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ABSTRACT Complementation of the repair defect in ham-
ster xrs mutants has been achieved by transfer of human
chromosome 2 using the method of microcell-mediated chro-
mosome transfer. The xrs mutants belong to ionizing radiation
complementation group 5, are highly sensitive to ionizing
radiation, and have an impaired ability to rejoin radiation-
induced DNA double-strand breaks. Both phenotypes were
corrected by chromosome 2, although the correction of radi-
ation sensitivity was only partial. Complementation was
achieved in two members of this complementation group, xrs6
and XR-VI5B, derived independently from the CHO and V79
cell lines, respectively. The presence of human chromosome 2
in complemented clones was examined cytogenetically and by
PCR analysis with primers directed at a human-specific long
interspersed repetitive sequence or chromosome 2-specific
genes. Complementation was observed in 25/27 hybrids, one
of which contained only the q arm of chromosome 2. The two
noncomplementing hybrids were missing segments of chromo-
some 2. The use of a back-selection system enabled the isolation
of clones that had lost the human chromosome and these
regained radiation sensitivity. Transfer of several other human
chromosomes did not result in complementation of the repair
defect in XR-VI5B. These data show that the gene defective in
xrs cells, XRCC5, which is involved in double-strand break
rejoining, is located on human chromosome 2q.

A DNA double-strand break (dsb) is a major lesion that
destroys the integrity of the DNA molecule. Such damage is
introduced by ionizing radiation (IR) and may also arise
during the repair of other DNA lesions or as an intermediate
in the recombination step involved in metabolic processes
such as the rearrangement of immunoglobulin genes and
mating-type switching (1, 2). All organisms so far examined
possess mechanisms to repair this important class of DNA
damage (3-6). Several genes involved in dsb repair have been
isolated from Escherichia coli and Saccharomyces cerevisiae
but not, to date, from mammalian cells (7-9). However, a
number of mutants defective in the repair ofDNA dsb have
been identified in rodent cells and classified into at least three
distinct complementation groups (10-15). One complemen-
tation group includes six mutants isolated from the CHO cell
line xrsl-6 and one mutant (XR-VJ5B) derived from V79 cells
(16, 17). All these mutants exhibit high sensitivity to IR, an
impaired ability to rejoin DNA dsb but little or no sensitivity
to UV irradiation (10, 18). The repair gene defective in these
mutants has been designated XRCCS and the complementa-
tion group has been designated IR complementation group 5.

Attempts to clone the XRCC5 gene by DNA transfection
have so far been unsuccessful because of the high reversion
frequency of the xrs mutants (19). We describe here an
alternative approach involving initially identification of the
complementing human chromosome. Studies aimed at map-
ping and ultimately at cloning the repair gene remain to be
done.
For this study, we have used a panel of mouse-human

monochromosomal hybrid cell lines each containing a single,
different human chromosome "tagged" with a dominant
selectable marker, the guanine phosphoribosyltransferase
(gpt) gene (20, 21). Individual chromosomes were transferred
into repair-deficient recipient cells by microcell-mediated
chromosome transfer (20-22). Recipient cells carrying the
human chromosomes were isolated by selection for the gpt
marker and analyzed for phenotypic complementation of the
repair defect to identify the complementing chromosome.
This approach has been used successfully to identify the
chromosomal location of other genes involved in DNA repair
(21, 23, 24). We show here that the repair gene, XRCC5,
which complements the defect in xrs cells, is located on the
long arm of human chromosome 2.

MATERIALS AND METHODS
Cell Strains and Growth Conditions. Two members of the

IR complementation group 5, xrs6 and XR-VISB, isolated
from the hamster CHO and V79 cell lines, respectively, were
used in this study (16, 17). Spontaneous thioguanine-resistant
(TGR) derivatives were obtained from both strains for use as
recipients for chromosome transfer. A panel of mouse-
human hybrid cell lines, each containing a single, different
human chromosome tagged with the gpt gene, a dominant
selectable marker, were used as microcell donors (20, 21). All
strains were routinely cultured in minimal essential medium
(MEM; GIBCO) supplemented with nonessential amino ac-
ids and 10% fetal calf serum. All other conditions were as
described (16). Medium was supplemented with mycophe-
nolic acid (10 kg/ml) and xanthine (70 ,g/ml) (MX medium)
for selection and maintenance of gpt+ clones. 6-Thioguanine
(TG) (2 ,ug/ml) was used to select TGR clones.
Microcell-Mediated Chromosome Transfer. Microcells

