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The complete human nucleotide excision repair gene 
ERCC5 was isolated as a functional gene on overlapping 
cosmids. ERCC5 corrects the excision repair deficiency of 
Chinese hamster ovary cell line UV135, of complementa- 
tion group 5. Cosmids that contained human sequences 
were obtained from a UV-resistant cell line derived from 
UV135 cells transformed with human genomic DNA. Indi- 
vidually, none of the cosmids complemented the UV135 re- 
pair defect; cosmid groups were formed to represent puta- 
tive human genomic regions, and specific pairs of cosmids 
that effectively transformed UV135 cells to UV resistance 
were identified. Analysis of transformants derived from 
the active cosmid pairs showed that the functional 32-kbp 
ERCCS gene was reconstructed by homologous intercosmid 
recombination. The cloned human sequences exhibited 
100% concordance with the locus designated genetically as 
ERCC5 located on human chromosome 13q. Cosmid-trans- 
formed UV135 host cells repaired cytotoxic damage to lev- 
els about 70% of normal and repaired UV-irradiated shut- 
tle vector DNA to levels about 82% of normal. o 1990 

Academic Press, Inc. 

INTRODUCTION 

The genetic defects in most xeroderma pigmento- 
sum patients have been reported to involve early 
stages of nucleotide excision repair (Friedberg, 1985). 
Isolation of human DNA repair genes responsible for 
nucleotide excision repair or other repair pathways 
would permit the biochemical elucidation of these 
DNA repair mechanisms. Due, in part, to limitations 
of using human repair-deficient cell lines as hosts for 
isolating human DNA repair genes (Lehman, 1985), 
ultraviolet (UV) radiation-sensitive rodent cell mu- 
tants have been isolated. Eight different genetic com- 
plementation groups have been identified (Busch et 
al., 1989; Zdzienicka et al., 1988; Thompson et al., 
1988). These Chinese hamster ovary (CHO) cells 
have been particularly efficient hosts for the isolation 
of DNA repair mutants due to their partial hemi- 

zygosity (Thompson et al., 1989). This hemizygosity 
has resulted in the isolation of three DNA repair mu- 
tants whose affected loci reside on hamster chromo- 
some 9 (Thompson et al., 1989). In addition, rodent 
repair mutants are efficiently transformed with com- 
plementing human DNA, which can be recovered by 
rescuing segments containing human repetitive se- 
quences, 

Research indicated that CHO and human nucleo- 
tide excision repair mechanisms were functionally 
similar. Defects in the first five UV-sensitive CHO 
complementation groups have been shown to be asso- 
ciated with essential steps of nucleotide excision re- 
pair (Thompson et al., 1982), as have the apparent 
defects in classical xeroderma pigmentosum lines 
(Friedberg, 1985). It was observed that actively tran- 
scribed genes are repaired much more efficiently than 
bulk DNA in hamster cells (Bohr et al., 1986) and that 
human cells also exhibit this phenomenon, but to a 
lesser degree (Mellon et al., 1986). At least one com- 
plementing human gene can restore preferential re- 
pair to its corresponding CHO repair mutant (Bohr et 
al., 1988). Specific CHO repair mutants were func- 
tionally corrected by creating human/CHO hybrids 
(Hori et al., 1983; Thompson et al., 1985, 1987), indi- 
cating that hamster repair-deficient cell lines could be 
used to isolate the complementing human DNA re- 
pair genes. 

Two human nucleotide excision repair genes that 
complement CHO repair defects have been com- 
pletely isolated, but others have been more elusive for 
a variety of reasons. The human gene responsible for 
complementation of CHO group 1, designated ERCCl 
(Excision Repair Cross Complementing gene l), has 
been cloned and characterized (van Duin et al., 1986; 
Westerveld et al., 1984). This 15-kbp human DNA 
repair gene has partial amino acid sequence similarity 
to the yeast repair gene RADlO (van Duin et al., 
1986), and the homologous mouse ERCCl gene has 
been cloned (van Duin et al., 1988). The human DNA 
repair gene ERCC2 (19 kbp) has also been isolated 
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(Weber et al., 1988) and was found to be very similar 
in amino acid sequence to the RAD3 repair gene 
(Weber et al., 1990). These repair protein homologies 
suggest that some ERCC proteins (and their mecha- 
nistic functions) are highly conserved through evolu- 
tion. Other human ERCC repair genes have been 
more difficult to isolate due to various problems en- 
countered in genomic cloning, including apparently 
unclonable regions (ERCC3) (Weeda et al., 1990) and 
very large gene size (ERCCG) (Hoeijmakers et al., 
1988). The human repair gene ERCC4 has not been 
isolated, due to the probable absence of associated 
highly repetitive human DNA, which is important for 
the isolation of human DNA-containing cosmid 
clones from the CHO genomic background (Dulhanty 
et al., 1988). 

