cells exhibit a similar UV-survival, however at 24 hrs af
ter irradiation (5-10 Jjm2) in cultured CHO cells still 80-90 % of induced 
dimers are present whereas in human cells 80 %is removed (Zelle et al. 1980; 
van Zeeland et al. 1981). Secondly, in monkey cells a difference in excision 
repair in repetitive DNA (non-transcribed) compared to the bulk DNA was 
observed (Zolan et al. 1982; 1984; Leadon et al. 1983; Leadon and Hanawalt, 
1984) Thirdly, it was found that the residual repair activity of XP-C cells 
(10-20% of wild type) is localized in specific genomic regions (Mansbridge 
and Hanawalt, 1983) that are associated with the nuclear matrix (Mullen
ders et al. 1984). In this respect it is worth-while mentioning that Robinson 
et al. (1983) reported that transcriptionally active genes are associated with 
the nuclear matrix. 

Hanawalt and coworkers have recently developed a technique that allows 
the detection of repair of DNA damage at the single gene level {see Hanawalt, 
1986; Smith, 1987; Bohr; 1987). Using this procedure it was found that 
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approximately 70% of UV-induced dimers were removed from an actively 
transcribed dihydrofolate reductase (DHFR) gene in CliO cells whereas for 
regions outside the gene DNA repair levels comparable with overall CHO 
repair levels (i.e 10-15%) were found (Bohr et al. 1985; 1986). Similar 
results were obtained in experiments with the human DHFR gene (Mellon 
et al. 1986). Additional experiments showed that the efficiency of dimer 
removal correlates with the transcriptional activity of the examined DNA 
since a differential repair was found for active and inactive proto-oncogenes. 
Within 24 hours after UV-irradiation 85% of dimers were removed from the 
active mouse c-abl gene and only 20% from the silent mouse c-mos gene 
(Madhani et al. 1987). Furthermore, induction of the expression of the CHO 
metallothionein gene leads to a concomittant increase of the DNA repair of 
this particular gene (Okumoto and Bohr, 1987). 

Accessibility of DNA damage during RNA synthesis might be the expla
nation for the close correlation between repair and transcription. However, 
in elegant experiments Mellon et al. (1987) recently reported that only the 
transcribed strand is subject to preferential repair. Hence, this indicates 
that accessibility of the DNA during transcription is not the sole factor de
termining repair efficiency. It is conceivable that there is a close interaction 
between transcription and repair processes and that the proteins involved are 
associated in one protein complex. 

1.3.1 Selective removal of DNA damage in UV-sensitive cells 

In normal cells the essential DHFR gene is found to be preferentially repaired 
(Mellon, 1986). In contrast no repair of this gene could be detected in XP-C 
cells (Bohr et al. 1986). Hence, it appears that the nuclear matrix associated 
repair activity in XP-C does not include all active genes (see section 1.3). It 
was concluded from this observation that the UV hypersensitivity of XP
C cells correlated with the reduced efficiency of repair of essential genes 
(Bohr et al. 1986). In XP-D cells and normal CHO cells which both have 
a similar overall repair efficiency compared to XP-C cells, no evidence for 
nuclear matrix associated repair was found (Mullenders et al. 1986; 1987; 
Karentz and Cleaver, 1986). The aberrant mode of repair in XP-C suggests 
that the genetic defect may concern a regulatory mechanism which controls 
the accessibility of DNA adducts and hence the efficiency of DNA repair. A 
similar explanation might also be valid for XP-V cells. Only in that case it 
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can be speculated that the preferential repair of DNA da.mage is disturbed 
and that the random repair capacity of XP-' V cells functions normally which 
explains the relatively high residual repair activity and at the same time high 
UV-induced mutation frequency. 

Introduction of the bacteriophage T4 den V gene in UV-sensitive CHO 
mutants of complementation group 1 induces a high overall efficiency of DNA 
repair which does not seem to depend on transcriptional activity (Bohr and 
Hanawalt, 1987). This indicates that the accessibility of DNA damage to 
repair proteins is not restricted to the tra11scribed regions although it should 
be realized that the T4 endonuclease is a relatively small protein (19 kd). 

Mayne et al. (1988a; pers. corhm.) have recently reported that CS cells of 
complementation groups A and B are indeed defective in the repair of actively 
transcribed genes as postulated earlier (Mayne and Lehmann, 1982). Similar 
preliminary results were mentioned by Mellon et al. (1987). This is the 
first concrete indication that the genetic defect in CS concerns a DNA repair 
function. 

1.4 UV-LIGHT, MUTAGENESIS AND CARCINOGENESIS 

Skin cancer is the most common malignancy in man (Penn, 1985; Doll, 1986). 
It is evident that the major etiologic factor underlying the process ofthis type 
of carcinogenesis is exposure to sunlight, especially the UV component of the 
sunlight spectrum. This is clearly illustrated by the markedly increased fre
quency of UV-induced mutation frequency with XP cells compared to normal 
cells (Maher and McCormick, 1976). For a long time, the major biological 
effects of UV - lethality and mutagenesis - have been attributed to pyrimi
dine dimers. Recently, however, it has been found that approximately 10% 
of UV-induced DNA adducts are pyrimidine-pyrimidone (6-4)-photoproducts 
(Franklin et al. 1982; Haseltine, 1983). Examination of the chemical struc
ture of the (6-4) lesions revealed that the 3' pyrimidone of the compound can 
no longer basepair with the purine residue of the opposite strand, leaving a 
premutagenic gap (Franklin et aL 1985). Indeed, several lines of research 
have indicated that the (6-4) photoproduct plays a dominant role in UV
induced mutagenesis in bacteria (Brash and Haseltine, 1982), phage lambda 
(Wood et al. 1984; Wood, 1985) and mammalian cells (Lebkowski et al. 1986; 
Drobetsky et al. 1985). However, using a shuttle vector system in human 
and monkey cells Kraemer and coworkers showed that in vitro photoreactiva-
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tion of dimers before transfection of the UV-irradiated shuttle vector reduced 
the mutation frequency of a target gene in the vector to 10-20%, indicating 
a considerable mutagenic potential for the major UV lesion in mammalian 
cells (Protic-Sabljic et al. 1986; Bredberg et al. 1986; Brash et al. 1987). 

Several mutation studies with mammalian cells have shown that UV pri
marily induces single point mutations which are often G.C-A.T transitions 
(DuBridge and Calos, 1987). The underlying mechanism is present in both 
normal and XP cells indicating that it is unlikely to be related to excision 
repair (Bredberg et al. 1986). G.C-A.T mutagenesis probably occurs during 
replication of the UV damaged strand. It has been found that prokaryotic 
polymerases preferentially insert adenine residues across from sites of DNA 
damage (Strauss et al. 1982; Schaaper et al. 1983). It is conceivable that 
this 'A-rule' model also accounts for the results of mutation studies with 
mammalian cells. In that case T<>T dimers would not be mutagenic but 
T<>C and C<>T dimers and (6-4) lesions (at TC sites) would result in an 
A residue insertion which will end up as a G.C-A.T transition. The contro
versy on the relative contribution of the two main UV lesions - pyrimidine 
dimers or (6-4) photoproducts - is not completely solved by this model and 
requires additional experiments. 

Interestingly, it was recently found that a considerable overlap exists be
tween spectra of spontaneous and UV-induced mutations (Drobetsky et al. 
1987; De Jong et al. 1988). Moreover, it appeared that the frequency of 
photoproducts does not always correlate with mutation hot and cold spots 
(Brash et al. 1987). When these data are taken together one can speculate 
that DNA context at the site of the lesion plays a significant role in mutation 
fixation (Drobetsky et al. 1987). 

At present it is not known whether the results from the above mentioned in 
vitro studies refl~ct the in vivo situation which accounts for sunlight induced 
skin tumor formation in XP patients. In this respect it might be important 
to realize that mutation induction by UV is wavelength dependent (Enninga 
et al. 1985) and that most in vitro studies were performed with UV of 254 
nm which is not present in the solar spectrum that reaches the earth's surface 
and consequently of less biological significance (Parrish et a.l. 1978). 

Recently, Keijzer et al. (submitted for publication) succeeded for the 
first time in establishing a cell line from a tumor of an XP-C patient and 
found that an A.T to C.G or T.A transversion in a short pyrimidine stretch, 
the target for UV- induced DNA lesions, was responsible for the oncogenic 
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activation of the N-ras gene. In addition, a similar mode of N-ras activation 
was found in two independent tumors of another XP patient (A.Sarasin, 
pers. comm.). In vitro studies on UV- induced mutations in the endogenous 
adenine phosphoribosyltransferase gene of CHO cells revealed that 15% of 
single base substitutions were A.T to C.G or T.A transversions (Drobetsky 
et al. 1987). Hence, it is not excluded that UV was the carcinogenic agent 
in the above mentioned XP cases. 

It is conceivable that a specific set of proto-oncogenes is subject to UV
induced carcinogenesis. The involvement of a particular oncogene in cellular 
transformation will probably depend on the efficiency of its repair following 
UV-exposure. Since it was recently reported that CS cells appear to be 
deficient in repair of ·active chromatin (Mayne et al. 1988a) it is intriguing 
that in case of CS patients hypersensitivity to sunlight is not accompanied 
by cancer proneness (Kraemer, 1983). This suggests that the target genes 
for neoplasia formation are efficiently repaired and that the assumed defect 
in CS cells does not hold for the entire genome. In this respect it is worth 
while mentioning that experiments on DNA repair at the single gene level 
concern only a few genes (see section 1.3). It is possible that additional 
heterogeneities in efficiency of repair of specific genomic regions exist which 
may explain why in some instances apparent repair defects are not reflected 
in enhanced carcinogenesis. 
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II CLONING OF HUMAN REPAIR GENES BY 
GENOMIC DNA TRANSFECTION. 

11.1 INTRODUCTION 

In prokaryotic and yeast systems many mutations can be corrected by the 
introduction of wild type donor DNA. In general, the molecular cloning of 
the transferred sequences can be readily achieved with standard molecular 
cloning techniques, provided that this DNA is linked to a selectable marker 
or some other kind of 'tag'. Important conditions for application of this 
powerful strategy to the mammalian system have been worked out by Szy
balska and Szybalski (1962) who pioneered the transfer of genes to cultured 
animal cells and by Graham and van der Eb (1973) who considerably im
proved the efficiency of this process by introducing the calciumphosphate 
DNA co-precipitation technique. Transfer of mammalian genes is hampered 
by the large size and the high complexity of mammalian genomes compared to 
prokaryotes and yeast. This means that much more recipient cells have to be 
transfected to cover in total the equivalent of one genome. Moreover, the effi
ciency of transferring intact functional gene copies decreases with increasing 
gene size. Furthermore, molecular rescue of the transferred gene from the 
genome of a mammalian transformant requires more sophisticated cloning 
techniques compared to lower organisms. Notwithstanding these limitations, 
inherent to mammalian genomic DNA transfection, many laboratories have 
successfully adopted this approach in the last decade for the isolation of a va
riety of mammalian genes with different functions. It is evident that genomic 
DNA transfer to repair deficient cells is - at present - the most straightforward 
approach to clone human DNA repair genes. In the first part of this chapter 
general aspects of genomic DNA transfer to mammalian cells are discussed. 
The subsequent sections focus on results obtained in genomic transfections 
with human cells of DNA repair deficiency syndromes a.nd in vitro mutage
nized repair defective rodent cells. Further details on the methodology and 
strategy of genomic tra.nsfections have been described in several recent review 
papers (Friedberg et al. 1987b; McClelland et al. 1987; Hoeijmakers et al. 
1988b ). 
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TABLE 1!.1 

Overview of mammalian genes that have been isolated following DNA mediated gene transfer with genomic DNA. 

GENE DONOR RECIPIENT COTRANSFECTED SELECTION CLONING GENE REFERENCE* 
DNA CELL DNA STRATEGY('TAG') SIZE 

NGF-receptor Human Ltk- pTK HAT, Rosette Alu 15-30 kb 1 
Transferrin Recept Human Ltk- pTK HAT, FACS Alu 31 kb 2,3 
Thymidine kinase Chicken Ltk- pBR322 HAT plasmid rescue 2 kb 4 

Human Ltk- - HAT Alu 5-15 kb 5,6,7 
HPRT Human LA9 hprt- - HAT Alu ±30 kb 8 

APRT Human Ltk-aprt- pBR322 azaser. /aden. plasmid rescue <7 kb 9 
TB (Leu-2) Human Ltk- pTK HAT, Rosette subtr. eDNA cl. <13 kb 10 
Lyt-2 Mouse Ltk- pTK HAT, FACS subtr. eDNA cl. 5 kb 11,12,13 

T8 (leu-2) Human Ltk- pTK HAT, FACS subtr. eDNA cl. ? 14 
T4 Human Ltk- pTK HAT, Rosette subtr. eDNA cl. 30 kb 15 
Cell Cycle: G 1 Human BHKtsll - 39.5°C Alu ? 16 
RCC-1 Human BHKtsBN2 - 39.5°C Alu ±30 kb 17 
CCG-1 Human BHKtsBN462 - 39.5°C Alu 25-30 kb 18 
Cell Cycle: G1 Human BHKtsBN51 - 39.5°C Alu 7-8 kb 19 
XRCC-1 Human CHO EM-9 pSV2gpt MPA,chlorodUrd. Alu ? 20,21,22 
ERCC-1 Human CHO 43-3B pSV3gptH MPA, UV, MMC linked to gpt 15-17 kb 23 
ERCC-2 Human CHO UV5 pSV2gpt MPA,UV Alu ±20 kb 24 
ERCC-3 Human CHO 27-1 pSV3gptH MPA,UV Alu 35-40 kb 25 
(Proto )-oncogenes Human NIH/3T3 pSVgpt MP A, oncogenic Alu 5-40 kb 26,27 

pSVneo G418,transformation 

1:Chao et a!. 1986; 2:Kuhn et a!. 1984; 3:Newman et a!. 1983; 4:Perucho et a!. 1980; 5:Bradshaw et a!. 1983; 6:Lin et a!. 1983; 7:Lau et a!. 1984; 8:Jolly 
et a!. 1982; 9:Lowly et a!. 1980; 10:Littman et a!. 1985; ll:Kavathas and Herzenberg, 1983; 12:Kavathas et a!. 1984; 13:Hsu et a!. 1984; 14:Nakauchl et a!. 
1985; 15:Maddow et a!. 1985; 16:Greco et a!. 1987; 17:Kai et a!. 1986; 18:Sekiguchl et a!. 1987; 19:lttmann et a!. 1987; 20-21:Thompson et al.1985b; 1988; 
22:Thompson, 1988; 23:Westerveld et a!. 1984; 24:Weber et a!. 1988; 25: Weeda, pers. comm.; 26: Cooper and Lane, 1984; 27:Bishop, 1987. 



11.2 THE STRATEGY OF GENOMIC DNA TRANSFECTIONS 

In Table ILl a summary is presented of the mammalian genes isolated by 
genomic DNA transfections as extracted from the literature. The TK, HPRT 
and APRT genes have been cloned using mutant mouse L-cells whereas nor
mal 1-cells were employed to isolate genes encoding human cell surface pro
teins like CD4, CDS, nerve growth factor receptor and the transferrin recep
tor (see ref. 1-15 Table ILl). In the latter experiments antibodies against 
the gene product of interest have permitted the rapid identification of trans
formants either by the fluorescent activated cell sorter (FACS) or a rosette 
assay. In case of the T-cell surface proteins a subtractive eDNA cloning 
procedure was followed to recover the transfected genes from primary trans
formants. Syrian hamster BHK (baby hamster kidney) ts-mutants appeared 
to be a suitable tool for the cloning of several cell cycle control genes (see 
refs. 16-19,Table ILl) and the isolation of human DNA repair genes has 
been accomplished using UV-sensitive CHO mutants (see refs. 20-25, Table 
ILl and also section II.4). In the field of cancer research the pre-neoplastic 
NIH/3T3 mouse fibroblast has become the standard recipient cell for the 
transfer of transforming sequences from tumor DNA of many sources (re
viewed in Cooper and Lane, 1984). This has facilitated the isolation of a 
diverse assortment of activated oncogenes. The first to be identified were 
alleles of the e-ras oncogenes which had acquired a transforming potential 
by single point mutations (Varmus, 1984). An increasing group of oncogenes 
that are picked up by the NIH/3T3 assay harbors large abnormalities, pri
marily rearrangements which in a number of cases are also found back in the 
original tumor DNA but in some instances seem to have arisen during the 
transfection process (Bishop, 1987). Although differences exist between the 
strategies followed to clone the genes listed in Table ILl, the basic outline of 
the approach encompasses a number of common steps: 

1. Transfection of high molecular weight genomic DNA to the recipient 
cells by the calciumphosphate method or alternative techniques. 

2. Selection of cells with the desired genetically transformed phenotype. 

3. Segregilltion of irrelevant cotransfected DNA by a second round of trans
fection using DNA of a primary transformant. 

4. Application of recombinant DNA techniques to recover the transfected 
gene from the DNA of a secondary transformant. 
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From the available data it can be inferred tha.t the efficiency of genomic DNA 
transfer depends on a variety of factors which are discussed below. 

11.2.1 Recipient cells 

Obviously, naturally occurring mutants or in vitro mutagenized cells are likely 
candidates to be used in genomic transfections. However, it is apparent from 
the cloning of several genes encoding cell surface proteins that also normal 
cells can be utilized provided that they do not express by themselves the 
phenotype selected for. Recipient cell lines should be stable with respect 
to the property selected for or otherwise have a reversion frequency which 
is considerably lower than the transfection efficiency of the gene of interest. 
Uptil now only a limited number of recipient cell strains, all of rodent origin 
have been used successfully in genomic transfections (see Table 11.1). As 
far as known uptil now no reports have claimed the cloning of genes after 
genomic DNA transfer to human cells. Especially cell lines from patients with 
DNA repair syndromes have been utilized extensively in many genomic DNA 
transfections in different laboratories. However, with one notable exception 
(Tanaka et al. 1988, see also section II.3), unequivocal evidence for the 
generation of 'bona fide' transformants retaining one specific correcting gene 
is lacking. One explanation for the inefficient gene transfer experienced with 
human cell lines is that compared to the rodent cells mentioned above, in 
general only very small quantities of exogenous sequences are integrated in 
human cells. (Hoeijmakers et al. 1987; Mayne et al. 1988b ). In addition, 
factors such as transfection frequency and degree of scrambling of exogenous 
DNA molecules also determine the suitability of a given cell line for genomic 
transfections. It is of interest to know to what extent these parameters are 
genetically determined. Recent experiments of Shiomi et al. (1988) suggest 
that the property of 'transfection frequency' is dominant and can be conferred 
to a specific cell by cell fusion with an X-irradiated good recipient cell line. 
It is of considerable importance to investigate this further because it could 
turn any interesting mutant into one which is also valuable for gene cloning. 

11.2.2 The transfected donor DNA 

Currently, in most transfection protocols both in the first and second round 
of transfection genomic DNA is cotransfected with a dominant marker gene 
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Ecogpt or agpt to provide a preselection for the small proportion of cells that 
are competent to integrate DNA. In order to 'follow' the transfected sequences 
DNA it is preferable to use genomic DNA of a heterologous species. In case 
of human DNA the abundant presence of dispersed 'Alu' repeats (Schmid 
and Jelinek, 1982) provides a natural 'tag' which can be used to detect the 
presence of transfected DNA in primary and secondary transformants of ro
dent origin and most importantly it facilitates the recovery of transfected 
sequences from a recombinant DNA library of secondary transformant DNA. 
The cloning of transfected genes is seriously hampered when after a second 
round of transfection no physical linkage of the gene of interest with either 
repetitive DNA or any other kind of 'tag' can be detected. Absence of de
tectable transfected sequences on Southern blots of secondary transformants 
probed with species specific repeats leaves two possibilities open. First, the 
transfected gene is very poor in repetitive elements and hence difficult to 
visualize on Southern blots. This possibility was put forward by Albino et 
al. (1985) and Dulhanty and Whitmore (1988) to explain their transfection 
results. Second, the secondary 'transformant' does not contain any trans
fected DNA and is a revertant. A way to get around this problem is to 
try to establish physical linkage between the gene of interest and a domi
nant marker copy. In the secondary transfection this requires first a selection 
on the dominant marker gene copies present in the genomic DNA of a pri
mary transformant. If subsequent co-selection on the gene of interest yields 
secondary transformants there is compelling evidence for a physical linkage 
between the dominant marker and the transfected gene. The cloned marker 
copy can then serve as a 'tag' for the isolation of the transferred gene that 
must be located in close viscinity of this dominant marker gene (Westerveld 
et al. 1984, Appendix paper I). Because exogenous DNA is subject to scram
bling in the cell during the transfection process, gene size is an important 
factor determining efficiency of gene transfer in genomic transfections. On 
the average one double stranded break is induced every 5-15 kb in transfec
tion experiments with various cell lines (Wake et al. 1984; Hoeijmakers et a.l. 
1987). However, in this respect also considerable differences between individ
ual cell strains have been noted (Hoeijmakers et al. 1987). The largest gene 
isolated thus far by DNA mediated gene transfer is Ki-ras (38 kb, McGrath 
et al. 1983). However, the recently cloned ERCC-6 gene appears to reside 
on a fragment of 105 kb (C. Troelstra, pers. comm.) and could well shift the 
upper limit for a transfectable gene size to the 100 kb range. 
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A gene transfer approach which is only feasible for genes smaller than ap
proximately 40 kb involves transfection of total DNA from a genomic cosmid 
library. The presence of a selectable marker on the cosmid vector provides 
a physical linkage with the desired gene which will facilitate its molecular 
cloning from transformant DNA. Using cosmid transfections Pinney et al. 
(1988) have recently transferred a mouse gene ( myd) involved in myogenic lin
eage determination and differentiation into mouse C3H lOTl/2 cells. In two 
rounds of transfection co-inheritance with the dominant marker was shown, 
which will aid the isolation of the myd gene. Interestingly, it was found 
that transformants could only be obtained with cosmid DNA prepared in 
methylase deficient bacteria. Apparently, hypomethylation is an important 
trigger for activation of the myd gene, which was confirmed in additional 
experiments (Pinney et al. 1988). Furthermore, it can be inferred from this 
work that genomic transfections with high molecular weight DNA may be 
influenced by the methylation state of the tra.nsfected donor DNA. 

Chromosome mediated gene transfer or interspecific cell fusions are alter
native means to introduce large pieces of DNA into recipient cells (Cirullo 
et al. 1983; Pritchard and Goodfellow, 1986; Fallows et al. 1987). However, 
these procedures have the disadvantage that for gene cloning purposes too 
much DNA is transferred, a.s a result of which the use of repetitive DNA as 
a probe to isolate the sequences of interest becomes virtually impossible. 

Transfection of DNA from eDNA expression libraries seems at least in 
theory a feasible approach to circumvent the relatively poor ability of human 
cells to integrate large pieces of foreign DNA. Moreover, it should also per
mit the transfer of eDNA from genes that are too large to be transferred in a 
genomic transfection. Okayama and Berg (1983; 1985) have designed an effi
cient eDNA cloning procedure in which the eDNA is inserted in an oriented 
manner in between the strong SV40 large T promoter and a SV40 derived 
poly(A) signal. TPansfection of a. total eDNA library to mouse hypoxanthine 
phosphoribosyltransferase (HPRT) deficient cells yielded wild type transfor
mants which was shown to be the result of tra.nsfected full lenght HPRT 
eDNA clones (Jolly et a.l. 1983). 

Factors critically determining the rate of success with this cD N A tra.ns
fection approach a.re the level of the tra.nscri ption a.nd the size of the mRN A 
(which indirectly influence the fraction of functional eDNA copies in the li
brary). Another unknown parameter concerns the possibility that the gene 
of interest requires a strictly regulated expression, which is obviously not 
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provided by the regulatory elements on the eDNA expression vector. Finally, 
when more than one eDNA is necessary, because of alternative splicing of the 
gene to be cloned, the eDNA approach will become impossible. 

11.2.3 Integrity of transformants 

In general in genomic transfection experiments a relatively small number of 
transformants are obtained, which does not allow statistics to be used to 
discriminate between the frequency of real transformants and of revertants. 
Moreover, reversion frequencies are often determined in independent experi
ments, that are usually not of the same scale or carried out under different 
conditions as used for the transfection experiments. Southern blot analysis 
of transformant DNA using repetitive probes of the transfected DNA is an 
efficient means to establish the integrity of transformants. For instance de
tection of transfected DNA in a secondary transformant is very important in 
this respect . On the other hand a similar finding with a primary transfor
mant is not conclusive since it is conceivable that many cells have taken up 
transfected DNA in a primary round of transfection irrespective of the cause 
of their phenotypical change. The integrity of transformants is considerably 
substantiated when in Southern blot experiments similar sized fragments of 
transfected DNA can be detected in independent secondary transformants. 

In a great number of reports the successful transfer of 'genomic' genes 
has been claimed without providing convincing Southern blot data to verify 
the integrity of transformants (Montisano and Hankinson, 1985; El-Gewely 
and Oxender, 1985; Albino et al. 1985; Kojima et al. 1987; Ding et al. 
1985; Yarosh et al. 1986; Kaina et al. 1987; Johnson et al. 1988). It is not 
excluded that in a number of cases transfection-induced phenotypical changes 
have occurred which might be due to the phenotype of the recipient cells used. 
For instance the mer- phenotype (i.e. sensitivity to alkylating agents due 
to absence of measurable activity of 06-methylguanine alkyl transferase) of 
mammalian cells seems highly unstable (Day et a.l. 1987) which might have 
been of influence in transfection studies aimed at the isolation of the human 
06-methylguanine alkyltransferase (Ding et a.l. 1985; Yarosh et al. 1986; 
Kaina et al. 1987). 
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II.3 GENOMIC TRANSFECTIONS TO HUMAN DNA 
REPAIR DEFICIENT CELLS 

A large number of permanent human cell lines from DNA repair deficiency 
syndromes are available (reviewed by Collins and Johnson, 1987) that can be 
used for genomic transfections. The hypersensitivity of these cells to DNA 
damaging treatments provides a relatively easy selection criterium for the 
isolation of repair proficient transformants. Many efforts to correct the exci
sion repair defect in XP cells have been unsuccessful (reviewed by Lehmann, 
1985). However, recently in an impressive series of transfection experiments 
with high molecular weight mouse DNA Tanaka et al. (1988) managed to 
get two UV-resistant primary XP-A transformants. In a subsequent round 
of transfection with genomic DNA of one 'primary' a single secondary trans
formant was obtained that had retained mouse sequences. Preliminary data 
have shown that two "isolated overlapping lambda clones with mouse DNA 
from the secondary transformant were able to confer a repair proficient phe
notype to the XP20S-SV 40 cells with a high efficiency (Tanaka et al. 1988). 
These data indicate that fragments of the mouse homologue of the XP-A 
gene have been isolated. Since apparently the encoded murine protein is 
functional in human cells the nucleotide sequence conservation between the 
murine and human XP-A gene probably will be sufficient to use mouse probes 
for cloning the human gene. In cell fusion studies the mouse chromosome 4 
was found to correct the XP-A defect (Lin and Ruddle, 1981). It will be of 
interest to see whether the sequences isolated by Tanaka et al. (1988) also 
map to this murine chromosome. 

The elegant work of Tanaka and coworkers promises to be the first example 
of gene cloning following DNA mediated gene transfer to human cells. A 
further conclusion from the work of the Japanese group may be that the 
poor transfectability of human cells as reported by Hoeijmakers et a.l. (1987) 
and Mayne et al. (1988b) may be overcome at least for the XP-A gene by 
increasing the number of transfected cells. 

As a first step towards cloning of the XP-A gene Karentz et al. (1987) 
have made repair proficient XP-A/CHO hybrids containing hamster chromo
some fragments. In these experiments rescue of 'Alu'-type Chinese hamster 
sequences is envisaged as a next step. However, it is likely that this approach 
will be seriously hampered by the presence of too much irrelevant hamster 
DNA. 

Partial complementation of the XP-A and XP-C phenotype was achieved 
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by transfection of DNA from total human eDNA (Matsumoto and Fujiwara, 
1987; Teitz et al. 1987 respectively). In case of the XP-C experiments sec
ondary transformants could be generated which should facilitate the cloning 
of the XP-C gene by plasmid rescue (Teitz et al. 1987). 

Mock transfections with XP group A cells have yielded UV-resistant clones 
with a frequency of I0-7 (Schultz et al. 1985; Royer-Pokora and Haseltine, 
1984). In most cases these apparent revertants were obtained after multi
ple UV irradiations suggesting that the reversion of the XP mutation was 
the result of UV-induced mutagenesis. The fact that the XP-A mutation 
is revertible to normal, indicates that the genetic defect in XP-A is most 
likely a point mutation. Recently, Cleaver et al. (1987) have produced a 
number of XP-A revertants by treatment of XP12RO-SV40 cells with ethyl
methylsulfonate and an accumulated UV dose of 60 J jm2. It appeared that 
in this revertant ( 6-4) photolesions were repaired normally in contrast to 
pyrimidine dimers. This may suggest that the XP-A protein has a variable 
affinity for different kinds of DNA adducts. 

Attempts to correct the DNA-repair deficient phenotype of other human 
cell lines from DNA repair deficiency syndromes have been unsuccessful so far 
or are still in progress. Lehmann and coworkers have performed an extensive 
series of transfection experiments with an SV40 transformed AT line. Ap
proximately 400.000 gpt+ transformants were screened for resistance against 
gamma irradiation. However, no transformants were obtained that could be 
used to recover the AT gene (Green et al. 1987). FA cells are character
ized by an elevated sensitivity to crosslinking agents which can be used as a 
selective tool in genomic transfections. Recently, Diatloff-Zito et al. (1986) 
and Shaham et al. (1987) have claimed that a normal response to MMC 
or diepoxybutane can be conferred to primary FA-fibroblasts after transfer 
of genomic DNA whereas no 'transformants' were obtained in mock exper
iments or transfections with FA DNA. These data are remarkable as it has 
been found by others that human cells and especially primary fibroblasts are 
less favourable for DNA mediated gene transfer experiments (Schultz et al. 
1985; Buchwald et a.I. 1987; Hoeijmakers et al. 1987; Mayne et al. 1988b). 
It was found recently that the FA mutation can revert with a frequency of 
about 2x10-7 (Buchwald et al. 1987). However, this can not provide a 
plausible explanation for the transfection results with primary FA fibroblasts 
since these experiments involved relatively small number of cells and yielded 
'transformants' with a much higher frequency. Based on current knowledge of 
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of DNA mediated gene transfer, particularly into primary fibroblasts it seems 
unlikely that genomic transfections using these cells will aid disclosure of the 
genetic defect in FA. 

11.4 DNA REPAIR DEFICIENT RODENT CELLS 

In recent years a. large number of rodent mutant cells with increased sensitiv
ity to DNA damaging agents have been isolated by in vitro mutagenesis (re
viewed by Thompson, 1985; Collins and Johnson, 1987; Hickson and Harris, 
1988). In most cases UV and ionizing radiation have been used as the selec
tive agents after treatment with mutagens like ethyl metha.nesulfonate and 
ethylnitrosourea. Many of the laboratory induced mutant cells are phenotyp
ically resembling the cellular hypersensitivity to DNA damage manifested in 
human DNA repair syndromes. However, uptil now there are no direct indi
cations that these naturally occurring mutations are represented in in vitro 
induced rodent mutant cells. A defective incision step of the excision repair 
process underlies the UV-sensitivity of a number of CHO mutants which is 
very similar to XP (Thompson et al. 1982a). Hence, it is conceivable that 
one or more of the ten XP mutations exists among the UV -sensitive rodent 
cells. Several MMC-sensitive CHO mutants resemble in some respects the FA 
phenotype and recently, X-ray sensitive CHO cells have been isolated that 
show a. lack of inhibition of DNA synthesis after X-ray exposure, which is a 
consistent feature of AT cells (Zdzienicka et al. submitted for publication). 
Therefore, in general rodent repair mutants are not only valuable tools for 
studying mammalian DNA repair, but may also facilitate identification of 
the hereditary repair defects in human cells. 

A large numb~r of mutants exhibits a cross-sensitivity to a variety of DNA 
damaging agents (Hickson and Harris, 1988). This suggests that common 
steps might be involved in the repair of single strand breaks, monofunctional 
a.dducts and DNA cross-links. To shed more light on this apparent complexity 
it is important that complementation tests are performed to establish the 
actual number of different mutated genes in the collection of muta.nts isolated 
in various laboratories. 

