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The Chinese hamster cell line mutant EM9, which has a reduced ability to repair DNA strand breaks, is
noted for its highly elevated frequency of sister chromatid exchange, a property shared with cells from
individuals with Bloom's syndrome. The defect in EM9 cells was corrected by fusion hybridization with normal
human fibroblasts and by transfection with DNA from hybrid cells. The transformants showed normalization
of sister chromatid exchange frequency but incomplete correction of the repair defect in terms of chromosomal
aberrations produced by 5-bromo-2'-deoxyuridine.

Sister chromatid exchange (SCE), a process first recog-
nized in plant cells over 25 years ago (26), has become
widely used as an indicator of genetic damage in both
experimental systems and humans (20). SCEs are induced by
a great variety of chemical mutagens and carcinogens as well
as by UV and ionizing radiations (20), and they have been
correlated with specific locus mutations for various agents
(2, 3). Moreover, certain classes of chemicals that do not
show mutagenic activity, viz., inhibitors of poly(adenosine
diphosphoribose) polymerase, also can enhance SCE fre-
quency (17). SCEs occur during the S phase of the cell cycle
(28), probably at DNA replication forks or sites where
replication is incomplete (13, 18). However, little is known
about the molecular basis of SCE in terms of the chemical
lesions that are responsible, the enzymes that are involved,
and whether mutations occur at the sites of exchange.
A genetic approach involving the study of mutations that

modify SCE frequency should provide insight concerning
the origin of SCEs. One such mutation has been identified in
the Chinese hamster ovary (CHO) cell line in a mutant strain
referred to as EM9. This mutant was isolated on the basis of
its hypersensitivity to killing by ethyl methanesulfonate and
was found to have a 12-fold-elevated SCE frequency (27; see
Table 1). The enhanced SCE apparently reflects an altered
response to incorporated 5-bromo-2'-deoxyuridine (BrdUrd),
which is used to visualize SCE; the SCEs occur predomi-
nantly when DNA replication proceeds on a BrdUrd-con-
taining template (8). At the biochemical level, EM9 cells
show a defect in rejoining DNA strand breaks after exposure
to alkylating agents or ionizing radiation (27). At present, the
function that is defective in mutant EM9 remains unknown,
but DNA ligases (5), the poly(adenosine diphosphoribose)
polymerase system (12), and two classes of apurinic/
apyrimidinic endonucleases (14) appear to be intact.
By several criteria, EM9 cells are phenotypically like cells

derived from individuals having the cancer-prone genetic
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disorder Bloom's syndrome (10). Cells from individuals with
this disorder also show extraordinarily high SCE levels (4),
sensitivity to BrdUrd (24), and enhanced production of
SCEs when DNA replicates on a BrdUrd-containing tem-
plate (24). The molecular defect in DNA metabolism in these
cells has not been defined.
To learn whether normal human cells possess a gene that

can correct the biochemical defect in EM9 cells, we devel-
oped a selective system to test for genetic complementation
after fusing EM9 cells with human cells. 5-Chloro-2'-
deoxyuridine (CldUrd) proved to be efficient in killing EM9
cells (7), thereby allowing recovery of complementing hy-
brid cells. Briefly, monolayer cultures consisting of an equal
number of EM9 cells and human fibroblast strain 812 cells
were treated with 47% polyethylene glycol 1000 plus 10%
dimethyl sulfoxide for 1 min and then rinsed three times.
After a 24-h incubation in fresh medium for hybrid forma-
tion, the cells were replated (5 x 105/100-mm dish) in
selective medium consisting of CldUrd (8 p.M), thymidine
(32 ,uM), deoxycytidine (200 ,uM), and fluorodeoxyuridine
(10 ,uM) to kill the EM9 cells and ouabain (10 ,uM) to kill the
human cells. The CldUrd selective medium, which was
renewed once during the incubation, killed all of the EM9
cells. One hybrid clone obtained after a fusion with the
diploid fibroblasts was subcloned and examined. Subclone
H350 was shown to contain a single rearranged human
chromosome and to have about 1% human DNA as deter-
mined by dot-blot hybridization for human-specific repeti-
tive sequences (data not shown). The SCE frequency of
almost all (49/50) H350 cells scored was low, like that of the
normal CHO cells, which showed that normalization of SCE
had occurred through genetic complementation (Table 1).

