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FOOTNOTE

Abbrevations: TG, 6-thioguanine; TGr, TG-resistant or TG-resistance;

HGPRT, hypoxanthine-guanine phosphoribosyl transferase; CEO cells, Chinesé
hams ter ovéry cells; EMS, ethyl methanesulfonéte; MNNG, ﬂ;methy]—ﬁf—nitrd-ﬂj
nitrbsoguanidine; iPMS, isopropyl methanesulfonate; DES, diefhylsulfate; ENNG,
~ g;ethyl—ﬁf=nitro?ﬂfnitrosoguan}dine; B(a)P, benzoﬁg}pyrene; 4-NQO, 4-nitro-
guinoline l-oxide; DMS, dimethylsu]féte; MMS,lmethyI methanesulfon;te;'

MNU, N-methyl-N-nitrosourea; ENU, Efethyl~§;nitrosourea; BNU, ﬁ}butyl~ﬂ; ‘

nitrosourea; DMN, dimethylnitrosamine!




Advances in cell biology within the last two decades enable the use bf
mammalian cells in culture for mutation research. A simple, sensitive and
quantitative mammalian cell specific locus mutational assay wouﬁd'be qseful
for studying mechanisms 6f mamﬁaiian mutation, and for assessing the mutagenic
potential of environmental agents to humans. |

Sevefal mammalian cell.mutation systems (3), especially those utilizing
resistance to purine ana]pgueS'such as 8-azéguanine and 6-thiogqanine'(TG)]
as a genetic marker, have been'developed. The selection for mutation iﬁduc;?on
to purine analogue resistance fs based on the fact that the wild—tybe cé]ls
containﬁng hypoxanthine-guanine phosphoribosyi transferése (HGPRT) éctjvity'
are capable of converting the analogue to toxic metabolites,‘leadfﬁg to cell
death; the presumptive mutants, by virtue of loss of HQPRT activity, are
incépable of cétalyzing this detrimental metabofism 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 mu;ageneéis.study because they are perhapé the hest cﬁéracterized

cloning efficiency

mammalian cells genetically. . They exhibit.nearly:IOO%Ayn§er ngrmal growth
conditions, and are capable of growing in a relatiﬁelylwell-défined medium
with a short population doubling tiﬁe of 12 to. 14 hr. In addftion, the cells
have a stabfe, easily reqoghizabie karyotype of.20>or'21 chromosbmes (depending
on the subclone) and are thus suitable for studies of mutagen- .
‘ induced‘chromosomeland chromatid aberrations, and sister-chromatid exchénge.
Karyotypic stabfiity.énsures.thebfunctionalfyimonosomic state of thg-HGPRT
géne localized in. the X éhroﬁosome of CHO cells. |

lﬁ this artfcle, WE.summarize the development of the CHO/HGPRT system

for quantifying mutation to TG resistance,évidence of the genetic basis of




of mutation at the.HGPRT locus, the quantitative and sensitive nature of the
éssay, interrelationships of cellular lethality and mutation as affected by
various mutagens, quantitative analyses ongxposhre dose and the relationship
between ;mutatfon induction and DNA iesion, structu;e-activify
(mutagenicity) of various classes of direct-acting mutagens and promutagens,
the use of this assay in mutagen screening,

correlation between animal carcinogenicity with CHO mutageniéitynﬁgnd the

amplication of the CHO/HGPRT assay to a Multiplex Genetic Toxicolbgy System.

