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FOOTNOTE

Abbrevations: T6, 6-thioguanine; TG r , TG-resistant or TG-resistance;
HGPRT, hypoxanthine-guanine phosphoribosyl transferase; CHO cells, Chinese
hamster ovary cells; EMS, ethyl methanesulfonate; MNNG, l^-methyl-^'-nitro-N^
nitrosoguanidine; iPMS, isopropyl methane&ulfonate; DES, diethylsulfate; ENNG,
jJ-ethyl-N^'-ni tro-JN-nitrosoguan?dine; B(a)P, benzo(a)pyrene; *»-NQQt. 4-nitroguinoline 1-oxfde; DMS, dimethylsulfate; HMS, methyl methanesulfonatej
MNU, N^methyl-N-nitrosourea; ENU, ^-ethyl-fi-nFtrosourea; BNU, N:-butyl-JHnitrosourea; DMN, dimethylnitrosamine.

Advances in cell biology within the last two decades enable the use of
mammalian cells in culture for mutation research. A simple, sensitive and
quantitative mammalian cell specific locus mutattonal assay would be useful
for studying mechanisms of mammalian mutation, and for assessing the mutagenic*
potential of environmental agents to humans.
Several mammalian cell mutation systems (3), especially those utilizing
resistance to purine analogues such as 8-azaguanine and 6-thioguanine (TG)
as a genetic marker, have been developed. The selection for mutation induction
to purine analogue resistance is based on the fact that the wild-type cells
containing hypoxanthine-guanine phosphoribosyl transferase (HGPRT) activity
are capable of converting the analogue to toxic metabolites, leading to cell
death; the presumptive mutants, by virtue of loss of HGPRT activity, are
incapable of catalyzing this detrimental metabolism and, hence, escape the
lethal effect of the purine analogue.
We have chosen to use a near-diploid Chinese hamster ovary (CHO) cell
line for our mutagenests study because they are perhaps the best characterized
cloning efficiency
mammalian cells genetically. They exhibit nearly lOO^Aunder normal growth
conditions, and are capable of growing in a relatively well-defined medium
with a short population doubling time of 12 to 14 hr.

In addition, the cells

have a stable, easily recognizable karyotype of 20 or 21 chromosomes (depending
on the subclone) and are thus suitable for studies of mutageninduced chromosome and chromatid aberrations, and sister-chromatid exchange.
Karyotyplc stability ensures the functionally monosomic state of the HGPRT
gene localized in the X chromosome of CHO cells.
In this article, we summarize the development of the CHO/HGPRT system
for quantifying mutation to TG resistance.evidence of the genetic basis of

of mutation at the HGPRT locus, the quantitative and sensitive nature of the
assay, interrelationships of cellular lethality and mutation as affected by
various mutagens, quantitative analyses of exposure dose and the relationship
between

mutation induction and DNA lesion, structure-activity

(mutagenicity) of various classes of direct-acting mutagens and promutagens,
the use of this assay in mutagen screening,
correlation between animal carcinogenicity with CHO mutagenicity,.and the
amplicat ion of the CHO/HGPRT assay to a Multiplex Genetic Toxicology System.

MATERIALS AND METHODS
Cell Culture
Alt studies to be described have employed a subclone of CHO-K. cells
designed as CHO-K.-BH. (.10). Cells are routinely cultured in Ham's F12
medium (K. C. Biological Co.) containing 5% heat-inactivated (56°C, 30 min),
extensively dialyzed fetal calf serum (medium F12FCM5) in plastic tissue
culture dishes (Falcon or Corning Glass Works) under standard conditions of
5% CO. in air at 37°C in a 100% humidified incubator. The population
doubling time is 12 to \k hr.