The presently isolated UV-sensitive mutants of Chinese hamster origin 
have been classified in 7 complementation groups (Thompson et al. 1981; 
Thompson and Carrano, 1983; Thompson et al. 1987a; Zdzienicka. et al. 
1988). Recent data on the characterization of those complementation groups 
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and the. numan genes that correct the defect in corresponding rodent cells 
are summarized in Table II.2. Four complementation groups have been de
scribed for UV-sensitive mouse lymphoma lines (Shiomi et al. 1982) and 
recently evidence was reported for overlap between the mouse and Chinese 
hamster classifications. In fusion experiments mouse group I cells failed to 
complement CHO group 5 (Thompson et al. 1987b). Moreover, the repair 
defect in both groups could be corrected by a gene on human chromosome 13 
(Hori et al. 1983; Thompson et al. 1987b). The US31 mutant which is the 
sole representative of mouse group III does not complement the first 6 Chi
nese hamster groups (Thompson et al.1988b ). Fusion experiments with the 
recently described seventh hamster group (Zdzienicka et al. 1988) will have 
to reveal whether motise group III represents the eight rodent UV- sensitive 
complementation group. 

With respect to the potential use of these UV -sensitive cell lines in genomic 
transfections aimed at isolating complementing human genes it is important 
to note that considerable differences in transfectability exist. The mouse 
lymphoma mutants have a very low transfection frequency (Shiomi et al. 
1988) and are very unsuitable for this approach. V79 Chinese hamster cells 
were much less efficient DNA 'uptakers' than CHO- 9 and AA8 cells which 
also makes these cells less favourable for genomic DNA transfer (Hoeijmakers 
et al. 1987). 

11.4.1 Chromosomal localization of ERCC-genes 

By cell fusions between UV-sensitive rodent mutants and wild type human 
cells proliferating repair proficient hybrids could be generated. Karyotyping 
of these hybrids allowed the chromosomal assignment of the complementing 
human genes that have been designated as ERCC genes (Excision Repair 
Cross Complementing rodent repair deficiency). In this way the human 
ERCC-1 to ERCC-5 genes, which complement the first 5 CHO comple
mentation groups, have been mapped on human chromosomes 19, 19, 2, 16 
and 13 respectively (see Table 11.2) (Thompson et al. 1985b; Siciliano et 
al. 1986a; Thompson et al. 1987b ). For ERCC-1 and ERCC-3 these data 
have been confirmed by Southern blot analysis of panels of human/rodent 
hybrids with probes of the cloned genes (Rubin et al. 1985; Van Duin et 
al. 1986, Appendix paper I; G. Weeda, pers. comm.). Surprisingly, the 
human gene XRCC-1 which corrects the double strand break repair defect 
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TABLE Il.2 

Complementation groups of UV -sensitive CHO mutants and the chromosomal localization and other properties of the human ERGO
genes that correct the CHO repair defect as found by cell fusion experiments and genomic DNA mediated gene transfer. 

Com pl. Mutant(s) Parental uvs MMC5 Ref. b) Gene Human Ref. c) Cloned Gene mRNA Ref. d) 
group line (>5x) name Chrom. (y/n) (kb) (kb) 

1* 43-3B;UV20 CH09;AA8 + + 1,2 ERCC-1** 19 6 y 15-17 1.1 9 
2 UV5 AA8 + 2 ERCC-2 19 7 y 20 2.5-3 10 
3 27-1;UV24 CH09;AA8 + 1 ERCC-3 2 8 y 35-40 3-3.5 11 
4 UV41 AA8 + + 2 ERCC-4 16 7 n ? ? 
5 UV135;Q31 AA8;L5178Y + 2,3 ERCC-5 13 8 n ? ? 

6 UV61 AA8 + ? 4 ERCC-6 ? na) ? ? 12 
7 VBll V79 + ? 5 ERCC-7 ? n ? ? 

* At a recent UCLA meeting (Taos, USA, January 1988) it was decided to rename complementation group1 and 2 respectively in order to match the 
numbering with the complementing human genes. 

** Gene nomenclature according to 7th Human Gene Mapping conference (Shows et al. 1984). ERCC: Excision Repair Complementing defective repair 
in Chinese hamster cells. In order to include mouse mutants the meaning of ERCC was recently converted to Excision Repair Cross Complementing 
rodent repair deficiency. 

a) gene cloning is in advanced state. 
b) References in which mutants are described: 1:Wood and Burki, 1982; 2:Thompson et al. 1981; 3:Shiomi et al. 1982; 4:Thompson et al. 1987a; 

5:Zdzienicka et al. 1988; 

c) References on chromosomal assignment: 6:Thompson et al. 1985b; 7:Siciliano et al. 1986a; 8:Thompson et al. 1987b. 

d) References of gene cloning: 9:Westerveld et al. 1984, Appendix paper I; 10: Weber et al. 1988; 11: Weeda, pers. comm.; 12: Troelstra, pers.comm. 



in CHO mutant EM9 was also localized on chromosome 19 (Siciliano et al. 
1986b ), which means that 3 out of 6 CHO mutants are corrected by a gene 
on the same human chromosome. Several other markers for this chromosome 
map on Chinese hamster chromosome 9 which is hemizygous in CHO cells 
(Siciliano et al. 1983). Therefore, the monosomic state of hamster chromo
some 9 might explain the apparent nonrandom chromosomal distribution of 
mutations that account for the different CHO complementation groups. 

11.4.2 Isolation of ERCC-genes by genomic DNA transfer 

In several laboratories genomic DNA transfection experiments have been used 
or are in progress to isolate human ERCC-genes complementing the CHO 
repair defects. In general UV is used as the selective agent for the isolation of 
primary transformants. However, mutants belonging to group 1 and 4 display 
a marked cross-sensitivity to MMC (Hoy et al. 1985) which also could be 
used as a selective drug. 

The human ERCC-1 gene which complements CHO group 1 is the first 
human DNA repair gene that was isolated by genomic DNA transfer (West
erveld et al. 1984, Appendix paper I). In a primary transfection total human 
DNA was partially digested with Pstl and after ligation to the selectable 
marker Ecogpt transfected to 43-3B cells. Repair proficient primary trans
formants were obtained by selection in medium containing MPA and MMC. 
In a secondary transfection a linked transfer of MPA and MMC resistance 
could be achieved. This allowed screening of a cosmid library of a secondary 
transformant, with the Ecogpt as a probe, which yielded the isolation of a 
functional ERCC-1 gene close to one of the Ecogpt copies (Westerveld et al. 
1984, Appendix paper 1). Using the CHO mutant UV20 of group 1 Rubin 
et al. (1983) also managed to generate secondary transformants. However, 
the subsequently followed cloning strategy only resulted in the isolation of 
fragments of the ERCC-1 gene (Rubin et al. 1985; Van Duin et al. 1986, 
Appendix paper II). The UV5 mutant, belonging to group 2, has been suc
cessfully employed for the cloning of the ERCC-2 gene (Weber et al. 1988) 
and recently also the isolation of human ERCC-3 was achieved after gene 
transfer to the 27-1 mutant (Hoeijmakers et al. 1988a). Molecular analysis 
revealed that tertiairy UV135 (group 5) transformants had retained human 
sequences (Macinnes et al. 1984; Strniste et al. 1988) and independent pri
mary and secondary UV61 (group 6) transformants were found to harbor 
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identical, transfected, unique human sequences (C.Troelstra, pers. comm.) 
indicating that the cloning of the ERCC-5 and ERCC-6 genes is in an ad
vanced state. Except for the strategy used for ERCC-1 in all other cases total 
human DNA was transfected and human Alu probes were used for analysis 
of transformants and isolation of transfected sequences from recombinant 
DNA libraries. The experiments of Rubin et al. (1985) show that this pro
cedure would also have been applicable to the ERCC-1 gene. In contrast, it 
seems that efforts to isolate ERCC-4 are hampered due to the apparent low 
abundance of human repetitive sequences in the ERCC-4 gene as a result of 
which transfected human sequences can not be detected in DNA of secondary 
transformants (Rubin et al. 1983; Dulhanty and Whitmore, 1988). For the 
isolation of ERCC-4 it looks worth-while to apply the protocol followed for 
ERCC-1 cloning. Transfection of the isolated human ERCC-1 and ERCC-2 
genes to representative cell lines of all 6 CHO complementation groups only 
yielded repair correction in group 1 and 2 mutants respectively (Van Duin 
et al. 1988a, Appendix paper V; Weber et al. 1988). Furthermore, it was 
found that introduction of ERCC- 1 in 43-3B cell gives close to wild type 
levels of all repair parameters examined (cross-sensitivity to other agents, 
UV- induced mutagenesis, DNA incision as measured by UV-endo assay and 
preferential repair) (Zdzienicka et al. 1987; Bohr et al. 1988). Comparable 
data were obtained for UV5 cells with the cloned ERCC-2 gene (Weber et 
al. 1988). Hence it is reasonable to assume that ERCC-1 and ERCC-2 are 
the human homologues of the mutated Chinese hamster repair genes. 

With respect to the characterization of the cloned ERCC-genes it is of 
prime interest to investigate whether there is a relationship with the human 
DNA repair syndromes. Southern blot analysis has revealed that the ERCC-
1 gene is not deleted or grossly rearranged in all nine XP (A to I) and 
the CS and FA complementation groups A and B. Furthermore, Northern 
blot experiments revealed correct transcription of ERCC-1 in all nine XP 
groups examined (Van Duin et al. 1988c, Appendix paper VI) Introduction 
of ERCC-1 into representative cell lines of all XP and CS complementation 
groups groups did not confer DNA repair proficiency or UV resistance. Taken 
together these data strongly suggest that ERCC-1 is most likely not the 
mutated gene in XP and CS cells examined (Van Duin et al. 1988c, Appendix 
paper VI). The ERCC-2 and ERCC-3 gene have recently been cloned. The 
uptil now limited data on the molecular characterization of both genes are 
summarized in Table II.2. 
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11.4.2.1 The ERCC-i gene 

A functional human ERCC-i eDNA which corrects the CHO group 1 mu
tation has been isolated and using human probes also a biologically active 
mouse eDNA was obtained (Van Duin et al. 1986; 1988b, Appendix papers II 
and IV). The mammalian ERCC-i protein has a predicted molecular weight 
of 32-33 kd and a putative DNA binding domain and nuclear location signal 
have been tentatively assigned to the deduced protein based on comparison 
with consensus amino acid sequences of functional domains in other proteins 
(Hoeijmakers et al. 1986). Currently, experiments are in progress to lay 
hand on the ERCC-i protein which permits in vitro analysis of ERCC-i 
functions. 

Interestingly, it appeared that the mammalian ERCC-i protein exhibits 
significant homology to the yeast excision repair protein RADiO and parts 
of the E.coli excision repair proteins uvrA and uvrC (Doolittle et al. 1986; 
Hoeijmakers et al. 1986; Van Duin et al. 1986; 1988b, Appendix papers II 
and IV). The similarity between the different repair proteins is schematically 
depicted in Figure ILl. The homology with the bacterial proteins concerns 
relatively short regions which may be indicative of a similar domainal func
tion. However, the similarity with RADiO includes half of the yeast protein 
and one third of the mammalian repair protein. Therefore, it seems likely 
that ERCC-i and RADiO provide a similar function in DNA excision re
pair. The postulated ERCC-i DNA binding domain coincides with the most 
homologous region indicating that this protein part may represent the func
tional centre of ERCC- i/RADiO. It seems likely to assume that ERCC-i 
and RAD i 0 have evolved from a similar ancestral gene. Recently, Friedberg 
and coworkers have tailored the RAD i 0 gene behind a mammalian promoter 
and transfected it to UV20 cells belonging to CHO group 1 (Burtscher et 
al. 1988a). A small but consistent correction of the UV sensitivity by the 
yeast gene was reported which represents the first experimental evidence that 
ERCC-i and RADiO have functions in common. 

The complete genomic organization of the human ERCC-i gene and part 
of the mouse gene have been established (Van Duin et al. 1987; 1988b, Ap
pendix papers III and IV). The architecture of the human ERCC-i gene 
region is shown in Figure 11.2. The human ERCC-i gene has a length of 
15-17 kb and consists of 10 exons of which the first exon is non-coding (open 
box), the eigth exon (hatched) subject to alternative splicing and the last 
exon (coding part: black, non-coding: open) to differential polyadenylation 
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Figure II.1 
Schematical representation of the ammo acid (AA) homology between ERCC-1 and 

RADJO, uvrA and uvrC. Left column, perfect AA homology. Right column, conserved 

AA homology. 

which yields transcripts of 1.0, 1.1, 3.4 and possibly 3.8 kb. 
The significance of both the alternative splicing and 3'end processing is un
known. It was found that the larger mRNAs are primarily located in the nu
cleus (Van Duin et aL submitted, Appendix paper VII) which might suggest 
that they represent an intermediate RNA molecule during RNA processing. 
Northern blot experiments have revealed a relatively low ERCC-1 expres
sion level in a variety of human cells and different mouse organs and stages 
of development. UV exposure or MMC treatment of HeLa cells did not in
duce ERCC-1 transcription (van Duin et aL 1987; Appendix paper III). The 
ERCC-1 promoter was found to be devoid of known promoter elements a.nd 
therefore might represent a class of eukaryotic promoters that are responsible 
for a. low constitutive rate of transcription. 
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Surprisingly, an opposite transcription unit was found to be located in the 
3' ERCC-1 region of mouse and man (see also Figure 11.2). Characterization 
of a partial eDNA of the human antisense gene (designated ASE-1, antisense 
ERCC-1) and genomic sequencing indicated that this opposite oriented tran
script of 2.6 kb is overlapping with ERCC-1 exon X and terminating in the 
ninth intron (Van Duin et al. submitted, Appendix paper VII). This is the 
first example of naturally occurring gene overlap in the human genome and 
might be a fortuitous observation. Strikingly, however, it was found inde
pendently by Prakash and coworkers that the yeast RAD 10 locus is also 
harboring an antisense gene, (designated ASRJ 0, antisense RAD1 0), encod
ing a protein of 525 amino acids (Van Duin et al. submitted, Appendix paper 
VII). As far as known only two other examples of overlapping transcripts in 
yeast have been reported in the literature (Hahn et al. 1988; Barker et al. 
1985). Hence, it seems likely that evolutionary conservation a.ccounts for the 
presence of opposite transcripts in the ERCC-1 and RADiO loci which is 
highly exceptional both in man and yeast. Full length cloning of the hu
man antisense eDNA and sequence analysis will have to reveal whether there 
is any homology between the yeast and human antisense genes. From the 
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presently available data it is clear that the antisense gene product is not re
quired for correction of the CHO mutation by ERCC-1 since ERCC-1 eDNA 
constructs were fully competent in this respect. The yeast genetic system al
lows experimental manipulation of the antisense RAD 10 gene in order to 
identify its biological significance. 
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III CONCLUDING REMARKS AND PROSPECTS. 

Complementation studies with human and rodent UV-sensitive cell lines have 
indicated that the mammalian excision repair process is very complex and 
involves many gene products. This conclusion is based on the large number 
of XP complementation groups and the still growing collection of laboratory 
induced mutants of Chinese hamster and mouse origin (Hickson and Harris, 
1988). The classifications of XP and UV-sensitive rodent mutants include 
together more than 18 different complementation groups. It is presently 
unknown whether there is any overlap between both groups of UV-sensitive 
cell lines. Phenotypical comparison of XP and rodent mutants renders it 
possible that similar genes are mutated. However, the cloning of the mutated 
genes is awaited in order to perform conclusive experiments in this respect. 
Considering the large number of mutants that have been identified it seems 
reasonable to assume that some in vitro induced rodent mutants carry 'repair 
syndrome' mutations and consequently may facilitate unraveling the genetic 
defect in disorders like XP. On the other hand, it can not be excluded that 
the induced mutations in rodent cells are incompatible with life and therefore 
not represented in the human repair syndromes. 

Correction of the genetic defect in UV-sensitive cells by DNA mediated 
gene transfer is the most direct route to achieve the cloning of the comple
menting gene. As it turns out, the isolation of UV-sensitive CHO mutants 
has been of great importance in this regard. These rodent mutants have 
far better transfection properties compared to their human XP counterparts 
(Hoeijmakers et al. 1987). However, as has been reported by Tanaka et al. 
(1988), genomic transfections with XP cells are not impossible. Based on 
the data reported by the Japanese group it can be expected that detailed 
information on the XP-A gene will be available soon. 

In several laboratories genomic DNA transfections into UV- sensitive CHO 
mutants are in progress with the aim to isolate human ERCC-genes. At 
present this has resulted in the cloning of the ERCC-1 gene (Westerveld et 
al. 1984; Appendix paper I) while recently the human ERCC-2 and ERCC-
3 genes have been isolated (Weber et al. 1988; Hoeijmakers et al. 1988a). 
Genomic transfections with representative cell lines of the other CHO groups 
are in an advanced state. Therefore, it seems likely that the cloning of the 
remaining ERCC-genes will be achieved in the next few years. 

It is evident that further isolation of rodent repair mutants deserves a high 
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priority. Considering the differences that exist among different cell lines in 
terms of DNA uptake in gene transfer experiments (Hoeijmakers et al. 1987) 
it is preferable to isolate new mutants from suitable parental cells. The pat
tern of hemizygozity of such lines largely determines the spectrum of mutants 
that can be generated (see Il.4.1). In order to avoid repeated isolation of the 
same mutants it is advisable to perform mutagenesis with rodent cells other 
than CHO which presumably harbor other patterns of hemizygozity. Using 
the Chinese hamster lung fibroblast line V79 Zdzienicka et al. (1988) have re
cently isolated the seventh UV-sensitive rodent complementation group. At 
present only for the ERCC-1 protein the amino acid sequence has been de
duced from the sequence of the cloned eDNA (Van Duin et al. 1986, Appendix 
paper II). One of the most remarkable results of the experimental work on 
ERCC-1 is its significant homology with the yeast RAD1 0 and E. coli uvrA 
and uvrC proteins (Doolittle et al. 1986; Hoeijmakers et al. 1986; Van Duin 
et al. .1988b, Appendix paper IV). The interesting finding that the ERCC-1 
amino acid sequence has significant homology with yeast and bacterial exci
sion repair proteins suggests that functional aspects of DNA excision repair 
are well conserved during evolution. Assuming that this will also hold for 
DNA repair mechanisms as a whole it is of interest to investigate whether the 
other yeast repair genes also have homologous human counterparts. In this 
respect recently promising results have been obtained for the RAD6 gene. In 
hybridization experiments with RAD6 probes sequence conservation up to 
mammals was reported (Jentsch et al. 1987; Ozkaynak et al. 1987). There
fore it seems an attractive approach to recrute the other yeast repair genes 
and use them as probes to clone homologous genes in higher organisms. If 
no direct homology with mammalian sequences can be detected a step by 
step approach with intermediate species like Drosophila might be followed 
to gradually ascent the evolutionary ladder. 

It was recently reported by Lee and Nurse (1987) that mutations of the 
fission yeast Schizosaccharomyces pombe (S.pombe) could be corrected by 
transfer of a human eDNA library. This resulted in the isolation of the human 
homologue of the fission yeast cell cycle control gene CDC2. A large number 
of repair deficient rad mutants of S.Pombe have been described (Phipps et al. 
1985). Gene transfer of total human eDNA expression libraries to S.pombe 
might be a straight forward alternative approach to identify and clone human 
DNA repair genes. 

The isolation of the ERCC-genes means that detailed information on the 
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primary structure of human excision repair proteins becomes available. As 
has been shown for ERCC-1, putative functions can be ascribed to the amino 
acid sequence. However, it is of course essential to verify these presumptions 
and obtain additional data from experimental work on the purified repair 
proteins. Uptil now the ERCC-1 protein has been very reluctant to overex
pression in E. coli and mammalian cells (unpublished results) which might be 
inherent to the function of ERCC-1. Efforts to overproduce the ERCC-1 pro
tein in yeast are currently in progress in collaboration with Dr. S. Prakash 
(Rochester, USA). In this regard it is hoped that the biochemical charac
terization of ERCC-1 might benefit from the data already available from 
RAD 10 protein work and perhaps to a lesser extent the results obtained on 
the characterization of the uvrA and uvrC proteins. 

At this moment it is completely unknown whether the different ERCC 
polypeptides act in a combined fashion in excision repair. Once purified 
ERGO-proteins are available it will be of great interest to investigate whether 
in vitro excision repair activity can be established by mixing different ERCC 
polypeptides in a fashion comparable to E.coli uvrABC repair. In this re
spect it is important that recently considerable progress has been made in 
developing an in vitro excision repair assay (Wood et al. 1988). This work 
might be an important contribution to experiments aimed at reconstitution 
of the excision repair process once the isolated ERGO-proteins are available. 

The mechanism of mammalian DNA excision will no doubt be much more 
complex than the E.coli system. Not only the large number of repair mu
tants points in this direction, but also the recent indications of Hanawalt and 
coworkers for a close interaction between DNA repair processes and tran
scription (Mellon et al. 1987). Compelling evidence has been obtained for 
a role of ERCC-1 in DNA excision repair. However, to further explore the 
significance of the in vivo function of ERCC-1 it will be interesting to in
vestigate whether 'reverse genetics' can be applied to manipulate ERCC-1 
expression. Considering the low level of transcription and most likely also 
low translation level, inhibition of ERCC-1 expression in cultured cells by 
adding antisense oligonucleotides to the culture medium (Stein and Cohen, 
1988) might be feasible. If such results ca.n also be achieved by transfection 
of 'antisense' gene constructs, it might be of interest to attempt generation 
of transgenic mice carrying an antisense ERCC-1 transgene. This will open 
the way the study the role of ERCC-1 in processes like differentation, ageing 
and tumorigenesis. 
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IV SUMMARY 

A number of indications suggest that defects in DNA repair systems are re
sponsible for the cellular hypersensitivity to DNA damage and cancer prone
ness of a number of hereditary diseases. However, only in case of xeroderma 
pigmentosum (XP) profound evidence has been obtained for mutations in 
genes involved in DNA excision repair. Cell fusion experiments with cell lines 
from different XP patients have provided evidence for ten XP complemen
tation groups. In addition, by in vitro mutagenesis a number of ultraviolet 
light (UV)-sensitive rodent mutant cells with XP-like features have been ob
tained. At present the rodent classification of UV-sensitive mutants consists 
of seven complementation groups. Although only limited information is avail
able, thusfar evidence for overlap with the classification of XP groups is still 
lacking. Hence, it is possible that ten to seventeen different gene products 
are involved in mammalian DNA excision repair. 

It is the aim of the work described in this thesis to isolate and characterize 
human genes involved DNA excision repair. This will facilitate the under
standing of the mechanism of this repair process whereas it also provides an 
important step to better understand the relationship between DNA damage 
and carcinogenesis. 

Many attempts to complement the genetic defect in XP by genomic DNA 
transfer have failed which is most likely due to the poor transfectability of 
human cells. In contrast to XP cells, UV- sensitive Chinese hamster ovary 
(CHO) mutants are more suitable for genomic transfection which renders it 
possible to isolate the human excision repair cross complementing (ERCC) 
genes that correct the CHO mutations. 

The isolation of these genes opens the possibility to unravel the complex 
mechanism of DNA excision repair. In addition, it is still hoped that part 
of the spectra of rodent and human UV- sensitive cells overlap. In that case 
the cloning of ERCC-genes by genomic transfections with CHO mutants 
might at the same time aid the elucidation of the genetic defects in XP. The 
experimental work described in this dissertation concerns the cloning and 
chara.cterization of the first human DNA repair gene, designated ERCC-1, 
which complements the UV and mitomycin-C sensitivity of CHO mutants of 
complementation group 1. The ERCC-1 gene was cloned after cotransfec
tion of high molecular weight human DNA with a dominant marker Ecogpt 
to CHO mutant 43-3B. The linked transfer of the ERCC-1 and the Ecogpt 
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gene in the second round of transfection a.llowed the isolation of the ERCC-1 
gene from a genomic cosmid library using a probe from the dominant marker. 
Correction of the repair deficient phenotype of 43-3B cells by transfection of 
cosmid 43-34 confirmed the cloning of ERCC-1 (Appendix paper 1). Using 
single copy probes from cosmid 43-34 the human ERCC-1 eDNA was isolated 
and in subsequent experiments human ERCC-1 eDNA probes allowed the 
cloning of the mouse ERCC-1 gene and eDNA. The results on the character
ization of the human and murine ERCC-1 genes are described in Appendix 
papers II, III and IV. 

ERCC-1 is located on human chromosome 19q. The gene consists of 10 
exons which span a region of 15-17 kb. The last exon of the human ERCC-
1 gene has a variable size due to alternative polyadenylation which yields 
3.4 and 3.8 kb transcripts in addition to the major 1.1 kb ERCC-1 mRNA. 
ERCC-1 transcription is not notably induced in UV-irradiated HeLa cells and 
a low constitutive transcription level is found for ERCC-1 expression in a 
several human cell lines and different mouse organs and stages of development 
examined. Both the human and mouse ERCC-1 promoter are devoid of 
known promoter elements and might represent a category of constitutive 
lowly expressed genes. Evidence has been obtained for alternative splicing 
of exon VIII of the human ERCC-1 gene. Transfection of a human ERCC-
1 eDNA clone without exon VIII to 43-3B cells does not correct the DNA 
repair defect of 43-3B cells. Furthermore, no evidence is found for alternative 
splicing of mouse ERCC-1 transcripts. Therefore, the biological significance 
of the shorter ERCC-1 transcripts in human cells is unclear. Transfection of 
full length human and murine ERCC-1 eDNA to 43-3B cells results in a fully 
repair proficient phenotype indicating that they encode functional ERCC-1 
proteins. The mammalian ERCC-1 gene encodes a protein of 32 - 33 kD 
(297-298 amino acids). A nuclear location signal and DNA binding domain 
have been tentatively assigned to the protein based on structural amino acid 
similarity with functional domains in other proteins. Significant amino acid 
sequence homology was found with the yeast excision repair protein RAD 10. 
The pattern of homology showed much less sequence conservation in the N
terminal part of the protein than in the middle and C-termina.l portion and 
was similar to the pattern of homology between human and mouse ERCC-1. 
The possibility that the N-terminus is less relevant for the repair function 
of ERCC-1 was confirmed in transfection experiments with a 5' truncated 
ERCC-1 eDNA. A construct lacking the sequence coding the first 54 amino 
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acids was still competent to correct the 43-3B mutation. All introduced 
mutations in the C- terminal half of ERCC-1 abolish its repair function. 

The ERCC-1 protein is 87 amino acids longer than RAD1 0. Intrigu
ingly, this C-terminal extension of the protein exhibits significant amino acid 
similarity to parts of the E.coli repair proteins uvrA and uvrC. This might 
indicate that during evolution different DNA repair functions have been ac
commodated in ERCC-1. Another important conclusion is that (parts of) 
the mechanism of DNA excision repair is (are) well conserved throughout 
evolution. A possible implication of this finding is that functional studies 
on the ERCC-1 protein might benefit from the work on the related yeast 
and bacterial repair proteins. Furthermore, the evolutionary conservation 
between ERCC-1 and RAD1 0 suggests that the already isolated yeast RAD 
genes can be recruted to clone repair genes of higher organisms based on 
nucleotide sequence homology. 

In order to investigate whether the ERCC-1 gene specifically corrects 
CHO mutants of complementation group 1, the cloned gene was transfected 
to representative lines of the first 6 groups. The transfection experiments 
consistently showed that ERCC-1 only corrects group 1 mutants suggesting 
that these cells carry a mutation in the endogenous Chinese hamster ERCC-
1 gene. Moreover, these results endorse the idea that the classification of 
rodent repair mutants is based on mutations in different genes (Appendix 
paper V). 

Using similar approaches the possible relationship between ERCC-1 and 
human DNA repair syndromes has been investigated (Appendix paper VI). 
Southern and Northern blot experiments have not revealed abnormalities in 
the endogenous ERCC-1 gene and its expression in cell lines from XP group A 
through I and Cockayne's syndrome (CS) cells of group A and B. Introduction 
of the cloned ERCC-1 gene into these cells did not yield an altered cellular 
response to UV-irradiation. It is inferred from these experiments that ERCC-
1 is not involved in the genetic defect of the XP and CS complementation 
groups examined. 

Appendix paper VII reports that the homology between ERCC-1 and 
RAD1 0 extends to the genomic organization of both genes. The 3' ERCC-1 
region harbors an antisense transcription unit, yielding a 2.6 kb RNA, which 
is overlapping with the last ERCC-1 exon. Also the RADJOgene overlaps in 
the 3' region with an antisense transcription unit. This is the first example 
of a naturally occurring overlapping antisense transcription in the human 
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genome whereas this phenomenon is also exceptional in yeast. In view of its 
rarity, the fact that antisense transcription is found in evolutionarily related 
genes suggests an important biological function. 

SAMENVATTING 

Een aantal aanwijzingen suggereren dat defecten in DNA herstel systemen 
verantwoordelijk zijn voor cellulaire overgevoeligheid voor DN A-schade en 
kankerpredispositie bij diverse erfelijke afwijkingen. Echter, alleen in bet 
geval van xeroderma pigmentosum (XP) is er een duidelijke bewijs voor mu
taties in genen betrokken bij DNA excisie herstel. Celfusie experimenten 
met cellijnen van verschillende XP patienten hebben tien XP complementa
tiegroepen aangetoond. Daarnaast zijn momenteel zeven groepen beschreven 
van door middel van in vitro mutagenese verkregen UV -gevoelige knaagdier 
cellijnen met XP- achtige eigenschappen. Hoewel slechts een beperkte hoe
veelheid informatie beschikbaar is, tot nu toe zijn er geen directe aanwijzin
gen voor overlap tussen de XP en knaagdier klassificaties, hetgeen betekent 
dat mogelijk tien tot zeventien verschillende genprodukten betrokken zijn bij 
DNA excisie herstel in zoogdiercellen. 

Het doel van bet in dit proefschrift beschreven werk is de isolatie en karak
terisering van humane DNA excisie herstel genen. Hierdoor kan meer inzicht 
worden verkregen in het mechanisme van dit herstelproces, terwijl het te
vens een belangrijke stap kan zijn om de relatie tussen DNA schade en bet 
ontstaan van kanker beter te kunnen begrijpen. 

Vele pogingen om het XP-defect te corrigeren door transfectie met ge
nomisch DNA van normale cellen zijn mislukt. De meest waarschijnlijke 
verklaring hierv.oor is bet geringe vermogen van humane cellen om DNA 
op te nemen in genomische transfectie experimenten. In tegenstelling tot 
XP cellijnen zijn Chinese hamster ovarium (CHO) cellen zeer geschikt voor 
genomische transfecties. Hierdoor is bet mogelijk om in combinatie met mo
leculaire kloneringstechnieken humane 'excision repair cross complementing' 
(ERCC)-genen te isoleren die bet defect in UV- gevoelige CHO muta.nten 
corrigeren. 

De isolatie van deze humane ERCC-genen opent de mogelijkheid om het 
mechanisme van DNA excisie herstel te ontrafelen. Daarnaast is er de hoop 
dat er overlap bestaat tussen de spectra van CHO en XP complementatie
groepen wa.a.rdoor de klonering va.n DNA herstelgenen via genomische trans-
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fecties met CHO mutanten tevens zou kunnen leiden tot de opheldering van 
het genetisch defect in een of meerdere XP complementatiegroepen. 

Het experimentele werk dat in dit proefschrift wordt beschreven betreft de 
klonering en karakterisering van het eerste humane DNA herstelgen, ERCC-
1 genoemd, dat de UV en mitomycine-C gevoeligheid van CHO mutanten in 
complementatiegroep 1 corrigeert. 

Het ERCC-1 gen is gekloneerd na cotransfectie van humaan genomisch 
DNA met de dominante marker Ecogpt naar de CHO mutant 43-3B. De 
gekoppelde overdracht van het ERCC-1 en Ecogpt gen in de tweede ronde 
van transfectie maakte het mogelijk om het ERCC-1 gen te isoleren uit 
een cosmide-bank van een secundaire transformant met een probe van de 
dominante vector. De ·correctie van het DNA herstel defect in 43-3B cellen na 
transfectie van cosmide 43-34 bevestigde vervolgens de klonering van ERCC-
1 (Appendix publicatie I). 