Our previous studies indicated that UV135 cells 
could be converted to UV-resistant, repair competent 
transformants using either normal CHO or human 
genomic DNAs (MacInnes et al., 1984; Strniste et al., 
1988). We report in this article the isolation and par- 
tial characterization of the functional human DNA 
repair gene ERCCS on overlapping cosmid clones. To 
overcome some of the problems anticipated in the 
cloning of repair genes, ERCCS was isolated by an 
effective combination of genetic and molecular ap- 
proaches. Serial cotransformation with a selectable 
marker gene, sibling selection enrichment, cosmid 
alignment, and screening of cosmid groups for func- 
tionality were employed in the isolation of ERCC5. 
Southern hybridization analysis conclusively demon- 
strated that this isolated gene was the locus desig- 
nated ERCCS (Thompson et al., 1987), and the cloned 
ERCC5 gene was analyzed to determine some of its 
molecular characteristics and biological activities. 

MATERIALS AND METHODS 

Cell Lines and Culture Media 

Cells were maintained in minimal Eagle’s medium 
(Gibco) supplemented with 10% fetal bovine serum 
(Hyclone) and antibiotics (penicillin and streptomy- 
cin). The UV-sensitive CHO cell line UV135 was de- 
rived from the UV-resistant (Uv) cell line AA8 and 
assigned to complementation group 5 (Thompson and 
Carrano, 1983). The human/CHO hybrids and their 
UV-sensitive derivatives were obtained as described 
(Thompson et al., 1987). Primary human skin fibro- 
blast cell line HSF22 (passage 8-11,46X:Y) was from 
foreskin tissue obtained locally. Primary, secondary, 
and tertiary UV’ transformant cell lines of UVl35 
cells containing the ecogpt gene were selected for and 
cultured in complete medium supplemented with 8 
pg/ml mycophenolic acid, 20 pg/ml adenine, and 250 
pg/ml xanthine. Cosmid transformants that con- 

tained the neo gene were selected for and cultured in 
complete medium containing 350 pg/ml active genet- 
icin (G418). 

DNA Isolation, Transfection, and Manipulation 

Plasmid and cosmid DNAs were prepared by stan- 
dard methods (Sambrook et al., 1989). High-molecu- 
lar-weight genomic DNA was prepared, and genomic 
and cosmid DNAs were transfected into UV135 host 
cells by the method of CaPO, precipitation as 
previously described (MacInnes et al., 1984). DNA for 
hybridization probes was radioactively labeled using a 
random-primed DNA labeling kit (Boehringer Mann- 
heim). Southern blot hybridization analysis was per- 
formed using Zetabind membranes (AMF-Cuno) and 
conditions suggested by the manufacturer. 

Sibling Selection Enrichment of UV-Resistant 
Colonies 

A two-step selection enrichment protocol for detec- 
tion of UV-resistant, antibiotic-resistant cotransfor- 
mants was previously described (MacInnes et al., 
1984). This procedure was used to isolate the primary 
and secondary cotransformants and was necessary for 
the detection of functional cosmid groups. In brief, 
transformation of UV135 cells with either human 
(HSF22) DNA plus pSV2gpt (ecogpt) or with cosmids 
(neo) was followed by transformant selection in me- 
dium containing antibiotics (mycophenolic acid or ge- 
neticin, respectively). Transformant colonies (20 to 
100 per dish) were dispersed after 7 to 9 days of 
growth and replated as sibling transformant cell popu- 
lations. The dispersed transformants (l-5 X lo5 cells 
per plate) were irradiated with 4.5 J/m2 UV light (254 
nm) at 1,3, and 5 days after plating. With UV’ colony 
regrowth, sibling colony populations greatly en- 
hanced our ability to detect very rare UV-resistant 
cotransformants. Since the number of original trans- 
formant colonies was between 20 and 100 per dish, the 
probability of detecting UV135 revertants was greatly 
reduced. Negative control experiments performed in 
parallel, using UV135 genomic DNA and pSV2gpt 
(MacInnes et al., 1984) or SCOS-1 vector DNA, never 
resulted in Uv’ sibling populations. 

Cosmid Library Construction and Screening 

Secondary transformant 38.4.4 cells ( - 7 X lo6 cells 
per loo-mm plate) were washed twice with PBS and 
the cell monolayer was frozen without PBS at -80°C 
in situ. Cell lysis buffer (4 ml) (0.05% Sarcosyl, 10 
mM EDTA, 100 mM NaCl, 50 mM Tris, pH 8.0, and 
25 /*g/ml proteinase K) was added to each frozen 
plate, and the plates were incubated at 37°C for 24 h. 
An equal volume of 2~ restriction buffer (25 n&f 
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MgCl,, 100 mM NaCl, 2 mM DTT, and 200 pg/ml 
BSA) containing 2 mM phenylmethylsulfonyl fluo- 
ride (PMSF) and 1 or 2 units of Mb01 were added to 
each plate of lysed cells, and the lysates were digested 
at 37°C with gentle agitation. Aliquots (1 ml) were 
removed after 5 to 30 min of incubation and inacti- 
vated at 65°C for 20 min. Alkaline phosphatase (5 U, 
Boehringer Mannheim) was added and the aliquots 
were incubated overnight at 37°C. The aliquots were 
extracted twice with phenol:chloroform and twice 
with chloroform:isoamyl alcohol, ethanol-precipi- 
tated, and resuspended in sterile distilled water. Ali- 
quots that contained DNA of a relatively large size 
were ligated with SCOS-1 arms as described (Evans et 
al., 1989). Ligated DNA was packaged using Gigapack 
Gold (Stratagene) and used to infect HBlOl Esche- 
richia coli host cells. This cosmid library procedure 
yielded between 2 X lo6 and 1 X lo7 colonies per mi- 
crogram of genomic DNA. Replicate filters (Colony 
Screen, DuPont) of the cosmid library were prepared 
and hybridized with a radioactively labeled total hu- 
man placental DNA probe, and human DNA-positive 
cosmids were selected as described (Sambrook et al., 
1989). 