Treatment with Chemicals
Cells are plated at 5 X 10 5 cells/25 cm2 bottle in medium F12FCM5.
After a 16- to 2*»-hr growth period (cell number = t.1.0 to 1.5 x 10 cells/
plate), the cells are washed twice with saline G, and sufficient serum-free
F12 medium is added to bring the final volume to 5 ml after the addition of
various amounts of microsome preparation (up to 1 ml) and 50 \t] of mutagen,
usually dissolved in dimethyl sulfoxide. Mutagens and/or microsomes are
omitted from some plates to provide controls. The microsomal preparation is

prepared from l i v e r s of Aroclor 125^-Snduced male Sprague-Dawley rats; the
microsome mix for biotransformation contains (per ml) 30 vimoles KCl, 10 pmoles
MgCl_, 10 pinoles CaCl,, k pmoles NADP, 5 ymoles glucose-6-phosphate, 50 ymoles
phosphate buffer (pH 8.0)", and 0.1 ml microsome f r a c t i o n (which contains 3 t o
4 mg p r o t e i n ) .

Cells are then incubated for 5 hr and washed 3 times with

saline G before 5 ml of F12FCM5 is added.

After they are incubated overnight,

c e l l s are dissociated w i t h 0.05? t r y p s i n , and plated f o r c y t o t o x i c i t y and
specific gene mutagenesis to be described below (10, 22).

Cytotoxicity
For an expected cloning efficiency higher than 50$, 200 well-dispersed
single cells are plated, and for an expected survival lower than this, the
number of cells plated is adjusted accordingly to yield 100 to 200 surviving
in medium F12FCM5 for 7 days. Control cells, which do not receive treatment
with mutagen, usually gTve 80% or higher plating efficiency. Neither the
sol vent-microsom^. mix nor these agents individually affects the cellular
cloning efficiency. The effect of a mutagen on the cloning efficiency is
expressed as percent survival relative to the untreated controls (JO, 22).

Specific Gene Mutagenesis
For the determination of mutation induction, the treated cells are
allowed to express the mutant phenotype in F12 medium for 7 to 9 days, at
which time mutation induction reaches a maximum.

Routine subculture is

performed at 2-day intervals during the expression period, and at the end of
this time the cells are plated for selection in hypoxanthine-free F12FCM5
containing 1.7 ug/ml (JO uM) of TG at a density of 2.0 x 10 eells/100-mm
plastic dish (Corning or Falcon), which permits 100$ mutant recovery.

After 7 to 8 days in the selective medium, the drug-resistant colonies develop;
they are then fixed, stained, and counted. Mutation frequency is calculated
based on the number of drug-resistant colonies per survivor at the end of the
expression period (10, 22)-.

RESULTS AND DISCUSSION
Development of a Protocol for Quantifying Specific Gene Mutagenesls
Various mutants with phenotype(s) different from the parental mammalian
cells have been isolated after mutagen treatment.

Since the purpose of most

studies was to obtain a particular type of phenotypic variant for genetic,
biochemical, or molecular analysis, the procedure for mutation induction
generally does not take into consideration of the quantftative aspects of
the mutagenesis.

Due to the intrinsic characteristics of the CHO/HGPRT

assay, factors required to quantify mutagenesis need to be established
individually.

These include:

Mutagen treatment and the physiological state of cell growth; Except in
those experiments designed for cell-cycle study, we treat cells during the
exponential growth state because some mutagens may act preferentially on the
proliferating cells.
Medium for cell growth and mutant selection: The growth medium used
should not allow preferential growth of either wild type or mutants. This is
especially crucial for such mutants as TG which require long phenotypfc
expression time (.10,22). A slight advantage or disadvantage for mutant growth
wfl1 grossly distort the observed mutation frequency.

During mutant selection

with TG, the selective medium is devoid of hypoxanthine because TG competitively

Inhibits hypoxanthine transport across cell membrane (22) and the reverse is
likely true.
TG concentration: Optimum TG concentration should be used to select for
phenotypic variants of mutational origin which are neither leaky nor epigenetic
in nature (22).
Cell density for selection:

For full mutant recovery, the ratio of mutants

to wild-type cells should be such that the mutants K'11 not be affected by the
lethal effects of the purine analogue metabolites cross fed by the wild-type
cells (.22).
Phenotypic expression time: Since the. selection of the mutants is based
on the loss of the HGPRT activity, a period of delay for expressing the TG r
phenotype is expected to allow completion of mutation fixation and dilution of
the preexisting enzyme and mRNA coded for HGPRT. We have found that maximum
stable expression of the TG phenotype is reached 7 to 9 days after mutagenesis
and remains constant thereafter irrespective of the nature and dose of the
mutagen (9, 21-23, 27)..