Isolating a gene that complements the defect in EM9 cells
would provide a useful tool for characterizing the molecular
basis of this mutant phenotype. For the purposes of gene
transfer and eventual gene isolation, the H350 cells were an
advantageous source of the complementing human gene
since the gene was effectively enriched 100-fold with respect
to human DNA sequences. Various studies have shown that
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TABLE 1. Properties of parental strains and transformants

Differential
cytotoxiiy SEpecll Total aberrations

Culture" ctoxicityb SCEs per cell +± e el E
CIdUrd MMS SE' per cell ± SE"

AA8 (wild type) 1.0 1.0 9.9 ± 0.5 0.02 ± 0.01

EM9 6.0 9.0 117.6 ± 3.0 0.63 ± 0.08

H350 (low) 1.2 1.0 8.3 ± 0.5 (49)" 0.14 ± 0.04
H350 (high) 96.0 (1)

9T1 (low) 1.0 1.0 8.8 ± 0.6 (36) 0.09 ± 0.04 (75)
9TI (high) 92.9 ± 5.4 (14) 0.48 ± 0.14 (25)

9T9 1.0 1.0 9.1 ± 0.5 0.16 ± 0.04

9T12 (low) 1.0 1.0 9.2 ± 0.4 (49) 0.05 ± 0.02
9T12 (high) 111.0 (1)

9T14 1.0 1.0 8.0 ± 0.5 0.13 ± 0.04

" Three cultures (H350, 9T1, and 9T12) had two distinct cell populations
(high and low) with regard to SCE frequency.

b Differential cytotoxicity is a measure of relative sensitivity to killing by an
agent determined in a 24-well-tray assay, which we recently developed and
validated (11). Differential cytotoxicity is defined as the lowest concentration
of agent that produces a detectable reduction in growth of wild-type cells
divided by the lowest concentration that produces a similar reduction in
growth of the cell strain under test in the same culture tray. Cells were
exposed to CldUrd continuously for 4 days at concentrations corresponding to
5 to 100% substitution. MMS (methyl methanesulfonate) doses ranged from
1.5 to 30 ,Lg/ml under similar incubation conditions.

' Fifty cells from each culture were scored for SCEs as described previous-
ly (27); 100 cells were scored for chromatid aberrations.

d The number of cells scored is given in parentheses.

human genes transfected into rodent cells can be detected
and isolated on the basis of differential hybridization of
human and rodent repetitive interspersed sequences (1, 16,
22), which are closely associated with virtually all genes.
For DNA transfection, EM9 cells were plated at 106 cells

per 10-cm petri dish in growth medium and incubated for 20
h. Calcium phosphate precipitates (6) containing 20 ,ug of
H350 DNA and 20 ,ug of pSV2gpt (15) DNA were vigorously
pipetted and then added to each dish. Plasmid pSV2gpt
contains a bacterial guanine phosphoribosyltransferase gene,
which provides an efficient selectable marker for DNA
transfer. Amphotericin B was added at 2.5 ,ug/ml. After a
24-h incubation, the DNA was removed by replacing the
medium. For expression of the transferred genes, the dishes
were incubated for 24 h; the cells were then trypsinized and
divided into two dishes (2 x 106 cells per dish) containing
medium that is selective for gpt transformation-competent
cells (15). This medium, which we refer to as MAXTA,
consisted of a minimal essential medium containing the
following: mycophenolic acid, 10 ,ug/ml; adenine, 25 ,ug/ml;
xanthine, 250 ,ug/ml; thymidine, 10 ,ug/ml; and amethopterin
(0.25 ,ug/ml) plus 10% dialyzed fetal bovine serum. After 3
days, growth medium supplemented with CldUrd was added
to the cultures to select for repair-competent cells, and after
6 additional days, medium containing both CldUrd and
MAXTA was added. Vigorously growing 14-day-old colo-
nies were isolated, transferred into CldUrd-MAXTA me-
dium, grown to mass culture, and frozen.
From 1.2 x 108 cells treated with DNA, 13 independent