were prepared from mouse-human monochromosomal hy-
brid cell lines as described (21). xrs6 or XR-VISB recipient
cells were seeded at 5 x 105 or 1 x 106 cells per 10-cm dish
36 h before fusion. For fusion, microcells suspended in 0.4 ml
of serum-free medium containing phytohemagglutinin (100
,gg/ml) were overlaid on a monolayer of recipient cells and

Abbreviations: dsb, double-strand break(s); IR, ionizing radiation;
TG, 6-thioguanine; TGR, TG resistance.
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incubated at 370C for 15 min. The medium was then removed
and 1.5 ml ofPEG 1500 [50% (wt/vol) in 0.05 M Hepes] was
added for 2 min. After careful washing with serum-free
medium, cells were incubated overnight and then treated with
trypsin and plated in MX selection medium. MX-resistant
clones, isolated individually, were propagated inMX medium
for further analysis.

Analysis of Hamster-Human Hybrid Clones. (i) Survival
following IR. Cells suspended in medium were exposed to a
single (routinely 2 Gy) or various doses of y-rays and plated
at densities varying from 102 to 103 cells per 6-cm dish.
Survival was estimated from the number of clones in irradi-
ated relative to unirradiated dishes after 7-10 days incuba-
tion.

(ii) Cytogenetic analysis. Standard metaphase prepara-
tions were made from all hybrid clones and parental strains
as described (25). Metaphase spreads were stained for G11
and G-banding to determine the presence and structural
integrity of the human chromosome (21).

(iii) PCR analysis. Genomic DNAs, prepared from each
hamster-human hybrid cell line by standard procedures (26),
were amplified by PCR using the Li-H primer and the
procedure of Ledbetter et al. (27) with minor modifications.
Samples (100 pl) containing 100 ng of DNA and 0.35 ,uM
Li-H primer in 10mM Tris HCI/50mM KCl/1.5 mM MgCl2/
0.01% gelatin/250 ,uM each dNTP/1 unit of Taq polymerase
were amplified for 15 cycles by denaturation at 94°C (1 min),
annealing at 55°C (2 min), and extension at 70°C (3 min).
Another 1 unit of Taq polymerase was then added and
amplification continued for a further 15 cycles. Twenty
microliters of the PCR product was analyzed by gel electro-
phoresis. PCR amplification with chromosome 2-specific
primers was carried out as described above except that each
sample contained 1 ,ug of DNA and 1.25 ,ug of each primer
(1.6 ,M). Annealing was at 600C rather than at 55°C. Chro-
mosome 2-specific primers were as described (28).

(iv) Southern blot analysis. Genomic DNA (15 ,ug) was
restriction digested, transferred to nylon filters, and hybrid-
ized by standard procedures (26). Plasmid pCD1-1 was di-
gested with EcoRI to release a 2.7-kilobase (kb) insert
containing part of the ERCC-3 coding region.
Measurement of dsb Rejoining. dsb rejoining after irradia-

tion with 60 Gy using a 137Cs source was measured by the
pulsed-field gel electrophoresis (PFGE) procedure described
by Whitaker and McMillan (29) with modification for use with
the Waltzer apparatus (Tribotics, West Witney, UK; ref. 30).
PFGE was carried out in 0.8% agarose gels in 0.5x TBE
buffer ( x TBE = 45 mM Tris borate/1 mM EDTA) for 22 h
at 160C at 200 V (7.7 V/cm) and a pulse time of 70 sec (30).
The fraction retained in the plug (FR) = (dpm per plug)/(dpm
per plug + dpm per lane). Results are expressed as percent-
age rejoining index, which represents

FRI,- FR1,0
FRu- FR1,0

where I,t represents cells irradiated and repaired, 1,0 repre-
sents cells irradiated and not repaired, and u represents
unirradiated cells. Representative values of FRu and FRIo
were 0.96 and 0.54, respectively.