Characteristics of the CHO/HGPRT System: Evidence of the Genetic Basis of
at a Specific Locus
Since the state of the art of somatic celt genetics remain short of providing a direct proof that the altered phenotype(.s) observed has resulted in a
modified nucleotide sequence of the specific gene, causing modified coding
properties which result in the production of altered protein with changes
fn the ami.no acid sequence, we, thus, relied on establishing indirect criteria
which are consistent with the concept that the observed phenotypic variants
are genetic fn nature (3, 32, 36, 39).

Over the past 5 years, we have used this assay protocol and have found
in over 500 experiments that the spontaneous mutation frequency lies in the
range of 0 to 10 x 10~ mutant/cell. A detailed fluctuation analysis of
spontaneous mutation showed that the spontaneous mutant phenotype arises in
a random manner, as would be expected for a mutational event. The mean values
-8
-8
for the mutatton rate are 7.0 x 10

(f method) and 32.6 x 10

(mean method)

mutatlon/cell/generation (26). Various physical and chemical agents are
capable of inducing TG resistance.

In all chemical mutagens examined,

mutation induction occurs as a linear function of the concentration (k-J, 9,
10, 13-17, 21-28, 38). For example, mutation frequency increases approximately
linearly with, ethyl methanesulfonate (EMS) concentration fn the near-diploid
CHO cell line, conforming to the expectation that mutation induction occurs
in the gene localized at the functionally monosomic X chromosome. However,
in the tetraploid CHO cells, EMS does not induce an appreciable number of
mutations, even at very high concentrations, as predicted theoretically (.13).
We found a very low. (<10 J spontaneous reversion with 13 TG r mutants,
all of which contain low, yet detectable, HGPRT activity.

More than 382 of

the presumptive mutants isolated either from spontaneous mutation or as a
result of mutation induction are sensitive to aminopterin, incorporate hypoxanthine
at reduced rates, and have less than 5% HGPRT actfvity (13, 22). Studies in
a high proportion of TG r
progress haye also shown that^mutants containing temperature-sensitive HGPRT
activity
suggesting that mutation resides in the HGPRT
structural gene (J. P. O'Neill and A. W. Hsie, unpublished observations).
The CHO/HGPRT system appears to fulfill the criteria for a specific-genelocus mutational assay.

Interrelationships of Hutagen-Hediated Cellular L e t h a l i t y and Mutation Irduction
When EMS was employed as a mutagen, mutation induction occurred over the
e n t i r e survival curve ("EMS" type) (10, 13, 21) including a shoulder region,
where there is no appreciable loss of c e l l s u r v i v a l .
threshold effect of mutation induction with EHS.

Apparently there is no

X rays (23), UV l i g h t (11),

ICR-191 (24), isopropyl methanesulfonate (iPMS) ( 7 ) , and d i e t h y l s u l f a t e (OES)(8)
also e x h i b i t "EMS-type" curves.
N/-nitro-jJ-nitrosoguanidine

However, there are agents, t y p i f i e d by ^Hnethyi-

(HNNG) (6, 21) and N^ethyl-j^'-nitro-Nhnitrosoguanidine

(ENNG) (6) which do not exhibit appreciable shoufder regions in the survival
curve, and for which mutation induction always occurs concomitantly with the
loss of c e l l survival ("MNNG type").
Most promutagenic agents are neither t o x i c nor mutagenfc to the c e l l s In
the absence of S_-mediated metabolic a c t i v a t i o n .

With S q , benzo(a)pyrene [B(a)p]

is mutagenic and cytotoxtc, displaying an "EMS-type" curve (P. A. Brimer, J . P.
O ' N e i l l , J . R. San Sebastian, and A. W. Hsie, unpublished).
mutagen k-nttro-quino1ine-1-oxide

The d i r e c t - a c t i n g

is highly cytotoxic and mutagenic to the

CHO c e l l s , and i t s c y t o t o x i c i t y and mutagenicity decrease when i t is treated
with S. ( j . R. San Sebastian and A. W. Hsie, unpublished).