Grouping of Cosmid DNAs 

The cosmid clones were characterized and grouped 
in the following manner. The individual cosmids were 
digested with restriction endonucleases (Hind111 and, 
EcoRI), electrophoresed on agarose gels, transferred 
to membranes, and hybridized with a radioactively 
labeled total human placental DNA probe. The di- 
gested cosmids were compared with one another for 
similarities in the size and pattern of their human-hy- 
bridizing and nonhybridizing restriction fragments 
and were assigned to cosmid groups based on these 
similarities. This analysis was performed to identify 
and group overlapping cosmids. 

Mapping of Cosmid Clones and Determination of 
Functional Gene Boundaries 

Cosmid clones were mapped for their restriction 
sites by the method of end-ordered partial digestion 
(Evans et al., 1989). Single and double digestions of 
various cosmid regions were performed to augment 
the end-ordered restriction site data. The functional 
boundaries of ERCCS were assigned indirectly by de- 
termining which restriction endonucleases inacti- 
vated the repair gene. Cosmids (cH44 or cH75) were 
digested with specific restriction endonucleases and 
treated with alkaline phosphatase to help prevent 
cosmid reassociation. The digested cosmid DNA (2 pg 
per plate) was transformed into UV135 cells, along 
with the other cosmid of the pair which had only been 
linearized with PuuI. Linearizing the cosmids by cut- 

ting at the PuuI or Not1 sites in the sCos-1 vector 
(Evans et al., 1989) increased the yield of UV-resis- 
tant transformants about fourfold. These cosmid 
transfers were performed using sonicated human pla- 
cental DNA (lo-20 pg per plate) as carrier DNA to 
block the digested cosmid ends from reassociating. 
Transformants were selected using geneticin and di- 
rect UV selection, without sibling selection enrich- 
ment, and the number of Uv’ colonies was compared 
to colony numbers resulting when both cosmids were 
cut with only PuuI. 

UV Irradiation, Transfection, and CAT Assays of 
Shuttle Vector DNA 

The ability of ERCCS-transformed UV135 cells 
to repair UV-irradiated shuttle vector DNA was as- 
sayed by the analysis of reporter gene activity. 
pSVcatSVgpt (a gift from Dr. Miroslava Protic), 
which contained the active chloramphenicol acetyl- 
transferase (cat) reporter gene, was irradiated in TE 
(0.1 mgjml) with a calibrated UV light source (254 
nm) at room temperature. UV-irradiated shuttle vec- 
tor DNA (5 pg per plate per dose) was transfected into 
the CHO cells using CaPO,precipitation without glyc- 
erol treatment. After incubation for 48 h, the cells 
were extracted and chloramphenicol acetyltransfer- 
ase (CAT) enzyme assays were performed as de- 
scribed (Sleigh, 1986). Protein determinations of the 
cell extracts were performed using a Bio-Rad Protein 
Assay Kit (Bradford method) to ensure that protein 
yields were comparable. 

RESULTS 

Production and Validation of Serial Cotransformants 
of UV135 Cells 

Complementation of the UV135 repair defect, via 
serial cotransformation with human genomic DNA, 
was described previously (MacInnes et al., 1984; 
Strniste et al., 1988). Two primary UV- and myco- 
phenolic acid-resistant cotransformants (designated 
26.2.1 and 26.5.5) were selected from UV135 cells 
CaPO,-transformed with simple mixtures of human 
skin fibroblast (HSF22) genomic DNA and pSV2gpt 
plasmid DNA. pSV2gpt was included as an indepen- 
dently selectable marker. Another primary transfor- 
mant was derived using HSF22 genomic DNA that 
was partially digested with the restriction endonucle- 
ase Sau3AI to a modal molecular size of about 50 kbp 
and then enzymatically ligated to pSV2gpt linearized 
with BamHI. UV135 cells transformed with this li- 
gated material yielded a Uv’ and mycophenolic acid- 
resistant primary cotransformant (designated 33.4.2), 
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isolated via sibling selection enrichment (described 
under Materials and Methods). 

A secondary cotransformant (designated 38.4.4) 
was derived from UV135 cells transformed using geno- 
mic DNA (>lOO kbp size), isolated from the primary 
transformant 33.4.2, without additional pSV2gpt. 
This secondary cotransformant was shown to be ge- 
netically valid, as its genomic DNA was used to estab- 
lish tertiary cotransformants. A tertiary cotransfor- 
mant (designated 40.2.8) was selected by sibling 
selection enrichment in medium containing myco- 
phenolic acid and three subsequent exposures (1 h 
each, .over 5 days) to N-acetoxy acetylaminofluorine 
(10 PM). Another tertiary cotransformant (desig- 
nated 46.7D.l) was selected without exposure to UV 
irradiation, but tested UV resistant after mycopheno- 
lit acid-resistant colonies were subcloned. 

