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Summary

We have employed CHO cells to develop and define a set of
stringent conditions for studying mutation induction to
TG resistance. Several lines of evidence support the CHO/HGPRT
system as a specific-locus mutatational assay. The system permits
quantification of mutation at the HGPRT locus induced by various
physical and chemical mutagens. The quantitative nature of the
system provides a basis for the study of structure-futvction
relationships of various classes of chemical mutagens. The intra-
and interlaboratory reproducibility of this system suggests its
potential for screening environmental agents for mutagenic
activity.

Introduction

Recent advances in the molecular genetics of bacteria have to
a large extent been attriouted to the fact that mutants of
desirable phenotypes can be readily isolated from haploid
microrganisms. Since the successful cloning of a near-diploid
Chinese hamster ovary (CHO) cell line over two decades ago (1)
there has been interest in utilizing CHO and other cells for
studying mechanisms of mammalian genetics. Because the great
majority of mammalian genes exist in the diploid state, it has not
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been feasible to isolate recessive mutants, which are the
predominant mutant type.

Mutagen-induced cell variants with altered nutritional
requirements and drug sensitivity were first demonstrated in CHO
(2) and V79 (3) cells. These successful isolations were
attributed to, in the case of CHO auxotrophs, the hsmizygosity of
the affected genes (2), and in V79 drug-resistant variants,
localization of the affected gene, hypoxanthine-guanine
phosjphoribosyl transferase (hgprt), on the functionally monosomic
X chromosome (3). Many mutants with other phenotypes have since
been isolated and characterized from these and other cells (4,5).

In this review, I will briefly discuss the CHO/HGPRT system
(6-9), a system affecting HGPRT activity in CHO cells, to
i l lustrate studies of gene mutation, quantitative mutagenesis, and
mutagen screening. For studies of the genetic, biochemical, and
molecular basis of gene mutation, isolation of one or a few
mutants of the d^.'ired phenotypes would be sufficient; however,
studies of quantitative mutagenesis require that a mutational
protocol select for mutants a great majority (or a l l ) of which are
affected at a single gene. For mutagen screening a quantitative
single-locus mutational assay must also demonstrate i t s intra- and
interlaboratory reproducibility (6).

The CHO/HGPRT system

For most of our studies, we used CHO-K1-BH4 cells (7), a
subclon.i of the near-diploid CHO cell line. CHO cells are
genetically well characterized and are readily synchronized by
various physical and chemical means. These cells exhibit a high
cloning efficiency and a relatively stable karyotype. They grow
well either on solid substrate or in suspension with a population
doubling time of 12-14 hr. In addition to being used extensively
for studying mutagen-induced cytotoxicity and gene mutation, CHO
cells have also been favored for cytogenetic studies.

We have previously standardized the experimental procedures
for cell culture, treatment with chemicals, and measurement of
cytotoxicity and gene mutation. These are presented briefly in
Fig. 1, We measure gene mutation by quart ifying the frequency of
mutants resistant to a purine analogue, 6-thioguanine (TG). The
CHO/HGPRT system has been defined in terms of medium, pH,
TG concentration, optimal cell density for selection, recovery of
the presumptive mutants, and expression time for the mutant
phenotype (6-8). A metabolic activation system derived from
Aroclor 1254-preinduced male Sprague-Dawley rat livers has been
used to determine the mutagenicity of promutagens (6,8,9). Since
mutant selection is based on the loss of HGPRT, a phenotypic delay



is expected; maximum stable expression of the TG-resistance
phenotype is reached 7-9 days after mutation induction and remains
constant for a diverse spectrum of mutagens such as ethyl
methanesulfonate (EMS), N-methyl-N'-nitro-N-nitrosoguanidine,
ICR-191, ICR-170, dimethylnitrosamine, benzo(a)pyrene, ultraviolet
light, and Cr(Vl) (K2Cr04> (6,10).

Early studies of mammalian cell mutagenesis have questioned
the genetic vs epigenetic origin of phenotypic variants. In the
absence of direct evidence of gene mutation through analyses of
the nucleotide sequence of the hgprt gene and the amino acid
sequence of the HGPRT protein for TG-resistant mutants, the
following indirect evidence indicates that the CHO/HGPRT system
fulfills the criteria for a specific-locus mutational assay
(6,10,11).

A. There is a low spontaneous mutation frequency of 0-20 x 10
mutants/clonable cell in ~95% of 500 determinations.

B. Fluctuation analyses of spontaneous mutation demonstrate that
the TG-resistance phenotype appears randomly at a rate of
2—4 x 10? mutations/cell/generation.

C. The TG-resistance phenotype is stable for over 100 generations
among 200 independent isolated mutants.

D. Physical and chemical mutagens induce TG-resistant mutants
with a linear dose-response relationship, and mutants with a
temperature-sensitive TG-resistance phenotype have been
isolated. _-,

E. The spontaneous reversion frequency is 0—1 x 10 mutants/
clonable cells.

F. Mutagen-induced TG resistance in near-tetraploid CHO cells
occurs at a low frequency, as expected for cells with two
functional X chromosomes.

G. Some TG-resistant mutants are revertible to azaserine
resistance after treatment with chemical mutagens; some
revertants exhibit HGPRT activity with altered
thermosensitivity and kinetic properties.

H. HGPRT activity is altered in a large number of independently
derived TG-resistant mutants.
1. Sensitivity to aminopterin (1170/1180 = 98%).
2. Reduction of hypoxanthine incorporation into cellular

macromolecules (184/187 = 98%).
3. Reduced or altered HGPRT enzyme activity in cell-free

extracts (96/98 = 98%).