Thus, c y t o t o x i c i t y

and mutagenicity of chemical mutagens are separable.

Quantitative Analysis of Chemical-Induced Cellular L e t h a l i t y and Mutagenesis
A study of EHS exposure dose:
frequency to TG

E a r l i e r , we found that EMS-induced mutation

in c e l l s treated for a fixed period of 16 hr is a linear

function over a large range of mutagen concentrations.

Further studies with

varying concentrations (0.05 to 3.2 mg/ml) of EMS fo; 2 to 12 hr showed that

the manifestation of cellular lethality and mutagenesis occurs as a function
of EMS exposure dose- i.e., these two biological effects are the same for
different combinations of concentration multiplied by duration of treatment
which yield the same product.

From these studies the mutagenic potential of

EMS can be described as 310 X 10

mutant (cell mg ml

hr)

(21). Thus,

the CHO/HGPRT system appears to be suitable for dosimetry studies.
Relationship between DNA alkylation and mutation induction to TG r by
N-methyl-N-nitrosourea (MNU) and N-ethyl-N-nitrosourea (ENU); We treated cells
with MNU or ENU, and found that both alkylation and mutation induced by MNU
and ENU increases linearly with increasing concentrations. At equimolar
concentrations, MNU has 15 times the DNA alkylating activity of ENU, but only "'
3 times the mutagenic activity. Thus, in terms of mutation induction per
unit alkylation, ethylation of DNA by ENU appears to result in a 5-fold greater
fraction of mutagenic lesions than does methylation by MNU.

Ethylation

appears to result in a higher proportion of mutagenic lesions than does
methylation. This may reflect either a higher frequency of miscoding events
such, as £-6-guanine alkylation or an effect of ethyTation per se (38).
Mutagenicity, cytotoxicity, and DNA-binding of PtQljchloroammines:
We have studied the mutagenicity of Pt(!Ocbloroammines.

Based on the slope

of the linear dose-response curve, the mutagenicities [expressed as mutants/10
cells per JJM of Pt(j O.chloroammine] are: cis-Pt(NHj,CT,, 47; trans-Pt(NH,),,Cl,,
O.k; KgPttl^, 0.7; i P t l N H J ^ C ^ , 0.01. Cytotoxicftfes follow the same
relative order and are of similar magnitude. By use of radioactive

° Pt,

we observed that after incubation for 16 hr, cis-Pt(NH,)2Clg binds linearly
over a concentration range of O.k to 1.7 P.M; the slope of the curve is
-11
7-9 x 10
pmol Pt bound per nucleotide per yM of cis-PtCNHj^Cl, added.

Preliminary results indicate that trans-Pt(NH.)2Cl., binds to DNA to a similar
extent.

It appears that the chemical nature of the lesions produced in the

DNA rather than the number of molecules bound to DNA is responsible for the
different biological potencies of these Pt compounds (19).

Structure-activity relationship of direct-acting chemical mutagens
Alkylating chemicals (total of 1i)r

The dose-response relationships of

cell killing and mutation induction of two alkyisulfates [dimethylsulfate
(PMS) and DES] and three alkyl alkanesulfonates [methyl methanesulfonate (MMS),
EMS, and iPMS] have been compared under identical experimental conditions.
Based on mutants induced per unit mutagen concentration, both the cytotoxicity
and mutagenicity decreased with the size of the alkyl group: DMS > DES;
MMS > EMS > iPMS (7).
Similar comparative studies were extended to two nitrosamidines (MNNG
and ENNG) and three nftrosamides [MNU, ENU, and J^-butyl-Jf-nitrosourea (BNU)].
The order of their relative mutagenic activity was MNNG > ENNG > MNU > ENU > BNU (6).
All of these 10 alkylating agents are known to be carcinogenic, and are
mutagenic in our assay. Nitrosation appears to be essential for mutagenicity
of nitrosoamfdines;

l£-methyl~N_'-nitroguanidine (MNG), a non-

carcinogenic analogue of MNNG, is not mutagenic even at concentrations 50,000
higher than its nitroso analogue, MNNG (J. R. San Sebastian and A. W. Hsie,
unpublished).
Heterocycltc nitrogen mustard* (ICR compounds)(total of 19): We have
studied the cytotoxicity and mutagenicity of 19 ICR compounds (ICR kk9, 217,
220, 191, I9I-0H, 170, 170-0H, 283, 171, 372, 372-OH, 3*0, 3^0-OH, 3*2, 371,
355, 292, 292-OH, 368). Thirteen of these compounds are mutagenic.