Isolation of Cosmid Pairs That Contained the 
Functional ERCCS Repair Gene 

Secondary transformant 38.4.4 genomic DNA was 
used for construction of a cosmid library to identify 
the ERCCS repair gene. Approximately 1.6 X lo6 cos- 
mid clones, or 20 (haploid) genome equivalents, 
yielded 101 cosmids that hybridized with a total hu- 
man DNA probe. Cosmid DNAs were used to trans- 
form UV135 cells, but none of the individual cosmids 
conferred UV resistance to UV135. The cosmid clones 
were then characterized and assigned to six groups as 
described under Materials and Methods. These cos- 
mid group assignments were established for the de- 
tection of overlaps between cosmid inserts, as ERCCS 
might have been cloned only in overlapping sections. 

The cosmid groups were transformed into UV135 
cells and transformants were selected with geneticin. 
The transformants were tested for UV resistance 
conferred to UV135 cells through reconstruction of a 
functional ERCCS gene by homologous cosmid-cos- 
mid recombination. The cosmid vector sCos-1 was 
used as a geneticin-resistant, UV-sensitive control. 
One group of 16 cosmids yielded UV-resistant sibling 
selected transformant populations (Materials and 
Methods) from 6 of 12 independent transfer plates. 
None of the other cosmid groups, including the sCos-1 
negative control and a group formed from all the cos- 
mids isolated, resulted in UV-resistant UV135 trans- 
formants. The sporadic occurrence of UV-resistant, 
geneticin-resistant cotransformants observed with 
the functional group was probably due to the rarity of 
cosmid cotransfers that could yield a functional 
ERCCS gene. The sibling selection protocol was there- 
fore necessary for the detection of rare UV-resistant 
cosmid cotransformants. 

The cosmids in the active group were tested as 
groups of a few cosmids, followed by the testing of 

TABLE 1 

Ultraviolet-Resistant Colonies from 
Cosmid-Pair Cotransfers 

Cosmid pair” Overlap (kbp) UV’ colonies/& 

cH44/cH75 12.2 18 + 3.7 
cH83/cH75 10.8 18 -+ 2.3 
cH44/cH91 2.5 5 k 2.4 
cH83/cH91 1.1 1 k 0.5 
cH80/cH75 None O&O 
cH80/cH91 None oeo 

’ Both cosmids were used without restriction endonuclease di- 
gestion prior to transformation of 8 X ld cells per plate. 

b Average UV-resistant colonies (*SD) from between four and 
nine determinations performed with two UV irradiations (6 J/m’) 
and concurrent geneticin selection without sibling selection enrich- 
ment. 

cosmid pairs. Pairs of cosmids designated cH44 plus 
cH75 (cH44/cH75) and cH44 plus cH91 (cH44/cH91) 
gave rise to high frequencies of UV-resistant trans- 
formants directly, without requiring sibling selection. 
About 20% of the cH44/cH75 geneticin-resistant 
transformants were UV-resistant (data not shown). 
Cosmid pair cH44/cH75 yielded more than three 
times as many UV-resistant clones as cosmid pair 
cH44/cH91 (Table 1). These results suggested that 
cosmid cH44 contained one end of ERCC5, and cos- 
mids cH75 and cH91 overlapped cosmid cH44 and 
contained additional ERCC5 sequences required for 
functionality. 

Physical Mapping of ERCCS 

The inserts of cosmids cH44, cH75, and cH91 were 
mapped for restriction endonuclease sites as de- 
scribed under Materials and Methods. The cosmid 
maps were aligned with each other, and it was con- 
firmed that cosmids cH75 and cH91 overlapped cos- 
mid cH44 (Fig. 1A). The overlap between cH75 and 
cH44 (12.2 kbp) was greater than that between cH91 
and cH44 (2.5 kbp) (Fig. lA), which supported the 
previous observation that cosmid pair cH44/cH75 
resulted in more UV-resistant colonies than 
cH44/cH91 (Table 1). Four additional cosmid clones 
that contained cH44 sequences had also been as- 
signed to the active cosmid group. Two of these addi- 
tional cosmid clones, designated cH80 and cH83, were 
mapped to augment the restriction site data obtained 
from cH44. The smallest cosmid-pair overlap that re- 
sulted in UV-resistant colonies was 1.1 kbp between 
cH83 and cH91 (Table 1); cH80 did not overlap the 
cosmids containing the other end of ERCCS and there- 
fore did not yield UV-resistant colonies (Table 1). 
The dependence of Uv’ transformant frequency on 
extent of cosmid overlap is completely consistent 
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FIG. 1. (A) Restriction and functional map of the human nucleotide excision repair gene ERCCS. The letters represent the following 
restriction sites: Aa, A&II; Ap, ApaI; B, BarnHI; C, ClaI; Ea, EagI; Na, NarI; Nr, NruI; Sa, SacII; Sf, SfiI; Sm, SmaI; Sn, SnoBI; X, XhoI. 
Not1 sites flank the cosmid inserts, and there is a unique PuuI site in the sCos-1 vector (6). The asterisk denotes a Sac11 site that was about 
90% refractory to digestion. Restriction sites shown in boldface letters above the general map were used to determine the ERCCS boundaries. 
Restriction sites that inactivated the UV-resistance phenotype were interpreted to lie within an essential region of ERCCS. The thick black 
bar represents the minimum functional extent, and the thin black bar represents the maximum functional extent of the human repair gene 
ERCC5. The letter P represents selected PstI sites in the cosmids cH44, cH75, and cH91. The PstI fragments and their sizes shown are 
vector-insert junction fragments for cH44 and cH91 and an insert fragment for cH75. These fragments were used to demonstrate that 
intercosmid recombination actively reconstructed the ERCCS gene in the UV135 host cells as described in Fig. 2. The gray box indicates the 
cH91 fragment from the SnoBI site to the sCos-1 Not1 site which was used as described in Fig. 2. The arrow indicates the cH75 ApaI to haI 
fragment, shown in underlined letters beneath the map, which was used as described in Fig. 3. (B) Relative numbers of UV-resistant 
transformants from restriction endonuclease digestions of cosmid pair cH44 and cH75. The cosmid(s) digested is shown for each indicated 
restriction endonuclease. Eight determinations were performed by UV irradiation and direct selection in geneticin as described in the text. 
The values given are the mean number (*SD) of UV-resistant transformants from the indicated restriction endonuclease digestions relative 
to the number determined when both cosmids were linearized at the PvuI site of sCos-1 (“Linear”); the “linear” cosmid transformations 
averaged 77 * 19 transformants/pg of each cosmid. 