Met behulp van unieke probes van cosmide 43-34 kon het humane ERCC-
1 eDNA worden geisoleerd, terwijl vervolgens met humane eDNA probes het 
homologe ERCC-1 gen en eDNA van de muis kon worden gekloneerd. De 
resultaten van de klonering en karakterisering van het humane en het muize 
ERCC-1 gen zijn beschreven in Appendix publicaties II, III and IV.ERCC-1 
is gelokaliseerd op de q-arm van het humane chromosoom 19. Het gen be
staat uit tien exons en heeft een lengte van 15 tot 17 kb. Het laatste exon 
heeft een variabele grootte als gevolg van alternative polyadenylering hetgeen 
resulteert in ERCC-1 transcripten van 3.4 kb en 3.8 kb naast het belang
rijkste ERCC-1 transcript van 1.1 kb. In HeLa cellen wordt de ERCC-1 
transcriptie niet geinduceerd door UV bestraling. Een laag constitutief ni
veau van expressie is gevonden voor ERCC-1 transcriptie in diverse humane 
cellijnen en geanalyseerde muize organen en ontwikkelingsstadia. De humane 
en muize ERCC-1 promoters bevatten geen bekende promoter elementen en 
zouden daardoor een klasse van laag geexpresseerde genen kunnen represen
teren. Een aantal experimentele gegevens tonen aan dat ERCC-1 exon VIII 
alternatief gespliced kan worden. Transfectie van het eDNA zonder dit exon 
leidt niet tot correctie van het DNA herstel defect in 43-3B cellen. Er zijn 
geen aanwijzingen voor alternatieve splicing van het muize ERCC-1 tran
script en het is daarom nog onduidelijk wat de biologische significantie van 
het kortere humane ERCC-1 transcript is. 

Transfectie van het volledige humane en muize 1.1 kb eDNA naar 43-3B 
cellen resulteert in complete correctie van het DNA herstel deficiente phe-
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notype hetgeen aangeeft dat beide eDNA's een functioneel ERCC-1 eiwit 
koderen. De ERCC-1 eDNA sequentie kodeert voor een eiwit van 32-33 kD 
(297-298 aminozuren). Op basis van sequentie overeenkomst met functio
nele domeinen in andere eiwitten zijn in het ERCC-1 eiwit een kern lokatie 
signaal en een DNA bindend domein gepostuleerd. Verder blijkt het ERCC-
1 eiwit een significante aminozuur homologie te hebben met het gist DNA 
herstel eiwit RADiO. Ret N-terminale deel van beide eiwitten toont veel 
minder sequentie konservering dat het midden en C-terminale deel. Dit pa
troon van homologie wordt ook tussen het muize en humane ERCC-1 eiwit 
gevonden. De mogelijke verklaring dat het N-terminale ERCC-1 deel min
der belangrijk is, wordt ondersteund door transfectie-experimenten met een 
5' afgebroken ERCC-1 eDNA. Een construct dat de koderende sequentie 
voor 54 N-terminale aminozuren mist, is in staat de 43-3B mutatie volledig 
te corrigeren. Alle rp.utaties in het C- terminale deel resulteerden in volle
dige inactivatie van ERCC-1 DNA herstel functie. Het ERCC-1 eiwit is 87 
aminozuren langer dan RAJJ1 0 en het is intrigerend dat juist dit extra C
terminale deel van ERCC-1 significante homology vertoont met delen van de 
E.coli DNA excisie herstel eiwitten uvrA en uvrC. Dit zou kunnen beteke
nen dat tijdens de evolutie diverse DNA herstel functies in het het ERCC-1 
gen zijn verenigd. Een andere belangrijke conclusie is dat het er op lijkt 
dat (delen van) het mechanisme van DNA excisie herstel zijn gekonserveerd. 
Dit heeft als mogelijke implicaties dat resultaten van functionele studies met 
de gist en bacterie eiwitten van nut kunnen zijn voor het begrijpen van het 
mechanisme van DNA herstel in hogere organismen. Verder suggereert de 
evolutionaire conservering van DNA hersteleiwitten dat reeds gekloneerde 
gist DNA herstelgenen mogelijk gebruikt kunnen worden voor de klonering 
van homologe genen van hogere eukaryoten. 

Om te onderzoeken ofhet ERCC-1 gen specifiek het defect in CHO mutan
ten van komplementatiegroep 1 complementeert, is DNA van het gekloneerde 
gen op cosmide 43-34 getransfecteerd naar representatieve cellijnen van de 
eerste 6 CHO groepen. UV overlevings- en UDS- experimenten tonen aan 
dat ERCC-1 aileen groep 1 mutanten complementeert. Dit suggereert dat 
deze CHO cellen gemuteerd zijn in het endogene Chinese hamster ERCC-1 
gen. Bovendien onderschrijft dit resultaat de gedachte dat de klassificatie 
knaagdier DNA herstel mutanten gebaseerd is op mutaties in verschillende 
genen (Appendix publicatie V). 

Op vergelijkbare wijze is de mogelijke betrokkenheid van ERCC-1 met 
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human DNA herstel syndromen onderzocht (Appendix publicatie VI). Door 
middel van Southern en Northern blot experimenten zijn geen afwijkingen 
gevonden in het endogene ERCC-1 gen van XP-cellijnen uit XP groep A tot 
en met I en Oockayne's syndrome (OS) cellen van groep A en B. Introductie 
van het gekloneerde ERCC-1 gen in deze cellen resulteerde niet in een veran
derde cellulaire response op UV-bestraling. Op grond van deze bevindingen 
is geconcludeerd dat het ERCC-1 gen niet betrokken is bij het genetisch 
defect in XP en OS. 

Tenslotte wordt in Appendix publicatie VII gerapporteerd dat er ook met 
betrekking tot de genomische organisatie van ERCC-1 en RAD1 0 opval
lende overeenkomsten bestaan. Zowel het humane ERCC- 1 gen als het 
gist RAD1 0 gen overlappen in de 3' regio met een gen dat door de comple
mentaire DNA streng wordt gekodeerd. Voor zover bekend is dit het eerste 
voorbeeld van overlappende antisense transcriptie in humane cellen terwijl 
het ook in gist een zeldzaam verschijnsel is. Met het oog op deze uitzon
derlijkheid suggereert de konservering van antisense transcriptie in loci van 
gerelateerde DNA herstelgenen een belangrijke biologische functie. 
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Cell strains derived from patients having a hereditary disorder 
associated with defects in repair of DNA damage such as 
xeroderma pigmentosum 1'

1 and mutants isolated from established 
rodent cell lines3•

4 provide the tools for genetic and biochemical 
analysis of DNA repair pathways in mammalian cells. Com
plementation studies using these cells have illustrated the genetic 
and biochemical complexity of these pathways3

•
5

•
6

• lhe precise 

• To whom reprint requests should be addressed. 
§ Pre~enl address: Depanmenl of Molecular B1ophysics and Biochemistry, Yale University. 
260 Whitney Avenue. PO Box 5666. New Haven. Connecticut 06511. USA. 

Fig. 1 Experimental strategy for the isolation of the human repair 
gene ERCCJ. 
Methods: For transfections, -5 x 105 43-38 cells were seeded in 
100 mm Petri dishes I day before DNA transformation. The cells 
were grown in FIO/Dulbecco's minimal essential medium 
(DMEM) I: I supplemented with antibiotics and 3% fetal and 7% 
newborn calf serum. High-molecular weight He La DNA, isolated 
as described previously 17

, was partially cleaved to an average 
fragment size of 50-60 kbp with restriction endonuclease Pstl. 
Provided that the repair gene is not exceptionally large (>40-
50 kbp), sufficient g;;ne copies in the DNA should remain intact. 
The restricted DNA was subsequently ligated to a twofold molar 
excess of Psrl-linearized dominant marker pSV3gptH using T4 
DNA ligase (Biolabs). Vedor pSV3gptH is a derivative ofpSV3gpt 
(ref. 9), from which the simian virus 40 (SV40) early region and 
a 120-bp Hindiii-Bg/IJ fragment in front of the gpt sequence 
(which contains false start codons 18

) were removed. Afier testing 
the ligation on agarose gels the hybrid molecules were transfected 
into 43-38 CHO repair mutant cells by the calcium phosphate 
precipitation method 19

• 20 J.L& of DNA (vector+Hela DNA) were 
applied to each Petri dish. Following overnight exposition of the 
DNA, cells were treated with dimethyl sulphoxide (10% for 
30 min) and grown for 24-48 h on non-selecting culture medium 
to allow expression of the transfected markers. Selection for the 
dominant marker was in modified MPA medium containing: 
FIO/DMEM I: I, antibiotics (3% fetal, 7% newborn calf serum), 
aminopterin (0.2~-L& ml- 1

), thymidine (51J.g ml- 1
), xanthine 

{IOJ.Lgml- 1), hypoxanthine (15 J.Lgml- 1), mycophenolic acid 
(25 IJ.g ml- 1) and deoxycytidine (2.3 !l-8 ml- 1 

). The selection 
medium was refreshed every 3-4 days. Arter the appearance of 
MPA-resistant (MPA•) colonies (wi'thin 2 weeks) the cells of each 
Petri dish were resee'ded on two dishes, one of which was UY-

nature of the genes and gene products in•ohed in these mutants 
has not yet been resolved. Isolation of repair genes by recombinant 
DNA technology would open up new approaches to the elucidation 
of repair mechanisms in mammalian cells. Here we report the 
molecular cloning of a human repair gene (ERCCI) that comple
ments the repair defect in a Chinese hamster o•ary (CHO) mutant 
cell line. 

The CHO mutant cell line 43-3B (ref. 7) used in this study is 
sensitive to UV light and mitomycin C and falls into com
plementation group 2 of the classification described by 
Thompson et a/.3•

7
• The mitomycin C sensitivity of these cells 

allows efficient selection of repair-competent transformants after 
transfection with human DNA8

. 

The strategy for the isolation of the human repair gene is 
depicted in Fig. I. High-molecular weight DNA isolated from 
HeLa cells is partially cleaved to an average fragment size of 
50-60 kilobase pairs (kbp), ligated to linearized plasmid 
pSV3gptH and transfected to the 43-3B CHO mutant cells. 
pSV3gptH contains the Escherichia coli gpr (Ecogpr) gene that 
renders transformed cells resistant to medium containing 
mycophenolic acid (MPA medium'), which provides a means 
of preselecting the fraction of transfection-competent recipient 
cells 10• The physical linkage between pSV3gptH.and the repair 
gene can be used to identify in an E. coli recombinant library 
of a (secondary) transformant, clones that contain the two genes, 
using colony hybridization with a labelled Ecogpr probe". 

The transfection frequency of 43-3B cells with the human
pSV3gptH hybrid DNA molecules for MPA resistance (MPA') 
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irradiated (3 xs J m- 2 at 1-day'intervals), the other exposed to mitomycin C (10-8 M)8 in MPA medium. These treatments were lethal to the 
43-3B mutant, but not to repair-competent CHO cells. The UV'" and MM-c• colonies appearing on the duplicates of one parental Petri dish 
were expanded into mass culture (108-109 cells) in selective conditions (except ror UV) and characterized with respect to UV and mitomycin 
C sensitivity (Fig. 3), UY-induced unscheduled DNA synthesis (Table I) and Southern blot hybridization (Fig. 2). Secondary and tertiary 
transformation and selection were done as above except that 43IUV and 43IIMM-C DNA, respectively, were used as donor DNAs and that 
selection for both markers (MPAr and MM-Cr) was done simultaneously. To construct a cosmid library of 431IMM-C DNA, a partial Mbol 
size-fractionated digest of 43JIMM-C DNA with an average fragment size of 40-50 kbp was ligated to Bam HI-cleaved pTCF~cosmid vector 
arms, packaged in vitro and transduced jnto bacterial host ED8767 essentially as described earlier0

. This library, which consisted of 0.8 x 106 

independent recombinants (equivalent to five times the diploid Chinese hamster genome), was screened by colony filter hybridization 20
•
21 

using an Ecogpt probe (the isolaied22 small Sphl fragment of pSV3gpt containing the Ecogpt gene and pan of the SV40 early region9
). The 

gpt probe was labelled in vitro by nick-translation23
, using (a-32P]-Iabelled dATP and dCTP (Amersham, 3,000 Ci mmol- 1

) to a specific activity 
of 2-5 x 108 c.p.m. )J.g- 1

• During hybridization excess unlabelled pTCF plasmid was present as competitor. Hybridized and washed filters 
(Millipore, HA nitrocellulose, 0.45 )J.m pore size) were exposed to X-ray film (Fuji Rx) at -70 oc with intensifying screen (Fuji). Seven 
hybridizing E. coli clones were picked from the master filter, rescreened with the same pro~ and grown in II culture medium (L-broth + 
ampicillin, 50 j.Lg ml- 1 

). Cosmid DNAs were isolated according to ref. 20. All cosmids transfected into 43-38 as described above using 1-5 J.Lg 
of cosmid DNA gave MPAr colonies; only cosmid 43-34 (see Figs 2-4) induced mitomycin C-resistance as well. 
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was 50 clones per IJ.& DNA per 106 cells and for combined 
MPA' + UV' or MPA' +mitomycin C resistance (MM-C') 0.02 
clones per IJ.& DNA per 106 cells. The latter transformation 
efficiency is comparable to that found for another CHO mutant 
of the same complementation group8 and is in the order of that 
expected for unique genes 12

•
13

• One UV' and one MM-C' trans
formant (designated 43IUV and 43IMM-C respectively) were 
analysed for the presence of pSV3gptH and human sequences 
by blot hybridization and characterized with respect to various 
repair parameters. Southern blot analysis revealed the presence 
in both genomes of multiple copies (probably ;;. 100) of the 
dominant marker as well as a considerable amount of human 
DNA (see, for43IUY, Fig. 2a, e). As a first end point of repair, 
we investigated UV-induced unscheduled DNA synthesis in the 
transformants. The level of unscheduled DNA synthesis in 
mutant 43-38 is only a fraction of that performed by repair
proficient CHO cells, while the level in transformants 43IUV 
and 431MM-C equals that of the CHO wild type (Table 1). As 
in other rodent cells, the level of unscheduled DNA synthesis 
in CHO wild-type cells is lower than that in human cells 14

• 

Survival curves show that both transformants have regained the 
repair-proficient constitution for UV and MM-C (Fig. 3). The 
finding that these curves do not coincide with those of CHO 
wild-type cells might be explained by the heterologous (human) 
nature of the gene and its product. As repair~competent rever
tants were never observed in parallel mock-transfection experi
ments, we conclude that the repair-proficient character of 43IUY 
and 431MM-C is due to the stable incorporation and expression 
of a complementing human repair gene. 

After transformation of 43-38 cells with 431UV DNA (second
ary transfection), coupled transfer of MPA' and MM-C' was 
found to be only slightly lower than that of either marker alone 
(about 0.02 clones per IJ.g DNA per 106 cells), indicating a close 
physical linkage between the two in the DNA of 43IUV. One 
secondary transformant, 43IIMM-C, was selected for further 
characterization. The levels of its unscheduled DNA synthesis 
and its MM-C- and UV-survival curves were not significantly 
different from those of the primary transformant (Fig. 3, Table 
1). Southern blot analysis of the DNA of 43IIMM-C revealed 
that three copies of the dominant marker and a specific subset 
of human DNA fragments had been retained (Fig. 2a, e). 
Restriction enzyme mapping data indicated that two of the three 
pSV,gptH copies were very closely linked, whereas the third 
copy was loc:-tted at some distance from the other two (see 
below). In a tertiary transformation, combined transfer of MPA' 
and MM-C' was found with a similar frequency as for the 
secondary transformation, indicating that no rearrangement had 
disconnected the two genes. Therefore DNA of the secondary 

Fie;. 2 Fifteen ...,g of high-molecular weight DNA of 431UV 
(primary transformant). 43IIMM-C (secondary transformant) and 
43111MM-C (tertiary transform;nt) were digested with Pstl. Three 
.,._g of cosmids 43-12, -31 and -34 (see Fig. 4) were cleaved whh 
Sail to liberate the insert (Fig. 4; ref. 21) and further digested with 
Pstl. The DNAs were electrophoresed and hybridized with the 
probes as indicated. Arrows indicate non-equimolar bands, 
hybridizing with the Ecogpt probe, that are derived from con
taminating free pSV3gptH molecules in the cosmid DNA prepar
ation. As these bands were only found in preparations of cosmids 
harbouring the tandem copies of pSV3gptH, we presume they have 
arisen during growth of the bacteria for preparation of cosmid 
DNA as a result of a recombination event, which might be due to 
the presence of three to four pBRand at least two Ecogpt sequences 
in these cosmid molecules. 
Methods: DNAs were prepared as detailed elsewhere 17

'
21

• Genomic 
DNAs were elhanol-precipitated before layering onto a O.S% 
agarose gel and electrophoresis. After transfer to a nitrocellulose 
fitter4

, one set of blots was hybridized with the 32 P-Iabelled Ecogpt 
probe (Fig. I legend), the other with a 32 P-Iabelled human cot-/ 
DNA probe, ligated using T4 DNA ligase before nick-translation 
to increase its size. Nick-translation, hybridization, washing (0.3 x 
SSC at 65 oc) and autoradiography were as described in Fig. I. 
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trans formant was used to construct a cosmid recombinant library 
in E. coli (Fig. 1 ). 

Restriction endonuclease analysis of cosmids of seven £. coli 
clones hybridizing with the Ecogpr probe revealed that all had 
overlapping sequences (for a representative trio covering the 
entire 70-kbp cloned region, see Fig. 2b-d). Some harboured 
all three pSV3gptH copies present in the 43IIMM-C genome 
(cosmid 43-31), others contained only two (cosmid 43-12) or 
one copy (cosmid 43-34, Fig. 2b). The remaining part of the 
inserts consisted of only human DNA. From the hybridization 
with human repeats we conclude that most of the human 
sequences integrated in 43IIMM-C are covered by these clones 
(compare Fig. 2d and e). A physical map of the cosmid inserts 
(Fig. 4, upper part) appeared to be consistent with the Southern 
blot data obtained from the genomic DNA of 43IIMM-C. 
Apparently this transformant has stably integrated a continuous 
43IUY DNA fragment longer than 70 kbp. 

After transfection to 43-38 all cosmids induced MPA resist
ance with a high frequency (70 clones per IJ.g DNA per 106 

cells); however, only cosmid 43-34 transferred resistance to 
MM-C and UV (Fig. 3) and restoration of unscheduled DNA 
synthesis (Table 1) with an efficiency comparable to that of the 
dominant marker. This is more than 3 x 103 higher than that of 
genomic DNA. Cosmid 43-34 extends the furthest to the right 
in the map of Fig. 4, and contains only one pSV3gptH copy, 
indicating that the UV/MM-C-resistance gene must reside to 
the right of pSV ,gptH and extends at least in part beyond the 
overlap with cosmid 43-23 (Fig. 4). This is consistent with the 
finding that a tertiary transformant, 43IIIMM-C, has retained 
only the single pSV,gptH copy and the same fragment of human 
DNA (Fig. 2a, e). A more precise localization of the gene was 
obtained by digesting 43-34 cosmid DNA with various restric
tion endonucleases and scoring for the intactness of the gene 
by transfection into the 43-38 cells. Of the enzymes tested, only 
Sail and Cia I left the gene intact; other endonucleases (Bam HI, 
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germicidal lamp (Philips TUV lamp) at a dose rate of0.6Jm-2 s- 1

, or grown in medium with mitomycin C. The cells were cultured for 7 
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Fie:. 4 Upper part, physical maps of seven cosmids covering the transfected Ecogpt region of 43IIMM-C. The pSV3gptH copies. designated 
1-lll, are indicated by open bars. Lower part, detailed physical map of cosmid 43-34. The pSV3gptH copy is indicated as an open bar (the 
hatched region is the Ecogpt probe used). The minimal region covered by the repair gene ERCCI is drawn as a solid bar. Probes used for 
hybridization of 43-38 transfonnants are indicated separately. Restriction enzymes include: Bam HI (B), Bgiil (Bg), Cia! (C), Hindlll (H), 
Kpnl (K), Sal! (S), Sst! (Ss) and Xhol (X). 
Methods: Restriction enzyme maps are based on single, double and triple endonuclease digestion. on hybridization data with the Ecogpt and 
human cot-/" probes and individual fragments isolated from low-melting point agarose gels22

, and on subclones from insert regions. To obtain 
information on the location of the repair gene, 10 ~g of cosmid 43-34 DNA were cleaved with various restriction endonucleases (see text) 
and co-transfected with pSV3gptH to 43-38 cells. To prevent reconstitution of the gene by religation of the fragments in the cell aftertran.sfection. 
the restricted cosmid DNA was treated before transfection with alkaline phosphatase and, when appropriate, a molar excess of human DNA 
fragments with the same (cohesive) ends was added as carrier DNA. One iJ.S of digested cosmid DNA was applied to each Petri dish, containing 

0.4-1.0 x 106 43-38 cells. Selection was based on MPA and mitomycin C-resistance simultaneously. 
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Bglli, EcoRI, Hindlll, Kpnl, Nunll, Pul, Pvull, Smal, Ssll, 
Xho I) largely or completely abolished MM-C resistance. From 
these data we conclude that at least sites X, K3, 8g7, H. and 
8 2 are within essential parts of the DNA repair gene, leaving a 
minimal gene size of 7 kbp (Fig. 4, lower part). 

Consistent with this conclusion is the finding that the largely 
unique 1.0-kbp 83-84 fragment (Fig. 4, lower part) was present 
in all of the 13 independent primary transformants checked, 
and some of them had retained the more distant 1.1-kbp S,-S3 
fragment also. As expected, none of these transformants con
tained two unique Hindlll fragments (H 1-H2 and H3-H4 ; Fig. 
4, lower part) from the other side of pSV3gptH, that is, from a 
region unrelated to the repair gene (data not shown). Following 
the nomenclature proposed at the 17th Human Gene Mapping 
Conference", we term the repair gene described here ERCCI 
(excision repair complementing defective repair in Chinese 
hamster cells). 

Other groups have reported the transfer and identification of 
human repair genes. In one case the transfer of human DNA 
conferring UV resistance to xeroderma pigmentosum cells of 
complementation group A has been claimed 16 but this was not 
followed by molecular identification or cloning of the respon
sible gene. Extensive efforts to reproduce these results were 
unsuccessful in our hands (unpublished observations). Recently, 
a human repair gene was identified8 following gene transfer into 
a Chinese hamster mutant of the same complementation group 
as mutant 43-38 used in this study. The molecular cloning of 
the repair gene reported here makes possible an investigation 
.of its function in repair, its relation to human repair-deficiency 
syndromes such as XP and general characteristics of mammalian 
repair processes. 
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Table I UV-induced 'unscheduled DNA synthesis of 43-38 
transformants 

Cell line 

He La 
CHO 
43-38 
431UV" 
431MM-C 
4311MM-C 
43IIIMM-C 
43Cos34 

No. of grains 

37.0±0.9 
21.6±0.8 
4.5±0.2 

17.6±1.7 
25.0±0.7 
21.9±0.5 
31.8±0.6 
31.5±1.2 

Two days after seeding the cells were exposed to UV light ( 16 J m - 2
) 

and incubated for 2 h in FlO medium without TdR containing 3H· 
thymidine (10 .,_ci ml-1; specific activity 46 Ci mmol- 1) and 8% dia
lysed fetal calf serum. After fixation of the cells the preparations were 
processed for autoradiography (Kodak ARlO stripping film), exposed 
for 1 week. at 4 °C, developed, fixed and stained with Giemsa solution. 
The table shows the results of one typical experiment. For each cell line 
at least SO nuclei were counted. Number of grains is given as mean 
±s.e.m. per fixed square of non·S·phase nucleus. 

• Note that about 20% of the 431UV population did exhibit 43-38 
unscheduled DNA synthesis levels: this might be 'due to segregation of 
the repair marker. 
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Summary 

The human excision repair gene ERCC·1 was cloned 
after DNA mediated gene transfer to the CHO mutant 
43-38, which is sensitive to ultraviolet light and 
mitomycin-C. We describe the cloning and sequence 
analysis of the ERCC·1 eDNA and partial characteriza
tion of the gene. ERCC·1 has a size of 15 kb and is lo
cated on human chromosome 19. The ERCC·1 precur
sor RNA is subject to alternative splicing of an internal 
72 bp coding exon, Only the eDNA of the larger 1.1 kb 
transcript, encoding a protein of 297 amino acids, was 
able to confer resistance to ultraviolet light and 
mitomycin-Con 43-38 cells. Significant amino acid se
quence homology was found between the ERCC-1 
gene product and the yeast excision repair protein 
RAD10. The most homologous region displayed struc
tural homology with DNA binding domains of various 
polypeptides. 

Introduction 

Nucleotide excision repair, which removes DNA lesions 
like pyrimidine dimers induced by ultraviolet (UV) light and 
bulky chemical adducts, is the major DNA repair pathway 
in mammalian cells (Friedberg, 1985). In the hereditary 
disease xeroderma pigmentosum (XP) defective DNA ex
cision repair is believed to underlie the extreme sensitivity 
of patients to sunlight and their predisposition to develop 
tumors on exposed parts of the skin (for review see 
Kraemer, 1983). XP displays a considerable genetic het
erogeneity; cell fusion experiments have demonstrated 
the presence of at least nine complementation groups (de 
Weerd-Kastelein et al., 1972; Fischer et al., 1985). The 
genes or gene products that are mutated in this cancer 
prone disorder are unknown. As an approach to the eluci
dation of these mutations and the understanding of mam
malian DNA repair, a number of Chinese hamster ovary 
(CHO) cell lines that are sensitive to UV light have been 
isolated (Wood and 9urki, 1982; Thompson et al., 1981; 
Thompson and Carrano, 1983). Genetic complementation 
revealed that these mutants constitute at least five differ
ent complementation groups (Thompson et al., 1981; 
Thompson and Carrano, 1983), which are, like XP, all 
defeCtive in the incision step of the excision repair path
way (Thompson et al., 1982). 

With the aid of DNA mediated gene transfer, we recently 
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cloned a human excision repair gene designated ERCC-1 
(Westerveld et al., 1984). This gene was cloned by virtue 
of its ability to correct the excision repair defect in CHO 
mutant 43-39, which belongs to complementation group 
two in the classification of CHO mutants sensitive to UV 
light (Wood and 9urki, 1982) and is also sensitive to 
mitomycin-C (MM-C). To isolate this gene, human ge
nomic DNA was partially digested with Pstl and ligated to 
the dominant marker pSV3gptH. In a primary transfection 
of this DNA to 43-3B cells, transformants resistant to 
mycophenolic acid, which selects for the presence of 
pSV3gptH, and to UV light or MM-C were isolated. Using 
genomic DNA of these primary transformants in a second
ary transfection, linked transfer of pSV3gptH and the cor
recting human gene to 43-39 cells could be achieved. 
This made it possible to isolate ERCC-1 from a cosmid li
brary of a secondary transformant using pSV3gptH 
probes (Westerveld et al., 1984). The extensive use of XP 
cells in this approach did not result in the generation of 
repair proficient transformants (for review see Lehmann, 
1985). In contrast, a number of other successful transfec
tions of CHO mutants using human genomic DNA have 
been reported (Rubin et al., 1983; Macinnes et al., 1984; 
Thompson et al., 1985a). 

We report the eDNA cloning and partial genomic char
acterization of ERCC-1. Significant homology was found 
at the amino acid level between ERCC-1 and the Sac
charomyces cerevisiae excision repair gene RAD10, sug
gesting the evolutionary conservation of DNA excision re
pair. Part of the homologous region has structural ho
moi!Jgy with DNA binding domains of other polypeptides. 

Results 

Localization of ERCC·1 on Cos43-34 
The cloning strategy of ERCC-1 involved the screening of 
a cosmid library of a repair proficient secondary 43-3B 
transformant (Westerveld et al., 1984). Of the seven over
lapping cosmids isolated from this library, one (cos43-34) 
contained a functional ERCC-1 gene. The overlap of 
cos43-34 with the six other cosmids concerned the left
hand region of the insert, indicating that relevant ERCC-1 
sequences are on the right-hand part (Westerveld et al., 
1984). To narrow down the location of ERCC-1, cos43-34 
DNA was partially digested with Sau3A and size fraction
ated fragments of 15-20 kb were cloned in a J..EM9L-3 
replacement vector. A suitable set of A.-recombinants 
covering the putative ERCC-1 region was selected for 
transfection to 43-3B cells in order to screen for a func
tional ERCC-1 gene. The results of these experiments are 
shown in Figure 1. Two recombinant clones extending the 
farthest to the left did not give repair proficient 43-3B 
transformants. All other phages were positive in this as
say. These results limit the position of ERCC-1 on cos43-
34 to the 15-17 kb region depicted in Figure 1. The higher 
number of MM-C resistant transformants generated by 
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/.51-12 and /.104-1 than by /.104-4,1.51-11, and /.51-6 might 
be due to the fact that the latter three lack nonessential 
portions of ERCC-1. 

Cloning of ERCC-1 eDNA 
The isolation of unique probes from the genomic ERCC-1 
region was hampered by the abundance of repetitive ele
ments. However, a 1.05 kb Pvull fragment situated close 
to the right end of ERCC-1 (Figure 1) was found to be free 
of repeats and was used as a probe for screening the hu
man expression eDNA library generously provided by Dr. 
H. Okayama (Okayama and Berg, 1983). This resulted in 
a number of hybridizing clones, three of which (pcD3A, 
pcD3C, and pcD3B7), varying in size from 800 to 1000 bp, 
will be described in more detaiL Northern blot analysis of 
poly(A)+ RNA of Hela cells revealed that the eDNA 
clones hybridized mainly to an mRNA of 1.0-1.1 kb. Faint 
hybridization with a 3.0 kb RNA species was also ob
served (Figure 2). Identical results were obtained in a 
Northern blot analysis of the human chronic myelogenous 
leukemia cell line K562 and an SV40 transformed human 
fibroblast line. The simplest interpretation of these results 
is that the 1.0-1.1 kb mRNA is the mature ERCC-1 tran
script. The 3.0 kb band may represent a precursor RNA 
species. 

The aligned physical maps of the three eDNA clones 
are shown in Figure 3. Sequence analysis of these clones 
(shown below) revealed that the largest clone, pcD3B7, 
lacked 104 bp of an internal eDNA region and that clone 
pcD3A lacked a stretch of 72 bp. However, by substitution 
of the internal Smal fragment of pcD3C in the correspond
ing sites of pcD3B7 a complete ERCC-1 eDNA could be 
constructed. This clone, designated peDE, combined all 
sequences present in the three eDNA clones. 

Surprisingly, the 72 bp region that is absent in pcD3A 
appeared to correspond exactly to a single exon at the ge
nome leveL Sequence analysis of genomic ERCC-1 DNA 
at this position revealed the sequence 5'-caccctttccag
GTGAC .... TTGGA~aaggaatggct-3', which showed that 
the 72 bp region (capitals) is flanked by expected splice 
donor and acceptor sequences (underlined). Since the 
chance that an artificial deletion coincides precisely with 
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Figure 2. Northern Blot Analysis of Poly(A)+ RNA from Hela Cells 

Twenty micrograms of poly(A)+ RNA was separated in a 1% agarose 
gel containing formaldehyde and after transfer to nitrocellulose was hy
bridized to a 32P-Iabeled ERCC-1 eDNA probe from pc03A. 

a single exon is extremely low, this finding rendered it very 
likely that clone pcD3A was derived from an alternatively 
spliced ERCC-1 mRNA lacking this 72 bp exon. To obtain 
additional evidence for differential processing of the 
ERCC-1 transcript, S1 nuclease analysis was performed. 
A BamHI-Pvull fragment from eDNA clones pcD3A and 
pcD3B71abeled with y-32P-ATP at the 3' Pvull site washy
bridized to human poly(A)+ RNA and subsequently 
treated with nuclease 51. The results of these experi-
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(A) The screening of the human eDNA expression library with a genomic ERCC-1 probe yielded three overlapping clones: pcD3A, pcD3C, and 
pcD367. These clones were sequenced according to the indicated strategy (arrows). The dotted parts in the aligned physical maps represent dele
tions. A complete ERCC-1 eDNA (peDE) was constructed by cloning the internal Smal fragment of pcD3C in the corresponding sites of pcD3B7. 
Clone pcDE-72 was obtained by ligation of the Smai·Bglll fragment of pcD3A to the corresponding sites of peDE. 
(B) All stop codons and ATGs in the three reading frames of the ERCC-1 sequence of peDE (shown in Figure 5) are indicated. Dots: ATG triplets. 
Vertical bars: stop codons. · 

ments are shown in Figure 4. After incubation of poly(A)+ 
RNA from He La cells with the pcD3A probe two protected 
bands of 129 bp and 856 bp were found. These bands can 
be explained by hybridization of two mRNAs, one com
pletely homologous to the probe and the other differing at 
a distance of 129 bp from the labeled Pvull site. This posi
tion corresponds exactly with the 3' border of the 72 bp 
deletion found in eDNA clone pcD3A. S1 analysis of 
poly(A)+ RNA from HeLa and K562 cells with a 3'-labeled 
probe from pcD3B7 (which includes the 72 bp exon) also 
yielded a protected band of 129 bp, indicating the pres
ence of ERCC-1 transcripts without the 72 bases. These 
data indicate that the ERCC-1 precursor RNA is subject to 
alternative splicing. To obtain complete eDNA clones from 
both transcripts, in addition to clone peDE, a eDNA clone 
(pcDE-72) lacking the 72 bp fragment was constructed by 
replacing the internal Smai-Bglll fragment of peDE with 
the corresponding fragment of pcD3A (see Figure 3). 