At
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equfmolar concentrations, the compounds with the tertlary-amine-type side
chain (ICR 217, 3^0, 355, 368, 170, and 292) are more mutagenic than the
compounds with the secondary-amine-type side chain (iCR hkS, 371, 191, and
372).

All secondary-amine typos show a "plateau" in their concentration-

dependent mutagenesis curves at 3 to k }iM. Shortening of the side chain by
one carbon (.ICR 171) results in a reduced mutagenicity.

Substitution of a

sulfur atom for a nitrogen in the side chain (ICR 3^2) increases both
mutagenicity and cytotoxicity.

The presence of two 2-chioroethy? groups on

the side chain (iCR 220) also results in greatly increased cytotoxicity and
mutagenicity.

When the 2-chloroethyl group of ICR 3^0, 372, 292, 191, or

170 is replaced by a 2-hydroxyethyl group (ICR 3^0-OH, 372-OH, 292-OH, 191-0H,
170-0H), a mutagenically inactive compound results which remains toxic;
this indicates that the 2-chloroethyl group is required for mutation induction
(9, 2k, 25). and suggests that cytotoxicity is dissociable from mutagenicity.
Replacement of the amine linkage with an ether linkage (ICR 283) also yields
a mutagenically inactive compound.
Four compounds found to be highly mutagenic CtCR 170, 3*»0, 292, and 3*»2),
are carcinogenic, and the other two (.ICR 191 and 19I-0H) are reported to be
noncarcinogenic (30, 31). ICR 191 is a potent mutagen not only in our system
but also in several others (.8, 20). Apparently, ICR 191 is a mutagenic noncarcinogen.

Perhaps its lack of carcinogenicity can be explained by its being

inactiyated in the animal since the addition of S q greatly reduces the
mutagenicity and cytotoxicity of this compound (J. C. Fuscoe and A. W. Hsie,
unpublished observations).

11

Metallic compounds (total of 19):

As mentioned earlier, cis-Pt(NH_),Cl_
3 i.
i.

is mutagenic whereas trans-Pt(NHJ 2 C1,, l^PtCl^ and [Pt(NH,) i| ]C1 2 are not
mutagenic (19).

The mutagenicities of the other 15 metallic compounds were

determined, and the preliminary result shows that the carcinogenic metallic
compounds NiClg, CoClg, BeS04> CdClg, FeS04> CaS04» AgN03, Pb(CH3C00)2> ZnSO^,
KpCrpO-, and MnClp are mutagenic, whereas the noncarcinogenic metallic compounds
RbCI, H2Se03, TiCl^ and MgCl2 are not (5, D. B. Couch, E.-L. Tan, N. L. Forbes,
K. R. Tindall, and A. W. Hsie, unpublished).
The results of these studies should be viewed with a caution because
metal mutagenesis is sensitively modified by the cellular growth condition.
For example, demonstration of the mutagenicity of MnClp appeared to depend on
the relative concentration of MnCl2 vs_MgCl2 in the medium during treatment.
With many metals, at high concentrations which caused severe growth inhibition
and/or significant cellular l e t h a l i t y , metal mutagenicity was either not
demonstrable or much lower than expected from the linear dose-response at
low dose-range.
synthesis.

Thus, metal mutagenesis appeared to require active DNA

This is consistent with the notion that metal-mediated enhancement

of DNA replicative error may account for one of the mechanism of mutationinduction by metallic compounds (.37).
synthesis during treatment would, there

P-rwth inhibition with inactive DNA
re, disfavor mutation induced by

mutagenic metals.
Miscellaneous compounds (total of 19):

Non-mutagenic compounds included:

three commonly used solvents (acetone, dimethylsulfoxide, and ethyl alcohol),
four metabolic inhibitors (cytosine arabinoside, hydroxyurea, caffeine, and
cycloheximide), and N 6 , 0 2 -dibutyryl adenosine 31:5'-phosphate. The
following 11 compounds are mutagenic: hydrazine, hycanthone, ethylene oxide,
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ethylene dibromide, ethylene dichloride, ethylene chlorobromide, mitomycin C,
myleran, 5-bromodeoxyuridine, captan, and folpet (E.-L. Tan, P. A. Brimer,
J. P. O'Neill and A. W. Hsie, unpublished observations).