MATERIALS AND METHODS

Cell Culture

All studies to be descrfbed have employed a subclone of CHO—K] cells,
des igned as'CHO—K]-BHA (10). Cells are routinely‘culfuredbin Ham's F12
medium (K. C.VBiolpgicaI Co.) containing 5% heat-inactivated (56°C, 30 min),
extensively dialyzed fetal calf serum (medfum FI2FCM5) in plastic tissue
culture dishes (Falcon or Corning Glass Works) under étandard conditions of
5% CO A

2
doubling time is 12 to 14 hr.

in air at 37°C in a 100% humidified incubator. The population

Treatment with Chemicals

Cells are plated at 5 X 10° cells/ZS»cm2 bottle in mediﬁm F12FCM5.
After a 16~ to Zﬁ-hr'growth period'(bell‘number =a1.0 to 1.5 x 106 cells/
plate), the cells aré washed twice with safine G, aﬁd sufffcienf Serum-free
F12 medium is: added to bring the final.volume to 5 ml after the additiqp of
varjous amounts of microsome preparation (up tdvl m]) and 50 ﬁl of mutaéen,
usually.dissol&ed in dimethyl sulfoxide. ,Mutégens and/or microsomes are

omitted from some plates to provide controls. The microsomal preparation is




prepared from livers of Aroclor 1254-induced male Sprague-Dawley rats; the
microsome mix for biotransformation contains (per ml) 30 umoles KCI, 10 umoles

MgC1 10 umoles CaClZ; 4 ymoles NADP, 5 umoles glucose-6-phosphate, 50 umoles

2’
phosphate buffer (pH 8.0)°, and 0.1 ml microsome fraction (which contains 3 to
L4 mg protein). Cells are then incubated for 5 hr and Washed 3 tfmesAwith

saline G before 5 ml of FI2FCM5 is added. After they are incubated overnight,

cells are dissociated with 0.05% trypsin, and plated for cytotoxicity and

specific gene mutagenesis to be described below (10, 22);

Cytotoxicity

For an expected cloning efficiency hfgher thaﬁ'SO%, 200 well-dispersed
single cells are plated, and for an expécted surQIQaT IowerAthan'tﬁis, the -
number’ of cells plated is adjdsted accordingly to yield‘lco to 200 surviving
" in medium F12FCM5 for 7 days. Control cells, which do not receive treatment
with mutagen, usually give 80%.or higher plating efficiency. Neithér the
solvent-microsome mix nor these agents individuét!y affecté the cellular
cloning effihiency, %he effect of a mutagen on the ;Tohing efficiency is

expressed as percent survival relative to the untreated controls (10, 22).

Specific Gene Mutagenesis

For the determination of .mutation induction, the:treated cells are
allowed tp.expressvthe mutant phenotype ip Fii medium fpr 7,tq S days, at
which time mutation in&uction 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 FI2FCM5
containing 1.7 ug/ml (10 uM) of TG at a density of 2.0 x 105 cells/100-mm

plastic dish (Corning or Falcon), which permits 100% mutant fecovery.




After 7 to 8 days in the selective medium, the drug-resistant colonies develqp;
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 Mutagenesis

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 pérticular‘type of phenotypic vériant for geﬁetic,A
biochemical, or molecular analysis, the procedure for mutatiqn ?ﬁduction
genérally does not take into cénsideration'of the quant?tative:aﬁpeﬁtslof
the mutagenesis. Due to the intrinsic characteristiés bf the CHO/HGPRT
assay, factors required to quantify mutagenesis ﬁeed.to be established
individually. ‘These include: R o

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
proJiferathg cells.

Medium for cell growth and mutant selection:':The.growthimedium used

should not allow preferential growth of either wild type or mQtants. This is
especially crucial for such mutants as TG" which require Iéng phenotypic
expre#ﬁ?onAfthe (jd,ZZ). A %light'advantage or diséd?antage for:mutant éfowth
will grossly distort the observed mutation.frequency. During mutant selection

with TG, the selective medium .is devoid of hypoxanth?ne‘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 will 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 16"
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 fGr phenotype . is reached 7 to 9 days after mutagenesis
and remains constant thereafter irrespective of. the naturé 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 cei{ genetics remain éhort of pro-
viding a direct proof that. the altered phenotype(s) observed has resulted in a
modified nucleotide sequence of the specific gene, causing modifiéd coding
properties which result in the production of altere& profein with chénges
in the amino acid sequence, we, thus, relied on éstablishingiind?rect_criteria
which aré consistent with the concept that the observed'pheﬁotypic variants:

are genetic.in 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 Sponteneous mutation frequency lies in the
range of 0 to 10 x 10-6 mutant/cell. A detailed fluctuation analysis of
spontaneous mutation sthed thaﬁ the spontaneous mutant phenotype arises in
a random manner, as would be expected for a mufational event. The.mean values
for the mutation rate are 7.0 x 10"8 (Fo methad) and 32.6 x 16-8 (mean me thod)
mutation/cell/generation (26). AVarTousﬁphysical and chemital‘agehts ere
capable of inducing‘TG resistaEce. In all chemical mutagens eXémined,
hutation induction occurs as a linear function ef‘the‘conEenfratfon (k-7; 9,
10, 13-17, 21-28, 38). For example, m&tation frequency increaees approximafely:
linearly with ethyl methanesulfonate (EMS) concentration in the near-diploid
CHO cell line, conforming to the expectation that.muta;ion-inductfen occurs
in tﬁe'gene iocalized at the functionally monosomic X chromoseme. 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—7) Spontaneoﬁs reversion with 13 TGr'mutants,
all of which confain Tow, yet detectab]e,‘HGPRT activity. Mofe than 98% of
the presumptive mutents isolated either from spontaneous mutafion or as a
result of mutation induction are sensitive to amieoeterin, incofbdratevhypoxanthine_
at reduced rates, and have less than 5% HGPRT actlvnty (13, 22) . étudies in
a high proportion of TGF

progress have also shown thatAmutants containing temperature-sensitive HGPRT
activity - suggesting‘that mutation resides in the HGPRT |
structural gene (J. P. O'Neill and A. W. Hsse, unpubllshed observatlons)

The CHO/HGPRT system appears to fulflll the criteria for a specnflc-gene-

locus mutattona] assay=




interrelationships of Mutagen-Mediated Cellular Lethality and Mutation lnduction

When EMS was employed as a mutagen, mutation induction occurred 6ver ;he
entire survival curve (“EMS" type) (10, 13, 21) inciuding a shoulder region,
where there is no apprec{aﬁle loss of  cell survival. Apparently there is no
threshola effect of mutation induction with EMS. X rays (23), UV light (11),
ICR-191 (24), isopropyl methanesulfonate (iPMS) (7), and diétﬁylsu!fate (DES) (8)
also exhibit "'EMS-type'' curves. However, there are agents, typified by N-methyl-
N'-nitro-N-nitrosoguanidine (MNNG) (6, 22} and Ejethyf~ﬁf-nitro-ﬂ;nitrosdguanidine
(ENNG) (6) whiéh do not exhibit appreciable shoulder regioﬁs in the survival
curve, and for which mutation iﬁduction always occurs~concomi;antiy with the -
loss of cell su;vival (PMNNG.type”i. | |

Most promutagenic agents are neither toxic nor mutagenic to the'cells in
the absence of Ss—medigfed metabolic activation. With 59,>beﬁzo(é)pyrene [B(a)P] :
is mutagenic and cytotoxic, displaying an "EMS-type' curve (P. A. Brimer, J. P.
0'Neill, J. R. San Sebastian, and A. W. Hsie, unpublished) . The direct-acting
mutagen 4-nitro-guinoline-l-oxide is highly cytotoxic and mutagenic to the
- CHO cells, and its cytotoxicity and mutagenicity decrease when it is treated
wttﬁ,sg (J. R. San Sebastian apd A. W. Hsig, unpublished). Thus, §9totoxicity

and mutagenicity of chemical mutagens are separable. -

Quantitative Analysis of Chemical-induced Cellular Lethality and Mutagenesis

A study of .EMS exposure dose:  Earlier, we found that EMS-induced mutation
frequency to TG" in cells treated for a fixed period of 16 hr is a linear
functton'ovef a large range of mutagen concentrations. - Further studies with

yarying concentrations (0.05 to 3.2 mg/mi)} of EMS for 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

' hr)-] (21)° Thus,

EMS can be described as 310 X 10°6 mutant (cell mg ml~
the CHO/HGPRT system appears to be suitable for dosimetry studies.