The construction of the eDNA library by the method de
veloped by Okayama and Berg (1983) enables the expres
sion of full length cDNAs in mammalian cells due to the 
presence of a strong SV40 promoter. This promoter func
tions optimally in primate cells, but it also displays consid
erable activity in CHO cells (Simonsen and Levinson, 
1983; Scott Mcivor et al., 1985; Gorman et al., 1983). In 
order to investigate the integrity of the cloned ERCC-1 
cDNAs, these cDNAs were transfected to the UV light and 
MM-C sensitive 43-3B cells. The results of these experi-
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ments are summarized in Table 1. In contrast to clone 
pcD3B7, the reconstructed eDNA clone peDE conferred 
resistance to UV light and MM-C after transfection to 43-
3B cells. This suggests that the 104 bp deletion in pcD3B7 
has inactivated the ERCC-1 gene and is most likely a clon
ing artifact. Reconstructed clone pcDE-72 and clone 
pcD3A did not compensate for the repair defect in 43-3B 
cells, indicating that the 72 bp region which is absent in 
the 3' part ofthese clones is essential for ERCC-1 function
ing in these mutant cells. Surprisingly, clone pcD3C was 
positive in three independent experiments of this transfec
tion assay. However, sequence analysis (discussed be· 
low) revealed that this clone lacks 302 bp of the 5' part in
cluding the translational start and 54 N-terminal encoded 
amino acids. Inspection of the sequence of the pcD3C in
sert did not show any other potential start codons followed 
by a long open reading frame (see Figure 3B). Apparently, 
in 43-3B cells transfected with pcD3C the repair defect is 
corrected by a truncated ERCC-1 protein that is translated 
from an ATG present in the 5' region of the eDNA expres
sion vector (Okayama and Berg, 1983). 

Sequence of ERCC-1 eDNA 
Following the strategy depicted in Figure 3A the nucleo
tide sequence of the ERCC-1 eDNA clones was deter
mined by the chemical modification method developed by 
Maxam and Gilbert (1980). The nucleotide sequence and 
deduced amino acid sequence of the 1097 bp insert of 
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Figure 4. 51 Nuclease Analysis of ERCC-1 mANA 

The probes used were BamHI-Pvull fragments, labeled at the Pvull 
sites of pcD3A and pcD3B7, which span from the Bam HI site (B) in the 
SV40 part of the vector to the 3' Pvull site (asterisk) in the eDNA. After 
hybridization with RNA and nuclease 51 treatment the samples were 
separated on a 6'Al polyacrylamide gel next to a sequence ladder start
ing from the Pvull site in pcD3B7. The pcD3A probe was incubated with 
yeast tRNA (lane 1) and poly(A)+ RNA (lane 2) from Hela cells. The 
pcD3B7 probe was incubated with yeast tRNA (lane 3) and poly(A)+ 
RNA from Hela cells (lane 4) and K562 cells (lane 5). The arrowheads 
indicate 51 protected bands. The sequence on the right with number
ing according to Figure 5 shows the position at which the two ERCC·1 
mRNAs deviate. The diagram shows the protection of two bands of 129 
and 856 bp after hybridization of human poly(A)+ RNA with the pcD3A 
probe. 

clone peDE is shown in Figure 5. The position of all possi
ble start and stop codons is depicted in Figure 3B. The 
first ATG of the sequence is followed by the longest open 
reading frame, of 891 bases. A computer search tor pro
tein coding regions based on codon preference (Staden 
and McLachlan, 1982) gave a strong bias in favor of this 
reading frame. Moreover, since the other reading frames 
encode much smaller polypeptides (maximum of 60 
amino acids) we conclude that the reading frame trans
lated in Figure 5 specifies the ERCC-1 protein. This corre
sponds well with the finding that in 95% of all reported 
cases the 5' proximal ATG serves as the start codon tor 
translation (Kozak, 1984). The open reading frame is 
preceded by an untranslated region of 142 bp containing 
three in-frame termination codons. However, it is worth 
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Table 1. Complementation of the Sensitivity of 43-38 Cells 
to UV Light and MM-C by Transfection with ERCC-1 eDNA 

eDNA Clone 

pcD3A 
pcD3C 
pcD3B7 
peDE 
pcDE-72 

Correction 

+ 

+ 

noting that the purine residue found at the -3 position of 
most eukaryotic ATG start codons (Kozak, 1984) is not 
present in front of the ERCC-1 translational start codon. 
The genomic DNA sequence at this point confirmed the 
eDNA sequence (not shown), ruling out the possibility that 
this deviation is due to eDNA cloning artifacts. However, 
the G residue frequently found at position +4 (Kozak, 
1984) is present in ERCC-1. In conclusion, the ERCC-1 
eDNA clone peDE encodes a protein of 297 amino acids 
with a calculated molecular weight of 32,562. The eDNA 
clone lacking the alternatively spliced 72 bp region might 
encode a protein of 29,993 daltons. It is remarkable that 
the region of 24 amino acids lacking in this putative pro
tein is exceptionally rich in threonine residues (about 
30%). 

Inspection of the 3' region revealed the sequence of the 
common polyadenylation signal AATAAA (Wickens and 
Stephenson, 1984) varying in the different eDNA clones 
from 19 to 21 bases upstream of the poly(A) tail. However, 
the pentanucleotide sequence CAYTG, which is found ad
jacent to the polyadenylation site in many eukaryotic 
mRNAs (Berget, 1984), is not found in the 3' part of the 
ERCC-1 sequence. 

ERCC-1 and Yeast RAD10 Protein Show 
Significant Homology 
To determine whether ERCC-1 is partially homologous to 
other prokaryotic and yeast DNA repair genes a computer 
analysis was performed using the DIAGON software de
veloped by Staden (1982). No significant homologies were 
found with published sequences of the genes encoding 
the E. coli uvrC, Phr, Alk A, bacteriophage T4 den V, and 
yeast RAD1, RAD3, RAD6, and RAD52 proteins. However, 
at the protein level significant similarity was found be
tween ERCC-1 and the recently cloned yeast RAD10 DNA 
repair gene (Weiss and Friedberg, 1985; Prakash et al., 
1985; Reynolds et al., 1985). The RAD10 gene encodes a 
protein of 210 amino acids (Reynolds et al., 1985), which 
is approximately 90 amino acids smaller than ERCC-1. A 
comparison of the C-terminal half of RAD10 with the mid
dle part of ERCC-1 is shown in Figures 6A and 6B. Over 
a region of approximately 110 amino acids 35% homology 
exists. At the center of this region a stretch of 25 amino 
acids shows 56% homology. If the amino acids are classi
fied into four groups (Schwartz and Dayhoff, 1978), the 
group homology in the 110 amino acid region is 63%. 

Since ERCC-1 is involved in DNA repair, we have inves
tigated whether DNA binding properties of the protein 
could be deduced from the amino acid sequence. Based 
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Ala Glu Tyr Ala lie Ser Gin Pro Leu Glu Gly Ala Gly Ala Thr Cys Pro Thr Gly Ser Glu Pro Leu Ala Gly Glu Thr Pro Asn Gin 
GCC GAA TAT GCC ATC TCA CAG CCT CTG GAA GGG GCT GGG GCC ACG TGC CCC ACA GGG TCA GAG CCC CTG GCA GGA GAG ACG CCC AAC CAG 

t~ uo 
91 

Ala Leu Lys Pro Gly Ala Lys Ser Asn Ser lle lie Val Ser Pro Arg Gin Arg Gly Asn Pro Val Leu Lys Phe Val Arg Asn Val Pro 
GCC CTG AAA CCC GGG GCA AAA rec AAC AGC ATC ATT GTG AGC CCT CGG GAG AGG GGC AAT CCC GTA CTG AAG TTC GTG CGC AAC GTG CCC 

4~ ~0 
121 
Trp Glu Phe Gly Asp Val lie Pro Asp Tyr Val Leu Gly Gin Ser Thr Cys Ala Leu Phe Leu Ser Leu Arg Tyr His Asn Leu His Pro 
TGG GAA TTT GGC GAC GTA ATT CCC GAC TAT GTG CTG GGC CAG AGC ACC TGT GCC CTG TTC CTC AGC ere CGC TAC CAC AAC CTG CAC CCA 

550 
151 
Asp Tyr lie His Gly Arg Leu Gin Ser Leu Gly Lys Asn Phe Ala Leu Arg Val Leu leu Val Gin Val Asp Val Lys Asp Pro Gin Gin 
GAC TAC ATC CAT GGG CGG CTG CAG AGC CTG GGG AAG AAC TTC GCC TTG CGG GTC CTG 'TT GTC CAG GTG GAT GTG AAA GAT CCC CAG CAG 

600 650 
181 
Ala Leu Lys Glu Leu Ala Lys Met Cys lie Leu Ala Asp Cys Thr Leu lie Leu Ala Trp Ser Pro Glu Glu Ala Gly -Arg Tyr Leu Glu 
GCe ere AAG GAG CTG GCT AAG ATG TGT ATC CTG Gee GAC TGC ACA TTG ATC ere GCC TGG AGC CCC GAG GAA GCT GGG CGG TAC CTG GAG 

700 7SO 
211 
Thr Tyr Lys Ala Tyr Glu Gin Lys Pro Ala Asp Leu Leu Met Glu Lys Leu Glu Gin Asp Phe Val Ser Arg Val Thr Glu Cys Leu Thr 
ACC TAC AAG GCC TAT GAG CAG AAA CCA GCG GAC ere CTG ATG GAG AAG CTA GAG CAG GAC TTC GTC TCC CGG GTG ACT GAA TGT CTG ACC 

~ ~ 
241 
Thr Val Lys Ser Val Asn Lys Thr Asp Ser Gin Thr Leu Leu Thr Thr Phe Gly Ser Leu Glu Gin Leu lie Ala Ala Ser Arg Glu Asp 
Aee GTG AAG TCA GTC AAC AAA AeG GAe AGT CAG AeC CTC erG ACC ACA TTT GGA TCT CTG GAA CAG CTC ATC Gee GCA TCA AGA GAA GAT 

9 0 ~~ 
271 
Leu Ala Leu Cys Pro Gly Leu Gly Pro Gin Lys Ala Arg Arg Leu Phe Asp Val Leu His Glu Pro Phe Leu Lys Val Pro * * 
CTG Gee TTA TGe CeA GGC CTG GGC cer CAG AAA GCC CGG AGG CTG TTT GAT GTC erG eAC GAG CCC rre TTG AAA GTA CCC TGATGACCCCAG 

1000 

CTG C CAAGGAAAeC eeCAGTGTAATAAT AAATCGTCCTC eCAGGCeAGG CTCA 3 ' 
10.50 --

Figure 5. Composite Nucleotide and Encoded Amino Acid Sequence of Human ERCC-1 eDNA 

Amino acids are numbered on the left and nucleotides below each line. The sequence of 1097 bp is derived from the ERCC-1 eDNA clones as shown 
in Figure 3 and represents the insert of peDE. The alternatively spliced exon and polyadenylation signal are underlined. The asterisks mark the 
translational stop codons. 

on amino acid homology with a number of well character
ized prokaryotic DNA binding proteins, DNA binding prop
erties have been proposed tor the homeo-box proteins of 
various eukaryotes and yeast mating type regulatory 
(MAT) proteins (Laugh on and Scott, 1984; Shepherd et al., 
1984). In case of the yeast MATa2 gene product, DNA 
binding capacity has been demonstrated (Johnson and 
Herskowitz, 1985).' A comparison of ERCC-1 and RAD10 
with a number of these protein domains is shown in Figure 
6C. Specific amino acids at positions 5, 8-10, and 15 are 
considered to be important for the formation of two adja
cent a-helical structures (a2 and a3) characteristic of DNA 
binding domains (Pabo and Sauer, 1984). The residues at 
positions 11-13, 16, 17, and 20 (Wharton and Ptashne, 
1985), and possibly those at 14 and 19 (Laughon and 
Scott, 1984), are thought to play a role in determining the 
DNA sequence specificity of DNA-protein interaction. It 
appeared that both RAD10 and ERCC-1 contained identi
cal or related amino acids at the positions, which are cru
cial for the configuration of the two helices. This region 
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coincides with the 56% homologous part of ERCC-1 and 
RAD10. Moreover, similarities between the compared pro
tein domains were also found in the flanking positions 
(e.g. positions 22-24). From these observations it is 
tempting to speculate that the most conserved region of 
ERCC-1 and RAD10 comprises a DNA binding domain 
which might be essential tor its DNA repair function. 

Chromosomal Localization of ERCC-1 
Using 32P-Iabeled ERCC-1 eDNA probes the DNA from a 
panel of 45 human x rodent hybrids was screened for hu
man ERCC-1 sequences. A representative Southern blot 
analysis is shown in Figure 7. The overall results of this 
screening are presented in Table 2. The highest correla
tion is found with chromosome 19. No hybrids were found 
in the important category in which chromosome 19 is 
present and ERCC-1 is absent(+/- column, Table 2), in 
contrast to the findings with all other chromosomes. How
ever, three hybrids were found in which no chromosome 
19 could be detected cytologically, but in which ERCC-1 by 
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Figure 6. Comparison of ERCC-1 with Other Proteins 
(A) ERCC-1 amino acids 100-213 aligned with the yeast RAD10 C-terminal part starting from amino acid 92 to 209. The RAD10 sequ~nce is from 
Reynolds et al. (1985). The earlier published RAD10 nucleotide and deduced amino acid sequence of Weiss and Friedberg (1985) deviates in the 
3' region (from codon 170) from that of Reynolds et al. (1985). Oc!y with the latter sequence, a substantial homology is found in this region. There 
is now agreement that the sequence determined by Reynolds et al. (1985) is correct (Friedberg, personal communication). Closed boxes and open 
boxes indicate homologous and related basic or acidic amino acid residues respectively. 
(B) Schematic diagram showing ERCC-1 and RAD10 proteins. The table on the right gives the percentage of homology of the regions indicated 
by arrows between the dashed lines. The numbering corresponds to the amino acid sequence of both proteins. 
(C) Amino acid comparison of ERCC-1 and RAD10 and DNA binding domains in Drosophila tush/ tarazu (liz) and Antennapedia (Antp) homeo box 
proteins and yeast mating type regulatory proteins a1 and a2 as compiled by Shepherd et al. (1984). The positions of the two a-helices of the DNA 
binding domain are shown atthe bottom. The amino acids at positions 5, 8-10, and 15, which are importanlforthe formation ofthe a-helical structures, 
are boxed. Amino acids homologous to ERCC-1 are underlined by a solid bar. In addition, thin lines refer to amino .acids homologous to RAD10. 
Dashed lines indicate related basic and acidic amino acid residues. 

Southern blot hybridization was shown to be present 
When these exceptional hybrids were analyzed by en
zyme electrophoresis, it appeared that the chromosome 
19 marker glucose phosphate isomerase (EC 5.3.1.9) was 
present, indicating that these hybrids had retained cyto
logically undetectable fragments of chromosome 19. From 
these data we conclude that ERCC-1 is on human chromo
some 19. Additional screening of a number of hybrids with 
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translocations in chromosome 19 (Worwood et aL, 1985) re
vealed that ERCC-1 is most likely located on 19q13.2-q13.3 
(Brook et aL, 1985). 

Discussion 

We have presented the molecular characterization of the 
human excision repair gene ERCC-1. Transfection of mu-



kb 

-5.0 
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-1.6 

Figure 7. Southern Blot Analysis of Pstl Digested DNA (15 ~g) from 
Seven Human x Chinese Hamster Somatic Cell Hybrids and Control 
HeLa and CHO Cells with a 32P-Labeled ERCC-1 eDNA Probe 

The arrow indicates hybridization with the Chinese hamster ERCC-1 
gene. Hybrids 2, 3, 4, and 6 retained the human ERCC-1 sequences 
whereas the others did not. 

tant 43-38 cells with ERCC-1 complements the repair de
fect in these cells as measured by survival of exposure to 
UV light and MM-C, unscheduled DNA synthesis (Wester
veld et al., 1984), and dimer removal (unpublished 
results). The 43-38 mutant belongs to complementation 
group two (Wood and 8urki, 1982) in the classification of 
CHO mutants sensitive to UV light as described by 
Thompson et al. (1981) and Thompson and Carrano 
(1983). Recently, the repair defect in CHO mutant UV20, 
which also falls in complementation group two, was found 
to be corrected by a human gene on chromosome 19 
(Rubin et al., 1985; Thompson et al., 1985b). Two EcoRI 
fragments of 4.6 and 8.6 kb associated with this repair 
gene have been cloned by Rubin et al. (1985). Compari
son of the physical maps of these fragments with genomic 
ERCC-1 pieces indicated that similar EcoRI fragments are 
present in ERCC-1 (unpublished data). This finding, to
gether with the identical chromosomal assignment and 
the fact that UV20 and 43-38 cells belong to the same 
complementation group, implies that the EcoRI fragments 
cloned by Rubin etal. (1985) are parts of the ERCC-1 gene. 

The stretch of 72 bp absent in eDNA clone pcD3A ap
peared to coincide precisely with a single exon at the ge
nome level. Subsequent S1 analysis confirmed the pres
ence of two types of ERCC-1 mRNAs that are the result of 
alternative splicing of the 24 amino acid coding exon. 
Detailed analysis of human genomic DNA by Southern hy
bridization did not reveal any pseudogene or ERCC-1 

Table 2. Relationship between the Human ERCC-1 Gene and Human Chromosomes in 45 Human-Rodent Somatic Cell Hybrid Clones 

No. Hybrid Clones with Chromosome/ERCC-1 
Gene Retention• 

Chromosome ... , ... -t-1- -I+ -I- % Concordance 

1 14 5 18 8 49 
2 5 2 27 11 36 
3 17 4 15 9 58 
4 10 3 22 10 44 
5 17 4 15 9 58 
6 19 5 13 8 60 
7 15 3 17 10 56 
8 18 5 14 8 58 
9 13 3 19 10 51 

10 14 3 18 10 53 
11 20 5 12 8 62 
12 21 2 11 11 71 
13 13 3 19 10 51 
14 16 4 16 9 56 
15 13 2 19 11 53 
16 18 3 14 10 62 
17 13 4 19 9 49 
18 13 3 19 10 51 
19 29 0 3 13 93-
20 15 3 17 10 56 
21 25 4 7 9 76 
22' 19 5 7 9 66 
X 23 5 9 8 69 

• +I . . and -/ .. indicate the presence and absence of the human chromosome ... I+ and .. 1- refer to the presence and absence of human 
ERCC-1 sequences as detected by Southern hybridization. 
b The arrow indicates the chromosome with the highest concordance. Four clones containing chromosome 22 translocations were excluded. 
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gene family. This rules out the possibility that eDNA clone 
pcD3A is derived from a transcribed related gene. 

Alternative splicing has been found in a number of other 
gene systems. As a result of this mode of RNA processing 
single genes are able to meet different functional de
mands of the cell. In most cases the reported differences 
between alternatively spliced mRNAs concern the 5' and 
3' ends of the transcript. In these cases the use of alterna
tive promoters and polyadenylation sites provokes the 
generation of different mRNAs. The inclusion or exclusion 
of a separate internal coding exon, as occurs during the 
processing of ERCC-1 mANA, has been reported in a few 
other cases such as the Drosophila myosin (Rozek and 
Davidson, 1983), the rodent aA-crystallin (King and Pi
atigorsky, 1983), and the bovine preprotachikinin (Nawa et 
al., 1984) genes. However, in the first two cases it is not 
known whether the alternative splicing serves any func
tion. Only for the preprotachikinin gene a tissue specific 
splicing of a single exon, yielding two functional mRNAs, 
has been reported (Nawa et al., 1984). 

In the case of ERCC-1, our transfection experiments in
dicate that only the eDNA derived from the larger tran
script is able to complement fully the excision defect in 43-
36 cells. This rules out the possibility that one of the 
ERCC-1 gene products is involved in the repair of lesions 
such as those caused by UV light and the other in the 
removal of damages caused by cross-linking agents such 
as MM-C. The significance of the smaller transcript of 
ERCC-1 is still uncertain. First, the possibilities that it has 
no function and that it is the result of an artifact in the splic
ing system have not been excluded. Second, it is possible 
that the smaller gene product is involved in the removal 
of lesions other than those induced by UV light or MM-C. 
Finally, the mutation of 43-36 cells might inactivate only 
the larger gene product. Consequently, one cannot expect 
complementation with the smaller ERCC-1 eDNA, al
though this might be essential for the repair process as 
well. Further studies are required to discriminate between 
these possibilities. 

Comparison of the ERCC-1 encoded amino acid se
quence with the sequences of isolated DNA repair genes 
from prokaryotes and yeast revealed striking homology 
with the S. cerevisiae excision repair gene RAD10. These
quence of this gene has recently been determined by Rey
nolds et al. (1985). The putative RAD10 and ERCC-1 pro
teins consist of 210 and 297 amino acids respectively. The 
C-terminal half of RAD10 displays significant homology 
with the central110 amino acids of ERCC-1. Furthermore, 
from amino acid sequence homology we have tentatively 
identified a DNA binding domain in the most homologous 
part of this region. A general feature of DNA binding pro
tein domains is the presence of an a-helix-turn-a-helix 
motif, which is involved in the DNA-protein interaction (for 
review see Pabo and Sauer, 1984). With respect to the 
amino acids that are important for the configuration of 
these a-helices, structural homology was found between 
a number of prokaryotic DNA binding proteins, eukaryotic 
homeo-box domains, and yeast MAT proteins (Laughon 
and Scott, 1984; Shepherd et al., 1984). A comparison of 
ERCC-1 and RAD10 with the eukaryotic proteins revealed 
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that the most conserved region of ERCC-1 and RAD10 
shows a structural homology with the putative DNA bind
ing domains of these polypeptides. Concerning ERCC-1, 
the a-helical propensities of the individual amino acids of 
the putative DNA binding region (calculated according to 
Finkelstein and Ptitsyn, 1976) are not incompatible with 
the assumed a-helical structures that comprise the DNA 
binding domain. However, the presence of the proline at 
position 17 in the middle of the C-terminal a3 helix of 
ERCC-1 (Figure 6) is worth noting. In general, prolines are 
considered strong helix breakers, introducing kinks in the 
secondary structure of a protein (Chou and Fasman, 
1974). Although proline residues are found in the a3 helix 
of some of the prokaryotic DNA binding proteins they are 
located at the N-terminal part (and rarely at the C termi
nus) of the helix but not in the center (Pabo and Sauer, 
1984). This helix is believed to be in direct contact with the 
major groove of the DNA; therefore it is tempting to specu
.late that the deformation of the putative a3 helix in ERCC-1 
caused by proline might be related to the structural defor
mation in the DNA helix caused by DNA lesions induced 
by UV light or MM-C. However, it is evident that X-ray 
diffraction and two-dimensional NMR studies on the puri
fied protein-DNA complexes are required to test this hy
pothesis. In conclusion, we consider the structural homol
ogies between the highly conserved region of ERCC-1 and 
RAD10 and the DNA binding domains of various eu
karyotic DNA binding proteins strong enough to suggest 
that the role of ERCC-1 and RAD10 in the removal of DNA 
damage is mediated through a DNA-protein interaction. 

Since the homology covers only a part of the RAD10 
and ERCC-1 proteins one can question whether the ho
mology only reflects a common DNA binding property or 
whether both genes are evolutionary related and serve a 
common DNA repair function. Several observations favor 
the last option. First, the homology in the DNA binding do
mains of unrelated peptides predominantly concerns 
amino acids at fixed positions (Pabo and Sauer, 1984) and 
spans a region of 20-25 amino acids, which is much 
smaller than the homologous region of ERCC-1 and 
RAD10. Second, the positive transfection experiments 
with the truncated ERCC-1 eDNA clone pcD3C showed 
that the absence of 54 N-terminal amino acids does not 
inactivate the ERCC-1 gene product in 43-36 cells. If this 
region of the protein is not essential for its function it is 
conceivable that it is less subject to evolutionary conser
vation. Third, the mutant phenotypes of the 43-36 cell line 
and the yeast rad10 strain have a number of characteris
tics in common. Similar to 43-36, the rad10 strain is sensi
tive to UV light, associated with a defective incision step 
of the excision repair pathway. In addition, 43-36 and 
rad10 both are sensitive to 4-nitroquinoline-1-oxide 
(4NQO) and methylmethanesulphonate and both have en
hanced mutagenesis induced by UV light and 4NQO 
(Prakash, 1976; Zdzienicka and Simons, 1986; Haynes 
and Kunz, 1981). To confirm the evolutionary relationship 
between ERCC-1 and RAD10 it will be of interest to estab
lish whether rad10 is also sensitive to cross-linking agents 
like MM-C, and whether the repair defects in rad10 and 43-
36 can be corrected by introduction of th.e human ERCC-1 
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Figure 8. Alignment of Internal ERCC-1 and RAD10 Regions 

Numbers correspond to amino acid residues in ERCC-1 as indicated in Figure 5 and RAD10 as published by Friedberg et al. (1985) and Reynolds 
et al. (1985). Homologous amino acids are boxed. 

and the yeast RAD10 genes respectively. If such studies 
support the idea that ERCC-1 and· RAD10 are derived from 
the same ancestor gene, it is evident that evolutionary 
changes have resulted in a large difference in size be
tween both proteins. ERCC-1 has approximately 90 more 
C-terminal amino acids than RAD10. The alternatively 
spliced coding exon from ERCC-1 is located in this region 
and was essential for ERCC-1 activity in 43-38 cells. If 
ERCC-1 and RAD10 provide a similar function in DNA re
pair this would mean either that the functional domains of 
the two proteins are organized in a different fashion or that 
additional yeast proteins serve the function of the C-ter
minal part of the ERCC-1 gene product. 

With respect to the first possibility it is interesting that 
computer analysis also revealed homology between the 
C-terminal"extra'' part of ERCC-1 and the region of RAD10 
that already exhibited extensive homology with the middle 
portion of ERCC-1. This concerns a stretch of 18 amino 
acids (residues 222-229 in ERCC-1 and 140-157 in 
RAD10) that has a homology of 38% (Figure 88). The find
ing that within ERCC-1 there are two regions which share 
homology with the same part of RAD10 suggests the exis
tence of internal homology within the ERCC-1 protein. In
deed, the indicated 18 amino acids have partial homology 
with a more central region of ERCC-1 (residues 143-160, 
Figure 88). In addition, a very homologous region of 10 
amino acids occurs twice in ERCC-1 at positions 88-97 
and 178-187 (Figure SA). Taken together, these data pro
vide evidence suggestive of a duplication of part of the 
ERCC-1 gene in the course of evolution, which might ex
plain the difference in size between ERCC-1 and RAD10. 

Genetic analysis of a large number of yeast and higher 
eukaryotic mutant cells deficient in excision repair led to 
the identification of different complementation groups. 
The interspecies relationship of these complementation 
groups is unknown. Our finding that ERCC-1 and RAD10 
are in part homologous is the first indication for evolution
arily conserved DNA repair systems. This emphasizes the 
importance of yeast and rodent DNA repair deficient mu
tants in studies which are aimed at the identification of the 
primary defect in human hereditary diseases associated 
with defects in DNA repair. 
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Experimental Procedures 

General Procedures 
Purification of nucleic acids, restriction enzyme digestion, gel elec~ 
trophoresis, transfer of DNA and RNA to nitrocellulose, nick transla
tion, and filter hybridization were performed according to established 
procedures as described by Maniatis et al. (1982). 

DNA Transfection 
In order to screen for a functional ERCC-7 gene, DNA from l.EMBL3 
recombinants containing fragments of cos43-34 or ERCC-1 eDNA 
clones were cotransfected with the dominant marker pSV3gptH to 
CHO 43-38 cells. Usually 1-3 ~g of DNA was cotransfected with 2 ~g 
of pSV3gptH DNA. Transfection and selection procedures were essen
tially as previously described (Westerveld et al., 1984). One day before 
transfection ::!::5 x 105 cells were seeded in 100 mm petri dishes. Af
ter 10-14 days of selection the cells were fixed and clones were 
counted. 

Molecular Cloning in l.EMBL3 
Cos43-34 was partially digested with Sau3A and separated in a low 
melting agarose gel. Fragments of 15-20 kb were isolated and cloned 
in the BamHI site of a l.EMBL3 replacement vector (Frischauf et al., 
1983). 

Isolation ol eDNA Clones 
A eDNA library made from a human SV40 transformed fibroblast was 
generously provided by Dr. H. Okayama (Okayama and Berg, 1983). 
In this eDNA expression library the cloned eDNA insert is under the 
direction of the SV40 early region promoter sequences, allowing a di· 
rect use of the eDNA clones in transfection experiments with mam~ 
malian cells. The library was screened by colony filter hybridization 
with a 32P-Iabeled nick-translated genomic 1.05 kb Pvull probe. 

Subcloning and DNA Sequencing 
For detailed mapping of restriction sites, parts of cos43-34 were sub~ 
cloned in pUC-vectors by standard procedures (Maniatis et al., 1982). 
The nucleotide sequence of the ERCC-1 eDNA clones was determined 
following the chemical modification procedure developed by Maxam 
and Gilbert (1980). 

51 Mapping Procedure 
The nuclease 51 protection experiments were carried out according to 
the procedure described by Grosveld et al. (1981). For the preparation 
of the probes, the 3' Pvull sites of eDNA clones pcD3A and pcD3B7 
were labeled with polynucleotide kinase and y-32P-ATP. 

Chromosomal Localization 
Southern blot analysis was done on DNA from a panel of 45 human 
x rodent (mouse or Chinese hamster) somatic cell hybrids. Three 
different Chinese hamster cell lines, designated A3, E36, and CHO, 



and two mouse cell lines, Pg19 and Wehi-38, have been used for the 
construction of the hybrids according to previously described proce
dures (de Wit et al., 1979; Geurts van Kessel et al., 1981). Prior to DNA 
isolation the chromosome content of the hybrids was determined. At 
least16 metaphases per hybrid were analyzed. 
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ABSTRACT 
In this report the genomic characterization of the human exc1s1on 
repair gene ERCC-1 is presented. The gene consists of 10 exons 
spread over approximately 15 kb. By means of a transfection assay 
the ERCC-1 promoter was confined to a region of + 170 bp upstream 
of the transcriptional start site. Classical promoter elements 
like CAAT, TATA and GC-boxes are absent from ·this region. 
Furthermore, ERCC-1 transcription is not UV-inducible. A possible 
explanation is provided for the previously reported alternative 
splicing of exon VIII. Analysis of ERCC-1 eDNA clones revealed 
the occurrence of differential polyadenylation which gives ERCC-1 
transcripts of 3.4 and 3.8 kb in addition to the major 1.1 kb 
mRNA. Apparent evolutionary conservation of differential 
polyadenylation of ERCC-1 transcripts suggests a possible role 
for this mode of RNA processing in the ERCC-1 repair function. 

INTRODUCTION 

In order to cope with DNA-lesions induced by mutagenic and 

carcinogenic agents, living organisms have developed a variety of 

DNA repair systems. One of the most important and best studied 

repair processes is the excision repair pathway (see 1 for a 

review). In Escherichia coli this system constitutes part of the 

damage inducible 80S-response. Lesions causing a relatively 

strong deformation of the normal helix structure (such as bulky 

adducts or ultraviolet light (UV) induced pyrimidine dimers) are 

recognized and removed by the concerted action of at least 4 

excision repair proteins: ~ A,B,C and D (2). In yeast, mutant 

analysis and gene cloning have demonstrated the existance of more 

than 10 genetic loci implicated in excision repair (1). In higher 

eukaryotes cell hybridization experiments have revealed the 

presence of at least 9 complementation groups in cells from 

excision deficient xeroderma pigmentosum patients (3,4) and of at 
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least 5 groups in laboratory induced CHO repair 

(5,6). This extensive genetic heterogeneity 

considerable biochemical complexity underlying 

mutant cells 

suggests a 

the excision 

repair pathway. However, the mechanism of this system in 

eukaryotes is poorly understood. 

We have recently cloned the first human repair gene, desig

nat~d ERCC-1, that corrects the excision defect in CHO mutants of 

complementation group 2 (7). The ma]or ERCC-1 mRNA is 1.1 kb and 

specifies a protein of 32.5 kD. Evidence was obtained for the 

occurrence of alternative splicing yielding in addition a 

transcript of 1.0 kb, lacking a 72 bp coding exon (8). However, 

only the eDNA corresponding to the 1.1 kb mRNA, inserted in a 

mammalian expression vector was able to correct the repair defect 

in CHO mutants of group 2 (8). At the amino acid level a 

significant homology was found with the yeast repair protein 

RADlO and parts of the E.coli uvrA and C gene products (8,9,10) 

indicating strong evolutionary conservation ' of DNA repair 

systems. 

