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Human liver DNA was transfected into CHO cells (mex™) along with pSV2gpt and colonies were selected first
for resistance to mycophenolic acid and then to chloroethylnitrosourea. Transformants were obtained that
contained approximately 10,000 molecules of O°-alkylguanine alkyltransferase (mex*) per cell. Their genome
contained at least three copies of the human Alu sequence.

Alkylation of DNA at the O° position of guanine repre-
sents a potent mutagenic and carcinogenic lesion. In Esch-
erichia coli, O%methylguanine is repaired by an 18-
kilodalton protein, O°-alkylguanine alkyltransferase, that
directly transfers the methyl group in stoichiometric manner
to a cysteine residue on the protein, with resultant suicide
inactivation (12). A similar alkyltransferase mechanism has
been identified in mouse (1), rat (11), and human livers (13).
Cells that express this repair activity have been defined as
mex* (16). It has been proposed that in E. coli the alkylated
protein acts to induce an adaptive response that is mani-
fested as enhanced resistance to mutation resulting from
increased alkyltransferase and enhanced resistance to toxic-
ity (8). The latter resistance has been attributed to enhanced
production of another DNA repair enzyme, 3-methyladenine
glycosylase(II), which removes both 3-methyladenine and
3-methylguanine; it is 3-methylguanine that has been postu-
lated as the critical toxic lesion (8). It has recently been
demonstrated with E. coli that the alkyltransferase is a
fragment of the 37-kilodalton ada gene protein that regulates
the adaptive response (18).

An adaptive response in mammalian cells was first re-
ported for CHO cells (15). Pretreatment with N-methyl-N'-
nitro-N-nitrosoguanidine (MNNG) resulted in enhanced sur-
vival when the cells were subsequently challenged with the
same agent. Resistance to mutation was not studied, but
these cells, which do not possess any alkyltransferase, i.e.,
mex~ (5), would not be expected to alter their mutation
frequency. A subsequent study with rat hepatoma cells
demonstrated enhanced survival and resistance to mutage-
nicity (7). To understand the regulation of this adaptive
response, we started to isolate the genes involved. We took
advantage of the fact that cellular resistance to 1-(2-
chloroethyl)-1-nitrosourea (CNU) is mediated by the mex
protein, which repairs monofunctional alkylation products at
the 0% position of guanine before they can rearrange to
produce DNA interstrand crosslinks (3, 19, 23). We
transfected DNA from human liver (mex*) (13) into the
mex~ CHO cells (5) and selected for CNU resistance. We
report here the successful strategy used to obtain expression
of the human alkyltransferase gene in CHO cells.

CHO cells, apart from being mex~, are also excellent
recipients for introduction of foreign DNA, having previ-
ously been used in similar studies of the repair genes for UV
light-induced DNA damage (9, 14, 20). The strategy for the
isolation of the human repair gene is shown in Fig. 1. At 24
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h before transfection, 5 X 10° CHO-D422 cells were plated
into each of 60 100-mm culture dishes containing 10 ml of a
minimal essential medium (a-MEM) supplemented with pen-
icillin, streptomycin, 2.5% dialyzed horse serum, and 2.5%
dialyzed fetal bovine serum. High-molecular-weight DNA
was purified from human liver and sheared to an average
fragment size of 40 to 50 kilobase pairs by four passages
through a 20-gauge needle, and 20 pg of DNA per culture
dish was transfected into CHO cells as a calcium phosphate
precipitate (21). A marker gene, bacterial xanthine-guanine
phosphotibosyltransferase (gpt), in the form of the plasmid
pSV2gpt (5 pg), was simultaneously cotransfected. This
cotransfection protocol derives from the observation that
selection for a marker gene present in excess enriches for a
subpopulation that is competent for the stable integrdtion of
exogenous DNA (22). This approach also reduces the pos-
sibility of selection of an alkyltransferase repair-proficient
CHO revertant. The CHO cells were incubated with the
calcium phosphate precipitate for 24 h, after which the
medium was removed and the cells were treated with 15%
glycerol for 2 min. Fresh growth medium was added, and 1
day later the cells were trypsinized and replated in T-150
flasks containing a-MEM plus 25 pg of mycophenolic acid
per ml, 25 pg of adenine per ml, and 250 pg of xanthine per
ml. The medium was replaced 3 days later. When gpt*
colonies contained about 50 to 100 cells, they were trypsin-
ized, replated, and incubated for 1 h with 60 uM CNU
(Developmental Therapeutics Program, National Cancer In-
stitute). This leads to 1% survival of the cells. The surviving
cells were grown to 50% confluence, replated, and incubated
with 90 pM CNU. After the survivors reached 50% conflu-
ence they were again replated and incubated with 120 pM
CNU. A total of six colonies were detected in one culture
dish. Of these colonies, one was selected and grown for
subsequent study.