Some experiments

are preliminary in nature and remained to be confirmed.

Structure-activity studies of promutagenic chemicals
The CHO/HGPRT assay can be coupled to the host (mouse)-mediated metabolic
activation system (14) or the Sg microsomal activation system (23). We employed
Sg prepared from Aroclor 1254-induced male Sprague-Dawley rat l i v e r s , and
B(a)P and DMN to define conditions optimum for Sg activation.

Over an Sg

protein concentration range of 0.1 to 1.5 mg/ml, the mutagenicity of a constant
amount of DMN increases with increasing protein, while that of B(a)P increases
at low protein concentrations, followed by a decrease. This may reflect a
change in the balance between activation and inactivation with different
compounds.

In addition, DMN requires high concentrations of CaCl, for maximal

routagenic activity, whereas B(ja)P does not.

These results complicate the

development of a single Sg protein mix which would be useful in routine
mutagen screening and in the quantification of the mutagenie potential of
compounds for comparative studies (28).
With this limitation in mind, we have determined the mutagenicity of
various classes of promutagens under conditions which are near-optimal for
quantifying the mutagenicity of both DMN and B(aJP in which the Sg-mix contains
MgCl2 and CaCl2 at 10 mM each (.28).
Polycyclic hydrocarbons (total of 27):

We have studied the mutagenicity

of B(ajP and i t s 19 metabolites, benzo(e)pyrene [B(e)P], pyrene, benz(ajanthracene.
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(BA), and k related compounds.

The carcinogenic polycyclic hydrocarbons

B(£)P, BA, and 7,12-dimethyl-BA require metabolic activation to be mutagenic.
The weak carcinogen B(e_)P is less mutagenic than B(a)P.

The non-carcinogenic

polycyclic hydrocarbons pyrene and anthracene are non-mutagenic even with
metabolic activation.

BtaJP-Jf.B-epoxide and B(a)P-7,8-dlol ,9-10-epoxide

are mutagenic (A. W. Hsie and P. A. Brimer, unpublished).
Nitrosamines and related compounds (total of 16):

Nitrosamines generally

require metabolic activation to be cytotoxic and/or mutagenic.

A l l nine

carcinogenic nitrosamines (dimethylnitrosamine, diethylnitrosamine, 2-methyI-Tnitrosopiptridine, S.V-dichloro-l-nitrosopiperidine, nitrosopyrrolidine,
3,^-dichloronitrosopyrrolidine,

1,4-dinitrosopiperazine,l,5-dinitrosohomo-

piperazine, nitrosomorphoJine) are mutagenic, and a l l four non-carcinogenic
nitrosamines (2,5-dimethylnitrosopiperfdine,

2,5-dimethylnftrosophrrolidine,

1-nitrosopiperaztne, nitrosophenmetrazine) are non-mutagenic.

Formaldehyde and

sodium n i t r i t e are non-mutagenic, and dimethyIamine is mutagenic at high
concentrations (J. R. San Sebastian and A. W. Hsie, unpublished).

Variable

carcinogenicity data on the l a t t e r three chemfcals exist in the l i t e r a t u r e .
Quinol ine compounds (.total of 5).:

Qufnoline, a known carcinogen, is

mutagenic when metabolically activated by S .

Another carcfnogen, 4-nitro-

quino!ine-1-axide, is highly.mutagenic; its mutagentcity decreases in the presence
of S .