Relationship between DNA alkylation and mutation induction to T6" 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 '
concentr;tions, MNU has 15 times the DNA a}kylating activity of ENU, but only
3 times the mutagenic éctivity.-,Thus, in terms'of mutation induction per

unit alky]étion, ethylation of DNA by ENU appears to regﬁlt-in a S;fo!d 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<frequéncy of miscoding évents
such. as 0-6-guanine alkyiation or an effect of éthylation per se (38).

Mutagenicity, cytotoxicity, and DNA-binding of Pt.(}})chloroammines:

We have studied the mu:ageniéity of Pt(I!)chloroammines. Based on the slope

of the linear dose-response curve, the mutagenicities [expressed as mutants/lo6

cells per UM of Pt(lllchlorbammine] are: cis;Pt(NH3)2ClZ, 47, trans-Pt(NH3)2C12,

0.4; K,PtCl,, 0.7; [Pt(‘NH'3)44]C‘IZ, 0.01. Cytotoxicities follow the same

s
‘9SmPt

relative order and are of similar magnituae. By use of radioactive
we observed that after incubation for 16 hr, cis-Pt(NH3)2C12 binds linearly
over a con;ehtration range of 0.4 to 1.7 uM; the slope of the curve is

7.9 x o~ umol Pt bound per nucleotide per uM of cTs—Pt(NH3)2C12 added.




Preliminary results indicate that trans-Pt(_NH3)2Cl2 binds to DNA to a similar
extent. |t 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 11): The dose;response.relationships of

cell killing and mutation induction of two alkylsulfates [dimethyléulfate
(DMS) and DES] and three alkyl alkanesulfonates [methyl methanesu]fonafe‘(MMS), '
EMé, and iPMS] have been compared under idéﬁtical experimental condiiidns. |
Based on mutants induced per unit mutagen concentration, both.the cytotoxicity
and mutagenicity de;reased with the size of the alkyligroup: DMS > DES;
MMS > EMS > iPMS (7).
Similar comparative studies were extended to two nitroéam?dines (MNNG
and ENNG) and three nitrosamides [MNU, ENU, and N-butyl-N-nitrosourea (snu) 1.
The order of their relative mutagenic activity was MNNG > ENNG > HNU > E&O > BNU (6).
All 6f these 10 alkylating agents are'knoﬁn‘to be éarcinpgenigyiand are |
~mutagenic in our assay. Nigrosation appears torbe essential for m;;agenicity
of nitrosocamidines; R Ejmethyl-ﬁfjnittoguénidiné (MNG),-a non-
carcinogepic an;}ogue of MNNG, is not mutagenic even at concénfratiqﬁs 50,000
higher than its nitroso analogue, MNNG (J. R. San Sebastian ana A.‘Qf Hsfe;

uhpublisheﬂ). .

Heterocyclic nitrogeh mustards (ICR compounds) (total of.19): We have
studied the cytotoxicity and mutagenicity of 19 ICR compounds (ICR 449, 217,
220, 191, 191-0H, 170, 170-OH, 283, 171, 372, 372-OH, 340, 340-OH, 342, 371,