RESULTS
Chromosome Transfer and Identification of the Comple-

menifng Chromosome. For all initial experiments, a TGR
(HPRT-) derivative of XR-V1SB, a member of IR comple-
mentation group 5 derived from the V79 cell line, was used
as the recipient (17). Single human chromosomes present in
the mouse-human monochromosomal hybrid cell lines were
transferred toXR-VJSB by microcell fusion. Hybrid clones of
XR-VJSB containing the transferred human chromosome
were isolated by selection in MX medium. Complementation
of the repair defect was analyzed by measuring survival after
IR.
The human chromosomes transferred to the XR-VI5B

strain are listed in Table 1. With the exception of hybrids
receiving human chromosome 2, all other hybrids con-
structed were as sensitive to IR as the parent strainXR-VJSB.
In initial experiments, human chromosome 2 appeared ca-
pable of correcting the defect in XR-V1SB. Subsequently,
human chromosome 2 originating from two different sources
was transferred into two different recipient cell lines belong-
ing to complementation group 5. The monochromosomal
hybrid donor lines were RA3-5 and RA-2, which contained
human chromosome 2 derived from a transformed and a
primary human line, respectively. Two recipient cell lines,
XR-VISB TGR and xrs6 TGR, were used to verify that
chromosome 2 could complement two independently derived
members ofcomplementation group 5. In these experiments,
a total of 27 hamster-human hybrid clones were isolated
(Table 1). Survival following a range of 'y-ray doses was
measured for eight representative hybrid clones (Fig. 1) and
the remainder were examined for survival after exposure to
a single dose of radiation (2 Gy). Twenty-five of the 27 hybrid
clones showed elevated resistance to radiation when com-
pared to the sensitive parent, while two clones (XR-RA3-5
El and XR-RA3-5 H27) maintained their sensitivity (Fig. la
and Table 1; survival data only shown for H27).
These results show that the radiation sensitivity ofboth the

V79- and CHO-derived members of IR complementation
group 5 is corrected specifically by human chromosome 2. In
all cases, however, only partial correction was observed,
which appeared to be intermediate between mutant and
parental levels.

Table 1. Human chromosomes transferred to XR-VJSB and xrs6

Human
Donor chromosome y-Ray No. of clones Nomenclature of
hybrid present Recipient sensitivity examined hybrids
RA5-5 5 XR-VI5B S 2
RA6 6 XR-VISB S 1
RA9 9 XR-VISB S 4
RA1 12q XR-VISB S 4
CHH13 13 XR-VISB S 2
RA12-2 15 XR-VI5B S 4
RA17 17 XR-VISB S 1
RA21 21 XR-VISB S 3
RA3-5 2 XR-VI5B 19R, 2S 21 XR-RA3-5
RA3-5 2 xrs6 R 5 xrs-RA3-5
RA2 2 XR-VISB R 1 XR-RA2

S, sensitive to IR; R, resistant to IR. See Fig. 1 for survival levels.
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FIG. 1. (a) Survival ofXR-RA3-5 hybrid clones after exposure to
IR. Results for XR-RA3-5 hybrids represent the mean of one or two
survival curves carried out on six different hybrids. All other survival
curves represent the mean of at least four experiments on the same
line. Error bars represent 1 SD. For clarity, error bars are not shown
on the highly sensitive lines. A, V79; rn, XR-RA3-5 hybrids; o,
XR-V15B TGR; x, XR-RA3-5 H27; *, TGR segregant derived from
XR-RA3-5 Hi. (b) Survival of xrs-RA3-5 hybrids after exposure to
IR. For xrs-RA3-5 hybrid clones, results represent the mean of three
experiments carried out on two different hybrids. Other survival
curves were the mean of at least three experiments. w, CHO-K1; x,
xrs-RA3-5 hybrids; o, xrs6 TGR; A, TGR segregant derived from
xrs-RA3-5 D5.