Based on the number of cells initially seeded before
transfection, the frequency of gpt* transformation was cal-
culated as approximately 10™%. As a test for genetic stability,
CHO gpt* cells were grown for 8 weeks in the absence of
selection pressure and then were reselected in mycophenolic
acid-containing medium. The transformants retained about
50% plating efficiency. A similar rescue rate was observed
when 500 CHO gpt* cells were seeded together with 5 X 10°
wild-type CHO cells.

The ability of the selected cell to survive in CNU was
compared with that of wild-type CHO cells. One day before
drug treatment, 500 to 50,000 cells were plated in 60-mm
culture dishes. Appropriate dilutions of CNU (dissolved at



3294 NOTES

SHEARED HUMAN DNA + pSV2gpt
(~40-50 kbp)

COTRANSFECTED INTO
CHO-D422

\/
PRIMARY TRANSFORMANT

MAX SELECTION

CHO-gpt*

CNU SELECTION

v
CHO-gpt* mex*

l

ASSAY 0°- ALKYLGUANINE
ALKYLTRANSFERASE

FIG. 1. Strategy for isolation of the human O%-alkylguanine
alkyltransferase gene.

10 mM in 95% ethanol immediately before use) were added
to cultures containing serum-free a-MEM and incubated for
1 h at 37°C. After replacement with fresh medium, the cells
were incubated at 37°C until colonies were large enough to
be stained and counted. Almost complete survival of the
resistant cells was observed at concentrations of CNU that
kill most of the wild-type cells (Fig. 2A). To verify that this
resistance was due to expression of alkyltransferase, the
cells were incubated with 2 phM MNNG (1 mM stock in 95%

100
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ethanol) for 1 h, a procedure known to saturate the
alkyltransferase (23). Survival after a subsequent incubation
in CNU demonstrated that the pretreatment had caused
reversion of the resistant phenotype (Fig. 2A).

To confirm the expression of alkyltransferase, a crude cell
extract was prepared from the transformants as follows. A
total of 3 X 10® cells were suspended in 1.5 ml of TEDG (50
mM Tris hydrochloride [pH 7.8], 1 mM disodium EDTA, 5
mM dithiothreitol, 5% glycerol, 500 uM phenylmeth-
ylsulforiyl fluoride) and were sonicated. NaCl to 0.5 M was
added to dissociate the protein from the DNA, and the
sample was centrifuged at 15,000 X g for 10 min. The
supernatant was dialyzed against TEDG, and activity was
assayed with [PHJCH3;-DNA containing 1 pmol of 0°-
methylguanine as described previously (1). No detectable
alkyltransferase activity was observed in the wild-type CHO
cells. The extract from the CNU-resistant cells, however,
removed 63 fmol of O°-methylguanine per ng of extracted
protein. This represents approximately 6,000 molecules of
alkyltransferase per cell, assuming that each molecule
demethylates only one O%-methylguanine molecule. In par-
allel experiments with similar preparations from rat liver,
generally about 60% of the activity present in tissue
homogenates was recovered by this simple extraction pro-
cedure. Correcting for this recovery, we calculated that the
resistant cells would have about 10,000 molecules per cell.
The equivalent values for HeLa and NRK cells are 100,000
and 20,000 molecules per cell, respectively (4). Human
lymphoid cell lines exhibit 10,000 to 25,000 molecules per
cell (6). Based upon this evidence of expression of
alkyltransferase, the transformed cells were designated
CHO mex*.