355, 292, 292-0H, 368). Thirteen of these compounds are mutagemic. At’
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equimolar concentrations, the compounds with the tertiary-amine-type side
chain (ICR 217, 340, 355, 368, 170, and 292) are more mutagenic than the
Compounds with the secondary-amine-type side chain (ICR 449, 37},»]91, and
372). All secondary-amine types show a 'plateau'' in their concentration-‘
dependent mutagenesis curves at 3 to‘h uM. Shortening of the sidé chain by
one carbon (ICR 171) results in a reduced mutagenicity. Substitution of a
sulfur atom for a nitrogen in the side chain (ICR 342) jncreas;s Both.
mutagenicity and cytotoxicity. The presence of two 2-chioroefhyl'gr6ups on
the side chain (iCR,ZZO) also results in greatly increased cytotﬁxicity and
mutagenicity. When the 2-chloroethyl group of lCR'3hO, 372, 292,.191, or |
170 is replaced by a 2-hydroxyethyl group (JCRv340—OH, 372-0H, f9é-0H, 191-0H,
170-0H), a hutagenica]lyvinactive compound results which remains toxic;
this indicates that.fhé 2-chloroethyl gfoup is requiféd for hutation induction
(9, 24, 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 hfghly mutagenic "(ICR 170, 340, 292, and 342),
are carcinggenjc, and theibther two (ICR 191 and 191-0H) are feported'to’be
noncarcinogenic (30, 31). ICR 191 is a potent mutageh not only in our system
but also in several others (8, 20). Apparently, ICR 191 is a mutagéhic non-
;arcihogen. Perhaps its lack of carcinpgeniﬁity can be éxplained by its being
'inactivatgd iﬁ‘the‘aniﬁai_sincé fhe additiop of Sg'grEat]y'reduces.the
mutagenicity and cytotoxicity of this compound (J. C. Fuscoe and A. V. Hsie,

unpublished observations).
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Metallic compounds (total of 19): As mentioned earlier,'cis—Pt(NH3)ZC]2.

3)2c1 , KZPtCll‘

mutagenic (19). The mutagen1c1t1es of the other 15 meta111c compounds were

is mutagenic whereas trans-Pt(NH and [Pt(NH )QJCI are not

determined, and the preliminary result shows that. the carc1nogen1c metallic

compounds NiC12, CoC]Z, BeSO4, CdCl FeSO4, CaSO4, AgNO Pb(CH COO)Z, ZnSO

2° 4°
KZLr207 and MnC12 are mutagenic, whereas the noncarcinogenic meta111c compounds

RbC1, 2Se03,

K. R. Tindall, and A. W. Hsie, unpublished).

TiCl, and MgCl, are not (5, D. B. Couch, E.-L. Tan, N. L. Forbes,

The results of these studies should be viewed with a caution because '
metal mutagenesis is sensitively modified by the cellular.growth condition"
For example,.oemonstration of the mutagenictty of MhCIzlappeared to depend on, ‘
~ the relative concentration of MnC]2 Xs_MgClz in the medium during treatment.
With meny metals, at high concentrations which caused severe gfowth‘fnhfbition
and/or significant cellular lethality, metal nutagenicity was eithenAnot
demonstrable or much lower than expected from the Tinear doSe-response at
low dose- range Thus, metaT mutagenes1s appeared to requ1re active DNA
synthesis. This is consistent with the not10n that meta]—med1ated enhancement‘
of DNA replicative error may account for ane of the mechan1sm of mutatlonf
induction by“meta]1ic compounds (37) Growth inhibition with inadtive DNA'
synthesis during treatment would, therefore, disfavor mutation 1nduced by

mutagen1c metals.

Misce]]aneous:compounds (total of .19): ‘Non-mutagenic oompounds included:
three commoniy used solvents (acetone, dimethy]su]foxide;-and ethyl alcohol), .
four metabolic inhibitors (cytosine arabinoside hydroxyurea, caffeine, and

6 2

cycloheximide), and N -dibutyryl adenos1ne 3*:5'- phosphate The

following 11 compounds are mutagenic: hydrazine, hycanthone ethylene oxxde,
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ethylene dibromide, ethylene dichloride, ethylene chlorobromide, mifomycin_c,
myleran, 5-bromodeoxyuridine, captan, and foTpet (E.-L. Tan, P. A. Brimer,
J. P. 0'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.metaboiic
activation system (14) or the S9 microsomal activation system (23). ‘We'employed
S9 prepared from Aroc?or 1254~ 1nduced male Sprague-DawTey rat livers;, and
B(a)P and DMN to define cond1t1ons optimum for Sg act1vat1on Over an S9
protein cgncentratlon range of 0.1 to 1.5 mg/ml, the mutagen1c1ty of a constant
“amount of DMN increases with ihcreasing protein, while that of B(a)P 1ncreases
at low protein concentrations, followed by a-decreasé;..This-may refiect a
change in the balance between activation and inactivation with different
compouhds° "In addition, DMN requires high concentrations of CaCI2 for maximal
mutagenic activity, whereas B(g)P does not. These results complicate the
- development of a single Sg protein mix which would‘belgseful in'routine
mutagen scéeening and in the quantification of tﬁe'mutagenfc bbtentialiof