The carcinogen!city of 8-dihydroxy-, 8-amino-, and 8-nitroquinoline

is not known, but these compounds exhibit variably weak mutagenicity in
preliminary experiments'(J. R. San Sebastian and A. W. Hsie, unpublished).
Aromatic amtnes Ctotal of 5):

The carcinogens 2-acetylaminofluorene and

i t s Nhhydroxy and N^acetoxyl derivatives are mutagenic, whereas fluorene, a
non-carcinogenic analog, is non-mutagenic.

l-hydroxy-2-acetylaminofluorene

appears to be mutagenic at a very high concentration in preliminary experiments
(A. W. Hsie, W. N. C. Sun, and P. A. Brimerv unpublished).
Miscellaneous promutagens (total of 4 ) : Three chemicals which are
mutagenrc to mice (natulan, cyclophosphamide, and triethylenemelamine) are
mutagenic in our system (E. L. Tan

and A. W. Hsie, unpublished data).

The

mutagenicity of the artificial sweetener saccharin appears to be variable; its
determination is difficult because high concentrations of the compound are
needed to yield any biological effect (J. P. O'MeNI, J. R. San Sebastian,
and A. W. Hsie, unpublished).

Quantitative Analyses of Radiation-Induced Lethality and Mutagenesis (total
of 7 agents
Ultraviolet irradiation does not appear to be detrimental for clonal
2
i increa:
growth up to ^8 J/m ; it induces mutation effectively withboundry
increasing
2
fluence from ^2 up to ^26 J/ro (.11, 33). The cells at G,-S»appears to be
more sensitive to its mutagenic action (.33) • Fluorescent white, black and
blue lights are weakly lethal and mutagenic.

SunJamp light is highly lethal

and mutagenic; these biological effects are demonstrable within 15 sec of
exposure under conditions recommended by the manufacturer for human use.
Lethal and routagenfc effects were observed in cells after k min of sunlight
exposure (.12). The mutagenicity of high doses of X-irradiation is clearly
demonstrable; the precise dose response remains to be established after
factors, affecting ionizing mutagenesTs are clarified (23).
Correlation of Mutagenicity in the CHO/HGPRT Assay with Reported Carcinogenicity
in Animal Tests
In a total of 132 chemical and physical agents studied at different stages

15

of completion, 8k have been reported to be either carcinogenic or non-carcinogenic
in animal studies. Mutagenicity in the CHO/HGPRT assay of 77 of these agents
correlated with the documented carcinogenicity in animals (18, *tO). The
existence of a high correlation [77/84(92?)] between mutagenicity and
carcinogenicity speaks favorably for the utility of this assay in prescreening
the carcinogenicity of chemical and physical agents. Since so' far only
limited classes of chemicals have been tested and some of the preliminary
results remain to be confirmed, this correlation should be viewed as preliminary
?n nature.

Interactive Effects Between Physical and Chemical Agents
Recently, we have shown that near-ultraviolet light up to 300 J/m

and

8-methoxypsoralen up to 20 pg/ml are neither cytotoxic nor mutagenic to the
cells. However, the "dose"-dependent cytotoxicity and mutagenicity of each
agent when the other is kept at a constant level has been shown recently.
Similarly, the mutagenicTty of B(a_)P in the presence of near-ultraviolet light
can be demonstrated independent of Sg-activation tR. L. Schenley and A. W. Hsie
unpublished), as shown earlier by others in experiments similar to ours (1).

Applications to Screening for Organic Mixtures and for Industrial Chemicals
We have found that a crude organic mixture derived from a fractionated
liquified coal sample

is mutagenic in this system when assayed with S q (17).

E. I. Du Pont de Nemours and Co. has found it useful to screen for chemicals
such as vinyl chloride not only in the liquid form, but also in gaseous
state (2). Other institutions, such as Allied Chemical Corp., Dow Chemical Co.,
Carneige-Mellon Institute of Research, and Chemical industry Institute of
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Toxicology, have set up CHO/HGPRT as an integral part of their toxicological
research, development, and screening programs.