In this report we present the genomic organization of the 

human ERCC-1 gene •. We have identified the ERCC-1 promoter region 

and provide evidence that the ERCC-1 mRNA is sub]ect to differen

tial polyadenylation during processing. 

MATERIALS AND METHODS 

Cell culture and transfections 

UV-sensitive Chinese hamster ovary (CHO) cell line 43-3B 

(11) and HeLa cells were grown in DMEM/FlO+ (1:1) medium supple

mented with lP% fetal calf serum and antibiotics (penicillin, 100 

U/ml and streptomycin 0.1 mg/ml). ERCC-1 DNA constructs were 

cotransfected with 0.5 - 3.0 ~g pSV3gptH to 43-3B cells as 

described previously (8). After 10-14 days of selection with 

mitomycin-C (MM-C) and mycophenolic acid resistant clones were 

fixed and counted. 

Identification of intron-exon borders 

Using general procedures (12) all Bglii fragments of 

cosmid43-34 that hybridized to 32-labeled ERCC-1 eDNA probes were 

subcloned in pUC-vectors. Hybridizing parts of these clones were 
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sequenced by the chemical degradation method of Maxam and Gilbert 

(13). 

Isolation of cDNAs 

A human eDNA expression library made of poly(A)+ RNA from a 

SV40 transformed fibroblast cell line was kindly provided by Dr. 

H. Okayama and screened with a 1.05 kb Pvuii fragment of the 3' 

region of ERCC-1 (8). 

Plasmid construction of the ERCC-1 promoter 

The genomic 3.7 kb Bglii fragment Bg3-Bg4 of cosmid43-34 (7) 

was subcloned in pUC9 yielding p56-4. The ERCC-1 eDNA clone peDE 

has been described previously (8). The plasmids pROM-1 and 

pUCPROMH-1 containing the putative ERCC-1 promoter region linked 

to the ERCC-1 eDNA and pERCC-SVP were constructed as follows: 

peDE was cleaved with Hindiii, treated with Klenow enzyme, and 

further digested with Stui which removes the SV40 promoter region 

(Hindiii-Stui) and an ERCC-1 Stui fragment. The resulting blunt 

ended vector part of peDE was ligated to this Stui fragment 

yielding the promoterless construct pERCC-SVP. The pROM-1 

construct was obtained by the consecutive cloning of a 1.3 kb 

genomic Pvuii-Stui fragment of 56-4 harboring the 5' half of exon 

1 at its 3' end and the ERCC-1 Stui fragment in the Hindiii 

(Klenow)-Stui digested peDE vector. A 1.3 kb Klenow treated 

Hinfi-BamHI fragment of pROM-1 carrying the complete ERCC-1 eDNA 

and 170 bp of 5' genomic DNA was ligated to Hindii linearized 

pUC18 resulting in pUCPROMH-1. Plasmid pROM-2 is similar to 

pROM-1 but has the ERCC-1 Stui fragment in the anti-sense orien

tation. 

Nuclease Sl analysis 

51-mapping was performed as described by Grosveld et al. 

(14). A uniformly 32P-labeled single stranded probe was synthe

sized from Ml3-templates using the method of Burke (15) and an

nealed with poly(A)+RNA (10 ~g) of K562 cells. After treatment 

with nuclease Sl the protected fragments were loaded on 6% 

polyacrylamide sequence gels next to a sequence ladder as 

molecular weight marker. 

Northern blotting 

Total RNA was prepared from cell cultures and isolated 

nuclei as described by Auffray and Rougeon (16). The mRNA 
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fraction was purified by two passages over oligo dT cellulose. 

For Northern blot analysis poly(A)+ RNA <± 20 ~g) was size 

fractionated by electrophoresis through 1% agarose/formaldehyde 

gels, transferred to nitrocellulose, and hybridized to 32P

labeled nick-translated probes. 

UV-induction experiments 

HeLa cells were grown to near confluency on 15 em Petri 

dishes and irradiated with 254 nm UV (0.6 J/m2 ). Subsequently the 

cells were rinsed with PBS and incubated with medium. After 

several time intervals HeLa cells of 6 Petri dishes were 

harvested by polishman and poly(A)+ RNA was isolated. 

RESULTS 

Gene Structure 

Cosmid43-34, harboring the human ERCC-1 gene, was isolated 

from a cosmid library of a repair proficient CHO 43-3B transfor

mant (7). The size of the ERCC-1 gene and its location on cosmid 

43-34 (cos43-34) was determined in 3 ways: ~ By transfection of 

restriction enzyme digested cos43-34 DNA to 43-3B cells to test 

for intactness of the gene (7). ii. By subcloning of Sau3A 

fragments of cos43-34 in EMBL-3 and screening for recombinant 

phages carrying a functional gene (8). iii. By Southern blot 

analysis of independent genomic 43-3B transformants for the 

presence or absence of specific probes from the ERCC-1 flanking 

regions (unpublished results). From these results it appeared 

that ERCC-1 covered a region of 15 kb. A detailed physical map of 

the deduced ERCC-1 region on cos43-34 is presented in Figure lA. 

To determine the structural organization of the gene all Bglii 

fragments in this region were subcloned in pUC-vectors and 

hybridized with 32P-labeled probes of ERCC-1 eDNA clone peDE (8). 

Subsequently, appropriate hybridizing fragments were further 

subcloned to sequence all exons and intron-exon junctions. The 

sequence strategy, deduced transcriptional orientation and the 

genomic organization of ERCC-1 are depicted in Figure lB. The 

human ERCC-1 gene appears to consist of 10 exons ranging in size 

between 60 and 216 bp, spread over a region of 15 kb. The 

nucleotide sequence of the exons was completely in accordance 

with the previously reported ERCC-1 eDNA sequence (8). As shown 
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Figure 1. Genomic organization of ERCC-1. 
Detailed physical map (A) and intron-exon structuFe (B) of the 
human excision -repair gene ERCC-1. Arrow heads (in A) define 
regions for which not all restriction enzyme cutting sites have 
been mapped. Transcriptional orientation is indicated by the 
large arrow. Exons (depicted as boxes) are indicated by Roman 
numbers. The sequence strategy to determine intron-exon JUnctions 
is indicated by small arrows. Filled boxes represent coding 
sequences beginning with the indicated ATG. The differentially 
spliced exon VIII is shown as a shaded box. Abbreviations: Ps : 
Psti: T : Taqi: S : Smai: K : Kpni: Bg : Bglii: Pv : Pvuii. 

in Figure 2, the sequences around the intron-exon borders are 

consistent with the consensus donor and acceptor splicin9 signals 

(17) The much less conserved sequence PyNPyTPuAPy which is 

involved in branchpoint formation during the splicing process 

(18,19) could tentatively be identified in most introns at the 

appropriate distance (20 to 40 nucleotides) proximal to the 

splice acceptor sites (Figure 2, see also Discussion). 

The ERCC-1 promoter region 

The nucleotide sequence upstream from the first ERCC-1 exon 

is shown in Figure 3. A perfect alignment of 142 bp with the 5' 

terminus of the previously reported eDNA sequence (8) was found. 

The precise start. site of the ERCC-1 mRNA was determined by 

nuclease Sl analysis as demonstrated in Figure 4. A 2.0 kb 

genomic fragment spanning from the Psti site in exon I (position 

60 in eDNA clone peDE, (8)) to an upstream Bglii site was 
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INTRON EXON INTRON 

SPLICE ACCEPTOR SPLICE DONOR 

(153) ACCACAG GT GCGGGAGGCG (0,3) 
34 

TGAGAACGTAGACCCCAGT~ 
II (112) 

GLY VAL 
~TCGCTCCTGGCACCTTCCCTTTCAG GCTCCAG GGA GTG GT AGGACAA (1,9) 

35 107 
CTCAGATGCCT~CCCAACCA ALA Lvs 

III <216) 
ARG GLN 

(0,7) GCCCCTGCAAACTCCCTTTTCTCCCCACAG GCC AAG CGG CAG GT GAGGAGGGAG 
108 142 

AT ARG GLY LEU SE 
I§AIGGCTTCTGCCCTTCGTCCCTCCCCAG AGG GGC IV (104) CTC AG GT GAGCTCTGC (1,2) 

143 175 
CTTTGGGGGTCTTGAAGAGACTGAGAC R LEU Asp VAL 
~CTCCCGCTCCCAGCCCCCACCAG C CTC v (100) GAT GTG GT AAGCAGGGGG (2.3) 

176 201 
GCTAATTTTTGTAATTCATGGCTTCT Lvs AsP TRP SE 

AGGGTTTCTAATTCTGATTTTCTCCTCCAG AAA GAT VI (77) TGG AG GT GAGATGAGGG (1,8) 
202 234 

AATCTGATACCTCACC R PRO 
TCCCGGCTGCCCTGTATCCTGTTATCCCAG C CCC VII (100) 

SER ARG 
TCC CGG GT GAGGCCACC (0.9) 

235 258 
GCTCAGTCTTGCTGGCCTTTCTTCT VAL THR PHE GLY 

CCGACACACTCCTGCCTCCACCCTTTCCAG GTG ACT VIII (72) TTT GGA GT AAGGAATGGCT (0.2) 
259 281 

GGACAGGGGAGGCTTTTG~ SER LEU GLN Lvs 
CTGCCTCGACCCCTCGCTTTCACCTTTCAG TCT CTG IX (60) CAG AAA GT AAGAGCTCT (4 ,1) 

282 
CCAGAAAACAGCTCCTTTAATGCT ALA ARG 

GGT~TTTTTCTCCCTCCATCCAG GCC CGG X (112) 3' POLY A TAIL 

Figure 2. Structural details of the ERCC-1 intron-exon 
organization. The nucleotide sequence of each intron-exon 
junction is shown. Vertical lines represent intron-exon borders. 
Splice acceptor and donor sequences are in accordance with 
reported consensus sequence (C)nNCAG/G and AAG/GTA respectively 
(17). The corresponding amino acids at the beginning and end of 
each exon are shown in the three letter code and numbered as 
reported previously (8). Exon numbering is as used in Fig. 1. The 
size of each intron and exon (respectively kb and bp) is given in 
parentheses. The length of exon I is based on the results 
presented in Fig. 3 and 4. Heptamers which display the best match 
with the splicing branchpoint consensus sequence PyNPyTPuAPy are 
underlined. 

subcloned in Ml3-mp8. Homogeneously 32P-labeled single stranded 

DNA of this fragment was annealed to poly(A)+ RNA of K562 cells 

and treated with nuclease Sl. Figure 4 shows a protected band of 

73-75 bp. We conclude from this result that the transcription 

most likely initiates at the A residues indicated in Figure 3 

since these are generally preferred as 'capping'-site (17). From 

these results it appears that eDNA clone peDE is almost complete 

(lacking only 9-11 bp at the 5' end, Figure 4) and consequently, 

that exon 1 has a size of 151-153 bp. The ERCC-1 5' flanking 

sequence is lacking the TATA and CAAT promoter signals. However 

at position -100 a sequence with a low level of homology with the 
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51 AACCGTAAGCTCCGG.GAGGACAACACGGGGC 
-400 

TGTCGTIGGTCACTGCTGTGTCAC.CAGCACGGACTCGCACAGGACCGGGAAGAGAGGAAG 
-380 -360 -340 

CGCGJGGGGGGAATAGGTGTGGAATAAATGAATGAATGAGGAAACTGAAGCCAAGTCAAT 
-320 -300 -280 

GTCTGAGTTGGATTCAAACTTAAGTCTCTCCTTACTGAGAGGAG.GGACCAAGTTGGATCG 
-260 -240 -220 

CCTGCGATCTGTICTCCACTGAAGCCCTGCCAAGATTCTGGGCA.CACAGAAGCGCTCAGT 
-200 -180 HINF! -160 

AAGGGCTTTGAAACTTAACAGTTTGGGAGCCAGATCCTCAGGCCACATCTCTCTICCfEat 
-14o -12o ---.:iaa··---

AcGAfffCilGcGGifffCBAGAAc.cATAGAGAmGTAcAGAGATcGccdTGcTctAttGc 
-80 -60 -40 

TCTPtTCTCCTGGG.GAGCGGGGCCAGAGAGGCCGGAAGTGCTGCGAGCCCTGGGCCA 3 I 
-20 -10 4. 4. 4cLONED ERCC-1 eDNA 

CAP 

Figure 3. Genomic sequence upstream of ERCC-1 exon I. 
The 5' border of the cloned ERCC-1 eDNA (8) is indicated. Trans
criptional start site(s) (as determined in Fig. 4) are shown by 
triangles. Tandem sequence TGCTCTA and the 3 times repeated 
sequence CCTCC are boxed. An 'abbreviated' CAAT box at -100 is 
indicated by a dashed line. The pyrimidine rich stretch of 
nucleotides and the Hinfi site used for promoter construct 
pUCPROMHI (Fig. 4) are underlined. 

:AAT-box consensus sequence GGTCAATCT can be found (see Figure 

3). At position -30 the sequence TCTATGC very remotely resembles 

the TATAIAI consensus. Several other sequence motifs are present 

ln the ERCC-1 promoter region. At position -20 to -30 a tandem 

~epeat of TGCTCTA is located. Further downstream the 

>entanucleotide CCTCC occurs three times with intervals of 5 

1ucleotides (see Figure 3). This region (-65 to -100) is very 

:ich in pyrimidine residues (78%). The most upstream CCTCC motif 

.s part of a stretch of 13 pyrimidines. 

To verify whether this region can drive ERCC-1 transcription 

:wo genomic fragments (a 1.3 kb Pvuii-Stui and 180 bp Hinfi-Stui 

·ragment) were constructed in front of the ERCC-1 eDNA yielding 

,RQM-1 and pUCPROMHI respectively (see Figure 4 and Materials and 

:ethods). These DNA constructs were transfected to 43-3B cells in 

oprecipitate with the dominant vector pSV3gptH. Transformants 
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2.0 kb single strand 
probe (32p labeled) 
protected 
fragment (71-73 bp) 

Figure 4. Analysis of ERCC-1 transcriptional start site. 
A two kb Bglii-Pst fragment of genomic ERCC-1 subclone p56-4 
(harboring exon I and II) was subcloned in Ml3~mp8. ,Single 
stranded 32P-labeled DNA of this fragment was annealed to K562 
poly(A)+RNA and treated with nuclease Sl (40000, 1 hr, 16°C). 
Protected fragments (shown by arrows) were visualized by 
polyacrylamide gelelectrophoresis and autoradiography. A Maxam
Gilbert sequence ladder of an exon I fragment labeled at the Stu! 
site was used as a molecular weight marker. After incubation of 
the probe with yeast tRNA no protected fragments were observed 
(not shown). DNA fragments 1 and 2 are genomic Pvuii-Stui and 
Hinfi-Stui fragments that were used for constructing pROM-1 and 
pUCPROMH-1 respectively (see Table 1). 

were selected with mycophenolic acid for expression of the E.coli 

~ gene and with MM-C for ERCC-1 expression. 

The results summarized in Table 1 show that both ERCC-1 plasmids 

can confer MM-C resistance to 43-3B cells 

comparable to the genomic ERCC-1 gene on 
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Table 1. 
Transfected DNAs are described in Materials and Methods. 

Transfected DNA 
Number of mpa and MM-C 

resistant clones/~g 
transfected DNAal 

cos43-34 (genomic ERCC-1) 25 

peDE (eDNA + SV40 early promoter) 5 

pROM-1 (eDNA + 1.3 kb promoter fragment) 22 

pUCPROMH-1 (eDNA + 170 bp promoter fragment) 32 

pROM-2 (inactivated ERCC-1 eDNA) 

pERCC-SVP (eDNA without promoter) 

a) average of three dishes 
Identification of the ERCC-1 promoter region. 
activity was determined by scoring the number 
and mycophenolic acid (mpa) resistant 
cotransfection of ERCC-1 DNA and pSV3gptH to 

0 

2 

ERCC-1 promoter 
of mitomycin-C 

clones after 
43-3B cells. 

indi~ates that the two genomic regions tested display promoter 

activity and confines the ERCC-1 promoter to a stretch of 170 bp 

upstream of the transcriptional start site. Surprisingly, with 

peDE, harboring ERCC-1 eDNA under the direction of the strong 

SV40 early promoter, always a lower transfection frequency is 

observed. No repair-proficient transformants are obtained with a 

non-functional ERCC-1 construct (pROM-2). However, a very low but 

consistent transfection frequency is found with pERCC-SVP wbich 

is lacking promoter sequences. This may be explained by insertion 

of the SV40 early promoter derived from cotransfected pSV3gptH or 

by integration of pERCC-SVP DNA in the vicinity of endogenous 

promoters in the genome of 43-3B cells. 

Northern blot analysis of different human cell lines 

revealed a low ERCC-1 transcription level (8, data not shown). 

To investigate whether the ERCC-1 promoter is DNA-damage 

inducible, Northern blot analysis was performed on poly(A)+ RNA 

from Hela cells at various periods of time after UV irradiation. 

The results are presented in Figure 5. Hybridization with the 

probe for the glyceraldeyde-3-phosphate dehydrogenase gene 

(GAPDH: 20) included as control, indicates that approximately 

equal amounts· of poly(A)+ RNA are loaded in each lane. It is 

evident that UV irradiation with a uv dose of 1 J/m2 did not 

result in detectable changes of ERCC-1 transcription within a 
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Kb after UV 

probe: 

ERCC-1 

3.4-

1.1-

GAPDH 

1.2-

Figure 5. Effect of UV-irradiation on ERCC-1 transcription. 
Pol~(A)TRNA (20 ~g) of exponentially growing UV-irradiated (1 
J/m ) HeLa cells was size fractionated on 1% agarose gel and 
~~ter blotting to nitrocellulose hybridized to a nick-translated 

P-labeled ERCC-1 eDNA probe. To verify that equal amounts of 
RNA were loaded on the gel the filter was rehybridized with a 
GAPDH probe (20). 

period of 24 hours. Nor did a UV dose of 10 J/m2 or treatment of 

HeLa cells with MM-C (10-SM) affect the level of ERCC-1 tran

scription (data not shown). 

The 3' region 

The ERCC-1 eDNA was isolated from a human expression eDNA 
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I L' __ ' _________ ' __ ' I i' I 

- ~ -
9 ~CCAA GGAAACCCCC AGTGTAAT~TCGTCC TCCCAGGCCA_.. GGCTCCTGCT 

GCTGCGCTGG TGCAGTCTCT GGGGAGGGAT TCTGGGGGTG TCACCTTCTG GTGGCCCAGG 
'--+PcD1A2 

TGGGCACCTT CAGCTTTCTT TAGTTCCTCA GTTTCCCGGG GGCAGACTAC ACAGGCTGCT 

--
GCTGCTGCGC !INrTCCGCT TCTTGTCCCG GCCTGTGGGA GCCTCCTCCC CAGACTCT.GA 

~fGTGGC CGGCCCTGGC ATCTCCTCTT GGGGCACTGT CTCTGGCATC CGGCTTTCCT 

GACTCTGCTT CTTCCTCTTC TTGGTG.GAI.C__CCGGAGTTGC C··· ±1750 BP··- AGAA 
~ 

GTCCAAATGT CCTAAGAATG CAGCCCCCAT TACTTAAATA TAACATAACA TAAATGAG~ 

~rGTT GCAGGATTAA TGGTCGTGGA TAACACCAAT AGCCCCTACC TTTAGCGAGC 

TTATCTGCAC ACTCCAAGTT TAACTATAGT TCCTTATAGT TTCTTATAAG TAGAAATACT 

AACAAAGGGC CGTGGGTTTC TCCCCCTGCT TTCTGAGGAC ACTCTACTCT GTAAAGGAGT 

AGTTTCC~CTTGTTT CTTTCACTGT GCTCTGT~:fCTCTAA TTCTTTCCTG 

TGACAAATTC AAGAACCCGC TCTTGGGGTC TGGACCGGGA CCCTCTTTTC Cfi!CAACAAG 
RlNoTT 

ACCACTCACC ATTC AAAAC AAAGTCTACA GCCAAG-3' 

3' 

Figure 6. Detailed analysis of the 3' ERCC-1 flanking region. 
A. Alignment of eDNA clones pcD4A and pcDlA2 with the genomic 
region flanking the 3' site of ERCC-1 exon X. Triangles ( A ) 
indicate AATAAA polyadenylation signals. The dashed line 
specifies fragments containing repetitive sequences as found by 
Southern hybridization using human repetitive DNA as a probe (not 
shown). Arrows indicate the sequence strategy and the shaded 
boxes B and C are probes used for the Northern blot analysis (see 
Fig. 7). Not all restriction enzyme sites are shown. Abbrevia
tions: Pv : Pvuii; S : Smai; E : EcoRI; B : BamHI; P : Psti; Hf : 
Hinfi; HIII : Hindiii; HII : Hindi!. B. Composition of genomic 
and eDNA sequence data. Appropriate restriction enzyme sites 
shown in Fig.6A are indicated. The polyadenylation signals AATAAA 
are indicated by double underlining. The boxed sequence TTC might 
represent a polymorphism as it was not found in the genomic 
sequence. Triangles (A) indicate polyadenylation sites as found 
by sequence analysis. 
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library (21)" using a 3' 1.05 kb genomic Pvuii fragment as a 

probe. In addition to the earlier descri.bed ERCC-1 eDNA clones 

(8) several other clones (pcDlA2 and pcD4A) were isolated with 

this probe. As illustrated in Figure 6A the physical maps of 

these clones are colinear with the genomic map of the 3' ERCC-1 

flanking region. The longest clone pcDlA2 has an insert size of 

approximately 2.2 kb. Furthermore, Southern blot hybridization 

with human repeats as a probe revealed the presence of repetitive 

sequences in both eDNA clones as well as in the corresponding 

genomic fragments (not shown). The nucleotide sequence of the 5' 

and 3' termini of pcDlA2 and the corresponding genomic regions of 

cosmid 43-34 (7) were determined by the chemical cleavage method 

of Maxam and Gilbert (13). A composition of both sequences is 

presented in Figure 68. The 3' end of pcDlA2 harbors a poly(A) 

signal followed by a poly(A) tail indicating a transcriptional 

or i.entation which is similar to that of ERCC-1. In the 5' 

direction clone pcDlA2 extends to 40 bp downstream of the 

polyadenylation site of the 1.1 kb ERCC-1 mRNA (see Figure 68). 

This renders it conceivable that pcDlA2 is a partial eDNA clone 

from a longer ERCC-1 mRNA with an alternative polyadenylation 

site. To investigate this hypothesis poly(A)+ RNA of HeLa nuclei 

and human primary fibroblasts was analysed by Northern blotting 

using a coding ERCC-1 eDNA probe and two genomic probes of the 

pcDlA2 region (see Figure 6A). The autoradiogram of this 

experiment is shown in Figure 7. ERCC-1 probe 3A3 which encodes 

the N-terminal half of the ERCC-1 protein recognizes the mature 

1.0 - 1.1 kb ERCC-1 mRNA, a 3.4 kb transcript in fibroblasts and 

a 3.4 and 3.8 kb mRNAs in HeLa nuclei. These 3.4 and 3.8 kb RNA 

species are also recognized by two probes (B and C) flanking ,the 

Hindiii site in the 3' pcDlA2 region. The 3.8 kb transcript seems 

to be absent in primary fibroblasts. However, although with a 

much lower hybridization signal than the 3.4 band, the 3.8 kb 

could be detected in poly(A)+ RNAs of a number of other cell 

lines (e.g. Figure 5, data not shown). We conclude from these 

results that pcD4A and pcDlA2 are partial eDNA clones derived 

from the 3.4 kb ERCC-1 transcript. The 3.8 kb molecule most 

likely terminates at a yet unidentified polyadenylatio~ site 

further downstream. 
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Hela nuclei 

Probe: A 8 c 

Primary 
Fibroblasts 

A 8 c 

Figure 7. Northern blot analysis of ERCC-1 transcripts. 
Poly(A).RNA (+ 20 ~g) of HeLa nuclei and primary fibroblasts was 
size fractionated by agarose gelelectrophoresis (1% agarose) 3 ~nd after blotting to nitrocellulose filters hybridized to three P
labeled DNA probes. A: 3A3, a 5' Psti-fragment of ERCC-1 eDNA 
clone peDE (8) B and C are genomic DNA fragments (Hinfi-Hindiii 
and Hindiii-Hindii respectively) from the 3' terminal region of 
the ERCC-1 gene shown in Fig. 6A. 

DISCUSSION 

The excision repair gene ERCC-1 has been assigned to human 

chromosome 19 (8,22,23) and regionally mapped to 19ql3.2-13.3 

(24). Here we report the structural organization of the ERCC-1 

gene. The gene is about 15 kb in length and harbors 10 exons. We 

have recently shown that the coding exon VIII of 72 bp is subJect 

to alternative splicing. Only the eDNA of the larger ERCC-1 

transcript (which includes exon VIII) inserted in a mammalian 

expression vector can correct the excision repair mutation in 43-

3B cells (8). During pre-mRNA processing excision of introns 

requires branchpoint formation at a distance of -40 to -20 bp 
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from the 5' exon borders. The consensus sequence PyNPyTPuAPy has 

been proposed for this branchpoint region (19,25,26). In contrast 

to yeast where a strict requirement for the heptamer TACTAAC has 

been observed (27) the sequence constraints for higher eukaryotes 

seem to be much more relaxed. Deletion or mutation of the 

branchpoint region can lead to branch formation at other criptic 

positions close by (19). It should be noted that except for exon 

VIII all ERCC-1 3' intron Junctions contain putative branchpoint 

motifs matching with the consensus PyNPyTPuAPy (Figure 2). The 

sequence proximal to exon VIII that most closely resembles the 

branchpoint consensus has a C-residue at the conserved T

position. Only in a few cases the presence of a C-residue at this 

position of the predicted branchpoint has been observed (18). 

Therefore, it is possible that the exon VIII branchpoint sequence 

is less efficiently utilized during RNA processing. Since the 3' 

intron junction with ERCC-1 exon IX is located ,only 0.3 kb 

downstream it is conceivable that occasionally the branchpoint 

signal of exon VIII is skipped as a result of which the 

alternative splicing of this exon can occur. Analysis of a number 

of mouse ERCC-1 eDNA clones (manuscript in preparation) have not 

given any evidence for differential RNA procesing in mouse brain 

and testes tissue. It is therefore not excluded that the observed 

alternative splicing of ERCC-1 mRNA is the result of an 

inaccurate splicing event in human cells rather than a means to 

provide additional biological functions to the ERCC-1 protein. 

Using a functional assay we have shown that the ERCC-1 

promoter is located in a stretch of 170 bp proximal to the 

transcriptional start site. In this region there is no clear cut 

TATA box or AT-rich region which is typically positioned between 

-20 and -30 from the CAP-site (17). An 'abbreviated' version of a 

CAAT-box might be located at -100. The apparent absence of these 

promoter motifs is frequently found in housekeeping genes that 

are driven by promoters containing the transcription factor Spl 

binding box GGGCGG (28). The ERCC-1 promoter is also devoid of 

such GC-boxes. The absence of classical transcription elements 

like CAAT, TATA and GC-boxes has recently been reported for the 

weakly expressed c-mos proto-oncogene (29) and is exceptional for 

eukaryotic genes. Therefore, it is possible that the ERCC-1 
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promoter represents a specific class of promoters. Several other 

sequence motifs, of which the significance is still unknown, have 

been notified in the ERCC-1 promoter region (Figure 3). Three 

CCTCC repeats are located in a pyrimidine rich region from -65 to 

-100. The promoter of the EGF-receptor gene harbors pyrimidine 

rich stretches of nucleotides with 4 times repeated TCC elements 

(30). These regions might have a regulatory function in EGF

receptor expression since nuclear proteins were found to bind to 

the TCC-containing regions (31). Possibly, ERCC-1 expression is 

mediated through a similar type of interaction between regulatory 

proteins and the CT-rich promoter elements. 

We have not ·quantitatively determined the transcription 

activity of the ERCC-1 gene. However, qualitative observations 

from Northern blot analysis of poly(A)+ RNA of different cell 

lines indicate low levels of ERCC-1 mRNA. Low constitutive 

expression of repair proteins has also been observed in E.coli 

and yeast (1,32). In bacteria an efficient removal of DNA lesions 

is provided by an excision repair system that is part of the DNA

damage inducible 50S-response. In yeast, the agents that elicit 

this response induce the excision repair gene RAD2 whereas 

transcription of RADl, RAD3 and RADlO is not affected by DNA

damage (33). From our experiments it can be inferred that ERCC-1 

expression is not influenced by UV or MM-C induced DNA damage. 

Several observations suggest very low levels of i~tracel

lular ERCC-1 protein. Firstly, as mentioned before, ERCC-1 

transcripts belong to a class of low abundant mRNAs in a 

of human cell lines (8, results not shown). Secondly, 

variety 

the AUG 

start codon of the ERCC-1 protein lies in a very unfavourable se

quence context (TCCAGATGG) for translation initiation (34) 

because of the presence of a pyrimidine at position -3. More than 

95% of eukaryotic mRNAs examined have an A (75%) or a G-residue 

(20%) at that position and the consensus sequence CCACCATGG that 

emerged from a compilation of the mRNA initiation sites used by 

higher eukaryotes completely matched the most optimal 

translational start context as found by mutation analysis 

(35,36). In those studies the presence of aT at -3, as found in 

ERCC-1 mRNA, caused a 10-20 fold drop in the efficiency of 

translation initiation. Hence, the presence of a pyrimidine at 
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position -3 of the ERCC-1 mRNA suggests a low constitutive level 

of ERCC-1 translation. 

The transfection efficiency of ERCC-1 constructs seems to be 

promoter dependent (Table 1), since the strong SV40 promoter 

yields less transformants than the weak ERCC-1 promoter. Further 

experiments are required to study the effect of the ERCC-1 

expression level, however the preliminary data presented in Table 

1 suggest that overexpression of ERCC-1 can be deleterious to the 

cell and that mimimum amounts of ERCC-1 protein are required for 

repair of DNA damages. 

ERCC-1 mRNA molecules of 1.1, 3.4 and 3.8 kb have been 

identified by Northern blot analysis using coding ERCC-1 eDNA 

probes. The 1.1 kb transcript which is the ma)or mRNA species 

encodes the protein that corrects the 43-3B mutation and harbors 

all exons shown in Figure 1. Although no full length eDNA clones 

have been isolated of the longer transcripts, there is strong 

evidence that differential polyadenylation gives rise to the 3.4 

and 3.8 kb mRNAs: ~Both transcripts are recognized by 5' ERCC-1 

eDNA probes. ii. Genomic probes located approximately 2 kb 3' of 

the 1.1 kb.mRNA polyadenylation site hybridize with the 3.4 and 

3.8 kb molecules. iii. eDNA clones of the 3.4 kb mRNA have the 

ERCC-1 transcriptional orientation and have a poly(A) tail 

preceeded by the polyadenylation signal AATAAA. These eDNA clones 

contain human repetitive sequences and are completely colinear 

with the genomic DNA as shown by restriction enzyme and partial 

sequence analysis. iv. Recently, functional mouse ERCC-1 eDNA 

clones have been isolated with different 3' untranslated regions 

due to alternative polyadenylation (van Duin, in preparation). 

In addition to the hexanucleotide AATAAA several other 

loosely conserved sequence elements have been suggested to play a 

role in mRNA 3' end formation (see 37 for a review). The 

pentanucleotide CAYTG is found 3' of the AATAAA before or after 

the poly(A) site in many genes and is suggested to mediate 

small poly(A) formation through interaction with RNA of the U4 

ribonucleoprotein (38). Furthermore, T-rich and GT-rich 

motifs are located downstream of poly(A) sites 

sequences 

transcripts ( 37) • 

in 

Recent studies of Gil and Proudfoot (39) 

many 

and 

McDevitt et al. (40) have demonstrated that these motifs function 
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synergistically and are important for efficient and accurate 3' 

end formation. Inspection of the 3' ERCC-1 sequence revealed the 

presence of CAYTG box and a T-rich element near the second AATAAA 

suggesting that this can be a better target for 3' end processing 

than the more proximal AATAAA. 

Multiple polyadenylation sites occurring in 3' untranslated 

regions have been reported for a number of transcripts 

(41,42,43). It is unknown whether the selection of poly(A) sites 

within one transcriptional unit is a regulatory event. In this 

respect it is interesting to note that 3' untranslated sequences 

of several transiently expressed genes have been implicated in 

mRNA stability and that recently AU-rich sequences with AUUUA 

motifs have been identified defining mRNA instability (44,45). 