coﬁpounds'for comparative stbdies (28). L

| With thfs‘iimitation in mind, we have detérmined’the mutagenicity of |
various classes of promutégens,under'conditions.which are near-optiﬁal for )
‘quantifying the mutagenicity of both-DMN and B(a)P. in which the Sg—mix contains
MgC1, and CaCl, at 10 m each (28). R o o

Polycyc]1c hydrocarbons (total of 27) We have studied thejmutageniéity"

of B(a)P and its 19 metabolites, benzo(e)pyrene [B{e)P], pyrene, benz(a)anthracene
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(BA), and 4 related compounds. The carcinogenic polycyclic hydrocarbons
B(Q)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-mutagenié eQeﬁ with
mefabolic activation. B(a)P-4,5-epoxide and B(g)P?7,8—diol,9-10fepoxi4e

are mutagenic (A. W. Hsie and P. A. Brimer, unpublished).-

Nitrosamines and related compounds (total of 16):" Nitrosamines generally

requife metabolic activation to be cytotoxic and/or mutégeniq._ Al! nine
carcinogenic nitrosamines (ﬂimethylnitfosamine, diethylnitrosamine, 2-methyl-1-
nitrosopiperidine, 3,4-dichloro-1-nitrosopiperidine, hitrosopyrroiidfne,
'3,4-dich]oronitrosopyrrolidine, l,h—dinitfosopiperazfne,l,S-dihitrqsbhomo-
piperazine, nitrosomorpholine) are mu:agenié, and all four non-carcinogenic
nitrosamines (Z,S—dimethylnitrOSOpipeerine,'2,§—dimethylnitrosophrrolidine,
l-nitrosopiperazine, nitrosophenmetrazinél are nﬁn*mutagenic. :Formaldehyde and
sodium nitrite are non-mutagenic, and dimethylamine is mutagenic at high
concentrations (J. R. San Sebastian and A. W. Hsie, unpublished)._ Variable

carcinogenicity data on the latter three chemicéls.exist'ih the literature.

Quinoline compounds (total of. 5): Quinoline,. a kngwn-carcinogen, is

mutagenic when metabolically activated by.S Another carcinogen, 4-nitro-

g".
quinoline-l-oxide, is highly.mutagenic; its mutagenicity decreases in the presence .

of S,. The carcinogenicity of 8-dihydroxy-, 8-amino-, and 8-nitrqquinolihe

9°
is not known, but these compounds exhibit variably weak mdtagéhicity in
preliminary experiments (J. R. San Sebastian and A. W. Hsie, unpubiished)J

Aromatic amines (total of 5):: The carcinogens 2-acetylaminofluorene and

its N-hydroxy and N-acetoxyl derivatives are mutagenic, whereas fluorene, a

‘non-carcinogenic analog, is non-mutagenic. . I-hydroxy-2-acetylaminofluorene
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appears to be mutagenic at a very high concentration in preliminary experiments
(A. W. Hsie, W. N. C. Sun, and P. A. Brimer, unpublished).

Miscellaneous promutagens (total of 4): Three chemicals which are

mutagenic te‘mice (natulaﬁ, cyclophosphamide, and trjethylenemeiamine) 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 compodnd are
needed to yield any-biologicai'effect (J. P. O'Neill, J. R. San Sebastiah,

and A. W. Hsie, unpublished).