Human cells have previously been designated mer® or
mer~, depending on whether they are able to reactivate virus
that has been damaged by MNNG (2). All mer* cells were
resistant to MNNG-induced toxicity and were proficient for
repair of O%-methylguanine. This lesion was therefore con-
sidered lethal if unrepaired. We therefore tested our CHO
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FIG. 2. Survival of CHO wild-type (O) and CHO mex* cells () after treatment with CNU (A) and MNNG (B). CHO mex™ cells were also

pretreated with 2 uM MNNG before examining survival in CNU (A).
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FIG. 3. Gel electrophoreses of CHO mex* DNA hybridized to **P-nick-translated human repetitive Alu sequence (a) or **P-nick-translated
pSV2gpt DNA (b). CHO wild-type DNA (wt) was also electrophoresed to demonstrate lack of hybridization to this DNA.

mex™* transformant for resistance to MNNG. The introduc-
tion of the mex gene did not affect the response of the cells
to MNNG (Fig. 2B). This suggests that O%-methylguanine is
not a toxic lesion in mammalian cells, a situation analogous
to that in E. coli (8). In addition, mer™ human cells are also
resistant to the toxicity induced by methyl methanesulfo-
nate, an alkylating agent that produces only very low levels
of O%-methylguanine (2). The terms mer and mex have often
been used interchangeably. The results here, however, show
that they describe different phenotypes, thereby posing the
question as to which alkylation derived from methylating
agents represents the toxic lesion(s), if not O%meth-
ylguanine. In E. coli, either 3-methylguanine (8) or methyl-
phosphotriesters (10) may be toxic. The enzymes for repair
of both of these lesions are also induced as part of the
adaptive response. Repair of methylphosphotriesters is, in
fact, a property of the 37-kilodalton ada gene product (18).

In addition to the biological evidence presented above,
molecular evidence is required to establish that the mex”
phenotype is due to the integration of human DNA. High-
molecular-weight DNA was purified from the CHO mex™
cells, 20 png was digested with several restriction
endonucleases for 3 h at 4 U/ug of DNA and for a further 3
h with an additional 2 U/ug of DNA. The fragments were
separated by electrophoresis overnight on a 0.8% agarose
gel. After Southern transfer to nitrocellulose (17), the DNA

was hybridized to a 3*P-nick-translated pBlur 8 probe con-
taining the human Alu sequence. Upon autoradiography, up
to 3 restriction fragments were observed that specifically
hybridized to the human DNA probe (Fig. 3). Parallel
restriction endonuclease digestions of CHO mex* DNA
were hybridized to **P-nick-translated pSV2gpt DNA. Up to
6 restriction fragments hybridized to this probe (Fig. 3). As
each of the restriction endonucleases cuts within the plasmid
DNA, this suggests that CHO mex* cells contain a minimum
of 3 copies of the gpt gene. After a single round of DNA-
mediated transfection as performed here, it is common to see
many more fragments that hybridize to Alu DNA. We'can
use this phenomenon to advantage since the presence of so
few positive fragments should obviate the need for a second
round of transfection for further enrichment of the mex gene.
The gene can probably be isolated directly from these cells.

This work was supported by National Cancer Institute research
grant CA 36679 and Cancer Center support grant CA 36727.

A.E. is a recipient of Research Career Development Award CA
00906 from the National Institutes of Health.

LITERATURE CITED
1. Bogden, J. M., A. Eastman, and E. Bresnick. 1981. A system in
mouse liver for the repair of O®-methylguanine lesions in meth-
ylated DNA. Nucleic Acids Res. 9:3089-3103.



3296

10.

11.

12.

13.

NOTES

. Day, R. S., IlI, D. B. Yarosh, and C. H. J. Ziolkowski. 1984.

Relationship of methyl purines produced by MNNG in adeno-
virus 5 DNA to viral inactivation in repair-deficient (mer™)
human tumor cell strains. Mutat. Res. 131:45-52.

. Erickson, L. C., G. Laurent, N. A. Sharkey, and K. W. Kohn.

1980. DNA crosslinking and monoadduct repair in nitrosourea-
treated human tumor cells. Nature (London) 288:727-729.

. Foote, R. S., and S. Mitra. 1984. Lack of induction of Of-

methylguanine-DNA methyltransferase in mammalian cells
treated with N-methyl-N’-nitro-N-nitrosoguanidine.
Carcinogenesis 5:277-281.

. Goth-Goldstein, R. 1980. Inability of Chinese hamster ovary

cells to excise O°-alkylguanine. Cancer Res. 40:2623-2624.

. Harris, A. L., P. Karran, and T. Lindahl. 1983. O°-

Methylguanine-DNA methyltransferase of human lymphoid
cells: structural and kinetic properties and absence in repair-
deficient cells. Cancer Res. 43:3267-3252.