Deletion of such sequences from the c-fos proto-oncogene 

abolishes the rapid turnover of c-fos transcripts (46) and 

confers a transforming potential to the gene (47). ~uch elements 

have not been found in the partially sequenced 3' ERCC-1 flanking 

region. However, the apparent evolutionary conservation of 

differential polyadenylation of ERCC-1 transcripts could imply 

that mRNA 3' end processing plays a regulatory role in ERCC-1 

expression. 
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ABSTRACT 
The human DNA excision repair protein ERCC-1 exhibits homology to 
the yeast RADlO repa1r protein and its longer C-terminus 
displays similarity to parts of the E.coli repair proteins uvrA 
and ~C. To study the evolution of this mosaic' ERCC-1 gene we 
have isolated the mouse homologue. Mouse ERCC-1 harbors the same 
pattern of homology with RADlO and has a comparable C-terminal 
extension as its human equivalent. Mutation studies show that the 
strongly conserved C-terminus is essential in contrast to the 
less conserved N-terminus which is even dispensible. The mouse 
ERCC-1 amino acid sequence is compatible with a previously 
postulated nuclear location signal and DNA-binding domain. The 
ERCC-1 promoter harbors a region which is highly conserved in 
mouse and man. Since the ERCC-1 promoter is devoid of all 
classical promoter elements this region may be responsible for 
the low constitutive level of expression in all mouse tissues and 
stages of embryogenesis examined • 

INTRODUCTION 

Cell hybridization experiments have identified 6 complementation 

groups within DNA excision repair deficient UV-sensitive Chinese 

hamster ovary (CHO) cell lines (1-3). In many respects these 

mutants resemble cells from the genetic disorder xeroderma 

pigmentosum (XP) in which defects in at least nine genes (4,5) 

underly the extreme sensitivity of XP patients to sun exposure 

(UV light) and a predisposition to skin cancer. Cell fusion 

studies - although incomplete - have thusfar not 

overlap between these two classes of mutants (6). 

possible that 15 or more genes play a role in the 

induced DNA damage in mammalian cells. Also 

prokaryotes many loci have been found to be 

revealed 

Hence, it 

excision of 

in yeast 

implicated 

any 

is 

uv 
and 

in 

excision repair (see 7 for a review). In E.coli the uvrABC and D 
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gene 

and 

products play a key role in 

it is likely that comparable 

the excision repair machinery 

multiprotein complexes are 

operative in higher organisms. 
By applying genomic DNA transfer we have isolated the human 
ERCC-1 gene which corrects the repair defect of UV and mitomycin

C (MMC) sensitive CHO 43-3B cells belonging to complementation 

group I*) {8). Recently, also the ERCC-2 gene complementing group 

2*) mutants has been isolated (9). The ERCC-I gene only corrects 

CHO mutants of complementation group I (IO) and restores all 

impaired repair characteristics to wild type levels (II) 

suggesting that ERCC-1 is the human homologue of the mutated gene 

in CHO group I mutants. 

Based on similarity of the predicted ERCC-1 amino acid sequence 

with functional domains of other proteins, a putative nuclear 

location signal (NLS), DNA binding domain and ADP

monoribosylation site have been assigned to the ERCC-I protein 

(12). Furthermore, a significant homology with yeast RADIO and 

parts of the E.coli uvrA and uvrC repair proteins has been found 

(12-I4). This suggests that DNA repair systems are well conserved 

during evolution. In this respect it is worth noting that the 

RAD6 protein which is involved in cellular response to DNA damage 

in yeast and recently 

is also very strongly 

of homology between 

found to be a ubiquitin conjugating enzyme, 

conserved up to mammals (IS,I6). The extent 

ERCC-I and RADlO makes it tempting to 

speculate that both proteins are functionally equivalent although 

ERCC-1 has a C-terminal extension of 83 amino acids which is 

absent in RADlO (12). It is intriguing that this extra ERCC-I 

part displays similarity with bacterial excision repair proteins. 

It is possible that evolution has endowed ERCC-1 with functional 

domains of distinct repair proteins in prokaryotes or that in 

the course of evolution the tail of RADIO was lost. To 

investigate these possibilities and to further establish the 

significance of the postulated functional domains in the ERCC-1 

protein, it is of interest to characterize the ERCC-I gene of 

other organisms. Here we report the characterization of the mouse 

ERCC-1 gene and present mutation studies on the human ERCC-I 

eDNA. 
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MATERIALS AND METHODS 

Cell culture and transfection. 

CHO 43-38 cells· (17) were routinely grown in DMEM/F10 '1:1) 

medium with S% fetal calf serum and antibiotics. To test for a 

functional ERCC-1 gene, DNA constructs (S-10 pg) were 

cotransfected with pSV3gptH (2-S pg) to S.lOS 43-38 cells in 

three 9 em dishes as described previously (8). After 10-14 days 

of selection on mycophenolic acid (MFA) and MMC the cells were 

fixed, stained and clones were counted. 

Unscheduled DNA Synthesis. 

Two days after seeding in medium without MPA and MMC the cells 

were exposed to UV light (16 J/m2 ) and incubated in thymidine

free, Ham's FlO medium supplemented with 3H-thymidine (10 pCi/ml; 

specific activity SO Ci/mmol) and S% dialyzed fetal calf serum 

After Bouin fixation the preparations were processed for 

autoradiography (Kodak ARlO stripping film), exposed for 1 week 

at 4°C, developed and stained with Giemsa solution. For each 

preparation the number of grains per fixed square of SO nuclei 

was counted. 

RNA preparation and Northern blotting. 

Total RNA was isolated from adult mice (Balb C) ' size 

fractionated on 1% agarose gels and after transfer to 

nitrocellulose filters hybridized to mouse ERCC-1 eDNA probes 

following standard procedures (18). Probes were labeled using the 

random primer technique (19). 

eDNA cloning 

A mouse brain eDNA library was prepared in phage AgtlO and 

screened with a human ERCC-1 eDNA probe as reported earlier (20). 

Plasmid Constructions and Sequencing. 

Routine protocols were used for plasmid isolation, subcloning and 

ligation (18). Nucleotide sequences were determined by the 

chemical cleavage (21) or chain termination method (22). 

Oligonucleotides for specific priming and Tab-linker mutagenesis 

were made with an Applied Biosystems DNA synthesizer. Human and 

mouse ERCC-1 

pTZME. Both 

subcloned in 

eDNA plasmids were constructed as follows: 

E·coRI inserts of AgtlO mouse ERCC-1 eDNA were 

pTZ19R (Pharmacia) yielding pM4a-2, harboring the S' 
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eDNA part and pM4a-1 containing the remaining 3' half. The 

artificial 5' EcoRI site of pM4a-2 was removed by very short 

Bal31 treatment starting from the adjacent Sst! site in the 

polylinker. The retained Hindiii and Psti site of the polylinker 

were used to insert the Hindiii-Psti fragment of pcDX (23) 

harboring the SV40 early promoter. Finally the EcoRI fragment of 

pM4a-l was subcloned behind the 5' eDNA part yielding pTZME. 

pcDEMP1 and pcDEMP2. The 0.42 kb Smai fragment of human ERCC-1 

eDNA clone peDE (14) was subcloned in pSP65 in which the unique 

Psti site was deleted giving pSPSma. This plasmid was linearized 

with Psti or Kpni (unique ERCC-1 eDNA sites) and 0.5 ~g ligated 

overnight at 4°C to 4 ~g of either a Psti-Tab linker (5' GCTGCA 

3') or a Kpn Tab-linker (5' GCGTAC 3') in 10 ~1 (24). After 

ethanol precipitation (to eliminate excess unligated linker) the 

DNA was kinased and ligated to generate circular molecules. The 

insertion of a single Tab-linker in Pstl and Kpnl site was 

confirmed by sequence analysis. The Psti and Kpni mutated inserts 

of pSPSma were subsequently recloned in peDE yielding pcDEMP-1 

and pcDEMP-2 respec~ively. 

pcDEBgl. peDE (14) was digested with Bglii, treated with Klenow 

DNA polymerase to create blunt ends and religated. 

pcDEASt. The Stu! fragment of peDE was deleted by Stu! digestion 

and religation yielded pcDE~Stu with a single Stu! site and ERCC

.!. sequences 3' of codon 214 (14). Construct pcDE~Stu was 

linearized by Stui/Avai double digestion which releases a ± 60 bp 

Stui-Avai fragment. After klenow treatment to fill in the Ava! 

site the earlier deleted Stu! fragment was inserted again 

yielding pcDEASt. • 

RESULTS 

Characterization of mouse ERCC-1 eDNA. 

Southern blot hybridization with DNA digests of various 

vertebrates indicated that the ERCC-1 eDNA was strongly conserved 

in evolution. Under reduced stringency conditions specific 

hybridization was found with mammalian, reptile, avian and fish 

DNA and very weakly with DNA of Drosophila (data not shown) 
whereas no hybridization was found with DNA from Trypanosomes, 

yeast and E.coli • This indicated that it should be possible to 
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isolate the mouse ERCC-1 eDNA from a mouse library using human 

ERCC-1 probes. A full length mouse ERCC-1 eDNA clone (designated 

AcDME) was isolated from a brain AgtlO eDNA library using human 

ERCC-1 eDNA as a probe. To establish whether this clone encoded a 

functional ERCC-1 protein the eDNA insert of AcDME was released 

with EcoRI, subcloned in a SV40 based 

cartridge (see Materials and Methods) and 

3B cells. The results of this experiment, 

mammalian expression 

transfected to CHO 43-

in which human ERCC-1 

eDNA construct peDE (14) served as a positive control, are shown 

in Table 1. Using the mouse ERCC-1 eDNA construct pTZME, stable 

MMC resistant .trans formants could be generated with a 

transfection frequency (not shown) similar to peDE. Furthermore, 

mouse eDNA transformants displayed levels of unscheduled DNA 

synthesis (UDS) in the wild type range (see Table 1), indicating 

that the isolated mouse eDNA harbors a functional ERCC-1 gene. 

The complete nucleotide sequence of AcDME and predicted amino 

acid sequence are given in Figure 1. The mouse ERCC-1 eDNA 

appears to encode a protein of 298 amino acids and deduced 

molecular weight of -32970 Dalton. The alignment of the mouse 

ERCC-1 protein with its human homologue, the postulated 

functional domains (12) and the homology with the yeast RADlO and 

TABLE 1 
Test for functional mouse ERCC-1 gene. 

Cell line 

43-3B 

4 =~: 
0-9 

La 

Transfected DNA 

peDE 

pTZME 

-DNA 

MMC resistant 

clones 

+ 
+ 

*) expressed as average number of grains (±SEM) 
**) per fixed square in 50 nuclei. 

UDS of untransfected cells. 

uDs*l 

25 + 1 

27 + 1 

6 + 1 

19 + 1**) 

33 + 1**) 

Mouse ERCC-1 eDNA was constructed behind the SV40 early promoter 
(yielding pTZME) and cotransfected with pSV3gptH to 43-3B cells 
followed by selection on mycophenolic acid and mitomycin-C (MMC). 
To substantiate repair proficiency of transformants uv-induced 
unscheduled DNA synthesis (UDS) was determined. 
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5 ' CfAGTCTAGCAGGAGTTGTGCTGGCTGTGCTGGCGTTGTGTCGCCTCTGTT,TCCCCCCGTGGTATTTCCTTCTAGGCATCGGGAAAGACCAGGCCCCAG 
1 ~ 

1 
MetAspProGlyLysAspGluGluSetArgProGlnProSerGlyPz:oPtoThz:AtgArgLysPheValileProLeuGluGluGluGluValProCysAlaGlyValLysProLeuPhe 
AT,GGACCCTGGGAAGGACGAGGAAAGTCGGCCACAGCCCTCAGGACCACCCN:CAGGAGGAAGTTTGTTATCCCACTGGAGGAAGAAGAGGTGCCCTGTGCA$iGGGTCAAGCCCTTATTC 

100 150 200 
41 
ArgSez:Sez:ArgAsnProThtilePtoAlaThz:SerA.laHisMetAlaPtoGlnT'hrTyz:AlaGluTyrAlaileThrGlnProProGlyGlyAlaGlyAlaThrValProThtGlySer 
AGATCGTCACGGAATCCCACCATCCCAGCAAc,cTCAGCCCACATGGCCCCTCAGACGTATGCTGAGTACGCCATCACCCAGQ::TCCAGGAGGGGCTGGGGCCACAGTGCCCACAGGCTCT 

250 300 
81 
GluPz:oAlaA.laGlyGluAsnProSerGlnThr LeuLysThrGlyAlaLysSer AsnSer Ile IleValSer P roArgGlnArgGlyAsnProValLeuLysPheValArgAsnValPro 
GAACCTGCGGCApGAGAGAACCCCAGCCAGACCCTGAAAACAGGAGCAAAGTCTA.ATAGCAT,CATCGTGAGCCCGAGGCAGAGGGGCAACCCCGTGTTGAAGTTTGTGCGC,Y.TGTGCCC 

350 400 450 
121 
TrpGluPheGlyGluValileProAspTyrValLeuGlyGlnserThtCysAlaLeuPheLeuserLeuArgTyrHisAsnLeuHisProAspTyrileHisGluArgLeuGlnSerLeu 
TGGGAATTCGGTGAGGTGATTCCCGATTATGTGCTGGGCCA~GCACCTGCGCCCTTTTCCTCAGCCTCCGCTACCACAACCTCCATCCAGP4=TACATCCATGAACGGCTGCAGAGCCTG 

500 550 
161 
GlyLysAsnPheAlaLeuArgValLeuLeuValGlnValAspValLysAspProGlnGlnAlaLeuLysGluLeuAlaLysMetCysileLeuAlaAspCysThtLeuvalLeuAlaTtp 
GGGAAGAACTTCGCCCTTCGTG,TGCTGCTGGTTCAAGTGGATGTGAAAGATCCCCAGCAGGCTCTCAAGGAG~TGGCTAAGATGTGCATCTTGGCTGACTGCACCCTGGTCCTGGCCTGG 

600 650 
201 
SetAlaGluGluAlaGlyArgTytLeuGluThz:TyrArgAlaTytGluGlnLysProAlaAspLeuLeuMetGluLysLeuGluGlnAsnPheLeuSerAtgA1aThrGluCysLeuThr 
AG,TGCAGAGGAAGCAGGGCGGTACCTGGAGACCTACAGGGCGTATGAGCAGI\AGCCAGCCGACCTCCTTATGGAAAAGCTGG.\GCAGAACTTCCTATCACGG,GCCACTGAGTGTCTGACC 

700 750 800 
241 
ThrValLysSerValAsnLysTht AspSerGlnThr LeuLeuAlaThr PheGlySer LeuGluGlnLeuPheThrAlaSerAt gGluAspLeuA1aLeuCysProGlyLeuGlyProGln 
ACCGTGAAATCTGTGAACAAGACCGACAGCCA,GACCCTCCTGGCTACATTTGGATCCCTGGAACAGCTCTTCACCGCATC~GAGGATCTAGCCTTATGCCCGGGCCTGGGCCCACAG 

850 900 
281 
LysAlaArgArgLeuPheGluValLeuHisGluPtoPheLeuLysValProArg*** . 
AAGGCCCGCAGGI=TCTTTGAAGTACTACACGAACCCTTCCTCAAAGTGCCTCGATGACCTGc,TGCCACCTAGGCCCATGTCACAATAA.AGAATTTTCCATGCCCAGT>.AAJ>.A¥AA 3 ' 

950 1000 1050 

Figure. 1. 
Nucleotide sequence and translated amino acids (in three letter 
code) of the mouse ERCC-1 eDNA. Amino acids are numbered on the 
left and nucleotides are numbered below the sequence. The 
polyadenylation signal AATAAA is underlined. 

E.coli uvrA and uvrC repair proteins is shown in Figure 2A. 

Despite the differences between both mammalian proteins their 

extent of homology with the yeast and bacterial proteins is 

comparable. The positions of the conserved and non-conserved 

amino acid changes between the mouse and human protein are 

schematically depicted in Figure 2B. The overall homology between 

both proteins is 85%. However, it is striking that the majority 

(>70%) of the amino acid and nucleotide substitutions ar~ concen

trated in the N-terminal part of ERCC-1. Of the first 100 amino 

acids 70% are homologous whereas the region from 100 to 200 and 

200 to 298 have similarities of 97% and 89% respectively. Two 

amino acid changes are found in the postulated NLS domain, 3 in 

the suggested ADP-monoribosylation site and none in the potential 

DNA-binding domain. The 2 conservative substitutions in the NLS 

{Ala~hr and Lys~Arg) are at positions which have been shown 

not to be critical in the SV40 T-antigen NLS (25). Therefore 

these changes are not expected to abolish a potential NLS 

function of this domain. The high degree of sequence conservation 

in the putative DNA-binding domain supports the idea that this 

part of the protein is very important for its function and cannot 
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B 

H~ Ii n n' II rl I mu I II nkzJ f ICOOH 
NLS 100 ONA-BO 200 ADP-RS 

T CONSERVATIVE l 
l NON-CONSERVATIVE 

AMINO ACIDS 

Figure. 2. 
A: Alignment of mouse (M) and human (H) ERCC-1 amino acids (in 
one letter code) with yeast RADIO and parts of E.coli uvrA and 
uvrC proteins. Of the mouse protein (horizontal bars) only 
differences with human ERCC-1 are depicted. Identical amino acids 
are boxed with solid lines and physico-chemically related 
residues (K, R: D, E and V, I, L) are indicated by open boxes 
between the microbial and mammalian proteins. Previously 
postulated domains (12) are shown by black lines: NLS, nuclear 
location signal: DNA-BD, DNA binding domain: ADP-RS, ADP
monoribosylation site. Asterisks indicate stopcodons. The RADIO, 
H-ERCC-1, uvrA and £YEC amino acid sequence and numbering are-as 
described (14, 41, 42, 43 respectively). 
B: Schematical presentation of conserved and non-conserved amino 
acid changes in mouse and human ERCC-1 protein. Conserved amino 
acids are grouped as follows: A, S, T, P and G: N, D, E and Q: H, 
R and K: M, L, I and V: F, Y and W. The postulated NLS, DNA-BD 
and ADP-RS are depicted as boxes (see also Fig.2A). The shaded 
region corresponds to human exon VIII which was previously found 
to be subject to alternative splicing (14). 

tolerate many amino acid alterations. The 2 conservative amino 

acid changes in the region to which we have tentatively assigned 

an ADP-monoribosylation site are at positions not incompatible 
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with such a function. However, the non-conservative substitution 

at position 235 (Val~la) neighbours the arginine residue that 

is the actual site of ADP-ribosylation by cholera toxin in the 

consensus sequence of this domain (26). Hence, the difference 

between the mouse and human protein at this position makes it 

less likely that ADP-monoribosylation plays an important role in 

ERCC-1 protein processing. 

At the nucleotide level the similarity of the coding regions of 

mouse and human ERCC-1 is 82% and of all base changes 70% are at 

'wobble' base positions. With respect to the 5' untranslated 

region it is worth noting that at position -3 upstream of the 

translation initiation site a conserved C-residue is located 

which is highly exceptional for eukaryotic mRNAs (27). 

Partial characterization of the mouse ERCC-1 promoter region. 

The mouse ERCC-1 gene was isolated from a genomic EMBL-3 library 

using mouse eDNA as a probe. Four overlapping EMBL-3 clones, 

shown in Figure 3, hybridized to 5' and 3' eDNA probes (not 

shown) indicating that the mouse ERCC-1 gene has a maximum size 

of 16-17 kb which is comparable to the previously reported size 

of the human ERCC-1 gene (28). In order to determine the mouse 

ERCC-1 promoter sequence a 0.9 kb Hindiii-BamHI fragment 

hybridizing with a 5' eDNA probe was subcloned in pTZ19R, 

yielding pMHB5. The sequence strategy of this clone, depicted in 

Figure 3, revealed genomic sequences that were completely 

identical to the eDNA sequence (Figure 1). Moreover, it was found 

that the genomic organization of mouse ERCC-1 exon 2 is similar 

to that of the human gene (not shown). A comparison of the mouse 

5' genomic and·untranslated eDNA sequence with the corresponding 

human sequence (28) is presented in Figure 4. A long stretch of 

homologous nucleotides is found around the transcriptional start 

site of the human gene (box A, Figure 4), which makes it likely 

that transcription of the mouse ERCC-1 gene initiates at the 

corresponding position in box A. This means that deletions or 

insertions rather than nucleotide substitutions have mainly 

contributed to the differences in the mouse (113 nucl.) and human 

(153 nucl.) 5' untranslated regions. We previously showed that 

the ERCC-1 promoter is located within 170 bp upstream of the 

transcriptional start site (28). Like the human ERCC-1 promoter 
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Figure. 3. 
Isolation of the mouse ERCC-1 gene. Physical maps are shown of 4 
overlapping clones that were isolated from a genomic EMBL-3 
library. The position of the ERCC-1 gene (shaded bar) was 
deduced from hybridization with eDNA probes. Not all restriction 
sites are given. Non-characterized flanking parts are shown as 
dashed lines. The 5' EcoRI-BamHI fragment was studied in detail 
and sequenced as shown by arrows. Exon I and II are indicated as 
black boxes. Restriction sites: E, EcoRI~ B, BamHI~ H, Hindiii~ 
P, Psti. 

the mouse promoter is lacking clearly identifyable CAAT and TATA 

boxes as well as GC-rich regions. However, at 60 to 70 bp 

upstream of the 'cap'-site a domain of 30-40 bp (box B, Figure 4) 

is coinciding with a region in the human promoter which harbors 

three CCTCC pentanucleotides that are each spaced by 5 

nucleotides. The conservation of this region suggests that it has 

MOUSE 

, __ -:J.QQ.. _______ - B -6o -4o 
5 • AAGCTTCCATCCGCCCCAAACCACAGCGGTCCTCCAGGACCATAGAGAGCAGCGCGAATAGAGTTCCCCGCTCTA------ACTCCTCCGGG 

* I•• *** ••• *** * ************ •••••••••••! • * * * * *** ****** **** • *** 
HUMAN 5 •ACATC;tC!<;_T£C_!<;_C£A£\l.Af<;_T£CGCGGTCCTCCAGAACCATAGAGAGTTGTACAGAGATCG--CCCTGCTCTATGCTCTACTCTCCTGGG 

-so -6o -4o -20 

MOUSE GAGC~~CGAGACGAGCGMGGGCC~GAG-:GCCGGAAGTr;;:.~:~;~GCAGGAGTTGT-GCTGGCT~~GCTGGCGTTGTGTCGCCT~TTTCCC 
**** !••••••••• ***********I * ****** ******** ** * ****** * *** 

HUMAN GAGC--------------GGGGCCAGAGAGGCCGGAAGTGCTGCGAGCCCTGGGCCACGCTGGCCGTGCTGGCAGTGGGCCGCCTCGAT--CCC 
1 20 40 60 

80 100 
MOUSE CCCGTGGTATTTCCTTCT---------------------AGGCATCG------GGAAA------------GAC--CAGGCCCCAGATG 

* * •• ***** * **** *** ***** ******* 
HUMAN TCTGCAGTCTTTCCCTTGAGGCTCCAAGACCAGCAGGTGAGGCCTCGCGGCGCTGAAACCGTGAGGCCCGGACCACAGGCTCCAGATG 

80 100 120 140 

Figure. 4. 
Alignment of 5' mouse and human ERCC-1 sequences upstream of the 
translational start site (ATG). The mouse sequence is a 
compilation of genomic and eDNA (Fig. 1) sequence. The human 
sequence is from Van Duin et al. (14, 28). Boxes A and B show the 
most conserved regions in the ERCC-1 promoter. Nucleotide 
numbering is based on transcriptional start site ( & ) of the. 
human gene. Gaps are introduced to improve alignment of both 
sequences. 
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a regulatory function for ERCC-1 transcription. We have screened 

the EMBL sequence data base for nucleotide sequences homologous 

to box B, however, no apparent homology turned up. 

Expression of ERCC-1 in mouse organs and developmental stages. 

To examine possible regulatory aspects of the ERCC-1 promoter, 

ERCC-1 expression was investigated by Northern blot analysis of 

various mouse organs and stages of development. As a control for 

differences in the amount of RNA the blot was rehybridized with 

with a probe for the GAPDH mRNA which is considered to be present 

in relatively constant amounts and has a size very close to that 

of ERCC-1. As is shown in Figure 5 ERCC-1 transcripts could be 

detected in all organs (including also liver, stomach, bonemarrow 

and thymus, not shown) and stages of development examined. The 

differences in hybridization signal in the different lanes are to 

a large extent also observed with the GAPDH probe and therefore 

reflect mainly variation in the quantity of RNA on the filter. 

From comparison of the hybridization intensities of ERCC-1 and 

those of other genes (e.g. GAPDH and actin) we infer that ERCC-1 

RNA falls in the class of low abundant messengers. Furthermore, 

in situ hybridization experiments on sections of mouse embryo's 

did not reveal tissues with a specific high level of ERCC-1 

expression (not shown). These results support the conclusion that 

ERCC-1 is equally expressed at low levels throughout the whole 

body and at various stages of embryogenesis. The ERCC-1 promoter 

may thus represent a member of a novel class of promoters 

specifying a constitutive low expression level. 

Mutagenesis of the human ERCC-1 eDNA. 

A number of mutant human ERCC-1 cDNAs were constructed (see 

Materials and Methods) and transfected to CHO 43-3B cells to test 

for functionality. The results of these experiments are 

summarized in Figure 6. Construct pcDE-72 is included as negative 

control, since this clone lacks the alternatively spliced exon 

VIII which is essential for phenotypic complementation of the 

mutation in CHO 43-3B cells (14). Similarly all other alterations 

induced in the C-terminal portion of ERCC-1 appear to be 

deleterious as well. Construct pcDEASt, that encodes a 'RADIO

like' ERCC-1 protein terminating exactly at the point where (the 

homology with) the RADIO gene product stops (see Figure 2A) does 
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Figure. 5. 
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GAPDH 
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DAYS 

Northern blot analysis of mouse organs. Equal amounts (20 pg) of 
total RNA was size fractionated on a 1% ~garose gel and after 
transfer to nitrocellulose hybridized to 3 P-labeled mouse ERCC-1 
eDNA (upper part) and a probe for the glyceraldehydephosphate 
dehydrogenase (GAPDH, 44; lower part). The position of ribosomal 
subunits and ERCC-1 and GAPDH transcripts are indicated on the 
left. 

not display detectable correcting activity. The same holds for 

construct pcDEBgl which encodes a truncated protein of 287 amino 

acids with 17 unrelated C-terminal residues due to a frameshift 

mutation. These findings are in striking contrast to deletion of 

the N-terminal ERCC-1 region. We reported previously that a 

truncated protein lacking the first 54 amino acids (encoded by 

construct pcD3C) is still able to confer MMC resistance to CHO 

mutant cells (14). Tab-linker mutagenesis (24) was applied to 

insert 6 nucleotides in the unique Psti and Kpni site in the 

coding part of the human ERCC-1 eDNA. The resulting introduction 

of a leucine and glutamine behind the putative DNA-binding domain 

(residue 158; construct pcDEMP1) did not affect the repair 
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CONSTRUCT ERCC-1 PROTEIN CORRECTION OF 
43-3B MUTATION 

PeDE I • I (297l + f,"' PcDE72 I • (273) 

PCD3C I=!:>;$ • I (266) + 
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Figure. 6. 
Mutagenesis of the ERCC-1 gene. SV40 early promoter driven ERCC-1 
eDNA constructs were cotransfected with pSV3gptH to CHO 43-3B 
cells, to test for a functional gene. Stable transformants were 
selected on mycophenolic acid and MMC. Construct peDE, harboring 
the complete human ERCC-1 eDNA, served as a positive control. 
pcDE-72 and pcD3C have been described previously (14) and encode 
proteins that are lacking 24 amino acids encoded QY exon VIII and 
the first 162 coding nucleotides respectively. The other 
constructs are described in Materials and Methods. Putative 
functional domains (nuclear location signal, NLSJ DNA-binding 
domain, DNA-BD) that emerged from human and mouse ERCC-1 amino 
acid comparison are rlepicted as black boxes. Unrelated amino acid 
sequences due to frame shifts are shown as dotted areas. Amino 
acid number is given in parentheses. 

function of ERCC-1 in CHO mutants whereas an extra alanine and 

tyrosine residue distal from amino acid 208 (construct pcDEMP2) 

inactivated the protein. In conclusion the data presented here 

are consistent with the notion that the C-terminal part is 

crucial for ERCC-1 function in contrast to the N-terminus. 

DISCUSSION 

The complex evolution of the human ERCC-1 gene, resulting in a 

'mosaic' type of homology to repair proteins of lower organisms 

has prompted us to study the gene in other species. Here we 

describe the isolation and characterization of eDNA and genomic 

clones of mouse ERCC-1. Transfection of the mouse ERCC-1 eDNA to 

43-3B cells conferred UV- and MMC resistance and restored UDS. 

The induction of a UDS level inbetween that of CH09 wild type and 

HeLa cells was also found after transfection of the human ERCC-1 
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gene and eDNA (8). The finding that UDS is higher in corrected 
43-3B cells compared to wild type CHO cells can be explained by 
differences in nucleotide poolsizes, cell morphology and other 
factors influencing UDS. Alternatively, it is not excluded that 
transfected ERCC-1 genes from human and mouse induce a higher UDS 
level then the endogenous CHO gene. 
Southern blot and sequence analysis of mouse genomic clones 
indicate that the mouse and human gene are similar in size. 
Preliminary data also suggest a very similar gene organization. 
The ERCC-1 gene of both mouse and man is driven by an exceptional 
promoter lacking 'Glassical' promoter elements. Comparison of the 
mouse and human promoter region revealed a highly homologous 
sequence at 50 to 90 bp upstream of the transcriptional start 
site. We have not noticed this putative promoter motif in other 
genes The high sequence conservation suggests that ERCC-1 
expression is mediated through interaction of transcription 
factors with this region. However, additional experiments, 
including 'footprinting' are required to verify this assumption. 
In HeLa cells ERCC-1 expression appears to be constitutive and 
not inducible by UV and MMC (28). We present here that ERCC-1 is 
transcribed at low levels in all mouse organs and stages of 
development investigated. Also Northern blot analysis of a number 
of different human cell lines revealed low constitutive levels of 
ERCC-1 expression (not shown). Therefore ERCC-1 is probably not 
only 
(e.g. 

operative in repair of environmentally induced DNA-damage 
UV photo products) but perhaps more importantly in the 

removal of DNA injuries that are induced at a constitutive rate 
in all cells and tissues by various intracellular processes. 
With respect to ERCC-1 expression at the protein level it is 
worth noting that rodent and human ERCC-1 mRNAs have a C-residue 
at position -3 proximal to the translation initiation site. More 
than 95% of eukaryotic messengers harbor a purine at that 

position (27) and mutation studies have demonstrated that this 
dramatically enhances translation efficiency (29, 30). Although 
the presence of a G-residue at position +4 in the ERCC-1 
transcripts might partially compensate for the lack of a purine 

at -3 (27) it seems likely that §RCC-1 has a conserved low 
translational efficiency. Yeast DNA excision repair genes also 
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belong to a.category of lowly expressed genes (both at RNA and 

protein level) as deduced from codon usage and translation 

initiation consensus (3I, 32). It will be of interest to see 

whether the recently isolated human repair genes XRCC-I 

(L.Thompson, pers. comm.) and ERCC-2 (9) are subject to the same 

mode of translational control. 

The cloning and sequence analysis of the mouse ERCC-I gene has 

yielded instructive information that can be used to elucidate the 

function of the protein. Comparison of mouse and human amino acid 

sequences shows that the N-terminal protein part is much less 

conserved than the rest of the protein. This is in accordance 

with the pattern of similarity with the yeast RADIO protein, 

which showed a high level of homology in the middle part of ERCC

I (corresponding with the C-terminal half of RADIO) but only 

barely detectable similarity between the N-termini of both 

proteins. The apparent reduced evolutionary pressure for sequence 

conservation of the 5' portion of ERCC-I fits also nicely with 

the transfection results of the 'decapitated' eDNA construct 

pcD3C (Figure 6) which demonstrated that a large N-terminal 

segment can be omitted without affecting the correcting potential 

of th~ ERCC-I protein. This underlines the idea that ERCC-I and 

the yeast RADIO protein operate in a related step in the 

intricate excision repair process. 