with a recombinatory mechanism of ERCCS recon- 
struction. 

The functional boundaries of ERCCS were assigned 
by determining which restriction endonucleases inac- 
tivated the repair gene. Cosmid cH44, cosmid cH75, 
or both cH44 and cH75 were digested prior to trans- 

formation of UV135 cells as described under Mate- 
rials and Methods. The results of cosmid restriction 
endonuclease digestion on UV-resistant colony for- 
mation are shown in Fig. 1B. Unique sites and sites 
within the repair gene were the relevant sites for this 
determination (in boldface letters, Fig. 1A). Restric- 
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tion sites (e.g., NruI) contained in the overlap region 
did not eliminate ERCCS function unless both cos- 
mids were digested. This demonstrated that cosmid 
overlap was crucial for ERCCS functionality and is 
consistent only with a model in which intercosmid 
recombination reconstructed a single, functional re- 
pair gene. The region from the cH75 ApaI sites to the 
inactivating cH44 SmaI site was required for ERCCS 
activity, as shown by the thick black bar in Fig. 1A. 
The functional ends of ERCCS appeared to lie be- 
tween the cH75 Sac11 site and the cH44 AatII site. 
These results gave an approximate minimum func- 
tional gene size of 29 kbp and a maximum functional 
size of 34 kbp (Fig. 1A). 

ERCCS Reconstruction by Intercosmid Recombination 

To demonstrate further that UV135 cells recon- 
structed ERCC5 by intercosmid recombination, 
recombinant fragments were determined for 
cH44/cH91 cotransformants. Genomic DNA from in- 
dependent cosmid-pair cotransformants was digested 
with restriction endonuclease PstI and analyzed using 
a fragment from one end of cH91 (gray box, Fig. 1A) 
as the hybridization probe. The cosmid pair 
cH44/cH75 gave rise to two PstI fragments in co- 
transformant DNA, one from cH44 insertions and the 
other resulting from either cH75 insertions or inter- 
cosmid recombinant insertion (Fig. 2 and shown dia- 
grammatically in Fig. 1A). The cosmid pair 
cH44/cH91 gave rise to insertion bands from cH44 
and cH91, plus a fragment identical to the cH75 cos- 
mid insert (Fig. 2 and Fig. 1A). Cosmids cH44 and 
cH91 had recombined to lose their junction fragments 
and form a full-length ERCC5 fragment. The results 
shown here support the conclusion that intercosmid 
recombination reconstructed the functional ERCC5 
gene. 

Confirmation of ERCCS Isolation by Southern 
Analysis 

Southern hybridization analysis was used to con- 
firm that several independent UV-resistant UV135 
cotransformants and various UV135/human hybrid 
cell lines contained sequences from our cloned 
ERCCS gene. These independent, UV-resistant deriv- 
atives of UV135 were very unlikely to have these hu- 
man sequences unless our cosmids contained the 
complementing human repair gene ERCCS. Genomic 
DNAs were digested with EcoRI and hybridized with 
a human DNA fragment from one end of ERCCS 
(arrow, Fig. 1A). The repair-proficient HeLa and 
HSF22 cell lines were used as positive controls, and 
the UV-sensitive CHO cell line UV135 as a negative 
control. UV-resistant UV135/human hybrid cell lines 
135HL2 and 135HL30 (Thompson et aZ., 1987), the 