clones were isolated. Any clone transformed by a repair
gene is expected to also express the gpt gene through
cointegration ofDNA molecules (21). Thus, the transformed
cells of interest are resistant to both CldUrd and MAXTA

and can be distinguished from revertants of the EM9 muta-
tion. The frequency of colonies arising in dishes containing
only MAXTA was 1.6 x 10-' per viable cell. The frequency
of revertants among EM9 cells treated with EM9 DNA was
10-6 (determined in a separate experiment). Therefore, the
expected frequency of MAXTA-resistant revertants would
be 1.6 x 10-9, which is 60-fold lower than the frequency of
colonies actually obtained.
Four of the putative transformant clones were grown in

nonselective medium for verification and further study.
DNA samples from each of the four resistant clones and
from control cultures were digested with restriction en-
donuclease EcoRI and analyzed by blot hybridization by
using total human DNA as the probe (Fig. 1). The DNAs
from human cells and hybrid H350 produced intense auto-
radiographic signals with no discrete bands, whereas DNA
from EM9 cells gave only a faint background. In contrast,
one or more distinct restriction fragments containing human
DNA were present in the four transformants. In addition,
inspection of the hybridization pattern revealed the presence
of a common 3.8-kilobase human DNA fragment. Therefore,
we conclude that this common fragment represents a portion
of the complementing repair gene or a closely linked se-
quence. Since transformants 9T12 and 9T14 contain ex-
tremely small amounts of human DNA, these clones repre-
sent suitable material for construction of DNA libraries for
isolating the gene.
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FIG. 1. The presence of human DNA sequences in transform-
ants as detected by blot hybridization. High-molecular-weight DNA
(10 ,ug) was cleaved with EcoRI, fractionated on a 0.8% agarose gel,
and transferred to a nitrocellulose filter (25). Human DNA was
radiolabeled with 32P by nick translation (23) to a specific activity of
108 cpm/,ug and used as a hybridization probe. Hybridization
conditions were as described previously (9) except that the temper-
ature was 42°C with 50% formamide. DNA was prepared from
human foreskin fibroblasts, mutant EM9, hybrid H350, and MAXTA-
CldUrd-resistant transformants 9T1, 9T9, 9T12, and 9T14. Hindll
fragments of X phage DNA were used as molecular-weight markers
(in kilobase pairs). The arrow indicates a 3.8-kbp restriction frag-
ment that is common to the four transformants.
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The four transformants were characterized for several
parameters that are pertinent to the phenotype of the EM9
mutant (Table 1): the resistance to killing by CldUrd or by
methyl methanesulfonate and the frequencies of SCE and
chromosomal aberrations. Cell killing was determined by a
rapid assay developed for detecting DNA-damaging agents
(11). Compared with the other strains tested, EM9 cells were
ninefold more sensitive to methyl methanesulfonate, which
agrees with earlier results (27), and sixfold more sensitive to
CidUrd. All transformants had the same levels of resistance
to killing by methyl methanesulfonate and CldUrd as did the
wild-type AA8 cells and hybrid H350.
SCE measurements revealed that normalization of SCE

had occurred in H350 and each transformant, although in
strains H350, 9T1, and 9T12 a minority of the cells (2, 28,
and 2%, respectively) had high SCE levels. In these three
cultures, a subpopulation had apparently lost the comple-
menting repair function. For the low-SCE cells, the SCE
frequencies were not significantly different from those of the
AA8 cells. Conversely, the values for the high-SCE cells
were similar to those of the EM9 cells.