. Laval, F., and J. Laval. 1984. Adaptive response in mammalian

cells: crossreactivity of different pretreatment on cytotoxicity as
contrasted to mutagenicity. Proc. Natl. Acad. Sci. USA
81:1062-1066. ‘

. Lindahl, T., B. Sedgwick, B. Demple, and P. Karran. 1983.

Enzymology and regulation of the adaptive response to
alkylating agents, p. 261-253. In E. C. Friedberg and B. R.
Bridges (ed.), Cellular responses to DNA damage. UCLA
Symposium on Molecular and Cellular Biology, vol. 11. Alan R.
Liss Inc., New York.

. Maclnnes, M. A., J. M. Bingham, L. H. Thompson, and G. F.

Strniste. 1984. DNA-mediated cotransfer of excision repair
capacity and drug resistance into Chinese hamster ovary mutant
cell line UV-135. Mol. Cell. Biol. 4:1152-1158.

McCarthy, J. G., B. V. Edington, and P. F. Schendel. 1983.
Inducible repair of phosphotriesters in Escherichia coli. Proc.
Natl. Acad. Sci. USA 80:7380-7384.

Mehta, J. R., D. B. Ludlum, A. Renard, and W. G. Verly. 1981.
Repair of O%-ethylguanine in DNA by a chromatin fraction from
rat liver: transfer of the ethyl group to an acceptor protein. Proc.
Natl. Acad. Sci. USA 78:6766-6770.

Olsson, M., and T. Lindahl. 1980. Repair of alkylated DNA in
Escherichia coli. Methyl group transfer from O°®-methylguanine
to a protein cysteine residue. J. Biol. Chem. 255:10569-10571.
Pegg, A. E., M. Roberfroid, C. Von Bahr, R. S. Foote, S. Mitra,

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

MoL. CELL. BioL.

H. Bresil, A. Likhachev, and R. Montesano. 1982. Removal of
O%-methylguanine from DNA by human liver fractions. Proc.
Natl. Acad. Sci. USA 79:5162-5165.

Rubin, J. S., A. L. Joyner, A. Bernstein, and G. F. Whitmore.
1983. Molecular identification of a human DNA repair gene
following DNA-mediated gene transfer. Nature (London)
306:206-208.

Samson, L., and J. L. Schwartz. 1980. Evidence for an adaptive
DNA repair pathway in CHO and human skin fibroblast cell
lines. Nature (London) 287:861-863.

SKlar, R., and B. Strauss. 1981. Removal of O°®-methylguanine
from DNA of normal and xeroderma pigmentosum-derived
lymphoblastoid lines. Nature (London) 289:417-420.

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

Teo, 1., B. Sedgwick, B. Demple, and T. Lindahl. 1984. Induction
of resistance to alkylating agents in E. coli: the ada* gene
product serves both as a regulatory protein and as an enzyme
for repair of mutagenic damage. EMBO J. 3:2151-2157.

Tong, W. P., M. C. Kirk, and D. B. Ludlum. 1983. Mechanism
of action of the nitrosoureas. V. Formation of 0%-(2-
fluoroethyl)guanine and its probable role in the crosslinking of
deoxyribonucleic acid. Biochem. Pharmacol. 32:2011-2015.
Westerveld, A., J. H. J. Hoeijmakers, M. Van Duin, J. de Wit,
H. Odijk, A. Pastink, R. D. Wood, and D. Bootsma. 1984.
Molecular cloning of a human DNA repair gene. Nature (Lon-
don) 310:425-429.

Wigler, M., A. Pellicer, S. Silverstein, R. Axel, G. Urlaub, and L.
Chasin. 1979. DNA-mediated transfer of the adenine
phosphoribosyltransferase locus into mammalian cells. Proc.
Natl. Acad. Sci. USA 76:1373-1376.

Wigler, M., R. Sweet, G. K. Sim, B. Wold, A. Pellicer, E. Lacy,
T. Maniatis, S. Silverstein, and R. Axel. 1979. Transformation of
mammalian cells with genes from procaryotes and eucaryotes.
Cell 16:777-785.

Zlotogorski, C., and L. C. Erickson. 1983. Pretreatment of
normal human fibroblasts and human colon carcinoma cells with
MNNG allows chloroethylnitrosourea to produce DNA inter-
strand crosslinks not observed in cells treated with chloro-
ethylnitrosourea alone. Carcinogenesis 4:759-763.