Complementation of the Defect in dsb Rejoining. The radi-
ation sensitivity of the IR complementation group 5 mutants
is associated with a defect in dsb repair (10, 17, 18). To
investigate complementation of this phenotype, one hybrid
(XR-RA3-5 Hi) and the parental mutant and normal cell lines
(XR-VJSB and V79) were compared for their ability to rejoin
radiation-induced DNA dsb by pulsed-field gel electropho-
resis. The results show that DNA dsb rejoining in the hybrid
cells was as proficient as the parent V79 strain, while
XR-VJSB had a reduced ability for dsb rejoining (Fig. 2).

Cosegregation of Chromosome 2 and Radiation Resistance.
Since XR-VJSB and xrs6 are hprt-, it is possible to isolate
cells that have lost the gpt tagged human chromosome by
back-selection in TG. Cells from five complemented hybrid
clones-XR-RA3-5 HI, H21, H24, xrs6-RA3-5 D5, and
XR-RA2 Pi-were cultured in nonselective medium and then
plated in medium containing TG. Three independent clones
were isolated from each hybrid. Survival following a range of
y-ray doses was examined for one clone from each hybrid,
and the remaining clones were analyzed for survival follow-
ing a single dose of -yrays (2 Gy). All back-selected clones
exhibited the radiosensitive phenotype characteristic of the
XR-V15B or xrs6 parent strain (shown in Fig. la for one
hybrid). These data show that the radiation resistance of
hybrid clones cosegregates with human chromosome 2. This
provides strong evidence that y-ray resistance is due to the
presence of human chromosome 2 and is not the result of a
reversion event or due to the presence of a mouse chromo-
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some that may have been transferred along with the human
chromosome. Loss of human chromosome 2 in the TGR
segregants was confirmed by molecular analysis (see below).

Identification of Human DNA in the Hybrid Clones. (i) PCR
analysis using long interspersed repetitive sequences. Spe-
cific amplification ofhuman DNA in a somatic cell hybrid can
be achieved by using a human specific primer (Li-H) directed
at the middle long interspersed repetitive sequence (27). This
sequence occurs as an inverted repeat less frequently than
Alu sequences and normally yields a pattern of 5-10 ampli-
fication products per chromosome. This technique can there-
fore act as a form ofchromosome fingerprinting and was used
to verify the presence of human DNA in the hamster-human
hybrids. Using the Li-H primer and DNA from the human-
mouse donor hybrid, RA3-5, a pattern of amplification prod-
ucts specific for chromosome 2 was observed consisting of
five bands designated A-E (Fig. 3). No amplification prod-
ucts were produced by using either hamster or mouse DNA.
All of the hybrid clones bearing chromosome 2 were analyzed
by PCR amplification using the Li-H primer. Twenty-one of
the complemented hybrids gave PCR products identical to
the RA3-5 donor strain (shown in Fig. 3 for two hybrids-
XR-RA3-5 Hi and H24). Four of the complemented hy-
brids-XR-RA3-5 H22, H26, H33, and H53 (shown in Fig. 3
for XR-RA3-5 H33 and XR-RA3-5 H53)-and the two non-
complemented hybrids XR-RA3-5 Ei and H27, however,
produced an aberrant pattern with some bands missing (Fig.
3).
No detectable human DNA was present in three TGR

segregants examined by this method (Fig. 3 and Table 2), thus
confirming our conclusion that the human DNA present in
the hybrid clones is lost on back-selection.

(ii) PCR analysis using chromosome 2-specific primers. To
verify the identity of the human chromosome, PCR analysis
of some hybrids was also carried out with primers specific for
this chromosome (28, 31). These data are summarized in
Table 2. All the hybrid clones, including the two noncom-
plemented, were positive for the marker placental alkaline
phosphatase. This suggests that the gpt selective marker,
which must be retained in all hybrids, is tightly linked to the
ALPP marker, which maps in the region 2q37. Retention of
ALPP in the two radiosensitive hybrids suggests that the
XRCC5 gene is less closely linked to this marker. For all other
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FIG. 2. dsb rejoining in XR-RA3-5 H1. Cells were irradiated with
60 Gy. Results represent the mean of duplicate samples from two
independent experiments. n, V79; *, XR-VISB TGR; *, hybrid
XR-RA3-5 H1.