Quantitative Analx§es of Radiatioh-Induced Lethality and Mutagenesis (total
of 7 agents |
Ultraviolet irradiation does not appear to be detrimenta&lfor clonal
growth up to 8 J/m ; It nnduces mutation effectively with |ncreaS|ng
boundry
fluence from 2 up to 26 3/’ ( , 33). The cells at G -Spappears to be
more sensitive to its mutagenic action (33). Fluorescent white, black and
 blue lights are weakly Ietﬁal and mutagenie, Sunlamp light ie highly lethal
and mutagenfc; these Siologfcai effects are demonstrable withfn 15 éec.bf'
exposure under condltnons recommended by the manufacturer for human use.
Lethal and mutagenic effects were observed in cells after 4 min of sunllght
exposure (12). The mutagenlclty of h|gh doses of X-irradiation is clearly

demonstrable, the precnse dose response remains to be’ established after

factors affectlng nonlzlng mutagenesns are clarlfned (23)

‘Correlation of Mutagenicity in the CHO/HGPRT Assay with Reported Carcinogenicity

in Animal Tests

In a total of 132 chemieal and physical agents studied at different stages
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of completion, 84 have been reported to be either carcinogenic or'non-aarcinogenic
in animal stuaies. Mutagenicity in the CHO/HGPRT aasay af 77 of these_agéhts
correlated with the documented carcinogenicity in animals (18, bO).. The

existence of a high correlation [77/84(92%)] between mutagenicity and
carcinogenicity speaks favorably for the utility of this assa9 in prescreening

the carcinpgenicity of chemical and physical_agents.A Since so far'only

limited classes of chemicals have been tested and soma of the breliminary

results remain to be confirmed, this correlation ahould be vieWed as preliminary

in 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 ug/ml are nelther cytotoxsc nor mutagenlc to the
cells. However, the “dose“-dependent cytotox:cnty and mutagenncnty of each
agent when the other is kept at a constant level has been shown recent!y.
Similarly, the mutagenic?ty of B(alP in the presence of near-ultraviolet light
~can be demonstrated lndependent of Ss—acttvatton (R. L. Schenley and A W. Hsie

unpubllshed), as shown earller by others in experiments similar to ours (l)

Applications to Séreening for Ofgan?c Mixtures and for Industrial Chemicals
We have found that a crude qrganic‘mixturé derived from.a fractionated

17).
g (17)

E. [. Du Pont de Nemours and Co. has found it useful to screen for Cﬁemica]s

liquified coal sample - is mutagenic in this system when. assayed with.$

such as yinyl chloride not only in.the liquid fdrm,'butlalso Tn:gaseous
statet(zl. Other institutions, such as Allied ChamicaI‘Corp., Dow Chemical Co.,

Carneige-Mellon [nstitute of Research, and Chemical Industry knstitute 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

Cytotoxicity, Mutation Induction, Chromosome Aberration, and Sister-Chromatid

Exchange (SCE) in Mammalian Cellis

We have so far shown that CHO cells are useful for studies of the ﬁyto-
toxicity and mu;agenicity of various physfcal and.chémica] agents. €CHO cells'
were also found to be suitable for studies of carcinogen-induced chromo%ome"
and chromatid aberrations and SCE‘sf

We have studigd the interrelationships among theseAfour distinct
biological effects by use bf.caréinogenic/nonﬁéarcinpgehic pairs of chemicals.
These include the d?rect-écting carcinogen MNNG and its non-carcinogenic
“analogue MNG, as well as the'procarcinbgeQS‘B(g)P and bMN and their analogues,
pyrene and dimefhy]ahine (DMA) , respectively. The carcinogens'shOWed induction
of mutation, chromosome aberrétions, and SCE‘s,‘whiIe-the non-carcinpgenié
agents shpwed little 6r no such activities. Cytotoxicity does not appear to
correlafé,thh mutagenicity for any of the pairs. On'an eqﬁiholaf basfs,
pyrene has a toxicity-sim?iarlto that of B(Q)P; DMA is less toxic than DMN;
."and MNG has minimum'toxicitf;f'Tﬁe frequéncy'gf_SCEfs gan be,qdéntifiéd‘over
a lower concentration range than is neceséary for the determinationAof
"chromoséme aberratioﬁs.and mu£apion4fnductiqn (34).‘A1 ' .