Cosmids CH44iCH75 CH44iCH91 

44 75 91 a b a b 

L 

FIG. 2. Southern hybridization analysis of recombinant cos- 
mids in cosmid-transformed cell lines. Cosmid DNAs and genomic 
DNAs from two independent cosmid-pair transformants for 
cH44/cH75 and cH44/cH91 were digested with the restriction en- 
donuclease P&I, electrophoresed on an 0.8% agarose gel, trans- 
ferred to a Zetabind membrane, and hybridized. The radioactively 
labeled probe used was the cH91 SnaBI to Not1 fragment (Fig. lA), 
which hybridized with the vector-insert PstI junction fragments of 
cH44 and cH91 and a cosmid insert band of cH75 (Fig. 1A); each of 
these hybridizing PstI fragments was a different size. A hybridizing 
fragment not found in cH44 or cH91, but identical to the native 
repair gene (as contained in cH75), was observed in independent 
cH44/cH91 transformants (indicated by arrow). 

three independent primary cotransformants, and the 
derived secondary and tertiary cotransformants were 
analyzed for the presence of ERCCS sequences. The 
UV-sensitive segregant 135HL2.1, obtained from the 
repair-proficient UV135/human hybrid cell line 
135HL2. (Thompson et al., 1987), and independent 
UV-sensitive spontaneous segregants 38.4@6) and 
38.4(S7) of the secondary cotransformant were ana- 
lyzed to determine whether loss of UV resistance 
would correspond with loss of human ERCCS se- 
quences. 

The results of this hybridization analysis are shown 
in Fig. 3. All of the UV-resistant cell lines examined 
had a single EcoRI fragment (- 13 kbp) that hybrid- 
ized with the ERCCS probe, and the UV-sensitive 
segregants and UV135 did not contain these se- 
quences. The human ERCC5 fragment exhibited 
100% concordance with the UV resistance phenotype 
in human-derived cotransformants and three 
UV135/human hybrids. Six additional UV-resistant 
UV135/human hybrid lines and UV-sensitive segre- 
gants (Thompson et al., 1987) have provided further 
confirmation of these hybridization results (data not 
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FIG. 3. Southern hybridization analysis of UV-resistant and UV-sensitive cell lines that contained human DNA sequences. Genomic 
DNA (10 ag) was digested to completion with the restriction endonuclease EcoRI, electrophoresed on an 0.8% agarose gel, transferred to a 
Zetabind membrane, and hybridized as described under Materials and Methods. The radioactively labeled probe used was the indicatedApo1 
to SmaI fragment (-400 bp) from cH75 (Fig. lA, arrow), which was blocked to CJ 120 as described (23). The cell lines examined and their 
UV resistances were as follows: (i) HeLa, UV’human cell line; (ii) HSF22, Uv’human cell line; (iii) UV135, UV” CHO cell line; (iv) 135HL2, 
UV’ human/CHO hybrid cell line; (v) 135HL2.1, UV” segregant from 135HL2; (vi) 135HL30, UV’ human/CHO hybrid cell line; (vii) 26.5.1, 
UV’ primary transformant cell line; (viii) 26.2.2, UV’ primary transformant cell line; (ix) 33.4.2, Uv’ primary transformant cell line; (x) 
38.4.4, UV’ secondary transformaqt cell line; (xi) 40.2.8, Uv’ tertiary transformant cell line; (xii) 46.7D.1, UV’ tertiary cell line; (xiii) 
38.4(S6), UV” segregant from 38.4.4; (xiv) 38.4 (S7), Uv” segregant from 38.4.4. 

shown). The 100% concordance of hybridization with 
the UV resistance phenotype confirmed that we have 
isolated the functional human ERCC5 locus 
previously assigned to chromosome 13q. 

ERCC5 Complementation of UV135 Sensitivity to 
UV Light 

Transformants of UV135 were assayed for their 
cellular UV resistance to determine the ability of the 
human ERCC5 repair gene to complement the genetic 
defect. Three independent UV-resistant transfor- 
mants were isolated from the cosmid-pair transfers 
cH44/cH75 and cH44/cH91. The 37% survival dose 
(Q7) for the parental AA8 cell line was approximately 
9.4 J/m’, while the D,, of the UV-sensitive mutant 
was 1.5 J/m’, or about 16% that of AA8 (Fig. 4A). By 
comparison, the secondary cotransformant, 38.4.4, 
and cotransformants derived from cosmid pairs had 
D,, values of 7.8 and 6.5 J/m’, respectively (Fig. 4A). 
The cosmid-pair cotransformant survival levels were 
significantly lower than the AA8 levels (about 70% 
AAB) when the data were compared in a t-test analy- 
sis (95% confidence level), but were fourfold more re- 
sistant to UV radiation than the nucleotide excision 
repair-deficient UV135 host cells. 

ERCC5 Complementation of Shuttle Vector Repair in 
lJv135 

The ability of ERCCS to reverse the repair defect of 
UV135 cells was also examined by analyzing repair of 
shuttle vector DNA. It has been previously demon- 
strated that DNA damage can inactivate a shuttle 
vector cat gene. The reactivation of cat gene expres- 
sion is an effective indicator of host cell repair profi- 
ciency (Klocker et al., 1985; Protic-Sabljii: and 
Kraemer, 1985,1986) and can be used to assay cloned 

repair gene function (Henderson et al., 1989). The 
shuttle vector pSV2catSVgpt was irradiated with UV 
light and transfected into unirradiated CHO cells. 
CAT enzyme was subsequently extracted and assayed 
as described under Materials and Methods. In this 
repair assay, the parental cell line AA8 had a D,, value 
of 815 J/m’, while the UV-sensitive mutant UV135 
had a D,, of 190 J/m2, four- to fivefold lower (Fig. 4B). 
The secondary cotransformant, 38.4.4, and the inde- 
pendent ERCCS cotransformants (from cosmid pairs 
cH44/cH75 and cH44/cH91) had D,, values of about 
670 J/m2 (Fig. 4B). Although the cotransformant cat 
repair levels were about 82% of parental AA8 levels, 
these survival levels were not significantly different 
from AA8 levels when the data were compared in a 
t-test analysis (95% confidence level), suggesting that 
this cat repair assay slightly muted the apparent co- 
transformant repair deficiencies observed with the 
cellular resistance studies. 