FIG. 3. Analysis of PCR products with L1-H primers. DNA from
parental and hybrid clones was amplified with the L1-H primer and
products were separated by electrophoresis in 0.8% agarose.
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Table 2. PCR analysis of hybrids

Chromosome 2-specific primers

y-Ray PCR bands using Li-H primers ALPP ILlA POMC
Hybrid sensitivity A B C D E Others (2q37) (2ql2-q21) (2p23)

XR-VISB S - - - - - - - -
RA3-5 R + + + + + + + +
XR-RA3-5 E1 S - - - - - 1weak band +
XR-RA3-5 H27 S + - + - - + - -
XR-RA3-5 H22 R + + - + - 1 extra band + +
XR-RA3-5 H33 R + + - + - + - -
XR-RA3-5 H26 R + + + - - + + +
XR-RA3-5 H53 R + + + - - + + +
XR-RA3-5 H1 R + + + + + + + -
XR-RA3-5 H24 R + + + + + + + +
XR-RA3-5 B2 R + + + + + + + +
XR-RA3-5 B4 R + + + + + + + +
xrs-RA3-5 D5 R + + + + + + - +
xrs-RA3-5 D12 R + + + + + + + +
XR-RA2 P1 R + + + + + + + -
XR-RA3-5 Hl.TGR S - - - - - - - -

S, sensitive to IR; R, resistant to IR.

markers examined, both positive and negative clones were
obtained, and there was no obvious correlation between
radiation resistance and the presence of a specific marker.

(iii) Southern blot analysis using a chromosome 2-specific
probe. Finally, to verify further the transfer of chromosome
2 to the hamster lines, DNAs from human placenta, RA3-5,
hamster (XR-VISB), and two hybrids (XR-RA3-5 B4 and
XR-RA2 P1) were digested with EcoRI and hybridized with
a fragment derived from plasmid pCD1-1, which contains
ERCC-3 cDNA, a gene previously shown to map to 2q21.
With human DNA this probe gave three bands (5.6, 4.2, and
3.0 kb) as shown previously (32) while a single band (7.1 kb)
was obtained with hamster DNA. The two hybrids examined
yielded four bands showing the presence of both the human
and hamster genes (data not shown).
These data verify that human chromosome 2 has been

transferred to the complemented hybrids but indicate that
loss of segments of the chromosome has occurred in some
hybrids. The two noncomplemented clones El and H27 were
positive for only one of the three markers examined. Thus,
lack of complementation in these two clones is most likely
explained by the loss ofa chromosome 2 segment carrying the
XRCCS gene.

Cytogenetic Analysis of Hybrid Clones. To verify that the
gpt+ clones were of hamster origin and not rare mouse cells
that had survived the microcell preparation procedure, meta-
phase preparations were scored for the number of chromo-
somes per metaphase. All hybrid clones showed a chromo-
some complement typical of hamster cells (21 or 22 chromo-
somes). Selected hybrids (XR-RA3-5 Hi, H13, H33, H53,
H26, H27, and El) were examined by G11 staining and
G-banding to assess the integrity of human chromosome 2.
Hybrid H1 (a clone also used for segregation analysis)
contained either an intact chromosome 2 or one having a
small deletion. The remaining hybrids examined contained
one or more fragments of chromosome 2. These cytogenetic
data support the conclusion that human chromosome 2
material is present in these hybrids, but that deletions and
rearrangements are frequent. Because of the fragmentation,
it was not possible by this analysis to determine which
specific segments ofchromosome 2 were present or absent in
the hybrids.

Localization ofXRCC5 to the Long Arm of Chromosome 2.
Cytogenetic analysis of hybrid XL-RA2 P1 revealed a mixed
population with some cells bearing a single arm of chromo-
some 2. This hybrid was therefore subcloned to obtain two

clones (P1-7 and P1-8), which contained only one arm of
chromosome 2 (Fig. 4). PCR analysis using chromosome
2-specific primers showed that two q arm sequences were
present and one p arm sequence was absent (Table 2). Clones
P1-7 and P1-8 were resistant to IR and TGR segregants from
both clones regained y-ray sensitivity (data not shown).
These data show that XRCCS is located on the q arm of
chromosome 2.