Quantitative Mutagenesis with the CHO/HGPRT System

The quantitative nature of this system was evident from
mutagenesis experiments performed over 6 years ago employing a
direct-acting chemical mutagen, EMS (6-11) and a physical agent,
ultraviolet light (12). With EMS we found that mutation induction



with a treatment time of 16 hr occurred over the entire survival
curve (7,13,14). Further studies using treatment times of 2—24 hr
and varying EMS concentrations demonstrated the existence of a
limited reciprocity of EMS mutagenesis; that is , when different
combinations of EMS concentrations (0.05—3.2 mg/ml) are multiplied
by varying treatment times (2—10 hr), the product [(mg/ml)'hr]
yields a constant mutation frequency and cytotoxicity (13). Since
1974 our laboratory has studied the mutagenicity of more than
100 chemical and physical agents (6).

The quantitative nature of the system permits studies of
structure-mutagenicity of various classes of direct-acting
mutagens, and when the system is coupled with a liver S9-metabolic
activation system, promutagens can also be studied (6,9). In
analyzing mutagenesis data we describe the mutagenic activity as
the number of mutants per 10 clonable cells induced by 1 uM of
chemical tested. These results listed below together with
determinations of chemically induced DNA lesions (14,15) provide
some insights on the mechanisms of chemical mutagenesis.

A. Analyses of 10 alkylating chemicals reveal that their
mutagenicity decreases with increasing size of the alkyl
group; methylating agents are 3-6 times more mutagenic than
the corresponding ethylating agents (16,17).

B. Studies of 19 heterocyclic mustards (ICR compounds) show that
compounds with the tertiary amine side chain are more
mutagenic than those with secondary amine side chain
(18,19).

C. Of 6 platinum (II) chloroammines studied, cis-Pt(NH-j)2Cl2 is
mutagenic whereas i ts steric isomer, trans-Pt(MH^)2Cl2t
exhibits highly reduced mutagenicity (15).

D. The mutagenic activity of quinolines Is 4-nitroquinoline-
1-oxide > quinoline > 4-aminoquinoline-l-oxide >
8-aminoquinoline > hydroxyquinoline, 8-nitroquinoline, and
dichloroquinoline (San Sebastian, J. R., and Hsie, A. W.,
unpublished results).

E. While diphenylnitrosamine does not appear to be mutagenic,
dimethylnitrosamine and diethylnitrosamine exhibit similar
mutagenicity (San Sebastian, J. R., and Hsie, A. W.,
unpublished results).

F. The mutagenicity of haloethanes increases with increasing
bromination, i . e . , ethylene dibromide > ethylene
bromochloride > ethylene dichloride (20).

Mutagen Screening with the CHO/HGPRT System

We have routinely used EMS as a positive control for direct-
acting mutagens and found that EMS at 200 ug/ml,for a treatment
time of 5 hr consistently yields 300 mutants/10 clonable cells
with a 15% standard error (6—20). Several laboratories such as



those at DuPont Co., Chemical Industry Institute of Technology,
Allied Chemical Co., Carnegie-Mellon Institute, Inhalation
Toxicology Research Institute, etc. have used the CHO/HGPRT system
as an integral part of their toxicology research and obtained
similar results with EMS. Demonstration of the intra- and
interlaboratory reproducibility in studies with standard mutagens
such as EMS emphasizes the reliability of the CHO/HGPRT system for
quantitative mutagenesis and mutagen screening.

The sensitive, quantitative, and reproducible results
obtained from over 80 standard chemical and physical agents
encouraged us to employ the CHO/HGPRT system to screen for the
mutagenic activity of over 30 chemicals, some of which exist as
organic mixtures (21,22). For example, we have shown that the
acetone fraction of a coal-liquified crude oil which contains
polycyclic aromatic primary amines and pclycyclic aromatic
nitrogen heterocycltcs is the major contributor to the mutagenic
activity of synthetic oil (22); thus, the system appears to be
useful for determination of mutagenicity of organic mixtures and
for corrohoration of results from other biological assays.
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Figure 1. The CHO/HGPRT system.



I. ENZYME

Hypoxanthine or Guanine
6-TG or 8-AG

HGPRT IMP or GMP
6-TGMP or 8-AGMP

I I . SYSTEM

(a) wild type mutation
variant cell

(induced by physical
or chemical mutogens)

genotype hgprt+ hgprt"

phenotype 1C\ TG r ,

aminopterin (or azoserine) aminopterin (or azaserirje)
positive negotive

(b) Variant selection is b'xed on resistance to TG

(c) Selection of revertnnfs is based on growth in the presence of
aminopterin or azaserine.

PROTOCOL

DAY

- I

PROCEDURE

Plate 0.5 X 106 cells in medium FI2FCM5

I 16-20 h

~ 1X10° cells

mutagen treatment, washing,
add fresh FI2FCM5

CELLULAR LETHALITY
JL

GENE MUTATION

200-1000 cells/60 mm-
dish, triplicate,
7-day incubation

Fix, stain, and count
surviving colonies

% RELATIV • SURVIVAL
(CLONING EFFICIENCY)

J_

Phenotypic Expression

Subculture I X 106 cells
on day I, 3 or 4, 6

CLONING EFFICIENCY
1

MUTANT SELECTION

200 cells/60 mm-
dish triplicate,
7-doy incubation

Fix, stain and count
surviving colonies

0.2 X JO6 cells/100 mm-
dish in hypoxanthine-frcc
FI2FCM containing
6-TG, 5 dishes (total
I X 106 cells), 7-day
incubation

Fix, stain and count
mutant colonies

% CLONING EFFICIENCY
POST EXPRESSION

MUTATION FREQUENCY
mu"-°nts 10° clonable cells