DISCUSSION 

The autosomal recessive human syndrome xero- 
derma pigmentosum results in abnormal sensitivity 
to ultraviolet radiation and an extremely high inci- 
dence of skin cancers, which often lead to premature 
death (Friedberg, 1985). The biochemical defect in 
most XP cell lines has been reported to involve nu- 
cleotide excision repair, the major pathway for the 
removal of UV-induced pyrimidine dimers and chemi- 
cal adducts in DNA (Friedberg, 1985). In an attempt 
to understand the role of DNA repair in the basic 
mechanisms of carcinogenesis, human nucleotide ex- 
cision repair (ERCC) genes are being isolated and 
characterized. In this article, we described the isola- 
tion and preliminary characterization of the human 
DNA repair gene ERCC5. 
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FIG. 4. (A) Relative survival of UV-irradiated parental AA8, 
mutant UV135, secondary transformant 384.4, and cosmid-pair 
transformant cell lines. Mammalian cells were plated at 400 cells 
per loo-mm plate 4 h prior to UV irradiation, at which time the 
medium was removed, the cells were washed once with PBS, and 
the aspirated plates were irradiated with UV light (254 nm). The 
plates were stained 1 week later for determination of surviving 
colony numbers. The solid curves are the average data of four deter- 
minations for AA8 (w) and UV135 cells (0) and two determina- 
tions for the secondary transformant 38.4.4 (A). The broken curves 
are the average data for three independent transformant clones, 
each assayed twice, for each of the cosmid-pair transformants 
cH44/cH75 (0) and cH44/cH91 (0). (B) Relative CAT activity of 
UV-irradiated pSVcatSVgpt in parental AA8, mutant UV135, sec- 
ondary transformant 38.4.4, and cosmid-pair transformant cell 
lines. Shuttle vector irradiation, transfection, and extraction and 
analysis of CAT enzyme activities were performed as described 
under Materials and Methods. The data plotted are the ratios of 
the extracted CAT activity (in cpm) at a given dose relative to the 
CAT activity at zero dose for each cell line analyzed. The solid 
curves are the average data of four determinations for AA8 (w), 
UV135 cells (0, and the secondary transformant 38.4.4 (A). The 
broken curves are the average data for three independent transfor- 
mant clones, each assayed twice, for each of the cosmid-pair trans- 
formants cH44/cH75 (0) and cH44/cH91 (0). 

ERCC5 was cloned on overlapping cosmids and is 
the largest human nucleotide excision repair gene to 
be isolated as a functional genomic clone. ERCC5 is 
about 32 kbp in size and could have been contained in 

one cosmid, but the isolated cosmids did not contain 
the complete ERCCS gene on a single insert. Cosmid 
grouping was therefore crucial for ERCC5 isolation 
and identification. Cosmid grouping could also have 
been beneficial if ERCC5 did not contain detectable 
human repetitive sequences, but flanking sequences 
did. Flanking sequences that contained human repeti- 
tive DNA would have been rescued, and the repair 
gene region reconstructed by cosmid alignment. For 
this reason, nonhybridizing cosmid fragments were 
also examined in the assignment of cosmid groups to 
identify regions of cosmid overlap that did not con- 
tain human repetitive sequences. After the transfor- 
mation of UVl35 cells with the cosmid groups, the 
sibling selection enrichment protocol enabled the de- 
tection of (rare) UV-resistant cosmid cotransfor- 
mants. 

The functional cosmid group comprised 16 cos- 
mids, 7 of which contained ERCCS sequences. Only 4 
additional cosmids, of the 100 tested, were found to 
contain ERCC5 sequences. These results indicate 
that the cosmid-grouping approach efficiently yielded 
overlapping sets of cosmids. When the cosmid clones 
were linearized with PuuI or NotI, the number of UV- 
resistant transformants increased about fourfold. 
Since highly efficient recombination and integration 
occurred with between 1 and 12 kbp of insert overlap, 
transformation with grouped and linearized cosmids 
is a very effective method of isolating and identifying 
functional genes carried on overlapping clones. Ge- 
netic domains of much larger size (>lOO kbp), requir- 
ing more than 2 cosmid inserts to contain a functional 
gene, could be reconstructed by this approach as well. 