Notwithstanding this extensive homology, one important difference 

remains between the mammalian and yeast protein: a C-terminal 

extension of ERCC-I, which appears to be essential for proper 

functioning of the protein in CHO cells. The finding of this 

region in the mouse ERCC-I protein indicates that it was present 

before the evolutionary lines to mouse and man diverged (65-80 

million years ago). 

Which evolutionary events may have caused the remarkable 

difference with the yeast gene? It is not excluded that a 

primordial ERCC-I gene has lost its C-terminus to generate a 

RADlO-like version. Alternatively, C-terminal sequences might 

have been added to an ancestral RADIO-like gene yielding the 

ERCC-I-like gene structure. The fact that the extra region of 

ERCC-1 displays homology with prokaryotic repair proteins may be 

the result of convergent evolution. Another interesting 
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possibility is that the ERCC-1 gene 

domains from prokaryotic genes that 

mitochondrial DNA but have migrated to 

has acquired functional 

originally resided in 

the nucleus in the course 

of evolution. We are currently trying to isolate the Drosophila 

ERCC-1/RADlO homologue which will hopefully shed more light on 

the evolution of ERCC-1. · 

Evolution has provided mouse ERCC-1 with one extra C-terminal 

amino acid compared to the human protein. Despite this minor 

difference our mutation studies indioate that the C-terminal part 

of ERCC-1 seems to be very important for its repair function. 

This region of ERCC-1 displays significant homology with the c
terminus of the E.coli uvrC protein (13). Interestingly, it 

appears that a mutation in this part of uvrC also leads to 

inactivation (33). Taken together these data support the idea 

that ERCC-1 and ~C share a similar important function. 

Several nuclear proteins are provided with positively charged 

domains that direct active transport through the nuclear membrane 

(34-38). A consensus sequence for this nuclear location signal 

(NLS) has emerged from detailed studies of Kalderon et al. (24, 

38) and Colledge et al. (39). Amino acids 16 to 23 are conserved 

between mouse and man and show structural homology with a SV40 T

antigen NLS (12). It is therefore somewhat unexpected that theN

terminal ERCC-1 part appears to be non-essential. However, 

several explanations can be put forward for this observation. 

First, the size of the truncated ERCC-1 protein should allow it 

to enter the nucleus also by passive diffusion (40). Although 

probably less efficient, this process might still ensure 

sufficient ERCC-1 levels in the nucleus to permit correction of 
the CHO 43-3B mutation. In this context it should be realized 

that eDNA transformants in general have integrated multiple 

copies of the ERCC-1 eDNA constructs. Moreover, the eDNA inserts 

are driven by a SV40 promoter which is expected to accomplish a 

much higher expression level than the promoter of the unique 

endogenous ERCC-1 gene. Secondly, it is possible that N-terminal 

truncated ERCC-1 proteins can only be functional in rapidly 

dividing cells in culture in which the nuclear membrane is 

frequently absent, allowing the decapitated ERCC-1 protein to 

'sneak in'. Therefore one could speculate that a deletion like in 
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eDNA construct pcD3C would be more serious in non-proliferating 

tissues in vivo. Finally, it cannot be excluded that ERCC-1 is 

harboring a second NLS of another type as has been found for 

polyoma virus large T (34) and the glucocorticoid receptor (35). 

Currently experiments are underway to investigate the 

hypothesized NLS in more detail. 

Purification 

prerequisite 

presented in 

of the ERCC-1 protein will be an important 

for studying the function of ERCC-1. The results 

this paper demonstrate that such studies benefit 

from detailed analysis of evolutionary related genes. 
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renumber the CHO excision deficient complementation groups 1 and 
2 to match with the number of the human ERCC-genes correcting 
their respective defects: ERCC-1, group r-Tformerly group 2)~ 
ERCC-2, group 2 (formerly group l). 
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Summary 

The human DNA-excision repair gene ERCC-1 is cloned by its ability to correct the excision-repair 
defect of the ultraviolet light- and mitomycin-C-sensitive CHO mutant cell line 43-3B. This mutant is 
assigned to complementation group 2 of the excision-repair-deficient CHO mutants. In order to establish 
whether the correction by ERCC-1 is confined to CHO mutants of one complementation group, the cloned 
repair gene, present on cosmid 43-34, was transfected to representative cell lines of the 6 complementation 
groups that have been identified to date. Following transfection, mycophenolic acid was used to select for 
transferants expressing the dominant marker gene Ecogpt, also present on cosmid 43-34. Cotransfer of the 
ERCC-1 gene was shown by Southern blot analysis of DNA from pooled (500-2000 independent colonies) 
transformants of each mutant. UV survival and UV-induced UDS showed that only mutants belonging to 
complementation group 2 and no mutants of other groups were corrected by the ERCC-1 gene. This 
demonstrates that ERCC-1 does not provide an aspecific bypass of excision-repair defects in CHO 
mutants and supports the assumption that the complementation analysis is based on mutations in different 
repair genes. 

During the last decade a large number of ultra
violet light (UV)-sensitive Chinese hamster ovary 
(CHO) cell lines has been isolated that are defi
cient in DNA-excision repair (Thompson et al., 
1981; Wood and Burki, 1982; Stefanini et al., 
1982). Genetic characterization performed by fus-

Correspondence: A. Westerveld, Department of Cell Biology 
and Genetics, Erasmus University Rotterdam, P.O. Box 1738, 
3000 DR Rotterdam (The Netherlands). 

141 

ing cells from different mutant cell lines revealed 
the presence of at least 6 complementation groups 
(Thompson et al., 1981, 1987a; Thompson and 
Carrano, 1983). These mutants are phenotypically 
comparable with cell strains isolated from DNA
excision-repair-deficient xeroderma pigmentosum 
(XP) patients. These XP cells have been classified 
in 9 complementation groups (De Weerd-Kastelein 
et al., 1972; Fischer et al., 1985). Although the cell 
fusion data are far from complete, none of the 



tested XP and Chinese hamster exClslOn-repair 
mutants belong to the same group (Stefanini et al., 
1985; Thompson et al., 1985a). 

The UV sensitivity of CHO mutants belonging 
to complementation groups 1, 2 and 5 has been 
corrected to nearly wild-type levels in genomic 
transfections with human DNA (Rubin et al., 
1983; Macinnes et al., 1984; Westerveld et al., 
1984; Weber et al., 1987). The human ERCC-1 
gene that corrects the repair defect of the.comple
mentation group-2 43-3B cell line has been 
molecularly cloned (Westerveld et al., 1984; Van 
Duin et al., 1986). Complementation group-2 
mutants display an extreme sensitivity to the drug 
mitomycin-C (MMC) and have also an increased 
sensitivity to 4-nitroquinoline-1-oxide and N
acetoxy-2-acetyl-aminofluorene and alkylating 
agents. ERCC-1 converts all these characteristics 
of group-2 mutants to wild-type levels. Moreover, 
the UV-induced mutation frequency at the 
Na+;K+ ATPase locus and the rate of cyclobu
tane· pyrimidine dimer removal were also returned 
to normal (Zdzienicka et al., 1987). 

It is generally assumed that intergenic comple
mentation accounts for the classification of the 
UV-sensitive CHO mutants in different comple
mentation groups. However, it should be noted 
that intragenic complementation or aspecific 
bypass of repair defects after cell fusion in the 
complementation assay cannot be excluded. To 
investigate the specificity of the cloned ERCC-1 
gene for group-2 mutants, we have examined 
whether ERCC-1 can correct the repair defect in 
the other CHO complementation groups. There
fore, the cloned ERCC-1 gene was transfected to 
representative cell lines of all 6 CHO complemen
tation groups. UV survival and UV-induced repair 
synthesis data of the ERCC-1-containing transfor
mants revealed that only CHO mutants belonging 
to complementation group 2 are transformed to 
wild-type. 

Materials and methods 

Cell lines and culture conditions 
The wild-type CHO cell lines CH0-9 and AA8 

have been described by Burki et al. (1980) and 
Thompson et al. (1980), respectively. The UV-sen
sitive mutants of CH0-9 and AA8 and corre-

TABLE 1 

UV-SENSITIVE CHO MUTANTS AND CORRE
SPONDING COMPLEMENTATION GROUPS THAT 
WERE USED FOR cos 43-34 TRANSFECTION EXPERI
MENTS 

Mutant Complementation Parental Reference a 

group line 

uvs 1 AA8 
UV4, UV20 2 AA8 
43-3B 2 CH0-9 2 
UV24 3 AA8 1 
UV41, UV47 4 AA8 
UV135 5 AA8 
UV61 6 AA8 4 

• 1 =Thompson et al., 1981; 2 ~Wood and Burlci, 1982; 3 = 
Thompson et al., 1982; 4 =Thompson, 1987a. 

sponding complementation-group assignments are 
listed in Table 1. The cells were routinely cultured 
in a 1:1 mixture of Ham's FlO and Dulbecco's 
ME medium (DMEM) supplemented with an
tibiotics and 3% fetal and 7% newborn calf serum. 

DNA transfection and selection of transferants 
One day before DNA transfection 5 X 105-1 X 

106 recipient cells were seeded in 100-mm Petri 
dishes and cultured in a humidified incubator 
(37 ° C, 5% C02 ). The transfection was carried out 
using the calcium-phosphate precipitation method 
(Graham and Van der Eb, 1973). Cosmid 43-34 
(Fig. 1) (Westerveld et al., 1984) used in the 
transfection, harbors the 15-kb human excision-re
pair gene ERCC-1 and in addition the dominant 
marker genes agpt, encoding G418 resistance, and 
Ecogpt, which allows selection with mycophenolic 
acid (MPA). To each Petri dish 1 J.Lg cosmid 
43-34 + 10 J.Lg 43-3B carrier DNA was supplied. 
Following overnight exposure to the precipitate, 
the cells were treated with dimethylsulfoxide (10% 
for 30 min) and cultured for 24 h in non-selective 
medium to allow expression of the transfected 
DNA. Selection for the Ecogpt marker was per
formed in modified MP A medium containing 
FlOjDMEM 1:1 and antibiotics, 10% fetal calf 
serum, aminopterin (0.2 J.Lg/ml), thymidine (5 
J.Lg/ml), xanthine (10 J.Lg/ml), hypoxanthine (15 
J.Lg/ml), mycophenolic acid (25 J.Lg/ml) and de
oxycytidine (2.3 J.Lg/ml) (Mulligan and Berg, 1980; 
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Fig. 1. Schematical presentation of cosntid 43-34 harboring 
approximately 42 kb of genontic DNA of a secondary 43-3B 
transformant (Westerveld et al., 1984). The cosmid vector 
pTCF (Grosveld et al., 1982) is flanked by Sall sites and 
contains the agpt gene. Furthermore the Ecogpt gene (on 
plasmid pSV3gptH) and the human ERCC-1 gene are located 
on the cosmid insert. Shaded boxes and small black boxes 
represent introns and exons of the ERCC-1 gene, respectively 
(van Duin, in preparation). Arrows indicate transcriptional 
orientation. Abbreviations: S: Sall; Rl: EcoRl; Hili: Hindiii 
(not all restriction sites are shown). 

Westerveld et al., 1984). The selection medium 
was refreshed every 3-4 days. After 2 weeks 
MPA-resistant colonies were trypsinized and 
grown into mass cultures. Within 1 week unsched
uled DNA synthesis and UV survival were de
termined. The transformed cells were cultured for 
another 2 weeks before genomic DNA was iso
lated. 

UV survival 
Exponentially growing cultures were trypsinized 

and 200-4000 cells were plated onto 60-mm dish
es and left to attach for 12 h. Subsequently cells 
were rinsed with phosphate-buffered saline (PBS) 
and exposed to UV light with a 254-nm low-pres
sure mercury, germicidal Philips TUV lamp with a 
fluence rate of 0.6 Jjm2

• After cultivation in non
selective medium for 7 days clones were fixed and 
stained with Coomassie brilliant blue. For each 
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dose 3-6 dishes were used. The relative survival 
was plotted versus the UV dose. 

Unscheduled DNA synthesis (UDS) 
Two days after seeding in medium without 

MPA, the cells were exposed to UV light (16 
Jjm2

) and incubated in thymidine-free, Ham's 
FlO medium supplemented with eHJthymidine 
(10 p.Cijml; specific activity 50 Cijmmole) and 
5% dialyzed fetal calf serum. After Bouin fixation 
the preparations were processed for autoradiogra
phy (Kodak ARlO stripping film), exposed for 1 
week at 4 o C, developed and stained with Giemsa 
solution. For each preparation the number of 
grains per fixed square of 25-50 nuclei was 
counted. 

Southern blot analysis 
Genomic DNA was isolated as described by 

Jeffreys et al. (1977), digested to completion with 
EcoRI and electrophoresed in 0.7% agarose gels. 
After transfer of the size-fractionated DNA to 
nitrocellulose (Southern, 1975) the filter was hy
bridized with 32P-labelled nick-translated probes 
(Rigby et al., 1977). The hybridization was visual
ized by autoradiography. 

Results 

Cosmid 43-34, harboring the ERCC-1 gene 
and the dominant markers Ecogpt and agpt (Fig. 
1), was transfected to representative mutants of 
the various UV-sensitive CHO complementation 
groups. After transfection, a selection was carried 
out in MPA-containing medium for transferants 
with a functional Ecogpt. The mutants had a 
transfection frequency of approxin3ately 100 
MPA-resistant clones per p.g cosmid 43-34 DNA 
per 106 cells. The MPA-resistant clones of each 
transfected mutant were pooled and grown into 
mass populations consisting of 500-2000 indepen
dent transferants. DNA was isolated from the 
mass populations and characterized by Southern 
blot analysis using Ecogpt and ERCC-1 probes. 
The various transfected populations and the origi
nal CHO mutants were analysed by UV survival 
and UDS. 

Southern blot analysis 
DNA from the pooled transformants was 

analyzed by Southern blotting. EcoRI-digested 
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Fig. 2. Southern blot analysis of EcoRI-digested DNA of cos 
43-34-transfonned mass populations (MP), HeLa (human) 
and CHO AAS cells probed with complete human ERCC-1 
eDNA. The last 2 lanes on the right harbor 1 and 10 copies of 
EcoRl-digested cosmid 43-34 per diploid genome, respec
tively. EcoRI digestion of cosmid 43-34 results in 3 fragments 
that hybridize with a complete ERCC-1 eDNA probe: two 
4.5-kb fragments and one 8-kb fragment (see also Fig. 1). 

DNA was size-fractionated by agarose-gel electro
phoresis, transferred to nitrocellulose and the blot 
was hybridized with a 32P-labeled Ecogpt and a 
complete ERCC-1 eDNA probe (Van Duin et al., 
1986). The results of the ERCC-1 hybridization 
are presented in Fig. 2. The 1.0-kb eDNA probe 
recognizes an 8-kb and 2 4.5-kb fragments of the 
human ERCC-1 gene in control HeLa DNA, 
whereas the hybridization conditions did not al
low detection of the Chinese hamster ERCC-1 
gene in AA8 cells (see also Fig. 1). The number of 
cosmid 43-34 copies that was integrated by trans
formants was estimated from the hybridization 
signal with HeLa DNA and the titration of 1 and 
10 cosmid copies per diploid genome. On average 
the transformed mass populations harbored 1-5 
cosmid molecules per cell. UV5 and UV20 trans
formants displayed the lowest and the UV61-MP 
the highest hybridization signal. UV61-MP con
tains in the order of 5-10 copies per cell. A 
similar conclusion could be drawn from the hy
bridization experiments with the Ecogpt probe 
(data not shown). 
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UV survival 
The UV sensitivities of the various transfor

mants were analyzed to examine whether the 
transfected ERCC-1 can correct the impaired UV 
survival of one or more CHO complementation 
groups. The UV-survival plots of the wild-type 
AA8 cell line, the mutants and the cos 43-34 
transformants are presented in Fig. 3. The mutants 
of complementation groups 1, 3, 4 and 5 showed a 
relative D37 (D37 mutantjD37 AA8) of 0.1 and 
this D37 was found for the transfected popula
tions as well. The moderately UV-sensitive UV61 
mutant (group 6) and the transformed UV61-MP 
had an intermediate survival (D37 = 0.3) as com
pared with the other mutants and AA8 cells. Thus, 
introduction of ERCC-1 in the mutants of com
plementation groups 1, 3, 4, 5 and 6 had no effect 
on their response to UV irradiation. However, for 
both representatives of complementation group 2 
(UV 4 and UV20), the UV sensitivities of the 
transformed populations varied from those of the 
corresponding mutants. The survival curves of both 
populations were biphasic (see Fig. 3)~ About 65% 
of the UV4-MP and 10% of the UV20-MP cells 
behaved AA8-like with a relative D37 (D37 trans
formantsjD37 AA8) value of 1. The UV survival 
of the sensitive fractions, about 35% of the UV4-
MP and 90% of the UV20-MP cells, was similar to 
that of the mutant cells. For both fractions a 
relative D37 of 0.1 was calculated. 

Unscheduled DNA synthesis 
The capacity of cos 43-34 transformants to 

remove UV-induced DNA damage was measured 
by the incorporation of [3H]thymidine as the re
sult of UDS. The results, expressed as grains per 
fixed square of 25-50 nuclei, are presented in 
Table 2. In 5 of the mutant cell lines, UV4, 5, 20, 
24 and 41, the UDS levels range from 5 to 10% of 
that found in wild-type cells. UV47 (group 4) and 
UV135 (group 5) exhibited about 30% of the 
wild-type AA8 activity, while the moderate UV
sensitive UV61 (group 6) cell line showed a UDS 
level of 60% compared to the AA8. The transfor
mants of complementation groups 1, 3, 4, 5 and 6 
did show UDS activities comparable with the 
original mutant cell line. Restoration to wild-type 
levels was found in transformants of complemen
tation group 2. However, not all cells displayed 
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Fig. 3. UV-survival curves of wild-type (AA8), mutants (UV5; UV4; UV20; UV24, UV41; UV47; UV135; UV61) and transfected 
mass populations (MP): UV5-MP; UV4-MP; UV20-MP; UV24-MP; UV41-MP; UV47-MP; UV135-MP; UV61-MP. Error bars in 
the data points represent the SEM (standard error of the mean). 

UDS activities identical to the wild-type level. In 
UV20-MP about 10% of the cells exhibited wild
type UDS levels and 90% of the cells had a 
mutant phenotype. Also UV 4 transferants could 

145 

be divided in 2 classes. About 65% of the UV4-MP 
cells showed wild-type UDS levels and about 35% 
were of the mutant type. These results are in 
accordance With the UV-survival data and ap-



TABLE 2 

UV-INDUCED UNSCHEDULED DNA SYNTHESIS 

Complementation Cell line Grain counts • (mean ± SEM) 
group Mutant Mass Wild Exp.l Exp.2 Exp. 3 Exp.4 

population type 

AA8 26.4±0.6 28 ±1.1 
CH09 19.1±0.5 18.6±0.6 29.0±2.0 
HeLa 37.9±0.7 33.0±0.6 43 ±2.2 

UV5 2.4±0.3 
UV5-MP 2.4±0.3 

2 UV4 1.8±0.2 
UV4-MP (35%) • 1.9±0.3 
UV4-MP (65%) • 25.7±0.6 

UV20 0.9±0.2 
UV20-MP (92%) b 1.6±0.3 
UV20-MP (8%) • 25.1±0.6 

UV24 1.5±0.3 
UV24-MP 2.6±0.4 

4 UV41 2.1±0.4 
UV41-MP 1.9±0.5 

UV47 7.1 ±0.8 
UV47-MP 8 ±1.3 

UV135 11 ±2.2 
UV135-MP 8.2±0.8 

6 UV61 19 ±1.1 
UV61-MP 18 ±1.1 

• The number of grains is given as mean ± SEM per fixed square of non-S-phase nucleus and for each preparation 25-50 nuclei 
were characterized. 

• Percentage is determined by screening 200 non-S-phase nuclei. 

parently due to the fact that not all MP A-resistant 
transformants harbor an active ERCC-1 gene. 

Discussion 

The results presented here demonstrate that 
ERCC-1 corrects the DNA-excision-repair defect 
of mutant cell lines assigned to complementation 
group 2. The defect in mutants of the other 5 
complementation groups is not restored, although 
Southern blot analyses revealed the presence of 
ERCC-1. The transfected cells were continuously 
grown in MPA-selection medium, so each cell 
should contain at least one functional Ecogpt co~y. 
The mean copy number per cell for Ecogpt as well 
as ERCC-1 sequences varied from 5-10 in UV61-
MP to 1-5 in the other transformants. Recently 
we showed that the average amount of stably 
integrated DNA in the genome of transfected cells 
is species- and cell-line-specific (Hoeijmakers et 
al., 1987; unpublished results). In general human 
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cells incorporate 20- to 100-fold less transfected 
DNA than Chinese hamster cells. The mutants 
derived from the CHO AA8 subline studied in the 
present paper integrate considerably less than 
mutants isolated from CH0-9, underlining the 
conclusion that the amount of stably integrated 
DNA is cell-line-specific. 

In case of UV20 transformants an inefficient 
transfer of a functional ERCC-1 gene was achieved 
since only 8% of the cells in the transformed 
population were repair-proficient. The possibility 
that potential complementation of the other 
mutants by the ERCC-1 gene is masked due to 
inefficient gene transfer seems unlikely, since 
Southern blot analysis revealed that all cell lines 
had integrated 1-5 ERCC-1 copies (Fig. 2) and 
that UV61 had incorporated even more trans
fected DNA than UV4 and UV20. 

The ERCC-1 gene has been mapped on the 
long arm of human chromosome 19 (Rubin et al., 
1985; Van Duin et al., 1986). Using cell-fusion 



experiments Thompson et al. (1987b, personal 
communication) have recently assigned ERCC 
genes complementing CHO group-1, -3; -4 and -5 
mutants to human chromosomes 19, 2, 16 and 13, 
respectively. The chromosomal assignment of the 
UV61-complementing gene is still unknown. 
Hence, it appears that CHO complementation 
groups 1 and 2 are corrected by a human gene on 
chromosome 19. Weber et al. (1987) have recently 
succeeded in the molecular cloning of a gene that 
confers UV resistance to UV-5 mutants (group 1). 
Molecular characterization of this gene, desig
nated ERCC-2, revealed that it is clearly different 
from ERCC-1 (Weber et al., 1987) indicating that 
2 genes involved in excision repair are located on 
human chromosome 19. In this respect it is inter
esting to note that a DNA-repair gene associated 
with sister-chromatid exchange has also been as
signed to human chromosome 19 (Siciliano et al., 
1986). The conclusion of our transfection results, 
that ERCC-1 can only correct the repair defect in 
CHO group-2 mutants is completely in accord 
with the chromosomal assignment data obtained 
by Thompson et al. (1987b). 

Aspecific bypass of DNA-excision-repair de
fects has been observed after introduction of the 
T4 or Micrococcus luteus endonuclease in cell lines 
of all XP-complementation groups (Tanaka et al., 
1977; DeJonge et al., 1985) and CHO mutants of 
group 1 (Valerie et al., 1985). The specificity of 
ERCC-1 for group-2 mutants and the assignments 
of other ERCC genes to different human chro
mosomes render it unlikely that bypass activities 
account for the complementatior: analysis of UV
sensitive CHO mutants. Our results rather support 
the assumption that mutations in different repair 
genes underlie the classification of UV-sensitive 
CHO cell lines in different complementation 
groups and that ERCC-1 is the mutated gene in 
CHO group-2 mutants. 
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ABSTRACT 
The human DNA excision repair gene ERCC-1 complements the ultraviolet light (UV) 
and mitomycin C (MMC) sensitivity of CHO mutants of complementation group 1. We 
have investigated whether ERCC-1 is the mutated gene in cell lines from xeroderma 
pigmentosum (XP) complementation groups A through I by analyzing the endogenous 
gene in XP cells and by introduction of the gene followed by repair assays. Our studies 
show that ERCC-1 is not deleted or grossly rearranged in representative cell lines of nine 
XP groups. Furthermore, Northern blot analysis revealed correct transcription of ERCC-1 
in all groups. The cloned human ERCC-1 gene was introduced into immortalized XP cells 
by DNA transfection (groups A,C,D,E and F). The presence of the integrated transfected 
sequences was verified on Southern blots and by selection for two dominant marker genes 
that flank the ERCC-1 gene on the transfected cos43-34 DNA. ERCC-1 failed to confer 
a normal UV-survival and UV-induced unscheduled DNA synthesis (UDS) to transfected 
populations. In the case of the remaining XP complementation groups (B, G, H and 1), 
nuclear microinjection was used to introduce an ERCC-1 eDNA construct driven by an 
SV 40 promoter into primary fibroblasts. Coinjection of the SV 40 large T gene and analysis 
of its expression served as a control for the injection. The ERCC-1 cDN A failed to induce 
increased levels of UDS in the microinjected fibroblasts. We infer from these experiments 
that ERCC-1 is not the mutated gene in the nine XP complementation groups examined. 
From similar type of experiments we conclude that ERCC-1 is not the defective gene in 
UV-sensitive Cockayne's Syndrome cells. 

INTRODUCTION 
Cell fusion experiments have so far identified 7 complementation groups of UV-sensitive 
CHO-mutants (Thompson et al. 1981; 1987; Zdzienicka et al. 1988). Cell lines of groups 1 
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and 2 have been exploited successfully in DNA mediated gene transfer experiments aimed 
at the isolation of complementing human DNA repair genes. This has resulted in the clo
ning of human ERCC-1 and ERCC-2 genes (Westerveld et al. 1984; Van Duin et al. 1986; 
Weber et al. 1988). ERCC-1 and ERCC-2 specifically correct the mutant phenotype of 
CHO group 1 and group -2 1 mutants respectively, indicating that both genes are the hu
man homologues of the mutated loci in the corresponding CHO complementation groups 
(Van Duin et al. 1988a; Weber et al. 1988). In addition to an enhanced sensitivity to 
UV, CHO group 1 mutants display an extreme sensitivity to MMC and other bifunctional 
alkylating agents (Hoy et al. 1985). A defective incision step of the excision of DNA 
damage is thought to underlie the phenotype of CHO group 1 mutants (Thompson et al. 
1982). The cloned ERCC-1 gene corrects the impaired excision repair of both UV and 
MMC induced DNA-adducts (Westerveld et al. 1984). Furthermore, cross-sensitivities of 
group 1 mutants to other chemical agents are corrected by the cloned gene (Zdzienicka et 
al. 1987). The phenotype of CHO group 1 mutants is reminiscent of the rare human auto
somal recessive disorder xeroderma pigmentosum (XP). Patients suffering from this trait 
are hypersensitive to sunlight exposure and have an elevated risk for skin tumor develop
ment (Kraemer, 1983). Nine XP complementation groups have been identified (Fischer 
et al. 1985) that are all characterized by a defective incision step of the DNA excision re
pair pathway. Interspecies complementation studies with UV-sensitive human and rodent 
DNA repair mutants, to determine whether they belong to identical complementation 
groups are incomplete and have not yet identified overlap. Stefanini et al. ( 1987) recently 
reported transient complementation of the repair defect in heterokaryons of 6 XP groups 
after fusion with UV sensitive CH012RO cells. However, this CHO mutant has not been 
assigned to any of the known CHO complementation groups. Thompson et al. (1985) 
have attempted complementation analysis between two CHO groups (1 and 4) and XP 
fibroblasts based on recovery of stable hybrid cells resistant to DNA damage. The low 
frequency of hybrid formation did not permit conclusions with respect to all XP groups 
and crosses of both CHO groups with XP-A, C, D, F, and G yielded only partial comple
mentation (Thompson et al. 1985). Therefore the question whether identical genes are 
affected in CHO and human repair mutants can probably be more efficiently addressed 
when the isolated genes are available. The phenotypic similarity between CHO group 1 
and human XP cells renders ERCC-1 a potential candidate gene which could account for 
one of the genetic defects in this repair syndrome. In this report we have investigated this 
possibility. We con~lude from our experiments that ERCC-1 can most likely be excluded 
as the mutated gene in the XP complementation groups examined. 

MATERIALS AND METHODS 
Cell lines and media 
The cell lines used in the experiments are listed in Table 1. The immortalized cells were 
cultured in DMEM/F10 medium supplemented with fetal calf serum (FCS) and antibiotics 

1 At the recent UCLA meeting on 'Mechanisms and consequences of DNA damage processing' in Taos 
(January 1988) it was decided to rename CHO complementation groups 1 and 2 to 2 and 1 respectively 
in order to match the numbering with the complementing ERCC genes. 
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Table 1 

Cell lines used in the different experiments of this study. 
Cell line*) Experiments**) References/Source 
HeLa S N 
XP12RO-SV (A) S N T 
XP20S-SV (A) T 

s 
s 

XP12BE-SV (A) S 
XPUBE (B) 
XP4PA-SV (C) 
XP8CA-SV (C) 
CW12 (C) 
MH3XP (D) 
XP1BR (D) 
HD2 (D) 
CW3 (E) 
XP2RO (E) 
XP2YO-SV (F) 
XP2BI (G) 
XP3BR (G) 
XP3BR-SV (G) 
XP2CS (H) 
XP3MA (I) 
XP20MA (I) 

s 
s 

s 

s 

s 
s 

N 

N 

N 

N 

N 

N 
N 

N 

M 

T 

T 
T 

T 

T 

M 

M 
M 

Veldhuizen (unpubl.) 
Takebe et al. 1974 
Camden cell bank 
Kreamer et al. 1975 
Daya-Grosjean et al.1987 
Klein ( unpubl.) 
Wood et al. 1987 
Wood et al. 1987 
Keijzer (unpubl.) 
Johnson et al. 1985 
Wood et al. 1987 
De weerd-Kasteleiu etal. 1973 
Yagi and Takebe, 1983 
Keijzer et al. 1979 
Arlett et al. 1980 
Klein (unpubl.) 
Meshell et al. 1983 
Fisher et al. 1985 
Keijzer ( unpubl.) 

*) Between parentheses the XP complementation group is given. 

**) The different cell lines were used in different experiments: Southern 
analysis (S), Northern analysis (N), Tra.nsfection (T) and/or Micro
injection (M). 

(penicillin, streptomycin). Primary fibroblasts were cultured in FlO medium with FCS 
and antibiotics. All cells were grown as monolayers in a 37 °0 incubator. 

DNA transfection and cloning efficiency of transformants. 
On cosmid 43-34 the ERCC-1 is flanked by the selectable markers genes aminoglyco
syl phosphotransferase ( agpt) and the E. coli guanine phosphoribosyl transferase ( Ecogpt) 
which allow selection for G418 and mycophenolic acid (MPA) respectively. Cosmid 43-34 
DNA was transfected as a calcium phosphate precipitate into the different cell lines as 
previously described (Westerveld et al. 1984). One to two days after transfection selection 
was started by adding G418 to the medium. The concentration of G418 was dependent on 
the transfected cell line and ranged from 400 f.Lg/ml to 800 f.Lg/ml medium). After 10-14 
days clones were counted and either isolated or grown into mass populations (MP's). In 
order to establish the cointegration of Ecogpt sequences in G418 resistant mp's, for each 
MP the cloning efficiency in medium with or without G418 and/or mycophenolic acid 
(MPA) was determined. For each cell line three independent MP's were tested in three
fold experiments. For XP3BR-SVmp 2000 cells per dish were plated and for the other 
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tested lines 400-500 cells per dish were plated. In Table 2 the average relative cloning 
efficiency is given. 

Southern blotting 
Using routine procedures (Maniatis et al. 1982) genomic DNA from cell lines was di
gested with restriction enzymes and after size fractionation on agarose gels blotted to 
nitrocellulose filters which were subsequently hybridized to 32P-labeled probes. 

Northern blotting 
Total RNA was isolated from cultured cells by the LiCl/Urea procedure (Auffray and 
Rougeon, 1980) and size fractionated in 1.2% agarose gels containing formaldehyde. RNA 
was then transferred to nitrocellulose and hybridized in 50% formamide to ERCC-1 probe 
EPv12 using standard procedures (Maniatis et al. 1982). 

UV-survival and unscheduled DNA synthesis {UDS} 
The response of 0418 resistant XP-transformants to UV was measured by UV survival 
and UV-induced UDS as reported previously (Van Duin et al. 1988a). 

Microinjection of ERCC-1 eDNA into XP primary fibroblasts. 
ERCC-1 eDNA construct peDE (van Duin et al. 1986) and pSV3gpt (Mulligan and Berg, 
1981) were mixed in a 1 : 1 molar weight ratio (0.15 pgfp.l, final concentration) and 
coinjected into nuclei of XP homopolykaryons using procedures previously described (De 
Jonge et al. 1983). At 24 and 48 hrs post- injection one part of the injected cells was 
stained for the expression of SV 40 large T antigen encoded by pSV3gpt using a monoclonal 
antibody and an FITC containing goat anti mouse conjugate. In order to determine the 
effect on the repair potential the other half of the injected cells was at 24 and 48 hours 
post-injection irradiated with UV (15 J jm2) and incubated for two hours in medium 
containing 3H-thymidine. Subsequently, UV-induced DNA synthesis was determined by 
autoradiography as described previously (Vermeulen et al. 1986). 