Chromatid-type aberrations were measured in second-di-
vision cells from the same samples used for SCE analysis.
EM9 cells were extremely sensitive to aberrations arising
from the exposure to BrdUrd. The transformants and the
hybrid had greatly reduced levels of aberrations, but in no
case were the values as low as for the AA8 cells. These
results suggest that the repair defect, with respect to the
production of aberrations, is not fully complemented by the
human gene. Because SCEs were completely normalized in
the same cells, the two cytogenetic endpoints show partial
uncoupling. The reason for this divergence is unknown.
Possibly the prevention of aberrations requires either a
greater amount of repair gene product or a higher degree of
specificity of that product. In the 9T1 strain, a fraction of the
cells (25%) showed the high level of chromosome aberra-
tions characteristic of EM9. This pattern is consistent with
the pattern of heterogeneity in SCEs seen with 9T1.
Through interspecies complementation, this study shows

that a human gene is capable of correcting the DNA repair
defect in a CHO cell mutant that exhibits elevated SCE
levels, hypersensitivity to mutagens, and retarded repair of
DNA strand breaks. In summary, three points of evidence
indicate that a human gene was taken up and expressed by
EM9 mutant cells: (i) the frequency of resistant colonies in
selective medium was much higher than that of revertants;
(ii) a DNA restriction fragment containing human sequences
was common to independent clonal isolates; and (iii) pheno-
typic instability, a common property of transformants (19),
was evident in two of the four isolates examined. Isolation of
the complementing gene from a transformant may assist in
defining the biochemical defect in EM9 cells.
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hybrid cells used in this study.

LITERATURE CITED
1. Bradshaw, H. D., Jr. 1983. Molecular cloning and cell cycle-

specific regulation of a functional human thymidine kinase gene.
Proc. Natl. Acad. Sci. U.S.A. 80:5588-5591.

2. Carrano, A. V., and L. H. Thompson. 1982. Sister chromatid
exchange and gene mutation. Cytogenet. Cell Genet. 33:57-61.

3. Carrano, A. V., L. H. Thompson, P. A. LmdI, and J. L. Minkler.

1978. Sister chromatid exchange as an indicator of mutagenesis.
Nature (London) 271:551-553.

4. Chaganti, R. S. K., S. Schonberg, and J. German. 1974. A
manyfold increase in sister chomatid exchanges in Bloom's
syndrome lymphocytes. Proc. Natl. Acad. Sci. U.S.A. 71:
4508-4512.

5. Chan, J. Y. H., L. H. Thompson, and F. F. Becker. 1984. DNA
ligase activities appear normal in the CHO mutant EM9. Mutat.
Res. 131:209-214.

6. Corsaro, C. M., and M. L. Pearson. 1981. Enhancing the
efficiency of DNA-mediated gene transfer in mammalian cells.
Somatic Cell Genet. 7:603-616.

7. Dillehay, L. E., L. H. Thompson, and A. V. Carrano. 1984. DNA
strand-breaks associated with halogenated pyrimidine incorpo-
ration. Mutat. Res. 131:129-136.

8. DiUehay, L. E., L. H. Thompson, J. L. Minkler, and A. V.
Carrano. 1983. The relationship between sister-chromatid ex-
change and perturbations in DNA replication in mutant EM9
and normal CHO cells. Mutat. Res. 109:283-296.

9. Fuscoe, J. C., R. G. Fenwick, Jr., D. H. Ledbetter, and C. T.
Caskey. 1983. Deletion and amplification of the HGPRT locus in
Chinese hamster cells. Mol. Cell. B3iol. 3:1086-1096.

10. German, J. 1969. Bloom's syndrome. I. Genetical and clinical
observations in the first twenty-seven patients. Am. J. Hum.
Genet. 21:196-226.

11. Hoy, C. A., E. P. Salazar, and L. H. Thompson. 1984. Rapid
detection of DNA-damaging agents using repair-deficient CHO
cells. Mutat. Res. 130:321-332.

12. Ikejima, M., D. Bohannon, D. M. Gill, and L. H. Thompson.
1984. Poly(ADP-ribose) metabolism appears normal in EM9, a
tnutagen-sensitive mutant of CHO cells. Mutat. Res. 128-
213-220.

13. Ishii, Y., and M. A. Bender. 1980. Effects of inhibitors of DNA
synthesis on spontaneous and ultraviolet light-induced sister-
chromatid exchanges in Chinese hamster cells. Mutat. Res.
79:19-32.