A Multiplex CHO Genetic Toxicology System: Simultaneous Determination of
Cytotoxic?ty, Mutation Induction, Chromosome Aberration, and Sister-Chromatid
Exchange (SCE) in Mammalian Cells
We have so far shown that CHO cells are useful for studies of the cytotoxicity and mutagenicity of various physical and chemical agents. CHO cells
wt.:. also found to be suitable for studies of carcinogen-induced chromosome
and chromatid aberrations and SCE's.
We have studied the interrelationships among these four distinct
biological effects by use of carcinogenic/non-carcinogenic pairs of chemicals.
These include the direct-acting carcinogen MNNG and its non-carcinogenic
analogue MNG, as well as the procarcinogens B(a)P and DMN and their analogues,
pyrene and dimethylamine (DMA), respectively.

The carcinogens showed induction

of mutation, chromosome aberrations, and SCE's, while the non-carcinogenic
agents showed little or no such activities. Cytotoxicity does not appear to
correlate with mutagenicity for any of the pairs. On an equimolar basil,
pyrene has a toxicfty similar to that of B(a)P, DMA is less toxic than DMN,
and MNG has minimum toxicity. The frequency of SCE's can be quantified over
a lower concentration range than is necessary for the determination of
chromosome aberrations and mutation induction (3*0.
The successful development and validation of the multiplex CHO Cell
Genetic Toxtcity System will be valuable, because this system wi11 allow the
simultaneous determination of four distinct biological effects.
have found that CHO cells

Recently, we

is also useful for determination of mutagen-
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induced micronuclei formation, the so-called micronucleus test (35);
furthermore, endoduplication of chromosome (J. R. San Sebastian and A. W. Hs?e,
unpublished) and the HeLa DNA synthesis inhibition test (29) can be adapted
to CHO cells in a preliminary study (R. B. Painter, personal communication).
Thus, if fully

aveloped and validated, the system can determine these

additional end points of genetic toxicity,

SUMMARY AND CONCLUSION
The CHO/HGPRT system has been developed and defined for quantifying
mutation induced by various physical and chemical agents at the hypoxanthineguanine phosphor!bosyl transferase (HGPRT) locus in Chinese hamster ovary
(CHO) cells. Various genetic, biochemical, and physiological evidence
supports the genetic basis of mutation induction in this system.
In all direct-acting chemical mutagens studied, mutation induction
increases linearly as a function of the concentration, with no apparent
threshold.

Some chemicals induce mutation at non-cytotoxic concentrations;

others induce mutation only with a concomitant loss of cell survival.

In one

dosimetry study, the mutagenicity of ethyl methanesutfonate has been quantified
as a function of exposure concentration x treatment time. The sensitive and
quantitative nature of the system enables studies of the structure-activity
(.mutagenicity) relationships of various classes of chemicals, including
alkylating agents, heterocyciic nitrogen mustards, and platinum compounds.
When rat liyer S.-mediated metabolic activation is present, procarcfnogens
such as benzo(a)pyrene, 2-acetylaminofluorene, and dimethylnitrosamine are
mutagenic, whereas their noncarcinogenic structural analogues pyrene, fluorene,
and dimethyiamsne are not. Mutagenicity as determined in the assay appears
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to correlate well (77/84*92%) with the reported carcinogenicity in animals
of 132 chemicals being examined.

Quantification of mutagenicity of pro-

carcinogens is complicated by the different optimum activation conditions
required for different compounds such as benzo{a)pyrene snd dimethylriitrosamine.
The system has been shown to be useful in determining the interactive
effects between physical and chemical agents, and in screening for mutagenicity
of a fractionated organic mixture derived from a liquified coal sample, and
of industrial chemicals such as vinyl chloride in both liquid and gaseous
state.

For the system to be used successfully in routine screening,

further studies should be directed toward the development of a metabolic
activation system suitable for a broad spectrum of industrial and environmental
chemicals, a sensitive and reliable statistical method well-defined in
consideration of specific intrinsic characteristics of the CHO/HGPRT protocol
to clearly c'ifferentiate mutagenicity from non-mutagenicity, and an experimental
design to determine compounds with low, yet detectable, mutagenicity.
The system has been expanded for determination of mutagen-induced
chromosome aberration, sister-chromatid exchange, and micronucleus formation
in addition to gene mutation and cytotoxicity; it can also be used to study
inhibition of DNA synthesis. Development of this Multiplex CHO Genetic
Toxicology System should allow simultaneous determination of multiple,
distinct biological end points and studies of interrelationships among these
effects.
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