RESULTS 
Analysis of the endogenous ERCC-1 gene in XP. 
To examine whether XP cells from all complementation groups harbor intact ERCC-1 
gene copies, the endogenous ERCC-1 gene was analysed by Southern blotting experiments. 
High molecular weight DNA was isolated from each of the cell lines and after digestion 
with various restriction endonucleases size fractionated on agarose gels and transferred to 
nitrocellulose filters that were subsequently hybridized to a32P-labeled ERCC-1 eDNA 
probe. DNA from HeLa cells was used as a control since the ERCC-1 gene was originally 
isolated from this cell line (Westerveld et al. 1984). 

The autoradiogram of a blot with Taql digested XP DNAs is shown in Fig.l. All 
cell strains examined showed hybridization patterns similar to the HeLa control. Similar 
results were obtained with Pvull digested DNAs (not shown). Therefore, as far as can be 
detected by this method, we conclude that ERCC-1 is not deleted or grossly rearranged 
in the representative cell strains of the nine XP complementation groups examined. 
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Figure 1 

r---- COMPLEMENTATION ------, 
GROUPS 

Hela A 8 C D E F- G H 
Kb 

-4.5 

-3.1 

-1.1 

Southern blot analysis of Taql digested DNA of all nine XP complementation groups (A to I). 
HeLa DNA served as a control in this experiment. The blot was hybridized to ERCC-1 eDNA 
probe EPv12 which recognizes all 10 ERCC-1 exons. The molecular weight of the hybridizing 
bands is indicated on the right. 

To investigate the expression of the endogenous ERCC-1 gene in XP cells, total RNA 
was isolated and analyzed by Northern blot experiments using ERGO-I eDNA as a probe. 

The autoradiogram of this experiment is shown in Fig. 2. All nine XP groups examined 
produced a correct ERCC-1 transcript similar to that of HeLa cells. 

Transfection of ERCC-1 into immortalized XP cells. 
The Southern and Northern blot experiments presented above do not rule out the possi
bility that the ERCC-1 gene is inactivated by point mutations or other small alterations. 
Therefore the cloned functional ERCC-1 gene was examined for its ability to correct the 
repair defed in XP cells. To that aim the cloned ERCC-1 gene located on cosmid 43-
34 ( cos43-34), was transfected into established XP cells of 6 different complementation 
groups (see Materials and Methods). Before transfection cos43-34 DNA was linearized 
with Clal which generates 50 kb molecules in which the 5' and 3' ERCC-1 ends are flanked 
by the dominant marker genes Ecogpt and agpt at a distance of approximately 10 and 4 kb 
of genomic DNA respectively (see Fig. 3). The transfected cells were selected in medium 
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Figure 2 

Kb 

(285)-

3.4-

1.1-

r---- COMPLEMENTATION ----, 
I GROUP 

A B C D E F G H I HeLa 

Northem blot analysis of representative cell lines of all nine XP complementation groups (A to 

I) and HeLa as a control. Per lane 15-30 Jl.g total RNA was loaded. The EPv12 probe described 

in Fig.1 was used for hybridization in 50 % formarnide at 42 °C. Molecular weight of hybridizing 
bauds is indicated on the left. In some lanes background labeling of ribosomal RNA {28S) is 

visible due to longer exposure times of the autoradiogram. 

0 

c 

Figure 3 
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+
Eco-gpt 
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-_ERCC-1 
EpS12 
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-agpt 

Kb 

Structure of cosrnid 43-34. The position of the ERCC-1 gene and Ecogpt and agpt dominant 
markers are shown in black. The open parts of the left and right hand boxes are pBR322 se

quences. Only restriction sites are shown that are relevant for the Southem blot analysis in Fig. 

4. Details of cosrnid 43-34 have been described previously (Westerveld et al. 1984; Van Duiu et 

al. 1987). 
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containing G418 and after two weeks mass populations (mp's) were generated which con
sisted of 20-200 independent transformants. In general, transfection efficiencies ranged 
from 10-4 to 10-5. The G418 resistant transformants were subsequently examined for 
the presence of transfected ERCC-1 DNA. Since on cos43-34 ERCC-1 is flanked by the 
agpt and Ecogpt markers, cross resistance of G418 resistant cells to mycophenolic acid 
(MPA), provided by the Ecogpt gene, would be indicative of the presence of ERCC-1 
sequences. The presence of the Ecogpt marker was determined by measuring the cloning 
efficiency of G418 resistant cos43-34 transformants in medium containing G418 and MPA. 
The results presented in Table 2 indicate that XP-C, D and E transformants had integra
ted both bacterial markers with a high efficiency. No MPA resistant XP-G transformants 
were obtained. In an earlier report we showed that most of the XP-A and XP-F transfor
mants (60%-90%) had cointegrated Ecogpt sequences which was confirmed by Southern 
blot analysis (Hoeijmakers et al. 1987). The results of Southern blot analysis of the 
XP-C, D and E transformants are presented in Fig. 4. 

Table 2. 
Cloning efficiency of G418 resistant cos43-34 transformants (mp's) in normal medium 
and medium supplemented with G418, MPA or G418 and MPA expressed as percentage 
of seeded cells which formed colonies (see Materials and Methods).Each experiment was 
carried out in threefold. The average values for three independent mp's are given. 

Cell line* 

CW12mp (C) 
HD2mp (D) 
CW3mp (E) 
XP3BR-SVmp (G) 
* XP complementation group 
is given in parentheses. 

Cloning efficiency(%) in different media 
normal +G418 +MPA +G418/MPA 

35 
44 
27 
5 

34 
36 
24 
5 

28 
31 
25 
0 

27 
26 
20 
0 

To discriminate between cos43-34 derived ERCC-1 sequences and the endogenous gene 
the DNAs were digested with Hindiii/Xhoi and Bglll which generates cos 43-34 specific 
ERCC-1 bands when hybridized to 5' and 3' ERCC- 1 probes respectively (see also Fig.1). 
From a comparison between the signals of the endogenous and transfected ERCC-1 gene 
it can be inferred that all transformed mass population had integrated multiple copies of 
ERCC-1 into their genome. The HD2 mass population has integrated considerably more 
DNA than CW12 cells in which much more degradation of the transfected DNA seems 
to have taken place (see Fig. 4). In contrast, intergrated agpt sequences but not ERCC-1 
DNA or Ecogpt dominant marker could be detected in G418 resistant XP-G transformants 
(not shown) which is in agreement with the finding that these cells did not show cross 
resistance to MPA. 
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A B 

Figure 4 
Southern blot analysis of G418 resistant CW12 (XP-C), HD2 (XP- D) and CW3 (XP-E) cells 
that have been transfected with cos43- 34. In panel A DNA of recipient (lanes A) and transfected 
cells (lanes B) were digested with Bglll and hybridized to probe 4A4 located 3' of ERCC-1 (see 
Fig. 1). Panel B shows Hind.III/Xhol double digested DNA probed with ERCC-1 eDNA probe 
EPsl2 harboring the first 5 exons. On left and right side fragment sizes (kb) are indicated. 

Response of XP cos43-34 transformants to DNA damage. 
To test whether ERCC-1 restores normal DNA repair characteristics in XP cells we de
termined UV-survival and UV- induced unscheduled DNA synthesis (UDS) of the G418 
resistant mass populations. UV-survival plots are shown in Fig. 5 and UDS data are 
summarized in Table 3. 

All transformed XP cultures (XP-A and XP-F not shown) harboring transfected 
ERCC-1 DNA displayed mutant UV survival phenotypes. The UDS levels ofthe trans
formants were comparable with those found in the various mutants cell lines and were in 
agreement with the survival data. With respect to the relatively high UDS values of the 
XP- E parental cells and transformants it should be noted that the residual UDS level 
of primary XP-E fibroblasts is up to 50% of that of repair proficient cells. (De Weerd
Kastelein et al. 1973; Fujiwara et al. 1985). Also HD2 and XP2YO-SV (XP-D and F 
respectively) ceUs display higher UDS values than the original non transformed diploid 
XP fibroblast cultures (Johnson et al. 1985; Yagi and Takebe, 1983). 
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Table 3 
UV induced UDS of immortalized XP cell lines and G418 resistant mass populations (mp ). 

Cell line* grains ** 
XP12RO-SV (A) 5±2 
XP12RO-SVmp (A) 5±1 
CW12 (C) 7±1 
CW12mp (C) 7±1 
HD2 (D) 16±1 
HD2mp (D) 15±1 
CW3 (E) 26±1 
CW3mp (E) 25±1 
XP2YO-SV (F) 5±1 

___ )C~2Y~~~_y~p __ (~)- --·-- 5± 1 

UDS 

% ofHeLa# 
13 
12 
23 
23 
47 
43 
88 
86 
13 
13 

* XP complementation group is given in pa
rentheses. 

** 

# 

No. of grains ( ±SEM) per fixed square of 
non S-phase nuclei. 

Percentage of UDS of HeLa, which was de
termined in each independent experiment. 

Microinjection of ERCC-1 eDNA. 
XP complementation groups of which no immortalized cell lines suitable for transfection 
are available, were examined for ERCC-1 correction by means of a microinjection assay. 
ERCC-1 eDNA construct peDE (van Duin et al. 1986), harboring a functional ERCC-1 
eDNA driven by the SV40 early promoter, was injected into nuclei of XP homopolykary
ons. After 24 and 4.8 hours the levels of UV induced DNA synthesis in injected compared 
to non-injected cells were measured. In previous reports we have shown that fibroblasts 
of the examined complementation groups can be corrected by microinjection of crude ex
tracts of repair proficient cells or heterologous XP cells. As a positive internal control 
for the nuclear injection peDE was coinjected with pSV3gpt carrying a functional SV 40 
large T antigen gene which is under the same promoter and termination sequences as 
the ERCC-1 eDNA in peDE. Large T expression was determined by immunofluorescent 
staining. It was found that 30-50% of injected cells exhibited high level expression of the 
injected large 'l;' gene. It is therefore reasonable to assume that the coinjected ERCC-1 
eDNA is correctly expressed in approximately the same fraction of cells. XP-B, G, H 
and I homopolykaryons were subjected to this analysis, however the introduct~on of the 
ERCC- 1 eDNA did not have a significant positive effect on UDS levels in any of these 
complementation groups (data not shown). 
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Figure 5 UV dose 

UV-survival plots of XP-C (CW12), XP-D (HD2) and XP-E (CW3) cells and cos43-34 transfor-
med G418 resistant mass populations. HeLa cells served as wild type controls. 

DISCUSSION 
The human ERCC-1 gene was isolated by virtue of its ability to complement the DNA 
repair defect in CHO complementation group 1 cells. These CHO cells are sensitive to UV 
and MMC, indicating a role for ERCC-1 in the excision repair of UV and MMC induced 
DNA damage. We have investigated the possibility that ERCC-1 is the mutated gene in 
UV-sensitive XP cells of complementation groups A through I. 

Cross-sensitivity to UV and MMC might be used to identify the human counterpart of 
CHO group 1 mutants. However, for many cell lines of human DNA repair syndromes the 
response to both agents is poorly documented and often limited to specific complemen
tation groups. Fujiw(\ra and coworkers have reported a normal response of XP-A cells to 
MMC (Fujiwara et al. 1977; Fujiwara, 1982) and also XP-C (Nagasawa and Little, 1983) 
and XP-F were reported to have wild type repair of MMC induced DNA damage (Plooy 
et al. 1985). As far as we know for the other complementation groups cross-sensitivity to 
MMC is not reported in the literature. The biochemistry of repair of UV induced DNA 
damage- primarily pyrimidine dimers- and MMC induced DNA cross-links is unknown. 
The phenotype of CHO group 1 cells suggest that ERCC-1 is involved in a common 
(pre)incision step of the removal of both types of DNA lesions. On the other hand, it 
can not be excluded that ERCC-1 has a dual function an(i that different mutations in 
ERCC-1 can affect the response to either UV or MMC. The ERCC-1 protein was found to 
have a 'mosaic' structure displaying homology to the yeast RAD10 and parts of the E.coli 
uvrA and uvrC repair proteins (Van Duin et al. 1986; Doolittle et al. 1986; Hoeijmakers 
et al. 1986; Van Duin et al. 1988b ). This could imply that during evolution multiple 
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repair functions have been accommodated in the ERCC-1 protein. Consequently, it is 
possible that some mutations in the ERCC-1 gene might yield only a UV and not a MMC 
sensitive phenotype. 

Southern and Northern blot analysis with ERCC-1 probes did not give indications 
of altered ERCC-1 genes in cell lines from all nine XP complementation groups. These 
experiments, however, do not exclude point mutations or minor deletions in genomic 
ERCC- 1 sequences and do not allow any conclusion on the functionality of the ERCC-
1 protein in the examined XP cells. Introduction of the cloned ERCC-1 gene by DNA 
transfection is limited to immortalized cell lines. The experiments with XP3BR- SV (XP
G) cells show that even SV40 transformed lines are not always suitable for efficient DNA 
transfer. Although G418 resistant clones were obtained after transfection of cos43-34 no 
cross-resistance to MPA was found indicating that these cells had integrated very small 
amounts of DNA, which. was confirmed by Southern blot analysis (not shown). These 
results are in accordance with our earlier observations that the quantity of integrated 
exogenous DNA is cell line specific and that human cells in general take up small amounts 
of DNA compared to some rodent cell lines (Hoeijmakers et al. 1987; Mayne et al. 1988a). 

The ERCC-1 gene was successfully transfected to XP-A, C, D, E and F cells whereas 
nuclear microinjection was used to introduce the ERCC-1 eDNA in XP-B, G, H and I 
fibroblasts. The presence of transfected ERCC-1 sequences was confirmed by Southern 
blot analysis and double selection on G418 and MPA. Simultaneous injection of plasmid 
pSV3gpt expressing SV40 large T antigen indicated that in 30-50% of the injected cells 
the introduced ERCC-1 eDNA should be properly expressed. ERCC-1 had no effect on 
UV survival and UDS of mass populations of 20-200 independent G418 resistant trans
formants. Likewise in the transient microinjection assay ERCC-1 eDNA did not elevate 
UV induced DNA repair synthesis. 

Although we have not demonstrated that the transfected and microinjected ERCC-1 
gene is correctly expressed into functional proteins, we believe that our negative results 
are significant. Firstly, the ERCC-1 constructs used in the experiments are able to correct 
the defect in CliO group 1 mutants with a very high efficiency (Westerveld et al. 1984; 
Van Duin et al. 1986) indicating that they encode functional ERCC-1 protein and are 
correctly expressed when introduced into mammalian cells. Secondly, control experiments 
(i.e cross- resistance to mpa, Southern blot analysis of the transfected human gene and 
coinjection with plasmid pSV3gpt) verified that intact ERCC-1 copies were present in 
at least a detectable fraction of the various XP cells into which ERCC-1 was introduced. 
Therefore, we anticipate that correction of any of the XP groups by ERCC-1 when present 
would not have escaped our attention. Hence, it is unlikely that mutations in the ERCC-1 
gene will account for this complex human genetic disorder. Thompson and coworkers have 
reported that fusion of CHO group 1 cells, harboring a mutated ERCC-1 gene, with XP 
cells of various complementation groups yields (partial) correction of the mutual repair 
defect, strongly suggesting that these XP groups are not defective in ERCC-1 (Thompson 
et al. 1985). This is in agreement with our conclusion. Cell lines from patients with 
Cockayne's syndrome and Fanconi's anemia display a cellular hypersensitivity to UV and 
MMC respectively (Kraemer, 1983). Nothing is known about the DNA repair defect in 
FA. For OS complementation groups A and Bit has recently been demonstrated that these 
cells are deficient in the preferential repair of active genes( Mayne et al. 1988b ), which 
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explains their characteristic absence of RNA synthesis recovery after UV exposure (Mayne 
and Lehmann, 1982). Southern blot analysis indicated normal ERGO-t copies in all three 
CS complementation groups and both FA groups (not shown). Furthermore, transfection 
of ERGO-t to CS-A and CS-B cells did not correct the defect in RNA synthesis recovery 
and survival after UV irradiation (not shown). 

The experiments thus far show that a defective ERGO-t gene is most likely not repre
sented in patients from nine XP excision deficient complementation groups. This implies 
that at least 10 genes ( 9 XP-loci and ERGO-t) are involved in the incision step of the 
excision repair mechanism further stressing the biochemical complexity of this repair pro
cess. Furthermore, the fact that an ERGO-t defect is not found in XP and possibly also 
not in CS and FA suggest that mutations in the ERGO-t gene may be incompatible with 
life. Alternatively it is not excluded that patients with a defect in ERGO-t exist but have 
not been identified yet. 
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Abstract 
Here we report that the genes for the homologous yeast RADiO and human ERCC-1 DNA ex
cision repair proteins harbor overlapping antisense transcription units in their 3' regions. Since 
naturally occurring antisense transcription is rare in yeast and man, tlus being the first example 
in human cells, our observation indicates that antisense transcription in ERCC- 1/RADJO gene 
regions represents an evolutionarily conserved feature. 

The DNA excision repair pathway is one of the major repair systems in the cell. It coun
teracts the mutagenic and carcinogenic effects of DNA lesions. We have recently reported 
that the first isolated human repair gene ERCC-1 displays significant homology to the 
yeast RAD10 protein whereas in addition also similarity with parts of the E. coli proteins 
uvrA and uvrC was found (8,30,32). These findings strongly suggest that throughout 
evolution excision repair functions have been conserved. We now report that antisense 
transcription units in the ERCC-1 and RAD10 loci might be part of the evolutionarily 
conserved features of DNA repair. 

The architecture of the 3' region of the ERCC-1 gene is schematically depicted in 
Fig.1A. Alternative polyadenylation of ERCC-1 transcripts yields mRNAs of 1.1 and 3.4 
kb (31). These RNA species are visualised on Northern blots of HeLa total poly(A)+ 
RNA when hybridized with a randomly primed (9) 32P-labeled 5' ERCC-1 eDNA probe 
as shown in Fig. 2 (lane 1). However, a genomic probe from the middle part of the 
extended version of exon X (the hatched BamHI-Pstl fragment in Fig. 1A), expected to 
hybridize only with the 3.4 kb alternatively polyadenylated ERGO- 1 transcript, detected 
in addition a 2.6 kb RNA (Fig.2, lane 2). 

The 2.6 kb transcript was not recognized by 5' ERCC-1 probes. Southern blots of 
human genomic DNA probed with the unique BamHI-Pstl fragment yielded hybridization 
patterns that were fully consistent with the physical map of this cloned region (not shown), 
excluding the possibility that cross-hybridization with other sequences accounts for the 
detection of the 2.6 kb RNA. To investigate the possibility that the 2.6 kb RNA was 
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transcribed from the opposite strand, UeLa poly( A)+ RNA was hybridized to 32P-labeled 
strand specific RNA probes of the BamHI-Pstl fragment. To that aim the 0.9 kb BamHI
Pstl fragment shown in Fig. lA was subcloned in both orientations downstream of the 
T7-promoter in pTZ18/19R (Pharmacia). With the aid of T7 RNA polymerase, 32p_ 
labelled single strand probes were synthesized using previously described conditions (20) 
and hybridized to Northern blots containing size-fractionated HeLa total poly A+ RNA. 
The autoradiograms of this experiment (Fig.2A, lane 3 and 4) show that the 3.4 kb ERGO
I RNA and the 2.6 kb RNA are recognized by different probes indicating that these 
RNAs are transcribed from opposite DNA strands and that the 2.6 kb RNA represents 
an antisense transcript. 

Screening of an 'Okayama' eDNA library (23) with the 1.0 kb Pvull fragment which 
includes ERCC-1 exon X (Fig.1A), yielded two partial cDNAs (designated pcD2.1 and 
pcD3B) of the antisense RNA. (see Fig.lA). The largest clone (pcD3B) had an insert size 
of 1 kb. Sequence analysis of both clones and the genomic DNA 3' of exon X revealed 
that pcD3B was completely colinear with the genomic DNA. A compilation of the geno
mic sequences around exon X and the sequence of the 3' half of pcD3B is presented in 
Fig. lB. Both eDNA clones completely overlap with ERGO-I exon X and terminate in 
intron 9 at approximately 60 bp downstream of the splice acceptor of ERGO-I exon X. A 
polyadenylation signal ATTAAA is located at approximately 23 bp upstream of the start 
of the poly( A) tail, indicating that both cDNAs were derived from an authentic poly( A)+ 
mRNA which has a 5' to 3' orientation opposite to ERGO-I. It can be deduced from these 
data that the 2.6 kb transcript has an overlap of 170 bp with the ERGO-I transcription 
unit, yielding the major 1.1 kb mRNA, whereas it is completely complementary to the 3.4 
kb ERGO-I transcript for at least 1 kb. We have provisionally designated this antisense 
gene ASE- I (antisense ERGO-I). The ASE-I eDNA clone pcD3B harbors a 5' truncated 
potential open reading frame encoding 183 amino acids (not shown) which is suggestive of 
a coding function of the antisense transcript. However, at this stage, we cannot rule out 
the possibility that the cloned portions of the cDN A represent part of the 3' untranslated 
region of the 2.6 kb ASE-I RNA. To substantiate a coding function of the antisense tran
script, poly(A)+ RNA was prepared from HeLa nuclei and polysomes following described 
protocols (6) and hybridized with ASE-I probes (Fig. 2B). Using the Xbai-Pstl fragment 
covering the region of ERGO-I exon X as a probe (Fig. 1A), the 3.4 kb ERGO-I and 2.6 
kb anti-sense transcripts could be detected in both RNA samples, and the 1.1 kb ERGO-I 
transcript showed weak hybridization due to the presence of exon X sequence information 
in the probe. The relative amounts of the 2.6 and 3.4 kb transcripts differ in nuclei and 
polysomes. The alternatively polyadenylated 3.4 kb ERGO-I RNA appears to be mainly 
of nuclear origin, whereas the antisense transcript is found predominantly in the polysome 
fraction, suggesting that ASE-I mRNA is translated into a protein. 

The human ASE-I DNA specifically cross-hybridizes to cloned DNA of the region 
downstream of mouse ERGO-I exon X and strand specific RNA probes identify an anti
sense RNA of 2.3 kb in this region (data not shown). Hence it appears that the genomic 
organization of ERGO- I and ASE-I is conserved between man and mouse. 

The ERGO-I homologue in yeast, the RADIO gene, and its transcripts are shown 
schematically in Fig. 3A. The indicated restriction fragments were cloned in both orien
tations into M13 to investigate transcripts encoded by the RADIO gene and to determine 
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GGGTCGACGGTTCCTTTGGGGGTCACATTATTATTTAGCAGGAGGGTCCGGTCCGAGGACGACGACGCGACCACGTCAGAG 

Smal 
ACCCCTCCCTAAGACCCCCACAGTGGAAGACCACCGGGTCCACCCGTGGAAGTCGAAAGAAATCAAGGAGTCAAAGGG-·s· ..-

Figure 1 
A. Schematic representation of the ERCC-1 gene and its 3' flanking region. Boxes with ro
man numerals refer to ERCC-1 exons. Black parts represent ERCC-1 coding sequences. The 
alternatively spliced exon VIII is hatched. The variable size of exon X is due to alternative 
polyadenylation yielding longer transcripts of 3.4 kb and 3.8 kb in addition the major mRNA 

of 1.1 kb. (31). The pcD2.1 and pcD3B antisense eDNA clones were isolated from a eDNA 
library of SV 40 transformed fibroblasts (23). An inverted black triangle marks the polyadenyla
tion signal ATTAAA of the antisense transcript. Restriction sites: B,BamHI; E,EcoRI; N ,Nwul; 
P,Pstl; Pv,Pvull; S,Smal; X,Xbal. The 0.9 kb BamHI-Pstl fragment used as a probe in Fig. 2 
is shown by the hatched bar. B. Nucleotide sequence of the ERCC-1 exon X region and cDNAs 

of the ASE-1 gene. The arrows indicate the orientation of ERCC- 1 (upper) and the antisense 
transcription unit (lower). The double stranded region indicates the overlap between the 1.1 

kb ERCC-1 mRNA and the 2.6 kb ASE-1mRNA. The overlap with the longer 3.4 kb ERCC-1 
RNA (not indicated) continues over the entire ASE-1 sequence shown. The sequence of ERCC-1 
exon X and part of the flanking DNA has been reported earlier (30,31). Amino acids encoded by 

ERCC-1 exon X are given in the one letter code. The ERCC-1 exon X splice acceptor is shown 
by a dashed line. 
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Northern blot analysis of HeLa poly( A)+ RNA. A) 20 p.g (lane 1 and 2) or 10 p.g (lane 3 and 4) 
poly( A)+ RNA isolated by the Lieljurea method (2) and passaged twice over oligod T-cellulose 
using routine procedures (19) was size fractionated and hybridized to the following probes: lane 
1, ERCC- 1 eDNA probe harboring exon I to V; lane 2, the BamHI-Pstl fragment shown in Fig. 

1A; Lane 3 and 4 show hybridization with 32P-labeled single strand RNA probes of opposite 

orientations of tlus BamHI-Pstl fragment respectively. The filters hybridized with the RNA 
probes were after hybridization washed at 68°e in 0.1 X sse and subsequently treated with 

RNAse A (1 p.g/rnl in 2 X sse, 15 min) to reduce non-specific backgrowld labeling. B Poly( A)+ 
RNA (6 p.g) ofHeLa nuclei (N) and polysomes (P) hybridized with the 32P-labeled Xbai-BamHI 
fragment of the genomic ERCC-1 3' region (see Fig. 1A). 
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the gene organization 3' of RADJO. Isolation of poly(A)+ RNA from the Rad+ strain 
DBY747, MAT a his3-1leu2-3leu2-112 trp-289 ura3-52, RNA blotting and hybridization 
were as described (18). Poly(A)+ RNA was dissolved in 1 M glyoxal, fractionated on a 
0.8% agarose gel in 10 mM NaP04 (pH 6.5), transferred to genescreen and hybridized to 
32P-labeled M13 derived single strand probes which were synthesized by published pro
cedures (27). Northern blot analysis of yeast RNA with 32P-labeled single strand M13 
derived DNA probes of the various fragments is shown in Fig.4. A probe corresponding 
to the transcribed RAD10 DNA strand of the Pvuii-Xbal fragment hybridized to three 
transcripts of 1.0, 1.5 and 1.8 kb. Strand specific probes of the adjacent Xbai-EcoRV and 
EcoRV-EcoRV fragments hybridized to the larger two bands, whereas the more downst
ream EcoRV-Bglii fragment recognized only the 1.8 kb RAD10 transcript (Fig. 4A). 
The RAD10 origin of these transcripts was confirmed by analysis of a RAD10 disruption 
strain (data not shown). Since the 5' ends of the RAD10 transcripts map at positions 
-17 and -32 (25), we conclude that the size heterogeneity in the RAD10 transcripts arises 
mainly from differences at the 3' end and that as in the case of ERCC-1 RAD10 displays 
alternative polyadenylation. 

Surprisingly, hybridization of yeast poly(A)+ RNA with radiolabeled probes corres
ponding to the non-coding RAD10 DNA strand revealed a 1.9 kb transcript. As shown 
in Fig.4B, this transcript was recognized by 5 different strand specific probes of the entire 
region between the Xbal and Nrul sites indicated in Fig. 3A. Hence, the opposite DNA 
strand in the 3' RAD10 region encodes a transcript that overlaps the 1.8 kb RAD10 tran
script by at least 600 nucleotides (Fig. 3A). We have provisionally designated the yeast 
antisense gene as ASRJO (antisense RAD10). 

To examine whether the ASR1 0 gene encodes a protein, the nucleotide sequence of 
3' RAD10 DNA region was determined. The 1.9 kb antisense RNA contains an open 
reading frame (ORF) encoding 525 amino acids with a calculated Mr of 59,505 (results 
not shown). As is illustrated in Fig. 3B the last two codons of the ASR10 ORF overlap 
with those of the RAD10 ORF. 

Screening of the EMBL and NBRF data banks did not show any significant similarity 
of ASR10 with other genes or proteins. The predicted amino acid sequence of the yeast 
ASRJO protein did not show any homology with the disrupted potential open reading 
frame present in ASE-1 eDNA clone pcD3B. It will be of interest to examine whether 
the missing portion of the ASE-1 eDNA encodes a protein which shows similarity to the 
ASR10 amino acid sequence. From these findings we conclude that the phenomenon of 
overlapping antisense gene organisation is shared between the homologous mammalian 
ERCC-1 and yeast RADJO gene. 

Recently, several examples of antisense trancription in higher eukaryotes have been 
reported (1,5,13,29,33). However, in all cases, the biological significance or conservation 
of this phenomenon is unknown. To our knowledge the ERCC-1/ ASE-1 locus represents 
the first example of naturally occuring antisense transcription in the human genome. 
Also in yeast antisense transcription is unusual, though not without precedent. Recently, 
convergent overlapping transcription for two yeast CDC genes was described and divergent 
overlapping RNAs for the HAP3 locus were reported (3,12). Although the occurrence 
of overlapping gene transcription in the related mammalian ERCC-1 and yeast RAD10 
regions can be purely coincidental, we consider this unlikely in view of the rarity of this 
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A. Transcript map of the RAD10 gene and antisense gene region. The horizontal line in the 
middle gives the restriction map of the RAD 10 region DNA. Only the relevant restriction enzymes 
sites with six base recognition are given. The position of the RADJO and ASRJO open reading 
frames (antisense ORF)is indicated by open bars. The straight lines with arrowheads above 
the RAD10 ORF and below the antisense ORF represent the direction and approximate size of 
RAD10 transcripts and the antisense transcript respectively. The dashed lines at the 5' or 3' 
ends of the transcripts indicate that the position of these ends was not accurately determined 

by S1 nuclease mapping. The 5' ends of RAD10 transcripts were mapped to positions -17 and 
-32 by S1 mapping (25). The 3' ends of the RAD10 1.0 kb transcript map at positions +869 
and +938, as determined by S1 mapping (unpublished results). B. Nucleotide and amino acid 
sequence of overlapping coding region of ASRJO and RAD10. 
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Figure 4 
Northern blot analysis of yeast poly( A)+ RNA with strand specific DNA probes of the RAD10 

region. A) Transcripts hybridizing to strand specific probes from the RADIO gene. Ten J.Lg 
poly(A)+ RNA was loaded in each lane. The following probes were used after cloning in 
M13mp18 or 19 (see Fig.3; given in parentheses): l,Pvuii-Xbal (mp19); 2, Xbai-EcoRV (mpl8); 

3, EcoRV-EcoRV (mpl9); 4,EcoRv-Bglll (mpl8); 5, Bglll- Hindi!! (mp9). B) Transcripts re
cognized by strand specific probes from the antisense gene. 5.6 J.Lg poly(A)+ RNA was loaded 
per lane. Probes: 1, Xbal-EcoRV (mp19); 2,EcoRv-EcoRv (mp19, in opposite orientation of the 

clone used in Fig.2A); 3,EcoRV- Bglll (mp19); 4, Bglll-Hindlll (mp8); 5, Hindlii-Nrui (mp9). 
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phenomenon. 
At present one can only speculate about the function of the antisense transcripts. The 

presumed coding capacity of both yeast and human antisense RNAs makes it unlikely 
that the antisense transcripts are solely regulatory RN As with e.g. no other function 
than regulating translation as is observed in prokaryotes (11) and as applied in 'reverse 
genetics' experiments in eukaryotes ( 4, 7,15-17,21,22,26). Several advantages might ac
crue from partially complementary transcripts derived from overlapping genes. A tail-tail 
duplex configuration of the 2 mRN As involved could mediate their transport to a com
mon location in the cytoplasm. Furthermore, the stability of such a tandem transcript 
could be affected by the duplex state and serve to protect against degradation. At the 
translational level several options are open. Translation could be inhibited or slowed 
down by the hybridized 3' tail. Furthermore, unwinding of the 3' termini could offer the 
possibility of induction of gene expression at the translational level. In these respects it 
is worth noting that transcription levels, translation initiation, codon usage and protein 
level (10,28,32) suggest that RADIO and ERCC-1 are low abundance proteins. Another 
intriguing possibility at the protein level, particularly for lowly expressed genes, is that 
tail-tail association of sense and antisense transcripts could provide an opportunity for 
complex formation between the two nascent proteins that will be in close vicinity of each 
other when the ribosomes on the opposite transcripts encounter each other. The possible 
regulatory effect of the conserved overlapping antisense transcription on the expression of 
ERCC- 1/RADIO is being examined. 
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