Other investigators have used overlapping cosmids, 
but not extensive cosmid grouping, to reconstruct 
functional genes. Cosmid walking was used to locate 
overlapping clones containing gene sequences in the 
isolation of a mouse repair gene that complements 
human xeroderma pigmentosum group-A cells (Ta- 
naka et al., 1989). The thymidylate synthetase gene 
was completed by the direct cloning of overlapping 
genomic fragments (Deng et al., 1986). Six Alu-posi- 
tive clones isolated for the human thymidine kinase 
gene were used in pairwise transfers to reconstitute a 
functional gene (Lin et al., 1983). In the present study, 
however, more than 100 cosmids were assigned to 
groups on the basis of potential overlapping regions 
without prior information on the location of the re- 
pair gene, and a functional group and active cosmid 
pairs were efficiently identified. By this approach, 
many cosmid clones can be quickly assayed for a large 
or rare functional gene. 

Hybrid (UV135/human) cell lines had previously 
been used to determine indirectly that the repair gene 
ERCCS was located on human chromosome 13 be- 
tween q14 and q34 (Thompson et al., 1987). Probe 
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DNA derived from the functional region of ERCCS 
hybridized with human cell lines and UV-resistant 
transformants of UV135. Due to the 100% concor- 
dance of the human DNA hybridization probe with 
the UV resistance phenotype, this DNA was derived 
from the human locus that complements the UV135 
repair deficiency, previously designated ERCCS. Pre- 
liminary experiments have also demonstrated that a 
UV-sensitive mouse cell line that lacks ERCCS activ- 
ity, designated Q31 (Hori et al., 1983), is comple- 
mented by the cH44 and cH75 cosmid pair (unpub- 
lished results). 

DNA repair levels, as assayed by shuttle vector cat 
gene reactivation, were returned to near normal 
(82%) by transforming UV135 with ERCCS. Shuttle 
vector systems assay cat transcriptional activity, 
which is inhibited by both cyclobutane dimers and 
(6-4)photoproducts in CHO host cells (Mitchell and 
Nairn, 1989; Protic-Sabljic and Kraemer, 1986). 
Reactivation of cat gene expression (shuttle vector re- 
pair) was reported to accurately reflect overall host 
cell DNA repair capabilities (Klocker et al., 1985; 
Henderson et al., 1989; Protic et al., 1988; Protic- 
Sabljii: and Kraemer, 1985). In this assay, the UV- 
sensitive mutant UV135 reactivated the cat gene at 
levels about 23% that of the parental AA8 cells, a 
difference less than the cell survival differences ob- 
served between these two cell lines in a previous study 
(15%) (Thompson et al., 1982) and in this study 
(16%). This repair difference is also less than that 
previously observed by assaying postirradiation 
strand incision, which showed a UV135 repair level 
between 4 and 21% of the AA8 level, depending on UV 
dose (Thompson et al., 1982). The difference between 
the repair assays is probably due to the much higher 
density of dimers used in the cat assays, as well as to 
the CAT enzyme assay itself, which reflects cat gene 
repair indirectly. However, the advantages of using 
shuttle vector reactivation to analyze cellular repair 
proficiency are that the target substrate for damage 
and repair is defined and the in vitro conditions of 
irradiation allow defined lesions to be introduced into 
the substrate without chromosomal damage andpossi- 
ble unrelated metabolic effects on the cells. These ad- 
vantages offset the fact that cat assays are probably 
not as sensitive as other methods of repair analysis. 

The first five CHO complementation groups are de- 
ficient in postirradiation strand-incising activity 
(Thompson et al., 1982), cyclobutane dimer removal 
(Regan et al., 1990), and the repair of (6-4)photo- 
products (Mitchell et al., 1988). The cloned repair 
gene ERCC2 reverted the repair-deficient CHO mu- 
tant (UV5) to wild-type UV resistance, mutation in- 
duction, and strand incision levels (Weber et al., 
1988), as well as to normal levels of cyclobutane dimer 
excision (Regan et al., 1990). ERCCl transformants 

had chemical resistance, mutation induction, cyclo- 
butane dimer removal (Zdzienicka et al., 1987), and 
preferential repair (Bohr et al., 1988) levels near those 
of wild-type, but cellular resistance to the cytotoxic 
effects of UV radiation was slightly deficient (Wes- 
terveld et al., 1984; Zdzienicka et al., 1987). ERCCS- 
transformed UV135 cells also appeared to have less 
than normal (70% AAS) cellular resistance to UV radi- 
ation. All six cosmid-pair transformants (three per 
pair) appeared to be slightly deficient. The UV sensi- 
tivities of the first five CHO complementation 
groups, including ERCC5, are reported to correlate 
better with (6-4)photoproduct repair than with cyclo- 
butane dimer repair (Mitchell and Nairn, 1989; 
Mitchell et al., 1988). The defect in (6-4)photoproduct 
repair is completely restored by ERCC2, but only par- 
tially by ERCCl (Mitchell and Nairn, 1989), possibly 
accounting for the differences observed in comple- 
mentation of cytotoxic lesion repair. One possible 
reason that ERCCS transformants had slightly defi- 
cient resistances to UV irradiation may therefore be 
an inability of ERCCS-transformed UV135 cells to 
completely repair (6-4)photoproducts. Further inves- 
tigations into the relative rates and extents that dif- 
ferent lesions are repaired by ERCC5 transformants 
are required to further elucidate the activities of 
ERCC5. 
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