DISCUSSION
We have used the technique of microcell-mediated chromo-
some transfer to show that human chromosome 2 comple-
ments the repair defect in two radiation-sensitive mutants,
xrs6 and XR-VISB, and have mapped the complementing
gene (XRCC5) to the q arm of this chromosome. Hamster
mutants in this complementation group are sensitive to IR
and have a defect in dsb rejoining, and both phenotypes are
corrected by chromosome 2. Two different mouse-human
monochromosomal hybrids, RA-2 and RA3-5, carrying chro-
mosome 2 derived from primary human or transformed cells,
respectively, were used as microcell donor strains. Two
members of the IR complementation group 5, derived from
two different hamster lines, were corrected by human chro-
mosome 2. PCR analysis of the chromosome transfer hybrid
clones showed that two noncomplemented hybrids were
missing substantial portions of chromosome 2 but retained
the ALPP marker, which maps to 2q37, suggesting that
XRCC5 is not closely linked to this marker. However, one

. If
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FIG. 4. Metaphase spread of hybrid XR-RA2 P1-7 stained by the
Gll method. The q arm of human chromosome 2 (arrow) was also
identified by G-banding (data not shown).
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complemented hybrid, obtained by subcloning, contained
only the q arm of chromosome 2, indicating that XRCCS does
reside on this arm. These data were confirmed by the
cosegregation of 2q and radiation resistance in clones ob-
tained by back-selection. It is interesting that another gene
involved in DNA repair (ERCC3) is located at 2q21 (32). We
do not know at present whether or not XRCCS is closely
linked to ERCC3. Evidence for limited clustering of DNA
repair genes has been observed previously on chromosome
19 (33-35). None of the other chromosomes when transferred
to XR-VJ5B showed complementation of the repair defect.
Although the use of the xrs mutants for gene cloning and

mapping studies has been hampered by their propensity to
revert, the microcell-mediated chromosome transfer tech-
nique described here has enabled us to overcome this prob-
lem in two ways. First, selection for rare hybrids bearing
chromosome 2 does not require selection for radiation resis-
tance and thus minimizes the likelihood of selecting revertant
clones. Second, the use of a two-way selection system has
enabled us to show that loss of the human chromosome 2
restores radiation sensitivity. Taken together, these data
provide strong evidence that a gene involved in dsb rejoining
is located on human chromosome 2 and also support the prior
conclusion that the two mutants (xrs6 and XR-VJSB) are
members of the same complementation group. Furthermore,
our results show that this technique is applicable for mapping
genes defective in mutant strains for which a strong selection
does not exist and/or that have a tendency to revert.

It was interesting that extensive fragmentation and loss of
human chromosome 2 segments occurred in many ofthe hybrid
clones examined. This property may relate to the defect in dsb
repair ofthe recipient strain. If so, this cell line could be a useful
recipient when chromosome fragmentation is specifically de-
sired, as, for example, in subchromosomal mapping.
Only partial restoration of y-ray resistance was observed in

all complementing hybrids. Since the same results were
achieved by using chromosome 2 originating from two inde-
pendent sources, it is unlikely that partial correction results
from a partial defect in the human gene. One explanation is that
the human gene cannot fully complement the defect in the
hamster mutant and might indicate that the gene product acts as
part of a repair complex. An alternative possibility is that more
than one gene is required for complete restoration of the repair
defect. The explanation awaits cloning of the XRCCS gene.

In conclusion, in this study we have isolated a panel of
chromosome transfer hybrids bearing fragments of human
chromosome 2 both complementing and noncomplementing
the xrs repair defect. We have thus shown that the XRCCS
gene, whose product is involved in dsb rejoining, is located
on the long arm of human chromosome 2. These hybrids will
be important intermediates in further studies aimed at cloning
the XRCCS gene.
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