"The ;uccessful development and_yali&a;ibn of the multiplex CHO Cell
Génétié Toxicity Systéhvwill benvaiuéb1é, SecaUse'fhis'sysfem wffi allow tHe
simul taneous determination of four distinct biolpgical_effgqts. _Recently, we

have found that CHO cells - _is also useful. for detérmination'of mutagen-
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induced micronuclei formatioh, the so-called micronucleus test (35);
furthermore, endoduplicatioﬁ of chromosome (J. R. San Sebastian and A. W. Hsie,
unpublished) and the HeLa DNA synthesis inhibition test (29) can Be‘adapted
to CHO cells in a prelimiﬁafy study (R. B. Painter, personal cbmmﬁﬁicat?on),
Thus, if fully developed and validated, the system can determine these
additional end points of genetic toxicity. |
SUMMARY AND CONCLUSION

The CHO/HGPRT system has been deveIOpéd and defined for duantifying,
mutation induced by various physical and chemical agents at the hypoxanthine-
.gqaqine phosphoribosyl transferase (HGPRT) locus in Chinese hamstéPonary
(ﬁHO) cells. Various genetic, biocﬁemfééi, and physiological évfdeﬁce |
supports the genetic basis of~mutatioﬁ fn&udtion in this system.

in all direct-acting chemical mutagens studied,'mﬁfation induction
increases linearly as: a function of the concentration, with no ébparentA‘
threshold. Some chemicals induce mutation at noﬁ-cytotoxic concentrations;
others induce mutation only with a concomitant loss of qul sUer?él, In one
dosimetry study, the mutagenicity of ethyl methanesulfonafe has beén qqéntified
.as a function.of exposuré concentration.x treatment time. The.sénsitive and
quantifativé nature of the system enables studies of the structufefactiV?ty

* (mutagenicity). relationships-of various classes.ofrcﬁemica]s, fnc]u&ing

"-éTkylatfngiagentS, heterocyclic njtrogeﬁ mustards, and'p]atihum céﬁpounds.'

9

such. as benzo(a)pyrene, 2-acetylaminofluorene, and dimethylnitrosamine are

When rat liver S'nmediated'me;ébolic activation is preseht,'procarqinogens.

mutagenic, whereas their noncarcinogenic structural analogues pyrene, fluorene,

and dimethylamine are not. Mutagenicity as determined in the assay appears
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to correlate well (77/84=§2%) with the réported carcinogenicity in animals
of 132 chemicals being examinéd. Quantification of mutagenicity of pro-
carcinogens is complicated by the different optimum.activation conditions
required for different compounds such as benzo(a)pyrene and dimetﬁy]nitrosamine.
The systeﬁ has been shown to be useful iﬁ determiﬁing the interaﬁfi?é-
effects between physical and chemical agénts, and in screening.fdr mutagenicity
of a fractionated organic mixture derived from a liquified coal samplé; and
of industrial chemicals such as yiﬁyl chloride in both liquid and éaéeou#
étate.” For the system to be used successfully in-routiné screening,
further studies should be directed toward the development of a.mgtabolic
activation system suitable for a broad -spectrum of industrial and environmental
chemicals, a sensitive and reliable statistical method welljdefiné&,iﬁ .
consideration of specific intrinsic characteristics of the CHO/HGPRT pratocol
té clearly differentiate mutagenicity from non-mutagenicity, and éﬁ.éxperimenfal
design fo determine coﬁpounds witﬁ low, yet detectable, mutagenicity. |
The system has been expanded for determination of mutagen-induced
chromosome aberration, sister-chfcmatid.eXchange, and’mi?roguéleus formation
"in addition to gene mutation.and cytptoxicity; T; can also be USed'fo stﬁdy
inhibition of DNA'synthesis, \Deveiopment of this Multiplex CHO Genetic
A:Toxncology System should ailow snmultaneous determinat:on of mu]tnp!e,
distinct biological end ponnts and studies of nnterrelatlonshlps among these

effects.
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