14. La Belle, M., S. Linn, and L. H. Thompson. 1984.
Apurinic/apyrimidinic endonuclease activities appear normal in
the CHO-cell ethyl methanesulfonate-sensitive mutant, EM9.
Mutat. Res. 141:41-44.

15. Mulligan, R. C., and P. Berg. 1981. Selection for animal cells
that express the Escherichia coli gene coding for xanthine-gua-
nine phosphoribosyltransferase. Proc. Natl. Acad. Sci. U.S.A.
78:2072-2076.

16. Murray, M. J., B.-Z. Shilo, C. Shih, D. Cowing, H. W. Hsu, and
R. A. Weinberg. 1981. Three different human tumor cell lines
contain different oncogenes. Cell 25:355-361.

17. Oikawa, A., H. Tohda, M. Kanai, M. Miwa, and T. Sugimura.
1980. Inhibitors of poly(adenosine diphosphate ribose) polymer-
ase induce sister chromatid exchanges. Biochem. Biophys. Res.
Commun. 97:1311-1316.

18. Painter, R. B. 1980. A replication model for sister-chromatid
exchange. Mutat. Res. 70:337-341.

19. Pefficer, A., D. Robins, B. Wold, R. Sweet, J. Jackson, I. Lowy,
J. M. Roberts, G. K. Sin, S. Silverstein, and R. Axel. 1980.
Altering genotype and phenotype by DNA-mediated gene trans-
fer. Science 209:1414-1422.

20. Perry, P. E. 1980. Chemical mutagens and sister chromatid
exchange, p. 1-39. In F. J. de Serres and A. Hollaender (ed.),
Chemical mutagens, vol. 6. Plenum Publishing Corp., New
York.

21. Perucho, M., D. Hanahan, and M. Wigler. 1980. Genetic and
physical linkage of exogenous sequences in transformed cells.
Cell 22:309-317.

22. Pulciani, S., E. Santos, A. V. Lauver, L. K. Long, K. C.
Robbins, and M. Barbacid. 1982. Oncogenes in human tumor
cell lines: molecular cloning of a transforming gene from human
bladder carcinoma cells. Proc. Natl. Acad. Sci. U.S.A. 79:
2845-2849.

23. Rigby, P. W. J., M. Dieckmann, C. Rhodes, and P. Berg. 1977.
Labeling deoxyribonucleic acid to high specific activity in vitro
by nick translation with DNA polymerase I. J. Mol. Biol.
113:237-251.

VOL. 5, 1985



884 NOTES MOL. CELL. BIOL.

24. Shiraishi, Y., T. H. Yoshida, and A. A. Sandberg. 1983. Analy-
ses of bromodeoxyuridine-associated sister-chromatid ex-
changes (SCEs) in Bloom syndrome based on cell fusion: single
and twin SCEs in endoreduplication. Proc. Nati. Acad. Sci.
U.S.A. 80:4369-4373.

25. Southern, E. M. 1975. Detection of specific sequences among
DNA fragments separated by gel electrophoresis. J. Mol. Biol.
98:503-517.

26. Taylor, J. H., P. S. Woods, and W. L. Hughes. 1957. The
organization and duplication of chromosomes as revealed by
autoradiographic studies using tritium-labeled thymidine. Proc.

Natl. Acad. Sci. U.S.A. 43:122-127.
27. Thompson, L. H., K. W. Brookman, L. E. Dillehay, A. V.

Carrano, J. A. Mazrimas, C. L. Mooney, and J. L. Minkler.
1982. A CHO-cell strain having hypersensitivity to mutagens, a
defect in DNA strand-break repair, and an extraordinary base-
line frequency of sister chromatid exchange. Mutat. Res.
95:427-440.

28. Wolff, S., J. Bodycote, and R. B. Painter. 1974. Sister chromatid
exchanges induced in Chinese hamster cells by UV irradiation
of different stages of the cell cycle: the necessity for cells to pass
through S. Mutat. Res. 25:73-81.


